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Abstract
C57Bl/6 mice were administered a high fat, Western diet (WD, 41% fat) or a very high fat lard diet
(HFL, 60% fat), and evaluated for cognitive ability using the Stone T-maze and for biochemical
markers of brain inflammation. WD consumption resulted in significantly increased body weight
and astrocyte reactivity, but not impaired cognition, microglial reactivity, or heightened cytokine
levels. HFL increased body weight, and impaired cognition, increased brain inflammation, and
decreased BDNF. Collectively, these data suggest that while different diet formulations can increase
body weight, the ability of high fat diets to disrupt cognition is linked to brain inflammation.
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1. INTRODUCTION
The incidence of obesity is increasing worldwide, and is especially pronounced in
industrialized nations, including the United States. Obesity rates for American adults nearly
doubled from 13.3% to 32.1% during the years 1960 to 2004, while the percentage of
overweight Americans during the same period increased from 44.8% to 66% (2006). These
numbers highlight an important issue in public health, as obesity is closely associated with an
enhanced risk for a myriad of diseases, including type 2 diabetes, cardiovascular disease,
gastrointestinal and respiratory difficulties, stroke, and many types of cancer (reviewed in
(Haslam and James, 2005)). In the United States, long-term consumption of diets high in fat
and calories appears to be a primary cause of obesity. While the exact mechanisms regarding
how obesity detrimentally affects health remain unclear, increased inflammation is a key
physiologic feature of obesity (reviewed in (Hotamisligil, 2006)). More specifically, obesity
is closely associated with a pattern of chronic inflammation characterized by abnormal cytokine
production, increased acute-phase reactants and other mediators, and activation of a network
of inflammatory signaling pathways (Chandalia and Abate, 2007). Indeed, inflammatory
markers correlate tightly with the degree of obesity and insulin resistance (Pickup and Crook,
1998) and are predictive of vascular disease risk as well (Rader, 2000). The inflammatory
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response that emerges in the presence of obesity seems to be triggered by, and to reside
predominantly in adipose tissue, although other sites like the liver might also participate
(Shoelson et al., 2007). Inflammatory and innate immune responses are also activated by
increased levels of serum lipids, such as cholesterol and saturated long-chain fatty acids
(Kennedy et al., 2009), (Averill and Bornfeldt, 2009).

The clinical complications of obesity are now becoming understood to include effects on brain
physiology and function. For example, studies have reported deficits in learning, memory, and
executive function in obese as compared to nonobese patients (Elias et al., 2003), (Elias et al.,
2005), (Waldstein and Katzel, 2006). Furthermore, regression studies associate increased body
mass index (BMI) with decreased brain volume (Ward et al., 2005). Other studies have
confirmed alterations of brain morphology in overweight and obese young adults, and further
show that clinical obesity is associated with reductions in focal gray matter volume and
enlarged orbitofrontal white matter, particularly in the frontal lobe (Pannacciulli et al., 2006).

Although the physiologic mechanisms whereby obesity adversely affects the brain are poorly
understood, both experimental and human studies have shown that brain function is sensitive
to inflammatory pathways and mediators. For example, the highest levels of cytokine binding
have been demonstrated in certain areas associated with learning and memory, including
regions of the cortex and hippocampus (Parnet et al., 2002). Furthermore, cytokines such as
IL-1β and IL-6 can disrupt neurophysiologic mechanisms involved in cognition and memory
(Bellinger et al., 1995), (Jankowsky and Patterson, 1999) (Gemma and Bickford, 2007).
Additionally, performance in the Morris water maze, a behavioral task dependent on spatial
learning, is impaired by infection or peripheral immune activation (Barrientos et al., 2006),
(Sparkman et al., 2006). Finally, dementing disorders such as Alzheimer’s disease are believed
to be mediated in part via excessive brain inflammation (Benveniste et al., 2001), (Combs,
2009), and indeed, studies indicate that obesity and metabolic syndrome are important risk
factors for the development of Alzheimer’s disease (Luchsinger and Gustafson, 2009). Thus,
these studies were undertaken to better understand how diet-induced obesity disrupts brain
function, and were designed to specifically evaluate the association of brain inflammation and
cognitive disruption. To this end, separate cohorts of middle-aged male C57Bl/6 mice were
administered either a high fat, Western diet (WD, 41% calories from fat) or a very high fat lard
diet (HFL, 60% calories from fat) and examined for cognitive ability and for biochemical
markers of brain inflammation.

