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Abstract

Evidence has emerged suggesting that diet-induced obesity can have a negative effect on cognitive
function. Here, we exploited a mouse genetic reference population to look for the linkage between
these two processes on a genome-wide scale. The focus of this report is to determine whether the
various BXD RI strains exhibited different behavioral performance and hippocampal function
under high fat dietary (HFD) condition. We quantified genetic variation in body weight gain and
consequent influences on behavioral tests in a cohort of 14 BXD strains of mice (8-12 mice/strain,
n=153), for which we have matched data on gene expression and neuroanatomical changes in the
hippocampus. It showed that BXD66 was the most susceptible, whereas BXD77 was the least
susceptible strain to dietary influences. The performance of spatial reference memory tasks was
strongly correlated with body weight gain (/£<0.05). The obesity-prone strains displayed more
pronounced spatial memory defects compared to the obesity-resistant strains. These abnormalities
were associated with neuro inflammation, synaptic dysfunction, and neuronal loss in the
hippocampus. The biological relevance of DSCAM gene polymorphism was assessed using the
trait correlation analysis tool in Genenet work. Further more, a significant strain-dependent gene
expression difference of DSCAM was detected in the hippocampus of obese BXD strains by real-
time quantitative PCR. In conclusion, a variety of across-strain hippocampal alterations and
genetic predispositions to diet-induced obesity were found in a set of BXD strains. The obesity-
prone and obesity-resistant lines we have identified should be highly useful to study the molecular
genetics of diet-induced cognitive decline.
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1. Introduction

The increasing prevalence of diet-induced obesity (DIO) has become a major public health
concern in modern society for the serious medical issues it causes, such as type 2 diabetes
mellitus, hypertension, atherosclerosis, and stroke [1-3].Several longitudinal studies have
found that weight gain has also been associated with long-term decline in cognitive
performance independently of other medical conditions [4-6]. The negative effects of
dietary manipulations on learning and memory performance have also been observed in
rodents [7, 8].However, the influence of genetic differences amongst individuals in their
susceptibility to DIO and deficits in cognitive performance is largely unknown. One
important reason for these difficulties could be that there are many factors involved in
weight gain, including genetic, metabolic, psychosocial, and environmental influences [9].
The interaction between genes and diet is important, but the causative neuro cognitive
phenotype effect has not been precisely defined and measured. In the current study, we use
BXD family of RI strains to probe the genetic architecture of quantitative traits and how they
contribute to DIO and decline in cognitive function.

The BXD set of RI strains was derived by crossing common inbred mouse strains of
C57BL/6J (B6) and DBA/2J (D2) and inbreeding progeny for 20 or more generations [26],
each strain representing a unique mosaic of B and D alleles with fully sequenced parental
strains. The sequence variation throughout the panel is exceptionally well-defined, thereby
enabling extensive replication studies of the same genotype and tight experimental control
[19, 27]. The families of this RI inbred strains can be used as a high power and high
precision genetic reference population to assess complex interactions of gene networks and
disease susceptibility [28], by which numerous genome and phenome data sets have been
accumulated over the past decades. Meanwhile, the genotyping data can be queried for
polymorphisms in the sequencing database of this reference population which may enable
uncovering candidate genes associated with specific phenotype traits.

Although it has been argued that the high prevalence of obesity is primarily due to
environmental factors, such as sedentary lifestyle and consumption of high-fat energy-dense
diets [10], it has also been suggested that DIO susceptibility is strongly influenced by
genetic factors. A population- and family-based study has shown that women with obese
parents were more susceptible to weight gain when exposed to high dietary fat intakes [11].
A recent twin study has reported that genetic predisposition to obesity is increasingly
expressed throughout childhood [12]. The differences between and within strains in response
to DIO have also been well recognized in rodent studies [13-15], suggesting that genetic
background not only regulates weight gain but also significantly affects the susceptibility to
DIO. Meanwhile, the gene-environment correlation (GXE) on susceptibility differences are
supported by the large scale genome-wide association studies (GWAS). Researchers have
identified a large number of quantitative trait loci (QTLSs) and genes associated with body
mass index (BMI) in humans, such as FTO, MC4R, SH2B1, BDNF, efc.[16-18].However,
how these genetic variations influence obesity phenotype is unclear, partially due to an
inability to control environmental factors and difficulty in obtaining certain types of
physiological and molecular data. Thus, an effective population-based experimental model
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that can simplify complex genetically admixed human populations is needed to dissect the
influences of intricate GXEs [19]. In contrast, several congenic and recombinant inbred (RI)
mouse strains have been tested in the field of obesity and metabolic disorders [20]. A
growing number of QTLs have been identified that influence various obesity related traits,
such as diet induced obesity [21], resistance to diet induced obesity[22], juvenile
obesity[23], and obesity associated diseases[24]. But most of the obesity loci identified by
quantitative studies do not correspond to “classical’ obesity mutations such as ob, tubby or
fat[25], suggesting a relatively large pool of genes with allelic variations accounting for
body-weight regulation.

