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Abstract

Background: Ample evidence from clinical and pre-clinical studies suggests mid-life
hypercholesterolemia as a risk factor for developing Alzheimer’s disease (AD) at a later age.
Hypercholesterolemia induced by dietary habits can lead to vascular perturbations that
increase the risk of developing sporadic AD. Objective: To investigate the effects of a high
fat/cholesterol diet (HFCD) as a risk factor for AD by using a rodent model of AD and its
correspondent control (healthy animals). Methods: We compared the effect of a HFCD in
normal mice (non-transgenic mice, NTg) and the triple transgenic mouse model of AD
(3xTgAD). We evaluating cognitive performance in relation to changes in oxidative metabolism
and neuron-derived nitric oxide (‘NO) concentration dynamics in hippocampal slices as well
as histochemical staining of markers of the neurovascular unit. Results: In NTg the HFCD
produced only moderate hypercholesterolemia but significant decline in spatial memory was
observed. A tendency for decrease in ‘NO production was accompanied by compromised
mitochondrial function with decrease in spare respiratory capacity. In 3XTgAD mice, a robust
increase in plasma cholesterol levels with the HFCD did not worsen cognitive performance
but did induce compromise of mitochondrial function and significantly decreased ‘NO
production. We found increased staining of biomarkers for astrocyte endfeet and endothelial
cells in 3XTgAD hippocampi, which was further increased by the HFCD. Conclusion: A short
term (8 weeks) intervention with HFCD can produce an AD-like phenotype even in the
absence of overt systemic hypercholesterolemia and highlight mitochondrial dysfunction as a

link between hypercholesterolemia and sporadic AD.

Keywords: Alzheimer’s disease; high fat/cholesterol diet; hippocampus; spare respiratory

capacity.
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Introduction

Alzheimer’s disease (AD) is a multifactorial neurodegenerative disease attributable to
several interrelated and interacting environmental and genetic factors [1]. Sporadic AD, in
which the major risk factor is aging, accounts for up to 95% of all cases. Evidence from both
clinical and pre-clinical studies indicate that life-style associated vascular risk factors including,
obesity [2], hypercholesterolemia [3], hypertension [4], atherosclerosis [5], and diabetes [6]
play a critical role in development of AD. Changes in cholesterol homeostasis and consequent
increases in plasma cholesterol levels have been implicated in AD pathogenesis [5,7] and
clinical studies have shown that individuals with high serum cholesterol levels in midlife are
more susceptible to develop AD later in life [3]. Furthermore, the €4 allele of apolipoprotein E
(Apo E) has consistently been demonstrated to be a genetic risk factor for sporadic AD,
supporting a role for cholesterol in the pathogenesis of AD [7-9].

Chronic exposure to high serum cholesterol levels causes functional impairment of the
vascular endothelium leading to cerebrovascular dysfunction and blood-brain barrier (BBB)
breakdown [10]. The vascular hypothesis of AD rationalizes the causal relationship between
the vascular impairments and development of sporadic AD, proposing that long-lasting
cerebrovascular dysfunction results in brain hypoperfusion with consequent neuronal energy
crisis and inadequate clearance at the BBB, namely of R-amyloid [11]. A cascade of
subsequent downstream events may lead to metabolic changes, neuroinflammation, R3-
amyloid accumulation and tau pathology, ultimately contributing to the onset of AD [12].

On the other hand, decline in energy metabolism is a critical feature of the aging brain.
The hypometabolic state observed in neurodegenerative disorders such as AD results from
decreased supply in substrates, mitochondrial dysfunction and impaired energy transduction
[13,14]. Growing evidence suggests that mitochondrial dysfunction precedes plaque and
neurofibrillary tangle formation [15] and oxidative damage resulting from mitochondrial
dysfunction has been observed in patients suffering of mild cognitive impairment (MCI),

suggesting that it may be an early event in AD pathogenesis [16,17]. Clinical studies have also



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

revealed decreased glucose uptake both in MCI and AD patients [18-20], further
substantiating energetic crisis as an early event in AD.

One putative central element which may crosslink mitochondrial, synaptic and vascular
dysfunction as well as neuro-inflammation in AD is nitric oxide (‘'NO) [21]. Nitric oxide is known
to play a role in synaptic activity, neural plasticity and memory functions in particular in the
hippocampus [22] where NMDAr activation leads to transient production of "NO [23] that, in
turn, may ultimately lead to changes in synaptic plasticity as a result of increased cGMP levels
(due to activation of soluble guanylate cyclase (sGC) [24] and S-nitrosylation of key proteins
(including several ion channels) [25]. Finally, 'NO may play a critical role as a master-regulator
of brain energy metabolism via reversible inhibition of oxidative phosphorylation at cytochrome
¢ oxidase, upregulation of astrocytic glycolysis, regulation of glucose transport to neurons and
astrocytes and regulating the fate of glucose in neurons (reviewed in [26,27]).

