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A B S T R A C T

Midlife cognitive decline is now recognized as a factor of poor prognosis for late-life dementia. Although an epidemiological link has been suggested with high fat diet
(HFD)-induced metabolic disorders, the effect of a long period of HFD on midlife cerebrovascular and cognitive functions remains unproven. A cohort of 216 young
mice was fed with HFD up to middle age (12 months), and kinetically characterized for metabolic status, including weight, blood lipid profile, hepatic fat accu-
mulation, glucose intolerance, and visceral adiposity. Metabolic disorders were evidenced from 3 months of HFD. Visual recognition memory and flexibility were
significantly altered and associated to a visceral adiposity whereas spatial reference memory and working memory did not. Concomitantly, a progressive dysfunction
of the vascular endothelium-dependent relaxation was detected in both middle cerebral artery and parenchymal arterioles, with consequences on the regulation of
cerebral blood flow, but without any modification of the basal brain tissue MRI perfusion signal. Our data collection empowered us to stratify the mice according to
their heterogeneous response to diet, and to propose a statistical prediction model for cognitive impairment, combining visceral adiposity and cerebral vasomotion in
a diagnostic perspective of early neurological deficits.

1. Introduction

Cognitive decline is an age-related decrease in cognitive functions.
Initially slow and progressive, cognitive decline can be enhanced by
various risk factors and events, potentially leading to dementia.
Dementia includes ability loss as well as changes in behavior, and is
defined as a global, durable and organic alteration of mental health,
which hinders the individuals' autonomy in everyday life, leading to
dependency. Therefore, dementia is recognized as the greatest global
challenge for health in this century (Livingston et al., 2017). The pre-
sence of a premature cognitive decline is now accepted as a factor of
poor prognosis for late-life dementia (Kivipelto et al., 2006; Vuoksimaa
et al., 2016). Its onset around the middle-age period does not often lead
to a cognitive complaint, and implies a potential input of high fat diet
(HFD)-induced metabolic disorders (Debette, 2013; González et al.,
2018; Lourenco et al., 2018; Whitmer et al., 2005). Indeed, these dis-
orders include a constellation of elements ranging from imbalanced
metabolism to an acute cardiovascular or cerebrovascular event, the
latter being the only well-known precipitating factor for late-life de-
mentia. Anyhow, cerebral vessels are spotlighted as a first line interface
between blood lipids and brain, but apart from stroke, the effect of a

long period of HFD on midlife cerebrovascular and cognitive functions
remains unproven, because of the influence of the multiple factors ac-
counting for the diversity of human life styles (Livingston et al., 2017;
van Dijk et al., 2015).

Therefore, evidencing such an effect would define diet as a mod-
ifiable risk factor for mental health, and help identify, among dyslipi-
demic patients, those at risk of cognitive decline. Such a demonstration
needs however a long-term investigation, with few confounding factors,
but including the variety of responses to diet. Several studies have
checked the involvement of neuroinflammatory and oxidative me-
chanisms (Francis and Stevenson, 2013; Pistell et al., 2010; Sabia et al.,
2009; Wang et al., 2016) as well as alterations of peripheral vasculature
(Costa et al., 2018; Tesauro and Cardillo, 2011), but nothing was found
about their influence on cerebrovascular function. And yet, cerebral
vessels have unique features and are tightly associated to the brain
tissue. A long-term exposure to metabolic disorders could impair the
function of different segments of the vascular tree, i.e. external cerebral
arteries, parenchymal arterioles or capillaries, and lead to brain hypo-
perfusion (Haley et al., 2017), possibly affecting cognition at midlife.

To test the effect of HFD on cognition, we have induced progressive
metabolic disturbances in young adult wild type mice (8 weeks) with a
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40% w/w animal fat-enriched diet up to the middle age (12 months
later), and kinetically (every 3 month) assessed spontaneous locomotor,
and cognitive functions. To cope with potential heterogeneity of the
responses to diet and to long-term follow up, we have set up a cohort of
216 mice and fully characterized their metabolic status. These mice
were then challenged for the vasomotor function of their middle cere-
bral arteries (Halpern arteriography) and parenchymal microvessels (in
situ brain slices), for brain perfusion (ASL MRI perfusion) and cerebral
blood flow (Doppler laser). The modified metabolic, cerebrovascular,
and cognitive data were correlated and tested for their diagnostic po-
tential through a statistical extrapolation model.

2. Materials and methods

2.1. Animals diets and cohorts

All procedures were performed in accordance to the European
Directive (2010/63UE) and were approved by the local animal care and
use (Comité d'Ethique en Expérimentation Animale du Nord-Pas-de-
Calais, Lille, France, reference: APAFIS#4624–20-16030215325945
v5). Two hundred and sixteen adult male C57Bl6/J mice, reported in
different cohorts (n = 12 cohorts), aged of 8 weeks at the onset of the
study (Janvier Labs, Le Genest Saint Isle, France) were housed in
standard cage. At the start of the experiment, mice were randomly as-
signed to either a nutritionally complete, high-fat diet (HFD) consisting
of 40% saturated fat, mostly from lard (HF231, Safe, Augy, France) or a
control diet (ND) consisting of 3% fat (A04, Safe, Augy, France)
throughout the experimental period (Table 1). All animals had ad li-
bitum access to food and water. Seven unexpected death occurred
during the study, bringing ND group to n = 100 mice and HFD group to
n = 109 mice in total. There were no significant differences in body
weight between groups before the experimental diets were adminis-
tered, as mice had been maintained on a regular chow diet. The animals
were weighed every month. At the following time-points: 0, 3, 6, 9 and
12 months of ND or HF diet, mice were undergoing battery of beha-
vioral tests and MRI and some of them were sacrificed via the in-
traperitoneal administration of a lethal dose of sodium pentobarbital
(182 mg.kg-1) to perform brain vascular analysis (Appendix Fig. A.1).

2.2. Metabolic characterization

2.2.1. Blood triglycerides and cholesterol assays
At the different time-points, mice were fasted overnight and an-

esthetized with 2% isoflurane to collect blood samples at the retro-
orbital sinus. Total cholesterol (TC), nonHDL cholesterol, HDL choles-
terol and triglycerides plasma concentrations were determined by

enzymatic colorimetric assays using commercially available kits
(Thermofisher Scientific, Illkirch, France).

2.2.2. Oral glucose tolerance test
After an overnight fasting, plasma glucose levels were determined

with glucometer system Accu-Chek® Performa (Roche Diagnostic,
Mannheim, Germany) on a blood sample collected from the mouse tail
vein. Then, they received orally 2 g/kg body weight of D-glucose. Ten,
20, 30, 60, 90 and 120 min after, glucose quantification was performed.
Area under the curve (AUC) was calculated using GraphPad Prism 5,
(GraphPad Software Inc., La Jolla CA, USA).

2.2.3. Visceral adipose tissue weight
After sacrifice, adipose tissue from perirenal and epididymal depots

was collected and weighted.

2.2.4. Steatosis
After sacrifice, liver is collected and biopsies realized. They are fixed

with 4% paraformaldehyde, dehydrated, embedded in a matrix (OCT®).
Biopsies are frozen in liquid N2 and subjected to frozen sectioning. Oil
red O (ORO) staining was performed to detect neutral lipids. The frozen
tissue sections (8-μm thickness) were immersed in 0.5% oil red O
working solution for 15 min, counterstained with hematoxylin, and
then rinsed under running tap water for 10 min. Photomicrographs
were captured under a microscope (DMR Leica DMLB, Germany) from
different views. The integrated optical density (IOD) of the oil red O-
stained area was analyzed with ImageJ freeware. The evaluator was
blinded to the diet status of the evaluated samples (3 to 6 animals per
group, from 3 independent experiments).

