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Abstract
Adult male rats were fed a low or high fat diet and given psychosocial stress (crowded and unstable
housing with daily predator exposure) for 3 weeks. Neither stress nor high fat diet, alone, produced
dendritic atrophy; only the group given the combination of stress and high fat diet developed a
reduction of the length and number of branch points of apical dendrites of CA3 neurons. These
findings indicate that a synergy between high fat diet and stress caused a retraction of CA3 dendrites.
The findings are consistent with work on peripheral (e.g., cardiovascular) systems demonstrating a
synergy between stress and high fat diet, and are relevant toward understanding how diet and stress
interact to adversely a¡ectbrain and memory processing.
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INTRODUCTION
The effects of stress or diet on health have been well-studied, but there is an insufficient
understanding of how these two factors, acting alone or in concert, influence the brain and
behavior. Long-term production of stress hormones, such as glucocorticoids (GCs), can impair
learning [1,2] and produce atrophy in the hippocampus [3], a brain structure which is important
for learning and memory [4]. Under some conditions, however, chronic stress or GCs may
have only a subtle or no effect on hippocampus-dependent memory [5,6] and morphology [5,
7,8]. A separate line of research has shown that rats fed a high fat diet exhibit impaired learning
[9] and increased GC responses to stress [10]. Here, as well, the literature is mixed, with studies
revealing that under some conditions a high fat diet can fail to produce significant effects on
physiology or memory [11–13]. Thus, the actions of either chronic stress or a high fat diet may
be absent or nullified depending on environmental or genetic influences.

The combination of chronic stress and a high fat diet, by contrast, consistently produces adverse
effects on behavior and physiological responses. Studies on animals have shown that the
combination of chronic stress and a high fat diet produces synergistic effects on physiological
measures, including elevating plasma catecholamine levels [14] and increasing stress-induced
mortality and cardiovascular disorders [12,13]. Studies on people also indicate that a high fat
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diet or stress, in isolation, may be relatively benign [15–17], but the combination of a stressful
life and a high fat diet exerts a powerful adverse effect on health and well-being [16,18].

The current work was designed to extend our understanding of how stress and diet interact to
affect the brain. We studied the influence of psychosocial stress or a high fat diet separately,
and in concert, on dendritic morphology of neurons in the hippocampus. Whereas most
previous studies have focused on the effects of chronic restraint stress on the hippocampus in
rats fed standard (low fat) animal chow, here we studied the effects of an ethologically relevant
stressor (predator exposure and crowded, unstable housing) on rats fed a low or high fat diet.
This approach provides an animal model with which to study how psychosocial stress interacts
with diet to influence brain and behavior.

MATERIALS AND METHODS
All procedures were approved by the Institutional Animal Care and Use Committee at the
University of South Florida and are in accordance with the applicable portions of the Animal
Welfare Act and the Guide for the Care and Use of Laboratory Animals by DHHS. Thirty-two
male, Sprague–Dawley rats (Harlan, Indianapolis, IN; 300 g) were housed on a 12:12 h light:
dark cycle (lights on at 06:00 h) with food and water provided ad lib in their housing room.
The rats were given 1 week to acclimatize to the housing facilities and then they were randomly
assigned to experimental groups (Low fat diet, LFD, and high fat diet, HFD; stress/LFD, stress/
HFD, control (no stress)/LFD, control (no stress)/HFD; n=8 rats/group). Each day, for 3 weeks,
all rats were removed from the housing room and transported to the laboratory. There, the stress
subgroups was exposed, without physical contact, to a cat for 3–6 h at random times of the day
within the light phase. When rats in the stress group were not with the cat, they were housed
in crowded conditions composed of 2, 3 or 4 rats/cage in a relatively small space (20 × 20 cm).
In addition, rats in the stress group were housed with a different combination of rats each day
(unstable housing) in a manner similar to that described previously [6,19]. Rats in the control
group were housed 2 or 3/cage with the same cagemates throughout the study in a standard
Plexiglas cage (40 × 20 cm).

Control (non-stress) rats were transported from the housing room to the laboratory each day
along with the stress group. The control rats, unlike the stress rats, remained in their home
cages within an isolated laboratory room. The animals in all four groups were restricted from
food and water during the laboratory manipulations.

