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Abstract

Mounting evidence has established that diet-induced obesity (DIO) is associated with deficits in
hippocampus-dependent memaory. The bulk of research studies dealing with this topic have
utilized rats fed a high-fat diet as an experimental model. To date, there has been a paucity of
research studies that have established whether the memory deficits exhibited in DIO rats can be
recapitulated in mice. Moreover, the majority of experiments that have evaluated memory
performance in rodent models of DIO have utilized memory tests that are essentially aversive in
nature (i.e., Morris water maze). The current study sought to fill an empirical void by determining
if mice maintained on a high-fat diet exhibit deficits in two non-aversive memory paradigms:
novel object recognition (NOR) and object location memory (OLM). Here we report that mice fed
a high-fat diet over 23 weeks exhibit intact NOR, albeit a marked impairment in hippocampus-
dependent OLM. We also determined the existence of corresponding aberrations in gene
expression within the hippocampus of DIO mice. DIO mice exhibited significant reductions in
both SIRT1 and PP1 mRNA within the hippocampus. Our data suggest that mice maintained on a
high-fat diet present with impaired hippocampus-dependent spatial memory and a corresponding
alteration in the expression of genes that have been implicated in memory consolidation.
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1. Introduction

Obesity is a global epidemic that is marked by myriad medical complications and
comorbidities, not the least of which is insulin resistant diabetes (Lazar, 2005). Both cross-
sectional and epidemiological studies have found that obesity is correlated with an increased
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likelihood of developing age-related cognitive decline (Cohen, 2010; Cournot et al., 2006;
Gunstad, Lhotsky, Wendell, Ferrucci, & Zonderman, 2010). Empirical evidence has
revealed that diet-induced obesity (DI1O) contributes to memory impairments in adult
rodents (Stranahan & Mattson, 2011). Rats maintained on a high-fat, high-sucrose diet
exhibit impaired hippocampus-dependent spatial learning and memory, as measured using
the Morris water maze (Molteni, Barnard, Ying, Roberts, & Gomez-Pinilla, 2002;
Stranahan, Norman, Lee, Cutler, Telljohann, Egan, & Mattson, 2008b). These
aforementioned studies also revealed that the diet-induced memory impairments were
associated with reductions in molecules linked to hippocampus-dependent memory
formation (e.g., BDNF) (Molteni et al., 2002). Furthermore, rats maintained on a high-fat
diet, in the absence of high sucrose, exhibited a similar impairment in water maze
performance (Wu, Ying, & Gomez-Pinilla, 2004). Surprisingly, in contrast to rats, mice
maintained on a similar high-fat diet did not present with impaired water maze performance
(Mielke et al., 2006). The failure of mice maintained on a high-fat diet to exhibit spatial
memory deficits might reveal species differences, with rats being more vulnerable to
obesity-induced memory impairments than mice (Stranahan & Mattson, 2011).
Alternatively, since mice are apparently less adept at learning the water maze task than rats,
it might be more difficult to detect a subtle spatial memory deficit in mice on this task
(Frick, Stillner, & Berger-Sweeney, 2000; Stranahan & Mattson, 2011).

With only a few exceptions, diet-induced hippocampus-dependent memory deficits have
been measured using the traditional “gold standard” test of spatial memory, the Morris water
maze. The water maze is considered to be an aversive test, and is particularly stressful
(Harrison, Hosseini, & McDonald, 2009). Using the water maze to gauge obesity-induced
memory impairments might turn out to be a nontrivial consideration, since there is
conjecture in the field regarding whether or not obese rodents present with enhanced HPA-
axis activity, a physiological abnormality that might skew performance on an aversive task
(Lindgvist et al., 2006; Morton, 2010; Stranahan, Arumugam, Cutler, Lee, Egan, & Mattson,
2008a; Tannenbaum et al., 1997). Addressing these concerns, a recent study reported that
mice maintained on a high-fat diet exhibited impaired spatial learning on the radial arm
maze (Valladolid-Acebes et al., 2011).

