
Cognition and Behavior

Western High-Fat Diet Consumption during
Adolescence Increases Susceptibility to Traumatic
Stress while Selectively Disrupting Hippocampal
and Ventricular Volumes
Priya Kalyan-Masih,1 Julio David Vega-Torres,1,2 Christina Miles,1 Elizabeth Haddad,3 Sabrina
Rainsbury,1 Mohsen Baghchechi,3 Andre Obenaus,3 and Johnny D. Figueroa1,2

DOI:http://dx.doi.org/10.1523/ENEURO.0125-16.2016

1Center for Health Disparities and Molecular Medicine, Loma Linda University School of Medicine, Loma Linda,
California 92350, 2Physiology Division, Department of Basic Sciences, Loma Linda University School of Medicine,
Loma Linda, California 92350, and 3Department of Pediatrics, Loma Linda University School of Medicine, Loma
Linda, California 92350

Abstract

Psychological trauma and obesity co-occur frequently and have been identified as major risk factors for psychiatric
disorders. Surprisingly, preclinical studies examining how obesity disrupts the ability of the brain to cope with
psychological trauma are lacking. The objective of this study was to determine whether an obesogenic Western-like
high-fat diet (WD) predisposes rats to post-traumatic stress responsivity. Adolescent Lewis rats (postnatal day 28)
were fed ad libitum for 8 weeks with either the experimental WD diet (41.4% kcal from fat) or the control diet (16.5%
kcal from fat). We modeled psychological trauma by exposing young adult rats to a cat odor threat. The elevated plus
maze and the open field test revealed increased psychological trauma-induced anxiety-like behaviors in the rats that
consumed the WD when compared with control animals 1 week after undergoing traumatic stress (p � 0.05). Magnetic
resonance imaging showed significant hippocampal atrophy (20% reduction) and lateral ventricular enlargement (50%
increase) in the animals fed the WD when compared with controls. These volumetric abnormalities were associated
with behavioral indices of anxiety, increased leptin and FK506-binding protein 51 (FKBP51) levels, and reduced
hippocampal blood vessel density. We found asymmetric structural vulnerabilities to the WD, particularly the ventral
and left hippocampus and lateral ventricle. This study highlights how WD consumption during adolescence impacts
key substrates implicated in post-traumatic stress disorder. Understanding how consumption of a WD affects the
developmental trajectories of the stress neurocircuitry is critical, as stress susceptibility imposes a marked vulnerability
to neuropsychiatric disorders.

Key words: behavior; high-fat diet; hippocampus; imaging; obesity; PTSD

Significance Statement

Psychological trauma and obesity are highly prevalent in adolescents. However, preclinical studies inves-
tigating how obesity alters psychological trauma responsivity are lacking. In this study, we report that
adolescent rats consuming a typical obesogenic Western high-fat diet (WD) display exaggerated post-
traumatic stress reactions during early adulthood, along with increased hippocampal expression of the
post-traumatic stress biomarker FKBP51. We reveal distinctive hippocampal and ventricular volumetric
abnormalities potentially underlying the effects of the WD in maladaptive stress responsiveness. We
anticipate that this study will inform the path to needed biomarkers and interventions for improving the
quality of stress and anxiety management, particularly in a growing overweight and obese population.
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Introduction
Childhood and adolescent psychological trauma is re-

ferred as “the hidden epidemic” (Lanius et al., 2010).
Children and adolescents are exposed to a wide range of
traumatic events, including abuse, domestic violence,
traumatic loss and grief, community and school violence,
medical trauma, war-zone and refugee trauma, natural
disasters, and terrorism (Friedman et al., 2014). Unfortu-
nately, although many youths who experience psycholog-
ical trauma recover, approximately one-third develop
enduring symptoms of anxiety and post-traumatic stress
disorder (PTSD; Pine and Cohen, 2002; Merikangas et al.,
2010). Adolescents and young adults with PTSD experi-
ence emotional distress and may re-experience the
trauma through intrusive recollections of the event while
avoiding reminders of the trauma. Interestingly, several
lines of epidemiological evidence show that PTSD is often
accompanied by comorbid overweight and obesity (Scott
et al., 2008; Perkonigg et al., 2009; Pagoto et al., 2012;
Johannessen and Berntsen, 2013; Maguen et al., 2013;
Mitchell et al., 2013; Kubzansky et al., 2014; Bartoli et al.,
2015; Smith et al., 2015). While these studies demonstrate
that PTSD leads to an increased risk for obesity, limited
focus has been placed on understanding how overweight
and obesity increase the susceptibility to the effects of
stress on the brain and behavior. As the burden of obesity
and traumatic stress continues growing at alarming rates,
studies are needed to clarify this interplay. Consumption
of Western high-fat diets (WDs), which typically are rich in
saturated fats, is a major factor contributing to the global
obesity epidemic in children and adolescents (Moreno
et al., 2010; Ogden et al., 2010). It is now becoming
increasingly recognized that dietary consumption of a WD
impairs optimal brain development and function, and is
associated with adverse cognitive and emotional out-
comes later in life (Nilsson et al., 2009; Sellbom and
Gunstad, 2012; Francis and Stevenson, 2013). Surpris-
ingly, studies that examine how Western dietary patterns
impact the maturation and function of the stress-response

neurocircuitry are lacking. The hippocampus (HPC), a
brain region traditionally studied for its role in memory and
learning, plays important roles in terminating the physio-
logical stress responses via feedback inhibition of the
hypothalamic–pituitary–adrenal (HPA) axis (Jacobson and
Sapolsky, 1991; Sapolsky, 2001). The sensitivity of this
feedback mechanism is regulated via complex interac-
tions among environmental stressors, genes, and epige-
netic modifications of glucocorticoid-responsive genomic
sites. An important modulator of these interactions is
FKBP5 (Hoeijmakers et al., 2014; Schmidt et al., 2015),
which codes for the FK506-binding protein 51 (FKBP51)
and has emerged as a promising drug target for its in-
volvement in numerous neuropsychiatric disorders, in-
cluding PTSD (Binder et al., 2004, 2008; Binder, 2009;
Binder et al., 2010; Lavebratt et al., 2010; Ellsworth et al.,
2013; Klengel et al., 2013; Alemany et al., 2016; Stamm
et al., 2016; Yehuda et al., 2016). Notably, new studies
show a strong relationship between the FKBP5 gene and
hippocampal volumes and connectivity (Zobel et al.,
2010; Fani et al., 2013; Córdova-Palomera et al., 2016).
Thus, FKBP51 may play a role in predisposing the brain to
traumatic stress by virtue of regulating the structural in-
tegrity of the hippocampus.

Here, we hypothesized that the consumption of a WD
during adolescence confers vulnerability to PTSD-related
behaviors following traumatic stress, while altering the
hippocampal molecular and structural landscape. One
important function of the hippocampus in the context of
PTSD is to form new memories and guide behavior by
comparing new sensory input to stored representations
(Finsterwald et al., 2015). Thus, our aim was to investigate
the effect of a WD in a modified rat model of PTSD that
mimics both the cognitive and emotional features of the
disorder simultaneously by using well validated behavioral
paradigms (Bertoglio et al., 2006; Schneider et al., 2011).
More importantly, since adolescence is a critical period in
the neurobiological development of lifelong stress re-
sponses, another aim of this study was to use a longitu-
dinal design that evokes measurable long-term fear
memories associated with psychological trauma expo-
sure. We report that consumption of a WD during adoles-
cence results in increased behavioral manifestations of
anxiety-like behaviors following exposure to stress. Our
data reveal unique and highly distinctive neuroanatomical
and molecular signatures linking WD consumption with
vulnerability to psychological trauma.

Materials and Methods
Experimental procedures were performed in compli-

ance with the Loma Linda University School of Medicine
regulations and institutional guidelines consistent with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Animals
Eighty adolescent male Lewis rats [postnatal day 21

(P21); LEW/Crl rats; RRID: RGD_737932] were acquired
from Charles River Laboratories. Lewis rats are particu-
larly prone to stress reactions, displaying many features in
the stress neurocircuitry that are similar to those of chil-
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dren and adolescents exposed to traumatic stress and
PTSD (i.e., poor HPA axis response to stress and proin-
flammatory milieu). Further, this rat strain has been exten-
sively used to model PTSD (Cohen et al., 2006b),
hippocampal alterations during traumatic stress (Gos-
wami et al., 2012), and high-fat diet-induced obesity
(Schmiedt et al., 2011). Thus, Lewis rats provide a pow-
erful tool for understanding the interactions between
genes and environment that underlie the development of
PTSD-like behaviors. Upon arrival, rats were housed two
per cage and maintained in conventional housing condi-
tions (temperature, 21 � 2°C; relative humidity, 45%; 12 h
light/dark cycle with lights on at 7:00 A.M.). Animals had
ad libitum access to food and water. Food consumption
was recorded daily for the complete duration of the study.
Body weights were recorded once a week.

Study design
Rats were allowed to habituate to the housing condi-

tions for 1 week. Following this acclimation period, the
animals were randomly divided into the following two
groups: one group received the control diet (CD; n � 44);
while the other group received the WD (n � 36). Following
8 weeks receiving the diets, animals were further subdi-
vided into two groups based on exposure to predator
odor stress [PS; PS exposed, n � 48; CD unexposed
(CDU), n � 32]. Animals were handled for 5 d before
behavioral testing. Behaviors were evaluated at 4 and 8
weeks after special feeding commenced. This contextual
pre-exposure paradigm has been validated and offers a
novel way of separating the contextual and emotional
memory components of PTSD-like behaviors (File, 1993;
Treit et al., 1993; Fernandes and File, 1996; Bertoglio and
Carobrez, 2000; Carobrez and Bertoglio, 2005; Bertoglio
et al., 2006; Pawlak et al., 2008; Stern et al., 2010; Sch-
neider et al., 2011; Gianlorenço et al., 2012; Chegini et al.,
2014). In other words, novelty was used as a mild stressor
and to create a context, whereas retesting measured
emotionality and memory. Importantly, this paradigm is
highly sensitive to pharmacological manipulations and
lesions of the hippocampus, our region of interest (Kjel-
strup et al., 2002). Only one behavioral test was per-
formed per day to minimize carryover effects, increasing
the behavioral stressor level intensity each day (from
acoustic reflexes to forced swimming). All behaviors were
recorded between 10:00 A.M. and 2:00 P.M. (the typical
rat corticosterone nadir). Animals were killed after the
completion of behavioral testing. The study followed a
sequential experimental design. The number of rats in
each experimental group was not evenly distributed
among the different cohorts.