Mouse Down Syndrome Cell Adhesion Molecule (DSCAM) gene is located on chromosome
16, a syntenic region for human chromosome band 21g22. Its allelic differences are known
to be involved in regulating body weight, motor function, and motor learning [29].In parallel
with this, we present the results of a trait correlation analysis in order to test the hypothesis
for a functional correlation between DSCAM gene polymorphism and phenotype traits in
BXD mice. Thus, the BXD RI mice strains provide an experimental model that allows us to
examine the interaction between genes and diet, which seem likely to provide insight in to
the biological basis of variation in DIO and behavioral traits.

2. Materials and methods

2.1. Mice and Diets

BXD RI strains (5—7 wk) were provided by Dr. Robert W. Williams and Dr. Lu Lu
(University of Tennessee Health Science Center, Memphis, TN, USA). Mice were housed
three to five per cage in an environmentally controlled animal facility with a 12-h light/dark
cycle and given free access to food and water. A total of 14 BXD RI strains containing 153
mice were used in this study. All experimental protocols were conducted in accordance with
the NIH Animal Care guidelines and were approved by the University of Tennessee Health
Science Center Animal Care and Use Committee.

Standard chow diet containing (by weight) 7.2% fat was from Harlan Teklad (TD.94045).
High fat diet containing 45% fat, 35% sucrose (D12451; Research Diets Inc., New
Brunswick, New Jersey, USA) was fed for 4 months. Mice weights were recorded at
intervals of 4 weeks or less.

2.2. Behavioral testing

To assess the differences of spatial learning and memory, and anxiety-related behavior
between BXD strains, a battery of behavioral tests were performed. All mice were subjected
to all behavioral tests, and the testing order was consistent across animals.

2.2.1. Spontaneous alternation behavior—Spontaneous alternation behavior was
assessed by using a cross-maze. The maze was composed of 4 symmetrical arms, with each
arm measuring 30 x 8 x 15 cm with a central platform of 25 cm across. The testing was
conducted by placing the mice on the center platform and allowing 5 min of unimpeded
exploration. The sequence of arm entries was recorded for calculation of a percent
alternation score. An arm entry was recorded when all four paws entered an arm. One
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successful alternation was defined as any non-repetitive sequence of four arm entries. Using
this procedure, possible alternation sequences were equal to the number of arm entries
minus 3. The percentage alternation score is equal to the ratio of (actual alternations /
possible alternations) multiplied by 100. Chance performance on this task is 22.2%. The
number of arm entries was also recorded to obtain an index of spontaneous exploration and
general locomotion. Mice that made fewer than 11 arm entries were excluded from the
analysis.

2.2.2. Morris water maze (MWM)—Spatial learning was examined in a MWM task with
hidden platform. Mouse relies on the spatial visual cues to navigate a submerged escape
platform. The experimental apparatus consisted of a circular water tank, 110 cm in diameter
and 60 cm in depth and filled with 22—-25°C water at a depth of 30 cm. A transparent lucid
platform (5.5 cm in diameter, 14.5 cm in height) was submerged 1 cm beneath the surface of
the water, and placed at the midpoint in the north-west quadrant of the pool. The water was
opaque by mixing with nontoxic white paint to make the platform invisible. Each mouse
received 4 consecutive trials per day with an inter-trial interval of 16 s for 8 consecutive
days. Four starting points were varied daily. Each trial lasted until the mice had found the
platform or for a max 1 min. A video camera mounted at the height of 180 cm above the
center of the maze and all data were recorded with a computerized video system. Escape
latency (finding the submerged escape platform) and path length to find the hidden platform
were recorded. On day 9, the probe test was performed by removing platform and allowing
each mouse to swim freely for 60 s. The total length of the swim path during the testing
period was recorded. The time that mice spent swimming in the target quadrant (where the
platform was located during hidden platform training) was measured. For the probe trials,
the number of times the mice crossed where the platform had been located was also
measured and calculated.

2.2.3. Fear conditioning—The experiments were performed with conditioned freezing
chambers (Coulbourn Instruments) as described previously [30].

2.2.4. Barnes maze—For the parental C57BL/6J and DBA/2J strains, a modified Barnes
maze was performed to assess spatial learning as described previously[31] after HFD
feeding for 4 months. Briefly, mice were trained on four-trial blocks per day for 4 days to
find a target escape box. If the target box was not successfully entered within 4 min, the
investigator guided the mouse in to the target box, and a latency of 240 s was assigned.
Spatial learning was assessed using total and primary errors (errors committed before the
first encounter with the escape hole). Escape latency and path length were also measured.
Testing was digitally recorded and analyzed manually using ANY-maze v4.99 software
(Stoelting Co., USA).

2.3. Trait correlation analysis

The haplotype structure and SNPs of DSCAM gene were extracted from mouse phenome
database at the Jackson Laboratory (http://phenomejax.org). The genetic correlations
between DSCAM gene polymorphism and phenotypic traits were analyzed using a
phenotype database of over 4500 published and unpublished traits from previous studies on
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BXD strains at http://www.genenetwork.org. Correlation networks were constructed using
on-line tools in GN.