Another candidate memory test that is relatively non-aversive is the novel object recognition
paradigm (NOR)—a hippocampus-independent object memory test. To date, a single study
has gauged the extent of diet-induced memory impairments in two rat models of obesity
using NOR (Jurdak & Kanarek, 2009). Moreover, a non-aversive test of spatial memory test
that has yet to be utilized to assess obesity-induced memory impairments is the object
location memory paradigm (OLM)—a test of hippocampus-dependent spatial memory
(Murai, Okuda, Tanaka, & Ohta, 2007). In designing the present experiments we considered
that employing OLM to assay the extent of obesity-induced hippocampus-dependent spatial
memory impairments might prove to be a more effective way of detecting subtle spatial
memory impairments in mice.

The lion’s share of experiments that have investigated the memory-disrupting effects of
obesity have used rats as a model system. With the widespread utilization of genetically
engineered mouse models and considering potential species-specific disparities in obesity-
induced spatial memory impairments and molecular profiles in the hippocampus, results that
have been found in rats need to be recapitulated using a mouse model of obesity. To address
the aforementioned concerns, we set out to determine if mice maintained on a high-fat diet
exhibit impaired performance on the NOR and OLM memory paradigm. In undertaking
these studies we complemented the behavioral approach with a molecular assessment,
evaluating memory-associated gene expression profiles in our mouse model of diet-induced
obesity as well.
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2. Methods

2.1. Animals

12 week old C57BL/6 male mice from Jackson Labs (Taconic, Hudson, NY) were singly
housed, with food and water available ad /ibitum, on a 12:12 h light:dark schedule. Animals
were randomly assigned to either a standard lab chow (control animals, Harlan) or a high-fat
(diet-induced obese (DIO), 60% fat by calories from lard, Research Diets #D12492) chow
and were maintained on this diet until death. The mice were weighed at the onset of the diet
and on the day they were euthanized. After having been maintained on their respective diets
for 22 weeks mice were subjected to various behavioral tests (described below) before being
sacrificed.

2.2 Euthanization and serum collection

After having been maintained on their respective diets for 27 weeks, both control and DIO
mice were randomly assigned to one of two groups. Both groups were sacrificed at roughly
the same starting time on consecutive days so as to ensure all blood samples would be
collected at comparable times during the circadian cycle. Before euthanization mice were
food deprived an average of 2 hours, as opposed to over-night fasting, so as to mitigate the
possibility of inducing changes in gene expression that might be associated with the stress of
over-night fasting. Mice were rapidly decapitated and immediately afterwards trunk blood
glucose levels were measured using an Alphatrak glucometer (Abbott, Abbott Park, IL).
Serum samples for insulin, leptin, corticosterone, cholesterol and triglyceride measurements
were taken from trunk blood following euthanasia and decapitation. After decapitation
whole hippocampi were removed by gross dissection, and immediately submerged in ice-
cold RNAlIater (Life Technologies, Grand Island, NY) before being stored in —80°C.

2.3. Behavior

2.3.1. Open Field—Animals were handled for at least 3 days before the onset of
behavioral testing, and they were transported to the laboratory at least one hour prior to the
start of each experiment. Locomotion and time in center-square behavior were measured in
an open-field arena (43.2 cm x 43.2 cm x 30.5 cm) for 30 min by an automatic video
tracking system (Med Associates, St Albans, VT).

2.3.2. Elevated Plus Maze—For the elevated plus-maze, mice were placed on the central
platform of an opaque Plexiglass maze that is one meter high with two open arms and two
closed arms (Med Associates, St. Albans, VT). Throughout the course of the 5 min trial,
entries and time spent in the open and closed arms were measured by an automatic video
tracking system (Med Associates, St. Albans, VT).

