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Abstract

Obesity increases susceptibility for numerous diseases and neurological disorders including
cardiovascular disease, metabolic syndrome, and dementia. One factor that may contribute to the
increased risk for these conditions is the development of chronic inflammation. The current study
evaluated whether diet-induced obesity (DIO) affects cognitive performance by increasing
neuroinflammation and prolonging the behavioral and inflammatory response to an immune
challenge. Adult male C57BL/6J mice were fed a high-fat (60% fat) or control diet (10% fat) for 2
or 5 months. After consuming their respective diets for two months, sickness associated behaviors
were assessed 4 and 24 hours after a lipopolysaccharide (LPS) or saline injection. In a separate
experiment, DIO and control mice were tested for spatial learning in the water maze and
challenged with LPS one month later. Peripheral cytokine production was assessed in adipose and
spleen samples and the neuroinflammatory response was assessed in hippocampal, cortical, and
brain samples. DIO impaired acquisition of a spatial learning task relative to control mice.
However, these deficits are unlikely to be related to inflammation as DIO showed no changes in
basal cytokine levels within the periphery or brain. Further, in response to LPS DIO mice showed
comparable or attenuated levels of the proinflammatory cytokines interleukin-13 and interleukin-6
relative to control mice. DIO also reduced hippocampal expression of brain-derived neurotrophic
factor and the pre-synaptic marker synaptophysin. Presently, the data indicate that DIO suppresses
aspects of the immune response and that cognitive deficits associated with DIO may be related to
reduced neurotrophic support rather than inflammation.
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1. INTRODUCTION

The prevalence of obesity continues to rise in industrial nations, particularly within the
United States of America which has shown a doubling of obese adults over the last 40 years
[1]. The implications for health care and an individual’s overall health are vast as obesity is
a risk factor for several life threatening and debilitating diseases including type Il diabetes,
cardiovascular disease, stroke, several types of cancer and Alzheimer’s disease among other
forms of dementia [1-3]. The precise mechanism through which obesity promotes these
diseases is yet unknown, but substantial evidence has indicated the obesity-induced changes
in immune function may contribute to the onset and/or progression of several diseases.
Assessment of immune activity in obese individuals has shown deficits in the ability to
defend against an infection as well as recover following an injury [4, 5]. For instance,
obesity is associated with slower wound healing time following surgery or a burn [4, 6].
Additionally, obesity is associated with an increase in susceptibility to infection after
surgery [5]. Collectively, findings indicate that obesity is associated with compromised
immune function that increases susceptibility to disease and infection.

Animal models of diet-induced obesity (DIO) have confirmed that the immune system is
affected by an organism’s diet. There is evidence that DIO leads to a basal increase in
proinflammatory cytokines within the brain and periphery, particularly interleukin-6 (1L-6)
and tumor necrosis factor-a (TNF-a) that were found to be elevated in the cortex and
hippocampus [7, 8]. However, this is not always observed as others report no changes in
basal levels of proinflammatory cytokines following high-fat diet consumption [9, 10].
Similar variation has been observed in response to an immune challenge with the bacterial
endotoxin lipopolysaccharide (LPS), the data indicate that rats fed a high-fat diet show
increased plasma levels of IL-6 and TNF-a and increased expression of 1L-6 and
interleukin-1p (IL-1pB) within the hypothalamus [11]. In contrast a recent report found that
macrophages isolated from mice fed a high-fat diet showed lower IL-1p expression
compared to cell from control mice [9]. Additionally, LPS-induced expression of IL-6 and
TNF-a as well as toll-like receptor-4 (TLR-4), the primary receptor for LPS, was attenuated
in peripheral macrophages from rabbits fed a high-fat diet compared to those on a control
diet [12]. Clearly, the data support an altered immune profile as a consequence of DIO,
however, whether the resulting response is suppression or enhancement of the inflammatory
response, as well as the variables that may contribute to developing one over the other has
not been fully delineated.

