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Abstract

There is growing evidence that over consumption of high-fat foods and insulin resistance may alter
hippocampal-dependent cognitive function. To study the individual contributions of diet and
peripheral insulin resistance to learning and memory, we used a transgenic mouse line that
overexpresses ecto-nucleotide pyrophosphatase phosphodiesterase-1 in adipocytes, which inhibits
the insulin receptor. Here, we demonstrate that a model of peripheral insulin resistance exacerbates
high-fat diet induced deficits in performance on the Morris Water Maze task. This finding was
then reviewed in the context of the greater literature to explore potential mechanisms including
triglyceride storage, adiponectin, lipid composition, insulin signaling, oxidative stress, and
hippocampal signaling. Together, these findings further our understanding of the complex
relationship among peripheral insulin resistance, diet and memory.

1 Introduction

1.1 Importance of work

In humans, cognitive impairment has been shown to be comorbid with obesity and obesity-
related complications such as insulin resistance [1]. Obesity is driven in part by over-
consumption of diet high in fat [2]. Short-term exposure to high-fat diet has been correlated
with decreased cognitive performance in humans [3-5]. In rodent models, cognitive
impairment has been associated with both intake of a high-fat diet and insulin resistance [2].
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Further elucidating the complex relationship between these factors provides valuable insight
into the current obesity epidemic.

1.2 Importance of understanding mechanism

Obesity and obesity-related complications, including insulin resistance, diabetes, and
metabolic syndrome, are difficult to disentangle in order to investigate downstream effects
such as cognition. By studying obesity-related complications individually, it is possible to
identify their contributions to cognitive impairment. While all obesity-related complications
are key to understanding the relationship between human obesity and cognitive impairment,
this review will focus on the interplay between an obesogenic high-fat diet and peripheral
insulin resistance with particular emphasis on their impact on learning and memory.

1.3 Insulin resistance and ENPP1

Ecto-nucleotide pyrophosphatase phosphodiesterase-1 (ENPP1) is an endogenous
transmembrane glycoprotein that inhibits insulin receptor signaling. We created a murine
model with adipose tissue-specific over-expression of ENPP1 (AtENPP1-Tg). Adipocyte
insulin resistance is characteristic in obese patients who also present with insulin resistance,
metabolic syndrome and are at risk for developing diabetes [6-8]. The AtENPP1-Tg mouse
has been shown to develop systemic insulin resistance independently of obesity and as direct
consequence of increased adipocyte insulin resistance [9, 10]. Specifically, AtENPP1-Tg
mice on 8 weeks of high-fat diet had a higher plasma glucose curve compared to WT mice
on a glucose tolerance test and higher glucose on an insulin tolerance test [10]. This
demonstrates that the adipose tissue specific inhibition of insulin receptor in our AtENPP1-
Tg mouse line models aspects of human insulin resistance. The AtENPP1-Tg mouse model
provides a platform to determine whether adipose tissue insulin resistance is directly
responsible for cognitive dysfunction observed in insulin resistance and metabolic
syndrome-related conditions such as type 2 diabetes.

2 Animal models

2.1 Methodological variability

The relationship between obesity and cognitive deficits is a rapidly growing area of research.
This has resulted in the use of multiple animal models, and perhaps more importantly, lack
of consensus on the use of a specific animal model. As both models of obesity and models of
learning and memory have significant subtleties [11, 12], comparing results across animal
strain, diet, and behavioral assay is difficult. Previous reviews examining these factors [11,
12] complement our focus on mechanisms that underlie the effects of high-fat diet and
insulin resistance on behavior.

