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Abstract

Background: Post-traumatic stress disorder (PTSD) and obesity are highly prevalent in
adolescents. Emerging findings from our laboratory and others are consistent with the novel
hypothesis that obese individuals may be predisposed to developing PTSD. Given that aberrant
fear responses are pivotal in the pathogenesis of PTSD, the objective of this study was to
determine the impact of an obesogenic Western-like high-fat diet (WD) on neural substrates
associated with fear.

Methods: Adolescent Lewis rats (17= 72) were fed with either the experimental WD (41.4% kcal
from fat) or the control diet. The fear-potentiated startle paradigm was used to determine sustained
and phasic fear responses. Diffusion tensor imaging metrics and T2 relaxation times were used to
determine the structural integrity of the fear circuitry including the medial prefrontal cortex
(mPFC) and the basolateral complex of the amygdala (BLA).

Results: The rats that consumed the WD exhibited attenuated fear learning and fear extinction.
These behavioral impairments were associated with oversaturation of the fear circuitry and
astrogliosis. The BLA T2 relaxation times were significantly decreased in the WD rats relative to
the controls. We found elevated fractional anisotropy in the mPFC of the rats that consumed the
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WD. We show that consumption of a WD may lead to long-lasting damage to components of the
fear circuitry.

Conclusions: Our findings demonstrate that consumption of an obesogenic diet during
adolescence has a profound impact in the maturation of the fear neurocircuitry. The implications
of this research are significant as they identify potential biomarkers of risk for psychopathology in
the growing obese population.

Keywords
PTSD; obesity; fear; adolescence; neuroimaging; DTI; astrocytes; fear-potentiated startle

1. INTRODUCTION

Childhood and adolescent obesity is considered a major public health challenge. In addition
to its broad impact on metabolic and cardiovascular health, obesity is also increasingly
linked to mental disorders (Byrne et al., 2015; Kalarchian and Marcus, 2012; Nigatu et al.,
2016; Restivo et al., 2016). More specifically, anxiety and stress-related mental disorders
continue to be strongly associated with obesity (Duncan et al., 2015; Ehlert, 2013; Masodkar
etal., 2016; Mason et al., 2017; Michopoulos et al., 2016; Pagoto et al., 2012; Perkonigg et
al., 2009; Roenholt et al., 2012; Scott et al., 2008; E. J. Wolf et al., 2017). Children exposed
to trauma and diagnosed with post-traumatic stress disorder (PTSD) are particularly at risk
for developing obesity later in life (Assari et al., 2016; Brewerton and ONeil, 2016; Llabre
and Hadi, 2009; Ramirez and Milan, 2016; Roenholt et al., 2012). Our preclinical findings
from our lab are consistent with these observations while demonstrating a novel
directionality in the association between obesity and PTSD. We showed that consumption of
obesogenic diets during adolescence might predispose individuals to develop PTSD
following exposure to trauma (Kalyan-Masih et al., 2016). One issue still unresolved is how
adolescent obesity leads to stress-related psychopathology during adulthood.

Learning-based conceptual models of PTSD propose that the etiology and maintenance of
PTSD may be attributable to impairments in cognitive domains, including attention,
memory, and learning (Liberzon and Abelson, 2016; Lissek and van Meurs, 2015).
Furthermore, there is evidence in favor of the idea that abnormal fear learning and associated
top-down inhibitory modulation of emotional centers might play a role in PTSD. In fact,
individuals with PTSD experience difficulty in differentiating safety from threat, which may
result in aberrant fear responses (Grillon et al., 1998; 2009). Similarly, the most consistent
effects of obesity on behavior have been related to cognitive impairments, particularly in
learning and emotional memory-related tasks (Boitard et al., 2014; 2015; Reichelt, 2016).
Therefore, it is possible that obesity and PTSD share common neural substrates.

Fear learning and fear extinction are based upon associative learning processes and can be
measured by evaluating the plasticity of the acoustic startle reflex (ASR). This ASR is
influenced by the corticolimbic system and modulated by both attentional and emotional
states (Braff et al., 2001; Filion et al., 1998; Heekeren et al., 2004; Koch, 1999; Reeb-
Sutherland et al., 2009; Schmitz et al., 2014). Thus, the classic form of startle plasticity or
fear-potentiated startle (FPS) represents a very robust and reliable tool to assess cognitive
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and emotional aspects of fear reactivity implicated in PTSD. The corticolimbic pathway
connecting the medial prefrontal cortex (mPFC) and the basolateral complex of the
amygdala (BLA) is a particular focus of this study, as this pathway has been implicated in
cue-elicited fear responses (Likhtik and Paz, 2015; Likhtik et al., 2014). Moreover, this
highly conserved pathway undergoes extensive rearrangement during adolescence, which
underscores a unique vulnerability to the detrimental effects of obesity (Casey, 2015; Silvers
etal., 2017). However, to our knowledge, no neuroimaging studies have investigated the
impact of an obesogenic diet on the neurodevelopmental trajectories of the circuitry
underlying fear.

In this study, we hypothesized that consumption of an obesogenic diet during adolescence
impairs the neural correlates associated with maladaptive fear responses. The goals of this
study were to extend our previous observations and use the startle plasticity to assess: 1)
acoustic startle responses and background anxiety, 2) conditioned fear learning and
extinction, 3) short and long-term startle habituation and sensitization, and 4) attentional
processing in rats that consumed a WD during adolescence. We further investigated the
potential circuitry underlying the enduring effects of adolescent obesity in the brain through
the assessment of the mPFC-BLA structural integrity and connectivity, which is critically
involved in PTSD (Davis et al., 2003; Falls and Davis, 1995; Fanselow and Gale, 2003;
Johansen et al., 2010; Klumpers et al., 2015; Zelikowsky et al., 2014). We revealed that
consumption of a WD during adolescence significantly impacted fear-related responses.
This translational study is the first to demonstrate alterations to the fear circuitry in the
context of adolescent obesity. Our findings indicate that exposure to an obesogenic diet
during the critical maturational period of adolescence leads to unique microstructural
changes in the brain that may participate in maladaptive fear reactivity and the emergence of
mental disorders later in life.

2. METHODS

2.1 Animals

Seventy-two (72) adolescent male Lewis rats (postnatal day, PND, 21-23) were acquired
from Charles River Laboratories (Portage, MI, USA). Upon arrival, the rats were housed in
groups (two per cage) and maintained in conventional housing conditions (21 + 2 °C,
relative humidity of 45%, and 12-hour light/dark cycle with lights on at 7:00 AM). The rats
had ad /ibitum access to food and water. The body weights were measured once a week. The
amount of food consumed was quantified daily.

In addition to providing continuity to our previous investigations, the rationale for the use of
Lewis rats in this study is two fold: 1) this strain shows a remarkable vulnerability to
traumatic stress [refer to studies by Cohen et al.,(Cohen et al., 2006)], and 2) Lewis rats
mount a very robust inflammatory response to challenges. This immune-sensitive strain
exhibit acoustic startle abnormalities in the context of inflammation (Beck and Servatius,
2003). Given that high-fat diets increase the production of cytokines and that pro-
inflammatory cytokines seem to be a necessary component in the suppression of the startle
responses following stress, we decided to use the Lewis rat.
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2.2. Study Design

2.3. Diets

The juvenile rats were allowed to habituate to the animal facility for one week.
Subsequently, the rats were randomly divided into two groups: one group received the
control diet (CD; n = 18) while the other received the Western high-fat diet (WD; n= 18).
The rats consumed the diets for a total of 82 days (from PND 28 to PND 110). After 8
weeks consuming the diets, the rats started the acclimation and handling sessions (Fig. 1).
During the handling sessions, the rats were handled in their housing room for 3 consecutive
days during the morning hours (5 min per session). Subsequently, the rats were brought to
the behavioral facility and allowed to acclimate to the room conditions for 30 min and then
handled for 5 min. One day following acclimation to testing environment, the rats were
habituated to the testing conditions. This habituation protocol consisted of placing the rats
inside the enclosure and testing chamber for 5 min. The rats were returned to their cages and
housing room after each habituation session. Two days after completing the habituation
protocol, we acquired the ASR baseline measurements. Three days after acquiring the
baseline ASR measurements, the rats were matched and subdivided into four groups based
on exposure to cat urine (control diet unexposed, CDU, n = 8; control diet exposed, CDE, n
= 10; Western high-fat diet unexposed, WDU, 7= 8; Western high-fat diet exposed, WDE, n
=10). We used cat urine as a mild psychogenic stressor to provide continuity to our prior
studies and allow for comparisons between studies. We commenced the 6-day long fear-
potentiated startle (FPS) protocol 24 h after the rats were exposed to the cat urine. Endpoint
behaviors were assessed at one day following the FPS protocol. The rats were euthanized
and the brains collected 24 h after the last behavioral readout. All the behaviors were
recorded during the typical rat corticosterone nadir (9:00-15:00 h). In another experiment,
we used 36 rats to determine the long-term effects of WD consumption during early
adolescence. The rats that consumed the WD during early adolescence were switched to the
control diet (WDw or Western diet withdrawal group; /7= 18). The control rats remained in
their control diet (77 = 18), thus providing a balanced experimental design.

The control (4-gm% fat) and Western-like high-fat (20-gm% fat) diets are based on standard
AIN-93G formulations and obtained from Bio-Serv (Frenchtown, NJ, USA). The
composition of the diets is summarized in Figure 1. For detailed diet composition please
refer to Supplemental Table 1. The diet pellets were further analyzed using mass spec to
determine the fatty acid composition (Kalyan-Masih et al., 2016). We intended to mimic the
typical fat sources and dietary compositions of Western high-fat diets to increase the
translational relevance of our findings.

