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Abstract

Type 2 diabetes (T2D) is associated with increased risk of Alzheimer's disease (AD).
There is evidence for impaired blood-brain barrier (BBB) in both diseases, but its
role in the interplay between them is not clear. Here, we investigated the effects of
high-fat diet (HFD), a model for T2D, on the Tg2576 mouse model of AD, in regard
to BBB function. We showed that HFD mice had higher weight, more insulin resis-
tance, and higher serum HDL cholesterol levels, primarily in Tg2576 mice, which
also had higher brain lipids content. In terms of behavior, Tg2576 HFD mice were
less active and more anxious, but had better learning in the Morris Water Maze
compared to Tg2576 on regular diet. HFD had no effect on the level of amyloid
beta 1-42 in the cortex of Tg2576 mice, but increased the transcription level of
insulin receptor in the hippocampus. Tg2576 mice on regular diet demonstrated
more BBB disruption at 8 and 12 months accompanied by larger lateral ventricles
volume in contrast to Tg2576 HFD mice, whose BBB leakage and ventricular vol-
ume were similar to wild-type (WT) mice. Our results suggest that in AD, HFD may
promote better cognitive function through improvements of BBB function and of
brain atrophy but not of amyloid beta levels. Lipid metabolism in the CNS and

peripheral tissues and brain insulin signaling may underlie this protection.
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1 | INTRODUCTION

Alzheimer's disease (AD) is the most common form of neurodegener-
ative dementia accounting for 50%-80% of all age-related dementia.
AD is characterized by synaptic loss, neurodegeneration, and impair-
ment of cognitive function. In 2016, there were approximately
5.4 million persons with AD in the US population. By 2050, this
number is expected to increase by almost threefold, to 13.2 million
(Hebert, Scherr, Bienias, Bennett, & Evans, 2003).

Type |l diabetes (T2D) has been consistently associated with
increased risk of cognitive decline (Arvanitakis, Wilson, Bienias,
Evans, & Bennett, 2004), mild cognitive impairment (MCI) (Luch-
singer et al., 2007) and dementia (Schnaider Beeri et al., 2004),
both vascular dementia and AD (Peila, Rodriguez, & Launer, 2002).
Of the shared features of AD and T2D, a major contributing factor
to AD etiology is insulin resistance. Peripheral insulin resistance,
even without T2D, is a risk factor and a common feature in AD
(Janson et al., 2004; Talbot et al., 2012) and is associated with
lower hippocampal volume and cerebral blood flow and poorer cog-
nitive performance (Talbot et al., 2012). Peripheral insulin resistance
could promote AD onset by reducing brain insulin uptake and by
raising brain levels of AP, tau phosphorylation, oxidative stress,
proinflammatory cytokines, advanced glycation end products, dys-
lipidemia, and apoptosis (Talbot et al., 2012). However, limited
understanding of the vascular tangent between the two diseases
hampers the development of therapeutics and preventive strategies
against AD. The blood-brain barrier (BBB) hinders the entry of
most molecules into the brain and enables active transportation of
penetrated molecules to the brain (Zlokovic, 2011). Dysfunction of
the BBB has been demonstrated in the pathogenesis and progres-
sion of AD (Kalaria, 2010), even before dementia onset (Skoog
et al, 1998) and also in the aging human hippocampus, which
worsens with mci, a condition preceding AD (Montagne et al,
2015). Changes in plasma glucose levels have been associated with
altered BBB transport functions, with paracellular integrity (tight
junction disruption) and with oxidative stress in the CNS microcap-
illaries (Prasad, Sajja, Naik, & Cucullo, 2014). At what stage BBB
breakdown occurs in the brain, and whether it triggers the devel-
opment of AD, remains, however, controversial.

High-fat diet (HFD) is a well-established model for generating
impaired glucose tolerance and insulin resistance (Winzell & Ahren,
2004). The effect of HFD on the BBB is not well understood;
data are limited, and the techniques to measure BBB functionality
vary. Most studies support the notion that HFD increases BBB
permeability. In some, HFD-induced changes in BBB permeability
were evident by increased leakage of Evans blue dye in 16-week-
old mice brain (Nerurkar et al, 2011). In others, obesity exacer-
bated early postischemic BBB disruption in 16-week-old mice fed
HFD. Tucsek et al. (2014) showed that 7 months of HFD did not
change the BBB permeability (measured by IgG levels) in the hip-
pocampus, but an exacerbated damage of the BBB was found at
24 months with HFD. The impact of HFD on memory and cogni-

tion is also controversial and depends on the composition of the

fat and the time of exposure to HFD. Some experimental studies
support the notion that HFD-induced obesity exacerbates cerebral
pathological alterations and the accompanying cognitive deficit in
APP transgenic mice (Ho et al, 2004) while other claim for no
effect (Kesby et al., 2015) or even improvement of memory in
mice (Coscina, Yehuda, Dixon, Kish, & Leprohon-Greenwood,
1986).

In this study, we investigated the effect of HFD on cognition
and BBB function in Tg2576 mice, a transgenic mouse model of AD.
Our study was conducted over 12 months in which BBB permeabil-
ity was assessed in living mice using a novel technique based on
delayed-contrast MRI enabling detection of subtle BBB disruption
(Zach et al., 2015). The results obtained suggest a protective effect
induced by HFD on learning of AD-like mice, through a mechanism
that involved better barrier properties and brain morphology (normal
ventricle volume), higher insulin receptor RNA expression in the hip-
pocampus, and higher HDL cholesterol, but not through reduction in
amyloid beta 1-42 (AB1.42) levels.

2 | RESULTS

2.1 | Experimental design

A flowchart describing the experimental design is presented in Sup-
porting Information Figure S1.

2.2 | Tg mice gained more weight than WT mice
fed with HFD

High-fat diet significantly increased the weight of both WT and Tg
mice over time (Supporting Information Figure S2). There was an
interaction of genotype with HFD status (Supporting Information
Figure S2A) such that the percentage of body weight gain was larger
in the Tg HFD mice (Supporting Information Figure S2B,
168.5% + 13.5) than in the WT CTRL mice (Supporting Information
Figure S2B, 141.2% * 26.4) while the Tg CTRL mice gained less
weight (Supporting Information Figure S2B, 103.4% + 12.5) com-
pared to the WT CTRL mice (Supporting Information Figure S2B,
124% + 10.18). These results demonstrate that body weight signifi-
cantly increased over time due to HFD and that this increase was

significantly larger for Tg mice.