Diets
The control diet (7 g% fat; catalog #F06405, Bio-Serv)

and the Western high-fat diet (20 g% fat; catalog #F6724,
Bio-Serv) are based on standard AIN-93G formulations.
The diets were balanced for protein as a percentage of
energy intake and for essential vitamins and minerals. In
addition to the anhydrous milk fat used to prepare the
WD, both diets contained soybean oil. We selected soy-
bean oil as the fat source because this oil is one of the

most common fat sources in the standard American diet.
The WD contained 4.7 kcal/g, and the CD, 3.8 kcal/g. The
WD contained a greater amount of cholesterol (0.2 g%)
than the CD (0.036 g%). The diet pellets were analyzed
using mass spectrometry to determine the fatty acid com-
position. We intended to mimic typical fat sources and
compositions, increasing the translational and clinical rel-
evance of our findings by using these diets.

Predator odor stress
Experimental rats were exposed to soiled cat litter from

a domestic male cat. To replicate previous studies, we
used Fresh Step Unscented Multi-Cat Litter from Clorox
Pet Products Company. The cat litter was in use by the
cat for 2 d and sifted for stools (Cohen and Zohar, 2004;
Cohen et al., 2006a; Goswami et al., 2010). The rats were
placed in a standard plastic rat cage containing the soiled
cat litter for 10 min. This model has ecological validity in
that it mimics intense threatening psychological stress,
with lasting consequences in cognitive and emotional
processing (Adamec et al., 2006; Clay et al., 2011; Cohen
et al., 2012). Control animals were exposed to fresh,
unused litter for the same amount of time under otherwise
equivalent conditions.

Acoustic startle reflex and prepulse inhibition
The acoustic startle reflex (ASR) and prepulse inhibition

(PPI) of the ASR paradigms (Geyer and Swerdlow, 2001)
were executed using SR-Lab Acoustic Chambers (San
Diego Instruments). All presented acoustic stimuli con-
sisted of white noise. The background noise level was
kept at 68 dB. The duration of acoustic stimuli was 20 ms
for startle tones and 40 ms for prepulse tones. Trials were
presented in a randomized interstimulus interval of 10–25
s. An experimental session took �20 min and started with
a habituation program, consisting of 5 min of background
noise. Following habituation, the initial block consisting of
11 120 dB acoustic startle trials was recorded. The sec-
ond block consisted of 36 trials presented in a pseudo-
randomized order to evaluate the PPI of the ASR. In this
second block, the trials included pulse-alone trials (120
dB) and PPI trials (five trials for each sound pressure level:
71, 74, or 80 dB). Finally, the third block of the session
consisted of five additional pulse-alone startle trials and
was used to determine short-term habituation of the ASR.
After each session, the animals were returned to their
cages and each chamber was cleaned with soap and
water and thoroughly dried. Max startle amplitudes were
averaged for each block. Based on empirical data and
published studies, startle responses exhibited 52 ms after
the presentation of the eliciting stimulus were filtered out
from the analyses. The PPI of the ASR was calculated for
each PPI trial as the percentage reduction of the average
pulse-alone startle amplitude using the following formula:

%PPI � 100 � �pulse alone � �prepulse �
pulse��/pulse alone. (1)

Open field test
The open field test (OFT) is normally used to evaluate

emotionality based on the conflict rodents experience
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between the innate fear of open places and the drive to
explore new areas (Hall, 1934, 1936). The dimensions of
the acrylic open field maze were 43.2 cm (length) � 43.2
cm (width) � 30.5 cm (height). Animals were placed in the
center of the field and recorded for 5 min using Ethovision
version XT (Noldus Information Technology; RRID:
SCR_000441, RRID: SCR_004074). Behaviors were re-
corded at normal room lighting conditions (269 lux illumi-
nation). The field was divided into a nine 14.4 cm2 zones
using the software settings, allowing for the evaluation of
inner and outer arena exploration. The center zone started
�15 cm from each chamber wall. The chamber was
cleaned with 70% ethanol between trials. The following
equation was used to calculate the anxiety index:

Anxiety index � 1 � [([center cumulative duration/
total test duration] � [center total entries/

total number of entries to center � corners])/2]. (2)

Elevated plus maze
The elevated plus maze (EPM) evaluates emotionality

on the same conflict paradigm as in the OFT (Pellow et al.,
1985). Avoidance of the open arms is considered a mea-
sure of anxiety. The near infrared (NIR)-backlit EPM ap-
paratus (catalog #ENV-564A, MedAssociates) consisted
of two opposite open arms (50.8 � 10.2 cm) and two
enclosed arms (50.8 � 10.2 � 40.6 cm) that were elevated
72.4 cm above the floor. The junction area between the
four arms measured 10 � 10 cm. A raised edge (0.5 cm)
on the open arms provided additional grip for the rats.
Behaviors were recorded in a completely dark room. This
NIR maze is specifically designed for video-tracking ap-
plications and eliminates variables associated with shad-
ow/lighting. At the beginning of each 5 min trial, the rat
was placed on the central platform facing an open arm.
The apparatus was thoroughly cleaned after each test
session. Behaviors were monitored via a monochrome
video camera equipped with a NIR filer fixed above the
EPM. In addition to the standard measures, we included
extra measures derived from ethological analysis of be-
havior. The time spent on both types of arms, the number
of entries into both types of arms, the latency to the first
entry into any of the open arms, head-dipping zone fre-
quency, and stretch attend postures (SAPs) were deter-
mined using Ethovision XT tracking software (Noldus
Information Technology; RRID: SCR_000441, RRID:
SCR_004074). From these data, we calculated the anxiety
index according to the studies by Cohen et al. (2012) and
Contreras et al., (2014):

Anxiety index � 1 � [([OA cumulative duration/
total test duration] � [OAentries/

total number ofentries to CA � OA])/2]. (3)

OA denotes Open Arms while CA represents Closed
Arms in the elevated plus maze.

Forced swim test
The forced swim test (FST) is based on the observation

that rats, when exposed to an inescapable cylinder filled
with water, will adopt a characteristic immobile posture in
time (Porsolt et al., 1978; Abel, 1994). This adaptive be-

havior provides valuable information on emotionality and
stress-coping strategies. The Plexiglas cylinder (height,
49.5 cm; diameter, 40 cm) was filled with 21 � 2°C tap
water to a height of 27 � 5 cm. After the 15 min training
session, the rat was dried with a towel, placed under
heating lamps, and, subsequently, placed back into the
home cage. Mobility was evaluated during the 5 min
testing session (24 h after training) using Ethovision XT
(Noldus Information Technology; RRID: SCR_004074).
The time spent exhibiting high mobility (inversely related
to depression and associated with anxiety) and the time
spent immobile (positively related to depression) were
calculated.

Immunodetection
Western blot

Animals were killed with intraperitoneal administration
of Euthasol (Virbac) and perfused transcardially with PBS.
Animals were rapidly decapitated, and the brains were
isolated and placed into an Alto stainless steel adult rat
brain matrix (Stoelting). Unilateral (left hemisphere) mi-
cropunches were obtained from the hippocampus, medial
prefrontal cortex, and amygdala. Micropunched tissue
was immediately mixed with lysis buffer, gently sonicated,
and stored at �80°C until the day of the experiment. The
right brain hemisphere was isolated and snap frozen in
liquid nitrogen. This region was used to optimize the
Western blot conditions, and served as an internal control
to determine the global effects of stress and diet on the
FKBP51 protein levels. The tissue was pulverized with
liquid nitrogen, homogenized, and stored at �80°C. For all
experiments, a ratio of 1 mg of tissue to 8 �l of lysis buffer
was used. The lysis buffer was composed of 4 ml of 0.5 M

Tris-HCl, pH 6.8, 8 ml of 10% SDS, 6 ml of double-
distilled H2O, and 2 ml of glycerol. After gentle sonication,
the samples were centrifuged at room temperature for 10
min at 12,000 rpm. NuPAGE antioxidant (500 �l/gel) was
used before loading protein samples. The proteins (15
�l/lane) were separated on NuPAGE 4-12% Bis-Tris gels
(Invitrogen) and transferred for 7 min using iBlot Gel
Transfer Stacks Nitrocellulose membranes (Invitrogen).
After blocking for 1 h with Odyssey Blocking buffer (LI-
COR Biosciences), the membranes were incubated over-
night at 4°C in a 1� PBS 0.05% Tween-20 solution
containing the anti-FKBP51 antibody (1:1000; catalog
#PA1-020, ThermoFisher Scientific; RRID: AB_2103140).
The membranes were then washed three times (10 min/
wash) with 1� PBS 0.05% Tween-20, and incubated for 1
h with a goat anti-rabbit antibody (1:50,000; catalog #926-
32211, LI-COR Biosciences; RRID: AB_621843), followed
by three washes with 1� PBS. Finally, the membranes
were incubated for 1 h with anti-�-actin (1:5000; catalog
#Superclass, Sigma-Aldrich; RRID: AB_10013287) in 1�
PBS 0.05% Tween-20. Subsequently, the membranes
were washed three times with 0.05% Tween-20 in PBS
and incubated for 1 h in goat anti-mouse (1:50,000;
catalog #926-32220, LI-COR Biosciences; RRID:
AB_621840). The membranes were washed three times
with 1� PBS before imaging. Infrared signals were de-
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tected and quantitated using a LICOR Odyssey Scanner
(LI-COR Biosciences).

Immunofluorescence
To prepare tissue for immunofluorescence analyses, ani-

mals were submitted to fast and humane euthanasia with
Euthasol and perfused transcardially with PBS, followed by
4% paraformaldehyde (PFA) in 0.1 M of phosphate buffer.
Five hours after perfusion, the brain was carefully dissected
and postfixed overnight in 4% PFA. Brains were shipped to
NeuroScience Associates for cryoprotection, embedding,
and Multi-Brain block processing (NeuroScience Associ-
ates). Multibrain coronal sections were dried at room tem-
perature for 10–15 min, washed with PBS, and postfixed
with 4% PFA for 10 min. Immunolabeling was performed
with anti-FKBP51 antibody (1:250; catalog #ab2901, Ab-
cam; RRID: AB_2103135) antibody or a mixture of anti-
FKBP51 and Glut-1 antibody (1:1000; catalog #ab40084,
Abcam; RRID: AB_2190927) to examine the colocalization of
FKBP51 in endothelial cells. Antibody solutions were applied
to the sections overnight at 4°C. On the following day, the
Multi-Brain coronal sections were incubated with Alexa Fluor
488-conjugated donkey anti-rabbit (1:750; catalog
#R37114, ThermoFisher Scientific; RRID: AB_2556542) and
Alexa Fluor 594-conjugated donkey anti-mouse (1:750; In-
vitrogen; catalog #R37115, ThermoFisher Scientific;
AB_2556543) antibodies. The Multi-Brain block sections
were then washed and mounted with ProLong Gold Antifade
containing DAPI (catalog #P36934, ThermoFisher Scientific).
Primary antibody omission controls and antigen preabsorp-
tion controls were used to further confirm the specificity of
the immunofluorescence. Sections were examined under a
fluorescence microscope (BZ9000; Keyence Corporation).
Images were analyzed using the BZ-II Analyzer and pre-
pared for publication with Photoshop CS6 software (Adobe;
RRID: SCR_014199). DyLight 594-labeled Lycopersicon es-
culentum (tomato) Lectin (t-lectin; 1:200; catalog #DL-1177,
Vector Laboratories; RRID: AB_2336416) was used as a
marker of blood vessels. T-lectin was incubated overnight at
4°C in 0.25% bovine serum albumin with 0.25% Triton
X-100 made in PBS, pH 7.4. For analyses, the threshold and
morphologic user-defined parameters were selected to
maximize visualization of microglia or blood vessel-positive
staining in the hippocampus. These parameters were kept
consistent for all animals during image acquisition (n � 4 rats
per group). Importantly, the Multi-Brain block preparation
allowed for mass processing of 16 brains in a single unit (16
brain sections per slide). This provided consistent and uni-
form staining across sections and high-quality processing.
All the images were acquired in z-stack mode (pitch � 0.5
�m; �15 images/stack). Images were taken from the dorsal
(10 images) and ventral hippocampus (10 images) in each
brain section using a 20� objective (numerical aperture,
0.75; WD 1.00) and a 3� digital zoom (total magnification,
60�; 20 images/brain section; �300 total images/brain; four
brains/group). The BZ Analyzer Full Focus algorithm was run
for each stack before analyzing each section. For automated
unbiased quantification, the BZ-II Analyzer software Macro
Hybrid Cell Count tool was used to calculate the area of
positive staining, brightness, R integration, particle size, and
blood vessel feret diameter in each image.