2.3.3. Novel object recognition task—The experimental apparatus consisted of four
separate identical white rectangular open fields (39 cm x 19 cm x 21 cm (height)), and
blackened cardboard was taped to the four walls of each arena. On each day of testing,
before having been transferred to the room designated for NOR, all mice were initially
stored in a nearby storage room within the behavioral facility for at least an hour prior to the
start of the NOR paradigm, to promote acclimation to the test facility environment. After
having been acclimated in the storage room, four mice at a time were carted to the NOR
testing room. Each mouse cage was fitted with blackened foam sleeve during the transfer
process. Once in the NOR room, mice were habituated to their respective NOR arenas in the
absence of objects for 25 min. Habituation was carried out for three consecutive days.
During the training phase, mice were placed in their arenas in the presence of two new
identical objects, and were allowed to explore for 20 min. After a 24 h retention period mice
were placed again in the apparatus, where this time one of the objects was replaced by a
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novel one, and allowed to explore for 5 min. During the NOR test the two objects used were
the head of a toothbrush and a single square Lego®. This time both variables related to the
identity (toothbrush head vs. Lego) and the positioning (left side vs. right side) of the novel
object were balanced between groups.

2.3.4. Object location task—24 h following the time of the 24 h NOR test marked the
beginning of the object location task paradigm. The experimental apparatus contexts were
virtually identical to the ones previously used for NOR except for one important addition—
visual cues (electrical tape) were placed on two arena walls. During the OLM training phase
mice were placed in their respective arenas in the presence of two identical objects and
allowed to explore for 15 min. The objects were all 2 inch long light bulbs fixed to a
stabilizing base. After a 24 h retention period mice were placed again in the apparatus,
where this time one of the objects was displaced to a novel spatial location, and allowed to
explore for 5 min. Both the object being displaced and the spatial location of the displaced
object were balanced between groups.

All phases of NOR and OLM were recorded using TopScan (Clever Sys, Reston, VA). In
both tasks, each group’s ability to recognize the novel object was determined by dividing the
mean time exploring the novel object by the mean of the total time exploring the novel and
familiar objects during the test session. This value was multiplied by 100 to obtain a
percentage preference for the novel object (Tnovel/[Tnovel + Tfamiliar] x 100).

In both tasks, objects were rinsed with ethanol between trials and before the first trial to
remove residual odors. The first 2 min of each test phase were hand-scored by a researcher
blinded to the experimental conditions, as there is evidence to suggest that the
discrimination between two objects is best in the first 2 minutes of the preference test (Dix
& Aggleton, 1999). Mice were deemed to be interacting with an object when facing and
sniffing the objects within a very close proximity.

2.3.5. Fear Conditioning—TFor cue and contextual fear conditioning, animals were
placed in the fear-conditioning apparatus for 2 min, and then exposed to a 30 sec acoustic
conditioned stimulus (CS; tone). During the last 2 sec of the tone, a single 0.75 mA shock
[unconditioned stimulus (US)] was applied to the floor grid. To assess contextual learning,
the animals were placed back into the training context 24 hr after training and scored for
freezing for 5 min. To assess cue learning, the animals were placed in a different context
(novel odor, cage floor, and visual cues) 24 hr after training. Baseline behavior was
measured for 3 min in the novel context, and then the acoustic CS was presented for 3 min.
All trials were recorded using an automated video tracking system (Med Associates, St.
Albans, VT), and scored by a researcher blinded to the experimental conditions. Learning
was assessed by measuring freezing behavior (i.e., motionless position). Freezing was
scored during conditioning as well as testing. The behavior of each mouse was sampled at 3
s intervals, and the percentage of those intervals in which the mouse froze was calculated.