2.3 | Effects of HFD on insulin resistance and lipid
content

To measure insulin resistance, we applied the insulin tolerance test
(ITT) at 6 and 11 months of age. At 6 months, HFD significantly
increased the percentage of blood glucose level at all-time points
postinsulin injection in both WT and Tg mice in comparison with
WT CTRL and Tg CTRL mice (Figure 1a). At 11 months, there was
an interaction effect of genotype with HFD status on the percentage
of change in blood glucose level over time (Figure 1b): In Tg mice
(but not WT mice), HFD increased the percentage of blood glucose
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FIGURE 1 The effect of HFD on insulin resistance and serum cholesterol levels. ITT was performed at the age of 6 months (a) and

11 months (b). Blood glucose level (mg/dl) was measured 0, 15, 30, and 60 min following insulin injection. Values presented as the mean
percentages + SEM (n = 11-20). Tolerance is shown when there is a plateau in the graph. (a) At 6 months, HFD effect on insulin tolerance
over time was significant (p < 0.01), that is, mice on HFD had consistently higher levels of insulin. (b) At 11 months, there was an interaction
of diet with genotype on insulin tolerance over time (p < 0.05). Tg HFD mice showed increased glucose levels compared to Tg mice fed
regular diet at all-time points. Tg HFD mice had significant increase in glucose blood levels compared to Tg2576 mice fed regular diet at

6 months (30 and 60 min) and at 11 months (15, 30, and 60 min). (c) Total serum cholesterol was measured in 12.5-month-old mice.
Cholesterol levels were higher in WT mice compared to Tg (p = 0.033) and in HFD compared to CTRL diet (p < 0.0001). The interaction of
genotype by diet was not significant suggesting that the effect of the HFD on cholesterol levels was similar in Tg and WT mice. Post hoc
analyses showed that the WT HFD (n = 12) and Tg HFD (n = 7) groups had significantly higher cholesterol levels than the WT (n = 11) and Tg
(n = 7) mice on CTRL diet (p < 0.003 for the four comparisons). (d) FPLC chromatogram of the groups showed that HFD increased serum HDL

cholesterol levels. NS, not significant

level above that of Tg CTRL mice at all-time points postinsulin injec-
tion (T15 min: 122% vs. 96.7%, T30 min: 118% vs. 86.5%, Tso min: 112%
vs. 76.7%) while these differences were not significant between the
WT HFD and WT CTRL. HFD increased by approximately twofold
the serum level of cholesterol in both WT and Tg mice groups (Fig-
ure 1c; 203 and 183 mg/dl, respectively) in comparison with WT
CTRL and Tg CTRL (122 and 79 mg/dl, respectively). Interestingly
and in accordance with the weight change between WT CTRL mice
and Tg CTRL mice (Supporting Information Figure S2B), the choles-
terol level of Tg CTRL mice was significantly lower than the choles-
terol level in WT CTRL mice (Figure 1c). Lipoprotein separation on
gel filtration column showed that the increased levels of cholesterol
in mice treated with HFD were due to elevated HDL cholesterol
levels in both WT and Tg mice (Figure 1d).

2.4 | Dietary treatment differentially affected brain
lipid classes' distribution

In the brain, lipid classes were affected by the dietary treatment

in both WT and Tg genotypes. Tg mice showed higher neutral

lipids content than WT under CTRL diet (1.29 + 0.04 arbitrary
units vs. 1.11 + 0.03, Supporting Information Figure S3A). Total
cholesterol was nominally higher in WT HFD (1.27 + 0.11) than in
WT CTRL (1.05 + 0.03), but this did not reach statistical signifi-
cance. Tg brain levels of total cholesterol under both diets were
significantly higher than WT CTRL (1.21 + 0.03 and 1.23 + 0.04
for Tg CTRL and HFD, respectively, vs. 1.05 £ 0.03, Supporting
Information Figure S3B). Cholesterol ester content relative to total
cholesterol was significantly higher in Tg (53.22 + 1.27) than in
WT (48.53 + 0.36) under CTRL diet and significantly higher in WT
(51.82 £ 0.90) and Tg (57.17 = 0.35) under HFD compared to their
control diet counterparts (Supporting Information Figure S3C).
Finally, free fatty acids (FFA), relative to total neutral lipids, were
significantly higher in Tg (6.17 £ 0.41) than in WT (5.38 + 0.26)
under CTRL diet and significantly higher in WT (7.12 + 0.67) and
Tg (7.94 £ 0.48) under a HFD compared to their control diet
counterparts (Supporting Information Figure S3D). These results
indicate that there are intrinsic differences in brain lipid content
between the two genotypes and that HFD alters the lipid milieu
in the brain.
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2.5 | Tg mice fed with HFD showed improved
spatial learning along with hypoactivity and anxiety-
like response

At age of 11 months, mice were submitted to behavioral tests, using
open field test and MWM. Comparisons between the genotypes
showed that Tg CTRL mice in comparison with WT CTRL covered
significantly more total path meter (Figure 2a, 23.22 + 6.2 vs.
17.13 £+ 7.26 m, respectively), had higher percentage of time moving
(Figure 2b, 82 + 11.1 vs. 68 + 15.6 m, respectively), and spent more
time in the center of the field (Figure 2c, 14.03 + 6.8 vs.
8.08 + 5.2 m, respectively).

As expected due to the significant gain weight, in the parameter
of total path meter (Figure 2a), the total path covered by Tg mice
was significantly greater than that of WT mice, and HFD mice
moved less than CTRL mice. Post hoc analyses showed that most of
the effect was carried by the WT HFD mice (10.5 + 5.8) having
moved significantly less than Tg CTRL (23.2 + 6.4); p < 0.0001). Fig-
ure 2b shows that the percentage of time moving in the open space
test was greater in Tg compared to WT mice and in CTRL compared
to HFD mice. Post hoc analyses showed that these effects were pri-
marily due to significantly greater percentage of movement
(p = 0.001) in Tg CTRL mice (82.4% + 11.4) compared to WT HFD
mice (52.8% + 18.8). Similarly, Figure 2c shows that the percentage
of time spent in the center of the open space platform was signifi-

cantly longer in Tg compared to WT mice and in CTRL compared to
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HFD mice. Post hoc analyses showed that this effect was primarily
due to significantly greater time spent in the center (p = 0.001) by
the Tg CTRL mice (14.0% + 7.0) compared to the WT HFD mice
(4.6% + 3.9). The interactions of genotype by diet were not signifi-
cant for any of the open space test measures suggesting that the
effect of HFD on the overall extent of movement and anxiety was
similar in the Tg and WT groups. Finally, mice were tested for spatial
learning. The learning rate in the MWM (time to reach the platform
of the first minus the last day) did not differ by genotype nor by
diet. However, the interaction of genotype by diet was significant,
such that the differences between the learning rates in the Tg mice
(for HFD, mean = improvement of 21.0 s + 4.1 vs. CTRL 6.0 + 2.7)
were greater and in the opposite direction compared to WT mice
(for HFD, mean improvement of 7.5 + 2.3 vs. CTRL 12.5 + 4.9). Post
hoc analyses indicated a significant difference between Tg HFD and
Tg CTRL (p = 0.037) groups.