In the present work, we investigate the effects of a high fat/cholesterol diet (HFCD) as a
risk factor for AD by using a rodent model of AD versus its correspondent control (healthy
animals). We compared cognitive status, oxidative phosphorylation and ‘"NO concentration
dynamics between non-transgenic (NTg) mice fed an 8-week HFCD and age-matched triple
transgenic AD mice (3xTgAD). We focused on the hippocampus, a structure of the CNS that
is prominently compromised in AD [28]. Our results show that although HFCD did not intensify
the already installed cognitive impairment in 3XTgAD mice, it induced an impairment of
hippocampal spatial short-term memory in NTg mice which was accompanied by decrease in

the maximal ‘NO concentration and mitochondrial O, consumption in hippocampal slices.
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Materials and Methods

Animals and Experimental Designh

The present study was performed using the triple transgenic mouse model of Alzheimer’s
disease (3xTgAD) harboring AD-related human mutations (APPswe, PS1mi46v, and TaupzoiL
transgenes) [29] and age-matched non-transgenic (NTg) mice (129SV x C57BL/6). Both male
(4/5 per group) and female (3/4 per group) mice aged 3 to 4 mo., were supplied from a colony
implemented in the animal facility of the Center for Neuroscience and Cell Biology (Coimbra)
obtained from Frank M. LaFerla’s Laboratory at the department of Neurobiology and Behavior,
Institute for Brain Aging and Dementia (University of California, Irvine, USA). Animals were
maintained in a 12/12-h light/dark cycle, at 21+2 °C. They were allowed free access to tap
water and food. All experiments were performed in accordance with the European Community
Council Directive for the Care and Use of Laboratory Animals and approved by the Animal
Care Committee of the Center for Neuroscience and Cell Biology of Coimbra (Ref.
ORBEA_92 2014/10042014).

Animals were separated into 4 groups (n=8/9 per group): two (NTg and 3xTgAD)
receiving control diet (regular chow, CD groups) and another two (NTg and 3xTgAD) receiving
a high fat/cholesterol diet (HFCD groups) for a period of 67 days. The HFCD (Research Diets,
D14022601) was composed of 1.25% cholesterol, 20% fat and 0.5% cholic acid. Table Sl
(Supplementary Material) shows the comparative composition of the HFCD and CD. Body
weight was monitored weekly for the full course of treatment. At the end of the 60-day
treatment period all animals were subject to behavioral testing spanning a 7-day period.
Following this, 4/5 animals in each group were randomly selected for biochemical and
electrochemical analysis, while 4 were used for immunohistochemical analysis. In the first
instance, animals were euthanized by decapitation. Brains were quickly removed and
hippocampi were dissected slice preparation. Blood was collected from these animals upon

decapitation. Animals used for immunohistochemical analysis were perfused transcardially
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and brain was dissected and preserved analysis. The experimental design of the present study

is depicted in Fig. 1A.

Plasma Cholesterol Levels

Blood was collected after an overnight fasting period and before euthanasia and was
centrifuged (3500g, 10 min) to isolate the plasma. Plasma cholesterol levels were measured
using an enzymatic kit and according to the manufacturer’s instructions (Labtest Diagnostica

SA, Minas Gerais, Brazil).

Behavioral Tests

All tests were carried out between 10:00 AM and 5:00 PM in a sound-attenuated room
under low-intensity light (12 Ix). Mice were allowed a 1h habituation period in the room before
the beginning of the tests. Animal behavior was monitored through a video camera positioned
above the apparatuses and videos were later analyzed using the ANY Maze video tracking
system (Stoelting Co., Wood Dale, IL, USA).
Open Field Activity: Mice were placed into the center of the square arena of the open field
apparatus (50x50x40 cm) made of grey PVC for 10 min on two consecutive days. The distance
travelled (cm) was collected in 2-min intervals.
Novel object recognition task: The novel object recognition test was carried out 24 h after
the test session (second day) in the same apparatus used for open field activity on previous
day [30]. The task consisted of two 5-min sessions (training and test) separated by a 90-min
interval. In the training session, two identical objects were placed near the two opposing
corners of the arena and in the test session one of the objects was replaced with a novel
object. In each session, mice were allowed to explore the objects for 5 min. We considered to
score object exploration whenever the mouse sniffed the object or touched the object while
looking at it (i.e., when the distance between the nose and the object was less than 2 cm).

The discrimination ratio was defined as the ratio between the time spent exploring the novel
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object (Tn) and the total time spent exploring both the novel and familiar object (Tn+Tg): Tn/(Tn
+ Tg).

Modified Y-Maze: The modified Y-maze task was used to assess short-term spatial memory
and is based on the innate preference of animals to explore novel areas [31]. The Y-maze
apparatus consisted of three arms (18 x 6 x 6 cm) made of wood covered with impermeable
Formica. This task consisted of two 8-min trials (training and test) separated by an inter-trial
interval of 90 min. During the training trial, one arm (“novel”) was left blocked by a removable
door. During the test trial, the “novel” arm was opened. The percentages of entries and time

spent in each arm were recorded.

Preparation of Mouse Hippocampal Slices

For the study of hippocampal ‘NO concentration dynamics and tissue oxygen
consumption rates, the hippocampi of mice from all 4 groups were rapidly dissected from brain
following decapitation and placed on the stage of a Mcllwain tissue chopper (Campden
Instruments, London, UK), 250-um-thick sections were obtained for to oxygen consumption
and 400-um-thick sections were obtained for to electrophysiology and "NO concentration
dynamics. The slices were separated and transferred to a pre-incubation chamber (BSC-PC;
Harvard Apparatus) filled with artificial cerebrospinal fluid (aCSF) containing (in mM); 124
NacCl, 4.5 KClI, 2 CaCl,, 1 MgCl,, 26 NaHCOs3, 1.2 NaH,PO, and 10 D-glucose, gassed with a
gas mixture of 95% O, and 5% CO; (carbox) at room temperature. Slices were allowed to

recover under these conditions for at least 1 h prior to recording.

