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Effects of high-fat diet on the numerical
density and number of neuronal cells and
the volume of the mouse hypothalamus: a
stereological study
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Abstract: It has been demonstrated that the type of diet affects the brain structure and function. Consumption of fat-rich
food is one of the most important factors that lead to increase in the prevalence of cardiovascular and neurological diseases.
High-fat diet may change the volume and neuronal number or density in the hypothalamus, which is the center of energy
control. Therefore, this study was designed to study the effect of high-fat diet on the density and number of neurons, and also
the volume of hypothalamus in adult male mice. Forty male mice were divided into the control and experimental groups. The
control group were fed with standard and the experimental groups, with high-fat diet for 4 (short-term) or 8 (long-term) weeks.
The animals were perfused and brains were immediately removed, post-fixed and cut coronally and serially using cryostat at
30-um thickness. Every 6th sections were stained by cresyl violet. The numerical density and number of neuron and the volume
of hypothalamus were estimated by using unbiased stereological methods. Data analysis showed that both short and long time
consumption of high-fat diet decreased the neuronal cell density of the hypothalamus. Interestingly, despite a decrease in the
neuronal cell density, long time consumption of high-fat diet could significantly increase the volume of hypothalamus (P<0.05).
High fat diet decreased the neuronal cell density and increased the volume of the hypothalamus, but it did not significantly
change its total neurons. These changes might be due to an increase in the extracellular space through inflammation or gliosis
in the hypothalamus.
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Introduction mass index (BMI) greater than 30 kg/m” [2] that results from
an imbalance between caloric intake and energy expenditure

Obesity is a chronic disease consisting of the increase in  [3]. The prevalence of obesity in the majority of countries has
body fat stores [1]. Obesity in humans is defined as a body  increased in the last ten years [4]. This indicates that primary
cause of obesity is related to the environmental, social and

behavioral changes, although genetic factors may also be
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from 20-60% [2, 6].

Although the exact physiologic mechanisms, whereby
obesity adversely affects the brain are poorly understood, both
experimental and human studies have revealed that brain
function is sensitive to inflammatory pathways and mediators
[7]. More specifically, obesity is closely associated with a pat-
tern of chronic inflammation, characterized by abnormal
cytokine production, increased acute-phase reactants and
other mediators, and activation of a network of inflammatory
signaling pathways. Indeed, inflammatory markers correlate
tightly with the degree of obesity and insulin resistance.
Inflammatory and innate immune responses are also activated
by the increased levels of serum lipids, such as cholesterol and
saturated long-chain fatty acids [3, 7-9].

Because, the hypothalamus is one of the most important
centers that regulate the body weight, appetite and energy
balance [10], many studies have been done regarding nutrition
and hypothalamus. It is known that high-fat diet (HFD) can
cause overweight by resulting from a leptin resistance of the
hypothalamic cells [11]. A deficiency of leptin, or a resistance
of the hypothalamus to the actions of leptin, results in obesity
in rodents and humans [5, 12]. It has been established that the
lesion of the ventromedial hypothalamus causes hyperphagia
and obesity, and lesion of the lateral hypothalamus causes
aphagia and even death by starvation [11].

Most of the studies concerning the effects of HFDs have
been on molecular basis. As the hypothalamic nuclei are
involved in the regulation of food intake, appetite control and
energy balance [10, 13] and HFD may affect some or all of
these nuclei, therefore, we decided to evaluate whether the
consumption of high amounts of dietary fat can change the
numerical density and neuron number, as well as the volume

of hypothalamus.

Materials and Methods

This study was conducted to assess the differential effects
of either short-term (4 weeks, experiment I) or long-term
(8 weeks, experiment II) exposure of mice to a standard diet
(control groups) or HED (experimental groups). Male Bulb-C
mice (30+3 g) were obtained from the Laboratory Animal
House of Shiraz University of Medical Sciences (SUMS) at 6
weeks of age. Mice were housed in groups of two or three to
acclimatize for two weeks prior to the study under 12-hour
light/dark cycle, and were fed food and water ad libitum.
All procedures in this study were conducted based on the
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guidelines of the Ethical Committee of SUMS.