2.6 | HFD had no effect on Ap,.4, levels in the
cortices of Tg mice

The signal transduction of insulin receptor in the brain is increased
in insulin resistance which in turn is linked to increased brain levels
of AB1.40 and AP1.4> (Dineley, Jahrling, & Denner, 2014). Thus, we
investigated whether HFD affected the levels of AB44 in the cor-
tices of Tg mice. We found that ABi4, levels (302.9 + 94.6,
381.7 £ 475, 19.4 + 19.3, and 20.8 + 16.8 pg/ml for Tg CTRL, Tg
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FIGURE 2 Effect of HFD and Tg2576 on exploration and learning in the open field and the Morris Water Maze tests. Behavior tests were
performed at the age of 11 months to WT CTRL (n = 12), WT HFD (n = 16), Tg CTRL (n = 11), and Tg HFD mice (N = 7). The measured
parameters are (a) total path in meters (b), percentage of time moving in the field, (c) percentage of total time spent in the center of the field,
and (d) MWM test. Mean difference from first MWM day to last (fifth) day in number of seconds to reach the platform. Larger numbers
reflect a larger difference, that is, better learning. NS, not statistics. *p < 0.05, **p < 0.01, ***p < 0.001
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FIGURE 3 The effect of Tg and HFD on AB4_45 levels in the
cortex. ELISA test was used to analyze soluble and insoluble AB; 4,
fractions extracted from the cortex. The insoluble protein was
diluted 1:180 with standard diluent. Tg mice fed regular diet (n = 6),
Tg HFD mice (n = 5), WT HFD mice (n = 4), and WT mice fed
regular diet (n = 3) were measured for AB;.4> amount. Data are
presented in bar graph of mean + SEM

HFD, WT CTRL, and WT HFD, respectively) were significantly higher
in Tg compared to WT mice, but there were no differences by diet
and no interaction of genotype by diet, suggesting that HFD had no
significant effect on AB1.4, levels (Figure 3).

2.7 | HFD restored AD genotype-induced
alterations in the transcription level of insulin
receptor isoforms in the hippocampus

To investigate whether the effect of peripheral insulin resistance
observed in HFD is reflected in the brain, we measured the tran-
scription level of insulin receptor in the hippocampus. Insulin recep-
tor (IR) has two isoforms expressed in the brain, A (IR-a) and B (IR-
b). IR-a is more prominent (Blazquez, Velazquez, Hurtado-Carneiro, &
Ruiz-Albusac, 2014). When fed with HFD, IR-a levels in Tg mice
were found comparable to those of WT CTRL (Supporting Informa-
tion Figure S4A). IR-a levels were significantly lower in Tg compared
to WT mice and in CTRL compared to HFD mice. Post hoc analyses
showed that these effects were primarily due to a significant
decrease in IR-a levels (p < 0.01) in Tg CTRL mice (mean = 0.71 £
0.06 relative arbitrary units) compared to WT HFD mice
(1.18 £ 0.05), WT CTRL mice (0.96 +0.03), and to Tg HFD
(1.04 + 0.08). Similarly, for IR-b, HFD normalized the transcription
levels in Tg mice (0.78 + 0.05 for CTRL and 1.05 + 0.05 for HFD)
which were similar to the IR-b levels in WT CTRL (1.15 + 0.16, Sup-
porting Information Figure S4B). There were no differences in levels
of hippocampal IR-b expression in the WT mice groups (Supporting
Information Figure S4B).

2.8 | HFD improved BBB function and restored
enlargement of the lateral ventricles volumes in
Tg2576 mice

We examined the role of HFD on BBB function using innovative
MRI technology. We performed MRI scans at the age of 4, 8, and

Aging 50of 10

12 months (Supporting Information Figure S5). BBB leakage was
measured by the extent of contrast extravasation to the brain (Sup-
porting Information Figure S6). At four months, there were no dif-
ferences by genotype, diet, or an interaction of genotype
(Figure 4a). At 8 months (Figure 4b), there was no difference by
genotype, there was a trend level (p = 0.07) for less extravasation
in the HFD diet (suggesting less BBB disruption), and there was a
significant interaction of diet by genotype, such that the effect of
HFD on the extent of extravasation was greater in Tg mice (for
HFD mice mean extravasation = 0.36 + 0.14, arbitrary units, and
for CTRL mean = 0.9 + 0.12) than in WT mice (for HFD mice mean
extravasation = 0.55 + 0.11 and for CTRL mean = 0.43 + 0.06).
Post hoc analyses showed a significant difference between Tg
CTRL with Tg HFD (p = 0.011) and with WT CTRL (p = 0.021). At
12 months (Figure 4c), there was a significant effect of genotype
on extent of extravasation with greater extravasation on Tg mice
compared to WT. Similarly to the 8-month analyses, there was a
trend level (p = 0.08) for greater extravasation in the CTRL groups
compared to the HFD group. Of note, although the interaction of
genotype by diet did not reach significance (p = 0.13), possibly due
to mice death and a resulting smaller N, the pattern was similar,
that is, the effect of HFD on the extent of extravasation was
greater in Tg mice (for HFD mice mean extravasation = 0.91 + 0.07
and for CTRL mean = 1.87 £ 0.35) than in WT mice (for HFD mice
mean extravasation = 0.69 + 0.24 and for CTRL mean =0.76 +
0.29). Post hoc analyses showed significant differences between
Tg CTRL with WT HFD (p = 0.04) and with WT CTRL (p = 0.050).
Enlargement of ventricular volume is a known AD neuropathologic
phenomenon. At 4 months, there were no differences by genotype,
diet, or an interaction of genotype (Figure 4d). At 8 months (Fig-
ure 4e), there was a trend of difference by genotype (p = 0.064)
with greater ventricles enlargement in the Tg mice, and a signifi-
cant difference for diet, with a smaller ventricle volume in the
HFD diet. Additionally, there was a significant interaction of diet
by genotype, such that the effect of HFD on the ventricles volume
was greater in Tg mice (for HFD mice mean vol-
ume = 6.99 um3 + 0.69 and for CTRL mean = 10.6 = 0.96) than in
WT mice (for HFD mice mean volume = 7.6 + 0.43 and for CTRL
mean = 7.5 + 0.32). Post hoc analyses showed significant difference
between Tg CTRL with Tg HFD (p < 0.01) and with WT mice on
both diets. At 12 months (Figure 4f), there was no difference by
genotype, and significant difference for decrease in volume in the
HFD diet. Similarly to the Gd extravasation measurements,
although the interaction of genotype by diet did not reach signifi-
cance, the pattern showed beneficial effects for the HFD fed mice.
In Tg HFD mice, mean volume was 7.35 * 0.34 and for CTRL
mean = 8.82 + 0.8 while in WT HFD, the mean volume was
6.7 £ 046 and for WT CTRL mice, it was 7.8 + 0.49. Post hoc
analyses showed differences between Tg CTRL with WT HFD.
Taken together, Tg CTRL mice had increased BBB leakage and lar-
ger ventricles volumes, compared to Tg HFD mice suggesting that
HFD protected against BBB disruption and brain atrophy in AD-like