2. MATERIALS AND METHODS
Diets and Animals

The Institutional Animal Care and Use Committee approved all experimental protocols which
were compliant with NIH guidelines on the use of experimental animals. Middle-aged (12
months old) male C57Bl/6 mice were purchased from the National Institute on Aging contract
facility maintained by Charles River Laboratories (Wilmimgton, MA), and all diets were
purchased from Research Diets (New Brunswick, NJ), and were provided in pelleted form.
Animals had ad libitum access to feed formulations and water throughout the study. In initial
studies, mice were placed on the Western diet (WD, D12079B), which is composed of 41%
fat (butterfat and corn oil) and 29% sucrose, or its corresponding control diet (C-WD,
98052602) for 21 weeks. Formula and composition for WD and C-WD diets are shown in
Table 1. In the following study, mice of the same age were placed in the High Fat Lard diet
(HFL, D12492) which is composed of 60% fat (pork lard) or its corresponding low fat control
diet (C-HFL, D12450B) for 16 weeks. Formula and composition for HFL and C-HFL are
shown in Table 2. For both studies, body weight of all mice was measured weekly throughout
the duration of diet exposure, mice were humanely euthanatized after diet exposure, and brain
tissues were immediately collected and stored in −80°C.
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Behavioral analysis of cognitive performance: Stone T-maze
Cognitive ability was tested behaviorally on all mice with a newly-designed five-segmented,
Stone T-maze, using a protocol modified from previously published procedures (Pistell et al.,
2009). Briefly, performance in this maze requires the mouse to learn the correct sequence of
13 consecutive left and right turns to reach the goal box and successfully escape the maze.
Mice are motivated to escape because they are required to wade (not swim) through the maze,
as the apparatus is maintained in a tray of water (21–23°C) filled to a level (1.5 cm) that allows
the mice to keep their head out of the water while maintaining contact with the floor, but the
height of the top prevents rearing. The day before testing, all animals were pre-trained to escape
the water using a straight runway constructed of acrylic with opaque sides. The mice were pre-
trained in the straight runway to meet a criterion of 13/15 successful escapes in under 15 sec,
and in all training and testing procedures, successful task performance was rewarded by escape
into a dark and dry goal box.

The day after pre-training in the straight runway, mice were given 15 trials in the T-maze. The
mice were run through sequentially in groups of 8–10 mice, such that the first trial was
completed by all mice before proceeding to the second trial, insuring that each mouse had
sufficient rest between trials to reduce any potential effects of fatigue. Each trial was recorded
using video tracking software (Viewpoint Lifesciences, Inc), and the latency to reach the goal
box, and the number of errors committed were recorded. The number of errors committed
during the trail was chosen as the primary measure of learning because it is unbiased by
potential confounds resulting from differences in motor function. For the purpose of
presentation, summary and analysis, maze acquisition data was collapsed into 5 separate blocks
of 3 trials each.

ELISA assays
Brain tissue samples were taken from the cerebral cortex and homogenized in lysis buffer (Tris-
buffered saline supplemented with 1% triton X-100, 5 mM EDTA, and protease inhibitor
cocktail (Sigma-Aldrich) centrifuged at 12,000 × g for 10 min, and used for ELISA as described
previously (Bruce-Keller et al., 2001). IL-6 and TNF-α were measured using a Duoset kit (R&D
Systems, Minneapolis, MN), while MCP-1 and BDNF were also measured using commercially
available kits (BD Biosciences, San Jose, CA) in accordance with the manufacturer’s assay
protocol. Briefly, 96-well Immulon 4 plates (Dynex Technologies, Chantilly, VA) were coated
overnight with 1 μg/ml capture antibody and blocked with PBS + 1% BSA. Cytokines in cell
supernatants were detected with 0.5 μg/ml biotinylated antibody. Antibody staining was
developed using streptavidin-HRP (1:200) and reacted with SureBlue Reserve TMB Microwell
Peroxidase Substrate (KPL, Gaithersburg, Maryland) to visualize staining intensity. Reactions
were terminated with TMB Stop solution (KPL), and plates were read on a Victor plate reader
(Perkin Elmer, Waltham, MA) set at 450nm with wavelength correction at 540nm.