Experimental design

All 8-week animals remained on the same diet throughout
the study. The control diet, regular rodent chow, consisted
mainly of protein, 15% of energy (kcal), fat (9%) and
carbohydrates (76%). The HFD consisted primarily of protein
(20%), fat (45%), and carbohydrates (35%) (D12451, Research
Diets, New Brunswick, NJ, USA).

Twenty animals were used in experiment I and were placed
in either the control or HFD groups for a period of 4 weeks.
Also, twenty animals were used in experiment II, which were
maintained on either the control or HFD groups for a period
of 8 weeks. Body weights and BMI were determined in the
beginning and the end of the experiments.

Histological and stereological studies

After sampling of blood, mice were anesthetized and
perfused transcardially with cold 0.09% saline, followed by
10% buffered formalin. Brains were immediately removed and
post-fixed in the same fixative overnight at 4°C, transferred
to 30% sucrose (Sigma, St. Louis, MO, USA) in a phosphate
buffered saline for 48 hours; then frozen and stored at -20°C
until further process.

The brains were sectioned serially and coronally, using a
cryostat (SLEE, Frankfurt, Germany) at a thickness of 30 pm
throughout the hypothalamus, and were immersed into a 12-
well plate containing cryoprotectant solution and kept in a
-20°C freezer, until needed.

Every 6th section (at interval of 180 um) was a slide moun-
ted and stained with cresyl violet.

The volume of the hypothalamus was unbiasedly esti-
mated by the means of point counting method, using the
Cavalieri’s principle [14, 15]. Briefly, a grid of points was laid
over the image of section on the monitor of a computer and
the points falling on the hypothalamus were counted. The
final magnification was 4.5x for calculation. Volume of the
hypothalamus (V,.;) was determined by applying the following
formula: V, ,=dxtxa(p)xZP, where, d=0.18 mm; equal to
the average distance from one section to the next. t=0.030
mm; section thickness, a(p)=0.10513 mm? equal to the area
associated with one point in the grid, ZP=number of points
hitting the section of the hypothalamus [16]. The precision of
the estimates was expressed by the coefficient of error (CE).
We calculated the CE of our measurement, using the method
by Gundersen et al. [17]. An average of 9 (£1) sections was
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counted per brain. A total of approximately 132 (+7) points
per brain were counted on all areas providing the mean CE
on the estimates of total volume of 5.3%.

The numerical density and number of neurons were
estimated in the hypothalamus, using the optical disector
technique [14, 15]. Briefly, the optical disector setting consists
of an Eclipse microscope (E200, Nikon, Tokyo, Japan) with
a high-numerical-aperture (NA=1.25)x60 oil-immersion
objective, connected to a video camera, which transmits the
microscopic image to a monitor, and an electronic microcator
with digital readout (MT12, Heidnehain, Traunreut, Ger-
many) for measuring the movements in the Z-direction with
0.5-pum precision. A computer-generated counting frame
is superimposed on the screen, using a stereology software
system (Stereolite, SUMS, Shiraz, Iran). The neuronal density
was defined, as follows: N,=YQ/[XPxa(f)xh], where ¥Q is
the number of neurons counted within the sampling volume,
YP is number of disector, a(f)=0.001369 mm?, is the area of
the sampling frame, and h=0.015 mm, is the height of the
disector. To estimate the total number of (N) neurons in the
hypothalamus, the numerical density (Ny) is multiplied by
the volume of the hypothalamus or the reference volume (V,)
[15-17]. Neuronal nuclei were counted in approximately 9 (+1)
sections, 77 (+ 5) optical disectors and 475 (+40) neurons per
hypothalamus in each animal providing the mean CE on the
estimates of total number of 8%.