2.3. Behavioural assessments in the mouse

At the following time-points: 0, 3, 6, 9 and 12 months of ND or HF
diets, mice of each group underwent a battery of test evaluating
spontaneous motor activity (actimetry), spatial reference memory and
flexibility (Barnes test), visual recognition memory (novel object re-
cognition test) and working memory (spontaneous alternation test).
The mice were tested between 9 a.m. and 2 p.m. During the experi-
ments, the equipment was cleaned with 70% ethanol after each trial so
that olfactory cues did not bias the results.

2.3.1. Spontaneous motor behaviour
Spontaneous motor activity was measured in an actimeter (Panlab,

Bioseb, Vitrolles, France). The test apparatus (a 45 cm in
length × 45 cm in width × 35 cm in height, transparent poly-
methylmethacrylate chamber with a black floor) was equipped with

Table 1
Nutrient and energy profiles of normal diet (ND) and high fat diet (HFD).

Nutrients (%) Energy (%) Energy (kcal/kg) Nutrients (%) Energy (%) Energy (kcal/kg)

ND HFD

Proteins 16.2 19.3 648 28.7 21.3 1148
Lipids 3.2 8.4 288 40.1 70.7 3620.2
Carbohydrates 60.5 72.3 2420 14.2 8 567.6
Minerals 4.6 8.2
Cellulose 3.9 3.1
Humidity 11.6 5.6

100 100 3326 100 100 5335.8
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two infrared sensor frames, so that horizontal displacements could be
measured. Motor activity (beam obstruction) was recorded for 10 min,
using a computer. To diminish odour cues, the chamber's floor was
covered with sawdust. Total distance covered (in cm), and the resting
time (in seconds) were quantified for each mouse (Marche et al., 2011).

2.3.2. Spontaneous alternation
The spontaneous alternation test was performed using a Y-maze

(made of white polyvinyl chloride) and a closed-circuit video camera
(Ethovision XT, Noldus, Wageningen, The Netherlands). The three arms
were of the same size (30 × 8 × 15 cm) and were oriented at an angle
of 120° to each other. The Y-maze was placed in a room with no en-
vironmental cues. The mouse was placed at the end of one arm and was
allowed to move freely between the maze's three arms for 8 min. A visit
to an arm was scored when all four of the mouse's paws were within the
arm area. The sequence of the arm visits was recorded, and an alter-
nation response was scored when the animal entered the least recently
visited arm. The alternation score was calculated as the ratio between
actual alternations and possible alternations (defined as the total
number of arm visits minus 2), multiplied by 100 (Hidaka et al., 2008).
This calculation was only performed for mice making more than twenty
arm visits.

2.3.3. Barnes maze
The Barnes maze test of learning, and spatial reference memory and

cognitive flexibility was performed on two following weeks essentially
as described by Sunyer et al. (Sunyer et al., 2007). The apparatus
consisted of a circular white PVC platform (diameter: 122 cm) posi-
tioned 80 cm above the ground. Forty holes (diameter: 5 cm) were lo-
cated at regular intervals 4 cm from the edge. Spatial cues were placed
on the walls of the testing room and were not moved at any point
during the study period. An aversive bright light (800 Lux) was used as
a stimulus to motivate the mice to find a single black escape box
(22.9 × 5.3 × 8.6 cm) located beneath one of the holes. The circular
platform was virtually divided in eight zones including the target
quadrant (including the target quadrant with the escape box and the
opposite quadrant). One of forty possible escape hole (i.e. the target
hole) was randomly assigned to each mouse for all five days of the
experiment.

2.3.3.1. First week. During the acquisition phase (4 trials per day for
4 days with a 15-min break between trials), the mouse was placed at the
center of the maze in an opaque cylinder for 10 s and then left to freely
explore the maze and search for the escape box for up to 3 min. Once
the mouse had entered the escape box, it was left there for 1 min. The
location of the target was consistent for a given mouse but randomized
across mice. On the fifth day (for the probe trial), the maze was turned
by 45, and the escape box was removed. The mouse was allowed to
move freely for 90 s. A video camera and a computer running
Ethovision XT 11.5 software (Noldus) were used to track and to
analyze the animal's displacements during the session. The number of
total errors (the number of holes visited before the mouse enter in the
target hole) were noted as the indices of learning during the acquisition
phase. Spatial reference memory was evaluated as the time spent in the
target quadrant (i.e. the quadrant centered on the target hole) and in
the opposite quadrant during the probe trial.

2.3.3.2. Second week. For two days after the memory retention trials,
mice were tested for reversal learning. The same acquisition training
was used as previously described but the location of the escape box for
each mouse was shifted 180°. Each day during the 3 days' learning

consisted of four trials. On the test day, the time the mouse spent in the
target quadrant and in the opposite quadrant was measured to evaluate
the cognitive flexibility.

2.3.4. Novel object recognition test
The novel object recognition test is based on the tendency of mice to

explore a novel object rather than a familiar one. Mice were habituated
to a square arena (50 × 50 × 25 cm) for 10 min on the first day. On day
2, the mice were exposed to the arena containing two identical objects
(two cylindrical glasswares, Ø: 4 cm, height: 6 cm). On day 3, mice were
exposed in a first phase (“sample phase”) to two novel and identical
objects (either a Lego®square structure 4x4x6 cm or a golf ball with a
blue cap Ø: 4 cm, height: 6 cm) for 15 min and then returned in their
cages. After one hour, they are placed back in the testing arena for
5 min (“test phase”), but one of the familiar objects was replaced by a
novel object. Performance of the mice was video recorded (Ethovision
XT, Noldus, Wageningen, The Netherlands). The objects had been
previously validated to ensure there was no inherent preference for
either object (data not shown). Exploratory behaviour was defined as
the animal directing its nose towards the object at a distance < 2 cm.
Any subjects that failed to complete a minimum of 20 s of exploration
during the sample phase were excluded from the analysis. A dis-
crimination index was calculated as the difference between the time
spent exploring the novel object minus the time spent exploring the
familiar object divided by the sum of both (Antunes and Biala, 2012).

2.4. In vivo MRI acquisition and processing

All MRI experiments were performed on a Biospec 7.0 T/20 cm
horizontal magnet (Bruker, Ettlingen). Animals were first anesthetized
with isoflurane and then placed in a dual-coil small animal restrainer
which contains a volume coil for transmitting and a surface quadratic
coil for receiving. Coil-to-coil electromagnetic interaction was actively
decoupled. Blood gases saturation and respiration rates of animals were
continuously monitored via specific transducers. Their rectal tempera-
ture was monitored and maintained at 37 ± 1 °C via a feedback-regu-
lated circulating water pad (SA Instruments Inc. Stony Brook, NY USA).

Anatomical images were acquired using the fast spin echo rapid
acquisition relaxation enhanced (RARE) pulse sequence with
TR = 2500 ms, effective TE = 33 ms, matrix: 256 × 256, FOV = 2 × 2
cm, twenty 0.5- mm slices, and 2 averages. The sequence of diffusion-
weighted image (DWI) was performed in three directions [1, 0, 0], [0,
1, 0], [0, 0, 1] for which 11 b-values were used to characterize signal
decay. The b-values were defined as follows: 1, 10, 20, 30, 40, 60, 80,
100, 400, 600, 800, and 1000 s/mm2. The sequence parameters were as
follows: FOV = 2 × 2 cm; matrix size: 128 × 128; slice thick-
ness = 1 mm; TR = 3000 ms; TE = 33 ms. Parametric ADC maps were
constructed using paravision 5.1 software (Bruker). Fluid-attenuated
inversion and recovery (FLAIR) images were acquired in the coronal
plan from optimized RARE pulse sequence with TR = 5000 ms,
TE = 33 ms and TI = 1600 ms (inversion), FOV = 1.5 × 1.5 cm, matrix
size: 150 × 150. The gradient echo sequence with specific parameters
TR = 350 ms, TE = 18 ms, FA = 40°, FOV = 1.5 × 1.5 cm, matrix size:
372 × 372, was used to assess the magnetic susceptibility of brain
tissue. Arterial spin labelling (ASL) perfusion quantifications were ac-
quired using the echo-planar imaging (EPI) and flip angle inversion and
recovery (FAIR) pulse sequence with TR = 18,000 ms, effective
TE = 13.5 ms, FA = 90° and TI = 26 ms with 30 increments of 150 ms.
The principle of ASL perfusion quantification is based on the difference
between background static spins (global MR signal of brain) and blood
non-static spins magnetically “labelled” (spin inversion upstream). The
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signal of specific spin recovery of blood characterizes the blood supply
speed and can be used to quantify brain perfusion.