Intraperitoneal glucose tolerance test
Rats were fasted for 12 h prior to receiving intraperitoneal

glucose injections (2 g/kg). Blood glucose levels were mea-
sured in anesthetized rats by cutting the tail tip at 0, 30, 60,
90, and 120 min intervals. Glucose levels were measured
using a glucometer (OneTouch UltraMini, LifeScan).

Measuring leptin, triglycerides, and corticosterone
concentrations using ELISA

Plasma leptin levels were measured using a commercial
ELISA kit (catalog #ab100773, Abcam). Plasma samples
were diluted with kit assay buffer (1:3 dilutions) following
manufacturer instructions. ELISA plates were read at 450
nm on a plate reader (Molecular Devices). Specific con-
centrations for each sample were determined as mean
absorbance using a standard curve of samples ranging
from 0 to 8000 pg/ml. Values were then calculated and
reported as picograms of leptin per milliliter.

In order to determine triglyceride concentrations, 3 ml
of blood were collected transcardially during perfusion
and added to tubes with 3 ml of 0.5 M EDTA. Blood
samples were centrifuged at 1000 rpm, and plasma sam-
ples were extracted and placed in new tubes and frozen
at �80°C until extraction. Samples were then diluted with
an assay buffer kit (1:6 and 1:45 dilutions). Triglyceride
concentrations were determined using the Triglyceride
Quantification Assay following manufacturer instructions
(Abcam). ELISA plates were read at 570 nm on a plate
reader (Molecular Devices). Specific concentrations for
each sample were determined as mean absorbance using
a standard curve of samples ranging from 0 to 1000 pmol.
Values were then calculated and reported as the number
of milligrams of triglyceride per deciliter.

In order to determine corticosterone concentrations
noninvasively, fecal samples were collected at 1 week
after the psychological stressor. Samples were frozen at
�80°C until extraction. Extraction followed previous
methods (Turner et al., 2012). Samples were defrosted,
weighed, and pulverized. Ethanol was then added to
these samples, rotated overnight, vortexed, and centri-
fuged, and the resulting supernatant was extracted. Sam-
ples were then diluted with kit assay buffer (1:4 dilutions).
Corticosterone concentration was determined using the
Correlate-EIA Kit (Assay Designs) following manufacturer
instructions. ELISA plates were read at 405 nm on a plate
reader (�Quant, BioTek Instruments). Specific concentra-
tions for each sample were determined as the percentage
bound using a standard curve of samples ranging from 32
to 20,000 pg/ml. Values were then calculated and re-
ported as picograms of corticosterone per milliliter.

Magnetic resonance imaging
Ex vivo brains underwent anatomical high-resolution

T2-weighted anatomical magnetic resonance imaging
(MRI) using an 11.7 T Avance scanner (BioSpin, Bruker)
The multiecho sequence had the following acquisition
parameters: matrix, 256 � 256 matrix; 25 slices covering
the whole brain at 0.6 mm slice thickness; field of view, 2
cm; repetition time/echo, 2903/10.2 ms; 10 echos; two
averages for a scan time of 25 min. This resulted in a 78
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� 78 � 600 �m/pixel resolution to enhance total volumet-
ric hippocampal and ventricular analysis.

Volumetric analysis of total brain and hippocampi and
lateral and third ventricles was performed on coronal
slices using Cheshire image-processing software (Hayden
Image/Processing Group) by investigators who were un-
aware of treatment groups. Regions of interest were man-
ually delineated on each slice, and included whole-brain
volumes, left and right hippocampi, and the lateral and
third ventricles spanning the entire rostrocaudal extent
using anatomically defined landmarks. The hippocampi
were defined to include the first appearance of dorsal
hippocampal regions (i.e., dentate gyrus �1.80 mm from
bregma) and continued until hippocampus merges into
the subiculum (�7.04 mm from bregma). Automated
whole-brain volumes were determined starting from
where the olfactory bulbs start to merge with the cortical
gray matter (3.70 mm from bregma) to the last instance of
the cortical mantel prior to the cerebellum (�9.16 mm
from bregma). The ventricular system was defined as the
left and right lateral ventricles at their first appearance adja-
cent to the dorsal hippocampi (�4.52 mm from bregma) and
spanned its entirety ending where the nucleus accumbens
recedes from view (2.70 mm from bregma). The third ven-
tricle was collected just prior to where the corpus callosum
begins to merge (�5.60 mm from bregma) and continues
until the optic chiasm is no longer visible (�0.40 mm from
bregma). All data were extracted and summarized in Excel.
To account for variability between individual animals, the first
and last hippocampal slice data were excluded from the final
analysis.

Statistical analysis
We analyzed the data using SPSS version 23 (IBM) and

GraphPad Prism versions 6g and 7.0 (GraphPad; RRID:
SCR_002798) via a two-way ANOVA (TW-ANOVA), multi-
variate ANOVA, or multivariate analysis of covariance,
and multiple regression analysis. We used Tukey’s HSD
test to assess significant post hoc differences between
groups. We also used the Kolmogorov–Smirnov and
Shapiro–Wilk normality tests together with the Grubbs’
method, also known as extreme studentized deviate
(www.graphpad.com), to investigate outliers and spread.
We used one-tailed Pearson’s correlation tests to test the
hypothesis that metabolic alterations are associated with
stress reactivity and brain volumes. For all of the other data,
we analyzed differences among groups using Student’s t
test. We considered differences significant if p � 0.05. The
data are shown as the mean � SEM.

Results
Caloric intake, body weight, and glucose metabolism
are altered by the Western high-fat diet

By using well defined and typical fat sources and frac-
tions in our diets, we intended to increase the translational
and clinical relevance of our findings (Table 1). We found
that rats exposed to the WD showed increased caloric
intake following stress when compared with the rats that
consumed the CD at P65 (p � 0.05). This effect was
sustained until the completion of the study. Both PS

exposure and WD consumption increased caloric con-
sumption at 11 weeks (PS: F(1,10) � 18.96, p � 0.0014;
diet: F(1,10) � 13.99, p � 0.0038; interaction: F(1,10) �
0.086, p � 0.77). Similarly, we found a significant main
effect of the PS exposure and the WD on increasing the
body weight of rats at 11 weeks (PS: F(1,24) � 25.12 p �
0.0001; diet: F(1,24) � 25.81, p � 0.0001; interaction: F(1,24)

� 0.71, p � 0.41). Table 2 summarizes the effects of the
diet on body weight and consumption.

Fasting blood glucose (FBG) levels were similar be-
tween dietary groups at the end of the study (PS: F(1,24) �
3.199, p � 0.086; diet: F(1,24) � 3.18, p � 0.087; interac-
tion: F(1,24) � 2.01, p � 0.17). We found that the effects of
PS exposure on glucose metabolism differed between the
diet groups, as revealed by statistically significant inter-
action effects on postprandial blood glucose (PBG) levels
at 2 h following intraperitoneal glucose injection (PS: F(1,24)

� 0.0016, p � 0.97; diet effect F(1,24) � 2.03, p � 0.17;
interaction F(1,24) � 11.66, p � 0.0023). Post hoc identified
the source of this interaction, which revealed reduced
PBG levels in the WD rats that were exposed to PS (WDE)
when compared with control rats exposed to PS (CDE) at
2 h following intraperitoneal glucose administration (p �
0.0025). Group comparisons confirmed that the rats in the
WD group exhibited alterations in glucose metabolism, as
evidenced by differences between fasting blood glucose
and 2 h postprandial glucose levels (p � 0.001).

We measured the levels of corticosterone (CORT) at 1
week after traumatic stress exposure (P95). Although we
observed a trend for higher CORT levels in the rats that
consumed the WD, TW-ANOVA revealed no significant

Table 1: Detailed compositional analysis of the research diets

CD WD
Carbohydrates (% kcal) 64.7 43.1
Protein (% kcal) 18.8 15.5
Fat (% kcal) 16.5 41.4
Total kcal 3.77 4.57
Fatty acids (g/100 g)
C4:0 ND 0.68
C6:0 ND 0.44
C8:0 ND 0.29
C10:0 ND 0.43
C12:0 ND 0.59
C14:0 ND 2.10
C16:0 0.81 5.59
C18:0 0.32 2.71
Total saturated 1.13 12.83
C16:1 0.04 0.42
C18:1 1.57 5.50
Total monosaturated 1.61 5.92
C18:2n6 3.55 1.04
C18:3n3 0.48 0.36
C20:4n6 ND 0.10
C20:5n3 ND ND
C22:5n3 ND ND
C22:6n3 ND ND
Total polyunsaturated 4.09 1.50

The level of dietary fat was �7% of dry weight in the CD or 20% in the WD.
Gas chromatography coupled with mass spectrometry revealed high levels of
saturated fatty acids (11-fold difference) and monosaturated fatty acids (4-fold
difference) in the WD when compared with the CD. The CD contained higher
levels of omega-6 polyunsaturated fatty acids. ND, Not determined.
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main effects (PS: F(1,24) � 0.049, p � 0.0.83; diet: F(1,24) �
1.69, p � 0.206; interaction: F(1,24) � 0.459, p � 0.505).

As anticipated, we found that the obesogenic diet had a
significant effect on plasma leptin levels (diet: F(1,11) � 11.53,
p � 0.0060; PS: F(1,11) � 0.53, p � 0.48; interaction F(1,11) �
0.59, p � 0.46). The source of this interaction was identified
post hoc, which revealed increased leptin levels in the WDE
rats when compared with CDE rats (p � 0.0456). Interest-
ingly, we found no significant main effects on plasma triglyc-
eride levels (diet: F(1,12) � 2.87, p � 0.12; PS: F(1,12) � 1.45,
p � 0.25; interaction F(1,12) � 0.016, p � 0.90). Table 2
summarizes the metabolic alterations caused by the diet, PS
exposure, and their main effect interactions.