2.4. Quantitative real time PCR

Total RNA was purified from mouse hippocampus using Trizol reagent (Invitrogen,
Carlsbad, CA) according to the protocol. RNA quality and purity was monitored by 260/280
nm OD ratios. The cDNA was synthesized from 2 g total RNA and analyzed in use of 5
Prime Real Master Mix SYBR ROX (5 Prime) with an Eppendorf Master cyclerrealplex
system. The gRT-PCR runs were performed under the following thermocycler conditions:
initial denaturation at 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 55°C for 15 s,
and 68°C for 20 s. A melting test was conducted to verify that only one product was
amplified. All tests were run in duplicate, the expression values are represented as Mean
+SEM relative to GAPDH expression. Data analysis was performed using the 2-[AACT]
method [32]. Primer sequences are available on request.

2.5. Western blots

To extract protein from the hippocampus, the tissues were manually homogenized in 300 pl
of cold RIPA buffer containing protease and phosphatase inhibitor cocktail and 10 mM
EDTA (Thermo Fisher Scientific). Lysates were centrifuged at 14,000 rpm for 30 minutes at
4°C. The supernatants were collected and assayed for protein content using a standardized
BSA kit (Pierce, Rockford, IL, USA) prior to storage at —80°C. 25 ug protein samples were
mixed Laemmli Sample Buffer (LSB), reduced with 50 mM dithiothreitol and denatured in a
boiling water bath for 5 min. Samples were resolved via 4-20% Tris-Glycine SDS-PAGE gel
electrophoresis (Invitrogen), and transferred to PVDF membranes. Non-specific protein
binding to the membrane was blocked by incubating with 5% skim milk in 1X TBS-T wash
buffer for 90 min at room temperature. Thereafter, the samples were reacted in blocking
buffer mixed with primary antibody for -actin (Sigma-Aldrich, St. Louis, MO, USA, at
1:10000 dilution); drebrin (Novus) and all other Abs (Cell Signaling Technology) diluted
1:1000 and incubated overnight at 4°C. Anti-mouse 1gG and anti-rabbit IgG HRP-
conjugated secondary Abs (Chemicon, Temecula, CA, USA) were used in 5% skim milk in
TBST for 1 h at room temperature at 1:10000 dilution. Membranes were washed three times
for 10 min with TBST after incubation with each antibody. Immunoblots were imaged on
Kodak film using the ECL prime reagent and quantified using ImageJ software. All proteins
were normalized to the loading control of B-actin.

2.6. Immunohistochemistry

Mice were perfused with 4% paraformaldehyde in PBS. Brains were rapidly removed and
post-fixed for 4 h in the same fixative, and placed in 20% sucrose in PBS at 4 °C until they
sank. Sections were coronally cut at 35 pm thickness on a sliding microtome. Four sets of
serial sections were collected in glass vials. After blocking at room temperature for 1 hour in
NGS (10% normal goat serum, 0.2% Triton X-100, and 0.02% NaN3 in TBS), free-floating
sections were incubated ON at 4°C with anti-GFAP monoclonal antibody (Sigma-Aldrich,
dilution 1:1000) in blocking solution. AlexaFluor 488 secondary antibody (Invitrogen,
dilution 1:500) was used for 2 hours at RT. Sections were washed three times for 10 min
with PBS after incubation with each antibody. The sections were then mounted in ProLong

Behav Brain Res. Author manuscript; available in PMC 2017 January 11.


http://www.genenetwork.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xue et al. Page 6

Gold Anti-Fade Reagent with DAPI (Invitrogen), and examined by fluorescence microscopy.
Nissl staining and image quantification were performed as previously described [33].

2.7. Statistical analysis of strain differences and heritability estimates

All data are presented as mean+SEM. Statistical tests and graphing were done with
GraphPad Prism 6.0 software. Two-way ANOVA followed by Bonferroni post hoc testing
was used to analyze bodyweight, western blot for the parental strains, and behavioral test
data, with strain and HFD feeding as between-subject factors. One-way ANOVA was used to
compare gene expression and neuronal density data to detect significant inter-strain
differences. Tukey’s post-hoc test was used for multiple comparisons. Regression analysis
was used to examine correlation between body weight gain and behavioral measures.
Statistical significance was defined at £<0.05. Heritability was determined as h2= VA/(VA +
VE), where VA is the additive genetic variation estimated by the between-strain variance and
VE is the environmental variance estimated by the within-strain variance from the ANOVA
results [34].

3. Results

3.1. HFD feeding provoked behavioral impairment and hippocampal dysfunction in the
parental strains B6 and D2 mice

We observed a significant effect of HFD feeding on spatial pattern learning in the Barnes
maze task (F(3, 128) =2.849, /<0.05) for the parental B6 and D2 mice. In line with the
previous studies by others [35, 36],B6 mice did appear to out perform D2 mice although
there was no significance between these two groups (Fig. 1A). Similarly, the association
between hippocampus-related behavioral trait and differences in synaptic plasticity was also
confirmed by examining the expression of the presynaptic marker Synapsin 1, postsynaptic
marker PSD95, and other proteins involved in synaptic function such as drebrin, p-CAMKII,
and BDNF (F 3, 72) =8.086, p<0.0001; Fig. 1B and C).

