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Voluntary exercise blocks Western diet-induced gene expression
of the chemokines CXCL10 and CCL2 in the prefrontal cortex
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Abstract

Obesity increases inflammation, both peripherally and centrally, and exercise can ameliorate some
of the negative health outcomes associated with obesity. Within the brain, the effect of obesity on
inflammation has been well characterized in the hypothalamus and hippocampus, but has been
relatively understudied in other brain regions. The current study was designed to address two
primary questions; (1) whether western diet (high fat/high sucrose) consumption would increase
markers of inflammation in the prefrontal cortex and (2) whether concurrent voluntary wheel
running would ameliorate any inflammation. Adult male mice were exposed to a western diet or a
control diet for 8 weeks. Concurrently, half the animals were given running wheels in their home
cages, while half did not have access to wheels. At the conclusion of the study, prefrontal cortex
was removed and expression of 18 proinflammatory genes was assayed. Expression of a number
of proinflammatory molecules was upregulated by consumption of the western diet. For two
chemokines, chemokine (C-C motif) ligand 2 (CCL2) and C-X-C motif chemokine 10 (CXCL10),
voluntary exercise blocked the increase in the expression of these genes. Cluster analysis
confirmed that the majority of the tested genes were upregulated by western diet, and identified
another small cluster of genes that were downregulated by either diet or exercise. These data
identify a proinflammatory phenotype within the prefrontal cortex of mice fed a western diet, and
indicate that chemokine induction can be blocked by voluntary exercise.
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1. Introduction

Chronic consumption of a high fat/high sugar diet (the so-called Western Diet, WD)
contributes to weight gain, and subsequent negative health outcomes, including increased
adiposity, hyperlipidemia, and hyperglycemia. Additionally, obesity is associated with an
increase in inflammation, both in the periphery (Xu et al., 2003) as well as in brain (De
Souza et al., 2005). This peripheral inflammation is thought to play a causative role in at
least some of the obesity-related health problems, such as insulin resistance (Xu et al.,
2003), while central inflammation is believed to play a contributing role in obesity and
related complications (Dorfman and Thaler, 2015; Zhang et al., 2008), through direct
negative effects on neurons within circuits that regulate energy balance (Thaler et al., 2012).

Exercise is one of the most effective strategies to combat the adverse effects of weight gain.
By increasing energy expenditure while maintaining or decreasing energy intake, weight
loss is initiated, with a subsequent improvement in blood glucose and lipid levels, and a
reduction in adipose tissue. Peripherally, weight loss can decrease inflammation. In a study
following weight loss patients for 33 weeks, a decrease in circulating levels of adipokines
and inflammatory markers was observed after weight loss (de Mello et al., 2008). In a rodent
study in which a 3-week exercise intervention followed a 12-week HFD exposure (and
weight gain), exercise was found to reduce inflammation in skeletal muscle and liver, but
interestingly, not adipose tissue (Jung et al., 2013). Inflammation in the brain may be
similarly difficult to reverse. Following a 10 week exposure to HFD, hypothalamic
inflammation was detectable, yet even after an 8 week return to chow feeding, adiposity
levels normalized, but hypothalamic inflammation persisted (Wang et al., 2012).