Nitric Oxide Concentration Dynamics

Carbon fiber microelectrodes (CFM) used to record nitric oxide concentration dynamics
in hippocampal slices were fabricated as previously described [32]. Briefly, a single carbon
fiber (30 um o.d.; Textron Lowell, MA, USA) was inserted into a borosilicate glass capillary
(1.16 mm i.d. and 2.0 mm o.d.; Harvard Apparatus, Holliston, MA, USA). Each capillary was
pulled on a vertical puller (Harvard Apparatus, UK) and the protruding carbon fiber was cut to

7
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a tip length of approx. 150 um. The electrical contact between the carbon fiber and the copper
wire was provided by conductive silver paint (RS, Northants, UK). The microelectrodes were
tested for general recording properties in 0.05 M PBS Lite (in mM: 10 NazHPO4, 40 NaH2POy,,
and 100 NaCl, pH 7.4) by fast cyclic voltammetry at a scan rate of 200 V s, between -1.0 and
+1.0 V vs. Ag/AgCI for 30 s (Ensman Instruments, USA). To improve electroanalytical
performance, each CFM was coated with 2 layers of Nafion® and electropolymerized o-
phenylenediamine (o-PD). A 5 mM 0-PD solution in PBS Lite was made fresh each day and
used immediately. Electropolymerization was performed by amperometry at +0.7 V vs.
Ag/AgCl, for 3 periods of 15 min using a CompactStat Potentiostat (IVIUM Technologies BV,
The Netherlands).

Each CFM for "NO was evaluated in terms of sensitivity for ‘"NO (using a saturated "NO
solution prepared as described in [33]) and selectivity against the major interfering analytes in
the brain (ascorbate and nitrite). Individual slices were placed in a recording chamber (BSC-
BU with BSC-ZT top; Harvard Apparatus) and perfused at a flow rate of 2 mL/min with aCSF
at 32°C (temperature controller Model TC-202A; Harvard Apparatus) continuously bubbled
with humidified carbox. The CFM was inserted into the pyramidal cell layer of the CAl
subregion of the rat hippocampal slice, 100-200 um into the tissue. Amperometric recording
of 'NO was performed by amperometry at +0.9V vs. Ag/AgCl using the CompactStat
Potentiostat in a 2-electrode configuration. Once a stable background current was obtained,
endogenous "NO production was evoked with NMDA (100 uM) added to the perfusion medium
for 2 min. The "NO signals were characterized in terms of peak amplitude of the ‘NO signal,

converted into concentration using the calibration (['NO]max) and half-width of the signal.

Oxygen Consumption Rate in Whole Hippocampal Slices

Oxygen consumption rate in intact hippocampal slices was measured by high-resolution
respirometry (Oxygraph-2k, OROBOROS Instruments, Innsbruck, Austria) at 32°C as
described in [34]. Air calibration was carried out before every experiment and in accordance
with equipment instructions. Data acquisition and analysis was performed using DatlLab

8
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software 5.0 (OROBOROS Instruments, Innsbruck, Austria). The hippocampal slices were
place in a holder consisting of a nylon mesh glued to a polypropylene ring (0.d. 1.6 cm) fitting
tightly in the recording chamber. Measurements were carried out with continuous stirring,
using 2 mL of aCSF containing 20 mM HEPES and 10 mM pyruvate. Due to the high O
requirement of hippocampal slices, experiments were performed at high [O2] and chambers
were re-oxygenated throughout the experiment. After stabilization of tissue respiration, drugs
were injected in the following order: carboxyatractyloside (12.5 pM) and oligomycin (20
pg/mL), FCCP (20 uM, titration), rotenone (2.2 uM), and antimycin A (12.5 uM).

Prior to measurements and in order to allow correction of raw oxygen consumption rate
by wet tissue weight, slices were weighed in a high precision scale. Slices were transferred
into the holder which was then carefully dried in tissue paper. An average of 5 mg of tissue

was used in each experiment [35].

Immunohistochemistry

Mice were deeply anesthetized and were perfused through the left cardiac ventricle with
ice-cold 0.9% saline solution, followed by ice-cold 4% paraformaldehyde in 0.1M PBS (pH
7.4). After perfusion, brains were removed, post-fixed in the same fixative solution for 24h at
4°C, and cryoprotected by immersion in a 30% sucrose solution in PBS at 4°C. The brains
were then frozen by immersion in cooled isopentane and stored at —80°C for later analyses.
Serial coronal sections (40 um) containing the hippocampus were obtained with a cryostat
(Leica) at —20°C. The free-floating sections were first blocked using 5% horse serum (HS)
diluted in PBS containing 2% Triton X-100 (PBS-Tx) for 2 h at room temperature. Next the
sections were incubated overnight at 4°C with anti-aquaporin 4 (Santa Cruz Biotechnology,
AQP4, 1:100, sc-9888) from goat in 1% HS diluted in 0.5% PBS-Tx. After three washes in
PBS, tissue sections were incubated with anti-goat Alexa 568 (Invitrogen, 1:400, A11079) in
1% HS diluted in 0.5% PBS-Tx for 2 h at room temperature. For tomato lectin immunostaining,
the free-floating sections were first permeabilized in tris-buffered saline (TBS) containing 1%
Triton X-100 for 2 h at room temperature. Next the sections were incubated overnight at 4°C