2.5. Cerebrals vessels study

2.5.1. Determination of cerebral blood flow by laser-doppler flowmetry
Mice were anesthetized with 2%isoflurane. They were immobilized

and placed in a stereotaxic frame (David Kopf Instruments). The scalp
and the periosteum were pulled aside. The rectal temperature was
maintained at 37 °C using a thermostatic heating pad (Panlab, Bioseb,
Vitrolles, France). A laser Doppler probe (Perimed, Periflux System,
Stockolm, Sweden) was positioned above the left MCA territory (-0.1 to
1.10 mm rostro-caudal and 2–3 mm lateral to bregma).

2.5.2. Ex vivo middle cerebral artery reactivity analysis
At Day 0, 3, 6, 9 and 12 months after diet and after anesthesia with

sodium pentobarbital (182 mg.kg−1), brain was removed and the MCA
was dissected. Ex vivo vasoreactivity was assessed in a Halpern arter-
iograph (Living System Instrumentation, Burlington, USA) on a prox-
imal segment of the right MCA, perfused with an oxygenated Krebs
solution (in mM): 119 NaCl, 24 NaHCO3, 4.7 KCl, 1.18 KH2PO4, 1.17
MgSO4, 7H2O, 10 glucose, 1.6 CaCl2, pH = 7.4) kept at 37 °C. The ar-
tery was secured to the proximal and distal cannulae with nylon ties.
The distal cannula was closed in order to work under “no flow” con-
ditions. The arteriograph chamber was continuously supplied with
Krebs solution equilibrated with 20% O2/5% CO2/balance N2. The
proximal cannula was connected to a pressure transducer, a miniature
peristaltic pump and a servo-controller that continually measured and
adjusted transmural pressure. The entire arteriograph system was po-
sitioned on the stage of an inverted microscope equipped with a video
camera and a display monitor. The lumen diameter was measured by
video image dimension analysis. The artery segment was left to stabilize
for 1 h at an intraluminal pressure of 20 mmHg. The maximal con-
striction of the artery was tested with phenylephrine (Phe) 30 μM. To
evaluate endothelium-dependent relaxation, the maximal response to
carbachol (Carb) 10 μM was determined after preconstriction with Phe
30 μM. For constriction, results are expressed as % maximal constriction
using the following equation: % maximal constriction = (Diameter
basal − Diameter Phe)/(Diameter basal) × 100. For endothelium-depen-
dent relaxation, results are expressed as % increase compared with the
preconstricted artery diameter using the following equation: % max-
imal relaxation = (Diameter Carb − Diameter Phe)/(Diameter
basal − Diameter Phe) × 100.

2.5.3. Ex vivo brain slice model
At Day 0, 3, 6, 9 and 12 months after diet, brain were removed from

selected mice after anesthesia with sodium pentobarbital and put in a
chamber containing ice-cold solution of aCSF (in mM: 124 NaCl, 3.5
KCl, 2 MgSO4, 1.25 NaH2PO4, 2CaCl2, 26 NaHCO3, 11 glucose, pH 7.4)
continuously bubbled with carbogen (95% O2–5% CO2). Coronal cor-
tical and hippocampal slices (250–300 μm) were cut on a vibratome
(World Precision Instruments, Stevenage, UK) and subsequently laid on
mesh submerged in an aCSF recovery chamber at room temperature.
Slices received continuous bubbling of carbogen and recovered for
60 min. Brain slices were transferred to a perfusion chamber (Warner
Instruments, Harvard Apparatus, Les Ulis, France). Blood vessels were
visualized with an upright Leica DMLFS microscope equipped with
differential interference contrast (DIC) and a CCD camera (COHU,
Pieper GmbH, Düsseldorf, Germany). We selected vessels showed
structures reminiscent of vascular myocytes, had a discernible luminal
diameter of 7 ± 3 μm and could be controlled for their integrity for a

length of 100–150 μm. Images of vascular responses were acquired with
image software (Magix Video Terratec Edition, Berlin, Germany). To
measure the diameter, we compared off-lines images acquired at the
same focal plane from 1 to 4 sectors. Intraluminal diameters for each
experimental condition were obtained as an average of 2 measurements
taken. In the different experiments, the number of arterioles studied
corresponds to the number of slices used (only one arteriole per slice
was examined). Imaging was performed at 20–22 °C and perfused at
7 mL/min.

2.5.4. Microvascular patency and blood-brain barrier integrity
The fluorescence-based visualization of brain microvascular patency

as well as blood brain barrier integrity was enabled by the observation
of both distribution and extravasation of fluoresceinisothiocyanate
(FITC)-Dextran (2000 kDa, 10 mg.mL-1, Sigma-Aldrich, Saint-Quentin
Fallavier, France) through patent microvessels. A 100 μL volume of
FITC-Dextran in physiologic saline solution was injected into the penis
vein of mice. After 2 min, mice were decapitated. Brains were extracted
and post-fixed in 4% paraformaldehyde for 24 h at 4 °C, embedded in
OCT compound, and frozen in liquid nitrogen. Forty micrometer-slices
were coronally cut using a cryostat, and mounted with Vectashield
hardset medium with DAPI (Vector Laboratories, Burlingame, CA,
USA). Because of the important tortuosity of brain microvessels, slices
were visualized under an automated microscope (AxioScan digital slide
scanner, Zeiss microscopy, Marly le Roi, France) enabling a z-stack
projection of the scanned sections, to obtain a focused image of mi-
crovascular segments. The evaluator was blinded to the diet status of
the evaluated samples (3 to 6 animals per group, from 3 independent
experiments).

2.6. Neuropathological analysis

Three, six, nine and twelve months after diet, brain were removed
from selected mice, fixed in methacarn for 24 h and embedded in par-
affin. Five-micrometer slices were coronally cut, stained with haema-
toxylin/eosin, and observed under a bright-field microscope.
Neuropathological lesions (tissue loss or abnormal organization, mi-
crobleeds or other vascular alteration) were seeked throughout the
whole brain sections. Only those from the prefrontal cortex and hip-
pocampus areas are presented in figures, since accounting for the
neurological deficits observed after the behavioral assessments. The
evaluator was blinded to the diet status of the evaluated samples (3 to 6
animals per group, from 3 independent experiments).

2.7. Drugs

All vasoactive drugs, phenylephrine, sodium nitroprusside (SNP),
carbachol, endothelin-1 (Sigma-Aldrich, St Quentin-Fallavier, France)
were made fresh daily and stored at 4 °C.