Body weights were measured at the beginning (day 1) and end (day 21) of the 3-week stress
period. During the stress period, rats were fed either a low or high fat diet. The percentages of
calories from fat were 11.2% and 37.6% for the low and high fat diets, respectively. Soybean
oil contributed the primary source of fat in the low fat diet, whereas coconut oil, beef tallow
and anhydrous milk fat supplied the primary source of fat in the high fat diet.

On the day after the end of the 21-day stress period, the rats were injected with an overdose of
sodium pentobarbital (100 mg/kg, i.p.) and perfused transcardially with phosphate-buffered
saline and buffered 4% paraformaldehyde. The brains were subsequently removed and Golgi-
stained as described previously [20]. Neurons were selected for measurement provided they
were located in the stratum pyramidal lower of the CA3 or CA1 regions of the hippocampus
and fully stained. In addition, CA3 neurons were included in the analysis only if they were
located within the CA3c region of the dorsal hippocampus, had identifiable dendrites that could
be distinguished from nearby neurons, and exhibited consistent staining throughout the extent
of all dendrites. Between 2 and 7 neurons were utilized per rat with 4–5 rats per group. Rats
were included in the analyses for the CA3 region with the stipulation that short shaft and long
shaft neurons were represented proportionately [7,20]. The neurons were traced using a camera
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lucida drawing tube (Olympus, U-DA drawing attachment) connected to an Olympus
microscope to quantify branch points (× 400). A branch point was counted when a dendrite
exhibited a bifurcation or juncture whereby two distinct branches were detected. Total dendritic
length was quantified using calibrated Scion Image software (Scion Corporation, Frederick,
Maryland) linked to an Olympus microscope via a video camera.

RESULTS
Representative tracings from CA3 neurons for each of the four groups are depicted in Fig. 1.
For CA3 apical dendritic length, a 2 × 2 ANOVA revealed a significant main effect of stress
(F(1,15)=4.27, p=0.05). The main effect was carried primarily by the stress-HFD group, as
indicated by the significant interaction between stress and diet (F(1,15)=6.59, p<0.05), and
that the stress-HFD group exhibited significantly shorter apical dendrites than the control-HFD
and stress-LFD groups (all p≤0.05; LSD post-hoc test; Fig. 2).

The analysis for CA3 apical branch points showed a similar outcome as CA3 apical length,
with a 2 × 2 ANOVA exhibiting a significant interaction between stress and diet (F(1,15)=5.56,
p<0.05), without a significant main effect of stress or diet alone (p>0.1; Fig. 2). LSD post
hoc tests showed that the stress-HFD group had significantly fewer apical branch points than
the control-HFD group (p<0.05) and there was a marginally significant effect compared to the
stress-LFD group (p=0.07). None of the groups differed statistically following a 2 × 2 ANOVA
for either CA3 basal length or branch points (p>0.1; Fig. 2). There were no effects of diet,
stress or the combination of both factors in dendritic length and branch points in the apical and
basal arbors of CA1 neurons (data not shown; all p>0.1).

In the assessment of body weights, a 2 × 2 × 2 (stress × diet × day) mixed-factor ANOVA
revealed that all groups gained weight by day 21 regardless of condition, as shown by a
significant main effect of day (F(1,28)=290.33, p<0.01). Chronic stress significantly reduced
body weight gain compared to control conditions, as indicated by a significant main effect of
treatment (F(1,28)=8.98, p<0.01), and a significant interaction between stress and day (F(1,28)
=42.58, p<0.01). Diet alone did not influence weight gain (F(1,28)=0.007, p=0.94, (Fig. 3)).

DISCUSSION
The primary finding of this study is that the extent of dendritic arborization of neurons in the
CA3 region of the hippocampus was influenced by the combination of high fat diet and chronic
stress. Three weeks of either a high fat diet or psychosocial stress, alone, produced no effect
on the dendritic arbors of neurons in the CA3 or CA1 regions. The novel finding was the
synergistic interaction between high fat diet and stress, such that only the group that
experienced both high fat diet and stress exhibited a significant reduction in both dendritic
length and branching of apical dendrites of CA3 neurons.