3.2. Correlation between performance of hippocampus-dependent tasks and body weight
gain under HFD conditions in BXD mice

Thirteen BXD strains were tested for susceptibility to high fat diet. The body weight gain
reached plateau levels by 3—4 months, and varied significantly (from 30.5% in BXD77 to
87.1% in BXD66) across the BXD strains after 4 months HFD feeding (Fig. 2A). There was
a significant effect of strain (F12, 238) =8.679, A<0.0001) on the body weight gain. The
heritability (h2=0.72) was computed by dividing the between strain variance by the total
variance. These results suggest that the body weight gain is a highly heritable trait. Eight
representative strains were selected to perform the behavior test. The Pearson correlation
between body weight gain and average escape latency (Fig. 2B) during the entire escape trial
period of water maze task was 0.81 (P=0.018; Fig. 2C). For the cross maze test, the ANOVA
revealed a significant effect of HFD feeding, but not strain, on spontaneous alternation
(F@,126) = 7.79, P<0.0005; Fig. 3A). The Pearson correlation between body weight gain and
spontaneous alternate was -0.79 (£=0.019; Fig. 3C). The total amount of arm entries was
also analyzed during each trial, which was taken as a measure of locomotor activity. There
was a significant between group difference (F(1,125= 12.13, /A<0.0001; Fig. 3D), suggesting
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the locomotor activity was affected by HFD consumption, but no significant correlation was
found between body weight gain and total amount of arm entries (Fig. 3E and F). With
regard to the fear conditioning test, body weight gain was not significantly correlated with
any of the variables (data not shown). Taken together, these results suggest that body weight
gain can affect the spatial memory performance specifically, and this effect could not be
explained by differences in motor activity.

3.3. Significant strain-differences of molecular and structural alterations in the
hippocampus

3.3.1. Synaptic markers—For the levels of post-synaptic marker, PSD-95, one-way
ANOVA revealed significant inter-strain differences under high fat feeding conditions
(F(5,12)=5.880, P=0.0057; Fig. 4A and B). With regards to pre-synaptic marker, Synapsin-I, a
very close to statistical significance (F(s 17)=2.823, £=0.0654; Fig. 4A and B) was observed.
p-CAMKII level significantly decreased in DIO susceptible strains as compared to resistant
strains of mice (F(s,12)=12.01, A=0.0002; Fig. 4A and B).

3.3.2. NO synthase, GFAP, and BDNF—Quantitative analysis revealed that NNOS
expression was significantly down-regulated in DIO susceptible strains (Fs 12)=7.672,
P=0.0019; Fig. 4A and B), but iNOS expression was significantly up-regulated in these
strains (F(s5,12=12.33, £=0.0002; Fig. 4A and B) after HFD feeding. Meanwhile, the
susceptible strain BXD66 mice displayed increased GFAP-positive cells in the CA1 field of
the dorsal hippocampus as compared to DIO resistant strain BXD77 mice (Fig. 4C). The
levels of BDNF protein significantly declined in hippocampus (F s 12)=4.224, P=0.0190;
Fig. 4A and B) of BXD66 mice, as compared to BXD77 mice.

3.3.3. Neuronal loss—Neuronal density based on Nissl staining was determined in the
CA1 subfield of the hippocampus. A significant strain difference in neuronal cell number
was detected in the pyramidal layer of the CA1 region of BXD mice (Fs 12) =12.02,
P=0.0002; Fig. 4D and E). Tukey’s post-hoc test showed that there was a significant
decrease between BXD66 and other BXD strains (£<0.001 compared with BXD34, £<0.01
compared with BXD73b and BXD77 mice, respectively; Fig. 4E).

These results clearly showed that BXD strains differed significantly in the hippocampal
function after HFD feeding, and suggested that DIO-induced behavioral impairments are
closely related to hippocampal dysfunction.

3.4. Genetic correlation analysis of metabolic, learning and memory traits with DSCAM
gene from the GN phenotype database

The haplotype structure of the DSCAM gene was queried through mouse phenome database
at the Jackson Laboratory (http://phenome.jax.org/db/g?rtn=snp/retl). DSCAM gene is
highly polymorphic, containing at least 109 SNPs, 16 of which show strain differences.
Haplotype analysis revealed that strains inheriting the paternal D2 allele exhibited a
significant susceptibility to DIO and poorer behavior performance compared to those B6-
like strains (Fig. 5A). To further validate the biological role of genetic variations of DSCAM
gene in relation to learning behavior and obesity phenotypes, we computed genetic
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correlations between DSCAM gene polymorphism (GN Record ID: 17345) and over 4500
phenotypic traits of BXD RI sets from the GN database. A total of 49 anatomical,
physiological and behavioral traits were found to significantly correlate with DSCAM SNPs
(P<0.05). Top 15 correlation traits with a significant alpha level less than 0.005 are
summarized in table 2, and Fig. 5B shows the co-variations among these traits (|0.5|<r <|1|).