mice.
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FIGURE 4 Tg genotype and HFD effects on BBB function and volumes of ventricles. MRI was performed at 4 (a, d), 8 (b, e), and 12 (c, f)
months of age and measured contrast extravasations to the brain (a-c) and volume of the ventricles as calculated from the T2-weighted MR
images (d—f). (a) Graph bar of 4 months showing the mean slope representing contrast extravasation to the brain + SEM in each mice group,

n = 6-12. (b) Contrast extravasation at 8 months, n = 8-12. (c) Contrast extravasation at 12 months, n = 4-9. (d) Graph bar for 4 months
shows the mean volumes of the ventricles + SEM in each mice group, n = 14-19. (e) Graph bar for 8 months shows the mean volumes of the
ventricles = SEM in each mice group, n = 8-17. (f) Graph bar for 12 months shows the mean volumes of ventricles = SEM in each mice group,

n =5-13. *p < 0.05, *p < 0.01. NS, not significant

2.9 | High cholesterol is associated with BBB
integrity

Lastly, we examined whether the high levels of HDL cholesterol (Fig-
ure 1) were associated with BBB integrity. Indeed, higher levels of
HDL cholesterol were associated with less BBB leakiness (r = —0.60,
p < 0.01; Supporting Information Figure S7).

3 | DISCUSSION

Initially, we hypothesized that the induction of insulin resistance-like
symptoms by HFD will aggravate AD-like behavior and pathologies
observed in Tg mice. We further postulated that BBB impairment
might be a cause for this aggravation. These hypotheses were based

on evidence showing that insulin resistance is linked with increased

cognitive impairment (Ahtiluoto et al., 2010; Schnaider Beeri et al.,
2004) and with the rationale that the association between insulin
resistance and vascular disease (Semenkovich, 2006) could lead to
vascular damage and to BBB abnormalities in the AD-like mice
model. To induce insulin resistance-like phenotype, we fed WT and
Tg mice with HFD (Surwit, Kuhn, Cochrane, McCubbin, & Feinglos,
1988) which, as expected, led to weight gain for both types of mice.
The percentage change in the body weight between two months
and 12 months was significantly larger in the Tg mice fed HFD and
smaller in the Tg CTRL mice (Supporting Information Figure S2B)
compared to the respective WT groups. HFD also induced insulin
resistance at 6 and 11 months (Figure 1), which was significantly
greater among Tg mice. These results are in line with other studies
which reported increased weight in Tg HFD mice (Kohjima, Sun, &
Chan, 2010) together with less weight gain in Tg CTRL mice due to
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hypothalamic leptin signaling dysfunction (Ishii, Wang, Racchumi,
Dyke, & ladecola, 2014).

Tg2576 mice are known to have impaired cognition and memory
(Muthaiyah et al., 2014); however, the effect of HFD on cognition
and memory is controversial and depends on the composition of the
fat in the diet. Some experimental studies support the notion that
HFD-induced obesity exacerbates cerebral pathological alterations
and the accompanying cognitive deficit in APP transgenic mice (Ho
et al., 2004). In wild-type mice, some studies suggest that HFD
impairs cognition (Winocur & Greenwood, 2005) while other claim
for no effect (Kesby et al., 2015) or even improvement of memory
(Coscina et al., 1986) and protection from age-related cognitive
decline (Scheibye-Knudsen et al., 2014). Thus, we next tested the
effect of HFD on behavior. Mice were tested for locomotor activity
and anxiety-like behavior in the open field test and for learning in
the MWM test (Figure 2). Tg CTRL mice demonstrated increased
locomotor activity and decreased anxiety-like behavior in comparison
with WT CTRL mice. HFD induced a decrease in locomotor activity
and increased anxiety-like behavior in both Tg and WT mice. We
cannot rule out the possibility that HFD-weight gain diminished
movement of mice to the center, rather than leading to anxiety per
se. Our behavioral results are in agreement with other studies
describing Tg mice as hyperactive animals that fail to habituate (Dea-
con, Koros, Bornemann, & Rawlins, 2009). Tg mice exhibit also disin-
hibitory tendencies which might explain their increased activity in
the open field (Ognibene et al., 2005) suggesting that HFD “normal-
ized” Tg mice motor and anxiety behaviors.

In our study, as expected, Tg CTRL mice performed poorly in the
MWM and had worse learning compared to WT mice fed regular
diet (Muthaiyah et al., 2014; Ognibene et al., 2005). However, Tg
HFD mice showed significantly better learning than the Tg CTRL
mice group (Figure 2d). The WT groups did not differ in their
amount of learning suggesting that HFD may confer protection from
cognitive impairment in the context of predisposition to AD.

The Tg groups did not differ in ABqi4, levels in cortex. Our
results are in accordance with a previous study showing that
4 months of western diet given to 3 and 12 months APPswe/PS1
mice did not affect aggregation of AP plaques in the cortex. Thus,
the improved learning in Tg HFD mice was not due to decreased
AB1.42 levels (Figure 3).

Tg CTRL mice had significantly lower levels of transcription of
insulin receptor in the hippocampus compared to all three other
groups. HFD increased the level of insulin receptor in Tg mice back
to the level of WT CTRL mice (Supporting Information Figure S4). It
has been previously shown that elimination of the expression of
insulin receptor using lentiviral vector in brain hippocampus of rats
impaired their spatial learning (Grillo et al., 2015). Therefore, “nor-
malized” insulin receptor expression in the Tg HFD group may
underlie better learning in these mice.