2.8. Statistical analysis

All values were expressed as mean ± standard error of the mean
(SEM). Statistical analyses were performed using R software version
3.4.0 (R Core Team (2017) R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing, Vienna,
Austria.URL https://www.R-project.org/), and R Studio environment
version 1.0.143. Multiple inter-group differences were tested for the
nature of the diet and its duration by a 2-way ANOVA (Diet× Time) and
independently for the weight categories by a 1-way ANOVA followed
by, where appropriate, a post-hoc tests based on Tukey's ‘Honest
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Fig. 1. Changes in lipid and glycemic parameters in normal diet (ND)-fed mice and high fat diet (HFD)-fed mice from Day0 up to 12 months. (A) Changes in visceral
adipose tissue weight (VAT in g) dissected from ND (n = 77) mice and HFD (n = 80) mice. (B) Total cholesterol (mg/dL) assayed in plasma from ND (n = 100) mice
and HFD (n = 109) mice. (C) Liver lipid infiltration in ND and HFD mice stained by Oil Red O staining (x20). Representative illustrations of serial liver sections from
a ND mouse and a HFD mouse after 9 months of diet. (D) Quantification of lipid accumulation in livers from ND (n = 156) and HFD (n = 148) mice at different diet
time-points. (E) Glucose intolerance has been tested with an oral glucose tolerance test (OGTT). Representative kinetics of glycemia values obtained from ND mice
and HFD mice have been illustrated at Day0 and M9. (F) Area under the curve (AUC) quantifications for OGTT of ND (n = 100) and HFD (n = 109) mice at the
different time-points.
Data are shown as mean ± sem with points of individual measurements. Statistical analysis was performed using a two-way ANOVA, §§§p < .001 for the effect of
the Diet factor. Tukey post hoc analysis was performed: *p < .05, **p < .01, ***p < .001 for HFD vs ND comparison.
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Significant Difference’ adjustment method. Variance analyses were as-
sessed using “ez” package version 4.4-0 (Michael A. Lawrence (2016)
ez: Easy Analysis and Visualization of Factorial Experiments. R package
version 4.4-0. https://CRAN.R-project.org/package=ez). Proportions
of weight categories were compared using Pearson's chi-squared test.
The a posteriori calculation of Pearson's correlation coefficient (r) or
Kendall's rank correlation (tau) was systematically followed by the
power calculation using “pwr” package (Stephane Champely (2018)
pwr: Basic Functions for Power Analysis. R package version 1.2-2.
https://CRAN.R-project.org/package=pwr). The extrapolation model
was generated from normalized values for our datasets following the
next equation: y = 100/(1 + 10^(x-f50%) where y = Normalized vas-
cular or cognitive function (%); x = VAT (g) and f50% = the VAT fitted
value at half of the function (g). The threshold for statistical sig-
nificance was set to p < 0.05.

3. Results

3.1. Diet induces heterogeneous weight gain and metabolic disturbances

The metabolic status of each mouse was characterized at each time-
point (D0, M3, M6, M9 and M12) of diet duration. Multiple compar-
isons between normal diet (ND) and high-fat diet (HFD) mice were also
tested at each time-point by 2-way ANOVA (Time: diet duration; Diet:
type of diet) for metabolic parameters such as adipose tissue deposition,
circulating plasma lipids, liver fat accumulation, glucose tolerance
(Fig. 1 and Table 2), and weight (Fig. 2).

In HFD-fed mice, a significant increase was found in visceral adipose
tissue deposition with a major statistical contribution of Diet
(F1,140 = 36.50, p < 0.001, Fig. 1A). HFD induced an increase in
plasma total cholesterol level (major contribution of Diet:
F1,227 = 48.35, p < 0.001, Fig. 1B) as well as in non-HDL cholesterol
and in HDL cholesterol levels (Table 2A).

Histological analysis of the liver revealed a more prominent Oil Red
O (ORO) stain in HFD-fed mice as illustrated in Fig. 1C and quantified
in Fig. 1D. This difference reached statistical significance after
6 months, but was more obvious after 9 months of HFD, and then fell
down to the same level as that of ND-fed mice at 12 months. There was
a significant effect of Time (F4,294 = 50.99, p < 0.001) and Diet
(F1,294 = 26.43, p < 0.001).

Fasting glycemia was not different between ND- and HFD-fed mice
whatever the diet duration (Table 2A). The Oral Glucose Tolerance Test
(OGTT) showed superimposed curves at day 0 while after 9 months of
diet, the time to glycemic peak in HFD-fed mice was delayed from 20 to
50 min, reached a higher value and failed to drop as fast as in ND-fed
mice (Fig. 1E). These variations were confirmed by the plot of Area
Under the Curve (AUC, Fig. 1F). A major significant effect of Diet was
found (F1,177 = 64.61, p < 0.001).

A weight gain was observed, with a significant contribution of both
Time (F4,753 = 390.95, p < 0.001) and Diet (F1,753 = 50.14,
p < 0.001). In both diet populations, weight gain was not homo-
geneous all over the study period (Fig. 2A, dots in scatter plot). Post-hoc
multiple comparisons revealed greater weight differences between ND-
and HFD-fed mice after 3, 6 and 9 months but not after 12 months of
diet (Fig. 2A). As no standard values exist for the definition of weight
categories in mice, we suggest building three weight categories from
our results. We used a linear statistical model of the relation between
weight gain and visceral fat deposition to deduce the weight value for
which fat deposition was doubled. In our cohort, ND-fed mice devel-
oped a maximum of 2 g of visceral adipose tissue (NDmean+sd:
1.37 + 0.63 g). Therefore, we calculated the fitted weight values for 2 g
and 4 g of visceral adipose tissue and found 36.1 g and 43.7 g respec-
tively. Mice were then considered as of normal weight (> 20 g to
36.1 g), overweight (> 36.1 g to 43.7 g) or obese (> 43.7 g) (Fig. 2B).
These weight categories were further used in a secondary analysis of
each result of the study. For instance, HFD has clearly modified the

Table 2
Metabolic parameters assayed on ND and HFD-fed mice at different time-points (A) on weight-categorized mice (B).

A: vs Time and Diet D0 M3 M6 M9 M12

Visceral adipose tissue (g) ND 0.36 ± 0.02 (5) 0.80 ± 0.05 (12) 1.24 ± 0.16 (10) 1.75 ± 0.20 (14) 1.60 ± 0.12 (36)
HFD 0.38 ± 0.01 (5) 1.96 ± 0.28 (10) 1.76 ± 0.39 (9) 3.54 ± 0.38 (14) 2.34 ± 0.23 (35)

Triglycerides (mg.dL−1) ND 103.7 ± 5.6 (27) 138.2 ± 15.9 (10) 111.6 ± 13.0 (18) 98.0 ± 7.3 (21) 97.0 ± 5.3 (34)
HFD 116.2 ± 6.4 (32) 150.8 ± 8.3 (11) 131.9 ± 9.1 (20) 111.4 ± 5.7 (24) 103.7 ± 5.2 (36)

Total cholesterol (mg.dL−1) ND 101.0 ± 4.5 (27) 100.4 ± 2.9 (10) 110.7 ± 5.3 (18) 103.1 ± 5.0 (21) 98.8 ± 2.4 (34)
HFD 99.52 ± 3.7 (32) 134.0 ± 6.0 (11) 136.7 ± 4.8 (20)** 162.5 ± 10.8 (24)*** 133.0 ± 7.1 (36)***

HDL cholesterol (mg.dL−1) ND 60.8 ± 3.2 (27) 65.7 ± 4.8 (10) 67.4 ± 3.1 (18) 68.5 ± 4.9 (21) 64.8 ± 2.5 (34)
HFD 60.9 ± 3.1 (32) 90.1 ± 4.8 (11) 82.4 ± 5.2 (20) 103.6 ± 10.2 (24)*** 81.4 ± 6.9 (35)

NonHDL cholesterol (mg.dL−1) ND 40.24 ± 2.2 (27) 34.25 ± 5.4 (10) 32.9 ± 3.1 (18) 34.7 ± 3.0 (21) 32.8 ± 1.8 (34)
HFD 38.7 ± 1.5 (32) 44.0 ± 2.8 (11) 51.8 ± 3.0 (20)*** 58.9 ± 3.6 (24)*** 52.1 ± 2.2 (35)***