Experimental design directly addresses emotional
memory and anxiety-related behaviors

Following 4 weeks of receiving the diets, we evaluated the
rats for unconditioned behavioral responses at P58 to P65.
Overall, we found that both groups exhibited similar uncon-
ditioned behaviors (p � 0.05). Table 3 summarizes the main
behavioral outcomes during late adolescence. The rats were
exposed to a predator odor model of PTSD at P88. We
assessed traumatic stress responses and emotional mem-
ory at 1 week following predatory odor trauma (P95). As
stated earlier, the usefulness of this validated habituation-
test approach rests on the fact that it facilitates the under-

standing of shifts in emotional states from unconditional
(habituation and novelty phase) to a hippocampus-driven
learned form of fear response (testing phase; Bertoglio and
Carobrez, 2000; Bertoglio et al., 2006). The experimental
timeline and design are summarized in Figure 1.

Diet groups exhibited similar avoidance behaviors to
an short-term predator odor stress model of PTSD

Exposing rats to a well established PS model of PTSD
elicited marked alterations in stress-coping strategies (Fig.
2). CDU animals were exposed to fresh, unused litter. During
the 10 min PS exposure, we found that rats significantly
avoided the odor threat zone, confirming the validity of this
model to elicit stress-related behaviors (zone duration: F(1,32)

� 78.87, p � 0.0001). Both dietary groups exhibited similar
approach–avoidance conflict responses to the odor threat
(diet: F(1,32) � 1.430 � 10�10, p � 1.00). No significant
interaction effects were observed between the time
spent in the odor threat zone and the diet consumed
(F(1,32) � 0.68, p � 0.42). Following PS exposure, we
investigated the effects of PS, diet, and interactions
between these factors on behavior, brain volumes, and
key metabolic and stress biomarkers. Our 2 � 2 design
included the following four groups: CDU, CDE, WD-
unexposed (WDU), and WDE rats.

Table 2: WD and PS alter major biometric parameters

Biometric parameter Group p Value
CDU CDE WDU WDE Diet PS Interaction

Body weight (g) 429 � 7.6 461 � 3.6 462 � 13.6 506 � 4.3�,��� <0.0001 <0.0001 0.409
Food consumption (kcal/d) 72 � 5.4 84 � 3.8 84 � 1.3 98 � 1.4�,��� 0.002 0.001 0.749
Corticosterone (ng/0.5 g feces) 8.2 � 1.7 7.6 � 1.5 6.8 � 0.7 7.1 � 0.5 0.206 0.827 0.505
FBG (mg/dl) 137 � 4.7 134 � 7.5 165 � 9.2 137 � 7.8 0.087 0.086 0.170
PBG (mg/dl) 127 � 9.4 167 � 8.8���� 129 � 5.1 109 � 4.7��� 0.002 0.199 0.001
Plasma leptin (pg/ml) 612 � 82.8 603 � 163.7 1211 � 257.6 1553 � 282.2��� 0.006 0.481 0.459
Plasma triglycerides (mg/dl) 626 � 18.1 581 � 37.7 679 � 35.7 643 � 38.9 0.116 0.252 0.900

The rats that consumed the WD showed significant alterations in body weight and food consumption when compared with animals consuming the CD (n �
12–16 rats/group). Exposure to traumatic stress (F(1,24) � 25.12; p � 0.0001) and WD consumption (F(1,24) � 25.81, p � 0.0001) increased body weights. No
interactions were observed between traumatic stress and diet (F(1,24) � 0.71, p � 0.40). Notably, we found that the rats that consumed the WD showed a
significant increase in caloric intake (PS: F(1,10) � 18.96, p � 0.0014; diet: F(1,10) � 13.99, p � 0.0038; PS � diet interaction: F(1,10) � 0.086, p � 0.78; n � at
least 6 cages/group; 2 rats per cage). We found no significant differences in FBG levels between the diet and stress groups (PS: F(1,24) � 3.20, p � 0.086; di-
et: F(1,24) � 3.18, p � 0.087; interaction: F(1,24) � 2.01, p � 0.17). However, we found significant main effect interactions in PBG levels (PS: F(1,24) � 0.0016,
p � 0.97; diet: F(1,24) � 2.03, p � 0.17; interaction: F(1,24) � 11.66, p � 0.0023; n � 12–16 rats/group). The WD and PS did not alter corticosterone (CORT)
levels (diet effect: F(1,24) � 1.69, p � 0.21; PS: F(1,24) � 0.049, p � 0.0.83); interaction: F(1,24) � 0.46, p � 0.51; n � 12-13 rats/group). Values are presented
as the mean � SEM. The diet type had a significant effect on plasma leptin levels (diet: F(1,11) � 11.53, p � 0.0060; PS: F(1,11) � 0.53, p � 0.48; interaction
F(1,11) � 0.59, p � 0.46). Post hoc testing revealed that WDE rats had significantly higher plasma leptin levels when compared with those of CDE rats (p �
0.0456). Interestingly, plasma triglyceride levels were not affected by the diet and stress exposure (diet: F(1,12) � 2.87, p � 0.12; PS: F(1,12) � 1.45, p � 0.25;
interaction F(1,12) � 0.016, p � 0.90). Bold denotes statistically significant effects.
�p � 0.05.
���p � 0.001.
����p � 0.0001.

Table 3: Behavioral outcomes during habituation

Behavior CD WD p Value
ASR (vMax, mV) 346.90 � 66.0 267.60 � 40.0 n.s.
PPI (%) 67.98 � 3.4 72.89 � 5.0 n.s.
EPM-entries (frequency) 5.17 � 1.8 7.63 � 1.8 n.s.
EPM-anxiety index (index from 0 to 1) 0.47 � 0.0 0.56 � 0.1 n.s.
FST-high mobility (time duration, %) 10.88 � 1.6 12.34 � 1.3 n.s.

Values are presented as the mean � SEM. Baseline ASR, PPI of the ASR, and EPM and FST indices of anxiety were evaluated at P58 (4 weeks after WD
consumption started and 4 weeks before traumatic stress). No significant differences were observed between diet groups (p � 0.05, n � 8–23 rats per
group/behavioral outcome). n.s., Not significant.
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Consumption of a WD impairs startle responses to
acoustic stimuli following traumatic stress

The major outcome measure of startle reactivity is the
ASR magnitude, a direct measure of attention and arousal
states. In agreement with several studies, we found that

PS exposure increased the magnitude of the ASR (PS:
F(1,25) � 5.43, p � 0.028; Fig. 3A). This effect was signif-
icant in CDE rats when compared with CDU rats (t(8) �
2.83, p � 0.022). This finding validates the reported ef-
fects of PS on the ASR amplitude. Analyses revealed no

Figure 1. Timeline of experimental procedures, behavioral tests, and outcome measures. Abbreviations: PND, postnatal day; CDU,
control diet unexposed; CDE, control diet exposed; WDU, Western high-fat diet unexposed; WDE, Western high-fat diet exposed;
ASR, acoustic startle reflex; OFT, open field test; EPM, elevated plus maze; FST, forced swim test; MRI, magnetic resonance imaging;
IMH, immunohistochemistry; WB, Western blot; PBG, postprandial blood glucose; ELISA, enzyme-linked immunosorbent assay.

Figure 2. Exposure to PS evokes short-term avoidance behaviors. A, Heat maps depicting the time spent in the threat zone (area of
the cage with cat urine odor) and safe zone during PS exposure at P88. B, Analyses showed marked differences in approach–
avoidance behaviors. Rats exhibited a strong preference for the safe zone (F(1,32) � 78.87, p � 0.0001). The diet type did not alter this
behavior (F(1,32) � 1.43 � 10�10, p � 1.00). No interactions were found between the time spent in the odor threat zone and diet type
consumed (F(1,32) � 0.68, p � 0.42). All data are presented as the mean � SEM; n � 8-10 rats/group.
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significant main effects of the diet or interactions on ASR
magnitudes (diet: F(1,25) � 1.41, p � 0.25; interaction:
F(1,25) � 1.00, p � 0.33). Interestingly, we found that the
WD rats showed increased short-term habituation of the
ASR, as evidenced by reduced startle responses in the third
ASR block (F(1,23) � 7.28, p � 0.013). This diet effect was
significant between the rats that were exposed to PS
(CDE vs WDE: p � 0.028; Fig. 3B). We found no significant
main PS exposure or diet–PS exposure interaction on the
magnitude of the ASR during the short-term habituation
block (PS: F(1,23) � 2.73, p � 0.11; interaction: F(1,23) �
1.44, p � 0.24) . TW-ANOVA revealed no significant effect
of the diet, traumatic stress, or interactions between these
factors on the prepulse inhibition of the ASR (PS: F(1,26) �

0.39, p � 0.54; diet: F(1,26) � 0.35, p � 0.56; interaction:
F(1,26) � 0.87, p � 0.36; Fig. 3C).

Consumption of a WD increases anxiety-like
behaviors following exposure to traumatic stress

Next, we examined whether the rats consuming the WD
would exhibit anxiety-like behaviors following PS expo-
sure. We assessed diet- and PS-induced behavioral
changes in the OFT, in which rats exhibiting anxiety-like
behaviors tend to avoid the center area of an open-field
arena. As expected, we observed that exposure to PS had
a significant effect on the number of visits to the center
area (PS: F(1,23) � 14.48, p � 0.0009). Post hoc compar-
isons indicated that this effect was particularly robust in
WDE rats when compared with WDU controls (p �
0.0036; Fig. 4A). Diet or diet–PS exposure interactions did
not affect the number of visits to the center area of the
open field (diet: F(1,23) � 0.11, p � 0.75; interaction: F(1,23)

� 2.04, p � 0.17). We found that PS significantly de-
creased the time spent (duration) in the center of the
open-field arena (PS: F(1,23) � 5.02, p � 0.035; Fig. 4B).
The diet type did not affect the duration in the center of
the open field (diet: F(1,23) � 0.83, p � 0.37; interaction:
F(1,23) � 0.97, p � 0.34). Interestingly, we found that PS
exposure reduced the distance traveled in the open field
arena (PS: F(1,23) � 32.85, p � 0.0001; Fig. 4C). There was
not a significant main effect of the diet or diet–PS expo-
sure interactions on locomotor activity in the open field
arena (diet: F(1,23) � 0.37, p � 0.55; interaction: F(1,23) �
0.049, p � 0.83). The OFT anxiety index, which considers
the time and frequency of entries to the borders and thus
inherently corrects for locomotor activity, showed the
sensitivity of the OFT to detect the anxiogenic effects of
PS at 8 d postexposure (PS: F(1,23) � 25.97, p � 0.0001;
Fig. 4D). We did not find significant main effects of the diet
or diet–PS exposure interactions on the OFT anxiety index
(diet: F(1,23) � 0.37, p � 0.55; interaction: F(1,23) � 1.35,