Activation of the immune system leads to a host of behavioral changes, collectively termed
sickness behaviors, as well as deficits in cognitive function [13, 14]. Sickness behaviors are
considered an adaptive behavioral response that reflects an altered motivational state that
facilitate recovery from an infection [13]. Transient expression of these behaviors is
generally beneficial whereas enhancing the degree or duration of these behaviors can be
aversive and potentially indicative of an overactive inflammatory response. Current
evidence indicates that DIO increases the fever response following an immune challenge as
prior work has shown a higher and/or prolonged fever response in DIO animals following
LPS administration [9, 11]. Additionally, reports indicate that DIO increases sensitivity to
reductions in social behavior and anorexia following an immune challenge [9, 11, 15].
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Interestingly, the prolonged anorexic response in the DIO mice was not associated with an
increase in peripheral cytokine levels though changes within the brain were not assessed.
Further the anorexic response was induced at a lower dose of LPS than what was required to
induce a fever response indicating a dissociation of the reactions [9]. Though additional
work is needed to clarify the DIO associated changes in the behavioral response to an
immune challenge the existing data indicate the behavioral reaction is altered, but whether
the changes reflect an exaggerated cytokine response is unknown.

Several reports have demonstrated that DIO results in cognitive deficits including spatial
learning and working memory impairments [7, 8, 16]. Though limited, a few studies suggest
a potential connection between DIO associated cognitive deficits and the altered immune
prolife [7, 8]. For instance, Pistell et al. [7] report that middle-aged mice fed a high-fat diet
made more errors during the acquisition phase of the Stone T-maze compared to control diet
mice. Further, consuming the high-fat diet increased expression of the microglial cell marker
Iba-1 and expression of IL-1B, IL-6 and TNF-a in the cortex. These data indicate that DIO-
induced changes in the immune system may have relevance to cognitive function even in the
absence of an immune challenge. However, further work is needed to determine whether
enhancement of the inflammatory response is the underlying cause of the DIO-associated
cognitive deficits.

The objective of the current study was to elucidate the potential role of inflammation in the
development of cognitive deficits in a DIO model. Additionally, we assessed whether DIO
exaggerates and/or prolongs the duration of sickness behavior following an immune
challenge and whether the corresponding inflammatory response as measured by changes in
central and peripheral cytokine levels basally and following immune activation are
associated with enhanced behavioral and cognitive deficits.

2. MATERIAL AND METHODS

2.1. Animals

Subjects were 72 male C57BL/6J mice. For Experiment 1, mice (N=34) bred in the
University of North Carolina Wilmington (UNCW) animal facility were used, with breeding
stock obtained from The Jackson Laboratory (Bar Harbor, Maine). In Experiment 2,
nineteen Diet-Induced Obese (DI1O) C57BL/6J male mice and nineteen C57BL/6J control
male mice were purchased from The Jackson Laboratory at 14 weeks old. These mice were
fed the same high-fat or control diets employed in the current study (see below) at Jackson
Laboratory and were started on the diets at 6 weeks of age. Animals were treated in
compliance with the Guide for the Care and Use of Laboratory Animals and the experiments
were conducted in accordance with a protocol approved by the Institutional Animal Care
and Use Committee (IACUC) at the UNCW.

2.2. Diets and housing

Mice were assigned to the high-fat diet (HF; Open source diets, D12492) or control diet
(Open source diets, D12450B). The HF diet contained 60% of calories from fat and the
control diet contained 10% of calories from fat. Mice were group housed with two to four
mice per cage. All mice in Experiment 2 were group housed for one month, but had to be
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individually housed for the remainder of the study due to fighting within cages. All cages
were given a wooden chew toy. In Experiment 1 mice were fed the HF or control diet for 2
months. In Experiment 2 mice were fed the HF or control diet for 5.5 months (2 months
prior to arrival and an additional 3.5 months at UNCW).

2.3. Experiment 1: Effect of DIO on the duration of LPS-induced sickness behavior

Thirty-four male mice were divided into the DIO or control diet group. After consuming the
high-fat or control diet for two months mice received an intraperitoneal (ip) injection of LPS
(250 pg/kg) or saline. To ensure no differences in body weight within a dietary condition
prior to LPS or saline treatment mice were assigned to their treatment condition based on
body weight (heaviest to lightest). The dose of LPS administered is a commonly used dose
in this strain of mouse that is more resistant to the effects of LPS than other strains [17].
Further, the 250 pg/kg dose of LPS reliably induces sickness behavior and cognitive deficits
in variety of behavioral task [18-22]. Three hours after an LPS or saline injection mice were
tested in the open field test (described below) for changes in locomotor activity. Twenty-
four hours after the LPS or saline injection a portion of the mice (n=18) were retested in the
open field to assess any enduring changes in locomotor activity. Tissue collection was
conducted after behavioral testing either four hours (n=16) or twenty-four hours (n=18) after
LPS or saline treatment. Assessment of LPS-induced changes in total body weight (i.e.,
grams lost or gained) was determined by calculating a difference score for each mouse by
subtracting the animal’s body weight on the day of the injection from the animal’s body
weight twenty-four hours after an LPS or saline injection.