Cells were identified as neurons if they had a nucleolus,
dendritic processes, euchromatin material within the nucleus,
and nuclei surrounded by cytoplasm [18, 19]. This study is
based on a systematic, uniform, random sampling that allows
unbiased and efficient estimates of all parameters under study
to be obtained.

Statistical analysis

Statistical significance was determined by a one-way
ANOVA to compare the normal vs. HFD with respect to
each other and to time. Data are expressed as the mean value
+ standard error of the mean (SEM). Statistical analysis was
performed using SPSS ver. 15.0 (SPSS Inc., Chicago, IL, USA).
A probability of less than 0.05 was considered to indicate a
significant difference between the groups’ means.

Results

The animals were kept on the HFD or control diets for
4 (short-term) or 8 (long-term) weeks. Statistical analysis
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showed that short-term and long-term exposure to HFD
significantly increased the weight and BMI in comparison
with the control group (P<0.05). Also the long-term HFD
group showed significant increase in the weight and BMI,
when compared to the short-term HFD group (P<0.05) (Table
1).

At the end of the experiment, the long-term HFD group
exhibited a significant elevated serum cholesterol level, when
compared to the short-term (P=0.006) and the long-term
(P=0.003) controls. In addition, low-density lipoprotein levels
in the long-term HFD group were significantly elevated,
in comparison to the control groups (P<0.05) (Table 2).
Although triglyceride decreased in both HFD groups, com-
paring to the control groups, this decrease was not statistically
significant (Table 2).

There was no significant difference between the volume of
the right and left sides of the hypothalamus in all the control
and experimental groups. In the short-term consumption of
HEFD, the volume of hypothalamus decreased in the right and
left side, and total hypothalamus, although this decrease was
not statistically significant (Table 3, Fig. 1). After long-lasting
consumption of HFD, the volume significantly increased in all
parts of the hypothalamus when compared to the long-term
control (P=0.028) and the short-term HFD (P=0.023) groups
(Fig. 1).

Table 3 and Fig. 2 shows that living for more 4 weeks in
the control groups increased the numerical density of the
neurons in the hypothalamus, but using HFD for more than
4 weeks decreased that parameter, although these changes
were not significant. In addition, short-term HFD decreased
the numerical density in both sides of the hypothalamus,
although this decrease was not significant when compared
with its control group (Table 3). After 8 weeks HFD, nume-
rical density of the neurons significantly decreased when
compared to the short-term (P<0.005) and the long-term
(P<0.001) controls (Table 3, Fig. 2).

The total number of neurons decreased in short-term
exposure to HFD, when compared with the control group,
although this decrease was not statistically significant. De-
crease in the number of neuron in long-term HFD was unre-
markable. Living for more than 4 weeks in the control and
HFD groups increased the total number of neurons, without
significance (Table 3, Fig. 3).

Consumption of HFD showed an increase in the extracel-
lular space (Fig. 4E-H) when it is compared to that of normal
diet (Fig. 4A-D) [20], although from a statistical point of view,
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it was not calculated.

Discussion

This is the first study, to our knowledge, evaluating the
effects of HFD on the neuron density and number in the
hypothalamus by using unbiased stereological techniques. We
showed that long-term (i.e., 8 weeks) but not short-term (i.e.,
4 weeks) exposure of adult male mice to HFD (containing 45
kcal% fat) increases the volume and decreases the numerical
density of neurons in the hypothalamus.

Obesity has grown as one of the most important epide-
miological problems in modern societies [5, 21]. Chronic
consumption of a HFD is a contributing factor to the advent
of obesity in humans and in animal models [2].