2.2 Diets that influence learning and memory

There is a rich field of studies investigating the effects of diet on learning and memory in
humans and rodent models. In humans, a diet high in fat and high in sugar decreases
performance on hippocampal-dependent memory tasks [13]. Diets high in fat have been
associated with decreased performance on numerous cognitive tests [14] and increased risk
for Alzheimer’s Disease [15]. Higher dietary saturated fatty acids in particular are associated
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with poor cognitive performance [16, 17]. In rodents, consumption of a diet containing a
high percentage of fat (by kcal) negatively impacts performance on a variety of learning and
memory tasks. Specifically, consumption of a 60% fat diet, but not a 41% fat diet, decreased
memory retention assessed with a 14-Unit T-maze [18]. A 60% fat diet has also been shown
to decrease spatial memory performance on Morris Water Maze [19-21]. Rodents
maintained on a 45% fat diet have no difference in performance on Morris Water Maze, but
do have deficits in procedural learning tested with operant training [22], novel object
recognition [23], and the contextual memory based two-way active avoidance test [24].
Taken together, these studies suggest that a diet high in fat impairs human cognition, which
is successfully modeled in rodents.

2.3 Insulin resistance influences learning and memory

As animals maintained on a high-fat diet develop peripheral insulin resistance [25, 26],
insulin resistance itself has been studied for its effect on learning and memory. Diet-induced
insulin resistance is thought to decrease cognitive performance on tasks [27] including on
the Morris Water Maze [28]. However to study the interplay between diet and insulin
resistance, we tested our AtENPP1-Tg model of peripheral insulin resistance on different
diets to determine the effect on cognitive performance measured with the Morris Water
Maze.

2.4 AtENPP1-Tq, diet, and learning and memory

2.41 Methods—Adult male and female C57B1/6J mice (n=105, age 3-5 months) were
separated into groups based on genetic background (WT or AtENPP1-Tg). Mice were bred
by our laboratory and group housed in a 12-12 light-dark cycle. Using a two by two design,
mice were divided and given ad /ibitum access to either 17% fat regular chow (RC) (Teklad
7912) or 60% fat high-fat diet (HFD) (Research Diets D12492). Specifically, the groups
were allocated as follows: RC WT 12 female and 14 male, RC AtENPP1-Tg 12 female and
12 male, HFD WT 13 female and 13 male, HFD AtENPP1-Tg 14 female and 15 male. The
macronutrient profile for the RC diet was 17% fat, 58% carbohydrates, and 25% protein by
energy while the HFD was 60% fat, 20% carbohydrates, and 20% protein. Animal use was
completed in accordance with the Guide for the Care and Use of Laboratory Animals and
with the approval of the University of Texas Medical Branch Institutional Animal Care and
Use Committee. All behavior tests were conducted during the light cycle.

After 10 weeks, mice were weighed and HFD mice (WT 41.7 £ 1 and AtENPP1-Tg 39.3+1
g) weighed significantly more than their RC counterparts (WT 27.8 £ 1 and AtENPP1-Tg
26.8 + 1 g) regardless of genetic background (o < 0.05 each). This is consistent with
previous studies where WT and AtENPP1-Tg mice did not have different body weights [29].
Hippocampal-dependent learning and memory were assessed using the Morris water maze
protocol described previously [30]. Briefly, mice were trained on the Morris water maze task
to find a visible platform in a pool of water four times a day for three consecutive days. Each
individual trial allowed up to one minute to freely find the platform. Mouse performance
was recorded to determine time to platform, swimming velocity, and mouse path to platform.
These variables were averaged across the four trials each day for statistical analysis [30].
Significant differences were determined with IBM SPSS Statistics 20 software using
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repeated measures ANOVA with Tukey’s multiple comparisons test for post hoc analysis.
Main effects included repeated days, diet, genetic background and sex.

2.42 Learning Morris Water Maze task—Visible platform performance tests data was
averaged across the four sessions each day and the average of the individual mouse was used
in data presentation and statistical analysis. During acquisition of the task, there was a
significant main effect of repeated days on both latency to visible platform (#(2, 200) = 109,
p<0.01) and velocity (F(2, 200) = 71.1, p< 0.01) (Fig. 1), suggesting that the mice learned
the task [31]. However, there were no significant main effects of genetic background or diet
on the visible platform task, indicating that all groups acquired the Morris water maze task
(e.g. no deficits in vision, mobility, or learning).