With regard to HFD-induced inflammation in the brain, important regional differences exist.
Inflammation associated with obesity and HFD has been consistently demonstrated in the
hypothalamus (Thaler et al., 2012; Wu et al., 2014; Naznin et al., 2015), as well as in the
hippocampus (Kang et al., 2016; Jeon et al., 2012). Fewer reports have examined the
prefrontal cortex (PFC), and those that have generally failed to identify inflammation. In a
two-week study with rats, in which animals were fed a cafeteria diet with or without the
addition of sugar, there was no inflammation noted in cortex or hypothalamus (Beilharz et
al., 2016). With a longer, 16 week HFD exposure in rats, increased expression of
interleukin-1 (IL-1), interleukin-6 (1L-6) and tumor necrosis factor alpha (TNF-a) was
detected in the hippocampus, but not in the cortex (Dutheil et al., 2015), while another study
using 16 week exposure to HFD, found that levels of IL-1, IL-6, and TNF-a were not
elevated in hypothalamus, hippocampus, nor cortex (Boitard et al., 2014). However, in a
study which involved HFD feeding for 5 months in rats, an increase in prostaglandin E2
(PGE2) and cyclooxygenase-2 (COX-2) was detected in the cortex (Zhang et al., 2005).
Similarly, 4 months of high fat feeding in mice led to an increase in IL-1 and TNF-a mRNA
in cortex (Jayaraman et al., 2014), though, the precise region of cortex was not identified. It
is difficult to draw definitive conclusions from the current literature, as a range of protocols
(differing diets, length of exposure, species) makes direct comparison between studies
impossible. Further, the majority of the experiments examined only a few proinflammatory
cytokines.
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Recent work has examined the synergistic effects of exercise and HFD. In a recent report, 20
weeks of high fat diet induced an increase in the numbers of microglia and astrocytes, and
TLR4-related proteins in hippocampus, and treadmill exercise normalized these
proinflammatory changes (Kang et al., 2016). Similar responses, where exercise reversed or
normalized the HFD-driven inflammatory responses have also been seen in liver (Jeong et
al., 2015), lung (Warren et al., 2015) and spinal cord (Yoon et al., 2016). For the PFC, the
literature is limited and mixed. Microglia and astrocyte numbers in the cortex were
normalized by treadmill exercise in the aforementioned study (Kang et al., 2016), however
no other pro-inflammatory molecules were measured in cortex. In a recent report, treadmill
running for 26 weeks was found to attenuate microglia activation in the arcuate nucleus, but
had no effect on microglia in the PFC or hippocampus (Yi et al., 2012). Therefore, the
primary goal of the present study was to examine how concurrent exposure to a western diet
(high fat/high sugar) and voluntary wheel running would affect proinflammatory gene
expression in the PFC using a broader panel of immune-related genes. Further, behavioral
assays of anxiety and reward were completed, as there is some evidence that HFD exposure
can be anxiogenic (Dutheil et al., 2015), and exercise can be anxiolytic (Dubreucq et al.,
2015).

2. Methods

2.1. Materials and methods

2.1.1. Animals—C57BL/6 male mice (Charles River Laboratories International, Inc.,
Wilmington, MA) at 9 weeks of age were singly housed in standard polyethylene cages in an
environmentally controlled room (22-24 °C) with a 12 h light/dark cycle. Mice were
randomized to ad /ib access to either standard control diet (#5001, 13% fat (35% from
saturated fat), 29.8% protein, and 56.7% carbohydrate (3.8% from sucrose)) or a western-
style diet (# D12079B, 17% protein, 41% fat (62% of dietary fat is saturated fat), 43%
carbohydrate (29% is from sucrose), Research Diets, New Brunswick, NJ). Randomly
chosen mice (n = 10/group) from each dietary group received ad /ibitum access to a
voluntary running wheel (MiniMitter, Bend Oregon) in their home cages, generating 4
experimental groups; (1) control (CTRL) diet + sedentary (SED), (2) WD diet + SED, (3)
CTRL diet + exercise (EX), and (4) WD + EX. Body weight was measured at the beginning
(TO), weekly, and conclusion of the study (at sacrifice). Sucrose preference was measured at
the beginning of the study and after 6 weeks on the diet/exercise protocol, and the other
behavioral assays were completed at week 7. At the end of week 8, animals were euthanized
by carbon dioxide overdose, followed by cervical dislocation; a method recommended by
the Panel on Euthanasia of the American Veterinary Medical Association. Animal housing
and behavioral experiments took place at University of California at Los Angeles. Flash
frozen brain samples were shipped to University of Pennsylvania for further
experimentation. Experiments were performed in accordance with the United States
National Institutes of Health Guide for the Care and Use of Laboratory Animals. The UCLA
Chancellor’s Animal Research Committee approved all procedures used in this study.