Blood-brain barrier leakage in the total gray matter and cortex,
measured by contrast-enhanced MR imaging (van de Haar et al.,
2016), has been recently reported in patients with MCI and early AD
compared with control subjects. In this line, Tg CTRL mice developed
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BBB permeability in the cerebral cortex using albumin and Evans
blue uptake (Ujiie, Dickstein, Carlow, & Jefferies, 2003). Our MRI
methodology enables longitudinal monitoring of BBB leakage
throughout the life of the mice, making it applicable for clinical pur-
poses (Chassidim et al., 2013). We included two MRI-based parame-
ters: The lateral ventricles volume calculated from the T2-weighted
MR images and the BBB leakage based on the vessel function maps
signal intensity plotted as a function of time. Tg CTRL mice demon-
strated increased BBB leakage together with a significant increase in
ventricular volume at 8 and 12 months in comparison with all other
mice groups. Contrary to our primary hypothesis, our data suggest
that in AD-like mice, HFD protected the brain by decreasing BBB
permeability to the contrast agent together with a substantial
decrease in the volume of the lateral ventricles suggesting less brain
atrophy (Figure 4). Due to MRI resolution constraints, we cannot rule
out the possibility that the extended penetration of Gd is due to
Blood-CSF barrier leakage rather than BBB damage or a combination
of both.

The CTRL diet and the HFD used in the current study differ
from each other not only in the percentages of fat but also in the
composition of the fatty acids. According to Supporting Information
Table S1, the HFD is low in carbohydrates and high in monounsatu-
rated fatty acids in comparison with the regular diet. The ability of
high-fat diets to affect the BBB is controversial. On the one hand,
4 months of western diet given to 3 and 12 months APPswe/PS1
mice did not compromise BBB integrity (Theriault, EIAli, & Rivest,
2016). However, in another study, HFD-induced obesity was shown
to exacerbate BBB permeability in aged mice (24 months) measured
by IgG extravagated to the hippocampus (Tucsek et al.,, 2014). The
percentage of saturated fat in the diet of the latter study was the
same as in our study. However, our HFD contained more monoun-
saturated fatty acids (48% vs. 34% in the Tucsek et al. study) and
less polyunsaturated fatty acids (16% vs. 32%) suggesting that in the
context of AD, monounsaturated fatty acids may protect the brain
despite weight gain and peripheral insulin resistance. This is consis-
tent with evidence suggesting that monounsaturated fatty acids pre-
vent the deleterious effects of obesity on locomotion and brain
activity (Sartorius et al., 2012) and are associated with decreased risk
of AD (Morris et al., 2003).

Our analyses of brain lipid content (Supporting Information Fig-
ure S3) seem to indicate that brain neutral lipids content, including
free and esterified cholesterol as well as FFA, is higher in Tg than in
WT mice. Significant associations were recently observed between
the abundance of unsaturated fatty acid (UFAs) with domain-specific
cognitive performance assessed during life (Snowden et al., 2017)
suggesting that UFAs metabolism is significantly dysregulated in the
brains of patients with varying degrees of AD pathology. Moreover,
the toxic process of Ap formation and aggregation occurs preferen-
tially in lipid rafts; therefore, alterations in the lipids milieu of differ-
ent cells in the brain might influence this process as well (Morgado
& Garvey, 2015). Our results show that both genotypes are suscepti-
ble to an increase in brain lipids under a HFD regime. In particular,
FFA and cholesterol esters proportions increase. This may be
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interpreted as either an increased uptake of both lipid classes or
rather, as an increase in the esterification process due to an initial
increase in the FFA component.

Ventricular enlargement is a highly reproducible measure of Alz-
heimer's progression, owing to the high contrast between the CSF
and the surrounding brain tissue on T1-weighted images (Frisoni,
Fox, Jack, Scheltens, & Thompson, 2010). The ventricles expand by
5%-16% per year in patients with AD and by 1.5%-3.0% per year in
healthy elderly individuals. The relatively low error variance gives
this measure excellent power to detect consistent changes over
short follow-up intervals (for example, 6 months; van de Pol et al.,
2007). Therefore, our results showing that Tg HFD mice had less
enlargement of the ventricles might have important future clinical
implication.

High-fat diet induced increased levels of HDL cholesterol serum
at 12 months for both mice genotype, while Tg CTRL mice had the
lowest level of cholesterol (Figure 1). HDL has anti-elastase activity
which may represent a protective effect on the BBB in pathological
conditions, involving neutrophil activation and subsequent elastase
release (Ortiz-Munoz et al., 2009). In particular, HDL may be able to
transport al-antitrypsin into the cells where it could thwart the dele-
terious effects of intracellular elastase on the BBB (Houghton et al.,
2010). Because HDLs display antioxidant effects (Barter et al., 2004)
and reconstituted HDLs were shown to restore endothelial function
in hyperglycemic conditions (Nieuwdorp et al., 2008), it is possible
that they may have beneficial effects on the BBB in these pathologi-
cal conditions. Indeed, higher serum HDL was associated with lower
levels of BBB injury in multiple sclerosis patients (Fellows et al.,
2015). Similarly, our results show that high HDL levels are signifi-
cantly associated with less BBB leakiness (Supporting Information
Figure S7) consistent with the prospect of HDL-induced BBB protec-
tion.

Our study has limitations. Tg2576 mice develop little atheroscle-
rosis and thus this study should be repeated in animals such as
APOE knockout mice to assess the role of our HFD, which is rich in
monounsaturated fatty acids and which increases substantially HDL
cholesterol, on cerebrovascular disease. It is possible that the multi-
ple MRI assessment caused stress which might have affected the
behavioral tests. For example, chronic stress has been shown to
exacerbate neurodegeneration and cognitive impairment through a
corticotropin-releasing factor receptor-dependent mechanism in
Tg2576 mice (Carroll et al., 2011). We also tried to validate the BBB
results obtained with the MRI using measurements of tight junction
levels (using mRNA and western blot, data not shown) but failed to
see any differences between the groups. This is most likely because
we used whole brain lysates which are diluted in tight junction-re-
lated genes in comparison with purified brain capillaries.

In summary, our results suggest a protective effect induced by
HFD on AD-like mice, through mechanisms that involve better BBB
properties and brain morphology (normal ventricle volume, consis-
tent with less brain atrophy) as well as higher insulin receptor RNA
expression and higher HDL cholesterol but without reduction in Ap.
42 parenchymal load.