Measures of glial expression by Western blot
Tissue samples were also taken from the cortex of diet-exposed mice and were homogenized
in a Tris-buffered saline (pH 7.4) lysis buffer containing 0.1% Triton X-100, 5 mM EDTA,
and protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). Samples were then denatured
in SDS, and equivalent amounts of protein were electrophoretically separated in
polyacrylamide gels and blotted onto nitrocellulose. Blots were processed using the following
primary antisera: anti-GFAP (1:5000, Abcam Inc., Cambridge, MA); anti-Iba-1 (1:500, Wako
Chemicals USA Inc., Richmond, VA), and anti-tubulin (1:1000, Wako Chemicals USA Inc.).
After incubation with primary antibodies, blots were washed and exposed to horseradish
peroxidase-conjugated secondary antibodies, and visualized using a chemiluminescence
system (Amersham Biosciences, Pittsburgh, PA). Blot images were scanned and
densitometrically analyzed for quantification. To ensure accurate quantification across
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multiple blots, samples from both high fat diet and control diet mice were included in each
individual blot. Data were calculated as a ratio of expression over tubulin expression, which
was included as an internal loading control. Protein expression in WD or HFD mice was then
calculated and presented as percent expression in control diet mice of the same age.

Statistical analyses
All data are shown as mean ± standard error of measurement. Body weight data were analyzed
with unpaired t-tests to determine differences between high fat and control diet groups.
Behavioral data were analyzed with 2-way analyses of variance (ANOVA) to determine main
effects of trail block and diet, followed by planned Bonferroni posthoc comparisons to
determine differences between high fat diet and control diet groups. Cytokine and growth factor
data were analyzed by unpaired t-tests to determine differences between high fat and control
diet groups. All protein expression data were normalized to percent control diet to reconcile
data from multiple blots, and were also analyzed by unpaired t-tests to determine differences
between high fat and control diet groups. Statistical significance for all analyses was accepted
at p < 0.05, and *, **, and *** represent p < 0.05, p < 0.01, and p < 0.001, respectively.

3. RESULTS
Effects of WD on body weight and cognitive performance

While reports have demonstrated that WD consumption can alter cerebral blood flow and
amyloid regulation in animal models of Alzheimer’s disease (Hooijmans et al., 2009),
(Studzinski et al., 2009), the effects of WD on brain homeostasis in non-transgenic mice have
not been well studied. Initial experiments were thus designed to determine if chronic exposure
to WD could alter brain function and/or physiology in adult mice. To this end, 12 month-old
male mice were administered either the Western diet (WD) composed of 41% fat (butterfat
and corn oil) and 29% sucrose, or its respective control low fat diet (C-WD) for 21 weeks.
During this period, body weights progressively diverged such that WD mice became heavier
than control mice (51.24 ±1.2 grams compared to 37.09 ± 1.11 grams in C-WD mice).
Statistically, data show that WD significantly increased body weight (t(21) = 8.801, p < 0.0001)
as compared to control diet. Calculation of body weight gain over the duration of diet exposure
revealed that WD increased weight by 19.96 ± 1.08 grams as compared to a weight gain of
6.42 ± 1.08 grams in C-WD mice over the same time period.

To determine effects of WD on cognitive function, WD and C-WD mice were behaviorally
tested at the end of the diet exposure period in the Stone T maze as described in Methods.
Evaluation of errors committed revealed a significant main effect of trial block (F(4,100) = 21.87,
p < 0.0001) on maze acquisition (Fig. 1). Thus, these data show that mice indeed learned the
route to the goal box during the acquisition procedure and made significantly fewer errors
across trial blocks. However, even though error performance of mice on WD were higher during
the first block of trials, data analyses revealed no significant effect of diet on maze performance,
and no significant trial block X diet interaction. Furthermore, planned comparisons of WD and
C-WD groups did not reveal any significant increases in errors made by WD mice during any
trial block (Fig. 1).

Effects of WD on brain cytokine levels and reactive gliosis
As consumption of high fat diets has been shown to increase indices of peripheral and brain
inflammation in experimental animals (White et al., 2009), (de Vries et al., 2009) (Milanski et
al., 2009), experiments were designed to determine the effects of a 21-week exposure to WD
on markers of brain inflammation. To this end, levels of the cytokines TNFα and IL-6, the
chemokine MCP-1, and the growth factor BDNF were examined by ELISA in samples prepared
from the cortex of same mice tested in the T-maze. Data analyses did not reveal any effects of
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WD on brain levels of TNFα, IL-6, MCP-1, or BDNF as compared to levels in CD mice (Fig.
2).