9
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with Lycopersicon esculentum lectin (tomato lectin; Vector Laboratories, Burlingame, VT),
diluted 1:200. After three washes in TBS, tissue sections were incubated with Streptavidin,
Alexa Fluor® 568 conjugate (Santa Cruz Biotechnology, 1:500, s11226) for 2 h at room
temperature. Hereafter, the sections were washed three times in PBS and mounted on slides
with Fluor Save (Millipore, 345789), and covered with coverslips. Images from mouse
hippocampi were obtained with a confocal Olympus FV-10i microscope and examined and

quantified with Fiji ImageJ software.

Data Analysis

All the data were tested for normality by the Kolmogorov-Smirnov normality test and
were expressed as the mean + SEM. Unless otherwise mentioned, statistical evaluation was
carried out using the two-way analysis of variance (ANOVA) with genotype and treatment as
independent variables. Following significant ANOVAs, multiple comparisons were performed
using the Bonferroni post hoc test. The novel object recognition task was analyzed by one
sample t-tests to determine whether the recognition index was different from 50% (random
investigation) and modified Y-Maze was analyzed by one sample t-tests to determine whether
the percentage of arm entries and percentage of time spent in each arm was different from
33% (random entries and time respectively). The accepted level of significance for the tests

was P<0.05. All tests were performed using GraphPad Prism 5.0 software package.
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Results
Body Weight and Plasma Cholesterol Levels

The body weight of all animals was recorded weekly during the extent of the
experimental period (Fig.1B). Despite the different fat content in the two chows used, weight-
gain was similar for all animal groups: 17.6 + 2.5 % and 17.6 * 3.6% for the NTg and 3xTgAD
groups fed CD, respectively; 15.7 + 8.2% and 17.9 = 5.7% for NTg and 3xTgAD fed HFDC,
respectively.

On the final day of the 8-week experimental period, blood was collected from all animals
and plasma was separated for quantification of plasma cholesterol levels. As observed in Fig.
1C, NTg and 3xTgAD on CD had similar plasma cholesterol levels (55.5 + 1.0 mg dL*?, N=8
and 53.41 + 1.39 mg dL?, N=8, respectively). In NTg mice, the HFCD produced a tendency
(10%) for increase in plasma cholesterol levels (61.7 + 1.6 mg dL?, N=5), while a significant
increase was observed for 3xTgAD (76.01 + 3.36 mg dL, N=7). The observed differences
were due to both diet (Fq,24) = 48.71, P<0.0001) and genotype (Fqu.24) = 8.75, P=0.0069), with

a significant interaction between the two factors (F,24) = 15.91, P=0.0005).

Locomotor Activity and Cognitive Performance

Locomotor activity was evaluated in an open field arena and the total distance travelled
during the 10-minute period of the test was determined. As shown in Fig. 2A (and in
Supplemental Material - Figure S1A), the 3xTgAD-CD mice showed a tendency for decrease
in locomotor activity as compared to NTg-CD mice (465.35 + 114.77 cm, N=4 and 774.50 +
136.86 cm, N=6, respectively). The HFCD induced a small increase in locomotor activity in
the NTg mice (843.17 + 165.41 cm, N=8) and a significant increase in the 3xTgAD mice
(988.01 + 91.93 cm, N=9) as compared to the 3xTgAD-CD group. A significant effect was
observed for diet (F(1,23 = 4.3, P=0.0049), but not for genotype (F(,23) = 0.33, P=0.571).

Analysis of the partial distances for each 2-min block of the 10-min test (Fig. 2B)
revealed that the NTg-CD group (grey triangles) displayed an expected decrease in locomotor
activity throughout the test, while the NTg-HFCD group (green triangles) retained a higher

11
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index of locomotor activity. This was also evident for the 3xTgAD-HFCD group (green squares)
relative to the 3xTgAD-CD group (grey squares). In other words, the increased total distance
observed in the HFCD-fed groups relative to the CD fed groups appears to result from a lack
of habituation.

Spatial memory was evaluated using a modified Y-maze task. As shown in Fig. 2C and
D, the percentage of entries into and relative time spent in the “novel” arm was significantly
above chance performance (33.3%, P<0.05, one-sample t-test analysis) only for the NTg-CD
group (44.7 £ 1.0 %, N=7 and 60.2 £ 2.9 %, N=8, respectively). The 3xTgAD-CD group showed
compromised learning performance, as expected at this age, expressed as a decrease in
percentage of entries into the novel arm and a significant decrease in the time spent in the
novel arm. We further observed that the NTg-HFCD group showed a similar compromise in
learning as the 3xTgAD-CD mice — neither percentage of entries nor time spent in the novel
arm were found to be statistically different from chance performance. The 3xTgAD-HFCD
showed equally compromised learning performance in the y-maze test.