2.4. Predator odor stress

A group of rats was exposed to a well-characterized mild psychogenic predator odor stress
(Cohen et al., 2006; Goswami et al., 2010; Kalyan-Masih et al., 2016). Briefly, the rats were
exposed to a soiled cat litter that was in use by a domestic male cat and sifted for stools.
Approximately 400 total grams of urine were collected in the cat litter. We placed 100 grams
of the soiled cat litter in small glass containers before the experiments. The rats were
acclimated to the testing facility for at least 15 min before the exposure session. The rats
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were then placed in an empty standard plastic mouse cage with a plastic filtered top for 15
min. Subsequently, either clean fresh litter (unexposed control group) or soiled cat litter
(exposed experimental group) was placed inside the cages. The rats were allowed to interact
with the litter for 15 min. The total time in the cage was 30 min (15 min acclimation and 15
min exposure).

2.5. Acoustic Startle Reflex (ASR)

The ASR paradigm was performed using the SR-Lab acoustic chambers (San Diego
Instruments®, San Diego, CA, USA). An experimental session took approximately 22 min
and started with a habituation period, consisting of 5 min background noise. The background
noise level was kept at 55 decibels (dB). Subsequently, the rats were presented with a series
of 30 tones (10 each intensity: 90 dB, 95 dB, and 105 dB) using a 30 sec inter-trial interval
(ITI). The duration of the acoustic stimuli was 20 milliseconds (ms) and the trials presented
in a quasi-random order. The animals were returned to their cages and each chamber was
cleaned with soap and water and thoroughly dried following each session. The maximum
startle amplitudes and latency for maximum amplitude were averaged of the 30 trials. Given
that the acoustic startle reflex magnitude depends on body weight (piezoelectric sensor
located in the animal enclosures measures vibrations), the data was corrected by weight. The
magnitudes were normalized by weight to eliminate confounding factors associated with
body weight (Weight-corrected ASR = ASR magnitude in mV divided by the animal weight)
(ElKkin et al., 2006; Gogos et al., 1999; Grimsley et al., 2015).

2.6. Fear-Potentiated Startle (FPS)

The FPS was assessed inside the acoustic startle chambers. Each chamber contained a
Plexiglas enclosure with grid floors capable of delivering foot shocks (San Diego
Instruments, CA). The FPS paradigm was adapted from Dr. Davis’s protocol (Davis, 2001).
Briefly, the sessions started with a 5 min acclimation period with a background noise of 55
dB. During the first day of the FPS protocol, the rats were trained to pair a light (conditioned
stimulus, CS) with a 0.6 mA foot shock (unconditioned stimulus, US). This single
conditioning session consisted of 10 CS+US pairings. The light appeared for 3200 ms and
was paired with a co-terminating 500 ms foot shock during each CS+US presentation. Light-
shock pairings were presented using a 3-5 min quasi-random ITI. The fear conditioning
session was approximately 45 min long. Acquisition of cued fear was assessed 24 h later.
During the fear learning testing session, the rats were first presented with 15 startle-inducing
tones (/eaders, 5 each at 90 dB, 95 dB, and 105 dB) delivered alone at 30 sec ITI. After the
initial leading tones, the rats were presented with 60 test trials. For 30 of these test trials, a
20 ms tone (tone alone trial) was presented alone in the dark (10 each at 90 dB, 95 dB, and
105 dB). For the other 30 trials, the tone was paired with a 3200 ms light (light + tone trial;
10 each at 90 dB, 95 dB, and 105 dB). At the end of the 60 test trials, the rats were presented
with 15 startle-inducing tones (#railers, 5 each at 90 dB, 95 dB, and 105 dB) delivered at 30
sec ITI. All the trials in this session were presented in a quasi-random order and delivered at
a 30 sec ITI. The duration for the startle-eliciting tones during FPS sessions was 20 ms for
each tested tone. Fear learning was determined by measuring the delta and proportional
changes in startle amplitude from light + tone trials relative to tone alone trials (Walker and
Davis, 2002). One day after fear conditioning testing, the rats were exposed to three (3)
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consecutive daily extinction-training sessions. Preliminary findings from our lab show that
this training paradigm allows for extinction learning and safety learning-associated
behavioral responses to be tested simultaneously. Each extinction session consisted of 30
presentations of the CS alone (light without shock or noise bursts) with duration of 3700 ms
at 30 sec ITI. Twenty-four hours after the last extinction session, we determined the FPS
responses using a testing session identical to that used to measure the acquisition of fear.
The persistence of a potentiated startle response in the presence of the CS during this test
session indicated a failure to acquire extinction learning and was calculated as the difference
in FPS responses between the fear learning and the fear extinction testing sessions. A
significant reduction in the conditioned responses relative to tone alone trials was interpreted
as safety or inhibitory learning.

2.7. Elevated Plus Maze (EPM)

The EPM was used as an additional measure of anxiety-like behaviors, mobility, and
novelty-seeking and risk-taking behaviors as previously described (Kalyan-Masih et al.,
2016). The experiments were performed in a dark room (< 10 lux). Each rat was placed on
the center of the maze facing an open arm and allowed to explore the maze for 5 min.
Subsequently, the rats were returned to their cages. The maze was cleaned thoroughly after
each rat. Details regarding the near infrared EPM apparatus (Cat# ENV-564A,;
MedAssociates, St. Albans, VT, USA) and analyses were previously reported (Kalyan-
Masih et al., 2016). We used Ethovision® XT to track and manually score the behavioral
outcomes of the rats in the EPM (Noldus, RRID: SCR_000441, RRID: SCR_004074).

2.8. Immunoblot

We sought to examine neuroinflammation from whole brain homogenates. This approach
provides fast and quantitative information on the general diet-induced inflammatory status.
Rats were euthanized with an intraperitoneal administration of Euthasol (Virbac, Fort Worth,
TX, USA) and perfused transcardially with PBS. Animals were rapidly decapitated, and the
brains were isolated. Brain tissue was homogenized in cold extraction buffer (Cell Lytic MT
Lysis Extraction Buffer (cat# C3228; Sigma-Aldrich, St. Louis, MO, USA), 1% phosphatase
inhibitor cocktail 3 (cat# P0044; Sigma-Aldrich), and Sigma FAST Protease Inhibitor
Cocktail Tablet, EDTA free (cat# S8830; Sigma-Aldrich). Protein extraction was performed
as recommended by the Lysis Buffer manufacturer. Briefly, the samples were centrifuged for
10 min at 4°C (20,000 rpm) and the supernatant was collected and stored at —80°C until
further processing. The Bio-Rad protein assay was used to quantify protein according to the
manufacturer’s instructions (Bio-Rad Laboratories, Hercules, CA, USA). Proteins were
separated on a 12% polyacrylamide-SDS gel (90 pg of protein/lane) and wet transferred to a
nitrocellulose membrane for 1 h at 4°C. The membrane was blocked with Odyssey Blocking
Buffer (cat# 927-40000; LI-COR Biosciences, Lincoln, NE, USA) for 1 h at room
temperature. The immunodetection for the several proteins was assessed as follows, anti-
rabbit GPR-120 antibody (1:200; cat# ab118757 Abcam, Cambridge Science Park,
Cambridge, UK), anti-rabbit GFAP (1:5000; cat# 556327, BD Biosciences, San Jose, CA,
USA), anti-rabbit SOD-1 (1:500; cat# ab16831, Abcam); anti-rabbit SOD-2 (1:500; cat#
D3X8F, Cell Signaling, Danvers, MA, USA), anti-rabbit Glutathione Peroxidase (1:500;
cat# ab22604 Abcam), anti-rabbit IBA-1 (1:1000; cat# 016-20001 Wako Chemicals,
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Richmond, VA, USA), in blocking solution and incubating overnight at 4°C. As for loading
control, we used ant-rabbit GAPDH (1:5000; cat# G9545, Sigma-Aldrich). The secondary
antibodies, were incubated for 1 h at room temperature, we used IR dye CW800 goat anti-
rabbit (1:25000; cat# 926-32211; LI-COR Biosciences) to observe GFAP signal and IR Dye
680RD goat anti-mouse (1:25000; cat# 926-68070; LI-COR Biosciences) to observe
GAPDH signal. Infrared signals from membranes were detected using the LICOR Odyssey
CLx Scanner (LI1-COR Biosciences, Lincoln, NE, USA). Densitometric analyses were
performed using the Image Studio 5.2 Software (LI-COR Biosciences, Lincoln, NE, USA).
Data was recorded and tabulated using Excel and further analyzed using Prism v.7
(Graphpad Software, La Jolla, CA, USA).

2.9. Measuring corticosterone concentrations using ELISA

Fecal samples were collected at different time points across the experimental timeline to
determine corticosterone (CORT) levels. Cages were changed 24 h before the collection of
feces. All the fecal boli present in the cage were collected on the following morning and
stored at —80 °C until extraction. The extraction protocol has been previously described
(Turner et al., 2012). Briefly, samples were defrosted, weighted, and pulverized before the
ethanol-based extraction. Subsequently, the samples were diluted in the kit assay buffer (1:4
dilution). Fecal corticosterone concentration was determined using the correlate-EIA Kit
(Assay Desighs® by Enzo Life Sciences, Farmingdale, NY) following the manufacturer’s
guidelines. Plates were read at 405 nm on a SpectraMax i3X multimodal detection platform
(Molecular Devices, Sunnyvale, CA) Feces for baseline time point were collected after 8
weeks of diet consumption, feces for shock time point were collected 24 h after exposing the
rats to the shocks, and for the last time point feces were collected the day the rats were
euthanized.