2.43 Memory assayed by probe trial—Mice were then challenged to find a hidden
platform in a goal quadrant four times a day for three consecutive days. On the following
day, a probe trial was conducted where the hidden platform was removed and time spent in
the goal quadrant was measured. Probe trial performance is commonly used to test rodent
memory function [31]. The next day, mice were allowed to find a hidden platform and the
cycle repeated to achieve three probe trial days. There was no significant main effect of sex
(F(1, 102) = 0.02, p=0.98) so mice were collapsed across sex for further analysis.
Additionally, no significant main effects were observed on time to hidden platform,
regardless of whether measured before the probe trials (when acquiring the task) or between
the probe trials (reacquiring the task).

Significant differences in each probe trial (Fig. 2) were determined using two-way ANOVA
with Tukey’s multiple comparisons test for post hoc analysis. The first probe trial had a
significant main effect of diet (F (1, 100) = 4.64, p < 0.05) but no main effect of genetic
background or interaction. Similarly, the second probe trial also had a significant main effect
of diet (~(1, 100) = 10.85, p< 0.01) and no main effect of genetic background or
interaction. The third probe trial had significant main effects of diet (F (1, 100) = 29.79, p<
0.01), genetic background (F (1, 100) = 5.24, p< 0.05), and main interaction (~ (1, 100) =
4.24, p<0.05). While there was no difference between WT and AtENPP1-Tg mice
consuming a RC diet, mice consuming HFD spent significantly less time in the goal
quadrant (RC WT vs HFD WT, p< 0.05). When fed a HFD, AtENPP1-Tg mice
demonstrated decreased performance compared to WT (HFD WT vs HFD AtENPP1-Tg, p<
0.05).

2.44 Peripheral insulin resistance and high-fat diet conclusions—Overall, these
data suggest that the AtENPP1-Tg model of insulin resistance exacerbates hippocampal-
dependent memory impairments caused by high-fat diet consumption. No effect of treatment
was observed during acquisition of the hidden platform water maze task or reacquisition
following probe trials, suggesting that the time to hidden platform task is less sensitive than
the probe trials to our treatments. With this behavioral knowledge, we are now able to give
greater context to previous work exploring possible underlying mechanisms, specifically
those involved in high-fat diet and insulin resistance models.
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3 Potential mechanisms

3.1 Triglyceride storage

In humans with insulin resistance, triglyceride storage is dysregulated and maintenance on a
high-fat diet diverts triglyceride storage to areas other than adipose tissue [9]. One such area
may be the hippocampus, where an excess of triglycerides contribute to cognitive
impairment. Indeed, high-fat diet suppressed post-synaptic responses in the hippocampus in
mice, and high-fat diet combined with overexpression of ENPP1 exerted a cumulative
extinguishing effect on hippocampal synapses [9]. Another study demonstrated that
intraventricular injection of the triglyceride triolein, but not palmitate, impaired performance
on hippocampal-dependent memory tasks in mice [32]. Additionally, when hippocampal
slices were exposed to triolein, long-term potentiation was impaired, emphasizing the
negative impact of aberrant triglyceride storage on learning and memory.

3.2 Adiponectin

Adiponectin is an adipokine secreted by adipose tissue that regulates metabolic homeostasis
and inflammation. In the context of obesity, plasma concentration of adiponectin is
decreased despite increased adipose tissue mass [33]. In humans, plasma adiponectin level is
negatively correlated with ENPP1 expression. However, this relationship does not exist with
other adipo-cytokines such as leptin, interleukin-6, or tumor necrosis factor alpha [9].
Additionally, long-term exposure to a high-fat diet has been associated with decreased
expression of adiponectin in both adipose tissue and serum [34]. High-fat diet inhibits
adiponectin secretion through adipocyte dysregulation and increased expression of tumor
necrosis factor alpha [35]. Because adiponectin promotes an anti-inflammatory state, a
decrease in adiponectin, such as that observed with high-fat diet, creates a cellular
environment amenable to increased concentration of pro-inflammatory cytokines, especially
interleukin-1 (IL-1). IL-1 is of particular interest due to the enrichment of its receptor in the
hippocampus [36], and neuroinflammation is known to alter cognition and synaptic
plasticity [37]. Exogenous administration of IL-1 and endogenous release of IL-1 impaired
long-term potentiation in the CA1 hippocampal region [38]. Overall, an obesogenic diet may
contribute to impaired learning and memory through decreased adiponectin, and increased
pro-inflammatory cytokines.