To determine if WD consumption could modulate glial reactivity in mice, the expression of
astrocyte and microglial markers were evaluated using Western blot as described in Methods.
The intermediate filament protein glial fibrillary acidic protein (GFAP) was used to evaluate
astrocyte hypertrophy (O’Callaghan and Sriram, 2005). Evaluation of blots indicated that WD
consumption increased the expression of GFAP (Fig. 3). Blot images were scanned and
densitometrically quantified, and data were calculated as a ratio of expression over tubulin
expression, and converted to percent expression in control diet-exposed mice as described in
Methods. Analyses of data indeed revealed significant increases in GFAP expression in WD
mice as compared to C-WD mice (Fig. 3; t(15) = 2.47, p = 0.0263). Microglial reactivity was
evaluated by measuring expression of Iba-1, which is a 17-kDa calcium binding protein
specifically expressed in macrophages/microglia. Iba-1 is also upregulated during the in vivo
activation of these cells (Hilton et al., 2008), (Lee et al., 2008), (Zecca et al., 2008), and this
particular marker can be used to evaluate microglial reactivity via Western blot (Ahmed et al.,
2007), (Vega-Avelaira et al., 2007). Evaluation of blots did not indicate clear increases in Iba-1
expression in WD brains (Fig. 3). Quantification and statistical analyses of Iba-1 expression
over multiple blots likewise failed to reveal a significant increase in Iba-1 expression in WD
as compared to C-WD mice (Fig. 3).

Effects of HFL on body weight and cognitive performance
To determine if a different high fat diet formulation could alter brain function and/or physiology
in adult mice, an additional cohort of 12 month-old male mice was administered the very high
fat lard diet (HFL) composed of 60% fat (pork lard), or its respective control diet (C-HFL) for
16 weeks as described in Methods. As was observed for WD, body weights increased over the
diet-exposure period such that HFL mice became significantly heavier than control mice (55.28
±1.07 grams compared to 42.2 ± 1.32 grams in C-HFL mice). Statistically, data analyses show
that HFL significantly increased body weight (t(22) = 7.70, p < 0.0001) as compared to control
diet. Calculation of body weight gain over the duration of diet exposure revealed that HFL
increased weight by 23.16 ± 1.07 grams as compared to a weight gain of 8.18 ± 1.24 grams in
C-HFL mice during the same time period.

To determine the effects of HFL on cognitive function, HFL and C-HFL mice were
behaviorally tested at the end of the exposure period using the Stone T maze as described in
Methods. As was observed for WD mice, evaluation of errors revealed a significant main effect
of trial block (F(4,100) = 55.1, p < 0.0001) for maze acquisition (Fig. 4). However, data analyses
also revealed a significant effect of diet on maze performance (F(1,100) = 13.24, p = 0.0004),
but did not indicate a trial block X diet interaction. Finally, planned comparisons of HFL and
C-HFL groups revealed that HFL mice committed significantly more errors in maze acquisition
during 10th to 12th, and 13th to 15th trial blocks (Fig. 4).

Effects of HFL on brain cytokine levels and reactive gliosis
To next determine if the ability of HFL to impair cognitive performance was associated with
enhanced brain inflammation and/or decreased brain growth factor levels, levels of the
cytokines TNFα and IL-6, the chemokine MCP-1, and the growth factor BDNF were examined
by ELISA as described in Methods. Statistical analyses of cytokine/chemokine ELISA data
reveal that brain samples from HFL mice contained significantly higher levels of TNFα
(t(18) = 3.83, p = 0.0012), IL-6 (t(18) = 3.37, p = 0.0034), and MCP-1 (t(18) = 4.47, p = 0.0002)
as compared to levels in C-HFL mice (Fig. 5). Furthermore, evaluation of BDNF expression
data also revealed that HFL consumption was associated with significant decreases in cortical
BDNF levels (t(18) = 2.35, p = 0.030) compared to control mice (Fig. 5).
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To then determine if HFL consumption affected glial reactivity in mice, expression of the
astrocyte marker GFAP and the microglial marker Iba-1 were evaluated using Western blot as
described in Methods. Visual examination of blots indicated that as observed following WD
consumption, HFL consumption increased GFAP expression (Fig. 6). Analyses of scanned and
normalized GFAP blot data indeed revealed significant increases in GFAP expression in HFL
mice compared to C-HFL mice (Fig. 6; t(18) = 4.01, p = 0.0008). Evaluation of Iba-1 band
intensity suggested that HFL consumption increased microglial reactivity (Fig. 6), and indeed,
quantification and statistical analyses of Iba-1 expression over multiple blots revealed a
significant increase in Iba-1 expression in HFL mice (Fig. 6; t(18) = 2.17, p = 0.0438).