Both genotype (F@1.28=23.34, P<0.0001) and diet (Fu28=11.06, P=0.0025) had a
significant effect over the results for time spent in the novel arm, and the interaction between
the 2 factors was also significant (Fu.28=5.756, P=0.0233). In the training trial, statistical
analysis showed a similar number of entries and percentage of time in the arms for all groups
(see Supplemental Figure S2, C - D).

The novel object recognition task corroborated the results obtained in the y-maze, as
only the NTg-CD group demonstrated a recognition index significantly above chance
performance (50%) (Fig. 2E; P<0.05, one-sample t-test analysis). The recognition index was
significantly decreased for the 3xXTgAD-CD and NTg-HFCD groups as compared to the control
NTg-CD mice. Neither diet nor genotype had a significant effect on variance, although a
significant interaction between the 2 factors was determined (F,24) = 5.677, P=0.0255).

Taken together, this behavioral analysis firstly confirms the expected AD-like cognitive
impairment expected at 6 mo. of age in the 3XTgAD mouse model [36,37]. From this we
hypothesize that a HFCD induces biochemical and cellular alterations in the CNS of mice

12
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which leads to the expression of a behavioral phenotype similar to that observed in the AD
model. As the cognitive impairment is already installed at this age, the HFCD cannot further

aggravate it in the 3xTgAD mice.

Nitric Oxide Concentration Dynamics Linked to Glutamate Receptor Activation
Considering that ‘NO acts as a retrograde messenger in NMDA-dependent synaptic
events in the hippocampus [22], we investigated the effect of the HFCD on NMDAr-evoked
*NO concentration dynamics in the CA1 st. pyramidale layer. We found that transient activation
of NMDA receptors (2 min perfusion, 100 pM) induced a transient increase in ‘NO
concentration measured in the CAl subregion of hippocampal slices from all groups, as
expected [13]. Quantification of peak ['NO] is shown in Fig. 3A. As we previously reported, a
significant increase in peak ['NO] in 3xTgAD-CD mice (2.07 + 0.42 uM, N=35) was observed
when comparing to NTg-CD mice (0.56 + 0.09, N=30). However, the HFCD induced a
tendency for decreased ['NOJmax in NTg group (0.345 £ 0.07 uM, N= 11) and a significant
decrease in the 3XxTgAD group (0.29 + 0.08 uM, N=15). Genotype (F@,s7=4.103, P= 0.0459)
and diet (Fq87)=6.849 P= 0.0105), as well as the interaction between the two factors
(Fas7=4.170, P= 0.0442), were shown to have a significant effect over the observed
differences. Furthermore, the HFCD induced a tendency for increase of the % width of the
signals (Fig. 3B) in both NTg and 3xTgAD groups, indicating slower "NO production and
removal kinetics. We found no significant difference in production and decay rates (not

shown).

Mitochondrial oxidative phosphorylation in intact hippocampal tissue

Adequate mitochondrial function and energy supply are key in supporting synaptic
function. As such, mitochondrial dysfunction and bioenergetic crisis have been suggested to
be key elements of the pathophysiology of AD. We assessed the effects of HFCD treatment
on mitochondrial respiration using high-resolution respirometry (HRR) to evaluate the O
consumption rates (OCR) in intact hippocampal slices. Figure 4A shows a representative
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oxygraphy trace of a full substrate-uncoupler-inhibitor titration (SUIT) protocol using intact
hippocampal slices. This protocol allowed us to determine basal OCR (supported by glucose
and pyruvate); LEAK (determined following addition of oligomycin and carboxyatractyloside to
block ATP production); maximal OCR (obtained by uncoupling the mitochondrial respiratory
chain with the ionophore FCCP) as well as residual OCR resulting from non-mitochondrial O
consumption (obtained by blocking complexed | and Il with rotenone and antimycin A,
respectively).

As shown in Fig. 4B, the AD genotype had little impact over the OCR values, except for
basal OCR which was increased in the 3xTgAD-CD when compared to the NTg-CD group.
On the other hand, the HFCD had a significant impact over tissue OCR in both NTg and
3XTgAD mice, decreasing basal, LEAK, and maximal or ETS OCR. Most relevantly, the
mitochondrial spare respiratory capacity, which is the capacity of mitochondria to increase
electron flow in situations of increased energy demand, was significantly decreased in the
NTg-HFCD as compared to the NTg-CD group and a close to significant decrease (P=0.0524)
was also observed in the 3xTgAD mice. Diet had a significant effect over observed differences
for all OCR parameters evaluated (F,28=44.94, P<0.0001 for Basal; F@,28=50.56, P<0.0001
for Leak; Fa.26=26.97, P<0.0001 for ETS and F,25=12.04, P=0.0019 for Spare Capacity)
while the genotype had an effect for Basal (F,28=7.437, P=0.0109) and ETS (F1,26=5.955,
P=0.0218).

These results suggest that, while increased intracellular amyloid load has little impact
on mitochondrial function at this age, increased cholesterol/fat resulting from an 8-week diet

change can significantly compromise mitochondrial function in the hippocampus.