The hypothalamus plays a major part in the regulation
of the food intake, and destruction of distinct hypothalamic
regions may induce hyperphagia or reduction in food intake
[22]. Most of the previous studies about HFD effects have
mainly concentrated on the cellular and molecular changes
of the hypothalamus [3, 11, 22]. We designed to study the
changes in the neuronal density and number and volume of

Table 1. Mean value+SEM of the weight (g) and body mass index (BMI) (g/cm’)
of the mice fed with normal and high-fat diet (HFD) for short and long-term

Groups Weight before  Weight after ~ BMI before BMI after
experiment  experiment  experiment experiment

Short-term 29+0.96 28.5£1.40 0.31+0.01 0.31£0.02
control
Short-term 29+1.08 35.7+1.25% 0.29+0.03 0.38+0.01*
HFD
Long-term  30.2+1.20 31.4£1.07 0.31+0.01 0.32+0.01
control
Long-term  30.1£0.73  40.42+0.64*™"  028+0.01  0.41+0.01*"
HFD

*Significant difference with short-term control group (P<0.05). 'Significant
difference with long-term control group (P<0.05). *Significant difference with
short-term HFD group (P<0.05).
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the hypothalamus. In this study, short and long-term use of
HED significantly increased the weight and BMI (Table 1).
This is in line with the previous studies [7, 10, 21, 23-26].
We showed that HFD increases the body weight even after
4 weeks. Results of many studies have shown that at least
12 days or longer are required before the body masses of a
normal diet and HFD mice and rats diverge, even on a very
high fat diet [2].

Blood assays in this study showed significant increase in
LDL and cholesterol level (Table 2). It is similar with other
studies [25, 27]. But, triglyceride in HFD groups decreased
non-significantly in comparison with the control groups
(Table 2). Although this is in contrast to the results by some
studies [22, 25], Liu et al. [28] reported that after 10 weeks of
consumption of HFD, triglyceride level was less than that of
low fat diet.

Although volume of brain regions give rather unspecific
information about the function of that region, it may indicate
that structural changes of functional relevance take place in
that specific area, and thus, encourages more detailed studies
of selected areas of interest [29]. Volume of hypothalamus
after 4 weeks consumption of HFD decreased about 10%, but
it increased about 30% after 8 weeks (Table 3, Fig. 1). Few
data on volume changes in the hypothalamus are available.
Few studies reported the volume of one or two nuclei in the

Table 2. Mean value+SEM of blood factors in the control and high-fat diet
(HFD) groups in mice were fed with short- and long-term (mg/dl)

Groups Variable
Triglyceride Cholesterol LDL
Short-term control 199.33+21.07 177.67+4.33 63.67+14.90
Short-term HED 152.75+14.70 162.5+2.60 80£1.70
Long-term control 174.34+10.72 150+12.09 64.67+5.36
Long-term HFD 173.50+23.40 211.75+15.80"  93.25+7.20*"

*Significant difference with short-term control group (P<0.05). 'Significant
difference with long-term control group (P<0.05). *Significant difference with
short-term HFD group (P<0.05).

Table 3. Mean value+SEM of numerical density and total number of neurons and volume of the right and left sides of hypothalamus in mice were fed with normal

and high fat diet (HFD) for short and long-term

Volume (mm?)

Numerical densityx10® (neuron/mm?)

Neuron numberx10’

Groups

Right side Left side Right side Left side Right side Left side
Short-term control 1.180.12 1.1620.12 3.06+0.08 3.23+0.07 3.63+0.39 3.76+0.42
Short-term HFD 1.09+0.13 1.06+0.10 2.800.05 2.83+0.17 3.08+0.44 3.03£0.39
Long-term control 1.13£0.12 1.10£0.12 3.37+0.02 3.4520.04 3.85£0.42 3.840.47
Long-term HFD 1.48+0.07" 1.49+0.09*"™ 2.58+0.15%* 2.54+0.16*° 3.85+0.33 3.80+0.32

*Significant difference with short-term control group (P<0.05). "Significant difference with long-term control group (P<0.05). *Significant difference with short-term