2.4. Measurement of Endocrine Profiles

Insulin analysis was performed via ultra-sensitive mouse insulin ELISA kit (Crystal Chem,
Downers Grove, IL). Insulin resistance was assessed with the homeostasis model: HOMA.-
IR = fasting glucose level (mg/dl) x fasting insulin level (ng/ml) + 22.5 (Matthews et al.,
1985). Corticosterone analysis was accomplished by radioimmunoassay using the
ImmuChem Corticosterone DA for rats and mice kit (MP Biomedicals, Costa Mesa, CA).
Leptin analysis was accomplished by radioimmunoassay using the Mouse Leptin RIA kit
(EMD Millipore, Technical, Billerica, MA). Both cholesterol and triglyceride serum
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quantification was achieved using the colorimetric method on a Sirrus analyzer (Stanbio
Laboratory, Boerne, TX).

2.5. Isolation of RNA

RNA was isolated using the AllPrep DNA/RNA Mini Kit (Qiagen, Venlo, Netherlands).
Concentrations were determined spectrophotometrically using the NanoDrop 2000c
(Thermo Scientific, Waltham, Massachusetts).

2.6. Real-Time, Quantitative Reverse Transcription PCR (qPCR)

mMRNA was reverse transcribed using the SuperScript® VILO™ cDNA Synthesis Kit
(Invitrogen, Carlsbad, CA). We used the following Tagman probes for jPCR mRNA
analysis: Brain derived neurotrophic factor (BDNF), Sirtuin 1 (SIRT1), Glycogen synthase
kinase 3 beta (GSK3b), Insulin-like growth factor 1 (IGF1), Insulin-like growth factor 2
(IGF2), DNA (cytosine-5)-methyltransferase 1 (DNMT1), Histone Deacetylase 5 (HDAC5),
Calcineurin A (PPP3CA), Protein phosphatase 1 (PP1), and Beta-actin (ACTB) (Applied
Biosystems, Foster City, CA). Probe and primer sequences used to perform the analyses are
available upon request. All probes ensured the amplification of only mRNA as they were
designed to span exon boundaries. Beta-actin quantification was used as an internal control
for normalization. The comparative CT method was used to calculate differences in gene
expression between samples (Livak & Schmittgen, 2001; Pfaffl, 2001).

2.7. Statistics

All comparisons were conducted using two-tailed, Student’s unpaired #tests, with alpha =
0.05 in all cases. N of each experimental group was between 5 and 8.

3. Results

We sought to utilize a mouse model of DIO in order to perform a behavioral and molecular
characterization of the effects of high-fat diet on learning and memory and its underlying
mechanisms. In our first series of studies we replicated prior work (Winzell & Ahrén, 2004)
demonstrating that a high-fat diet causes obesity. Thus, we used C57BL6 mice and
compared animals fed normal lab chow (control) versus animals fed a high-fat diet (DIO).
There were no differences in weight between control and DIO mice at the start of the
experiment (data not shown). However, immediately prior to being euthanized, after having
been maintained on their diet for 27 weeks, DIO mice weighed significantly more than their
chow-fed counterparts (Fig. 1A).

3.1. DIO mice presented with hyperinsulinemia

It was expected that the DIO mice would exhibit blood glucose and other endocrine profiles
that are comparable to those typically observed in human patients with metabolic syndrome.
Therefore we assessed 2 hour fasting blood levels of glucose, insulin, leptin, corticosterone,
cholesterol, and triglycerides. Of particular interest were serum insulin levels, as obesity
tends to be comorbid with hyperinsulinemia. DI1O insulin levels were significantly higher
than those of control mice (Fig. 1B). Furthermore, DIO mice scored significantly higher on
the homeostatic assessment index of insulin resistance (Fig. 1C). Surprisingly, there was no
difference between the 2 hour fasting blood glucose levels of control and DIO mice (Fig.
1D). No significant difference was detected in either serum leptin or corticosterone between
DIO and control mice (Fig. 1E; 1F). DIO mice did present with both a significant elevation
in serum cholesterol, and a reduction in triglycerides, compared to controls (Fig. 1G; 1H).
Therefore, it was apparent that the DIO mice exhibited many of the characteristic traits
associated with obesity.
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3.2 Behavioral Characterization

Interested in whether DIO mice would present with impaired memory, we opted to observe
performance on both the NOR and OLM behavioral tests of memory. Prior to performing
these memory tests we performed a basic behavioral battery to detect potential behavioral
abnormalities that might influence performance on NOR and OLM and consequently
confound any interpretations drawn from these memory tests.