4. DISCUSSION
In this study, mice were given either the so-called “Western” diet (WD, 41% calories from fat)
or very high fat lard diet (HFL, 60 percent calories from fat), and were evaluated to determine
the effects of high fat diet consumption on cognitive performance and on markers of brain
inflammation. Data show that while WD did increase expression of the astrocyte marker,
GFAP, this diet regimen did not significantly impair cognition as assessed in the Stone T-maze
or trigger brain inflammation. Conversely, HFL consumption resulted in significant
impairments in cognitive performance, and significantly increased expression of the cytokines
TNFα and IL-6, the chemokine MCP-1, as well as increased reactive astrocytosis and
microgliosis. Finally, HFL consumption was also associated with significant decreases in brain
levels of the growth factor BDNF. Overall, these data are consistent with a growing body of
literature describing the sensitivity of the brain to obesity and obesity-induced metabolic
dysfunction (reviewed in (Bruce-Keller et al., 2009)). For example, one of the earliest reports
of experimental obesity on the brain revealed decreased myelin levels and marked alterations
to the fatty acid composition of myelin in genetically obese mice (Sena et al., 1985). More
recent imaging studies in humans also suggest that abnormalities in white matter and myelin
are associated with obesity (Jagust, 2007), (Gazdzinski et al., 2008). One potential consequence
of disrupted myelination would be altered axonal transmission and interruptions in neurological
function. Results from the current investigation as well as those from other published studies
demonstrate an association of obesity with deficits in learning, memory, and executive
functioning in human patients (Elias et al., 2003), (Elias et al., 2005), (Waldstein and Katzel,
2006). This relationship between obesity and cognitive impairment has also been documented
in experimental animals (Baran et al., 2005), (Winocur and Greenwood, 2005), (Granholm et
al., 2008), (White et al., 2009). Collectively, results from this study reinforce the link between
diet-induced obesity and cognitive loss, and suggest potentially causal roles for high levels of
dietary fats and increased brain inflammation in driving obesity-induced cognitive disruption.

Our findings indicate that consumption of HFL, but not WD, alters cognition and brain
inflammation, even though both diets significantly increase body weight. There are several
potential explanations for the more potent effects of HFL compared to WD. First, the HFL
mice were consistently heavier than WD mice (HFL mice gained 23.16 ± 1.07 grams as
compared to 19.96 ± 1.08 grams gained by WD-exposed mice). Thus, it is possible that
increased adiposity and body weight per se might mediate the neurological perturbations noted
in this study, as excess adipose tissue is highly metabolically active and well-known to release
proinflammatory mediators. However, it is clear that both diets elicited significant obesity in
mice, while only the HFL regimen increased brain inflammation and decreased cognition.
Thus, these data suggest that increased adiposity alone may not be sufficient to explain brain
inflammation or cognitive dysfunction. Accordingly, the enhanced effects of the HFL diet
compared to the WD diet may also reflect differences in gross quantity of fat or fat composition
between the two diets. The WD contains 41% butterfat and relatively high sucrose content,
while the HFL consists of 60% lard fat with relatively low carbohydrates. Both diets are open
source, and comparison of the specific fat composition of the 2 diets indicates that while the
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HFL has a greater percentage of total fat (60% versus 41% for the WD), the actual fat contained
in the WD formulation has a higher percentage of saturated fat (62% versus 37%). Thus, the
heightened vulnerability of mice to HFL appears to be more related to the increased quantity
of fat in this diet rather than a more unhealthy fat composition (i.e., unsaturated). In support
of this scenario, data have established that high fat, low carbohydrate ketogenic diets can disrupt
cognition (Zhao et al., 2004), and trigger glial activation (Silva et al., 2005). Furthermore, data
suggest that brain aging is associated with a metabolic shift towards lipid/ketone body
oxidation, which may may be associated with inflammatory glial responses and cognitive
decline (Brinton, 2008), (Kadish et al., 2009).