2.10. Magnetic Resonance Imaging (MRI): Acquisition and Analysis

We used an ultrahigh-resolution MRI scanner (9.4T) with long acquisition times to enhance
signal to noise to acquire data from post-mortem brains. Control (CD) and western diet
(WD) rats (7= 4-6 rats per group) were sacrificed via transcardiac perfusion using 4%
paraformaldehyde (PFA). The brains were removed from the cranial vault after fixation and
postfixed in 4% PFA, washed and stored at 4°C in 0.1M PB/0.05% azide until diffusion
tensor imaging (DTI).

High-resolution T2-weighted (T2WI) and DTI-MR images were acquired using a 9.4T
Bruker Biospin MRI system (Bruker Biospin, Billerica, MA; Paravision 5.1). The brains
were positioned in 5 mL plastic syringes and submerged in Fluorinert. Each acquisition
consisted of 50 0.5 mm slices, 1.922 square cm field of view, 128x128 matrix zero-filled to
256x256 at reconstruction. Four-shot echo-planar imaging was used to acquire four averages
of diffusion weighted images with £=0 (5 images) and £#=3000 s/mm? (30 images in non-
colinear directions); diffusion pulse width=4 ms; interpulse=20 ms; repetition time
(TR)=12,500 ms; echo time (TE)=36 ms. The resultant DTI scans yielded an acquired in-
plane resolution of 150 um and a reconstructed resolution of 75 um. The 0.5 mm slice
thickness was utilized to optimize signal to noise whilst minimizing total scan time (1 h 56
min). The 10 echo T2W!I had the following parameters: TR/TE=6500/10 ms and 4 averages.
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T2 maps were generated using the medical imaging analysis software Jim (Xinapse Systems
Ltd; West Bergholt, Essex; United Kingdom). Quantitative T2 maps were co-registered to
DTI maps so that identical ROIs could be utilized.

Diffusion data was pre-processed for eddy current corrections using FSL in which eddy
current correction was implemented. All DTI and tractography analysis was performed using
DSl Studio (National Taiwan University; www.dsi-studio.labsolver.org) (Yeh et al., 2013).
Fractional anisotropy (FA), axial (AD) and radial diffusivity (RD) parametric maps were
generated in advance of analysis. We focused on two primary regions of interest (ROI), the
amygdala—which included delineation of the lateral (LA), basolateral complex (BLA), and
the central (CeA) subnuclei of the amygdala and the medial prefrontal cortex (mPFC). The
amygdalar nuclei were delineated manually on three sequential slices in order to encompass
the entire region. The slices began with the LA at Bregma —2.80 mm and spanned to
delineate the CeA at Bregma —1.80 mm. The amygdalar regions were outlined using known
anatomical boundaries and locations in the rat brain, as previously reported by our group
(Bolton et al., 2017) and that of others (Chareyron et al., 2011). The mPFC region
encompassed the cingulate, prelimbic, infralimbic, and the dorsal peduncular cortex at
Bregma 3.20 mm. Deterministic tractography was then performed using the following global
parameters: angular threshold=75; step size=0.05 mm; smoothing=0.60. The fiber threshold
varied between subjects and was optimized by DSI Studio to maximize the variance between
the background and foreground. Seeds were placed in the mPFC and connectivity was then
evaluated between the mPFC and those fibers passing through the BLA. Secondary analysis
examined the number of streamlines passing through the mPFC. All data were extracted and
summarized in Excel.

3. STATISTICAL ANALYSIS

We analyzed the data using Graphpad Prism version 7.0 (Graphpad Prism, RRID:
SCR_002798) via Student’s t-test or two-way analysis of variance (twoway ANOVA). We
used Sidak’s post hoc test following two-way ANOVA to determine significant differences
between factors and interactions. We also used the Kolmogorov-Smirnov normality tests
together with the Grubbs’ method to investigate outliers and spread. We used Spearman’s
rank correlation tests to explore associations between neuroimaging scalars and fear-related
behaviors. When appropriate, multiple testing adjustments of the correlations were
determined by the false discovery rate (FDR). To explore associations between the fear
neurocircuitry integrity and fear-related behavioral outcomes, we used the Pearson’s
correlation test. Two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli (Q
= 5%) was used to analyze FDRs. We considered differences significant if p< 0.05. The data
is shown as the mean + standard error of the mean (SEM) or min to max box and whiskers.

4. RESULTS

4.1. Consumption of an obesogenic Western-like high-fat diet attenuates acoustic startle

responses

We investigated the impact of adolescent Western high-fat diet (WD) consumption on neural
and behavioral correlates of fear (Fig. 1). Our dietary compositions and obesogenic rat
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model was described recently (Kalyan-Masih et al., 2016). We reported that this saturated
high-fat diet increases the levels of several biomarkers implicated in obesity (e.g., leptin)
(Kalyan-Masih et al., 2016). Although adolescent rats appear to be resistant to obesity, it has
been shown that consumption of a high-fat diet during adolescence (postnatal day, PND, 30
to 60) increases fat deposition relative to chow diet controls in rats (Ibafiez et al., 2017). It is
noteworthy that the diet fat content and composition closely matches the obesogenic diet
used in our studies. Similar to our previous study, we found that the rats that consumed the
WD exhibited markedly increased body weights and food consumption. Analyses revealed
significant diet [A(, 34) = 96.98, p < .0001], time [~ 170) = 9352, p < .0001], and
interaction effects [A(5, 170) = 152.1, p<.0001] in body weights (Supplemental Fig. 1A).
Post hoc revealed that significant diet effects on body weight started at week 5 (p < .001).
Analyses revealed significant diet [~1, 1) = 412.5, p < .0001], time [F(5 gg) = 208.1, p
<.0001], and interaction effects [ A5, gg) = 9.36, p < .0001] in food consumption
(Supplemental Fig. 1B). We used cat odor because prior research has demonstrated that this
mild psychogenic stressor tends to potentiate conditioned emotional responses and retard
fear extinction learning (Kalyan-Masih et al., 2016; Nalloor et al., 2011). We found that a
single cat odor stress exposure did not alter fear responses (data not shown). In agreement
with previous reports (Nalloor et al., 2011), we found that exposure to the foot shocks had a
more robust effect on startle responses than the mild psychogenic odor stress (data not
shown). When we assessed the impact of the diet alone on baseline startle responses, we
found a significant reduction in the magnitude of the acoustic startle reflex (ASR) reactivity.
Analyses revealed a significant diet [~y 34y = 4.24, p< .05] and tone [F, eg) = 52.71, p
<.0001] effect, while no significant interactions [F gg) = .47, p = .63] (Supplemental Fig.
2A). When combining the responses to the different tone intensities there was a significant
reduction in the average magnitude of the baseline ASR reactivity of the WD rats (CD: .76
+.1vs. WD: .49 + .08; f34) = 2.06, p=.04; Fig. 2A). The rats that consumed the WD
exhibited a significant reduction in the latency to maximum ASR responses when comparing
CD and WD groups (CD: .12 +.002 vs. WD: .11 + .003; {34) = 2.57, p=.02; Fig. 2B).
These findings show that consumption of an obesogenic WD during adolescence exerts
opposing effects on the ASR magnitude and responsivity.

Three days after measuring baseline ASR responses, the rats were conditioned to learn the
association between the light (CS) and the shocks (US). The startle responsivity to the
shocks was used as a measure of foot shock reactivity. We found no significant differences
on foot shock reactivity when comparing CD to WD rats, indicating that the altered ASR
responses in WD rats were not attributable to an inability to sense the foot shock (CD: 3.99
+.18 vs. WD: 3.79 £ .29; f33) = .58, p=.57; Fig. 2C).

4.2. WD consumption during adolescence impairs fear learning while saturating the FPS

responses

We determined the acquisition of a fear memory using the difference in startle amplitudes
between the US (tone alone) and the CS+US (light + tone), which was previously associated
with the light + shock pairing during fear training (day 1 of the FPS paradigm). Analyses
revealed that there was a significant stimulus [As, 170) = 87.73, p < .0001] and interaction
effect [A(s, 170) = 5.09, p=.0002], while no differences were found for the diet effect when
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evaluating the tone intensities [£3 _34) = 4, p = .05] (Supplemental Fig. 2C). Although we
did not find significant diet effects, Sidak’s post-hoc analyses revealed that the stimulus
effect was significant only for the CD rats at 90 dB (p < .05), 95 dB (p < .0001), and 105 dB
(p<.0001). Combining the average responses from the different tone intensities revealed a
significant increase in the ASR when comparing CS+US with US [stimulus: £y 34) = 48.12,
p < .0001; diet: Ay 34y = 3.99, p=.05; interaction: Ay, 34)=12.02, p=.001]. We found a
significant stimulus effect for both CD (p < .0001) and WD rats (o < .05), indicating that
both diet groups exhibited fear memory acquisition (Fig. 3A). The rats that consumed the
WD exhibited a 70% reduction in the absolute CS+US to US difference relative to controls
(CD: 1.6 £.18 vs. WD: .54 + .25; f(34) = 3.47, p=.001; data not shown). Differences in fear
memory acquisition between groups were evaluated using the proportional change between
CS+US and US or fear potentiated startle (FPS) (Walker and Davis, 2002). The analyses
revealed that the rats that consumed the WD exhibited a significant 57% reduction in FPS
responses when compared to controls, indicating fear learning impairments in the WD rats
(CD: .7 £.09 vs. WD: .34 £ .13; {34y = 2.38, p=.02; Fig. 3B).