Therefore, we began our behavioral characterization of the DIO mice by gauging their
performance on various baseline behavioral tests relative to control mice. To this end, we
observed the mice in an open field as a means of assessing locomotor activity. DIO and
control mice did not differ in terms of their performance on the open field task, traveling the
same distance and spending similar amounts of time in the center of the camber (Fig. 2A;
2B). We interpreted this to indicate that DIO mice did not exhibit locomotor deficits.
Furthermore, it is reasonable to suggest that the DIO mice would not have their performance
on subsequent behavioral tests beset by locomotor impairments.

Next we assessed performance on the elevated plus maze as a means of acquiring an index
of basal anxiety. DIO mice spent significantly less time within the open arms of the maze,
compared to control mice, thereby exhibiting a considerable aversion to brightly lit areas—a
behavior that is indicative of increased anxiety in DIO mice (Fig. 2C). Therefore, we have
reason to suspect the anxiety phenotype exhibited by DIO mice might influence their
performance on anxiety-evoking memory tests that are aversive in nature. The potential for
this confound further validates the importance of using non-aversive behavioral paradigms
to gauge memory performance in DIO mice.

3.3. DIO mice exhibit a selective impairment in hippocampus-dependent spatial memory

We then sought to access memory using a 24 h version of the NOR paradigm. To our
surprise both groups exhibited robust 24 h object recognition memory (Fig. 3A).

Suspecting that diet-induced obesity might selectively, and subtly, impair the capacity of the
hippocampus to consolidate memory we opted to utilize a variant of NOR that has a
considerable spatial component to it and recruits the hippocampus more heavily than NOR
—aobject location memory (OLM) (Balderas et al., 2008). When hippocampus-dependent
spatial memory was assessed using the OLM paradigm DIO mice exhibited a marked
impairment in the task relative to control mice (Fig 3B). Therefore, we established that DIO
mice exhibited a hippocampus-dependent spatial memory deficit.

3.4. DIO have intact fear memory

It then became necessary to determine whether DIO mice suffered from a selective deficit in
hippocampus-dependent spatial memory, versus a more generalized deficit in overall
hippocampus-dependent memory function. If the latter were true, DIO mice should exhibit
impaired contextual fear conditioning, a form of hippocampus-dependent memory
(Anagnostaras, Gale, & Fanselow, 2001). To this end, mice were tested in 24 h contextual
and cued fear conditioning. DIO and control mice froze to an equivalent degree throughout
the training trial (figure 4A). DIO and control mice exhibited intact contextual fear memory,
and there was no discernible difference between groups (Fig. 4B). This result was
interpreted to indicate that DIO mice had intact hippocampus-dependent context memory.

Furthermore, DIO mice demonstrated intact cued fear conditioning, which suggests that DIO
mice have intact hippocampus-independent memory (Fig. 4C). Upon considering the
behavioral data collectively it became apparent that DIO mice possessed a selective deficit
in hippocampus-dependent spatial memory.
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3.5. DIO mice have reduced hippocampal SIRT1 mRNA expression

Having obtained evidence that DIO mice present with impaired hippocampus-dependent
spatial memory we sought to identify corresponding changes in gene expression, within the
hippocampus, that might account for said impairments. To achieve this end, we measured
MRNA expression for a variety of gene targets that have been associated with hippocampus-
dependent memory consolidation. The gene expression analysis revealed that both SIRT1
and PP1 mRNA were significantly reduced in DIO mice compared to controls (Fig. 5).