Among behavioral traits, DSCAM SNPs were highly correlated with sensorimotor-related
behavior, such as: the mode and mean correct response latency (/=— 0.60, A< 0.0001, N=40,
GN ID 13366; and /=— 0.54, P=0.0002, N=40, GN ID 13365, respectively) in the 5-CSRT
task; the activity during the light phase in standard housing cage (r=0.50, A< 0.001, N=42,
GN ID 15735); and the locomotion from 0-5 min in the novel open field test (+=0.49, A<
0.05, N=17, GN ID 10911). It was also correlated with anxiety and memory-related
behavior, such as: the freezing in response to context exposure 48 hr after conditioning in the
fear conditioning test (/=0.64, A<0.005, N=17, GN ID 10901); the percent distance traveled
in the light side under restraint stress and ethanol treatment in the light/dark transition test
(r=0.52, £<0.005, N=29, GN ID 10982); total distance ratio and center-distance to total
distance ratio in the open-field test (+=0.63, /<0.01, N=15, GN ID 12760; and r=- 0.56,
£<0.05, N=15, GN ID 13536, respectively); and the average path length to reach the
platform during acquisition in the Morris water maze test (=-0.68, P=0.01, N=12, GN ID
10810; Fig. 5C).

For metabolic traits, there were significant correlations with body weight gain between 12
and 13 weeks and heart weight at 20 weeks under high fat diet feeding (+=-0.50, £<0.005,
N=30, GN ID 15034, Fig. 5D; and /=— 0.52, A< 0.005, N=31, GN ID 15053, respectively).
DSCAM SNPs were also correlated with ethanol clearance rate (+=0.56, A< 0.005, N=26,
GN ID 10175); Iron level in dorsal striatum of females (/=-0.68, 2= 0.006, N=14, GN ID
10242), ventral midbrain (/=—0.56, A< 0.05, N=14, GN ID 10246), dorsal striatum of males
(r=-0.56, A< 0.05, N=14, GN ID 10241), and nucleus accumbens (=-0.56, A<0.05, N=14,
GN ID 10244); and copper level in medial prefrontal cortex (=-0.65, A<0.01, N=14, GN ID
10733).

Among morphological traits, DSCAM SNPs were highly correlated with liver mass (% of
body, /=0.50, P=0.0006, N=42, GN ID 15662); and cerebellum volume and weight (+=0.53,
P=0.002, N=30, GN ID 10004; and r=0.48, P=0.003, N=33, GN ID 10001, respectively); It
was also correlated with striatum cholinergic neurons (/=0.50, A<0.01, N=26, GN ID 10109)
and septal nuclei and cochlear nuclei volume (r=0.72, P=0.01, N=11, GN ID 10893; and
r=0.68, P=0.02, N=11, GN ID 10938, respectively).

DSCAM SNPs were also associated with many other physiological traits, such as apoptosis
in cortex L2/3(r=-0.80, P=0.0001, N=15, GN ID 16246); longevity of females (/=—0.55,
F£<0.01, N=22, GN ID 10148); and dopamine transporter binding capacity in dorsal striatum
(r=—0.58, P=0.01, N=17, GN ID 10278); In addition, there were correlations between
DSCAM SNPs and a set of traits (Trait IDs: 10064, 10141, 10287, 10290, 10291, 12002)
which measured ethanol response and the locomotion response to cocaine administration
(P<0.01).
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These results provide further evidence supporting that there are significant strain differences
on the susceptibility to DIO-induced spatial memory impairment, and also add information
concerning the contribution of allelic variants of DSCAM gene family to specific phenotypic
variations.

3.5. Validation of HFD-responsive genes by real-time PCR

To assess HFD-induced gene expression changes in the hippocampus, we measured the
MRNA levels of several selected neuroinflammation cytokines, synaptic plasticity markers,
and obesity and metabolic factors in obesity-resistant strain BXD77, obesity-prone strain
BXD66, and parental B6 and D2 strains.

3.5.1. Neuroinflammatory response factors—IL-6 is a cytokine that having both pro-
and anti-inflammatory properties [37]. A one-way ANOVA showed no strain difference for
IL-6 mRNA expression (P>0.05). For the expression of inflammatory cytokine IL-1p and
cellular adhesion molecules ICAM1, BXD66 mice showed the trend of increasing but did
not reach significance (F(3 19) = 2.699, ~=0.0747; and F 3 20y = 2.847, P=0.0634,
respectively, Fig. 6A).

3.5.2. Cognitive function-related genes—For the levels of ChAT, there was a
statistically significant difference between groups as determined by one-way ANOVA
(F3,18) = 3.388, /<0.05). Tukey’s post-hoc test showed that there was a significant decrease
in BXD66 and D2 strains (P<0.001), as compared to B6 strain. Gap43 expression
significantly decreased in BXD66 and D2 mice (F 3 18)=12.08, /<0.0001). Egr-1 expression
also significantly decreased in BXD66 mice (F(318)=12.38, /<0.0001; Fig. 6B).