2.1.2. Elevated plus maze—The elevated plus maze (EPM) test to assess anxiety-like
behavior was carried out according to a previously established protocol (Walf and Frye,
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2007). The EPM apparatus was made of laminated wood and consisted of 2 opposing open
arms (10 x 50 cm) and 2 opposing closed arms (10 x 50 cm with 30 cm high walls). The
maze was placed 60 cm above the floor. White curtains surrounded the maze and behavior
was recorded by an overhead video camera. Each mouse was placed in the middle of the
maze facing the open arm that faced away from the experimenter. The video camera
recorded the time each mouse spent in each of the arms over a period of 5 min. A closed arm
entry was counted when the mouse placed all four paws in a closed arm. An open arm entry
was recorded when the mouse placed all four paws in an open arm or when the mouse’s
hind-limbs were placed in the central area of the maze and both fore-limbs in an open arm
with its head protruding into the open arm.

2.1.3. Open field test—The open field (OF) test to evaluate anxiety-like behavior was
completed in a 1.2 m diameter circular tank with 60 cm walls. An inner circle, 80 cm in
diameter, was marked on the tank floor to serve as a central arena. Testing began when each
mouse was placed in the middle of the central arena and allowed to explore the field for 10
min. Mouse behavior was recorded by an overhead camera. Measurement included time
spent and number of entries in central arena.

2.1.4. Sucrose preference—Consumption of sucrose engages the central reward
circuitry, and sucrose preference is an indication of an animal’s response to a naturally
rewarding stimulus. Mice were individually housed (n = 10/group) in standard cages for 3
days with one 200 ml bottle of 4% sucrose solution (w/v), another 200 ml bottle of tap water
and house chow available ad /ibitum. Sucrose (ml), water (ml), and food consumption (g),
were measured and the placement of the bottles was reversed daily. Preference was
calculated using the averages from the last 2 days only as follows: preference % = [(sucrose
consumption/sucrose + water consumption) x 100]. Sucrose preference test was performed
at baseline and after 6 week diet and/or running wheel access.

2.1.5. Gene expression in prefrontal cortex—Animals were sacrificed and brains
were placed in RNAlater and stored at —20C. The medial prefrontal cortex (PFC, consisting
of anterior cingulate, prelimbic, and infralimbic) was dissected from a 2 mm coronal slice
from bregma +2.3 to +0.3 and DNA and RNA was extracted using Qiagen AllPrep
DNA/RNA Mini kit. 100 pg/ul cDNA was synthesized using Applied Biosystems High
Capacity Reverse Transcriptase kit. Gene expression was assayed using Tagman primers on
custom OpenArray real-time PCR plates assaying housekeeping genes (GAPDH, ACTB)
and 18 genes of interest (see Table 1). The genes in the present panel include well studied
pro-inflammatory genes (cytokines and chemokines) and molecules related to down-stream
signaling (CREB, NOS, COX-2, NFkB) that are known to be expressed in the brain.
Expression of housekeeping genes did not differ between groups. Expression of targets was
normalized to the geometric mean of housekeeping genes and expressed as 2-ACt
(Schmittgen and Livak, 2008). The design of the OpenArray PCR plate allowed for analysis
of n = 5 samples/group, so five samples were randomly chosen for gene expression analysis.
2 animals in the WD groups had very high Ct values for multiple housekeeping genes,
suggesting these samples were of lower concentration or quality than expected, and were
therefore eliminated. The resulting n’s for the gene expression experiment were as follows: n
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= 5 animals/group for control fed animals (Sed or Ex), and n = 4 for WD fed animals (Sed or
EX). An additional single assay failed in the analysis of IL-6 and NOS, resulting in a
reduced n for these genes.

For the cluster analysis, normalized gene expression was converted to z-scores, which
removes differences in endogenous expression levels between genes to highlight differences
in expression levels between animals. We performed unsupervised hierarchical clustering of
complete linkage (uncentered correlation) of genes and of treatment conditions based on
gene expression levels using Cluster 3.0 and JavaTreeview (Eisen et al., 1998 as described in
Grissom et al. (2015)). Complete linkage creates clusters of approximately equal size by
associating elements (either genes or animals) that are most completely similar to each other
across the expression of all genes, but does not require assumptions as to the number of
clusters. The clustering produced by this algorithm was analyzed to interpret the number of
clusters and their common elements. The relative expression level of genes was transformed
into a yellow-blue heat map, where yellow indicated higher than average gene expression
(positive z-scores), and blue indicated lower than average gene expression (negative z-
scores).