The FPS paradigm contained a block of 15 tone alone trials at the start of the FPS session
(leaders) and 15 tone alone trials at the end of the session (trailers). The comparison between
the averages of the two blocks (leaders vs. trailers) within the same testing session was used
to determine short-term habituation of the acoustic startle reflex. We found no significant
main effects of the diet [~(y, 34) = 5.09 x 1076, p=.99], the session block [Fa,34=202, p
=.16], or interaction effect [F;, 34y = .91, p=.35] on short-term habituation of the ASR at
24 h following foot shocks (Supplemental Fig. 3A). Background anxiety (BA) was
determined to investigate unconditioned fear responses. BA is the percent change between
the averages of US (tone alone) values from FPS session and ASR baseline startle
magnitudes (Supplemental Fig. S4) (Missig et al., 2010). Student’s t-test revealed that the
rats that consumed the WD exhibited a robust and significant increase in BA when compared
to CD rats (CD: 266.5 + 37.21 vs. WD: 560.1 + 104.6; {34) = 2.65, p = .01; Fig. 3C).

4.3. WD consumption during adolescence reduces fear extinction and acoustic startle
habituation while enhancing background anxiety.

We investigated the impact of the obesogenic diet on cued fear extinction responses. We
found a significant difference in startle responses when comparing CS+US with US trials at
24 h following 3-day fear extinction training. Two-way ANOVA revealed a significant
stimulus effect [As, 170) = 95.95, p < .0001], while no significant interactions [~s, 170) = .58,
p=.71] or diet effects [F 34y = 2.36, p=.13] were observed when evaluating the different
tone intensities (Supplemental Fig. 2B). We found a significant stimulus type effect (CS+US
vs. US) at 105 dB for both the CD (p < .05) and WD diet groups (p < .0001). Average ASR
responses decreased significantly when comparing CS+US to US, indicating acquisition of
the fear extinction memory [stimulus: /1, 34) = 26, p<.0001; diet: F(y 34y = 2.36, p = .13;
interaction: A1, 34) = .37, p=.55] (Fig. 4A). Post-hoc revealed that this stimulus effect was
significant for both the rats that consumed the CD (p < .01) and the rats that consumed the
WD (p<.001). We calculated the fear extinction index to investigate fear extinction
learning. This commonly used index represents the difference in FPS responses between the
fear learning and the fear extinction testing sessions. We found that the rats that consumed
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the WD exhibited reduced cued fear extinction learning when compared to controls (CD: 1.8
+.19vs. WD: .78 £ .23; #34) = 3.39, p=.002; Fig. 4B). Together, the results confirm that
blunted baseline ASR responses have value as a predictive index of fear extinction deficits in
rats (Russo and Parsons, 2017). This PTSD-like phenotype in WD rats was associated with
higher background anxiety relative to controls, even after extinction training (CD: 28.48 +
11.29 vs. WD: 106.2 + 23.57; 34) = 2.97, p=.01; Fig. 4C).

We re-evaluated the short-term habituation of the ASR following extinction training. We
found a significant main effect in trial blocks effects on post-extinction short-term
habituation [trial: A 34) = 10.76, p=.002; diet: F1 34y = .9, p = .35; interactions: Ay, 34
=.59, p=.45] (Supplemental Fig. 2D). This trial effect was only significant for the rats that
consumed the CD (p < .05). This finding indicates impaired restoration of ASR plasticity
following fear extinction training in WD rats.

4.4. WD consumption leads to sustained unconditioned fear-related responses.

Acoustic startle responses were measured following the completion of the FPS paradigm.
Two-way ANOVA revealed significant main diet [/~ 34) = 4.25, p < .05] and tone effects
[Ae, 68) = 90.24, p<.0001], while revealing no significant main interaction effect [/, gg) =
1.03, p=.36] (data not shown). In support of the findings showing reduced FPS responses in
the high-intensity trials, we found that the rats that consumed the WD showed significantly
reduced ASR responses at 105 dB when compared to controls (o < .05; data not shown). We
found no significant differences in averaged ASR magnitudes when comparing the rats that
consumed the WD to the rats that consumed the control diet (CD: .62 + .07 vs. WD: .47
+.05; £33) = 1.78, p=.08; Fig. 5A). Interestingly, the rats that consumed the WD exhibited
a significant sensitization of the ASR, as revealed by a reduction in the maximum ASR
latency relative to controls (CD: 11 +.003 vs. WD: .1 +.003; {34) = 2.32, p=.03; Fig. 5B).
These behavioral impairments were not associated with alterations in locomotor activity
(distance traveled, activity ratio) and novelty-related behaviors (stretch attends, supported
and unsupported rearing, grooming duration), as revealed by the elevated plus maze (data
not shown).

4.5. WD consumption during adolescence increases corticosterone levels and
astrogliosis.

Fecal corticosterone (CORT) levels were measured at three different time points. Two-way
analyses revealed a significant main diet effect [/, 30) = 14.34, p=.001], while no
significant main effects were found for the time points studied [~ 39) = 1.63, p=.21] or
interactions between the factors [F 30) = .29, p=.75]. Post-hoc analyses revealed that the
rats that consumed the WD during adolescence had significantly higher baseline CORT
levels when compared to the CD rats (p=.04) (Fig. 6A). Glial fibrillary acidic protein
(GFAP) protein levels were assessed from whole brain homogenates collected 48 h
following the last behavior test. Densitometric analyses revealed increased GFAP protein
levels in the brains of WD rats when compared to controls (f15) = 3.9, p=.001; Fig. 6B). In
addition to the inflammatory biomarkers reported in our previous studies (leptin, microglia)
(Kalyan-Masih et al., 2016), we measured the protein levels of the ionizing calcium-binding
adaptor molecule 1 (Iba-1), superoxide dismutase (SOD), and glutathione (GSH) by Western
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blot. No significant differences were observed between diet groups in these biomarkers (p <
0.05).

4.6. WD consumption during adolescence alters the structural integrity of brain regions
implicated in fear.

Quantitative diffusion tensor region metrics revealed a significant increase in the mPFC
fractional anisotropy (FA) in the rats that consumed the WD during adolescence in
comparison to the controls [£, gy = 12.03, p=.007; Fig. 7A]. Post hoc multiple comparison
analysis revealed a significant increase in both the left (o= .02) and the right (p = .01)
mPFC, suggesting altered water diffusion asymmetry in the rats that consumed the WD
during adolescence. Interestingly, we found significant main effect in lateralization
demonstrated by an increase in FA in the left hemisphere of the BLA [£1 gy = 16.60, p
=.003; Fig. 7B]. Similar effects were observed in the LA [~y 9) = 6.81, p=.03;
Supplemental Fig. 5B] and the CeA [F, g) = 5.70, p=.04; Supplemental Fig. 5C]. High-
resolution DT maps revealed structural alterations in the mPFC of rats that consumed the
WD relative to CD controls (Fig. 7C).

Examination of other DTI metrics revealed that the WD also increased the axial diffusivity
(AD) of the LA [F1, g) = 5.25, p=.05]. The analyses showed a selective vulnerability of the
mPFC to water diffusivity when compared to the amygdalar nuclei. DTI results are
summarized in Table 1. In order to explore connectivity differences in the stress circuitry, we
used DTI tractography to assess differences in water diffusion-based connectivity between
the mPFC and BLA, two structures known to be heavily involved in stress regulation and
emotional responses. We found a strong trend towards increased anisotropy in those white
matter fibers connecting the mPFC to the BLA (p = .055; Supplemental Fig. 6A). We
observed abnormal mPFC-BLA tract dispersion in the rats that consumed the WD
(Supplemental Fig. 6B). Other tract measures such as number of tracts (streamlines), ADC,
AD, and RD remained unaffected by the consumption of a WD during adolescence (p >
0.05). Table 1 and Supplemental Table S2 summarize the F stats and post hoc analyses for
all the neuroimaging analyses performed in this study illustrating diet and hemispheric
differences.

T2-weighted imaging was utilized to generate quantitative maps to assess the relaxation
properties of the mPFC and amygdalar regions of interest. While T2 values were reduced in
the mPFC they did not reach significance [Fy, g) = 4.15, p=.07; Fig. 8A]. We found a
significant main effect of diet revealing a dramatic reduction in BLA T2 relaxation times in
the rats that consumed the WD [F£;, g) = 10.94, p=.009; Fig. 8B]. The effects of the WD on
the BLA complex were observed in both the left (£1g) = 3.01, p=.01) and right hemispheres
(#18) = 3.32, p=.008). Similar effects were observed in the LA [F 9) = 6.58, p=.03;
Supplemental Fig. 5D] and CeA [F, g) = 9.25, p=.01; Supplemental Fig. 5E]. Post hoc
multiple comparison analyses revealed a significant decrease in tissue relaxation rates
between the CD and WD in the left LA ({1g) = 2.73, p=.03), left CeA ({18) = 2.98, p=.02),
and right CeA (#18) = 2.76, p=.03). T2 maps show structural alterations to the amygdala in
the rats that consumed the WD relative to CD controls (Fig. 8C).