3.5.3. Neuroendocrine factors—Leptin plays a critical role in the body weight
regulation. We found the expression of leptin was slightly increased in the hippocampus of
BXD66 mice. Whereas, a robust increase in the expression of leptin receptor was observed
in the hippocampus after HFD feeding (F (3 18)=17.19, £<0.0001; Fig. 6D).

3.5.4. DSCR gene and DSCAM gene—The mRNA expression levels of DSCR3 and
DSCAM were measured in the hippocampus of BXD lines. We found BXD66 mice
displayed lower levels of DSCAM mRNA expression than other strains (F(3 1g)= 7.926,
P=0.0014), and that the expression level was closely related with the behavioral phenotype.
Whereas, there was no expression difference was found in the levels of DSCR expression
among the BXD strains (Fig. 6C).

We also examined pre-existing transcriptome data to assess the normative expression levels
of these responsive genes. The BXD hippocampal expression database is publicly available
in GeneNetwork. No difference in transcription level of the corresponding genes was
observed among BXD mice, as summarized in Table 3. Taken together, these results suggest
that the alterations of cognitive function-related gene expression in the hippocampus of
obese-prone strain are associated with the cis-acting genetic variation in BXD mice.
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4. Discussion

The results of the present study demonstrated that genetic background has a significant
impact on the susceptibility to dietary induced obesity. We found that body weight gain
significantly correlated with a number of behavioral, morphological, and gene expression
phenotype variances. Our data revealed that the relationship between body weight gain and
spatial memory is subject to genetic control in the BXD genetic reference panel.

This genotype-phenotype relationship was further clarified through using trait correlation
analysis of DSCAM gene in GN database. The results showed that DSCAM SNPs are
significantly correlated with a number of neuroanatomical, physiological, and behavioral
phenotypes that reflect these functions, suggesting DSCAM as a promising positional
candidate gene for the susceptibility to DIO-induced cognitive impairment. DSCAM has
conserved basic functions in neural development and has been directly implicated in Down
syndrome [38]. In the adult brain, DSCAM is expressed in pyramidal cells in the cortex and
in Purkinje cells of the cerebellum. This expression pattern indicates a functional role of
DSCAM in the development and function of motor neurons. Indeed, a recent study reported
that DSCAMU!17 mytant mice have impaired motor coordination [29].It is noteworthy that
the traits of sensorimotor-related behavior were also among the top correlations with
DSCAM SNPs in our study (table 2). The significant negative correlation suggested that D2-
like BXD strains have slower sensory-motor-processing speed compared with B6-like
strains, which is in concordance with previously published studies [39, 40].

In another instance, we found highly positive correlation with cerebellum volume and
weight, and highly negative correlation with apoptosis in cortex Layer 2/3. Specifically,
BXD strains with B6 haplotype had larger cerebellum volume and weight, and less apoptosis
in cortex compared with D2-like strains. In our experiment the BXD mice showed large
variations in the degree of weight gain, spatial memory performance, and gene expression
pattern in hippocampus after HFD consumption. In general, DBA/2 mice are typically
considered poor learners specifically in hippocampal dependent tasks [41]. More recent
reports showed different learning strategy selection between D2 and B6 mice, which is
closely related to synaptic plasticity in hippocampus [42—44]. Here, we conducted DSCAM
SNPs and haplotype analysis in BXD strains and the B6 and D2 parental strains. As
expected, we found that BXD66 inheriting the D allele at this genetic interval exhibited
more susceptibility to DIO, whereas those strains inheriting the B6 haplotype showed less
susceptibility. We hypothesized that gene expression differences may be attributed to the
haplotype diversity. Thus, haplotype analysis could be used to predict learning and memory
performance. This hypothesis will be addressed by further population genetics studies.

From a metabolic perspective, we also found highly significant correlations between
DSCAM and many metabolic traits, such as liver mass and body weight gain after HFD
feeding (table 2). This correlation is of interest in view of a recent systemic genetic study
indicating that DSCAM is associated with individual daily feed intake in a population of
Duroc pigs[45]. In this context, DSCAM represents a plausible candidate gene for co-
regulations of both the behavior trait and the body weight. Currently, DSCAM is being
targeted by the Knock-Out Mouse Project (www.komp.org), and further functional studies of
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DSCAM gene on these knockout or conditional knockout mice can be pursued in the near
future.

The QTL mapping approach is an advanced tool to identify candidate genes responsible for
the variations in quantitative phenotypes. Although the small number of strains used in our
analysis undermines the reliability of such an analysis, we obtained one suggestive QTL
region overlapped for groups of traits at 96.64 to 98.18 Mb on chromosome 16 including the
candidate gene DSCAM in a preliminary analysis (Fig. 5E). In fact, many QTL-influenced
responses to body weight, body fat, glucose level, and lipid level have been mapped within
DSCAM region in humans (table 1). Thus, this suggestive QTL further suggests that the
candidate genes in this region may contribute to DIO-induced cognitive decline, but will
require additional verification by testing in a bigger BXD cohort containing many more of
the BXD strains.