Cellular components of the neurovascular unit in hippocampal slices

It has been suggested that increased cholesterol levels may compromise the
components of NVU, resulting in BBB breakdown. Immunofluorescent detection of AQP-4
(water channel primarily expressed in astrocytic foot processes) and tomato lectin (marker
used to label blood vessels and microglia) were used as surrogate biomarkers of cellular
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components of NVU in the hippocampus. As can be appreciated in the series of micrographs
presented in Fig. 5A-D, AQP-4 immunoreactivity was increased in the CA1 subregion of the
3XTgAD groups. Quantification of the intensity of immunofluorescence (Fig. 5E). Subsequent
statistical analysis revealed that both diet and genotype had a significant effect over AQP-4
expression (Fq,12=7.932, P=0.0156 and F112= 33.95, P<0.0001, respectively) and post hoc
analysis revealed a significant increase in AQP-4 fluorescence in the 3xTgAD groups as
compared to the diet-matched NTg groups. Also, the increase in AQP-4 immunofluorescent
intensity was close to significant (P=0.052) in the 3XTgAD-HFCD group as compared to the
3xTgAD-CD group. Similar patterns were observed in the CA3 subregion of the hippocampus
(Supplementary Fig. S3).

In line with these observations, the micrographs shown in Fig. 5F-I and the quantification
of immunofluorescence for tomato lectin immunoreactivity (Fig. 5J) also showed an increase
in the 3XTgAD groups relative to the diet-matched Ntg groups. Both genotype (F,12=17.11,
P=0.0014) and diet (F@1,12=6.153, P=0.0289) had a main effect of observed tomato lectin
immunofluorescence intensity. Post-hoc analysis revealed a significant increase in tomato
lectin immunoreactivity in the 3XTgAD-CD as compared to the NTg-CD group as well as in the

3TgAD-HFCD group as compares to the NTg-HFDC group.
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Discussion

The origin of AD is multifactorial and many metabolic disorders originating from
overconsumption of high fat and cholesterol food are associated with higher risk of AD later in
life. Cohort studies have reported that a high plasma cholesterol level, especially when
measured at midlife, is associated with a poor cognitive outcome: cognitive decline, dementia,
and AD [38]. In animals, intake of a Western style diet, high in saturated fat and cholesterol,
has been shown to cause impairments in hippocampal-dependent learning and memory
[39,40].

In the present study, we hypothesized that the consumption of a HFCD may recapitulate
the early AD-like pathophysiological features observed in the triple transgenic mouse model
for AD. We found that NTg mice receiving the HFCD expressed behavioral alterations similar
to cognitive changes observed in 3xTgAD mice. Despite the modest increase in plasma
cholesterol levels (ca. 10%), HFCD was associated with spatial memory deficits in modified
Y-maze and novel object recognition task in NTg mice. Furthermore, the HFCD induced a
hyperactive phenotype and failure to habituate to open field apparatus in NTg mice, which is
in good agreement with previous reports showing that hypercholesterolemic LDLr" mice
exhibited increased locomotor activity assessed in the open field test [41]. These results
suggest that the effects of HFCD may be due to lack of spatial habituation which is a function
of hippocampal-dependent short-term spatial memory [42]. Although the BBB prevents lipid
exchange between the periphery and the CNS, several studies have shown that increased
dietary cholesterol intake may impact cognition and produce an AD-like phenotype. In
particular, HFCD fed Swiss mice, hypercholesterolemic LDLr"- mice [40,43] and rats fed a high
cholesterol diet [44] have been shown to exhibit hippocampal-dependent learning and memory
impairments. Other studies have also shown that a 5-month high cholesterol diet (5%) slightly
impacts memory performance in wild type mice [45] while a 3-month high fat diet produced no
change in cognitive performance in WT mice [46]. Interestingly, a HFCD does not necessarily
translate into increased amyloid load in WT mice. A recent study comparing (5XFAD mice)
and wild type mice [47] showed that cerebrovascular B-amyloid (AB) deposition was not

16



419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

affected by 10 weeks of high fat diet in wild type (non-transgenic mice). In line with this, we also
evaluated the ApB levels and the gene expression of proteins involved in Ap synthesis in
prefrontal cortex and hippocampus of wild type and LDLr” knockout mice (a model of familiar
hypercholesterolemia). According, we did not find changes in AB levels or the expression of
proteins involved in AB processing in either hippocampus or prefrontal cortex of both wild type
and LDLr"~ knockout mice [48]. In both studies, memory impairment was not associated with
changes in AB loading, suggesting that other mechanisms, besides amyloid cascade. Thus, it
is unlikely that the observed changes in NTg mice fed a HFCD result from a significant
increase in AR load in the current study.