Brain Behav Immun. Author manuscript; available in PMC 2020 November 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vega-Torres et al. Page 13

4.7. DTl scalars and T2 relaxation times are strongly associated

Alterations in T2 relaxation rates are known to reflect cellular and molecular characteristics
within tissues of interest. Thus, decrements in T2 may suggest altered cellular composition
or compartmentalization (myelin vs. extracellular), which could in turn, modify the reported
DTI findings. Therefore, we investigated whether similar correlations existed in the
developing fear neurocircuitry of the rat. We found that DTI region metrics were correlated
with T2 relaxometry. Of particular interests, the FA measure of the left LA (p=.04), right
BLA (p=.04), right CeA (p=.05), and the right mPFC (p = .01) showed significant
correlations. Supplemental Table S3 summarizes the DTI/T2 correlations. In virtually every
region examined, there was a significant correlation between T2 and FA, predominantly in
the right hemisphere. The exception was the left LA. These findings demonstrate a strong
relationship between relaxometry and diffusion parameters in the developing fear
neurocircuitry and support changes in tissue integrity imposed by the diet.

4.8. Consumption of a WD during adolescence disrupts the correlations between
relaxometry, diffusion, and behavioral outcomes.

We tested for correlations between imaging scalars and fear-related behaviors to gain
insights into potential neural substrates implicated in the aberrant fear responses observed in
the rats that consumed the obesogenic diet. We identified several significant correlations
between the imaging scalars and fear learning outcomes in CD rats (Table 2). In particular,
we found robust associations between left amygdalar metrics (radial and mean diffusivity in
the CeA and T2 values in BLA) and fear learning in the CD rats. Fear extinction was
exclusively correlated with left mPFC, left and right LA, and left BLA anisotropy in CD
rats. We found significant associations between the left BLA and right CeA and T2 values in
fear extinction behaviors in CD rats. Conversely, the associations between the imaging
metrics in the mPFC and amygdala nuclei and fear-related behaviors were virtually
nonexistent in the WD rats (Table 2). Similar to the metrics associations identified in the
mPFC, the CD rats showed a significant correlation between the radial diffusivity metrics of
the left mPFC tracts and conditioned fear behaviors (for both fear learning and fear
extinction). Notably, these correlations were absent in the WD rats (Table 3).

Our analyses showed a robust increase in the correlation coefficients (R2) between various
mPFC diffusivity scalars and endpoint ASR responses in WD rats when compared to
controls (Supplemental Table S4). This was particularly evident in the left hemisphere. On
the other hand, we found bilateral associations between mPFC diffusivity scalars and
background anxiety that emerged following extinction training in WD rats (Supplemental
Table S5).

Although no associations were found between mPFC and amygdalar diffusivity scalars and
fear-related behavioral outcomes in the WD rats, we identified strong associations between
the tract (streamlines) characteristics and ASR responses (Supplemental Table S6).
Similarly, we found significant correlations between the tract characteristics and pre- and
post-extinction anxiety-like behaviors in the WD rats (Supplemental Table S7). Together, we
present the first evidence for significant correlations between indices of neural
microstructural integrity and unconditioned and conditioned fear-related responses in rats.
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4.9. Consumption of a WD during the critical period of early adolescence results in
lasting changes in brain and behavior in adult rats.

We investigated the long-term impact of the WD on brain and behavior by exposing a group
of rats to a WD during the first 4 weeks of adolescence and then transitioning to the control
diet (Fig. 9A). We found that animals that consumed the obesogenic diet for only 30 days
did not remain at a greater weight relative to controls (p> 0.05 when comparing diet groups;
n=18/group). We found that the rats that consumed the WD during early adolescence and
then transitioned to the CD exhibited reduced ASR when compared to rats that remained in
the CD (#34) = 4.18, p<.001; Fig. 9B). T2-weighted imaging revealed significant main
effects of the diet [~ ) = 6.75, p=.04], while showing no significant lateralization [F, ¢)
=.67, p=.45] or interaction effects [~ ¢ = .67, p=.45] on the T2 relaxation times in the
mPFC (Fig. 9C). Post hoc showed reduced T2 relaxation times in the right mPFC of the rats
that consumed the WD during early adolescence and then transitioned to the control diet (p
<.05; Fig. 9C). No significant diet [, 6) = 1.37, p=.29], lateralization [F1, ¢) = 1.70, p

= .24] or interactions [F1, ) =.53, p=.50] were observed in the amygdala relaxometry (Fig.
9D). These effects occurred in the absence of body weight differences between groups (4z4)
=1.65, p=.11; data not shown). Further, both groups showed similar CORT levels at
baseline ({16) = .66, p=.52; data not shown). These findings indicate that some aspects of
adolescent diet-induced obesity may be irreversible.

5. DISCUSSION

The goal of this study was to determine the impact of an obesogenic Western-like high-fat
diet (WD) on the maturation of neurobehavioral and neural substrates implicated in fear. Our
findings demonstrate that the consumption of a WD during adolescence has a profound
effect on phasic and sustained components of fear in the adult rat. We show that the WD led
to blunted acoustic startle reflexes (ASR). Notably, the rats that consumed the WD exhibited
heightened background anxiety and persistent deficits in both associative and non-
associative learning processes. We found that consumption of an obesogenic WD during
adolescence impaired the acquisition of conditioned fear-potentiated startle (FPS) responses
in adult rats. These behavioral manifestations were associated with significant alterations in
T2 relaxometry values and diffusion tensor imaging (DTI) anisotropy scalars consistent with
altered microstructural integrity of the amygdala and the medial prefrontal cortex (mPFC).
This study reveals that the neurodevelopmental trajectories underlying fear are vulnerable to
the consumption of obesogenic diets during adolescence.

5.1. Consumption of a WD during adolescence has a profound impact on
neurobehavioral correlates implicated in anxiety and stress-related disorders

Startle reflexes, which are studied in humans and lab animals, have a prominent role in
anxiety and PTSD research. Although potentiation of the ASR has been traditionally
associated with anxiety disorders, there is growing evidence that suppression of the ASR
may indicate alterations underlying stress reactivity. In this study, we found that the adult
rats that consumed the obesogenic WD during adolescence exhibited heightened sensitivity
(latency) and reduced responsivity (magnitude) of the ASR. While these responses may
involve lack of arousal or interest in the acoustic stimuli, studies indicate that individuals
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exhibiting high stress reactivity and anxiety may show suppressed ASR responses (Kalyan-
Masih et al., 2016; Lopez-Aumatell et al., 2009a; 2009b; Uvnés-Moberg et al., 1999; Yen et
al., 2012). It has been proposed that blunted baseline ASR responses may reflect high trait
anxiety and impaired fear extinction in rats (Russo and Parsons, 2017; Slattery and
Neumann, 2010; Uvnas-Moberg et al., 1999), and anxiety in human adolescents (Waters et
al., 2014). Together, the ASR suppression may well represent an early behavioral biomarker
for obesity-induced psychopathology.

Learning to discriminate between threat and safe contexts is a critical and highly conserved
function. PTSD patients exhibit impairments in differentiating safety from threat (Grillon,
2002; Morey et al., 2015; Paulus and Aupperle, 2015). Given that PTSD is conceptualized as
intense fear reactivity that develops in response to exposure to a threatening event, abnormal
fear learning was a logical place to expand our observations suggesting that obesity and
associated metabolic alterations may predispose individuals to PTSD-related
psychopathology. This study reveals new evidence showing that consumption of obesogenic
diets during adolescence impairs cued fear learning in the fear-potentiated startle (FPS)
paradigm. Although evidence that PTSD is a disorder of fear learning remains controversial
(Liberzon and Abelson, 2016), there is a possibility that besides not learning the fear
associations, the WD rats incorrectly assessed the level of threat. Perturbations in attention
and threat discrimination may influence risk for anxiety by shaping neural responses during
fear learning (Block and Liberzon, 2016; Lopez-Aumatell et al., 2009b; 2009a). An
intriguing finding of this study is that the WD rats exhibited a marked attenuation of the FPS
only in the trials that presented high intensity unconditioned stimuli (tone). This failure to
acquire conditioned responses could not be attributed to blunt responsiveness to the aversive
US or the rat’s responses to the acoustic stimuli during conditioning. This phenotype is
strikingly consistent with previous studies demonstrating that increases in startle amplitude
produced by one stimulus can prevent further increases produced by a subsequent stimulus
(Walker and Davis, 2002). Given that the acoustic and light-enhanced startle and fear
pathways converge in the caudal pontine reticular nucleus, a simple interpretation of our
results is that the brain fear networks are readily saturated in obese rats. This idea is further
supported by our findings showing impaired short-term habituation of the startle response
and heightened background anxiety in the rats that consumed the WD. It has been suggested
that learning deficits in animals that exhibit blunted ASR responses could be attributed to “a
reduction in the neural representation of the unconditional response, causing a less optimal
neural representation of the behavioral response to the predictive, conditional stimulus”
(Beck and Servatius, 2003). However, this interpretation may not fully account for the fear
learning impairments since both diet groups showed similar unconditioned responses to the
acoustic stimuli 24 h following conditioning. Equally is possible that the rats that consumed
the WD have a limited ability to retain fear memories, as supported by a recent study in
aging rats (Spencer et al., 2017).