While the exact mechanisms whereby HFL consumption detrimentally affects mouse brain are
not fully understood, the higher percentage of fat in the HFL could lead to higher serum levels
of bioactive lipids, including cholesterol. While an association between cholesterol and
cognitive function could be explained based on increased risk of stroke or cerebrovascular
hypoperfusion, many studies have examined the role of serum cholesterol in brain function
independent of vascular effects. In general, results are mixed, with some studies noting a
correlation between lipid levels and cognitive function, whereas other studies do not (Reitz et
al., 2005), (Rogers et al., 1989), (Atzmon et al., 2002). Positive studies related to the role of
cholesterol in dementia have shown associations primarily related to use of statins, but these
studies have also yielded mixed results, with a generally diminished risk for dementia although
some of the tests did not achieve statistical significance (Sparks et al., 2005). Conversely, there
is compelling evidence that triglycerides and/or free fatty acids are able to alter CNS function.
For example, it has been shown that direct administration of triglycerides can impair
hippocampal long-term potentiation, and lowering triglycerides pharmacologically with
gemfibrozil can reduce the expression of markers of oxidative stress in the brains of obese mice
(Farr et al., 2008). These studies are further supported by clinical studies that show elevated
triglycerides in association with poor cognitive performance in patients with type 2 diabetes
(Perlmuter et al., 1998), and by studies in which the reduction of hypertriglyceridemia with
gemfibrozil improved cerebral blood flow and function on the cognitive capacity screening
examination (Rogers et al., 1989). Another potential means whereby triglycerides could
adversely affect the brain is through their breakdown into free fatty acids, which can also be
formed and released directly from adipocytes. GPR40, a putative free fatty acid receptor, has
been localized to the hippocampus (Ma et al., 2008), and the saturated free fatty acids palmitic
acid and lauric acid have both been shown to trigger inflammatory signaling in cultured
macrophages (Laine et al., 2007), (Aronis et al., 2008), and also to modulate astrocytic and
microglial signaling (Patil and Chan, 2005).

While these data suggest a clear link between cognitive impairment and brain inflammation,
the physiologic mechanisms whereby HFL consumption increases brain inflammatory
reactions were not specifically addressed in this study. However, there are several potential
mediators that could carry the inflammatory effects of high fat diet to the brain. Over 50
adipokines have been identified, and generally function as hormones to influence energy
homeostasis and feeding behavior (Ahima and Osei, 2008). Specific adipokines, particularly
adiponectin and leptin, may be important links between obesity and functional changes to the
brain. The release of adiponectin is inversely related to the degree of adiposity, and adiponectin
exhibits robust anti-inflammatory properties and has potent protective roles against the
development of insulin resistance, dyslipidemia and atherosclerosis (reviewed in (Rasouli and
Kern, 2008). The anti-inflammatory activities of adiponectin include inhibition of IL-6 and
TNFα (Ouchi and Walsh, 2007), and adiponectin has been shown to have neuroprotective and
anti-inflammatory properties in the brain (Chen et al., 2009). Likewise, leptin may also be
important in CNS responses to obesity (Morrison, 2009). Leptin enters the brain via a saturable
transport mechanism (Banks et al., 1996) and while it is known that leptin acts on hypothalamic
centers to regulate feeding behavior, leptin receptors are widely expressed in numerous extra-
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hypothalamic regions of the brain, including the hippocampus, cerebellum, amygdala, and
brain stem (Elmquist et al., 1998), (Tartaglia et al., 1995), (Fei et al., 1997). Also related to our
findings are a number of studies that have identified a role for leptin in cognitive processes
(Harvey et al., 2005). Direct administration of leptin into the dentate gyrus enhances long term
potentiation (Wayner et al., 2004), while intravenous administration of leptin to rats facilitates
behavioral performance in passive avoidance and Morris water-maze tasks (Oomura et al.,
2006). Furthermore, leptin has been shown to modulate the inflammatory signaling in microglia
(Pinteaux et al., 2007), (Tang et al., 2007) which could affect brain inflammatory and oxidative
pathways.