Figure 3. WD reduces traumatic stress-induced startle re-
sponses. A, We found that the maximum ASR amplitude in-
creased at 1 week post-PS (PS: F(1,25) � 5.43, p � 0.028; diet:
F(1,25) � 1.41, p � 0.25; interactions: F(1,25) � 1.00, p � 0.33).
Post hoc testing revealed a significant increase in ASR amplitude
in CDE rats when compared with controls (p � 0.05). B, WDE
rats exhibited reduced ASR responses during the last recording
block when compared with CDE rats (diet: F(1,23) � 7.28, p �
0.013; Tukey’s adjusted for WDE vs CDE, p � 0.028). PS expo-

Figure 3. continued
sure (F(1,23) � 2.73, p � 0.11) or diet–PS exposure interactions
(F(1,23) � 1.43, p � 0.24) did not affect the short-term habituation
of the ASR. C, TW-ANOVA revealed no significant effect of diet
(F(1,26) � 0.35, p � 0.56), PS (F(1,26) � 0.39, p � 0.54), or
interaction between these factors (F(1,26) � 0.87, p � 0.36) on the
PPI of the ASR. Data presented are presented as the mean �
SEM. Post hoc test, �p � 0.05, ��p � 0.01, n � 10–23 rats.
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Figure 4. WD confers vulnerability to OFT anxiety-like behaviors following traumatic stress exposure. A, PS exposure reduced the
number of entries to the center of the OFT (PS: F(1,23) � 14.48, p � 0.0009; diet: F(1,23) � 0.11, p � 0.75; diet � PS interactions: F(1,23)
� 2.04, p � 0.17). Post hoc comparisons indicated that the effect of PS was particularly robust in WDE rats when compared with WDU
controls (Tukey’s test adjusted, p � 0.0036). B, ANOVA revealed that PS decreased the duration in the center (F(1,23) � 5.02, p �
0.035), while diet (F(1,23) � 0.83, p � 0.37) and diet–PS exposure interactions (F(1,23) � 0.97, p � 0.34) showed no significant main
effects. C, PS exposure reduced the total distance traveled in the open field arena (F(1,23) � 32.85, p � 0.0001). Analyses revealed
no significant main effect of the diet (F(1,23) � 0.37, p � 0.55) or diet–PS exposure interactions (F(1,23) � 0.049, p � 0.83) on locomotor
activity in the open field arena. D, PS exposure increased indices of anxiety on the OFT (PS: F(1,23) � 25.97, p � 0.0001). The main
effects of the diet (F(1,23) � 0.37, p � 0.55) and diet–PS exposure interactions (F(1,23) � 1.35, p � 0.26) showed no statistical
significance on the OFT anxiety index. E, OFT heat map analyses show that thigmotaxis was particularly robust in the WDE group.
All data are presented as the mean � SEM. �p � 0.05, ��p � 0.01, n � 6–10 rats/group.
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p � 0.26). Ethovision XT-generated heat maps show in-
creased thigmotaxis in the rats exposed to the PS (Fig.
4E).

Subsequently, we evaluated whether consumption of
the WD alters emotionality after traumatic stress exposure
using another classic test of anxiety-like behavior in rats,
the EPM. Each open arm was subdivided into three dis-
tinctive zones using the tracking software. We found that
the WD significantly reduced the number of entries to the
middle section of the open arms (diet: F(1,24) � 4.68, p �
0.041; Fig. 5A). Post hoc comparisons revealed a signifi-
cantly reduced number of entries to medial (zone 2) and
distal (zone 3) parts of the open arms in CDE and WDE
rats (p � 0.05). We found significant differences in entries
to the medial zone of the open arm when comparing WDE
to CDE rats (p � 0.05). PS exposure did not affect the
number of entries to the middle zone of the open arms
(PS: F(1,24) � 3.23, p � 0.085; no interactions: F(1,23) �
1.93, p � 0.18). TW-ANOVA showed that the rats that
consumed the WD spent less time in the proximal zones
of the EPM open arms (diet effect on Zone 1: F(1,23) �
4.81, p � 0.039; Fig. 5B). Post hoc testing revealed a
significant reduction in the time spent in proximal and
medial parts of the open arms in WDE rats when com-
pared with CDE rats, supporting an anxiogenic effect of
the WD following PS exposure (p � 0.05). We did not find
significant PS exposure main effects or diet–PS exposure
interactions (PS: F(1,23) � 0.25, p � 0.62; interaction: F(1,23)

� 2.30, p � 0.14). Consistent with the effects of PS
exposure on the time the rats spent in the center of the
OFT arena, we found that exposure to traumatic psycho-
logical stress decreased the duration in the distal zones of
the EPM open arms (diet effect on zone 3: F(1,23) � 6.59,
p � 0.017; Fig. 5B). We did not find significant main diet
effects or diet–PS exposure interactions (diet: F(1,23) �
0.80, p � 0.38; interaction: F(1,23) � 0.55, p � 0.47). Our
analyses revealed that PS exposure had a significant
effect on the EPM anxiety index (PS: F(1,24) � 5.65, p �
0.026; Fig. 5C). Post hoc analyses revealed that the WDE
rats exhibited increased indices of anxiety when com-
pared with WD controls (p � 0.022). We found no signif-
icant main effects of the diet or diet–PS exposure
interactions on the EPM anxiety index (diet: F(1,24) � 2.03,
p � 0.17; interaction: F(1,24) � 2.94, p � 0.099). Notably,
we found that the rats that consumed the WD exhibited
behavioral alterations associated with anxiety, including
reduced nose-tracking frequency in the head-dipping
zone (diet: F(1,24) � 4.61, p � 0.042; Fig. 5D). Although it
was apparent that PS increased the head-dipping zone
frequency in CDE rats when compared with CDU rats, the
comparison did not reach statistical significance. In con-
trast, post hoc comparisons indicated that WDE rats ex-
hibited decreased visits to the head-dipping zone when
compared with the CDE rats (p � 0.05). Analyses indi-
cated no significant PS exposure effects or diet–PS ex-
posure interactions on this ethological parameter (PS:
F(1,24) � 3.60, p � 0.070; interaction: F(1,24) � 3.96, p �
0.058). TW-ANOVA demonstrated a significant main ef-
fect of PS exposure on increasing the number of SAPs
(PS: F(1,24) � 7.17, p � 0.013; Fig. 5E). Post hoc testing

showed increased SAPs in the WDE rats when compared
with WDU controls (p � 0.05), confirming the PS-induced
anxiety-like behaviors in the rats that consumed the WD.
The diet type or diet–PS exposure interactions did not
have significant main effects on SAP frequency (diet:
F(1,24) � 3.37, p � 0.079; interaction: F(1,24) � 0.98, p �
0.33). The anxiogenic effects of the diet and PS were not
associated with the total distance traveled in the EPM
(diet: F(1,24) � 0.94, p � 0.16; PS: F(1,24) � 1.54, p � 0.23;
interaction: F(1,24) � 2.76, p � 0.11; Fig. 5F). Heat maps
show that WDE rats avoided open arm exploration and
spent most of the time in the closed arms (Fig. 5G).

The impact of the WD and PS exposures were also
tested in the FST in order to investigate whether
depressive-like behaviors were also affected. Interest-
ingly, we found no significant main effects of the diet, PS
exposure, or interaction between these factors on the
duration of high-mobility behaviors during the FST testing
session (diet: F(1,17) � 0.10, p � 0.753; PS: F(1,17) � 1.76,
p � 0.20; interaction: F(1,17) � 0.00089, p � 0.98; data not
shown). TW-ANOVA revealed no significant main diet ef-
fects, PS exposure effects, or significant interaction be-
tween these factors on depressive-like behaviors, as
evaluated by the immobility duration during the FST (diet:
F(1,17) � 0.067, p � 0.80; PS: F(1,17) � 1.26, p � 0.28;
interaction: F(1,17) � 0.062, p � 0.81; data not shown).

The WD increases FKBP51 protein levels
To explore clinically relevant signaling pathways impli-

cated in PTSD, we examined the effects of PS exposure
and the WD on the FKBP51 levels in the brain. In agree-
ment with previous studies, we found that the WD in-
creased FKBP51 protein levels in the brain (diet: F(1,19) �
15.45, p � 0.0009; Fig. 6A,B). We found that PS exposure
or interaction between diet and PS did not show signifi-
cant effects on brain FKBP51 protein levels (PS: F(1,19) �
0.51, p � 0.49; interaction: F(1,19) � 0.42, p � 0.52). To
gain insights into putative mechanisms associated with
the anxiety-like behaviors following PS exposure, we
measured FKBP51 levels in brain regions associated with
the stress response, including the amygdala, the medial
prefrontral cortex, and the hippocampus (Fig. 6C). Anal-
yses revealed a significant increase in FKBP51 levels in
the hippocampus of the WDE rats when compared with
animals exposed to PS and consuming the CD (diet: F(1,16)

� 9.88, p � 0.0063; post hoc test, p � 0.0210; Fig. 6D).
We found no significant main effects of the brain region or
interactions between diet and brain regions on FKBP51
protein levels (brain region: F(2,16) � 3.58, p � 0.052;
interaction: F(2,16) � 2.44, p � 0.12).

The hippocampus shows distinctive and asymmetric
vulnerabilities to the Western high-fat diet and
traumatic stress exposure

We performed MRI measurements of brain volumes to
further determine the effects of the WD and PS exposure
on hippocampal and ventricular structure. We found that
PS exposure increased the total brain volume (PS: F(1,11)