Fasting glycemia (mg.dL−1) ND 85.0 ± 2.8 (15) 94.29 ± 1.6 (21) 103.3 ± 4.2 (17) 106.1 ± 3.9 (12) 89.5 ± 2.5 (20)
HFD 91.3 ± 2.3 (15) 96.6 ± 4.3 (22) 121.0 ± 8.3 (26) 118.4 ± 7.3 (12) 102.4 ± 3.3 (24)

OGTT (AUC, mg.min.dL−1) ND 29,070 ± 1055 (15) 22,951 ± 891 (21) 31,670 ± 2828 (16) 32,202 ± 2115 (12) 27,004 ± 791 (20)
HFD 29,499 ± 656 (15) 35,307 ± 1659 (23)*** 42,847 ± 2093 (26)*** 37,511 ± 1575 (12)*** 32,732 ± 1356 (23)*

B:vs weight categories Normal weight Overweight Obese

Visceral adipose tissue (g) 1.16 ± 0.07 (90) 2.67 ± 0.14 (48)*** 3.85 ± 0.43 (12)***
Triglycerides (mg.dL−1) 120.4 ± 3.5 (159) 124.1 ± 6.1 (59) 145.5 ± 13.3 (15)
Total cholesterol (mg.dL−1) 106.8 ± 26 (159) 135.8 ± 40 (59)*** 213.5 ± 65 (15)***
HDL cholesterol (mg.dL−1) 68.2 ± 23 (158) 88.5 ± 32 (59)*** 145.9 ± 68 (15)***
NonHDL cholesterol (mg.dL−1) 38.5 ± 14 (158) 47.4 ± 16 (59)* 67.6 ± 12 (15)***
Fasting Glycemia (mg.dL−1) 93.9 ± 1.5 (127) 108.4 ± 3.3 (41)*** 130.6 ± 8.8 (16)***
OGTT (AUC, mg.min.dL−1) 29,937 ± 648 (127) 35,703 ± 1558 (41)*** 41,523 ± 2051 (15)***

Results are expressed in mean ± SEM. Statistical analysis was performed using a two-way ANOVA, §§§p < 0.001, §p < 0.05 for the effect of the Diet factor; one-way
ANOVA ££p < 0.01, £p < 0.05 for the effect of the Weight categories factor. Tukey post hoc multiple comparisons were performed: *p < 0.05, ***p < 0.001 for
HFD vs ND comparison (2-way ANOVA) or vs Normal weight comparison (1-way ANOVA).
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weight gain pattern of mice (Pearson's chi-square test: Chi-square
(2763) = 51.18, p < 0.001, Fig. 2C), especially the obese (chi-square
contribution 22.06). An increasing proportion of overweight mice was
noticed from 3 months, even in the ND-fed group reaching 44% at
12 months. Surprisingly, most HFD-fed mice lost weight after
12 months of diet. Indeed, 40% of mice that were obese at 9 months
have lost > 10% of their weight at 12 months, and consequently
changed of weight category.

When considering these weight categories, the metabolic status was
redistributed, as detailed in Table 2B. For instance, mean values of
blood lipid levels were significantly higher in overweight and obese
mice compared to normal-weight mice, except for triglyceride levels.
Fasting glycemia was significantly higher in overweight and obese mice
compared to normal-weight mice (Nw: 93.9 ± 1.5 mg.dL−1vs Ow:
108.4 ± 3.3 mg.dL-1 and Ob: 130.6 ± 8.8 mg;dL-1, p < 0.001). The
reduced capacity to clear glucose from blood was significant in over-
weight and obese mice compared to the normal-weight mice (Nw:
29937 ± 648 mg.min.dL−1vs Ow: 35703 ± 1558 mg.min.dL-1 and
Ob: 41523 ± 2051 mg.min.dL-1, p < 0.001).

3.2. Specific cognitive functions are impaired by high fat diet or overweight

Whatever the diet type and duration, no difference was obtained in
spontaneous locomotor activity, as reflected by the total distance tra-
velled and the resting time (Fig. 3A and B, left panels). Regarding
weight categories, a significant reduction in the travelled distance

(F2,232 = 8.93, p < 0.001), and an increase in the resting time (chi-
square(219,2) = 6.96, p < 0.05) were observed and associated to
obese status (Fig. 3A and B, right panels).

Working memory was not impaired in HFD-fed mice compared to
ND-fed mice whatever the time-point, as given by the spontaneous al-
ternation ratio (Fig. 3C, left panel), and no significant difference was
observed among weight categories (Fig. 3C, right panel). Visual re-
cognition memory of the ND-fed mice was preserved, since evidenced
by a stable discrimination index (NOR index) of around 0.37 (Fig. 3D,
left panel). Conversely, the discrimination index of HFD-fed mice de-
creased progressively until 12 months, with a very significant effect of
Diet (F1,172 = 46.56, p < 0.0001). Indeed, the ability of these mice to
discriminate a novel object from a familiar one was reduced by > 70%
after 12 months of HFD. Besides, the more the weight, the less the NOR
index (F2,179 = 11.76, p < 0.001, Fig. 3D, left panel), as evidenced by
a significant fall in the index between normal-weight and overweight
mice (p < 0.05), normal-weight and obese mice (p < 0.001), over-
weight and obese mice (p < 0.05).

Spatial reference memory and memory flexibility were assessed in
all mice using Barnes maze on two successive weeks, but only the re-
sults obtained with mice exposed to 9 months of diet are presented
(Fig. 4), as the metabolic disturbances were the most important at that
time point. Throughout the acquisition training period (week 1), the
spatial reference memory of both ND- and HFD-fed mice was preserved
(Fig. 4A, left panel), and no significant difference was observed among
weight categories (Fig. 4A, right panel). As well in the probe test, the

Fig. 2. Body weight in normal diet (ND)-fed mice
and high fat diet (HFD)-fed mice up to 12 months of
diet. (A) Kinetic and dispersion of weight in ND (grey
circles) and HFD (pink circles) mice groups. (B)
Stratification of mice according to linear regression
between weight and visceral fat deposition over the
study period. (C) Post-stratification proportions (in
%) of mice according to three categories: normal
weight, overweight and obese.
Statistical analysis was performed using a two-way
ANOVA (Diet factor: §§§p < .001). Tukey post hoc
multiple comparisons were performed: ***p < .001
for HFD vs ND. Pearson's correlation test disclosed a
strong significant relationship between the visceral
fat deposition and weight (r= 0.89; p < .001). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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memory retention was similar whatever the diet (Fig. 4B, left panels,
Rettarg and Retopp) or the weight category (Fig. 4B, right panels, Rettarg

and Retopp). No differences were observed between ND- and HFD-fed
mice at other time-points (data not shown). Furthermore, during the

acquisition training period (week 2), the memory flexibility perfor-
mance was close between ND- and HFD-fed mice (Fig. 4C, left panel), as
well as among normal-weight, overweight, and obese mice (Fig. 4C,
right panel). On the probe test, the memory flexibility performance was
the same between ND- and HFD-fed mice (Fig. 4D, left panels, Rettarg

and Retopp), but different (F2,120 = 3.34, p < 0.05) among weight ca-
tegories (Fig. 4D, right panels, Rettarg and Retopp). Indeed, the time
spent in the opposite quadrant was longer (p < 0.05) for overweight
compared to normal-weight mice. The same tendency was observed in
obese mice, but did not reach statistical significance.