2.2. Statistics

Data were analyzed with two-way ANOVA, followed by Newman-Keuls posthoc
comparisons (two planned comparisons were conducted: SED-CONT vs SED-WD; to test
the effect of WD in sedentary animals and SED-WD vs EX-WD; to test the effect of
exercise in WD-fed animals). Repeated measures ANOVA was used for the analysis of the
running wheel data.

3. Results

Body weight (Fig. 1A, B) was measured at the beginning of the experiment (TO) and weekly
thereafter. There were no differences across the groups at the start of the experiment (TO,
Fig. 1A). A significant diet x exercise x time (F(8,29) = 3.19, p < 0.01) interaction was
noted, such that the rate of weight gain over time differed between the experimental groups
(Fig. 1A). Animals on the control diet, regardless of exercise status, did not differ at any
point. WD-SED animals weighed significantly more than all other groups from weeks 1-8,
while the WED-EX group weighed more than the CONT-EX from week 5 onward. At the
conclusion of the study, body weight differed significantly between the groups (significant
interaction between diet and exercise (Fig. 1B, F(1,36) = 6.37, p < 0.02). Posthoc analyses
revealed that animals on the WD weighed significantly more than control fed animals,
however, animals on WD that were given running wheel access had a significantly
attenuated body weight, as compared to WD-fed animals with no running wheel. Analysis of
the distance run by the animals with wheels revealed a significant interaction between time
and diet (Fig. 1B; F(7,126) = 4.75, p < 0.0001). Posthoc comparisons revealed that animals
on the WD ran significantly more than control-fed mice during weeks 2—4, but beyond that,
and importantly at the time of sacrifice, the distance run did not differ between the groups.

Behavioral tasks were administered at week 6 (sucrose preference) and week 7 (elevated
plus and open field). Sucrose preference was measured at TO, and there were no differences
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across the groups (data not shown). Analysis of the sucrose preference response revealed a
significant interaction between diet and exercise (Fig. 1C; F(1,36) = 9.86, p = 0.0034), such
that animals eating the WD and those given access to the running wheels, all had
significantly reduced preference for sucrose. There were no significant differences observed
in EPM or OF (data not shown).

At the end of week 8, animals were sacrificed and brains were collected for RNA analysis.
Eighteen immune related genes were examined within the prefrontal cortex. Table 2 lists the
genes and the results of the two-way ANOVA. Two notable patterns regarding the interaction
of diet and exercise were observed. In the first pattern, WD increased expression of the gene,
and exercise blocked this overexpression (Fig. 2A). This pattern was seen in CCL2 (F(1,14 =
31.75, p < 0.0001) and CXCL10 (F(1,14 = 14.73, p = 0.0018). Additionally, the
proinflammatory cytokine, 1L-6, demonstrated a similar pattern, however, the exercise effect
was a non-significant trend (difference between WD-SED and WD-EX, p = 0.06). The
second notable interaction showed that both diet and exercise increased the expression of the
gene, and the effect was not additive (Fig. 2B). This pattern was seen in IL-1f (main effect
for diet (F(1,14) = 11.86, p = 0.004, non-significant trend for exercise (F(1,14) =4.35,p =
0.06), and significant interactions for IL-18 (F(1,14) = 5.88, p = 0.03) and CREB (F(1,14) =
5.70, p = 0.03).

Interestingly, a comparison of the main effects of either diet or exercise revealed that in
prefrontal cortex, diet affected significantly more inflammation-related genes when
compared to exercise (13 versus 3, see summary in Fig. 3). More often, WD increased the
expression of the inflammation-related genes (CCR2, TLR4, SOCS3, GFAP, Fig. 4), while
WD decreased the expression of only 2 genes (GR and p65 subunit of NFKB, Fig. 5A).
Exercise affected only one gene, 1xBa, decreasing the expression (main effect, F(1,14) =
9.12, p = 0.009, Fig. 5B).