2.3.1. Open field testing—Three-hours after an injection of LPS or saline, subjects were
tested for locomotor activity in an open field area (28 cm x 28 cm) for 5 min. The mice in
the twenty-four hour group were placed back in the area the following day for an additional
5 min test. Dependent measures included total distance travelled (mm) and velocity (mm/
sec). Behavior was recorded and analyzed by a computerized animal tracking system
(Topscan, CleverSystems, Reston, VA).

2.3.2. Tissue collection—Mice were sacrificed by rapid decapitation. Cortex samples
were dissected on a chilled glass dish and immediately placed into RNAlater solution
(Qiagen, Valencia, CA) and stored at —20°C until RNA isolation. Spleens were collected
and snap frozen on dry ice and stored at —80 °C until analysis with ELISA.

2.3.3. gRT-PCR—Cortex samples were sonicated and RNA purified by the RNeasy Mini
kit (Qiagen, Valencia, CA), then quantified and assessed for purity using a Gen5 Epoch
spectrophotometer (BioTek Instruments, Highland Park, VT). All samples had a 260/280
ratio of 1.99 or above. Conversion of RNA into cDNA was completed by following the
instructions of the High-capacity cDNA reverse transcription kit that included an RNase
inhibitor step (Life Technologies) using the following cycling conditions: 10 min at 25°C,
120 min at 37°C and 5 min at 85°C. After reverse transcription, cDNA was held at 2-8° C in
a refrigerator overnight before conducting two-step quantitative real-time reverse-
transcription polymerase chain reaction (qQRT-PCR) to determine the amount of specific
mRNA transcript present in each sample. Cortex samples were analyzed for expression
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levels of IL-18 (Mm00434228_m1), IL-6 (Mm00446190_m1), TNF-a (Mm00443260_g1)
and BDNF (Mm04230607_s1). p-actin (Mm00607939_s1) served as the endogenous control
gene. Levels of B-actin expression did not differ across groups. Each sample was run in
triplicate for each gene in a 10 pl reaction that contained 80 ng of cDNA and 0.5 pl of a 20X
probe/primer mix in one 384 well plate. The amount of specific MRNA present was
determined by utilizing TagMan™ probe and primer chemistry (Applied Biosystems, Foster
City, CA) specifically designed to bind to reverse-transcribed cDNA of the genes of interest
using an Applied Biosystems Viia7 PCR instrument (Applied Biosystems, Foster City, CA)
using the following cycle parameters: 2 min at 50°C, 10 min at 95°, followed by 40 cycles
of 15 sec at 95°C and 1 min at 60°C. The amplification efficiency was equal across all wells
for a given gene. Florescence data (ARn) was exported from the Applied Biosystems SDS
software and analyzed by DART (Data Analysis for RT-PCR) [23]. Gene expression data
were normalized by dividing the Ro (florescent intensity) values of the target genes by the
Ro values of the endogenous control gene p-actin.

2.3.4. ELISA—Spleen samples were homogenized in the proteinase inhibitor
phenylmethylsulfonyl fluoride (PMSF), centrifuged for 30 min at 3500 rpm at 4° C, and
assayed for IL-1p with an ELISA kit (BD Biosciences, San Diego, CA; Detection limits 15.6
to 2000 pg/ml). Total protein levels were determined in each sample by a protein assay
(Pierce Thermo Scientific, Rockford, IL). ELISA results are expressed as picograms of
cytokine protein per mg of total protein.