4. Discussion

Mounting empirical evidence has made the case that consuming a high-fat diet has a
deleterious effect on memory. We have established that chronic consumption of a high-fat
diet contributes to impaired hippocampus-dependent spatial memory in a mouse model of
diet-induced obesity. The DIO mice generated in this study presented with moderate
hyperinsulinemia (Fig. 1B) that is indicative of insulin resistance. It should be noted that the
DIO mice did not present with hyperglycemia when compared to control mice (Fig. 1D). We
suspect that had the mice been fasted longer than 2 hours prior to serum collection, thereby
allowing for postprandial glucose homeostasis to be achieved, the DIO serum glucose levels
might have reflected hyperglycemia. Upon analyzing the relationship between glucose and
insulin levels, using the homeostatic assessment index of insulin resistance (HOMA-IR), the
DIO mice scored significantly higher than controls (Fig. 1C), a result that is suggestive of
the DIO mice having been insulin resistant.

The current study is the first to establish that diet-induced obesity impairs hippocampus-
dependent object location memory. We posit that systemic insulin resistance is what drives
the spatial memory deficits exhibited by DIO mice. It has previously been established that
insulin resistant DIO mice have impaired spatial learning and spatial working memory
(McNay et al., 2010; Valladolid-Acebes et al., 2011). McNay et al., (2010), recently
published results that strongly implicate insulin resistance as being a critical contributor to
high-fat diet-induced memory impairment. McNay et al., (2010) made comparisons between
regular chow-fed mice, diet-resistant (DR) mice, which consumed a high-fat diet (HFD) but
did not experience systemic hyperinsulinemia and increased body weight, and DIO mice that
did experience systemic hyperinsulinemia and increased body weight in response to HFD. In
their experiment, control and DR mice did not suffer spatial working memory impairments,
whereas DIO mice did; moreover, the dose-response curve for insulin-mediated spatial
memory enhancement was similar for both control and DR mice, whereas it was shifted to
the right for DIO mice (McNay et al., 2010). Again, these results are consistent with the
assertion that obesity-induced insulin resistance contributes to impaired hippocampus-
dependent spatial memory. We believe our results serve to echo the above assertion, using a
novel behavioral paradigm, object location memory.

It was surprising to find that DIO have a selective impairment in object location memory,
while their object recognition memory is spared. Yet, another recent study also reported that
mice maintained on a high-fat diet have intact NOR memory exactly as we have observed
(Lavin et al., 2011). To account for this finding, it is possible that the hippocampus is more
vulnerable to insulin resistance than other brain regions that mediate object recognition.
Converging evidence supports the existence of a double dissociation between the perirhinal
cortex and the hippocampus for object recognition and object location memory (Balderas et
al., 2008; Barker & Warburton, 2011; Mumby, 2002). It is conceivable that insulin
resistance would modulate any cognitive process that is mediated by a neural region that is,
susceptible to insulin resistance. Furthermore, there is evidence to suggest that the
hippocampus is a brain region whose integrity is compromised and whose physiological
function is impaired as a result of diet-induced insulin resistance (Stranahan, Norman, Lee,
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Cutler, Telljohann, Egan, & Mattson, 2008b). Therefore, it would stand to reason that within
the context of insulin resistance a task which recruits the hippocampus heavily (i.e., OLM)
would be executed suboptimally. Alternatively, a task such as NOR that requires a neural
region that is less vulnerable to the effects of systemic insulin resistance than the
hippocampus (e.g., possibly the perirhinal cortex) would be executed properly despite
systemic insulin resistance. This is merely speculative, but has the potential to account for
the impaired hippocampus-dependent spatial memory, but preserved object recognition
memory, in our insulin-resistant DIO mice.