Complete linkage cluster analysis of genes and treatment conditions as a function of the
expression of all genes in the PFC was completed and revealed two main clusters in genes
(Fig. 6; unshaded and shaded) and three main clusters in treatment conditions (unshaded,
light gray, dark gray). The largest cluster was defined by upregulation of 13 of the 18 genes
(unshaded) assessed in a cluster comprising approximately half of the animals assessed
(unshaded) including all but one of the animals on a high-fat diet (WD SED 6). These data
support a general upregulation of pro-inflammatory gene expression in the prefrontal cortex
of animals on a Western diet, regardless of exercise status. The second gene cluster was
defined by upregulation of the remaining 5 of the 18 genes (shaded light gray) assessed in 4
animals on the control diet (shaded dark gray), 3 of which were sedentary. This cluster
contains the glucocorticoid receptor, two components of NFKB signaling (p65 subunit and
IKBa), and two enzymes which produce proinflammatory mediators, COX-2, which
produces pros-taglandins, and NOS2, which synthesizes nitric oxide. These genes are
functionally related, as GR can bind to NFkB, and NFKB activation induces both COX-2 and
NOS2, and these data confirm this functional association in the PFC. Further, these data
suggest that animals on the regular diet may have experienced a downregulation of these
genes when exercising. Lastly, the only cluster that has a generally reduced pattern of
expression across all genes (treatment conditions shaded in light gray) contains % of the
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CON-EX animals, suggesting that for at least some animals on a regular diet, exercise can
lead to a downregulation of proinflammatory genes in the PFC.

4. Discussion

In the present manuscript, we investigated the interaction of a calorie-dense, highly
palatable, western diet with voluntary exercise on body weight, behavior and inflammation-
related gene expression in the prefrontal cortex. Importantly, we identified a number of
inflammatory genes that were increased in the pre-frontal cortex as a function of WD
consumption, and identified two key chemokines whose overexpression was blocked by
voluntary wheel running. Both WD consumption and voluntary exercise reduced sucrose
preference, and genes in the IL-1p family showed an expression pattern that mirrored the
pattern seen for sucrose preference. Using a broader panel of immune-related genes, the
present work identifies a number of genes that are altered in the prefrontal cortex in response
to WD consumption.

For two proinflammatory chemokines, CCL2 and CXCL10, WD increased the expression of
these genes, and exercise blocked this increase. It is notable that these two cytokines
responded similarly, as CCL2 and CXCL10 are both chemokines which recruit primarily
lymphocytes and monocytes, with little activity for neutrophils. Previously, we have shown
that in response to an acute immune challenge, the induced expression of CCL2 and
CXCL10 is localized primarily to barrier-related cells of the brain (Reyes et al., 2003),
ideally positioning these molecules at the interface of the peripheral circulating immune
cells and the brain. A recent study using GFP+ bone marrow reconstitution of irradiated
mice reported that 15 weeks HFD-feeding in mice increased the infiltration of monocytes
from the periphery into the brain (Buckman et al., 2014), including the cortex. While
chemokine levels were not assessed in the brain in this study, they did report an increase in
the expression of CCL2 in adipose tissue. Interestingly, in a study which involved 12-week
high fat diet exposure coupled with treadmill running (30-60 min day, 5 days/week), it was
reported that exercise decreased the infiltration of macrophages into the liver that was
typically seen in response to HFD consumption (Jeong et al., 2015), supporting the
conclusion that exercise can moderate macrophage traffic into tissue. Altered expression of
the chemokines CCL2 and CXCL10 are potential molecular links for this macrophage
trafficking. While beyond the scope of the current experiments, future studies to examine
protein levels and neuroanatomical and cellular localization will be important.