� 11.31, p � 0.0063; Fig. 7A). Post hoc comparisons
indicated that PS exposure increased the brain volume in
the rats that consumed the WD when compared with
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Figure 5. WD increases anxiety-like behaviors in the EPM following PS. Each open arm was subdivided into three zones (zone 1,
proximal; zone 2, medial; zone 3, distal) to eliminate false-positive results in arm entry statistics. A, The diet type significantly affected
the number of entries to the medial section of the open arms (diet: F(1,24) � 4.68, p � 0.041). WDE rats showed a reduced number
of entries to zone 2 and zone 3 of the open arms when compared with CDE rats (p � 0.05). PS exposure (F(1,24) � 3.23, p � 0.085)
or diet–PS exposure interactions (F(1,23) � 1.93, p � 0.18) did not affect the number of entries to the medial zone of the open arms.
B, Notably, we found a significant main diet effect on the time the rats spent in the proximal zones of the EPM open arms (for zone
1: F(1,23) � 4.81, p � 0.039). Post hoc testing revealed that WDE rats spent less time in the proximal and medial parts of the open
arms when compared with CDE rats (p � 0.05). PS exposure main effects (F(1,23) � 0.25, p � 0.62) or diet–PS exposure interactions
(F(1,23) � 2.30, p � 0.14) showed no statistical significance. PS exposure decreased the time spent in the distal zones of the EPM open
arms (for zone 3: F(1,23) � 6.59, p � 0.017). Analyses revealed no significant diet (F(1,23) � 0.80, p � 0.38) or diet–PS exposure
interactions effects (F(1,23) � 0.55, p � 0.47). C, PS exposure had a significant effect on the EPM index of anxiety (F(1,24) � 5.65, p
� 0.026). Post hoc analyses revealed that the PS-exposed rats exhibited an increased anxiety index when compared with controls
(WDE vs WDU, p � 0.022). Analyses revealed no significant main effects of the diet (F(1,24) � 2.03, p � 0.17) or diet–PS exposure
interactions (F(1,24) � 2.94, p � 0.099) on the anxiety index. D, We found that the diet type significantly affected the frequency of when
the nose point of the rats was in the head-dipping areas (F(1,24) � 4.61, p � 0.042). Post hoc comparisons indicated a decreased nose
in head-dipping zone frequency in WDE rats when compared with the CDE rats (p � 0.05). PS exposure (F(1,24) � 3.60, p � 0.070)
and diet–PS exposure interactions (F(1,24) � 3.96, p � 0.058) did not have a significant effect on head-dipping zone frequency. E, PS
exposure increased SAP frequency (PS: F(1,24) � 7.17, p � 0.013). Post hoc testing showed increased SAPs in the WDE rats when
compared with WDU rats (p � 0.05). The diet type (F(1,24) � 3.37, p � 0.079) and diet–PS exposure interactions (F(1,24) � 0.98, p �
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unexposed controls (WDE vs WDU: p � 0.036). TW-
ANOVA revealed no significant main diet effects or inter-
action effects on total brain volume (diet: F(1,11) � 0.91, p
� 0.36; interaction: F(1,11) � 1.13, p � 0.31).

In agreement with a previous report (Kalisch et al.,
2006), we normalized our volumetric data for brain vol-
ume, which inherently corrects for the influences of body
weight. For the normalized total hippocampal volume, we
found a significant main effect of the diet (F(1,11) � 9.59, p
� 0.010; Fig. 7B). Post hoc comparisons indicated that
WDU rats had reduced hippocampal volumes when com-
pared with CDU rats (p � 0.0080). Although analyses
revealed no significant main PS effects, we found a sig-
nificant interaction between diet and PS exposure on the
total hippocampus volume (PS: F(1,11) � 0.12, p � 0.73;
interaction: F(1,11) � 10.62, p � 0.0076). This interaction
supports our biometric and behavioral findings demon-
strating that the effects of PS exposure differ between CD
and WD rats. TW-ANOVA revealed significant main ef-
fects of diet, PS exposure, and interactions between
these factors on the left HPC volume (diet: F(1,11) � 7.34,
p � 0.020; PS: F(1,11) � 5.88, p � 0.034; interaction: F(1,11)

� 7.38, p � 0.020; Fig. 7C). Post hoc comparisons re-
vealed significant differences in left HPC volume between
WDE and WDU rats (p � 0.015), CDE and WDU rats (p �
0.020), and CDU and WDU rats (p � 0.022). Conversely,
analyses indicated no significant main effects of the diet,
PS exposure effects, or significant interactions on right
HPC volume (diet: F(1,11) � 3.74, p � 0.079; PS: F(1,11) �
0.00091, p � 0.98; interaction: F(1,11) � 4.83, p � 0.0503;
Fig. 7D). We found that the diet type had a significant
impact on the anteroposterior (AP) hippocampal volume
(diet: F(3,90) � 5.54; p � 0.0016; data not shown). Detailed
AP analyses revealed that diet had a significant effect on
the ventral hippocampal volume (diet: F(1,11) � 6.93; p �
0.023; Fig. 7E). We found no significant main effects of PS
exposure or interactions on the ventral hippocampal vol-
ume (PS: F(1,11) � 0.39, p � 0.54; interaction: F(1,11) �
3.27, p � 0.098). Notably, PS exposure led to larger
dorsal hippocampal volumes in WDE rats when compared
with WDU rats (PS: F(1,11) � 7.45; p � 0.020; Fig. 7F).
Analyses indicated no significant main effects of the diet
or interactions (diet: F(1,11) � 0.19, p � 0.67; interaction:
F(1,11) � 1.23, p � 0.29) on the dorsal hippocampal vol-
ume.

We found no significant main effects or interactions on
the total ventricular volume (diet: F(1,11) � 4.32, p �
0.0.062; PS: F(1,11) � 0.11, p � 0.74; interaction: F(1,11) �
2.62, p � 0.13; data not shown). We observed similar
findings on the effect of diet and PS on the third ventric-
ular volume (diet: F(1,11) � 2.27, p � 0.16; PS: F(1,11) �
0.40, p � 0.54; interaction: F(1,11) � 0.20, p � 0.66; data
not shown). Interestingly, the rats that consumed the WD

showed enlarged left lateral ventricle volumes (F(1,11) �
5.95, p � 0.033; Fig. 7G). Analyses indicated no signifi-
cant main effects of PS exposure (PS: F(1,11) � 1.33, p �
0.27; interaction: F(1,11) � 2.59, p � 0.14). In contrast, we
found no significant main effects of diet, PS exposure, or
interactions on the right lateral ventricular volume (diet:
F(1,11) � 1.23, p � 0.29; PS: F(1,11) � 0.39, p � 0.54;
interaction: F(1,11) � 2.13, p � 0.17; Fig. 7H). MRI showed
smaller hippocampal formation and larger ventricular vol-
umes in the rats that consumed the WD when compared
with the CD (Fig. 8A). Three-dimensional (3D) MRI recon-
structions confirmed the impact of the WD on the hip-
pocampal and ventricular structures. Coronal and ventral
oblique reconstructed planes confirmed the smaller hip-
pocampal volume (Fig. 8B) and larger ventricular volume
(Fig. 8C) in a representative WDU rat brain.

Consumption of a WD reduces hippocampal
vascular integrity

We found hippocampal FKBP51 immunoreactivity in
cells closely resembling the outline of glial projections and
microvessels (data not shown). In order to confirm that
this distinct FKBP51 immunoreactivity was in fact asso-
ciated with hippocampal microvessels, we performed
double-labeling immunohistochemistry. We found
FKBP51 expression in Glut-1	 endothelial cells, confirm-
ing that FKBP51 was proximal to microvessels (Fig. 9A).
Primary antibody omission controls confirmed the speci-
ficity of the immunohistochemical labeling (Fig. 9B). These
observations led us to determine the levels of tomato
lectin (TL) staining to investigate the effects of the diet on
hippocampal microvasculature integrity. TL is a protein
with specific affinity for sugar residues found in endothe-
lial and microglial cells. We found increased TL labeling
within the hippocampus of unexposed rats receiving the
CD (Fig. 9C) compared with unexposed rats consuming
the WD (Fig. 9D). Representative micrographs showed
smaller blood vessel diameter in the rats that consumed
the CD (Fig. 9E) when compared with the rats that re-
ceived the WD (Fig. 9F). Histological analyses revealed a
significant reduction in TL-positive blood vessels in rats
consuming the WD (t(6) � 2.69, p � 0.036; Fig. 9G). No
significant differences were observed in the blood vessel
feret diameter between diet groups (p � 0.05; Fig. 9H).
We found no significant differences in peripheral (white
blood cell counts) and central (hippocampal microglia cell
counts) inflammation biomarkers when comparing diet
groups (data not shown; for both, p � 0.05).

Obesity biomarkers are associated with brain and
behavioral signatures of stress susceptibility

The plasma triglyceride levels showed a robust signifi-
cant correlation with leptin levels in plasma (r � 0.66, p �

continued
0.33) did not show significant main effects on SAP frequency. F, We found no significant main effect of diet (F(1,24) � 0.94, p � 0.16),
PS exposure main effect (F(1,24) � 1.54, p � 0.23), or interaction between these factors (F(1,24) � 2.76, p � 0.11) on the total distance
traveled during EPM testing. G, Heat maps show that WDE rats spent more time in the closed arms when compared with CDE rats.
All data are presented as the mean � SEM. �p � 0.05, ��p � 0.01, n � 6–10 rats/group. For A and B: �p � 0.05 or ��p � 0.01 for
CDE vs WDE; #p � 0.05 for WDU vs WDE.
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0.003; Fig. 10A). A similar and significant relationship was
found between leptin levels and body weight (r � 0.56, p
� 0.023; data not shown). We found a significant corre-
lation between leptin levels and the EPM anxiety index (r
� 0.49, p � 0.032; Fig. 10B). Notably, analyses revealed
that leptin levels were negatively associated with the ven-
tral hippocampal volume (r � �0.48, p � 0.048; Fig. 10C).

Discussion
In this study, we sought to determine how consumption

of a Western high-fat diet during adolescence impacts
post-traumatic stress responsiveness. We demonstrate
that the consumption of a WD contributes to neurobehav-
ioral and neuroanatomical alterations following short-term
exposure to PS. In this report, we present further exper-
imental evidence suggesting that these maladaptive
stress responses may be associated with the altered
metabolism and increased FKBP51 levels in the hip-
pocampus. Notably, this study provides new compelling
evidence of the lateralization of diet and stress effects in
the HPC and lateral ventricles. We present translationally
relevant neural substrates that may predispose the obese
brain to anxiety-related disorders following traumatic
stress. Finally, the findings reported here provide new
arguments in favor of the hypothesis proposing that ge-
ne–environment interactions during adolescence play a
critical role in the neurobiological development of lifelong
stress responses. Table 4 summarizes the main findings
of the study.

Despite the growing epidemiological evidence showing
associations between obesity and PTSD (Scott et al.,
2008; Perkonigg et al., 2009; Pagoto et al., 2012; Johan-
nessen and Berntsen, 2013; Maguen et al., 2013; Mitchell
et al., 2013; Kubzansky et al., 2014; Bartoli et al., 2015;
Smith et al., 2015), the neural basis of this relationship
remains largely understudied. In this study, by subjecting
adolescent rats to a typical Western-type obesogenic
diet, we were able to reproduce various metabolic phe-
notypes associated with obesity. For instance, we ob-
served postprandial hypoglycemia in the animals fed the
WD, a condition commonly associated with anxiety and
emotionality in both humans (Strachan et al., 2000) and
rats (McNay, 2015). Not surprisingly, we report increased
leptin levels in the rats that consumed the WD, and a
robust correlation between TG and leptin. This finding is in
agreement with those of previous studies reporting TG
effects on leptin resistance (Chen et al., 2002; Banks
et al., 2004). Although the regulatory actions of leptin on
energetics and food intake have been extensively re-
ported, emerging data support its importance in neural
development and plasticity (Dhar et al., 2014), hippocam-
pal function, and psychiatric disorders (Sharma et al.,
2010; Guo et al., 2013; Tyree et al., 2016), including PTSD
(Liao et al., 2004; Farr et al., 2015).