2.4. Experiment 2: Effect of DIO on spatial learning and LPS-induced changes in BDNF,
synaptic makers and cytokines expression in adipose and brain tissue

Thirty-eight male mice were maintained on the DIO or control diet for 5.5 months, as they
had been fed the diets for two months at Jackson Laboratory prior to arriving in our facility.
To assess the effects of DIO on cognitive function mice were tested in the water maze after
consuming their respective diets for 4.5 months. One month following behavioral testing
mice were divided by weight within each diet condition to receive a single ip LPS (250
ng/kg) or saline injection. Four or twenty-four hours after LPS or saline treatment mice were
sacrificed and tissue collected to assess changes in gene expression via gRT-PCR and
protein levels of proinflammatory cytokines via ELISA.

2.4.1. Spatial learning: water maze—Four and a half months after starting the DIO or
control diet, mice were tested in the water maze to assess spatial learning. The maze
consisted of a circular tub (121 cm diameter) and a white circular platform (12.7 cm). The
platform was submerged 1 cm under the surface of the water. The water was made opaque
with white tempera paint to conceal the platform. Water temperature was maintained at 19°
+ 1° C throughout testing. Extra-maze cues were located around the maze. Mice received
three trials (up to 60 sec) per day from different start locations for five consecutive days. If a
mouse failed to locate the platform within the 60 sec they were gently guided to the
platform. All mice remained on the platform for 10 seconds at the end of each trial. A video
tracking system (Topscan, CleverSystems, Reston, VA) was used to measure distance swam
(mm), latency to locate the platform (sec), and swim speed (mm/sec). A single 60 s probe
trial was conducted approximately two hours after the subject’s last trial on day 5. The
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platform was removed and the number of times the animal crossed the original location of
the platform was recorded by the tracking system.

2.4.2. Tissue collection—Mice were sacrificed by rapid decapitation. Hippocampal
samples were dissected on a chilled glass dish and immediately placed into RNAlater
solution (Qiagen, Valencia, CA) and stored at -20°C until RNA isolation. The remaining
brain (i.e., everything but the hippocampus was placed in a separate tube and snap frozen.
Additionally, the spleen and gonadal adipose pads from the abdominal cavity were collected
and snap frozen for analysis with ELISA and qRT-PCR, respectively.

2.4.3. gRT-PCR—RNA from hippocampal samples were processed as described above in
section 2.3.3 and analyzed for expression levels of IL-1p, IL-6, BDNF, synaptophysin, and
PSD 95 which were normalized to the endogenous control gene B-actin. RNA was also
extracted from adipose samples and analyzed for expression levels of IL-6, TNF-a and
IL-1B normalized against B-actin levels. qRT-PCR procedure was identical to the produced
described above with the exception that RNA from adipose samples was isolated using
TRIzol (Life Technologies, Grand Island, NY) according to the manufactures instruction.

2.4.4. ELISA—Splenic levels of IL-1f and IL-6 and brain levels of IL-6 were measured by
ELISA (BD Biosciences, San Diego, CA; Detection limits 3.8 to 1000 pg/ml), as described
in2.3.4.

2.5. Statistical analyses

Body weight data and water maze data were analyzed by repeated measures ANOVA with
diet (DIO or control diet) as the between-subject factor and week or test day as the within-
subject factor. Distance traveled in the open field was analyzed by a two-way ANOVA with
diet and treatment as the between-subject variables. Splenic cytokine data, brain ELISA
data, and gene expression data were analyzed by three-way ANOVA with diet (DIO or
control diet), treatment (LPS or saline), and collection time (4 or 24 hours) as the between-
subject variables. When appropriate, Fisher’s least significant difference (LSD) was used as
a post hoc test to determine significant differences between groups. A p<0.05 was
considered statistically significant.