Sucrose preference was evaluated as a reward-related behavior, and both the WD and the
presence of a running wheel decreased sucrose preference. Preference for sucrose has been
shown to be reduced by a high fat diet (Mucetic et al., 2011) and by exercise (Moody et al.,
2015). One interpretation of these findings is that sucrose preference is reduced due to the
availability of other rewarding substances (e.g. WD or exercise). Consistent with this
suggestion, voluntary running wheel access engages the central reward circuitry (Herrera et
al., 2016), as does acute consumption of a calorie dense diet (Valdivia et al., 2014).
Interestingly, the effects of WD and exercise were not additive, although this may have also
been due to a floor effect.
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A comparison of the gene expression response of the inflammatory genes in the PFC in the
context of the sucrose preference data was informative. Three genes showed a pattern of
responses that were similar to the pattern seen with sucrose preference. IL-1p, IL-18 and
CREB were all induced by both WD and exercise, while sucrose preference was decreased.
The grouping of these three molecules makes functional sense, as IL-1 and IL-18 are both
members of the IL-1 family of cytokines. Further, IL-1 and 1L-18 have been shown to be
coordinately regulated in the brain (del Rey et al., 2013), and CREB is an important down-
stream signaling molecule for both IL-1 and IL-18. These data suggest the possibility that
increased I1L-1 and/or IL-18 in PFC, acting through CREB may participate in modulating
sucrose preference in response to palatable diet and exercise. This hypothesis is consistent
with other reports in the literature. For example, an acute injection of LPS decreased sucrose
preference, and concurrently, increased IL-1p expression in the PFC and altered pCREB (Ge
et al., 2015). Further, CREB overexpression in the nucleus accumbens shell was shown to
reduce sucrose preference (Barrot et al., 2002). Investigating a causative link between
elevation of IL-1, IL-18 and CREB in PFC and decreased sucrose preference warrants
further investigation.

Examination of the genes upregulated by WD consumption, reveals consistency across
inflammatory molecules. For example, both CCL2 and CCR2 (the cognate receptor) were
upregulated by WD. Similarly, both SOCS3 and IL-6 were upregulated, and SOCS3 is
induced by IL-6. The two genes that were down-regulated by WD consumption, GR and
NFkB, have been shown to share extensive cross-talk (Rao et al., 2011), with regard to their
interaction with downstream targets. GFAP was also upregulated, indicating astrogliosis
(Brahmachari et al., 2006). Astrogliosis has previously been observed in obese mice (both
diet-induced and genetically-linked), an effect which was localized to the cerebral blood
vessels (Buckman et al., 2013). Further this identifies astrocytes as a potential source for the
increased expression of proinflammatory molecules, along with microglia, another likely
source (although microglia were not evaluated in the current study).

Voluntary wheel running affected only one inflammation-related gene, IKBa. (not
considering CCL2 and CREB, as these genes demonstrated interactions). Few other studies
in the literature have examined NFkB and exercise, however, in a similar experimental
paradigm, neither cafeteria diet nor exercise were found to affect NFKB mRNA in
hippocampus or PFC of mice (Auer et al., 2015), although the diet used in that study was
significantly different from the Western diet used in the present study, which may partially
explain the discrepant results. In humans, it has been shown that prolonged physical training
also decreased mRNA expression of multiple NFKB-related genes in blood (Sousa e Silva et
al., 2010). When considered on a single gene level, voluntary exercise (as opposed to forced)
appeared to exert little effect on the proinflammatory profile in the prefrontal cortex.
However, the cluster analysis suggested that when considered within a functional grouping,
exercise appeared to generally reduce the expression of a subset of these genes, including
both p65 subunit of NFkB and IKBa. Further, it is increasingly clear that exercise has the
potential to mitigate inflammatory responses in the hippocampus (Kang et al., 2016), and as
shown in the present data within the prefrontal cortex, particularly for the chemokines
CXCL10 and CCL2. This beneficial effect of exercise on inflammation in the brain is also
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seen with other conditions, including chronic stress (Liu et al., 2013) and aging (Gomes da
Silva et al., 2013).