This report shows a clear association between cognitive impairment and increased brain
inflammation. While this association cannot indicate causality per se, there is ample data to
indicate that increased brain inflammation can indeed impair brain function. For example,
previous reports implicate aberrant or excessive activation of microglia in the pathogenesis of
brain injury (reviewed in (Rogers et al., 2007), (Streit et al., 2008)). Experimental evidence
suggests that activated microglia could directly contribute to brain injury by inducing lipid
peroxidation, DNA fragmentation and protein oxidation in surrounding cells – a phenomena
called “bystander lysis” (McGeer and McGeer, 1997). One potential mechanism for this
phenomenon is excitotoxicty, as the activation of microglia is also known to elicit glutamate
release both in vitro (Barger et al., 2007) and in vivo (Espey et al., 1998), (Mascarucci et al.,
1998). Furthermore, the ability of intraventricular LPS to cause neurodegeneration can be
prevented by glutamate receptor antagonists (Willard et al., 2000). Additional well established
characteristics of activated microglia include their secretion of cytokines including those
measured in this study, TNFα and IL-6, which are thought to be important regulators of
neuronal function. For example, the production of TNFα by microglia has been shown to be
important to neurotoxicity (Chen et al., 1997), and IL-6 is a reliable biomarker for cognitive
decline with HIV and models of neuroAIDS (Mankowski et al., 2004). Data also suggest that
the detrimental effects of radiation therapy on cognitive function may be based in part on the
ability of IL-6 to restrict neurogenesis (Monje et al., 2003). Finally, data in this manuscript
show an association of increased brain inflammation with decreased levels of the growth factor
BDNF. While cause and effect relationships cannot be established based on this single
observation, published reports have shown activation of microglia in rat hippocampus via local
LPS injection cause increased production of Il-1β and TNFα, and decreased expression of
BDNF and its receptor, TrkB (Tanaka et al., 2006). These data are especially interesting in
light of reports showing that obesity and/or metabolic syndrome regimens that cause alterations
to cognitive function are associated with decreased BDNF (Wu et al., 2004). It is also well
established that BDNF supports synaptic plasticity and neuronal excitability (Jovanovic et al.,
2000), and appears to be important for maintaining learning and memory function particularly
in the aging brain (Croll et al., 1998), (Kovalchuk et al., 2002). Indeed, as the mice were 12–
16 months of age during this study, it is quite possible that their increasing age contributed to
their vulnerability to HFL, although the exact contribution of age to susceptibility to high fat
diets has not yet been evaluated. Conversely, cognitive performance is known to decrease and
expression of inflammatory mediators increase with age, and it is possible that even the
“control” mice might have mild impairments compared to younger mice. Thus, the same study
in 3-month old mice might have revealed a significant effect of both HFL and WD regimens,
again indicating the need for a systematic evaluation of how increasing age might modulate
the ability of high fat diets to detrimentally affect the brain. Taken together, these data highlight
a compelling link between diet-induced obesity, brain inflammation, and cognitive impairment.
Ongoing studies designed to determine the specific roles of serum lipids and adipokines in the
detrimental effects of high fat diet consumption on the brain will help to unravel the complex
but physiologically significant relationships between neuroinflammation and cognitive
function.
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Figure 1. Effects of WD on acquisition errors in the Stone T-maze
Male C57Bl/6 mice were exposed to Western diet (WD, open circles) or control diet (C-WD,
closed circles) for 21 weeks, and the effects of diet on cognitive function were assessed by
recording the number of errors committed over 15 trials of acquisition training. Data are means
± S.E.M. of average errors accrued over 3-trial blocks, with 8–10 individual mice per group.
2-way ANOVA revealed an overall significant main effect of trial on errors committed, but no
significant effect of diet, and no interaction.
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Figure 2. Effects of WD on cytokine and growth factor levels in mouse brain
Male C57Bl/6 mice were exposed to Western diet (WD) and control diet (C-WD) for 21 weeks,
and the effects of diet on brain levels of the cytokine TNFα and IL-6, the chemokine MCP-1,
and the growth factor BDNF were evaluated by ELISA as described in Methods. Data are
means and SEM, with 8–10 individual mice per group, and statistical analyses (two-tailed,
unpaired t-tests) indicated no significant effects of diet on cytokine, chemokine, or growth
factor expression in the cortex.
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Figure 3. Effects of WD on glial marker expression in mouse brain
Male C57Bl/6 mice were exposed to Western diet (WD) and control diet (C-WD) for 21 weeks,
and the effects of diet on expression of the astrocyte marker GFAP and the microglia marker
Iba-1 were measured by Western blot. Individual samples were compared to tubulin as loading
controls, and 8–10 mice per group were evaluated. Representative blot images depict the ability
of WD to increase GFAP, but not Iba-1, expression in mouse brain. Data are means and SEM,
with 8–10 individual mice per group, and statistical analyses (two-tailed, unpaired t-tests)
indicated a significant effect of WD on GFAP (* p < 0.05) levels in the cortex.
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Figure 4. Effects of HFL on acquisition errors in the Stone T-maze
Male C57Bl/6 mice were exposed to a high fat lard diet (HFL, open circles) or control diet (C-
WD, closed circles) for 19 weeks, and the effects of diet on cognitive function were assessed
by recording the number of errors committed over 15 trials of acquisition training. Data are
means ± S.E.M. of average errors accrued over 3-trial blocks. 2-way ANOVA revealed overall
significant main effects of trial and of diet on errors committed, but no effects of diet, and no
interaction. * indicates significant (p < 0.05) increases in errors accrued in HFL mice as
compared to 24 month-old C-VHFD mice.
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Figure 5. Effects of HFL on cytokine and growth factor levels in mouse brain
Male C57Bl/6 mice were exposed to high fat lard diet (HFL) and control diet (C-HFL) for 19
weeks, and the effects of diet on brain levels of the cytokine TNFα and IL-6, the chemokine
MCP-1, and the growth factor BDNF were evaluated by ELISA as described in Methods. Data
are means and SEM, with 8–10 individual mice per group, and statistical analyses (two-tailed,
unpaired t-tests) indicated a significant effect of HFL on TNFα (p < 0.01), IL-6 (p < 0.01),
MCP-1 (p < 0.001), and BDNF (p < 0.05) levels in the cortex.
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Figure 6. Effects of HFL on glial marker expression in mouse brain
Male C57Bl/6 mice were exposed to high fat lard diet (HFL) and control diet (C-HFL) for 19
weeks, and the effects of diet on expression of the astrocyte marker GFAP and the microglia
marker Iba-1 were measured by Western blot. Individual samples were compared to tubulin
as loading controls, and 8–10 mice per group were evaluated. Representative blot images depict
the ability of HFL to increase GFAP and Iba-1 expression in mouse brain. Data are means and
SEM, with 8–10 individual mice per group, and statistical analyses (two-tailed, unpaired t-
tests) indicated a significant effect of HFL on GFAP and Iba-1 (** p < 0.001; * p < 0.05,
respectively) expression in the cortex.
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Table 1
WD and C-WD formulation and composition