3. RESULTS

3.1. Experiment 1: Effect of DIO on the duration of LPS-induced sickness behavior

3.1.1 Body weight—In experiment 1, there was a significant main effect of diet and a diet
x week interaction (F(1, 24)=92.56, p<.0001; F(9, 252)=78.22, p<.0001, respectively) that
showed DIO mice weighed (average weight = 38.34g) more than mice in the control diet
condition (average weight = 26.25g) and the DIO mice gained more weight across the 2
months than control mice (see Figure 1A). Both the DIO and control mice showed a
significant decrease in body weight twenty-four hours after LPS administration as compared
to saline-treated mice (F(1, 13)=89.78, p<.0001, data not shown). There was no difference in
LPS-induced weight loss between the DIO and control mice as both DIO and control mice
lost on average two grams following LPS treatment.
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3.1.2. Locomotor activity in an open field—As expected, LPS administration
significantly reduced distance traveled in an open field 3 hours after treatment as shown by a
main effect of treatment (F(1, 24)=126.06, p<.0001, Figure 2A). The effects of LPS
administration were similar in DIO and control mice as there were no significant effects or
interactions with diet. A portion of the mice (N=18) were tested in the open field 24 hours
after LPS or saline treatment. There were no significant effects of treatment or diet,
indicating that 24 hours after administration LPS was no longer suppressing locomotor
activity in either the control or DIO mice (Figure 2B).

3.1.3. Splenic levels of IL-1B—A significant treatment x collection time interaction for
splenic IL-1p levels (F(1, 24)=7.87, p<0.05, data not shown) showed that LPS
administration increased IL-1p levels 4, but not 24, hours after treatment relative to time
matched saline controls. No significant effects or interactions with diet were found for IL-1p
levels. No difference were observed between the DIO or control diet saline-treatment mice.

3.1.4. Cortex RNA data—Consumption of the high-fat diet significantly reduced BDNF
expression in the cortex compared to the control diet (F(1, 24)=5.12, p<.05, Figure 3).
Additionally, there was a significant treatment x collection time interaction that showed LPS
administration decreased BDNF expression at 4, but not 24, hours after treatment (F(Z1,
24)=14.02, p<.001). For expression of the proinflammatory cytokines IL-1p, IL-6 and TNF-
a there were significant treatment x collection time interactions that showed LPS increased
expression at 4 hours compared to saline-treated mice (F(1, 24)=27.93, p<.0001; F(1,
24)=5.81, p<.05; F(1, 24)=116.79, p<.0001, respectively, Figure 4A-C). For IL-1p, levels
were still elevated 24 hours after LPS compared to saline-treated mice, but they were
significantly lower relative to the 4 hour time point (p<.01). At the 24 hour time point,
expression of IL-6 and TNF-a in the LPS-treated mice were not different than saline-treated
mice. Diet did not affect IL-B, IL-6, or TNF-a expression, as saline-treated DI1O and control
diet mice showed similar levels of cytokine expression. Assessment of CD74 expression
revealed there was significant diet x treatment x collection time interaction (F(1, 24)=6.56,
p<.01, Figure 4D). LPS administration significantly increased CD74 expression in control
diet mice at 4 hours, whereas no increase was seen in the DIO mice on the high-fat diet
following LPS administration.

3.2. Experiment 2: Effect of DIO on spatial learning and LPS-induced changes in BDNF,
synaptic makers and cytokine expression in adipose and brain tissue

3.2.1. Body weight—As expected there was a significant main effect of diet and a diet x
week interaction (F(1, 36)=318.92, p<0.0001; F(14, 504)=70.88, p<0.0001, respectively)
that showed mice in the DIO condition weighed more than mice in the control diet condition
and the DIO mice gained more weight across the 23 weeks than control mice (see Figure
1B).

3.2.2. Water maze—A significant main effect of diet and a diet x test day interaction (F(1,
36)=5.07, p<0.05; F(4, 144)=4.80, p<0.01, respectively) for distance swam (path length)
showed that DIO mice swam a longer distance to locate the submerged platform than mice
on the control diet (see Figure 5A). Post hoc testing showed that DIO mice swam a longer
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path on test day 2 compared to control mice (p<0.05). In agreement, DIO mice had
significantly longer latencies to locate the platform than control mice on test days 2 and 3 as
shown by a significant diet x test day interaction F(4, 144)=4.06, p<0.01; see Figure 5C). A
significant main effect of diet showed that DIO mice overall swam slower than mice on the
control diet (F(1, 36)=13.60, p<0.001; see Figure 5B). Post hoc testing showed DIO mice
swam slower on days 1 and 4 of testing compared to control mice (p<0.05). Analysis of the
probe trial data showed no significant differences between DIO and control mice (data not
shown).