Some methodological notes are required. The exercise paradigm employed in the current
study was voluntary wheel running, as opposed to treadmill exercise, as the forced treadmill
exercise approach can be considered a chronic stressor (Cook et al., 2013), and chronic
stress can alter the inflammatory profile within the PFC (Couch et al., 2013). Further, the
animals were single-housed for the duration of the experiment, which may also be
considered a stressor. However, single housing as opposed to pair housing has been shown,
particularly for male mice, to be associated with resiliency to stress (increased stress-coping
behaviors) (Pan-Vazquez et al., 2015), as opposed to stress-inducing. The fact that exercise
alone did little to affect gene expression in the PFC supports the conclusion that this exercise
paradigm was not experienced as a chronic stressor for the animals, although verification of
the absence of stress through additional measures such as HPA reactivity and/or thymus
weight would be important in future studies. The duration of the experiment (8 weeks) was
also relatively short, in comparison to the majority of work reported, which is important as it
indicates that inflammatory responses in the PFC occur in this relatively brief time frame.
The exercise was also provided concurrently with the western diet, and in future studies it
would be interesting to investigate whether exercise before or after consumption of a calorie-
dense diet would still be effective in moderating the CNS inflammatory response, as well as
to study the time-course of the development of these responses. It is also important to note
that body weight was reduced for those animals consuming the western diet who also had
access to the running wheel, but at the conclusion of the study, they were still significantly
heavier than the control/sedentary animals. This indicates that the reversal effects seen in the
chemokine expression patterns were not likely due solely to changes in body weight. It is
also important to note that early on (weeks 2—4) the animals on the WD ran significantly
more than did the animals on the control diet, however, at the time of behavioral testing and
sacrifice, the amount of running had normalized between the groups. Lastly, the current
study involved male mice only, so no conclusions can be drawn regarding how females may
respond in a similar experimental context. Given the notable sex differences in stress (Bale
and Epperson, 2015) and immune (Lenz and McCarthy, 2015) physiology, future
experiments should include direct sex comparisons.

Overall, the present data reveal that the PFC is susceptible to the effects of WD, with regard
to the induction of proinflammatory molecules, a response that has not been detailed
previously. Largely, exercise did not prevent the induction of most of the proinflammatory
molecules. The notable exception was that voluntary wheel running was able to block the
induction of two proinflammatory chemokines, CCL2 and CXCL10, indicating that exercise
may help protect against the infiltration of monocytes that is associated with obesity. These
data suggest that while concurrent voluntary exercise may be ineffective at stopping an
initial proinflammatory response in the PFC, later exacerbation of that response, through the
recruitment of additional proinflammatory cell types, may be mitigated through the
reduction of chemokine expression.
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Fig. 1.

Body weight, running distance, and sucrose preference. (A) Body weight at TO (start of the
experiment) and weekly thereafter. #p < 0.01, WD-SED compared to each of the other three
groups; *p < 0.05, WD-EX compared to CONT-EX. Circles: control-fed animals, squares:
WD-fed animals, open symbol: SED, filled symbol: EX. (B) Body weight at the end of the
experiment (8 weeks). Animals fed the western diet (WD; black bars) weighed significantly

more than control fed animals (white bars). Access to a running wheel

significantly

attenuated the body weight gain. **p < 0.01, ****p < 0.0001; different from control-
sedentary, #p < 0.01;different from WD-sedentary. (C) Animals fed the WD ran significantly
more than control fed animals only during weeks 2—4. *p < 0.05. (D) All animals in
experimental conditions had a significantly decreased sucrose preference as compared to

Control-sedentary animals. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 2.

PFC genes showing a significant interaction between diet and exercise. (A) IL-1p, IL-18 and
CREB all showed a similar pattern of expression such that WD and exercise increased
expression to a similar, non-additive, extent. (B) CXCL10, CCL2, and IL-6 all showed a
similar pattern of expression such that WD increased expression, while access to a running
wheel decreased/normalized the expression. *p < 0.05, different from control-SED animals,
#p < 0.005, different from WD-SED.
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Fig. 3.

Aichematic summarizing the expression patterns of genes in the prefrontal cortex in
response to WD consumption and/or exercise. Genes within the bold black line represent all
genes affected by diet and genes within the dashed line represent those affected by exercise,
with the direction of the simple main effects shown via arrows. Genes within the double line
are those for which there was a significant interaction, and unaffected genes are listed on the
right.
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PFC genes upregulated by WD consumption. WD consumption (black bars) significantly
increased the expression of CCR2, TLR4, SOCS3, and GFAP as compared to control fed
animals (white bars). *p < 0.05, **p < 0.01, ***p < 0.001, main effect for diet.
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PFC genes downregulated by WD. (A) GR and NFkB were significantly downregulated in
animals that consumed the WD (black bars), as compared to control fed animals (white
bars). *p < 0.05, **p < 0.01, main effect for diet. (B) 1kBa was significantly downregulated
in animals with access to the running wheels (exercise) as compared to sedentary animals.
**p < 0.01, main effect for exercise.
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Complete linkage cluster analysis of genes (left) and treatment conditions (top) as a function
of the expression of all genes in the prefrontal cortex The relative expression level of genes
was transformed into a yellow-blue heat map, where yellow indicated higher than average
gene expression (positive z-scores), and blue indicated lower than average gene expression
(negative z-scores). Two primary clusters are identified, in the top, left corner and in the
bottom, right corner. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Table 1