3.3. High fat diet impairs cerebral vasomotion, blood flow but not baseline
tissue perfusion

Blood flow through the middle cerebral artery (MCA) was lower in
HFD- than in ND-fed mice, without fall (2-way ANOVA Diet:
F1,68 = 24.79, p < 0.001), as evidenced by Doppler laser flowmetry.
This difference appeared from 6 months to 12 months after post-hoc
multiple comparisons (Fig. 5A). No significant reduction in blood flow
was found among weight categories (Fig. 5B).

Baseline brain perfusion was explored by MRI on both anterior and
posterior areas. Regions of interest were defined in accordance to be-
havioral deficits: prefrontal cortex (Fig. 5C, D), hippocampus (Fig. 5E,
F) and perirhinal/entorhinal cortex (Fig. 5G, H). Neither the type nor
the duration of the diet has changed the baseline brain perfusion
(Fig. 5C, E, G). By contrast, hippocampus perfusion was significantly
higher in overweight and obese mice compared to normal-weight mice
(Fig. 5F; categories: F2,115 = 5.10, p < 0.01: Normal weight
114 ± 4 mL.min-1.100 g-1, Overweight 137 ± 9 mL.min-1.100 g-

1,p < 0.05, Obese 165 ± 10 mL.min-1.100 g-1,p < 0.05).
Vascular reactivity was challenged in MCA and in the same brain

areas as mentioned above (Fig. 6), using carbachol (cholinergic re-
laxation) and phenylephrine (adrenergic constriction). Baseline dia-
meters of MCA were comparable whatever the diet (at 9 months: ND
112.7 ± 3.4 μm vs HFD 114.6 ± 5.2 μm). Carbachol-induced en-
dothelium-dependent relaxation has decreased significantly in HFD-fed
mice at 9 months in the MCA (Diet F1,42 = 17.48, p < 0.001: ND
25.5 ± 10.8% vs HFD 10.7 ± 4.8%, p < 0.05 Fig. 6A), whereas no
significant modification of the phenylephrine-induced contractile re-
sponse was observed (Fig. 6B). In the prefrontal cortex, carbachol-in-
duced endothelium-dependent relaxation has decreased significantly in
HFD-fed mice at 9 months (Diet F1,48 = 10.75, p < 0.01: ND
20.1 ± 3.7% vs HFD -0.8 ± 4.6%, p < 0.05), at 12 months (ND
21.3 ± 4.2% vs HFD 3.4 ± 1.1%, p < 0.01, Fig. 6C), and tended to
decrease clearly in obese mice (p = 0.065, Fig. 6D). The contractile
response to phenylephrine did not change significantly in overweight or
obese mice, whereas the contractile response to endothelin-1 was sig-
nificantly reduced in obese mice (p = 0.032). The sodium nitroprusside
(SNP)-induced smooth muscle-dependent relaxation tended to decrease
in overweight and obese mice (p = 0.146, Fig. 6D). In the hippo-
campus, carbachol-induced endothelium-dependent relaxation has de-
creased significantly in HFD-fed mice at 9 months (Diet F1,49 = 6.93,
p < 0.05: ND 32.3 ± 7.6% vs HFD -0.6 ± 3.9%, p < 0.01) and at
12 months (ND 28.4 ± 6.9% vs HFD 6.1 ± 3.9%, p < 0.05, Fig. 6E).
This endothelium-dependent relaxation tended to decrease clearly in
obese mice (p = 0.051), while the contractile response to pheny-
lephrine or endothelin-1, as well as the smooth muscle-dependent re-
laxation induced by SNP did not change (Fig. 6F). All values are sum-
marized in Table 3.

Whatever the group and time point, no magnetic field perturbation
was found in MRI, accounting for tissue injury (T2/ADC), microbleed
(SWI), or subtle local water change (FLAIR, Appendix Fig. A.2). The
preservation of capillary blood-brain barrier permeability or patency
was confirmed by histology using the FITC dextran tracer, which did

Fig. 3. Spontaneous locomotion, working memory and visual recognition
memory of normal diet (ND)- and high fat diet (HFD)-fed mice. Spontaneous
locomotion assessed by actimetry test. (A) travelled distance (in 103 cm) and
(B) resting time (in s). (C) Working memory assessed by spontaneous alterna-
tion test. The grey dashed line shows the random alternation. (D) Visual re-
cognition memory assessed by the Novel Object Recognition (NOR) test. The
grey dashed line shows the 50% reduction of the memory function. For A, B, C,
D, results are depicted according to diet in left panels, and to weight categories
in right panels.
Data are shown as mean ± sem. Statistical analysis was performed using a two-
way ANOVA, §§§p < .001 for the effect of the Diet factor; one-way ANOVA
£££p < .01, £p < .05 for the effect of the Weight categories factor. Tukey post
hoc multiple comparisons were performed: *p < .05, ***p < .001 for HFD vs
ND comparison (2-way ANOVA) or vs Normal weight comparison (1-way
ANOVA).
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not show any blurred or dropped signal respectively (Appendix Fig.
A.3). As well, neither microinfarct nor microhemorrhage was found
after histological examination (hematoxylin/eosin, Appendix, Fig. A.4).

3.4. Visceral adiposity correlates with a reduced endothelial relaxation and
both impaired visual recognition memory and flexibility

Several statistical correlations were tested in order to authenticate
associations between metabolic disturbances, cognitive deficit and
vascular dysfunction (Fig. 7A), and are summarized in Table 4. Sig-
nificant correlations were found between visceral adipose tissue de-
position and NOR index (Kendall's rank coefficient -0.27, p < 0.001,
power = 0.96), flexibility (Kendall's rank coefficient 0.15, p < 0.05,
power = 0.38), or carbachol response (Pearson's correlation coefficient
-0.46, p < 0.001, power = 0.99). Statistical fit models were applied on
the same datasets for extrapolation purposes, and were expressed as a
percentage of maximal averaged response (bold curves, Fig. 7B), in
order to predict the loss of cognitive (black curve) and vascular func-
tions (endothelium-dependant dilation, red curve) according to visceral
adipose tissue deposition. Curves of functional loss were superimposed.
Indeed, a 50% loss of cognitive function was observed for 2.42 g of
visceral fat. Similarly, a 50% loss of vascular function was observed for
2.69 g of visceral fat.

4. Discussion

Here we describe a follow-up cohort of mice until midlife, after up
to one year of free access HFD or ND, without physical exercise. This

approach simulated a “naturally-occurring” weight gain and dyslipi-
demia, accounting for the lifestyle of a modern young population until
the middle age. We demonstrate for the first time the influence of diet-
induced visceral adiposity as a midlife risk factor for premature cog-
nitive dysfunction.

Experimental works on this topic have been mostly carried out using
genetically engineered rodent models in which early and severe meta-
bolic responses to diet were uniformly observed (Wong et al., 2016), or
using high-sugar diet (fructose or sucrose), very high-fat diet (60% fat),
or a combination of both (Buettner et al., 2007; Panchal and Brown,
2011). A 40% animal-derived fat-enriched diet (“high fat”) was pre-
ferred here to induce progressive metabolic disturbances. The HFD
imposed to our mice resulted in an accelerated weight gain, a high
visceral fat deposition and a decrease in the ability to clear blood glu-
cose from 3 months of diet. Likewise, a modified blood lipid profile and
hepatic fat accumulation were observed from 6 months of diet. These
metabolic disorders are classically associated with HFD (Buettner et al.,
2007). But surprisingly, the normal diet was able to induce overweight
(> 36 g) in 20% of our mice population after 6 months, confirming the
impact of the sedentary nature of standard housing conditions and the
propensity of C57Bl/6 mice to develop a late onset obesity (Becskei
et al., 2010; Lautenschlager et al., 2008). This finding is all the more
noteworthy since our mice had ad libitum access to food and water over
a long period (52 weeks), possibly introducing variations in food intake.