3.2.3. Adipose RNA data—A significant treatment x collection time interaction showed
that LPS administration significantly increased expression levels of IL-1f, IL-6, and TNF-a
in adipose tissue relative to saline-treated mice when samples were collected 4, but not 24,
hours after treatment (F(1, 30)=19.03, p<0.0001; F(1, 30)= 16.56, p<0.001; F(1, 30)=13.17,
p<0.001, respectively, Figure 6A—C). There were no significant effects or interactions with
diet. Saline-treated DI1O and control diet mice showed similar expression of IL-1p, IL-6, and
TNF-a.

3.2.4. Brain IL-6 protein data—A significant diet x treatment x collection time
interaction for IL-6 levels (F(1, 30)=7.28, p<0.05, Figure 7A) showed that LPS
administration increased levels of IL-6 relative to saline-treated mice at 4, but not 24, hours
after administration. The LPS-induced increase in IL-6 at 4 hours was significantly higher in
the mice fed the control diet compared to DIO mice.

3.2.5. Spleen protein data—For IL-6, a significant diet x treatment x collection time
interaction (F(1, 30)=13.48, p<0.001, Figure 7B) showed that in the control diet mice LPS
administration increased splenic IL-6 levels 4, but not 24, hours after treatment. For the DIO
mice, no significant differences were found between the DIO mice given LPS or saline at
either collection time point. A significant treatment x collection time interaction for splenic
IL-1p levels (F(1, 30)=64.09, p<0.001, Figure 7C) showed that LPS administration
increased IL-1P levels 4 and 24 hours after treatment relative to time matched saline
controls. However, IL-1f levels were significantly higher at 4 hours than at 24 hours. No
significant effects or interactions with diet were found for IL-1p levels.

3.2.6. Hippocampus RNA data—A significant diet x treatment x collection time
interaction for hippocampal expression of IL-10 (F(1, 30)=6.23, p<0.01, Figure 8A) showed
that LPS administration increased expression of IL-1f at 4, but not 24, hours after treatment
relative to saline-treated mice. Mice fed the control diet showed higher expression levels of
IL-1B four hour after LPS than DIO mice. A significant treatment x collection time
interaction for hippocampal expression levels of 1L-6 (F(1, 30)=6.15, p<0.05, Figure 8B)
showed that LPS administration increased expression of IL-6 at 4, but not 24, hours after
treatment relative to saline-treated mice. No significant effects or interactions with diet were
found for IL-6. For BDNF expression, a significant main effect of diet (F(1, 30)= 4.66,
p<0.05) showed that DIO mice had lower expression of BDNF in the hippocampus relative
to mice on the control diet (Figure 8C). A separate assay was run on hippocampal samples to
assess changes in synaptophysin and PSD 95. Two samples showed significant differences
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in B-actin levels and were removed from the analysis. For synaptophysin a significant main
effect of diet showed that DIO mice had lower expression of synaptophysin compared to
control diet mice (F(1, 28)= 4.67, p<0.05, Figure 8D). For PSD 95 expression, a significant
main effect of treatment showed that LPS-treated mice had lower levels of PSD 95 relative
to saline-treated mice (F(1, 28)= 11.75, p<0.05, Figure 8E).

4. DISCUSSION

The present data indicate that DIO modulates the inflammatory response following an
immune challenge, as DIO reduced expression of IL-6 in the periphery and the brain and
lowered IL-1p expression in the hippocampus after LPS treatment relative to mice on the
control diet. This attenuated inflammatory response in the DIO mice was not sufficient to
alter the LPS-induced reductions in locomotor behavior, as the DIO and control mice
showed a similar locomotor depression and recovery time following LPS administration.
Whether DIO mice would show differential behavioral response to a sub-threshold dose of
LPS that does not induce a sickness behavior response has yet to be investigated [24, 25].
Lastly, our data indicate that the cognitive deficits in the DIO mice are unlikely to results
from changes in the immune system, but more likely derive from changes in neurotrophic
support and potentially synaptic activity.