The basis of the synergy between stress and high fat diet producing CA3 dendritic retraction
requires more investigation, but the hypothesis that the high fat diet increased the perceived
strength of the psychosocial stressor was not supported since stress attenuated weight gain to
an equivalent extent in the high and low fat diet groups. A factor likely to have contributed to
stress effects on CA3 morphology in the high fat diet group is an increased reactivity of the
hypothalamic pituitary adrenal axis to stress, which is known to occur in animals given a high
fat diet [10]. Hormones, such as GCs and epinephrine, interact with a high fat diet to exacerbate
pathology in peripheral structures. For example, in rodents and non-human primates, the
combination of chronic stress and a high fat diet produces the highest levels of plasma
catecholamines [14] and the highest incidence of stress-induced mortality and cardiovascular
disorders [12,13].

Baran et al. Page 3

Neuroreport. Author manuscript; available in PMC 2006 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Whereas the combination of a high fat diet and stress consistently produces potent effects on
physiology and behavior, the effects produced by either a high fat diet or stress, in isolation,
can be nullified by salutary influences. For example, the effects of a high fat diet on the brain
and peripheral organs can be blocked by a low stress environment or by exercise [15,21]. Along
the same lines, the suppressive effects of intense stress on the immune system can be nullified
by a low fat diet [16]. Our findings, therefore, are consistent with an extensive literature
showing that the combination of chronic stress and a high fat diet exerts more deleterious effects
on measures of health and well-being than either stress or high fat diet alone [18].

The absence of a significant effect of chronic stress on dendritic morphology of CA3 neurons
in rats fed a low fat diet was unexpected, given that most of the literature has shown that chronic
stress produced dendritic retraction in CA3 neurons in rats given standard (low fat) animal
chow [3,7,20]. However, this is the first study in which predator exposure and crowding were
used to induce morphological changes in CA3 dendritic arbors, whereas most studies have
used restraint stress [7,20] or another form of psychosocial stress (dominance hierarchy;
[22]). Chronic predator exposure has been shown to impair hippocampus-dependent learning
[19], increase sensitivity to an adrenergic receptor antagonist [19], increase adrenal and thymus
weights [23] and alter the endocrine response to an acute stressor [23,24]. Thus, although
restraint and psychosocial stress are each effective stressors, they appear to produce dissimilar
effects in the brain [24]. Despite their differences, it is notable that both types of stressors have
shown that the CA3 region is more vulnerable than the CA1 region in developing stress-induced
dendritic retraction [3,22].

CONCLUSION
We provide the first evidence of a synergy between high fat diet and stress on neuronal
morphology. Chronic psychosocial stress or a high fat diet, separately, were ineffective at
altering the dendritic morphology of CA3 neurons. Only the experimental group that was both
fed a high fat diet and chronically stressed exhibited dendritic retraction in the CA3 region.
These findings are relevant to naturalistic conditions in which stress increases the preference
for individuals to select high, over low, fat food sources [25]. The drive toward high fat (and
high sugar) foods in times of stress may be attributed to the enhanced survival value of
increasing caloric intake at times of increased metabolic demands. Such a strategy may be
useful as a short-term response to an acute stressor, but maintaining the pursuit of high fat
foods as stress persists may become detrimental. Our work indicates that prolonged ingestion
of a high fat diet in conjunction with chronic unavoidable stress produces detrimental
consequences on hippocampal morphology. The repercussions of this synergy between diet
and stress remain to be studied, but are likely to be manifested as a disturbance in
neuroendocrine regulation and an impairment of hippocampus-dependent learning and
memory.
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Fig. 1.
Representative neurons (2/group) from the CA3 region of the hippocampus for each
experimental condition. The illustrations depict camera lucida tracings at × 400.
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Fig. 2.
CA3 dendritic length and branch points following chronic exposure to stress and/or high fat
diet. Left side: apical dendritic length (top) and branch points (bottom) are reduced in stressed
rats fed a high fat diet compared to control (no stress) rats fed a high fat diet. Right side: basal
dendritic length (top) and basal branch points (bottom) were not affected by a high fat diet,
stress, or these two factors combined. Data in all figures represent means (±s.e.m.). Common
letters represent non-significant differences across conditions and different letters represent
significant differences across conditions.

Baran et al. Page 8

Neuroreport. Author manuscript; available in PMC 2006 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Body weights at the beginning and end of the 21-day chronic stress period. Stressed groups
gained less weight than control groups regardless of diet, as indicated by the significant
interaction between stress and diet (F(1,28)=42.58, p<0.01).Data points are shifted for better
visibility.
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