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High-fat diet impairs hippocampal neurogenesis in male rats
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High fat diets and obesity pose serious health problems, such as type II diabetes and
cardiovascular disease. Impaired cognitive function is also associated with high fat
intake. In this study, we show that just 4 weeks of feeding a diet rich in fat ad libitum
decreased hippocampal neurogenesis in male, but not female, rats. There was no obesity,

but male rats fed a diet rich in fat exhibited elevated serum corticosterone levels
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compared with those fed standard rat chow. These data indicate that high dietary fat
intake can disrupt hippocampal neurogenesis, probably through an increase in serum

corticosterone levels, and that males are more susceptible than females.

Introduction

The alarming trend of increases in high fat diets and
obesity has lead to an escalating prevalence of type 2
diabetes and cardiovascular disease. Furthermore, sev-
eral studies suggest that a diet rich in fat influences the
normal development of the central nervous system and
can impede cognitive performance [1-3]. New neurons
are continuously produced in the dentate gyrus of the
adult hippocampus. The hippocampus is important for
learning and memory, and several studies have impli-
cated a functional role of these neurons in memory
formation [4]. Diets rich in fat are increasingly com-
mon. Not only have they been implicated as causative
in obesity, but recently it has also become increasingly
popular to eat food particularly enriched in proteins
and fats in attempts to reduce weight (so called Atkins
diet) [5]. Therefore we investigated the impact of high
fat diet, administered at a level and duration that did
not cause obesity, on hippocampal neurogenesis in
young male and female rats.

Procedures and methods

Animals

Male and female Sprague—Dawley rats (140 + 20 g)
from B&K (Sollentuna, Sweden) were housed three per
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cage under standard conditions (12 h light/12 h dark,
22°C).

The male rats were divided into two groups: one
group was fed a high-fat (HF) diet containing 42% fat
(coconut butter and corn oil) by energy, as described
previously [6], another group was fed standard rat chow
(LF) diet (10% fat by energy, R36; Lactamin, Kimsta,
Sweden). The female rats were divided in the same way.
All rats had ad libitum access to their diets. The
experiments were approved by the Local Animal Wel-
fare Committee, Lund, Sweden.

Study design

The rats were provided with either an HF or LF diet for
4 weeks. After 2 weeks, they were injected with BrdU
(50 mg/kg i.p.) every 2 h over a 6 h period. After an
additional 2 weeks, they were perfused transcardially
with 4% paraformaldehyde and their brains were re-
moved for analysis. Just prior to perfusion, fat pads
from the abdominal cavity were dissected out and
weighed. Blood was collected from cardial puncture.
Serum was obtained and stored at —20°C until analysis.

Tissue preparation and immunohistochemistry

The brains were sectioned coronally throughout the
entire hippocampus into 10 series of 40y m thick sec-
tions. Procedures for double labeling with BrdU- and
NeuN-immunofluorescence have been described in de-
tail elsewhere [7]. Briefly, free-floating sections were
pretreated in 1 M HCI and incubated over two nights
with rat anti-BrdU (1:100; Sigma, St Louis, MO, USA)
and mouse anti-NeuN (1:100; Chemicon International,
Temecula, CA, USA). Sections were then incubated
with Cy3-conjugated donkey anti-rat (1:400; Jackson
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ImmunoResearch Inc., West Grove, PA, USA) and
biotinylated horse anti-mouse antibody (1:200; Vector
Laboratories, Burlingame, CA, USA) followed by
Streptavidin Alexa Fluor 488 (1:200; Molecular Probes,
Eugene, OR, USA).

Quantification of BrdU and NeuN immunoreactive cells

The numbers of BrdU immunoreactive (IR) cells were
quantified in 6 equally spaced sections per rat, located
between 3.0 and 4.5 mm caudal to bregma (encom-
passing the dorsal hippocampal region). All positive
cells were counted in the dentate gyrus granule cell layer
including the subgranular zone and expressed as mean
number of cells per section. Fifty BrdU cells per rat
were analyzed for co-localization with NeuN in three
rats from each group using a confocal laser-scanning
microscope (Zeiss, Thornwood, NY, USA, LSM510)
equipped with an argon/krypton laser. Z stacks from
sections scanned at 1 um thickness were reconstructed
using LSM 510 software.

Serum corticosterone analysis

Serum corticosterone was analyzed using a radioim-
munoassay and protocol from MP Biomedicals (Or-
angeburg, NY, USA). Intra- and inter-assay variations
were 4.4% and 6.5%, respectively.

Statistical analysis

All data are expressed as mean + SEM. Weights of
abdominal fat pads were corrected for differences in
body weight by dividing the weight of the fat by the
body weight. The data were analyzed using Student’s -
test or two-way analysis of variance (ANova). The dif-
ferences were considered significant when P < 0.05.

Results

Weight gain and adiposity

No differences in body weight gain and fat accumula-
tion were observed in male rats receiving LF or HF
diets. The females, however, exhibited a significant
weight gain and mesenteric fat accumulation when gi-
ven HF diet compared with LF diet (P < 0.05 for
weight gain and P < 0.005 for fat accumulation,
respectively, Fig. la and b).