In our hands, mice that consumed a high-fat diet showed selective impairments in their
inflammatory response in both the periphery and brain following endotoxin administration.
Of particularly interest is the lack of an increase in CD74 expression in the cortex of DIO
mice following LPS administration. CD74 plays a role in trafficking major
histocompatibility complex type Il (MHC I1) proteins to the cell surface [26]. The MHC 11
molecule is the primary mechanism though which antigen presenting cells signal the
presence of a foreign antigen and initiate an immune response. Our data shows that
following an immune challenge the control diet mice show the expected increase in CD74
expression whereas the DIO mice did not differ from saline-treated mice, potentially
indicating that DIO impairs the ability of brain to mount a normal response to an immune
challenge. In addition, our data demonstrate the production of the proinflammatory
cytokines IL-1f and IL-6 were reduced within the CNS. These data are the first to
demonstrate a reduction in the LPS-induced inflammatory response within brain. However,
related work by Lawrence et al. [9] revealed that DIO mice show blunted neural activation,
as measured by expression of the immediate early gene c-Fos, to an LPS challenge. In
contrast to our findings prior reports have shown an exaggerated expression of 1L-6, TNF-q,
and IL-1 receptor antagonist in the hypothalamus of DIO rats following LPS administration
[11]. Several factors including the species employed, the age of the animals, as well as the
duration and type of diet consumed are likely to influence the nature of the immune
alterations induced by high-fat diet consumption. Though further work is needed to identify
mediating factors that determine the direction of the change, the present data in combination
with prior reports indicate that DIO modifies the neuroinflammatory response to an immune
challenge.

In agreement with our data from the CNS as well as prior work [12], we found that DIO
mice show attenuated production of IL-6 in the spleen following LPS administration. The
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reduction in IL-6 levels is likely related to altered macrophage function in DIO mice. Prior
research has shown that macrophages from genetic models of obesity have reduced
phagocytic capacity as well as oxidative bursts [27, 28]. In agreement, macrophages from
DIO mice show reduced production of inducible NO synthase (iNOS) and cytokines
following a bacterial infection when compared to control mice [29, 30]. In response to an
infection, the ability to up regulate surface expression of TLR-4 and TLR-2 is impaired in
macrophages from DIO mice [30]. Further, DIO has also been shown to decrease activation
of the transcription factor nuclear factor kappa B (NF-kxB), which initiates the production of
proinflammatory cytokines [12, 29, 30]. The DIO-associated impairments in the immune
response have been shown to slow the clearance of bacteria and increase mortality following
infection [29, 31]. The blunted release of IL-6 may result from impairments in the ability of
macrophages to detect and mount an adequate response following an immune challenge that
may subsequently reduce production of mediators of the innate immune response [30].

In accordance with prior reports [16, 32] we found that DIO impairs spatial learning, as
acquisition of the task was disrupted in the DIO mice as compared to control diet mice.
Recent reports have implicated inflammation as the potential underlying mechanism of DIO
associated cognitive deficits [7, 8]. For instance, Pistell et al. [7] report that mice fed a high-
fat diet showed impaired cognitive performance, reduced cortical BDNF levels and
increased basal levels of proinflammatory cytokines IL-6 and TNF-a potentially indicating a
link between inflammation and DI1O-induced cognitive deficits. However, we observed
dissociation between the cognitive deficits and inflammation as DIO mice showed impaired
spatial learning, but no changes in basal cytokine levels in the hippocampus, cortex, or brain
samples analyzed. One potential reason for the difference between the current data and the
Pistell et al. [7] study is the age of the mice employed; Pistell et al. used middle-aged mice
whereas the current study used adults. Given that middle-aged animals show age-related
changes in immune function [33-36] they may be more prone to develop an exaggerated
inflammatory response, but additional work is needed to confirm this possibility. Our data
indicate that the cognitive deficits associated with consuming a high-fat diet may result from
reductions in BDNF levels as well as alterations in synapses. The DIO mice showed reduced
cortical and hippocampal expression of BDNF, a neurotropic factor that supports neuron
survival, growth, and synaptic communication [37]. Further DIO decreased expression of
synaptophysin within the hippocampus. Synaptophysin is a presynaptic vesicle protein
suggested to participate in synapse formation, stabilization as well as neurotransmitter
packaging and release [38]. In accordance, prior work has shown that consuming a high-fat/
glucose diet decreases hippocampal dendritic spine density as well as synaptic protein
levels, collectively indicating that DIO may impair synaptic plasticity [39, 40]. Taken
together, the data indicate that while DIO can alter immune function these changes are
unlikely to account for the associated cognitive deficits, but rather alteration in neurotrophic
levels and synaptic activity appears to be contributing factors.