Additionally, it stands to reason that high-fat diet induced insulin resistance may simply fail
to sufficiently insult brain regions that mediate NOR enough to impaired object recognition,
whereas an even more obesogenic diet (e.g., combined high-sucrose and high-fat) might do
so. A study by Jurdak and Kanarek (2009) found that rats maintained on a high-sucrose diet
exhibited impaired NOR memory, whereas mice maintained on a high-fat diet had intact
NOR memory (Jurdak & Kanarek, 2009). This would open up the possibility that diets of
differing macronutrient compositions could influence hippocampal function to differing
degrees.

During this experiment mice maintained on a high-fat diet exhibited intact hippocampus-
dependent contextual fear conditioning. On the surface this particular result contradicts a
recent finding that mice maintained on a high-fat diet for 9-12 months have impaired
contextual fear conditioning (Hwang et al., 2009). Yet, there are key methodological
distinctions that can account for these disparities. The mice used in the Hwang et al. (2009)
study were not only placed on their diet much earlier (i.e., immediately post-weaning at 3
weeks of age) than our mice, which were placed on the diet at 12 weeks of age, but they
were also maintained on the diet for approximately twice as long. Moreover the memory
formed during contextual fear conditioning is rather robust, and requires extensive
hippocampus impairment before being disrupted. Considering that deficits in contextual fear
conditioning are evidence of a profound impairment of normal hippocampus physiology, it
is reasonable to think that the DIO mice in the Hwang et al., (2009) study suffered from a
high-fat diet induced hippocampus insult that was more profound than that experienced by
our DIO mice. Therefore, it appears that our DIO mice presented with subtle, albeit
detectable, hippocampus-dependent memory deficit, whereas the Hwang DIO mice
exhibited a more extensive hippocampus-dependent memory deficit. These results are
consistent with there being a gradation of diet-induced memory impairments that worsen in
severity as a function of high-fat diet age of onset and duration. Therefore, we affirm that
the OLM paradigm is an optimal paradigm with which to detect subtle diet-induced
hippocampus-dependent memory deficits.

In our molecular studies we made the observation that SIRT1 gene expression was reduced
within the hippocampus of DIO mice. These findings lend credence to another study that
documented decreased SIRT1 protein within the hippocampus of rats maintained on a high-
fat diet (Wu, Ying, & Gomez-Pinilla, 2006). The evidence suggests that high-fat diet
induced obesity decreases SIRT1 at the transcriptional or post-transcriptional level. Another
study has demonstrated that a high-fat diet reduces the expression of SIRT1 mRNA
expression within the liver of high-fat diet fed rats (Costa et al., 2010). Cross-experimental
comparisons imply that reduced hippocampal SIRT1 may be reflective of systemic
aberrations in the regulation of SIRT1 expression within the context of high-fat diet induced
obesity.

Moreover, mounting evidence has implicated SIRT1 as a member of the molecular milieu
that is permissive for learning and memory (Gao et al., 2010; Michan et al., 2010). Future
experiments will be needed to determine whether the high-fat diet induced reductions of
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SIRT1 within the hippocampus drive the spatial memory impairments exhibited by DIO
mice.

The lack of a high-fat diet related reduction in hippocampal BDNF mRNA somewhat
contradicts previously published results, and is therefore perplexing (Molteni et al., 2002).
One possible explanation for this discrepancy is that the aforementioned studies were
conducted in a rat, rather than mouse, model of obesity. Also, it is conceivable that mice
need to be maintained on a high-fat diet longer than the time course used in the current
experiment before exhibiting reductions in BDNF mRNA expression. Therefore, these
results still allow for the possibility that diet-induced obesity affects BDNF gene expression
within the mouse hippocampus.