Diets were purchased from Research Diets (New Brunswick, NJ), maintained at −80 °C until administered, and
were provided in pelleted form.

WD (D12079B) formula C-WD (98052602) formula

gm kcal gm kcal

Protein % 20 17 17 17

Carb % 50 43 71 73

Fat % 21 40 4 10

Total 100 100

Kcal/gm 4.68 3.91

Casein, 80 mesh 195 780 195 780

DL-Methionine 3 12 3 12

Corn Starch 50 200 404.4 1617.6

Maltodextrin 10 100 400 100 400

Sucrose 341 1364 341 1364

Cellulose, BW200 50 0 50 0

Milk Fat (Anhyd) 200 1800 0 0

Corn Oil 10 90 52.5 472.5

Cholesterol 1.5 0 1.5 0

Ethoxyquin 0.04 0 0.04 0

Salts S10001 35 0 35 0

Calcium Carbonate 4 0 4 0

Vitamin Mix V10001 10 40 10 40

Choline Bitartrate 2 0 2 0

FD&C Red Dye #40 0 0 0.1 0

Total 1001.54 4686 1198.54 4686.1
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Table 2
HFL and C-HFL formulation and composition

Diets were purchased from Research Diets (New Brunswick, NJ), maintained at −80 °C until administered, and
were provided in pelleted form.

HFL (D12492) formula C-HFL (D12450B) formula

gm kcal gm kcal

Protein % 26.2 20 19.2 20

Carb % 26.3 20 67.3 70

Fat % 34.9 60 4.3 10

Total 100 100

Kcal/gm 5.24 3.85

Casein, 80 mesh 200 800 200 800

L-Cystine 3 12 3 12

Corn Starch 0 0 315 1260

Maltodextrin 10 125 500 35 140

Sucrose 68.8 275.2 350 1400

Cellulose, BW200 50 0 50 0

Soybean Oil 25 225 25 225

Lard* 245 2205 20 180

Mineral Mix, S10026 10 0 10 0

DiCalcium Phosphate 13 0 13 0

Calcium Carbonate 5.5 0 5.5 0

Potassium Citrate, 1 H2O 16.5 0 16.5 0

Vitamin Mix V10001 10 40 10 40

Choline Bitartrate 2 0 2 0

FD&C Blue Dye #1 0.05 0 0.05 0

Total 773.85 4057 1055.05 4057

*
Typical analysis of cholesterol in lard = 0.95mg/gm. Cholesterol (mg)/4057 kcal = 232.8; cholesterol (mg)/kg = 300.8.
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