In addition to experiencing alterations in cognition and
arousal, youth with PTSD experience anxiety and dis-
tressing traumatic memories. A major finding of our study
is that the rats that consumed the WD exhibited increased
susceptibility to anxiety-like behaviors following traumatic
stress. This study used a habituation-test comprehensive

Figure 6. WD increases FKBP51 protein levels in the hippocam-
pus. A, Representative Western blot shows increased FKBP51
levels in the brains of the rats that consumed the WD. B, Anal-
yses showed a significant main effect of the diet on brain
FKBP51 levels (diet effect: F(1,19) � 15.45, p � 0.0009), PS
exposure (F(1,19) � 0.51, p � 0.49), or interaction between diet
and PS exposure (F(1,19) � 0.42, p � 0.52) did not show signif-
icant main effects on FKBP51 levels. C, Representative blot from
micropunched anxiety-related brain regions showed distinctive
FKBP51 levels. D, Analyses revealed a significant increase in
FKBP51 levels in the hippocampus of the WDE rats when com-
pared with CDE rats (F(1,16) � 9.88; p � 0.0063, p � 0.021). Diet
did not alter FKBP51 levels in the amygdala or medial prefrontal
cortex. Although it did not reach statistical significance, we
found a trend for more prefrontal cortex FKBP51 levels when
compared with the amygdala and the hippocampus (F(2,16) �
3.58, p � 0.052). No significant interactions between diet and the
studied brain regions were revealed (F(2,16) � 2.44, p � 0.12).
Data are expressed as the mean � SEM. �p � 0.05. Amygdala
(AMY), n � 3–4 rats; medial prefrontal cortex (mPFC), n � 3–4;
HPC, n � 4–5.
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Figure 7. WD and traumatic stress exposure alter hippocampal volume in a region-specific manner. A, We found a significant main
effect of PS on total brain volume (F(1,11) � 11.31, p � 0.0063). Post hoc comparisons indicated that PS exposure increased the brain
volume in WDE rats when compared with CDU rats (p � 0.036). TW-ANOVA revealed no significant main diet effects (F(1,11) � 0.91,
p � 0.36) or interactions (F(1,11) � 1.13, p � 0.31) on total brain volume. B, WDU rats showed reduced HPC volumes when compared
with CDU rats (diet effect: F(1,11) � 9.59, p � 0.010; post hoc test, p � 0.0080). Although analyses revealed no significant main PS
effects (F(1,11) � 0.13, p � 0.73), we found a significant interaction between diet and PS exposure (F(1,11) � 10.62, p � 0.0076) on total
brain volume. C, The left HPC volume was significantly affected by the diet (F(1,11) � 7.34, p � 0.020) and PS exposure (F(1,11) � 5.88,
p � 0.034). Post hoc comparisons revealed reduced HPC volumes in WDU rats when compared with CDU rats (WDU vs CDU, p �
0.022) and WDE rats (WDU vs WDE, p � 0.015). We also found significant interactions between the diet and PS exposure (F(1,11) �
7.38, p � 0.020). D, The diet type (F(1,11) � 3.74, p � 0.079) and PS exposure (F(1,11) � 0.00091, p � 0.98) did not have a significant
effect on right HPC volumes (interaction: F(1,11) � 4.83, p � 0.050). E, We found reduced ventral HPC volumes in the rats that
consumed the WD (F(1,11) � 6.93; p � 0.023). We found no significant main effects of PS exposure (F(1,11) � 0.39, p � 0.54) or
interactions (F(1,11) � 3.27, p � 0.098) on ventral HPC volumes. F, Interestingly, PS exposure led to increased dorsal HPC volumes
(F(1,11) � 7.45; p � 0.020). We found no significant main effects of the diet type (F(1,11) � 0.19, p � 0.67) or significant interactions
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behavioral profiling approach to determine the emotional
reactivity to traumatic stress. A growing body of evidence
shows that repeated behavioral testing induces
experience-dependent behavioral alterations, which may
represent indices for contextual memory acquisition,
emotionality, and fear (File, 1993; Treit et al., 1993; Fer-
nandes and File, 1996; Bertoglio and Carobrez, 2000;
Bertoglio et al., 2006; Stern et al., 2010; Gianlorenço et al.,
2012; Chegini et al., 2014). Importantly, it has been re-
ported that novelty-seeking behaviors may predict vulner-
ability to anxiety-like behaviors following stress,
particularly in inbred rats such as the Lewis strain used in
this study (Vollmayr et al., 2004; Shumake et al., 2005;
Pawlak et al., 2008; Goswami et al., 2012). Thus, in agree-
ment with these reports, we reasoned that a habituation-

test paradigm would reduce confounding factors
associated with novelty (Pawlak et al., 2008; Schneider
et al., 2011). Further, re-exposure to behavioral testing
was intended to measure key aspects of emotional mem-
ories associated with PTSD (Berardi et al., 2014). In par-
ticular, we intended to investigate those behaviors
associated with aversion, anxiety, fear, and context gen-
eralizations.

Intriguingly, we found that the animals that consumed
the WD exhibited anxiety-like behaviors in the OFT only
following traumatic stress exposure. It is possible that the
increased post-traumatic stress reactions in the OFT are
related to enhanced emotional memory and fear general-
ization since this environment resembles the one in which
the odor threat was originally encountered. By using indi-

continued
between diet and PS exposure (F(1,11) � 1.23, p � 0.29). G, The WD had a significant effect on increasing the left lateral ventricle
volume (F(1,11) � 5.95; p � 0.033). We found no significant main effects of PS exposure (F(1,11) � 1.33, p � 0.27) or interactions (F(1,11)
� 2.59, p � 0.14). H, We found no significant main effects of diet (F(1,11) � 1.23, p � 0.29), PS exposure (F(1,11) � 0.39, p � 0.54),
or interactions (F(1,11) � 2.13, p � 0.17) on the right lateral ventricular volume. �p � 0.05, ��p � 0.01; n � 3–5 brains/group. BV, Brain
volume; LV, lateral ventricle.

Figure 8. WD consumption led to hippocampal atrophy and ventricular enlargement. A, Representative MR images showing
reductions in the anteroposterior hippocampal volume in the rats that consumed the WD. The asterisk indicates larger lateral
ventricles in the rats that consumed the WD. B, C, 3D coronal and ventral oblique MRI reconstructions show the impact of the WD
on the hippocampal (B; red, arrowheads) and ventricular (C; yellow, arrowheads) volumes.

New Research 16 of 24

September/October 2016, 3(5) e0125-16.2016 eNeuro.org



ces of anxiety in the elevated plus maze, we validated the
anxiogenic effects of the combined exposure to the WD
and traumatic stress. Interestingly, the effects of high-fat
diets on anxiety-like behaviors remains highly controver-
sial, with studies showing that the consumption of high-
fat diets can induce anxiolytic effects (McNeilly et al.,
2015; Maniam et al., 2016), with others showing anx-
iogenic effects (Sharma et al., 2012; Sivanathan et al.,
2015). This discrepancy can be partly explained by the
duration of high-fat diet feeding, and by the composition
and source of the dietary fats. Further, the genetic back-
ground and developmental stage of the animal and the
behavioral paradigms used are major contributing factors
to the development of anxiety-like behaviors in rats. In this
study, we used typical Western diet oil sources and fatty
acid compositions in a Lewis rat model of PTSD. Interest-
ingly, this rat strain exhibits blunted neuroendocrine
stress responses that are similar to those reported in
children and adolescents with comorbid cognitive impair-
ments and traumatic stress history (Nugent et al., 2007;
Yehuda et al., 2007; Danielson et al., 2015). A thought-

provoking interpretation of our data is that the WD af-
fected the developmental trajectories of the neural
circuitry underlying emotional learning. The results of our
habituation-test paradigm suggest that the consumption
of a WD may facilitate context conditioning and retrieval
while impairing the extinction of emotional memories. This
idea is supported by an elegantly designed study showing
exaggerated aversion and fear memories in adolescent
rats exposed to a high-fat diet (Boitard et al., 2015).

In agreement with the individual variations of symptoms
observed in PTSD patients, we found distinctive pheno-
types following exposure to a traumatic predator odor
threat. The lack of increased ASR exhibited by animals
consuming the WD may seem to contradict the relevance
of our findings for post-traumatic stress responses, since
startle elevation is one of the most commonly cited fea-
tures of PTSD (Morgan et al., 1996; Cohen et al., 2006a;
Rasmussen et al., 2008). However, few studies have re-
ported blunted or even reduced ASR in patients experi-
encing PTSD (Ornitz and Pynoos, 1989; Medina et al.,
2001; Grillon and Baas, 2003) and in animal models of

Figure 9. A WD alters neurovascular integrity in the hippocampus. A, Representative photomicrograph showing FKBP51 expression
in hippocampal Glut-1	 endothelial cells in a rat that consumed the WD. B, Immunoreactivity specificity was confirmed by omitting
primary antibodies. C, D, Fluorescence photomicrographs show that the hippocampus of rats that consumed the CD (C) had more
tomato-lectin	 (TL) staining compared with the hippocampus of animals consuming the WD (D). E, F, Representative photomicro-
graphs depict smaller blood vessel diameter in the rats that consumed the CD (E) when compared with rats that consumed the WD
(F). G, Analyses revealed reduced TL	 staining area in the animals consuming the WD (t(6) � 2.69, p � 0.036). H, No significant
differences were observed in the blood vessel diameter when diet groups were compared. BV, Blood vessel; M, microglia. n � 4
brains per group. Student’s t test, �p � 0.05. Scale bars, 25 �m.
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stress (Conti and Printz, 2003; Adamec et al., 2006; Beck
et al., 2008). It is also likely that the dampened startle
reactivity in the rats that consumed the WD is a result of
competing interactions between the diet and traumatic
stress, since high-fat diets alone can impair sensorimotor
gating (Labouesse et al., 2013; Wakabayashi et al., 2015).
Further, the blunted startle reactivity may imply alterations
in sensory thresholds for eliciting ASR, motor deficits, and
peripheral mechanisms. One such mechanism is inflam-
mation, which has been shown to reduce startle re-
sponses through interleukin-1 production in the immune-
sensitive Lewis rats (Beck and Servatius, 2006). Thus, it is
reasonable that in priming the immune system (Erion
et al., 2014), the WD reduces the responsivity of the ASR.
In contrast with other studies showing the effect of high-
fat diet consumption on the FST (Krishna et al., 2015;
Pase et al., 2015), we found no significant effects on FST
behaviors during adulthood. Although this lack of effect
may be confounded by differences in body fat composi-
tion and buoyancy, this finding is not altogether surpris-
ing, as the FST has been reported to measure ways of
coping with an inescapable stressor rather than behaviors
associated with despair and depression (Veenema et al.,
2003). Notably, when comparing the effect of the diet in
time, we found that rats that consumed the WD exhibited
increased immobility during adulthood. This effect con-

firms that age may play a role in stress coping strategies
and that perhaps prolonged exposure to the WD is re-
quired to produce depressive-like behaviors in this rat
strain (Meyza et al., 2011). It is also possible that the WD
facilitates retrieval of emotional memories during re-
exposure to the FST. Together, our behavioral data show
that traumatic experiences may not elicit uniform effects
on stress-related behaviors in animals consuming an obe-
sogenic diet.