Lastly, we observed a significant reduction in PP1 mRNA expression within the
hippocampus of DIO mice. To our knowledge this is the first time this result has been
demonstrated. At present, it is not clear what role, if any, reduced PP1 mRNA expression
might be having in the DIO spatial memory impairment phenotype. There is evidence
suggestive of PP1 being disruptive to hippocampus-dependent memory consolidation
(Genoux et al., 2002). Moreover, reduced PP1 gene expression has been characterized as
being memory-permissive (Miller & Sweatt, 2007). Bearing this in mind, we did not expect
the spatial memory impaired DIO mice to exhibit a decrease in PP1, but rather an increase.
Therefore, it is currently unclear as to whether the reduced PP1 expression is contributing to
the OLM memory deficit exhibited in the DIO mice. Future experiments need to be
conducted in order to elucidate the role that both SIRT1 and PP1 play in the high-fat diet-
induced hippocampus-dependent spatial memory dysfunction.
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Fig. 1.

Weight and serum chemistry profile of DIO and control mice. After 27 weeks on the high-
fat diet DIO mice weighed significantly more than chow-fed controls; [{12) = 5.022, p <
0.001]. (b) DIO mice had a significantly higher concentration of serum insulin than controls
[412) = 2.978, p < 0.05], as well as higher insulin resistance index HOMA-IR (c) than
controls [#12) = 2.983, p < 0.05]. (d) There was no difference in serum glucose levels
between control and DIO mice. (e) There was no difference in serum leptin between control
and DIO mice. (f) There was no difference in serum corticosterone between control and DIO
mice. (g) DIO mice had a significantly higher concentration of serum cholesterol than
controls [#11) = 6.848, p < 0.0001]. (h) DIO mice had a significantly lower concentration of
serum triglycerides than controls [{11) = 2.867, p < 0.05]. Asterisks indicate significant
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group differences between DIO mice compared to the chow-fed control group, as
determined by unpaired t-tests. Error bars indicate s.e.m.
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Fig. 2.

Open-field and elevated plus-maze behaviors in control and DIO mice. DIO mice did not
differ from controls in terms of (a) distance traveled during the open field test or (b) in terms
of thigmotaxis. (c) DIO mice spent significantly less time within the open arms of the
elevated plus maze than did controls [{11) = 2.455, p < 0.05]. Asterisks indicate significant
group differences between DIO mice compared to the chow-fed control group, as
determined by unpaired t-tests. Error bars indicate s.e.m.
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Fig. 3.

Tests of novel object recognition (NOR) and object location memory (OLM) in control and
DIO mice. (a) No significant difference was observed between control and DIO mice during
the NOR test. (b) DIO mice exhibited a significant reduction in OLM relative to control
mice [{12) = 2.292, p < 0.05]. The dotted lines indicate values for random chance (50%).
Asterisks indicate significant group differences between DIO mice compared to the chow-
fed control group, as determined by unpaired t-tests. Error bars indicate s.e.m.
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Fig. 4.

Assessment of fear-conditioned memories in control and DIO mice. (a) There was no
significant difference between the percent freezing exhibited by control and DIO mice either
prior to, or immediately after, cued-fear conditioning. (b) Tests of 24-hour contextual and
cued fear conditioned (c) memory failed to detect a significant difference between control
and DIO mice. Error bars indicate s.e.m.
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Fig. 5.

Hippocampal mRNA expression profile. DIO mice hippocampi had reduced Sirtuin 1
(SIRT1) mRNA relative to that of controls [{12) = 2.346, p < 0.05], in addition reduced
protein phosphatase 1 (PP1) mRNA relative to controls [£12) = 3.298, p < 0.01]. Other
genes evaluated include brain derived neurotrophic factor (BDNF), Glycogen synthase
kinase 3 beta (GSK3b), Insulin-like growth factor 1 (IGF1), Insulin-like growth factor 2
(IGF2), DNA (cytosine-5)-methyltransferase 1 (DNMT1), Histone Deacetylase 5 (HDACS),
Calcineurin A (PPP3CA) and Beta-actin (ACTB). Asterisks indicate significant group
differences between DIO mice compared to the chow-fed control group, as determined by
unpaired t-tests. Error bars indicate s.e.m.
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