ORCID
David Goez http://orcid.org/0000-0002-9143-2575
REFERENCES

Ahtiluoto, S., Polvikoski, T., Peltonen, M., Solomon, A., Tuomilehto, J.,
Winblad, B., ... Kivipelto, M. (2010). Diabetes, Alzheimer disease, and
vascular dementia: A population-based neuropathologic study. Neurol-
ogy, 75, 1195-1202. https://doi.org/10.1212/WNL.0Ob013e3181f4d
7f8

Arvanitakis, Z., Wilson, R. S., Bienias, J. L., Evans, D. A., & Bennett, D. A.
(2004). Diabetes mellitus and risk of Alzheimer disease and decline in
cognitive function. Archives of Neurology, 61, 661-666. https://doi.
org/10.1001/archneur.61.5.661

Barter, P. J,, Nicholls, S., Rye, K. A., Anantharamaiah, G. M., Navab, M., &
Fogelman, A. M. (2004). Antiinflammatory properties of HDL. Circula-
tion Research, 95, 764-772. https://doi.org/10.1161/01.RES.
0000146094.59640.13

Blazquez, E., Velazquez, E., Hurtado-Carneiro, V., & Ruiz-Albusac, J. M.
(2014). Insulin in the brain: Its pathophysiological implications for
States related with central insulin resistance, type 2 diabetes and Alz-
heimer's disease. Frontiers in Endocrinology, 5, 161.

Carroll, J. C,, Iba, M., Bangasser, D. A., Valentino, R. J., James, M. J,
Brunden, K. R,, ... Trojanowski, J. Q. (2011). Chronic stress exacer-
bates tau pathology, neurodegeneration, and cognitive performance
through a corticotropin-releasing factor receptor-dependent mecha-
nism in a transgenic mouse model of tauopathy. The Journal
of Neuroscience: the Official Journal of the Society for Neuroscience,
31, 14436-14449. https://doi.org/10.1523/JNEUROSCI.3836-11.
2011

Chassidim, Y., Veksler, R., Lublinsky, S., Pell, G. S., Friedman, A., & Shelef,
1. (2013). Quantitative imaging assessment of blood-brain barrier per-
meability in humans. Fluids and Barriers of the CNS, 10, 9. https://doi.
org/10.1186/2045-8118-10-9

Coscina, D. V., Yehuda, S., Dixon, L. M., Kish, S. J., & Leprohon-Green-
wood, C. E. (1986). Learning is improved by a soybean oil diet in rats.
Life Sciences, 38, 1789-1794. https://doi.org/10.1016/0024-3205(86)
90130-X

Deacon, R. M., Koros, E., Bornemann, K. D., & Rawlins, J. N. (2009). Aged
Tg2576 mice are impaired on social memory and open field habitua-
tion tests. Behavioral Brain Research, 197, 466-468. https://doi.org/
10.1016/j.bbr.2008.09.042

Dineley, K. T., Jahrling, J. B., & Denner, L. (2014). Insulin resistance in
Alzheimer's disease. Neurobiology of Disease, 72(Pt A), 92-103.
https://doi.org/10.1016/j.nbd.2014.09.001

Fellows, K., Uher, T., Browne, R. W., Weinstock-Guttman, B., Horakova,
D., Posova, H., ... Ramanathan, M. (2015). Protective associations of
HDL with blood-brain barrier injury in multiple sclerosis patients.
Journal of Lipid Research, 56, 2010-2018. https://doi.org/10.1194/jlr.
M060970

Frisoni, G. B., Fox, N. C., Jack, C. R. Jr, Scheltens, P., & Thompson, P. M.
(2010). The clinical use of structural MRI in Alzheimer disease. Nature
Reviews. Neurology, 6, 67-77. https://doi.org/10.1038/nrneurol.2009.
215

Grillo, C. A, Piroli, G. G., Lawrence, R. C., Wrighten, S. A., Green, A. J.,
Wilson, S. P., ... Reagan, L. P. (2015). Hippocampal Insulin resistance
impairs spatial learning and synaptic plasticity. Diabetes, 64, 3927-
3936. https://doi.org/10.2337/db15-0596

Hebert, L. E., Scherr, P. A, Bienias, J. L., Bennett, D. A., & Evans, D. A.
(2003). Alzheimer disease in the US population: Prevalence estimates
using the 2000 census. Archives of Neurology, 60, 1119-1122.
https://doi.org/10.1001/archneur.60.8.1119


http://orcid.org/0000-0002-9143-2575
http://orcid.org/0000-0002-9143-2575
http://orcid.org/0000-0002-9143-2575
https://doi.org/10.1212/WNL.0b013e3181f4d7f8
https://doi.org/10.1212/WNL.0b013e3181f4d7f8
https://doi.org/10.1001/archneur.61.5.661
https://doi.org/10.1001/archneur.61.5.661
https://doi.org/10.1161/01.RES.0000146094.59640.13
https://doi.org/10.1161/01.RES.0000146094.59640.13
https://doi.org/10.1523/JNEUROSCI.3836-11.2011
https://doi.org/10.1523/JNEUROSCI.3836-11.2011
https://doi.org/10.1186/2045-8118-10-9
https://doi.org/10.1186/2045-8118-10-9
https://doi.org/10.1016/0024-3205(86)90130-X
https://doi.org/10.1016/0024-3205(86)90130-X
https://doi.org/10.1016/j.bbr.2008.09.042
https://doi.org/10.1016/j.bbr.2008.09.042
https://doi.org/10.1016/j.nbd.2014.09.001
https://doi.org/10.1194/jlr.M060970
https://doi.org/10.1194/jlr.M060970
https://doi.org/10.1038/nrneurol.2009.215
https://doi.org/10.1038/nrneurol.2009.215
https://doi.org/10.2337/db15-0596
https://doi.org/10.1001/archneur.60.8.1119

ELHAIK GOLDMAN ET AL.

Ho, L., Qin, W., Pompl, P. N., Xiang, Z., Wang, J., Zhao, Z., ... Pasinetti,
G. M. (2004). Diet-induced insulin resistance promotes amyloidosis in
a transgenic mouse model of Alzheimer's disease. The FASEB Journal,
18, 902-904. https://doi.org/10.1096/fj.03-0978fje

Houghton, A. M., Rzymkiewicz, D. M., Ji, H., Gregory, A. D., Egea, E. E,,
Metz, H. E., ... Shapiro, S. D. (2010). Neutrophil elastase-mediated
degradation of IRS-1 accelerates lung tumor growth. Nature Medicine,
16, 219-223. https://doi.org/10.1038/nm.2084

Ishii, M., Wang, G., Racchumi, G., Dyke, J. P., & ladecola, C. (2014).
Transgenic mice overexpressing amyloid precursor protein exhibit
early metabolic deficits and a pathologically low leptin state associ-
ated with hypothalamic dysfunction in arcuate neuropeptide Y neu-
rons. The Journal of Neuroscience: the Official Journal of the Society for
Neuroscience., 34, 9096-9106. https://doi.org/10.1523/JNEUROSCI.
0872-14.2014