Although a strong correlation between DIO and impaired hippocampal dependent
performance was found in this study, it remains unclear whether obesity is a cause or a
consequence of the cognitive deficits. Several longitudinal birth cohort studies indicate that
lower levels of cognitive function in early life can increase the risk and/or predict the
development of later obesity [46-48]. A recent animal study showed that a short-term
feeding (1-3 wks) of HFD can induce anxiety-like behaviors and learning/memory
impairments prior to the onset of weight gain and/or pre-diabetes in juvenile mice [49]. In
our study, the susceptible BXD66 strain with DBA/2-derived alleles at DSCAM on
chromosome 16 may already have subtle impairment in hippocampal function. With this in
mind, poor neurological function in these mice could have implications for body weight
increase over time which establishes a bidirectional link between DIO and cognitive
function.

Obesity is associated with cognitive impairments. The Long-term mechanisms underlying
this association include chronic neuro inflammation [see review of 50], neuroendocrine
dysregulation such as leptin and insulin resistance [see review of 51], oxidative stress [52],
and synaptic dysfunction[53]. The indirect mechanisms include the vascular damage and
BBB breakdown [54], and likely a combination of neuroanatomical changes and
biochemical alterations. It should be noted that these alterations have synergistic effects and
are not restricted to the hippocampus. Recent data found that synaptic dysfunction in
hippocampus is mediated by IL1 in db/db mice [53]. Another report also indicated that DIO-
induced cerebro-micro vascular damage and BBB disruption can promote
neuroinflammation and oxidative stress in the hippocampus of aged mice [55]. Consistent
with these findings, we observed an exacerbated neuroinflammatory response as shown by
the increased number of activated astrocytes, and synaptic dysfunction as shown by
significantly reduced synaptic marker —SYN-1 and PSD95 level in the hippocampus of the
susceptible BXDG66 strain (Fig. 3A). In addition, we found significantly reduced levels of
GAP43, egr-1, and p-CAMKII in BXD66 mice. GAP-43 is a neuron-specific expressed
protein that control neuronal development and synaptic plasticity; a learning-dependent
increase in GAP-43 expression has been reported previously [56]. CaMKII is one of the
most abundant protein kinases in the brain, and the pivotal role of CaMKII/NMDAR
complex as a molecular memory is well documented. Egr-1 belongs to the immediate early
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gene family and has been demonstrated to be involved in synapse remodeling and memory
formation, with egr-1 mutant mice showing severe deficits in long-term spatial memory. It
has been recognized that both CaMKII and egr-1 expression were up-regulated in the
hippocampus during spatial learning in the Morris water maze training [57, 58].

Leptin is another neuroendocrine hormone of interest that functions in weight regulation. We
found a slight increase of leptin mRNA expression in hippocampus, whereas a robust
increase in leptin receptor (LepR) mMRNA level was found in the obesity-prone BXD66
strain compared with the resistant BXD77 strain (Fig. 6D). Although Leptin is produced
primarily in the adipocytes, there is also evidence that leptin mRNA is expressed in a
number of brain regions, including the hippocampus [59], where a prominent astrocytic
expression of LepR was also observed [60]. A recently study has shown that the astrocytic
LepR expression was enhanced in DIO mice [61]. Another report showed that the LepRs
functions as a proinflammatory factor during leptin resistance in db/db mice [62]. In
response to HFD, the astrocytic leptin-receptor knockout mice did not show worsening of
obesity but instead showed partial rescue of leptin resistance [63]. Similarly, we found
significant increases in LepR expression level paralleled by increased astrocyte numbers in
the hippocampus of the susceptible BXD strains; both of these changes are associated with
cognitive deficits. However, higher leptin may enhance cognition, as proved by direct
administration in to the brain [64]. Leptin receptor-deficient animals also showed impaired
hippocampal LTP and poor spatial memory[65]. The mechanisms for these disparities are
unclear yet necessary to gain more detailed information on the interactions between leptin
and other neuronal pathways regulating cognition in response to HFD feeding. From our
observation, although leptin has a protective effect in the brain, it is still not enough to
ameliorate the cognitive impairment induced by DIO.

Taken together, the present study identified a population of BXD strains susceptible to DIO
with severe spatial memory deficits. These findings provide a firm starting point in
unraveling the genetic background of differential susceptibility to DIO-induced cognitive
decline.
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Highlights

. Obesity-prone strains display more pronounced memory
deficits than controls

. Diet-induced hippocampal dysfunction is largely
dependent on genetics in BXD strains

. DSCAM is implicated in body weight and diet-induced
hippocampal dysfunction
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Figure 1. Comparison of Barnes maze test and synaptic protein expressions in hippocampus of
B6 and D2 strains with high fat diet-induced obesity