We also asked if the HFCD intake could exacerbate the behavioral and neurochemical
features of the 3xTgAD mouse. These mice develop an age-related and progressive
neuropathological phenotype that includes both plaque and tangle pathology in the
hippocampus, amygdala and cerebral cortex, with cognitive impairment at 4 and deficits in
synaptic plasticity (LTP) at 6 months of age [29,49]. Accordingly, here we observed cognitive
impairment in 3 to 4 mo 3xTgAD mouse, expressed as loss of discrimination in both the Y-
maze and novel object recognition paradigms. Therefore, we did not verify further decrease
in the cognitive function when the 3xTgAD mouse were treated with the HFCD. This fact could
be explained due to the qualitative nature of behavior task here performed that evaluates
whether the mice learned the task or not. In line with this, previous studies showing that even
a long-term high cholesterol (5%) diet intake did not aggravate cognitive deficits in 3XTgAD at
7 or 14 mo., despite significantly increasing plasma cholesterol levels [45,46]. The cholesterol
enriched diet also increased the locomotion in 3XTgAD mice. In this regard, we have
previously shown that cholesterol intake can increase locomotion in LDLr"" mice, a genetic
model of hypercholesterolemia [50]. In general 3xTgAD have been shown to display
decreased ambulation and exploratory behavior [51]. In this sense, our data suggests that the
increase in plasma cholesterol, induced by a diet high in fat / cholesterol, may alter the

locomotion in 3XTgAD mice.
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Here we observed that the increase in plasma cholesterol levels induced by a HFCD
was more pronounced in 3XTgAD mice (around 50%) than in NTg mice (around 10%).
Hohsfield et al. also observed an increase in plasma cholesterol levels in 3XTgAD mice
receiving a diet enriched in cholesterol [45]. This fact suggests deficient management of
cholesterol in circulation which may impact vascular metabolic process in 3xTgAD. Previous
studies have shown a positive correlation between increased plasma cholesterol levels and
B-amyloid load/deposit number in a 2xTgAD mouse model [52-55], suggesting that
hypercholesterolemia may somehow aggravate the AD-like pathology.

In further exploring events involved in the cognitive impairment related to
hypercholesterolemia, we evaluated NMDAr-linked ‘NO production in hippocampal CAl
region. Consistent with our previous report, we observed a significant increase in peak ‘NO
production in the 3XTgAD mice at this early stage of disease [13]. While the HFCD induced
only a tendency for decay in ‘"NO concentration dynamics in the NTg mice, it induced a
significant decline in the 3xTgAD group. This early-stage increase in "NO production at the
CA1 synapses in 3XTgAD mice has been proposed to be a compensatory mechanism for loss
of synaptic efficacy [56]. We have, however, shown that as the AD-like pathology progresses
in the model, a decline in NMDAr-linked "NO production is observed (at 12 mo.) despite an
increase in total hippocampal nNOS expression [13]. It would appear that in the present study,
the HFCD accelerated the age-dependent decline in nitrergic signaling in the CA1 synapse.

The decrease in NMDAr-evoked "NO production suggests that ‘NO bioavailability may
be diverted as a result of the HFCD intake. The mitochondrial complexes are important targets
for ‘NO, with implications on respiratory reserve or spare capacity, that is the ability to increase
mitochondrial turnover in response to increased energetic demand [57,58]. Age-dependent
impairment in oxidative phosphorylation has been reported for 3XTgAD mice in studies using
isolated mitochondria [59] as well as hippocampal slices [13]. Here we found no change in
hippocampal oxidative phosphorylation at 6 mo. in the 3xTgAD mice. However, the HFCD had
a significant effect on tissue oxidative phosphorylation in both NTg and 3xTgAD mice, most
importantly on respiratory reserve capacity. Neurons critically depend on mitochondrial
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function to execute the complex processes of neurotransmission and synaptic plasticity [60]
and mitochondrial dysfunction plays a central role in the pathogenesis of neurodegenerative
disorders, including AD [61-63]. Increases in neuronal activity impose high ATP demand on
neurons and astrocytes, which should be reflected in an increased rate of in situ mitochondrial
respiration [64]. Failure to meet this increased demand can result in excitotoxicity, one of the
key mechanisms of neurodegeneration [65,66]. Mitochondrial respiratory spare capacity
allows tissues to adequately respond to situations of increased energy demand [67], which we
see here is compromised as a result of fat/cholesterol overconsumption. Depletion of the spare
capacity has been related to a range of pathologies affecting high energy requiring tissues
such as the brain [67—69]. The mitochondrial dysfunction seen here may be due to a change
in the phospholipid composition of the mitochondrial membranes [70], which have been
associated with synaptic mitochondrial dysfunction [71].

One critical issue that remains poorly understood is how systemic cholesterol can impact
neuronal function, considering that brain cholesterol homeostasis is segregated from
peripheral circulation and that CNS and plasma cholesterol/lipoprotein compartments are
separated by the BBB in healthy subjects [72]. One hypothesis is that the cellular components
of blood brain barrier (BBB) can be affected by high circulating cholesterol levels or even by
the high fat intake, and/or by B-amyloid load/deposit. Herein AQP-4 and tomato lectin
immunofluorescence were used as putative biomarkers of changes in the BBB. AQP-4 is an
integral membrane protein at the feet of the astrocytes that serves as water channels in BBB
[73]. We observed an intense effect of genotype in increasing the AQP-4 immunostaining in
the hippocampal CA1 region of 3XTgAD mice which were intensified by HFCD. The same
pattern was visualized for tomato lectin staining, a protein obtained from Lycopersicum
esculentum with specific affinity for poly-N-acetyl lactosamine sugar residues, which are found
on the plasma membrane of endothelial cells and in the cytoplasm of microglia [74]. These
changes suggest structural defects in the astrocytic endfeet associated with the
microvasculature, with expected consequences in terms of BBB functionally. Our data indicate
that the amyloidogenic pathway associated with a persistent exposure of endothelial cells to
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increased cholesterol levels impacts the key components of neurovascular unit. Studies in
rabbits have shown that, alongside increased accumulation of hippocampal AB, a cholesterol-
enriched diet can increase BBB permeability [75,76], which has also been verified in the

hippocampus of rats [77].