3.3 Lipid composition

Consumption of a high-fat diet causes dyslipidemia, which alters lipid composition in
neurons [39]. Lipid composition in neuronal membranes is critical for basic physiological
functions such as signaling and trafficking. In the hippocampus, changes in synaptic lipid
composition in synapses may influence cognition. Triglyceride content in hippocampal
synaptosomes was significantly increased in AtENPP1-Tg mice exposed to a 60% high-fat
diet for 12 weeks, and phospholipid content in hippocampal synaptosomes was significantly
decreased [29]. These findings were shown to cause systemic insulin resistance [10]. As
such, elevated triglycerides in hippocampal synapses can impair synaptic transmission and
cause deficits in learning and memory [29].
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3.4 Insulin signaling

Insulin resistance is a major obesity-related complication. Insulin receptor signaling is
critical for proper glucoregulation and is involved in the pathogenesis of type 2 diabetes.
Long-term consumption of a high-fat diet interrupts insulin signaling and leads to weight
gain, impaired glucose handling, and insulin resistance [22]. In addition to its peripheral
effects, high-fat diet also contributes to central insulin resistance [40]. Hippocampal insulin
resistance leads to cognitive impairment and is the result of inadequate insulin receptor
signaling, as well as impaired insulin transport across the blood brain barrier [41]. Indeed,
high-fat diet has been shown to block the ability of insulin to induce long-term depression in
the CA1 hippocampus [42]. In AtENPP1-Tg mice maintained on a high-fat diet, both insulin
receptor alpha and beta subunits were downregulated in the hippocampus [29]. However,
loss of neural insulin receptor in a knockout mouse model has no effect on hippocampal-
dependent memory as measured with Morris Water Maze, suggesting that insulin resistance
alone is not sufficient to cause deficits in learning and memory [43].

3.5 Oxidative stress

Long-term consumption of a high-fat diet results in increased oxidation of free fatty acids
[44-46]. Three weeks of maintenance on a 60% fat diet is sufficient to increase circulating
free fatty acids, specifically polyunsaturated fatty acids [47]. Because polyunsaturated fatty
acids possess reactive hydrogen atoms, they are especially vulnerable to peroxidation by
reactive oxygen species (ROS). Lipid peroxidation results in the production of new fatty acid
radicals that are self-perpetuating [48]. High-fat diet also increases neural ROS production
and expression of COX-2, a marker of neuroinflammation [49]. Long-term consumption of a
60% fat diet, but not a 41% fat diet, increased hippocampal protein carbonyls, further
indicating oxidative damage [18]. Additionally, fluctuating glucose concentrations resulting
from insulin resistance induce oxidative stress [50]. Persistent oxidative stress in the
hippocampus results in decreased neurogenesis, and reduced dendritic arborization in
existing neurons which leads to impaired cognition [51]. Together, both high-fat diet and
insulin resistance induce neurological oxidative stress, which in the hippocampus leads to
deficits in learning and memory.