Obese animals obtained after a short-term enriched diet are pro-
minently examined in preclinical studies (Wong et al., 2016), reducing
the opportunity of observing heterogeneous responses to diet. The
heterogeneity observed here has opened possible avenue to correlate

Fig. 4. Spatial reference memory and memory flexibility assessment with the Barnes Maze after 9 months of ND or HFD diet. Spatial reference memory: acquisition
training for the 1st week represented by the number of total errors (A), and time spent in target or opposite quadrants on the test day at the end of the 1st week
(Retrieval task, Ret, B). Memory flexibility: acquisition training for the 2nd week represented by the number of total errors (C), and time spent in target or opposite
quadrants on the test day at the end of the 2nd week (Flexibility task, Flex, D). For A, B, C, D, results are depicted according to diet in left panels, and to weight
categories in right panels.
Data are shown as mean ± sem. Statistical analysis was performed using a two-way ANOVA for the effect of the Diet factor; one-way ANOVA £p < .05 for the effect
of the Weight categories factor.
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weight gain with metabolic parameters. For instance, our obese mice
exhibited impaired glucose tolerance, but also a moderate fasting hy-
perglycemia of 1.3 g/L, far from the diabetic rodent models induced by
streptozotocin, which exhibit a fasting glycemia above 3 g/L in one
week (Ramos-Rodriguez et al., 2015). One cannot rule out possible
progression of this middle-aged glycemic disturbance towards a dia-
betic disease. The setting of an overweight category of mice coming

from both ND and HFD groups enabled us to select visceral adipose
tissue (VAT) (Table 3) as the metabolic parameter that was the best
correlated with weight gain, in order to better define associations be-
tween metabolic disturbance, and both cognitive and vascular func-
tions.

The long-term HFD did not reduce the learning abilities, spatial
reference memory or working memory. Other studies have

Fig. 5. Changes in cerebral blood flow and brain tissue perfusion in ND- and HFD-fed mice. (A, B) Cerebral blood flow was recorded by laser Doppler in the middle
cerebral artery (MCA) area in vivo on anesthetized ND- and HFD-fed mice. (C to H) Quantification of the brain tissue perfusion assessed by MRI. Representative
perfusion maps (left panel) and respective values of tissue perfusion recorded in prefrontal cortex (C, D) for the anterior area or in hippocampus (E, F) and perirhinal/
entorhinal cortex (G, H) for the posterior areas.
Data are shown as mean ± sem. Statistical analysis was performed using a two-way ANOVA, §§§p < .001 for the effect of the Diet factor; or one-way ANOVA,
££p < .01 for weight categories. Tukey post hoc analysis was performed: *p < .05, **p < .01 and ***p < .001 for HFD vs ND comparison (2-way ANOVA) or vs
Normal weight (1-way ANOVA).
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demonstrated an altered working memory but after a HFD of > 12
months (Toyama et al., 2015) or when the diet was started in younger
animals such as 5 week-old (Wang et al., 2018) compared to 8 week-old
mice in the present study. The early life period between weaning and
adulthood appears particularly vulnerable to the deleterious effect of

HFD consumption and could explain the discrepancy (Boitard et al.,
2012). Furthermore, HFD-fed mice showed an impaired visual re-
cognition memory from 6 months. Such an early impairment has not
been reported yet, suggesting that this type of cognitive function should
be tested more frequently in such experimental studies. This impaired

Fig. 6. Changes in vascular reactivity of cerebral macro- and microvessels for ND- and HFD-fed mice. For each row, the left column depicts the preparation as the
middle cerebral artery or microvessels in brain slices. (A, B) Reactivity of the middle cerebral artery was assessed with a Halpern arteriograph in response to 0.1 μM
carbachol (% increase diameter) (A) or 30 μM phenylephrine (% constriction) (B). Microvascular reactivity was similarly assessed in prefrontal cortex for the anterior
area (C) and in hippocampus for the posterior area (E). The profile of vasoactive functions has assessed for each weight categories (Nw: normal weight; Ow:
overweight; Ob: obese) using various vasoactive compounds (SNP: sodium nitroprusside; D, F).
Data are shown as mean ± sem. Statistical analysis was performed using a two-way ANOVA, §§§p < .01, §§p < .01, §p < .05 for the effect of the Diet factor or one-
way ANOVA for weight categories. Tukey post hoc analysis was performed: *p < .05, **p < .01 for HFD vs ND comparison (2-way ANOVA) or vs Normal weight (1-
way ANOVA).

Table 3
Vascular reactivity of cerebral microvessels maximal responses (%) assayed for mice weight categories.

Relaxation (%) Constriction (%)

Carb SNP Phe ET-1

PFC Hipp PFC Hipp PFC Hipp PFC Hipp

Normal weight 17.3 ± 2.4 17.9 ± 2.2 39 ± 7.4 37.9 ± 4.9 16 ± 1.8 21 ± 1.6 40.4 ± 4.7 30 ± 3.1
Overweight 8.5 ± 4.3 14.2 ± 6 19.5 ± 8 20 ± 14.3 16 ± 4.3 28 ± 5.2 31 ± 1.6 20 ± 21.9
Obese −0.3 ± 7.6 −0.8 ± 5.6 3 ± 0.6 37 ± 18.2 8 ± 2.8 15 ± 4.1 3 ± 12.6 31 ± 4.4

Normal weight = = = = = = = =
Overweight = = = = = = =
Obese = = =

(Carb: carbachol; SNP: sodium nitroprusside; Phe: phenylephrine; ET-1: endothelin 1; PFC: prefrontal cortex; Hipp: hippocampus). Results are expressed in
mean ± SEM.
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ability to discriminate a novel object was worsened at 12 months, but
was one of the two cognitive functions found altered out of the four
tested in our experimental conditions. This has been observed in studies
including a later introduction of HFD (in mice between 7 to 24 months
of age), with a higher percent of fat (60%), and for a shorter duration
(2–5 months) (Carey et al., 2014; Kesby et al., 2015; Valcarcel-Ares
et al., 2019). Since a protective effect of weight gain and high lipidemia
in older adults has been put forward (Atti et al., 2008; Mielke et al.,
2005), investigating the deleterious effect of high fat diet in very old
mice might be of limited relevance, in the perspective of an efficient

intervention on the diet-induced risk factor or deleterious mechanism.
Rather than diet, weight was the most prominent risk factor for the
impairment of the prefrontal cortex-based memory flexibility, since
observed in our overweight and obese mice. Indeed, these mice had a
lesser ability to integrate the new location of the escape box, and the
obese mice had a reduced spontaneous motricity, probably as a con-
sequence of extreme weight rather than a neurological deficit.

Overall, our mice exhibit a mild impairment of visual recognition
memory and memory flexibility, both associated to weight gain and
visceral adiposity at middle-age, consistently with previous human
studies (Hassing et al., 2010). The brain areas involved in these func-
tions are respectively the perirhinal posterior cortex and the prefrontal
cortex (Barker and Warburton, 2011; Latif-Hernandez et al., 2016;
Winters et al., 2008), which are required for complex executive func-
tions. Accordingly, our mice may present a disturbance of the “up-
dating” factor as described by Miyake et al. (2000) for better under-
standing the ability of humans to integrate new elements for the
execution of complex tasks (Miyake et al., 2000). Our study demon-
strated that a high but progressive weight gain in middle-aged mice,
free from installed cardiovascular or neurodegenerative disease, gave
rise to a lower performance on tests that challenge cognitive functions
considered as of higher order, as executive functions in humans. Ex-
ecutive functions are theorized to affect activities of daily living
(Baddeley, 1998; Logue and Gould, 2014; Stuss and Alexander, 2000).
The impaired visual recognition memory, which was observed in
overweight mice, is reported in patients in early course of mild cogni-
tive impairment (MCI) (Barbeau et al., 2004; Valenti et al., 2017; Wolk
et al., 2008). In humans, such an impairment could be barely sympto-
matic, hindering the trigger of a cognitive complaint. Efforts are made
towards identifying and ranking MCI patients at risk of Alzheimer's
disease (Zhou et al., 2012). In 2007, Gunstad et al. have reported a link
between high body mass index and low performance on cognitive tests,
especially a reduced executive function (Gunstad et al., 2007). The
etiology of this disorder remains unclear, but increasing evidences