Impaired fear extinction is another hallmark of PTSD. Although both diet groups showed
similar fear extinction learning acquisition, we found reduced extinction scores in the rats
that consumed the WD. This finding is in agreement with studies showing that rats exposed
to obesogenic diets exhibit delayed extinction of fear-related behaviors (Reichelt et al.,
2015). This finding is supported by a recent study showing fear extinction impairments in
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rats that consumed high-fat/high-sugar during adolescence (Baker and Reichelt, 2016). This
study shows that the rats that consumed the WD exhibit deficits in the habituation of the
ASR, even following extinction training. Evidence in humans and rats shows that poor
habituation of the ASR may have predictive value for maladaptive stress reactivity and
anxiety disorders (Conti and Printz, 2003; Jackson et al., 2017; Shalev and Rogel-Fuchs,
1993). Taken together, our findings support the ongoing notion that perturbations in fear
learning and extinction may influence risk for anxiety and stress-related disorders by
shaping maladaptive responses to stress.

5.2. Consumption of a WD during adolescence alters the structural integrity of the fear
neurocircuitry

The adolescent period occurs between 28-42 PND in rats, which correlates with 12-16
years of age in humans (Spear, 2000). The term “juvenile” has been diversely used to refer
to the age span from weaning until puberty or sexual maturity (PND 21-55 in male rats). It
is important to note that rats grow rapidly during their childhood/adolescence. In contrast,
humans develop at a slower pace and do not reach puberty until 12 years. Given these
differences in growth rates between humans and rats, it has been proposed that during
adolescence, a human year resembles approximately 3 days in the life of a laboratory rat
(Sengupta, 2013). Of particular interest is the uncinate fasciculus (UF) in humans, a primary
route of communication that serves to connect the PFC and the amygdala. Notably, the peak
fractional anisotropy of the UF does not reach maturity until the age range of 28-35 (Lebel
etal., 2012; Olson et al., 2015). Despite the lack of neuroimaging studies directly comparing
mPFC-amygdala functional connectivity between adolescent and adult animals, there is a
consistent observation of failed development in mPFC regulatory effects on amygdala after
early-life stress in rats (Russo and Parsons, 2017; Slattery and Neumann, 2010; Uvnés-
Moberg et al., 1999). In support of these findings, evidence shows that the mPFC is neither
active nor responsive to innate fear in infant rats and does not participate fully in the
corticolimbic circuitry until adolescence (Waters et al., 2014). Overall, these findings
suggest a complex, non-linear pattern of corticolimbic development from adolescence to
adulthood.

The PFC and amygdala undergo both progressive and regressive structural changes during
adolescence, providing a biological basis that may underlie their unique vulnerability to
environmental stressors. At the cellular level, these changes are linked to augmented axonal
branching and synaptogenesis in early adolescence (PND 28), followed by rapid pruning in
late adolescence (PND 60) (Cressman et al., 2010; Koss et al., 2014). Although most
synaptic pruning is likely glutamatergic, studies show that dopamine receptor expression
peaks at PND 28 followed by a 30% loss of receptors during PND 35 to PND 60 (Tarazi et
al., 1998). It is proposed that synaptic pruning contributes to the observed brain tissue
volume decreases in adults. For instance, the PFC volume declines in adolescence in humans
(Sowell et al., 2001; 1999) as well as in rats (van Eden et al., 1990). Similarly, the BLA
volume decreases between PND 35 and PND 90 in rats (Rubinow and Juraska, 2009).
Interestingly, there is a continual growth in the density of the fibers connecting the mPFC
and the amygdala into early adulthood (M. G. Cunningham et al., 2002; R. L. Cunningham
etal., 2007). It is postulated that the late maturation of PFC-amygdala connectivity may
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provide an anatomical basis for the development of normative emotional behavior during
periods of accelerated growth. In support of studies in humans, we reported that early life
stress produces enduring brain structural changes in rats, including increased structural
connectivity between the mPFC and the amygdala (Bolton et al., 2017).

Fear behavior relies on the intricate interaction between the nuclei of the amygdala and
mPFC. The amygdala mediates the acquisition and expression of conditioned fear and the
enhancement of emotional memory. On the other hand, the mPFC mediates the extinction of
conditioned fear and the volitional regulation of negative emotion. A large body of evidence
shows that the structural and functional properties of these brain regions are well conserved
across species (Amano et al., 2010; Janak and Tye, 2015; Milad and Quirk, 2002; Phelps et
al., 2004) dramatically altered in PTSD patients (Koenigs and Grafman, 2009). Our DTI
analyses show compelling evidence that the consumption of obesogenic diets during
adolescence alters the microstructural integrity of the mPFC. We found that the WD rats
showed increased fractional anisotropy (FA) in the mPFC, suggesting changes in
microstructural architecture and neuropathology. This is in agreement with functional
imaging studies showing an inverse association between mPFC activation and PTSD severity
(Clausen et al., 2017). Further, our finding validates studies in humans showing significant
correlations between FPS responses and structural integrity (Fani et al., 2015). An
interesting facet of this study is that the WD had differential effects in the amygdala and
mPFC, even though there is a clear linkage between these regions. This observation supports
the neurodevelopmental trajectories of fear, which exhibit temporally-dependent alterations
during adolescence (Baker and Richardson, 2015; Jovanovic et al., 2013). Similar to findings
in humans (Gee et al., 2013), tract tracing experiments in rats demonstrate that the
connections between the amygdala and the PFC are not fully developed until late
adolescence (M. G. Cunningham et al., 2002). Adolescent mice have been shown to exhibit
increased fear acquisition when compared to pre-adolescent and adult mice (Hefner and
Holmes, 2007), which has been associated with an underdeveloped mPFC (Glenn et al.,
2012; Jovanovic et al., 2013). Similarly, human adolescents show increased amygdalar
activity and fear learning when compared to younger children (Glenn et al., 2012; Hare et
al., 2008). The finding that the rats that consumed the WD showed reduced cued fear
acquisition, suggests that consumption of obesogenic diets during adolescence alters the
maturation of the fear neurocircuitry. We found reduced T2-relaxation values in the WD rats,
which suggest more densely packed and myelinated areas, a phenomenon that apparently
continues through adolescence (Kumar et al., 2011). Altered regional white matter
connectivity or reduced axonal density has been reported to influence T2 relaxation in
disease (Kolind et al., 2008). Iron deposition can also contribute to declining T2-relaxation
values with age. Iron, which is paramagnetic in nature, shortens T2-relaxation values
(Vymazal et al., 1996). Notably, mice consuming high-fat diets show increased iron content
in the hippocampus (L. Liu et al., 2016). It is unclear, however, if similar iron alterations
occur in the amygdala or prefrontal cortex in the context of obesity. Together, these
observations highlight the sensitivity of the adolescence period to the effect of dietary
factors. Notably, we observed persistent alterations in the mPFC T2-relaxation values even
when rats only consumed the WD for only 4 weeks during adolescence. Although recent
findings by Boitard et al., indicate that switching to a standard diet during adulthood appears
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to be sufficient to ameliorate diet-induced alterations in neurogenesis and hippocampal-
related behaviors (Boitard et al., 2016), our imaging findings suggest that the PFC may be
more vulnerable to the adverse effects of obesogenic diets.

The finding that fear-related brain regions are highly susceptible to diet-induced structural
alterations supports studies in humans showing reduced glucose metabolism in the PFC of
obese patients (Volkow et al., 2008). Similarly, rats that are exposed to high-fat diets exhibit
marked reductions in the dendritic spine density of the PFC (Dingess et al., 2017) and the
dendritic length in the basal arbors of the BLA (Janthakhin et al., 2017). Notably, we
observed similar lateralization effects of the diet, supporting previous findings in rats
(Kalyan-Masih et al., 2016) and humans (Jacka et al., 2015) showing that the left brain
hemisphere is more vulnerable to the effects of high-fat diet consumption and obesity.

5.3. Mechanistic insights

Several lines of evidence show that consumption of high-fat diets alters key mediators of
HPA axis in rats, including the levels of the glucocorticoid hormone cortisol (corticosterone
in rats) and the expression of its glucocorticoid receptor (GR) and associated signaling
molecules (Abildgaard et al., 2014; Auvinen et al., 2012; Boitard et al., 2015; Kalyan-Masih
et al., 2016; McNeilly et al., 2015; Sobesky et al., 2016). In agreement with these studies,
we found higher corticosterone (CORT) levels in the rats that consumed the WD. Although
several lines of evidence support the use of fecal corticosterone as a marker to evaluate
glucocorticoid metabolism in rat models of obesity and stress (Kalyan-Masih et al., 2016;
Paternain et al., 2011), it is important to note that this methodology may be underpinned by
the diet composition (Kalliokoski et al., 2012). HPA axis abnormalities are present during
the emergence of PTSD. For example, acute cortisol responses are blunted in people who
develop PTSD (Yehuda et al., 1998). It has been proposed that CORT modulates the signal-
to-noise ratio of relevant information within the brain (Joéls, 2006). Interestingly, CORT
shows an inverted U-shaped dose-response effect on memory and learning (Joéls, 2006).
Findings in humans and rats show that this hormone facilitates learning when it is present
around the time of the event that needs to be learned while impairing learning when is
present in high amounts either before or after the learning task (de Quervain et al., 1998;
2000; Kirschbaum et al., 1996; Kuhlmann et al., 2005). It is noteworthy that although CORT
typically enhance the consolidation of fear memories (O. T. Wolf et al., 2016), its role in
amygdalar-dependent “delay” cue fear conditioning is complicated by findings showing that
disruption of CORT synthesis (Burman et al., 2010) or receptor-mediated signaling (Chester
et al., 2014) before conditioning does not affect aversive memory formation in rats and mice,
respectively. Our studies suggest that elevated CORT in WD animals may prevent the
establishment of conditioned fear associations.