Conclusions

The results of the present study suggest that learning and memory processes,
particularly those that rely on the integrity of the hippocampus, are susceptible to disruption
by diets containing high levels of fat and cholesterol. Our data indicates a short-term HCFD
capable of increasing circulating cholesterol levels in NTg mice by a non-significant value of
10%, produces an AD-like phenotype in mice, inducing compromised learning and memory
and a decrease in NMDAr-linked ‘NO production. Otherwise, 3XTgAD were more susceptible
to increase the plasma cholesterol load impacting in hippocampal markers of NVU.
Furthermore, this fat/cholesterol enriched diet induces a compromise in oxidative
phosphorylation in both NTg and 3xTgAD hippocampus, recapitulating important
mitochondrial/metabolic perturbations observed in AD patients but poorly represented in the
transgenic mouse model of AD. Changes in the organization of NVU components may
putatively connect the bioenergetic crises and cognitive impairment, a hypothesis which
renders further structural and functional studies to be better corroborated. Considering that in
the sporadic forms of AD in humans, factors associated with cardiovascular disease such as
hypercholesterolemia are paired with age as important risk factors for AD, one may propose
that such models as the one used here encompassing a high fat and cholesterol diets may

better recapitulate the pathophysiology of AD.
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Figure 1. Experimental design, body weight and plasma cholesterol levels. A - Timeline
of experimental design used in the present study; B - body weight profile for all animal groups
throughout the 8-week treatment; C - plasma cholesterol levels determined at the end of the
8-week treatment. Data are expressed as mean + SEM from six to eight animals per group,
with ##p< 0.001 when determining the effect of diet for the same genotype and ***p<0.001

when determining the effect of genotype (2-way ANOVA followed by Bonferroni post hoc test).
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Figure 2. High-fat and cholesterol diet induces significant changes in locomotor activity
and cognitive performance in NTg mice. A — Total distance travelled due to spontaneous
locomotor activity in an open field apparatus during the full 10 min period and; B — Profile of
locomotor activity, evaluated as partial distance for each 2-min bin; C - Relative percentage of
entries into each arm in a Y-maze spontaneous alternation test and D - Percentage of time
spent in each arm; E - Recognition index for evaluation of recognition memory using a 2-object
novel object recognition test (NOR). Data are expressed as mean + SEM from six to eight
animals per group. #p<0.05, #p<0.01 and ##p<0.001, when determining the effect of diet for

Fkk

the same genotype, *p<0.05, “'p < 0.001 when determining the effect of genotype (2-way
ANOVA followed by Bonferroni post hoc test).  p<0.05 compared to the hypothetical value

(random investigation) of 33% or 50% for the modified Y maze and NOR test, respectively.
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Figure 3. Effect of a high fat/cholesterol diet on hippocampal 'NO concentration
dynamics in NTg and 3xTg-AD mice. A — Average maximal change in ‘NO concentration
achieved following transient activation of NMDAr (2 min, 100 uM), measured in the CAl
subregion; B — Average 1/2 width of "NO signal. Data are expressed as mean + SEM from five
to six animals per group. #p< 0.01, when determining the effect of diet for the same genotype
and *** p< 0.001, when determining the effect of genotype (2-way ANOVA followed by

Bonferroni post hoc test).
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Figure 4. Effect of a high fat/cholesterol diet on hippocampal mitochondrial oxygen
consumption in NTg and 3xTg-AD mice. A - Representative oxygraphy trace of oxygen
concentration (dashed blue line) and oxygen flux corrected for tissue wet weight (solid red
line) of a SUIT protocol performed in intact hippocampal slices using high-resolution
respirometry; B — Average O, consumption rates (OCR) measured at 4 points of the
evaluation, namely Basal OCR (O. consumed due to oxidation of exogenous substrates
glucose and pyruvate), LEAK (OCR not dependent on ATP production), ETS (maximal
respiratory rate resulting from uncoupled mitochondrial respiration) and spare respiratory
capacity. Cat: Carboxyatractyloside, Omy: oligomycin, FCCP: Carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone, Rot: rotenone, Ama: antimycin-A. Data are expressed as

mean + SEM of the mean of six to eight animals per group. #p< 0.01 and #p< 0.001 when
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determining the effect of diet for the same genotype; **p< 0.01, when determining the effect

of genotype (2-way ANOVA followed by Bonferroni post hoc test).
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Figure 5. Effect of a high fat/cholesterol diet on cellular components of the
neurovascular unit in CA1 subregion of the hippocampus of NTg and 3xTg-AD mice.

A-D - Representative images of AQP-4 immunostain in the CA1l subregion of the
hippocampus; E — Quantification of AQP-4 immunofluorescence; F-I — Representative
micrographs of Tomato Lectin immunostrain in the CA1 subregion of the hippocampus; J —
Quantification of Tomato Lectin immunofluorescence. Scale bars, 100 um. *P < 0.05 and **P
< 0.01 when determining the effect of genotype for the same diet (2-way ANOVA followed by

Bonferroni).
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