Assay IDs for OpenArray gene expression experiment.

Gene

Assay ID

ACTB
CCR2
COX2
CREB
CXCL10
GAPDH
GFAP

GR
IkBalpha
1L-18
IL-18
IL-1R
IL-6
CCL2
NFKB (p65)
NOS
PGES
SOCS3
TLR4
TNF-alpha

MmO00607939_s1
Mm00438270_m1
Mm00478374_m1
MmO00501607_m1
Mm00445235_m1
Mm99999915_g1

Mm01253033_m1
Mm00433832_m1
Mm00477798_m1
Mm00434225_m1
Mm01336189_m1
Mm00434237_m1
Mm00446190_m1
Mm00441242_m1
Mm00501346_m1
Mm00440502_m1
Mm00452105_m1
Mm00545913_s1

Mm00445273_m1
Mm00443258_m1
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Results from 2-way ANOVA analysis of gene expression data.

Table 2

Gene Interaction Main effect-diet  Main effect-exercise

CCL2 F(1,14) =31.75 F(1,14) = 33.16 F(1,14) =8.93
p <0.0001 p < 0.0001 p =0.001

CCR2 F(1,14)=0.22 F(1,14)=7.17 F(1,14) = 0.008
N/S p=0.018 N/S

CREB F(1,14) =5.699 F(1,14) = 48.88 F(1,14) =5.746
p=0.03 p < 0.0001 p=0.03

CXCL10 F(1,14) = 14.73 F(1,14)=24.46  F(1,14)=1.833
p=0.0018 p = 0.0002 N/S

GFAP F(1,14) = 0.4043 F(1,14) = 16.69 F(1,14) = 0.5465
N/S p =0.0011 N/S

1L-18 F(1,14) =5.878 F(1,14) =24.23 F(1,14) = 0.2159
p=0.03 p = 0.0002 N/S

IL-IB F(1,14) = 1.447 F(1,14)=11.86  F(1,14) = 4.345
N/S p = 0.004 p=0.06

IL-1R F(1,14) = 0.3130 F(1,14) =3.233 F(1,14) = 0.3318
N/S N/S N/S

1L-6 F(1,13) =7.002 F(1,13)=11.74 F(1,13) =0.2720
p=0.02 p = 0.005 N/S

IKBa F(1,14)=0.3398  F(1,14)=0.001  F(1,14)=9.119
N/S N/S p =0.009

NOS2 F(1,13) = 1.588 F(1,13) = 0.4298 F(1,13) =0.5370
N/S N/S N/S

GR F(1,14) =0.4778 F(1,14) =5.436 F(1,14) = 3.019
N/S p=0.04 N/S

PGES F(1,14)=09570  F(1,14)=2.732  F(1,14) = 0.3646
N/S N/S N/S

COX2 F(1,14) = 2.365 F(1,14)=0.5350 F(1,14)=3.236
N/S N/S N/S

NFkB (p65)  F(1,14) = 1.960 F(1,14) = 8.505 F(1,14) = 1.847
N/S p=0.01 N/S

SOCS3 F(1,14)=0.01392 F(1,14)=5.154  F(1,14) = 3.556
N/S p=0.04 p=0.08

TLR4 F(1,13) = 0.5867 F(1,13) = 8.643 F(1,13) = 3.595
N/S p=0.01 p=0.08

TNF-a F(1,12) =1.107 F(1,12) =0.5216  F(1,12) = 3.647
N/S N/S p=0.08
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