Fig. 7. Association plot between metabolic, cognitive and vascular parameters.
(A) Experimental associations between visceral adipose tissue deposition (VAT
in g) and Novel object recognition (NOR) index (black circles, black line), or
vascular endothelium-dependent response to carbachol (red circles, red line).
(B) Statistical extrapolation from experimental data expressed as a percentage
of maximal averaged response for NOR index (black circles), memory flexibility
(grey circles) and carbachol response (pink circles). Bold curves represented the
statistical models of the loss of cognitive (black and grey curves) and vascular
(red curve) function associated with VAT deposition. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 4
Statistical correlations between metabolic disturbances, cognitive deficit and
vascular dysfunction.

Observation
(n)

Coefficient
(r)

Power
(> 0.80)

Significance
(p=)

Correlation vs weight
Triglycerides 233 0.014 0.05 0.754
Total cholesterol 233 0.269 0.99 2.2 10−16

HDL cholesterol 232 0.281 0.99 2.2 10−16

NonHDL cholesterol 232 0.106 0.36 0.017
Fasting glycemia 184 0.325 0.99 2.2 10−16

OGTT (AUC) 183 0.282 0.97 2.2 10−16

NOR index 173 −0.244 0.90 1.9 10−6

Flexibility 122 0.143 0.35 0.020
Carbachol (%) 84 −0.383 0.96 3.2 10−4

Correlation vs VAT
Triglycerides 88 0.020 0.05 0.781
Total cholesterol 88 0.292 0.80 5.7 10−5

HDL cholesterol 88 0.363 0.94 5.9 10−7

NonHDL cholesterol 88 0.130 0.23 0.073
Fasting glycemia 57 0.195 0.30 0.034
OGTT (AUC) 57 0.296 0.62 0.001
NOR index 173 −0.273 0.96 9.9 10−8

Flexibility 122 0.148 0.38 0.016
Carbachol (%) 84 −0.466 0.99 8.1 10−6

(NOR: novel object recognition; OGTT: oral glucose tolerance test).
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suggest that cerebrovascular alteration contribute to the development
of cognitive impairment (Duncombe et al., 2017; Toth et al., 2016).

Cerebrovascular dysfunctions were found in small parenchymal
arteries of the brain areas defined in accordance to behavioral para-
digms. The impairment pattern of vasomotion was different among
brain areas. The endothelium-dependent relaxation was lower in both
hippocampus and prefrontal cortex. Moreover, only in the latter area,
the endothelium-independent relaxation and the contractile responses
were more severely impaired in obese than in other mice weight cate-
gories (Table 3). Structural hypotheses for such dysfunctions have been
drawn from several studies reporting microvascular tortuosity
(Chesnutt and Han, 2011, 2013), increase in artery wall thickness
(Tümer et al., 2014), or other parietal changes in the pial arteries (Kang
et al., 2016), all possibly increasing the resistance to blood flow.
Likewise, the MCA of HFD-fed mice showed a shortened carbachol-
sensitive relaxation, associated to a reduced blood flow in the Sylvian
territory, underlining the loss of the MCA adaptability to changes in
vascular resistance. These dysfunctions of both MCA and cerebral ar-
terioles could reduce the brain tissue perfusion, which was however not
found in our study, neither by MRI nor after fluorescent tracer analysis
of the microvascular patency and blood-brain barrier permeability.
These results rather suggest a less efficient neurovascular coupling upon
stimulation, which might reduce cognitive performance at middle age.

The statistical extrapolation of our results shows a synchronous
decline in cognitive and vascular impairments, along the increase of
visceral adipose tissue deposition, suggesting a direct link between
vascular impairment and cognitive decline processes. Therefore, we
believe that measuring both visceral adipose tissue and vascular func-
tion at middle age would help identify subjects at risk of underlying
decline of cognitive functions. Determining vascular function is easily
performed in the periphery, through a digital plethysmograph device.
Whether such a measurement can reflect cerebral vascular dysfunction

remains however unknown and needs further investigation. For middle-
aged subjects at risk, executive functions could then be tested, and
impairment would urge the need for memory care, and for a lowering of
metabolic risk factors through nutritional education rather than phar-
macological treatment.

5. Conclusion

Young adult mice exposed to high-fat diet are prone to develop a
mild impairment of some specific cognitive functions at middle-age.
Whether this might contribute to a precipitated dependency in the late
life, needs to be proven. Weight gain, metabolic disturbances and as-
sociated cerebrovascular dysfunction are statistical parameters able to
predict cognitive decline and should be considered as potential tools for
early diagnosis.
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Appendix A

Fig. A.1. An overview of the design for the experiment. After one week of acclimation the animals were randomly distributed into two experimental groups: a normal
diet-fed mice group (ND, n = 100 in black) and a high fat diet-fed group (HFD, n = 109 in red). At the start of the protocol (M0), blood sampling and oral glucose
tolerance test (OGTT) were realized, behavior state was assessed, MRI study was conducted and a part of the animals was sacrificed for tissue sampling. These tests
were repeated at 3 (M3), 6 (M6), 9 (M9) and 12 (M12) months. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. A.2. Absence of change in magnetic properties of the brain of normal diet (ND)- and high fat diet (HFD)-fed mice. Images are representative of brain from mice
after 3, 9 or 12 months of ND or HFD. Neither abnormal organization of brain structures (T2-anatomical slices) nor disturbances of tissue water content (ADC maps)
were observed. No microbleed (SWI: susceptibility-weighted imaging) or other sign of local water anomaly and/or vascular defect (FLAIR: fluid-attenuated inversion
and recovery imaging) was noticed either.
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Fig. A.3. Absence of change in microvascular patency and blood-brain barrier integrity in the brains of normal diet (ND)- and high fat diet (HFD)-fed mice.
Images are representative fields of view (square windows) of the prefrontal cortex (A) and hippocampus (B) brain areas from mice after 3, 6, 9 or 12 months (m) of
ND or HFD. Brain slices from fluorescein isothiocyanate (FITC)-Dextran-infused animals illustrate the microvascular patency as well as the BBB integrity (Scale
bar = 50 μm). No change in the microvascular patency was observed throughout the brain slices since the fluorescence signal was uniformly ramified in each brain
area. The blood-brain barrier integrity was preserved as no blurred fluorescence signal was found alongside the capillary segments. Magnified images (inner
windows) illustrate typical morphology of capillaries in each field of view, as revealed by exclusively intravascular FITC-Dextran signals as a marker of a tight blood-
brain barrier (scale bar = 10 μm). n = 3 to 6 animals per group, from 3 independent experiments.

O. Pétrault, et al. Neurobiology of Disease 130 (2019) 104536

15



Fig. A.4. Absence of neuropathological lesion in the brains of normal diet (ND)- and high fat diet (HFD)-fed mice. Images are representative fields of view (square
windows) of the prefrontal cortex (A) and hippocampus (B) brain areas from mice after 3, 6, 9 or 12 months (m) of ND or HFD. Coronal sections were stained with
hematoxylin/eosin and observed under a bright-field microscope. Neuropathological examination revealed neither tissue loss nor abnormal organization. No mi-
crobleed or other sign of vascular alteration was noticed either. Scale bar = 50 μm; n = 3 to 6 animals per group, from 3 independent experiments.
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