Consumption of high-fat diets alters key mediators of inflammation in humans and rodents
(T. Kaur and G. Kaur, 2017; Moreno-Navarrete et al., 2017; Wu et al., 2017). In support of
these findings, we found increased GFAP protein levels in the brains of the rats that
consumed the WD, suggesting increased astrogliosis. When examining obesogenic diet-
associated neuroinflammation, previous studies have either used Western blotting for GFAP
in homogenates of whole brain (Nerurkar et al., 2011), hippocampus (Pistell et al., 2010), or
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have examined Iba-1 and GFAP immunoreactivity by immunohistochemistry in the
hippocampus (Kalyan-Masih et al., 2016), cerebral cortex (de Andrade et al., 2017), or the
hypothalamus in humans (Thaler et al., 2012) and mice (Douglass et al., 2017). Intriguingly,
recent independent studies found no significant alterations in GFAP-positive cells and
immunoreactivity in the hippocampus of rats that consumed obesogenic diets (de Andrade et
al., 2017; Gzielo et al., 2017). Furthermore, emergent evidence suggests that the modulatory
effects of obesogenic diets on inflammatory markers occur in an age-dependent manner,
with younger rats being more resistant to neuroinflammation (Teixeira et al., 2017). Overall,
these studies have led to seemingly contradictory findings that may be explained by the diet
and animal strain type and/or by the developmental and region-specific effects of high-fat
diets on GFAP expression. Although few studies have directly addressed the involvement of
astrocytes in fear, mounting evidence suggests that these cells may mediate fear responses
(Choi et al., 2016; Martin-Fernandez et al., 2017). Converging studies suggests that both
GFAP expression and astrocyte process length are altered over time in the brain following
stress (Choi et al., 2016) and that interleukin 1 (IL-1) may be required for astrocytes to
modulate fear responses (Ben Menachem-Zidon et al., 2011; Jones et al., 2017). Although
we did not directly measured IL-1 levels in the amygdala, a new study shows marked
upregulation of this cytokine in mice that consumed high-fat diets (Almeida-Suhett et al.,
2017). Thus, the activation of astrocytic IL-1 signals might be relevant in fear circuitry
development and function in the context of obesity. In conclusion, the results described
above suggest that glucocorticoid-induced neuroinflammatory priming as a consequence of
high-fat diet consumption may mediate the potentiated astroglial response to stress and
subsequent fear memory impairments.

Omega-3 polyunsaturated fatty acids (n-3 PUFAS) are gaining recognition as potent
nutritional factors underpinning optimal brain development. Evidence suggests that the n-3
PUFAs accumulate in corticolimbic pathways, accounting for more than 15% of total fatty
acid composition in the adult human prefrontal cortex (PFC) (Carver et al., 2001,
McNamara et al., 2008b). A growing body of evidence shows a link between low n-3 PUFA
levels and psychopathology (J. J. Liu et al., 2013). For instance, nutritional deficits in dietary
n-3 PUFAs during adolescence reduces the levels of these fatty acids in the mPFC, alters
white matter integrity, and blunts emotional and cognitive function in adult rats (Manduca et
al., 2017; McNamara et al., 2017). Similarly, postmortem studies have found significant n-3
PUFA deficits in PFC gray matter of patients with affective disorders (McNamara et al.,
2007; 2008a). Further, these fatty acids modulate individual sensitivities to stress
(McNamara and Carlson, 2006). Given the enormous reduction in n-3 PUFASs intake in the
typical Western high-fat diet, the implications emerging from understanding the mechanism
by which this deficiency affects brain development and function are critical. Alternatively,
the differences in protein content between the diets may alter brain development and
function (Pérez-Garcia et al., 2016).

5.4. Limitations and Future Studies

The current study has several limitations should be considered. First, we do not know
whether WD effects on amygdala and mPFC maturation are similar across adolescent
development relative to control diet animals. This critical question gains additional
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significance with the recent findings that the mPFC to BLA circuits are developmentally
delayed relative to other mPFC connection (Arruda-Carvalho et al., 2017). Similarly, it is not
clear whether the obesogenic diet has the same impact on the mature brain. Nonetheless, an
altered amygdala—-mPFC structural integrity may represent an important biological
biomarker for obesity-induced psychopathology. Ongoing research in our lab addresses this
question. Second, it is not clear whether the effects of the WD on the FPS responses are
related to deficits in fear memory acquisition, consolidation, or retrieval and expression.
Future pharmacological or genetic manipulations may clarify the neural basis of these
learning and extinction deficits. Third, since high-fat diet consumption and foot shocks
modulate complex and multifactorial factors, there is a possibility that some of these factors
present competing influences on the DTI and T2 indices. Future studies should incorporate
animals that do not receive the foot shocks to dissociate the effects of diet and fear
conditioning. Given that corticolimbic tracts undergo extensive maturational changes during
adolescence, longitudinal studies including adult animals are required to clarify whether
consumption of an obesogenic diet synergizes with neurodevelopmental processes to alter
corticolimbic circuitry or whether the diet alone can alter this circuit after its maturation.
Additional studies are also needed to validate the specific impact of obesogenic diets on
mPFC and amygdalar neuroinflammatory markers. Although our experimental design did
not provide conclusive mechanistic data, it clarifies which neuroanatomical aspects of fear
and stress-related psychopathology may be associated with consumption of obesogenic diets
during adolescence. Thus, this study contributes to generate detailed hypotheses for ongoing
and future mechanistic investigations. Finally, replication in different rat strains, gender, and
conditioning paradigms is warranted.

5.5. Summary

Our integrated behavioral and multi-modal neuroimaging approach identifies shared
substrates underlying stress and fear reactivity in rats exposed to obesogenic diets during the
critical brain maturational period of adolescence. Understanding the neural networks that
predispose obese adolescents to developing anxiety and stress-related disorders may help
target metabolic measures to alleviate the burden of mental illness in this growing
population. We conclude that consumption of obesogenic high-fat diets likely significantly
impact the neurodevelopment of the anxiety and fear neurocircuitry.
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HIGHLIGHTS

. Diet-induced obesity (DIO) leads to impairments in fear learning and
extinction.

. DIO enhances anxiety-like behaviors in stressed rats.

. Imaging identifies unique neural and glial vulnerabilities to DIO.

. Neuroimaging scalars and fear-related behavioral outcomes are closely
correlated.

. Adolescent DIO results in lasting anatomical and functional consequences.

Brain Behav Immun. Author manuscript; available in PMC 2020 November 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Vega-Torres et al.

Page 31

Adolescence - Early Aduithood Adulthood

| I |
PND28 PND88 PND110

cou
CDE

co

Wbu
WDE

82 Days
Diet Consumption 22 Days

Handling, Habituation, Stress, Testing (Panel B)

Day -13 Day -5 Day -3 Day 0 Day 1 Day7 Day 8

Han;lllngIASR Ha;:ltuaﬂonIIASR B'aselineIPS Ex'posureEPM'IASRIEuth;nasla
o ~

-

L - = ~ \\
- ~
O \\
- e ' \\\
o < ~
Day1 _ 24mr Day 2 24he D835 o4nr Dy 8
Fear > Fear-Potentiated > Fear > Fear-Potentiated
Conditioning Startle (FPS) Extinction Startle (FPS)
Cc
Axial Obiique

T2 MRI and Regions of Interest (ROI)

mPFC
SEED

Figure 1. Experimental procedures and behavioral tests.
(A) Diet composition of the control chow diet (CD) and the Western-like high-fat diet (WD).

Overview of the diet consumption and timeline shows the experimental groups, experimental
procedures, and study duration. The brains were collected for ex vivoimaging (B) Timeline
of behavioral testing. (C) Brief summary of the DTI procedures: /. Representative seed
region in the mPFC (green), Bregma ~ 3.20 mm, and the target basolateral amygdala
(yellow), Bregma ~ —3.14 mm, region of interest (ROI) delineated on the corresponding
T2WI slice from a control animal. /7. An axial view of the right and left resultant streamlines
traversing the mPFC and the BLA ROlIs. /. An oblique view of the left hemisphere
streamlines as it projects through the fractional anisotropy (FA) slice. Note that these
streamlines also project through the hippocampus. Abbreviations. PND, postnatal day;
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CDU, control diet unexposed; CDE, control diet exposed; WDU, Western high-fat diet
unexposed; WDE, Western high-fat diet exposed; ASR, acoustic startle reflex; PS, predator
scent stress; FPS, fear potentiated startle; EPM, elevated plus maze; DTI, diffusion tensor
imaging; mPFC, medial prefrontal cortex; BLA, basolateral amygdala; ROI, region of
interest; L, left; R, right.
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Figure 2. Consumption of a WD during adolescence leads to blunted acoustic startle reflex (ASR)
responses.

(A) Average weight-corrected ASR magnitude for the three tone intensities used (90, 95, and
105 decibels). WD consumption significantly attenuated the magnitude of the ASR when
compared to the CD group (43z4) = 2.06, p=.04; n=18/group; *p < .05). (B) The rats that
consumed the WD also exhibited a significant reduction in the latency to maximum ASR
magnitude when compared to the CD group (#34) = 2.57, p=.02; n= 18/group; *p < .05).
(C) The startle reactivity to the foot shocks was measured during fear conditioning and was
not affected by the diet type (433) = 0.58, p=.57). CD, n= 17 rats; WD, 1= 18 rats. Error
bars are SEM.
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Figure 3. Consumption of an obesogenic WD during the critical maturational period of
adolescence impairs associative fear learning.