Amount of BrdU IR cells

In general, female rats displayed lower numbers of
newborn cells in the dentate gyrus (main effect of gender,

F(1,17) = 15,8, P < 0.005; Fig. 1c). Importantly, the
number of newly born cells in the dentate gyrus was
reduced by high-fat diet (main effect of diet, F(1,17) =
24.8, P < 0.005; Fig. 1c). Males and females responded
differently to the HF diet, such that the effect of HF was
only apparent in males (diet X gender interaction,
F(1,17) = 8.05, P < 0.05). Thus, whilst male rats fed HF
decreased their neurogenesis by approximately 40%,
there was no effect of HF diet in female rats. To determine
whether HF diet influenced neurogenesis specifically,
BrdU-immunostained cells were examined for co-ex-
pression of the mature neuron-specific marker, NeuN
(Fig. le). We found on average 88 + 2% of BrdU+
cells to be neurons, with no differences in the ratio of new
neurons between the different diets or between males and
females. This indicates that the vast majority of the ob-
served reduction in hippocampal cell genesis in males
given HF diet was due to a reduction in neurogenesis.

Serum corticosterone analysis

Females and males responded differently to the diet
regarding serum corticosterone levels (diet x gender
interaction, F(1,12) =9.09, P < 0.05, Fig. 1d). Thus,
corticosterone levels were nearly threefold higher in
male rats fed HF diet compared with males fed LF diet,
whereas in female rats the corticosterone levels were not
different in rats fed HF or LF diet.

Discussion

Male rats fed a high-fat diet exhibited a reduction in
hippocampal neurogenesis. As these animals did not
exhibit increased fat accumulation compared with male
rats fed a low-fat diet, the reduction in hippocampal
neurogenesis was independent of adipose tissue accu-
mulation. Rather the effect was related to the actual
ingestion of dietary fat.

There was lower neurogenesis in female compared
with male rats, regardless of diet. A possible explan-
ation could be differences in serum corticosterone levels
between males and females. Thus, on low-fat diet we
found that female rats had higher corticosterone levels
than males (Fig. 1d). With a high-fat diet there was no
change in corticosterone levels in females, whereas
males displayed a significant increase. We cannot rule
out that the observed elevation in serum corticosterone
levels in male rats during high-fat diet are stress effects
occurring independent of diet.

Increased levels of corticosterone are well known to
inhibit hippocampal neurogenesis [8,9] and adrenalec-
tomy increases the number of surviving newborn neu-
rons [10], supporting a role for corticosterone in
regulating hippocampal neurogenesis. Diets rich in fat
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Figure 1 (a) Body weight gain, (b) adipose tissue accumulation, (c) number of neuronal cells in the dentate gyrus of hippocampus and
(d) serum corticosterone levels in male and female Sprague—Dawley rats (n = 6 in each group) fed a low-fat diet (10% fat) (LF) and a
high-fat diet (42% fat) (HF) ad libitum for 4 weeks. (¢) Representative confocal orthogonal reconstruction of a cell co-expressing
BrdU (red) and NeuN (green) in the granule cell layer of a male rat, scale bar representing Sy m.

have previously been shown to increase serum levels of
corticosterone in male rats as early as 7 days after ini-
tiation of the diet, and corticosterone levels have re-
mained elevated for up to 5 months of high-fat feeding
[11,12]. Notably, corticosterone levels have previously
not been measured in female rats fed a high-fat diet.
The fact that high-fat diet did not reduce hippocampal
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neurogenesis in females could be related to effects of
estrogen, which is known to promote neurogenesis in
the dentate gyrus of female rats through stimulation of
insulin-like growth factor-1 [13].

Feeding high-fat diets have been shown to impair
spatial learning in normal rodents and rats subjected to
traumatic brain injury [3,14,15]. These reported be-
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havioral impairments may be mediated by a reduction
in hippocampal neurogenesis. Several lines of evidence
suggest that newborn hippocampal neurons contribute
to learning and memory. First, these new hippocampal
neurons adopt morphological and physiological prop-
erties of mature granule neurons [16]. Second, factors
that up- or down-regulate neurogenesis have the same
directional effect on hippocampus-mediated learning
[17,18]. Third, a learning experience can promote hip-
pocampal neurogenesis [19]. Finally, impeding hippo-
campal neurogenesis blocks some forms of
hippocampus-dependent learning [20]. Interestingly,
our data may be directly relevant to humans. Clinical
studies show that diets rich in saturated fats cause
cognitive decline in aged individuals and people afflic-
ted with dementia [1,2].

In conclusion, our study provides the first compelling
evidence that a high intake of dietary fat per se has a
negative influence on hippocampal neurogenesis.
Importantly, dietary fat can reduce neurogenesis even
in the absence of increased body weight and adipose
tissue accumulation in male rats. We suggest that this
decrease in neurogenesis is mediated through increased
serum corticosterone levels. Our results underscore the
potential detrimental effects that dietary choices can
have on normal brain function. As high-fat diets have
been shown to increase serum cortisol levels in human
subjects [21], our findings highlight the possibility that
such diets can negatively affect brain function.
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