One intriguing question arising from the behavioral data
is how the consumption of a Western high-fat diet may
elicit maladaptive traumatic stress responses. The FKBP5
gene encodes for the chaperone protein FKBP51 and
regulates the sensitivity of the stress response (Hoeijmak-
ers et al., 2014; Schmidt et al., 2015). Specifically,
FKBP51 attenuates glucocorticoid receptor-dependent
signaling and in turn shuts down the HPA axis activation.
FKBP51 is highly sensitive to environmental stressors and
has been implicated in several psychiatric conditions,
particularly PTSD (Binder et al., 2008; Young et al., 2015;
Yehuda et al., 2016). In agreement with these findings, our
data point to FKBP51 as an important player in post-
traumatic stress responses. As shown in previous studies,
we found that FKBP51 levels are sensitive to high-fat diets
and obesogenic phenotypes (Yang et al., 2012; Castro
et al., 2013; Balsevich et al., 2014, 2016). Importantly, we

Figure 10. Pearson’s correlations show significant associations between obesity and stress biomarkers. A–C, Scatter plots show a
significant relationship between plasma triglyceride and leptin levels (A), leptin levels and the EPM anxiety index (B), and leptin levels
and ventral hippocampal volume (C). Pearson’s correlation was significant at p � 0.05. Solid line, Linear regression; outer dashed line,
95% confidence intervals; CDU, clear circles; CDE, gray circles; WDU, black circles; WDE rats, red circles.
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report a highly selective increase in FKBP51 levels in the
hippocampus of the rats that consumed the WD. We
provide further evidence supporting a potential role for
this protein in vascular integrity and angiogenesis (Sriv-
astava et al., 2015). Thus, the regulation of endothelial
glucocorticoid signaling via FKBP51 may be a potential
biologic mechanism underlying the vascular deficits ob-
served in rats that consumed the WD. Our histological
findings showing a reduced number of blood vessels in
the rats that consumed the WD are supported by studies
that demonstrate that consumption of a high-saturated fat
diet induces marked alterations in the brain vascular in-
tegrity (Freeman and Granholm, 2012). Similar effects are
observed in the hippocampus of a commonly used dia-
betic rat model (Beauquis et al., 2010). Our results confirm
a potential role for high-fat diets and FKBP51 in determin-
ing hippocampal maturation and risk for post-traumatic
stress responses. This idea is supported by studies in
humans demonstrating a strong inverse relationship be-
tween FKBP51 transcript levels and dendritic spine den-
sity (Young et al., 2015) and stress circuitry connectivity
(Holz et al., 2015). Together, the findings reported in the

present study expand on these observations and propose
a new mechanism for the impairments in hippocampal
function observed in individuals who consume high-fat
diets.

To our knowledge, this is the first animal study to
demonstrate associations between WD consumption dur-
ing adolescence and reduced HPC volume. Our structural
neuroimaging results are consistent with studies demon-
strating that the HPC is highly sensitive to the effects of
environmental stressors (Sapolsky, 1986; Mondelli et al.,
2011; Booij et al., 2015). The HPC exerts strong regulatory
control of the stress response (Sapolsky et al., 1984;
Jacobson and Sapolsky, 1991; Dedovic et al., 2009).
Here, we present new evidence showing the combined
effects of traumatic stress and a WD on the HPC volume.
Several lines of evidence demonstrate that the hippocam-
pus volume is reduced in PTSD (Karl et al., 2006; Woon
and Hedges, 2008; Woon et al., 2010; Golub et al., 2011;
Kühn and Gallinat, 2013). Strikingly, as shown in a recent
study in humans (Jacka et al., 2015), we present new
evidence that the consumption of a WD selectively alters
the volume of the left HPC in rats. We show that traumatic

Table 4: Summary of findings

WD effect PS effect WD � PS interactions
Biometrics
Body weight 1 1 n.s.
Caloric consumption 1 1 n.s.
Fasting blood glucose n.s. n.s. n.s.
Postprandial blood glucose n.s. n.s. s.
Behavioral
ASR n.s. 1 n.s.
ASR habituation 1 n.s. n.s.
Prepulse inhibition n.s. n.s. n.s.
OF center entries and duration n.s. 1 n.s.
OF anxiety index n.s. 1 n.s.
OF distance traveled n.s. 2 n.s.
EPM open arm entries and duration 2 2 n.s.
EPM anxiety index 1 1 n.s.
EPM head dipping zone 2 n.s. n.s.
EPM stretched postures n.s. 1 n.s.
FST mobility n.s. n.s. n.s.
Endocrine
Corticosterone levels n.s. n.s. n.s.
FKBP51 protein levels 1 n.s. n.s.
Plasma leptin levels 1 n.s. n.s.
Plasma triglycerides n.s. n.s. n.s.
Anatomical
Brain volume n.s. 1 n.s.
HPCV 2 n.s. s.
Ventral HPCV 2 n.s. n.s.
Dorsal HPCV n.s. 1 n.s.
Left HPCV 2 n.s. s.
Right HPCV n.s. n.s. n.s.
Left lateral ventricle volume 1 n.s. n.s.
Right lateral ventricle volume n.s. n.s. n.s.
Histological
HPC microglia density/area n.s. n.d. n.d.
HPC blood vessel density/area 2 n.d. n.d.

HPCV, HPC volume; OF, open field; s., significant main effect; n.s., nonsignificant main effect; n.d., not determined. Our cross-scale study design allowed for
the identification of fundamental relationships among neuroanatomical and neurovascular structure, neuroendocrine function, and behavior. Table shows sta-
tistically significant main effects of the WD, PS, or interactions as determined by two-way ANOVA. Arrows depict whether the WD or PS significantly altered
the outcome measures and the direction of change.
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stress has a differential impact on the left HPC volume of
the rats that consumed the WD. A trial-limited optogenet-
ics study in mice supports our finding by showing that
only the left HPC is required for associative spatial long-
term memory (Shipton et al., 2014), an important outcome
evaluated in our habituation-test behavioral paradigm and
implicated in the pathophysiology of PTSD. The left HPC
has been also implicated in memory reconsolidation by
detecting mismatches between actual and learned events
(Forcato et al., 2016). We report reduced ventral HPC
volumes in the rats that consumed the WD. Lesion and
optogenetics studies have demonstrated an essential role
for the ventral HPC in anxiety and fear (Kjelstrup et al.,
2002; Kheirbek et al., 2013). Further, a series of well
designed studies in humans demonstrated the impor-
tance of the ventral HPC in anxiety-related behaviors
associated with approach–avoidance conflicts similar to
the ones tested in this study (Bach et al., 2014). Although
there remains a debate as to whether smaller hippocam-
pal volume represents a premorbid or an acquired trait in
PTSD, our results suggests that a structurally reduced
hippocampus may predispose rats to exhibit aberrant
post-traumatic stress responses. Notably, we report that
the rats that consumed the WD showed significant ven-
tricular enlargements. This ventricular enlargement was
particularly evident in the left lateral ventricle, supporting
a selective vulnerability to the effects of the WD on the left
side of the brain. It is important to note that ventriculo-
megaly is a commonly observed pathologic biomarker of
neurodegenerative disorders and aging, and results from
passive enlargement of the ventricles following shrinkage
of brain parenchyma (Apostolova et al., 2012). Together,
our imaging results support a growing body of evidence
demonstrating that the left HPC exhibits a selective vul-
nerability to early-life stress and metabolic alterations
(Gorka et al., 2014; Wang et al., 2015), which may serve as
a promising early diagnosis or intervention biomarker. In
the context of PTSD, we hypothesize that the impact of a
WD on the left and ventral hippocampal formation is such
that it would affect memory retrieval and reconsolidation,
resulting in anxiety and fear-related behaviors. Further,
these diet-induced structural changes may hinder the
ability of the HPC to shut off the HPA axis, resulting in
exaggerated stress reactions. In turn, the inability of the
HPC in shutting off the stress response will lead to addi-
tional hippocampal structural impairments (i.e., de-
creased dendritic branching), thereby inducing a vicious
cycle of HPC degeneration and atrophy. Together, we
hypothesize that elevated FKBP51 levels in hippocampal
microglia and endothelial cells reduce the sensitivity to
glucocorticoid signaling and lipid metabolism deregula-
tion, resulting in sustained inflammation and altered neu-
rovascular integrity. This is expected to result in structural
changes within the limbic stress neurocircuitry (via cell
death, axonal/myelin degeneration, and reduced neuro-
genesis mechanisms). This faulty stress circuitry may pre-
dispose the brain to aberrant stress responsiveness and
impose a greater vulnerability to PTSD (van Rooij et al.,
2015).

While our experimental approach did not provide defin-
itive mechanistic information, it clarifies which aspects of
diet-induced obesity may be associated with post-
traumatic stress responses and should contribute to gen-
erate detailed hypotheses for mechanistic investigation.
Ongoing studies in our laboratory are focused to deter-
mine whether FKBP51 levels predispose the brain to trau-
matic stress by virtue of regulating the blood–brain barrier
permeability, inflammation, neuronal turnover, and, ulti-
mately, hippocampal structure. Further experiments ex-
plicitly testing the hypothesis of a negative relationship
between hippocampal volume and anxiety, and the im-
pact of underlying environmental factors are also war-
ranted. Future studies will also benefit from using
alternative neuroimaging modalities and longitudinal stud-
ies to investigate the long-term impact of nutrition on the
neurocircuitry of stress. Although the experimental PTSD
model and behavioral paradigms used in this study are
well established and validated, there are limitations in
extrapolating these findings from experimental animals to
humans. Animal models are restricted to the evaluation of
“isolated” behavioral manifestations and cannot reflect
the full PTSD construct. The proper interpretation of ani-
mal models of PTSD thus remains a challenge and war-
rants further investigation. Nevertheless, this study
presents some of the first experimental efforts to incor-
porate behavioral responses associated with contextual
memory alterations following traumatic stress (Ritov and
Richter-Levin, 2014), a core manifestation of PTSD.

There has been little research conducted that ad-
dresses the mental health care needs of our growing
overweight and obese population. Despite clinical evi-
dence supporting a strong link between exposure to en-
vironmental stressors and the ontogeny of psychiatric
disorders in children and adolescents, diet remains a
largely unexplored vulnerability factor for stress-related
psychiatric disorders. Our study shows that typical West-
ern dietary patterns may have long-term negative conse-
quences on how the brain copes with stress later in life.
Further, this study provides a conceptual framework fo-
cused on understanding the neurobiological basis of
stress-related health disparities. Understanding how un-
healthy nutritional practices during adolescence impair
brain maturation and behavior can inform novel therapeu-
tic strategies and lifestyle changes to improve the future
of mental health.
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