(A) The Barnes maze was used to test spatial memory acquisition and retention.
Performance improved significantly in all groups over the course of training. Although
experimental groups did not differ on the measures of total errors, D2+HFD mice had a
higher number of visits to incorrect holes before reaching the target hole. Data are presented
in mean + SEM of four trials per day (n=8-10 per group). (B) Homogenates of the
hippocampi of mice were analyzed by Western blots developed with the indicated
antibodies; each lane represents an individual mouse sample. (C) Quantitative analysis of
densitometrical data from western blots after normalization with the p-actin. The
corresponding protein levels are presented as mean + SEM (n = 4/group); statistical analysis
is described in the results section, *p < 0.05.
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Figure 2. Correlation between water-maze performance and body weight gain in BXD RI strains
after 4-month HFD treatment

(A) Comparison of the body weight of high fat diet induced-obesity mice after 4 months of
consumption. Data are represented as mean + SEM from each time-point (i.e. 0, 3 or 4
months of diets). Strains are arranged from smallest to largest body weight gain (left to
right). (B) The average escape latency (error bar represents SEM, n=8-18/group) is shown
for each BXD RI strain and the parent C57BL/6 strain. (C) A strong correlation exists
between the percentage of body weight gain and the average escape latency in B BXD
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strains after 4 months of HFD consumption. The number next to each data point refers to the
BXD strain number (P<0.05, r=0.81).
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Figure 3. Correlation between spontaneous alternation behavior in the cross maze test and body
weight gain in BXD RI strains after 4-month HFD treatment

There were strain differences in both % alternation (A) and entry number (D) in n = 8-11
per BXD strain after 4 months of HFD consumption. Data are expressed as means + SEM.

There was a significant association between body weight gain and the percentage of

spontaneous alternation in the cross maze test (C). The number next to each data point refers

to the BXD strain number (P<0.05, r=—0.79).However, there was a weak correlation
between body weight gain, entry humber, and the percentage of spontaneous alternation

before HFD feeding (B, E, and F).
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Figure 4. Verification of the molecular characteristics and structural alterations in the
hippocampus of BXD RI strains after 4 months of HFD feeding

(A) Homogenates of the hippocampi of mice were analyzed by Western blots developed
with the indicated antibodies; each lane represents an individual mouse sample. (B)
Quantitative analysis of densitometrical data from western blots after normalization with the
B-actin. The corresponding protein levels are presented as mean £ SEM (n = 3/group);
statistical analysis is described in the results section. (C) Representative microphotographs
of GFAP-immunoreactive (IR) astrocytes in hippocampal CAL regions of obesity-resistant
strain (BXD77, left) and obesity-prone strain (BXD66, right), scale bar=50 um. (D)
Representative light microphotographs of Nissl-stained hippocampal CA1 regions of
BXD77 (left) and BXD66(right) strains, scale bar=100 um. (E) The Nissl-stained neurons
were quantified using the ImageJ software. The data are presented as the mean of percent
changes + SEM (n = 3 per group), where the values of the B6 group are set as 100%;
statistical analysis is described in the results section.
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Figure 5. Genetic correlation analysis of DSCAM SNPs with metabolic, learning and memory
traits from the BXD phenotype database

(A) Haplotype map of DSCAM single-nucleotide polymorphism (SNP) from obesity-
resistant strain (BXD77), obesity-prone strain (BXD66), and parental B6 and D2 strains.
The genotype of DSCAM SNPs revealed that the B6 allele is more associated with obesity-
resistance than the D2 allele. The physical position in mega bases (Mb) and SNP ID are
listed in the left column, respectively. The SNPs are shown as observed nucleotides A, T, G,
and C at each position among the strains. (B) GeneNetwork diagram illustrating top-ranked
covariations among DSCAM SNPs (gray) and a collection of morphological (blue),
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physiological (green), behavioral (red), and metabolic traits (yellow). Strength of correlation
between two connected traits is indicated in the legend. (C) Scatterplots illustrating
correlation of DSCAM SNP genotypes with average path length to reach the platform during
acquisition in the water maze test from the BXD Phenotype Database. (GN trait ID 10810,
r=—0.68, P=0.01, N=12). (D) Scatterplots illustrating correlation of DSCAM SNP genotypes
with body weight gain between 12 and 13 weeks under high fat diet feeding from the BXD
Phenotype Database. (GN trait ID 15034, /=0.5, £<0.005, N=31). (E) Multiple QTL heat
map of bodyweight gain and escape latency revealed an overlap QTL interval on the distal
portion of Chr16; the candidate gene DSCAM is also located within this region.
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Figure 6. HFD-induced gene expression changes in the hippocampus of obesity-resistant strain
(BXD77), obesity-prone strain (BXD66), and parental B6 and D2 strains

(A) Changes in hippocampal mRNA expression of neuro inflammation cytokines, from left
to right, interleukin (IL)-6, IL-1B, and ICAM-1. (B) Synaptic plasticity markers ChAT,
GAP43, and Egr-1. (C) Down Syndrome-related genes DscrllL, Dscr3, and DSCAM. (D)
Obesity related genes Lep and LRP1. Data are expressed as means £ SEM (n = 3 per group,
duplicate experiments were performed).The relative transcript levels were normalized to the
expression level of GAPDH mRNA. *, p<0.05, **, p<0.01, ***, p<0.001, and ****
p<0.0001.
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