3.6 Hippocampal signaling and synaptic transmission

New memories are formed through synaptic adaptations in the hippocampal circuit in
response to episodic learning-associated stimuli [52]. The CA1 area plays a fundamental
role in memory consolidation and storage serving as the last integrative station in the
hippocampal trisynaptic circuit. At the cellular level, memory formation occurs through
complex structure-function modifications of synapses in the CA1 region that encompass
formation of new spines [53, 54], increase in synaptic strength and modification of post-
synaptic receptors and signaling pathways [55] that culminate in modified behavior [56, 57].
Changes in the ability of neurons to respond and adapt to synaptic stimuli are a sign of
disrupted circuitry, which lead to memory deficits that in rodents are manifested by reduced
performance on Morris Water Maze task [58]. Recent findings showed that AtENPP1-Tg
mice maintained on a high-fat diet exhibit decreased synaptic transmission in the
hippocampal CA1 area compared to wild type controls [29]. Electrophysiological field
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recordings of synaptic responses in the CA1 region of WT and AtENPP1-Tg mice (n=4-5
per group) under normal and high-fat diet revealed a significant suppression of basal
synaptic function in the CA1 hippocampal region induced by the transgene and the diet (Fig.
3). These striking results correlate with altered lipid profiling, and aberrant composition of
glutamate receptors in these animals [29] that might predispose synapses to altered plasticity
and consequently behavioral deficits in CAl-associated memory formation (Fig. 2).
Furthermore, a high-fat diet also decreases GABA levels in the hippocampus, consequently
decreasing inhibitory tone which, in addition to affecting memory formation [59], may
increase food intake and perpetuate obesity [60]. Indeed, a theory has been advanced
proposing a feedforward cycle of hippocampal dysfunction promotes over-consumption of
energy dense food that causes further hippocampal dysfunction [61]. This decrease in
GABA inhibitory signaling seems to contradict our findings of decreased synaptic function
(Fig. 3). However, a high-fat diet also decreases glutamatergic excitatory signaling as well
[62]; which suggests that the sum of these two effects is the net inhibition presented here.
Additionally, high-fat diet has been shown to impair neurogenesis in the hippocampus [63]
and the effect of AtENPP1-Tg on neurogenesis remains an ongoing research interest. The
data presented here suggest there are behavioral consequences to the loss of hippocampal
CAL basal synaptic transmission with a diet high in fat and peripheral insulin resistance.

4 Conclusions

Animal models of obesity and its related complications demonstrate translational validity
and mirror comparable human studies. Using the AtENPP1-Tg model in combination with a
high-fat diet, we were able to study mechanistic changes that culminate in decreased spatial
memory (Fig. 4). These insights compliment and extend the obesity literature by
disentangling peripheral insulin resistance and diet in order to study them independently and
jointly (e.g. diet induced insulin resistance models). In sum, there is strong evidence that
both dietary fat and insulin resistance contribute to cognitive deficits through a variety of
mechanisms that all together constitute peripherally-driven CNS deficits in the
neurometabolic syndrome.
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. Mice exposed to HFD showed reduced performance on Morris Water Maze.

. Peripheral insulin resistance exacerbates HFD induced cognitive deficits.

. Mechanisms converge on decreased hippocampal signaling, which alters
memory.
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Acquisition of Morris water maze visible platform task. Average time to platform (A) and
velocity (B) over repeated days is not different between groups. Values are mean + SEM to

find platform in 60 second trials.
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Fig. 2.

AthNPPl-Tg exacerbates HFD induced deficits in Morris water maze probe trial
performance. (A) Mean + SEM time in goal quadrant during probe trial. * indicates p <
0.05. (B) Representative traces of mouse locomotion during the third probe trial. Double
circle represents the trained location of the platform in the goal quadrant, which was
removed for probe trial testing.
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Fig. 3.

Wzakened hippocampal signaling in At-ENPP1-Tg mice fed a HFD. (A) CA1 extracellular
field recordings show depressed signaling in WT mice fed a HFD, which was further
augmented in At-ENPP1-Tg mice fed a HFD. Averages of these recordings are represented
in (B) at increasing stimulation intensities. * indicates p<0.05, **p<0.01, ***p<0.001
relative to RC WT. Reproduced from Sallam [29] with permission from John Wiley and
Sons.
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Fig. 4.

Graphical depiction of proposed mechanisms that mediate diet and insulin resistance-
induced deficits in cognition.
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