HED group (P<0.05). ‘Significant difference with long-term control group (P<0.001).
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Fig. 1. Mean value+SEM of volume of the total hypothalamus in mice
were fed with normal and high fat diet (HFD) for short and long-term
(mm”). Group: 1, short-term control; 2, long-term control; 3, short-
term HFD; 4, long-term HFD. *Significant difference with short-term
control group (P<0.05). 'Significant difference with long-term control
group (P<0.05). ‘Significant difference with short-term HFD group
(P<0.05).
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Fig. 2. Mean value+SEM of numerical density of neuron (neuron/
mm”) in total hypothalamus of mice were fed with normal and high fat
diet (HFD) for short and long-term. Group: 1, short-term control; 2,
long-term control; 3, short-term HFD; 4, long-term HFD. *Significant
difference with short-term control group (P<0.005). 'Significant
difference with long-term control group (P<0.001).

hypothalamus [30]. Some studies indicated that an increase
in BMI and obesity may be associated with changing the grey
and white matter volume [7]. A few studies have reported
that high-fat feeding induces the expression of several pro-
inflammatory cytokines and inflammatory responsive
proteins in the brain and hypothalamus [3, 7, 8, 31]. HFDs
give rise to lower levels of the brain-derived neurotrophic
factor in the brain that has direct anti-inflammatory effects
in the brain [27]. Deletion of this factor in the hypothalamus
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Fig. 3. Mean value+SEM of total number of neurons of the total
hypothalamus in mice were fed with normal and high fat diet (HFD)
for short and long-term. Group: 1, short-term control; 2, long-term
control; 3, short-term HFD; 4, long-term HFD.

of adult mice also resulted in hyperphagic behavior and
obesity [10, 13]. Therefore, increase of the volume in the
hypothalamus in this present study may be due to an increase
of inflammation by HFD. An increase in the extracellular
space is evident in HFD group, in this study (Fig. 4). Short and
long-term consumption of HFD decreases numerical density
of neuron (about 10% and 20%, respectively), although this
decrease was only significant in the long-term group (Table
3, Fig. 2). Similar to the volume, most of the neuronal density
changes happened on the left side of the hypothalamus (Table
3, Figs. 1, 2). Reduction in the neuron density is explainable
by the fact that neuron density is the number of neuron in
a unit of volume and when the volume of hypothalamus
has increased (Fig. 1), neuron density decreases, if the total
number of neuron has not increased. Despite the reduction
of neuron density, results of this study in Table 3 and Fig. 3
show that the total number of neurons in the hypothalamus
of the HFD treated mice has not significantly changed. This
increase in volume and decrease in neuronal density may
indicate that HFD increased intercellular space by induction
of inflammation or gliosis [7]. Fig. 4, in this study, also shows
an increase in the intercellular space after consumption of
HFD (Fig. 4E-H) when compared to that of normal diet (Fig.
4A-D), but inflammation may also be due to gliosis; therefore,
specific studies are needed to clarify the inflammation and
gliosis after using HFD.

Living for more than 4 weeks in the control and HFD
groups increased the total number of neurons, without
significance (Table 3, Fig. 3), which may show neurogenesis
in adult mice hypothalamus, but it needs more specific
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Fig. 4. Cresyl violet staining of hypothalamus in normal (A-D) and high-fat (E-H) diet treated mice. An increase in extracellualr space is evident in
the hypothalamus of high-fat diet treated mouse (E-H, arrows). This figure represents the plate 49 in the mouse brain in stereotaxic coordinates [20].
3v, third ventricle; Arc, arcuate hypothalamic nucleus; dmh, dorsomedial hypothalamic nucleus; fr, fasciculus retroflexus; fx, fornix; me, median
eminence; mt, mammillothalamic tract; vimh, ventromedial hypothalamic nucleus. Scale bars=400 pm (A, E), 200 pm (B, F), 100 um (C, D, G, H).

experiments to be clarified.

Although HFD increases apoptosis in hypothalamus [3],
non-significant reduction of the neuronal cells indicates that
the decrease in neuron density is not an absolute result from
apoptosis.

In summary, it can be concluded that long-term consump-
tion of HFD decreases the numerical density of neurons and
increases the volume of the hypothalamus, although the total
number of neurons in the hypothalamus does not change
significantly. These findings may indicate that the increase of
hypothalamus volume maybe due to the inflammation and
gliosis caused by HFD, which needs further investigation.
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