Janson, J., Laedtke, T., Parisi, J. E., O'Brien, P., Petersen, R. C., & Butler,
P. C. (2004). Increased risk of type 2 diabetes in Alzheimer disease.
Diabetes, 53, 474-481. https://doi.org/10.2337/diabetes.53.2.474

Kalaria, R. N. (2010). Vascular basis for brain degeneration: Faltering con-
trols and risk factors for dementia. Nutrition Reviews, 68(Suppl 2),
S74-S87. https://doi.org/10.1111/j.1753-4887.2010.00352.x

Kesby, J. P., Kim, J. J., Scadeng, M., Woods, G., Kado, D. M., Olefsky, J.
M., ... Semenova, S. (2015). Spatial cognition in adult and aged mice
exposed to high-fat diet. PLoS One, 10, e0140034. https://doi.org/
10.1371/journal.pone.0140034

Kohjima, M., Sun, Y., & Chan, L. (2010). Increased food intake leads to
obesity and insulin resistance in the tg2576 Alzheimer's disease
mouse model. Endocrinology, 151, 1532-1540. https://doi.org/10.
1210/en.2009-1196

Luchsinger, J. A, Reitz, C., Patel, B., Tang, M. X., Manly, J. J., & Mayeux,
R. (2007). Relation of diabetes to mild cognitive impairment. Archives
of Neurology, 64, 570-575. https://doi.org/10.1001/archneur.64.4.
570

Montagne, A., Barnes, S. R., Sweeney, M. D., Halliday, M. R., Sagare, A.
P., Zhao, Z., ... Zlokovic, B. V. (2015). Blood-brain barrier breakdown
in the aging human hippocampus. Neuron, 85, 296-302. https://doi.
org/10.1016/j.neuron.2014.12.032

Morgado, I, & Garvey, M. (2015). Lipids in amyloid-beta processing,
aggregation, and toxicity. Advances in Experimental Medicine and Biol-
ogy, 855, 67-94.

Morris, M. C., Evans, D. A, Bienias, J. L., Tangney, C. C., Bennett, D. A,
Aggarwal, N., Schneider, J., & Wilson, R. S. (2003). Dietary fats and
the risk of incident Alzheimer disease. Arch Neurol, 60, 194-200.

Muthaiyah, B., Essa, M. M., Lee, M., Chauhan, V., Kaur, K., & Chauhan, A.
(2014). Dietary supplementation of walnuts improves memory defi-
cits and learning skills in transgenic mouse model of Alzheimer's dis-
ease. Journal of Alzheimer's Disease, 42, 1397-1405. https://doi.org/
10.3233/JAD-140675

Nerurkar, P. V., Johns, L. M., Buesa, L. M., Kipyakwai, G., Volper, E., Sato,
R., ... Nerurkar, V. R. (2011). Momordica charantia (bitter melon)
attenuates high-fat diet-associated oxidative stress and neuroinflam-
mation. Journal of Neuroinflammation, 8, 64. https://doi.org/10.1186/
1742-2094-8-64

Nieuwdorp, M., Vergeer, M., Bisoendial, R. J., op 't Roodt, J., Levels, H,,
Birjmohun, R. S., ... Stroes, E. S. (2008). Reconstituted HDL infusion
restores endothelial function in patients with type 2 diabetes melli-
tus. Diabetologia, 51, 1081-1084. https://doi.org/10.1007/s00125-
008-0975-2

Ognibene, E., Middei, S., Daniele, S., Adriani, W., Ghirardi, O., Caprioli, A.,
& Laviola, G. (2005). Aspects of spatial memory and behavioral disin-
hibition in Tg2576 transgenic mice as a model of Alzheimer's disease.
Behavioral Brain Research, 156, 225-232. https://doi.org/10.1016/j.bb
r.2004.05.028

Ortiz-Munoz, G., Houard, X., Martin-Ventura, J. L., Ishida, B. Y., Loyau, S.,
Rossignol, P., Meilhac, O. (2009). HDL antielastase activity

Aging 9 of 10

prevents smooth muscle cell anoikis, a potential new antiatherogenic
property. The FASEB Journal, 23, 3129-3139. https://doi.org/10.
1096/1j.08-127928

Peila, R., Rodriguez, B. L., & Launer, L. J. (2002). Type 2 diabetes, APOE
gene, and the risk for dementia and related pathologies: The Hono-
lulu-Asia Aging Study. Diabetes, 51, 1256-1262. https://doi.org/10.
2337/diabetes.51.4.1256

Prasad, S., Sajja, R. K., Naik, P., & Cucullo, L. (2014). Diabetes mellitus
and blood-brain barrier dysfunction: An overview. Journal of Pharma-
covigilance, 2, 125.

Sartorius, T., Ketterer, C., Kullmann, S., Balzer, M., Rotermund, C., Binder,
S., ... Hennige, A. M. (2012). Monounsaturated fatty acids prevent
the aversive effects of obesity on locomotion, brain activity, and
sleep behavior. Diabetes, 61, 1669-1679. https://doi.org/10.2337/db
11-1521

Scheibye-Knudsen, M., Mitchell, S. J., Fang, E. F., lyama, T., Ward, T.,
Wang, J., ... Bohr, V. A. (2014). A high-fat diet and NAD(+) activate
Sirtl to rescue premature aging in cockayne syndrome. Cell Metabo-
lism, 20, 840-855. https://doi.org/10.1016/j.cmet.2014.10.005

Schnaider Beeri, M., Goldbourt, U., Silverman, J. M., Noy, S., Schmeidler,
J., Ravona-Springer, R., ... Davidson, M. (2004). Diabetes mellitus in
midlife and the risk of dementia three decades later. Neurology, 63,
1902-1907.  https://doi.org/10.1212/01.WNL.0000144278.79488.
DD

Semenkovich, C. F. (2006). Insulin resistance and atherosclerosis. The
Journal of Clinical Investigation, 116, 1813-1822. https://doi.org/10.
1172/)CI29024

Skoog, I., Wallin, A., Fredman, P., Hesse, C., Aevarsson, O., Karlsson, I, ...
Blennow, K. (1998). A population study on blood-brain barrier func-
tion in 85-year-olds: Relation to Alzheimer's disease and vascular
dementia. Neurology, 50, 966-971. https://doi.org/10.1212/WNL.50.
4.966

Snowden, S. G., Ebshiana, A. A.,, Hye, A, An, Y., Pletnikova, O., O'Brien,
R., ... Thambisetty, M. (2017). Association between fatty acid meta-
bolism in the brain and Alzheimer disease neuropathology and cogni-
tive performance: A nontargeted metabolomic study. PLoS Med, 14,
€1002266. https://doi.org/10.1371/journal.pmed.1002266