(A) Average weight-corrected ASR responses for the unconditioned (tone alone) and
conditioned (light + tone) trials at 24 h following fear conditioning. Both diet groups showed
significant differences between unconditioned and conditioned responses (7= 18/group;
**x% < .0001; *p < .05). (B) Fear learning was determined from fear-potentiated startle
(FPS) responses and was significantly attenuated in WD rats relative to controls (434 = 2.38,
p=.02; n=18/group; *p < .05). (C) Background anxiety (BA) is the increase in startle
amplitude in the tone alone trials following fear conditioning compared with baseline ASR
amplitude (Supplemental Fig. 4). The WD rats exhibited a robust increase in BA when
compared to controls (434) = 2.65, p=.01; n= 18/group; *p < .05). Error bars are SEM.
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Figure 4. Consumption of a WD reduces fear extinction.
(A) Average weight-corrected ASR responses for the tone alone and light + tone trials. Both

the CD and the WD groups exhibited a significant attenuation of the light + tone trial when
compared to the tone alone trials [~y 34) = 26, p= <.0001; /7= 18/group; **p < .01; ****p
<.0001]. (B) WD rats exhibited a significant reduction in fear extinction index when
compared to CD (434) = 3.39, p=.002; = 18/group; **p < .01). (C) WD rats exhibited
sustained background anxiety (BA) relative to controls (4z4) = 2.97, p=.01; n= 18/group;

**p<.01). Error bars are SEM.
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Figure 5. WD rats show permanent sensitization of ASR responses.
(A) The averaged ASR magnitude was similar between groups following the fear

conditioning and extinction protocol (433) = 1.78, p=.08; CD, n=17; WD, nn=18). (B)
WD rats exhibited a significant reduction in the latency to maximum ASR responses when
compared to the CD group (4z4) = 2.32, p=.03; n= 18/group). Error bars are SEM.

Brain Behav Immun. Author manuscript; available in PMC 2020 November 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Vega-Torres et al.

Page 37

A % 51 p <.001 Diet effect
.
[~ *
o 44
g
C— 3-
®
6
8 4
3 - CD
O 1 = WD
=
(]
o c L} ) L

) o ’
& & Q°\°
o N >
Q X, Q}‘
QO
B

GFAP st bt 50 kDa

>

s

GFAP Protein Levels
(Relative to GAPDH levels)
- N

o

*k

cb WD

Figure 6. Consumption of WD during adolescence increases corticosterone concentration.
(A) Fecal CORT levels were measured by ELISA at baseline, 24 h after the foot shocks, and

at the end of study. The WD rats showed increased CORT levels at baseline (post hoc*p
<.05; n=4-6 cages/group; two rats per cage). Error bars are SEM. (B) WD consumption
increased brain GFAP protein relative to controls ({15) = 3.9, **p=.001; CD, n=9; WD, n

=8).
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Figure 7. Consumption of an obesogenic during adolescence induces tissue level changes in
fractional anisotropy (FA).
Significant increases in FA (water mobility asymmetry) were found in the BLA and mPFC.

(A) The WD increased mPFC FA in comparison to the CD with a significant main effect of
diet [~1, 9) = 12.03, p=.007]. Post hoc multiple comparison analysis revealed increases in
both the left (p=.02) and the right (p=.01) mPFC. (B) WD rats show increased FA values
in the BLA when compared to CD. Interestingly, there was a lateralization effect when
comparing the left BLA nucleus to the right BLA nucleus [y, gy = 16.60, p=.003]. (C)
Representative colored-coded quantitative FA maps of the mPFC and BLA regions (white

arrowhead). Data is presented as min to max box and whiskers. *p < .05.
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Figure 8. The WD decreases amygdalar T2 relaxation rates.
Significant main effects supporting a decrease in T2 relaxation rates were preferentially

observed in the amygdalar nuclei in rats consuming a WD. (A) Although no significant
decreases in T2 were observed in the mPFC of WD rats, there was clear trend towards
significance (A1, 9) = 4.15, p=.07). (B) Analyses revealed a significant diet effect on the
BLA relaxation rate [~1, 9) = 10.94, p=.009] and post hoc showed significant T2 decreases
in left (p=.01) and right BLA (p=.008). (C) Representative pseudo-colored T2 maps of
slices encompassing the amygdalar nuclei (Bregma ~ —1.80 mm to —2.80 mm). Note the
increased ventricular volumes in WD rats (red), confirming our published observations (19).
Data is presented as min to max box and whiskers. *p < .05; **p < .01.
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Figure 9. Impact of the developmental timing of WD exposure on ASR responses and T2

relaxometry.

(A) Rats were exposed for 4 weeks to the WD and then transitioned to the CD at postnatal
days 66 before behavioral testing during early adulthood. (B) Mean ASR magnitudes
corrected by body weights; *p < 0.05, 7= 18 rats/group. Error bars are SEM. (C) Right
mPFC T2 values were reduced in the WD group [~y ) = 6.75, p=.04; n= 4 rats/group;
Data is presented as min to max box and whiskers]. (D) The dietary manipulation had no
effect on the amygdala T2 relaxation values [Fy, ¢) = 1.37, p=.29; n= 4 rats/group; Data is

presented as min to max box and whiskers].
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Table 2.
Tissue characteristics are closely associated with fear-related behaviors.
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Local tissue characteristics of LA, BLA, CeA, and mPFC are correlated with changes in fear-related behavior
with different patterns of correlation in CD and WD groups. FA and T2 measures for amygdala and mPFC
were significantly correlated with fear extinction in CD group (L LA FA: p=.029; R LA FA: p=.017; L BLA
FA: p=.015; L BLA T2: p=.021; R CeA T2: p=.022; L mPFC FA: p=.0095). Diffusivity scalars (MD and
RD) of the left CeA showed a robust significant correlation with fear learning in the control rats only (L CeA
MD: p=.017; L CeA RD: p=.0043). Note that these associations were nonexistent in the WD group. *p <

0.05.

Fear Extinction

Fear Learning

cD WD

Left Right Left Right Left Right Left Right

.48 0.06 0.28

0.12 0.20

0.06 0.00

0.03 0.01 0.00

LA 0.12 0.28 0.00 0.04 0.36

o BLA 012 0.12 0.16 0.11 0.20 0.04 0.05 0.00
= ceA 0.31 040 000 0.00
mPFC  0.24 0.22 0.02 0.00 0.32 0.17
LA 003 0.37 0.01 0.12 0.07 0.26

o BLA 008 0.24 0.38 0.19 0.00 0.07 0.13 0.00
< ceA 023 0.01 0.10 0.39 0.01 0.00 0.00
mPFC| 043 0.09 0.01 0.22 0.16
LA | 032 0.05 | 0.11 0.03 038

o BLA 036 0.02 0.05 0.07 0.01 0.01 0.00
% cea 0 0.95* 0.49 0.01 0.00
mPFC 0.1 0.00 000 o4 0.17
LA 0.08 0.01 0.32 0.21 0.07 0.01

~ BLA 0.11 0.02 m& 0.12 0.00
" cea 0.09 0.08 0.29 0.06 0.02
mPFC  0.03 0.03 0.18 0.15 0.01 0.00 0.16 0.16

R
1.00
0.90
0.80
0.70

Note: R? values above a threshold (R2>0.6) are shown;
*
p<0.05,

#p< 0.1
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Table 3.

Fear circuitry microstructural characteristics correlate with FPS responses.
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The radial diffusivity (RD) for left mPFC tracts was significantly correlated with both fear extinction and fear
learning in CD rats (Extinction: p*=.0280; Learning: *p = .025). Notably, no significant correlations were
shown between right mPFC tracts or tracts connecting the mPFC to the BLA and fear-potentiated startle (FPS)

responses.
Fear Extinction Fear Learning
CD WD CD WD
£ LmPFCtracts = 042 0.33 0.26 0.37
£ RmPFCtracts  0.02 0.13 0.06 0.02
2 mPFCtoBLA  0.19 0.10 0.35 0.02
£ LmPFCtracts  0.11 0.02 0.14 0.30
2 RmPFC tracts G  0.01 0.26 0.05
3 MPFCtoBLA 023 0.38 0.19 0.10
L mPFC tracts  0.25 0.10 0.36 0.01 0.40
R mPFC tracts 0.07 0.13 0.30
mPFCto BLA  0.00 0.16 0.02 0.38 0.20
LmPFC tracts 033 014 032 0.10
RmPFC tracts  0.01 0.02 0.01 0.04 0.00
mPFCto BLA = 0.38 0.26 0.37
LmPFC tracts | 043 0.20 0.41
RmPFC tracts ~ 0.02 0.00 0.14
mPFC to BLA 0.01 0.19

Tract RD | Tract AD | Tract MD | Tract FA | Volume

L mPFC tracts
R mPFC tracts 0.01 0.01 0.05
mPFC to BLA 0.11 0.10 0.22 0.40
L mPFC tracts W
R mPFC tracts 0.03 0.00 0.08 0.09
mPFC to BLA 0.25 0.01 0.04

Note: R? values above a threshold (R2>0.6) are shown;

*
p<0.05,

#p< 0.1
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