Consuming a high-fat diet and the subsequent development of obesity has a negative impact
on cognitive performance, as impairments in learning and memory have been observed
across different species, ages, and durations of diet consumption [7, 16, 41-43]. However,
the mechanisms of these deficits are still unknown. The current data bolsters the contention
that diminished neurotropic and synaptic support contributes to the resultant deficits. While
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elevated cytokine levels within the brain can disrupt cognitive performance [14, 21, 33] this
does not seem to account for the DIO associated cognitive deficits we observed as the
impairments in spatial learning occurred independent of changes central cytokine levels as
no differences were observed between the saline-treated DIO and control mice. Further the
present data indicate that DIO alters immune function. We report that DIO blunts aspects of
the peripheral and neural inflammatory response to an immune challenge, as evidenced by
the attenuated cytokine response and the failure to increase expression of an immune cell
signaling molecule following endotoxin exposure. Our findings in conjunction with prior
reports [9, 12, 30, 31] indicate that DIO can suppress immune function and impairs an
organism’s ability to mount an immune response. Such deficits have substantial implications
for an individual’s susceptibility to as well as their ability to recover from an infection.
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Data are shown as mean body weight in grams across the experiment in weeks + standard
error of the means (SEMs). In Experiment 1, initially starting weights were equal, but DIO
mice showed greater weight gain than mice fed the control diet (A). In Experiment 2, DIO

mice weighed more than control mice (B).
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In response to LPS administration, both DIO and control mice showed a reduction in
locomotor activity as compared to saline-treated mice three hours after treatment (A).
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Twenty-four hours after treatment there was no significant differences found between the
LPS- and saline-treated mice for either the DIO or control mice (B). Bars represent mean
distance traveled +SEMs. Means marked with different letters (a or b) are significantly

different from each other.
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DIO mice fed showed a significant decrease in cortical BDNF expression. Bars represent
means £SEMs. * Indicates a significant difference from control diet mice.
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Expression levels of IL-18 (A), IL-6 (B) and TNF-a (C) were significantly increased fours
after LPS administration in cortex samples, but diet did not influence this response.
Expression of CD74 (D) showed that LPS increased expression four hours after treatment in
the mice fed the control diet, but not in DIO mice. Bars represent means +SEMs. Means
marked with different letters (a, b, or ¢) are significantly different from each other.
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Indicates a significant difference from control diet mice.
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Expression of IL-1B (A), IL-6 (B) and TNF-a (C) in adipose tissue was increased four hours
after LPS administration as compared to saline treated mice. No differences or interactions
were found with diet. Means marked with different letters (a or b) are significantly different

from each other.

Behav Brain Res. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Baumgarner et al. Page 21

A. B. €.
2.0 - 25 0.5
” b C— Control Saline b — Control Saline b 1 Control Saline
222 DIO Saline =xzx DIO Saline b &XX DIO Saline
= mmmm Control LPS 20 s Control LPS D04 == Control LPS
215 == DIOLPS 9 == DI LPS ) == DiOLPS
2 2 g
- 215 £ 03
= c [
g 10 s °
s g 10 L2
© = -
U [
2 05 9 k]
05 4 01
a a ¢ aa aa a a a a aa a S
0.0 -
0.0 0.0
4 hours 24 hours 4 hours 24 hours

4 hours 24 hours

Figure 7.
Four hours after LPS administration brain protein levels of IL-6 were increased compared to

saline and this response was higher in the control diet mice (A). LPS increased splenic IL-6
levels four hours after treatment in the control diet mice, but not in the DIO mice (B). LPS
administration increased splenic levels of IL-1f four and twenty-four hours after
administration in both the control and DIO mice, but IL-1 levels were at higher four hours
(C). Bars represent means £SEMs. Means marked with different letters (a, b or ¢) are
significantly different from each other.
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LPS administration significantly increased hippocampal expression of IL-1f (A) and IL-6

(B) four hours after treatment compared to saline-treated mice. LPS-induced IL-13

expression was higher in control mice relative to DIO mice (A). Consuming the high-fat diet
decreased hippocampal expression of BDNF (C) and synaptophysin (D) as compared to

control mice. LPS administration decreased PSD95 (E) expression compared to saline

treated mice. Means marked with different letters (a, b or c) are significantly different from

each other.
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