Surwit, R. S., Kuhn, C. M., Cochrane, C., McCubbin, J. A., & Feinglos, M.
N. (1988). Diet-induced type Il diabetes in C57BL/6J mice. Diabetes,
37, 1163-1167. https://doi.org/10.2337/diab.37.9.1163

Talbot, K., Wang, H. Y., Kazi, H., Han, L. Y., Bakshi, K. P., Stucky, A., ...
Arnold, S. E. (2012). Demonstrated brain insulin resistance in Alzhei-
mer's disease patients is associated with IGF-1 resistance, IRS-1 dys-
regulation, and cognitive decline. The Journal of Clinical Investigation,
122, 1316-1338. https://doi.org/10.1172/JCI159903

Theriault, P., EIAli, A., & Rivest, S. (2016). High fat diet exacerbates Alz-
heimer's disease-related pathology in APPswe/PS1 mice. Oncotarget,
7, 67808-67827.

Tucsek, Z., Toth, P., Sosnowska, D., Gautam, T., Mitschelen, M., Koller,
A., ... Csiszar, A. (2014). Obesity in aging exacerbates blood-brain
barrier disruption, neuroinflammation, and oxidative stress in the
mouse hippocampus: Effects on expression of genes involved in
beta-amyloid generation and Alzheimer's disease. Journals of Gerontol-
ogy. Series A, Biological Sciences and Medical Sciences, 69, 1212-1226.
https://doi.org/10.1093/gerona/glt177

Ujiie, M., Dickstein, D. L., Carlow, D. A., & Jefferies, W. A. (2003). Blood-
brain barrier permeability precedes senile plaque formation in an Alz-
heimer disease model. Microcirculation, 10, 463-470.

van de Haar, H. J., Burgmans, S., Jansen, J. F., van Osch, M. J., van
Buchem, M. A., Muller, M., ... Backes, W. H. (2016). Blood-brain bar-
rier leakage in patients with early Alzheimer disease. Radiology, 281,
527-535. https://doi.org/10.1148/radiol.2016152244

van de Pol, L. A,, Barnes, J., Scahill, R. I., Frost, C., Lewis, E. B., Boyes, R.
G., ... Barkhof, F. (2007). Improved reliability of hippocampal atrophy
rate  measurement in mild cognitive impairment using fluid


https://doi.org/10.1096/fj.03-0978fje
https://doi.org/10.1038/nm.2084
https://doi.org/10.1523/JNEUROSCI.0872-14.2014
https://doi.org/10.1523/JNEUROSCI.0872-14.2014
https://doi.org/10.2337/diabetes.53.2.474
https://doi.org/10.1111/j.1753-4887.2010.00352.x
https://doi.org/10.1371/journal.pone.0140034
https://doi.org/10.1371/journal.pone.0140034
https://doi.org/10.1210/en.2009-1196
https://doi.org/10.1210/en.2009-1196
https://doi.org/10.1001/archneur.64.4.570
https://doi.org/10.1001/archneur.64.4.570
https://doi.org/10.1016/j.neuron.2014.12.032
https://doi.org/10.1016/j.neuron.2014.12.032
https://doi.org/10.3233/JAD-140675
https://doi.org/10.3233/JAD-140675
https://doi.org/10.1186/1742-2094-8-64
https://doi.org/10.1186/1742-2094-8-64
https://doi.org/10.1007/s00125-008-0975-2
https://doi.org/10.1007/s00125-008-0975-2
https://doi.org/10.1016/j.bbr.2004.05.028
https://doi.org/10.1016/j.bbr.2004.05.028
https://doi.org/10.1096/fj.08-127928
https://doi.org/10.1096/fj.08-127928
https://doi.org/10.2337/diabetes.51.4.1256
https://doi.org/10.2337/diabetes.51.4.1256
https://doi.org/10.2337/db11-1521
https://doi.org/10.2337/db11-1521
https://doi.org/10.1016/j.cmet.2014.10.005
https://doi.org/10.1212/01.WNL.0000144278.79488.DD
https://doi.org/10.1212/01.WNL.0000144278.79488.DD
https://doi.org/10.1172/JCI29024
https://doi.org/10.1172/JCI29024
https://doi.org/10.1212/WNL.50.4.966
https://doi.org/10.1212/WNL.50.4.966
https://doi.org/10.1371/journal.pmed.1002266
https://doi.org/10.2337/diab.37.9.1163
https://doi.org/10.1172/JCI59903
https://doi.org/10.1093/gerona/glt177
https://doi.org/10.1148/radiol.2016152244

ELHAIK GOLDMAN ET AL.

10 of 10 Aging

registration. Neuroimage, 34, 1036-1041. https://doi.org/10.1016/j.
neuroimage.2006.10.033

Winocur, G., & Greenwood, C. E. (2005). Studies of the effects of high
fat diets on cognitive function in a rat model. Neurobiology of Aging,
26(Suppl 1), 46-49. https://doi.org/10.1016/j.neurobiolaging.2005.
09.003

Winzell, M. S., & Ahren, B. (2004). The high-fat diet-fed mouse: A model
for studying mechanisms and treatment of impaired glucose tolerance
and type 2 diabetes. Diabetes, 53(Suppl 3), $215-5219.

Zach, L., Guez, D., Last, D., Daniels, D., Grober, Y., Nissim, O., ... Mardor,
Y. (2015). Delayed contrast extravasation MRI: A new paradigm in
neuro-oncology. Neuro-oncology, 17, 457-465. https://doi.org/10.
1093/neuonc/nou230

Zlokovic, B. V. (2011). Neurovascular pathways to neurodegeneration in
Alzheimer's disease and other disorders. Nature Reviews Neuroscience,
12, 723-738. https://doi.org/10.1038/nrn3114

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Elhaik Goldman S, Goez D, Last D,
et al. High-fat diet protects the blood-brain barrier in an
Alzheimer's disease mouse model. Aging Cell. 2018;17:
e12818. https://doi.org/10.1111/acel.12818



https://doi.org/10.1016/j.neuroimage.2006.10.033
https://doi.org/10.1016/j.neuroimage.2006.10.033
https://doi.org/10.1016/j.neurobiolaging.2005.09.003
https://doi.org/10.1016/j.neurobiolaging.2005.09.003
https://doi.org/10.1093/neuonc/nou230
https://doi.org/10.1093/neuonc/nou230
https://doi.org/10.1038/nrn3114
https://doi.org/10.1111/acel.12818

