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Introduction: Various lifestyle factors such as chronic hypertension and a high-sodium diet regimen are shown to
impact cerebrovascular morphology and structure. Unusual cerebrovascular morphological and structural
changes may contribute to cerebral hypoperfusion in Alzheimer’s disease (AD). The objective of this study was to
examine whether a high-sodium diet mediates cerebrovascular morphology and cerebral perfusion alterations in
AD.

Methods: Double transgenic mice harboring Ap precursor protein (APPswe) and presenilin-1 (PSEN1) along with
wild-type controls were divided into four groups. Group A (APP/PS1) and B (controls) were both fed a high-
sodium (4.00%), while group C (APP/PS1) and D (controls) were both fed a low-sodium (0.08% a regular
chow diet) for three months. Then, changes in regional cerebral perfusion and diffusion, cerebrovascular
morphology, and structure were quantified.

Results: A 3-month high-sodium diet causes pyknosis and deep staining in hippocampal neurons and reduced
vascular density in both hippocampal and cortical areas (p <0.001) of APP/PS1. Despite vascular density
changes, cerebral perfusion was not increased markedly (p = 0.3) in this group, though it was increased more in
wild-type controls (p = 0.022).

Conclusion: A high-sodium diet regimen causes cerebrovascular morphology alteration in APP/PS1 mouse model
of AD.

1. Introduction that is often associated with structural changes in the small vessels in the

brain [6]. According to research, this is attributed to a reduced cerebral

Associated with cerebral hypoperfusion, impaired cerebrovascular
(CV) functions such as reactivity and resistance index are frequently
observed in Alzheimer’s disease (AD) patients [1,2]. A wide range of
pathologies, such as arterial stiffness and capillary reactivity dysfunc-
tion, have been shown to contribute to CV dysfunction [1,3]. Both ani-
mal models of AD and patients with AD have shown structural changes
to their cerebral vessels, including decreased microvascular density and
shrinkage of vessel diameter [4,5]. However, even in the absence of a
background cerebrovascular pathology, various lifestyle factors,
including chronically high mean arterial pressure (MAP) and a
high-sodium diet are found to influence cerebrovascular morphology
and structure.

The presence of chronic high MAP is one of the systemic anomalies

blood flow (CBF) and a reduced lower limit of the CBF autoregulation
mechanism [7-10]. There is a correlation between impaired CBF
autoregulation and abnormal Af accumulation in patients with cogni-
tive impairments and AD [11,12]. Chronic high MAP may contribute to
AD pathology through both altered vascular function and morphology
[13,14]. It is imperative to note that chronic high MAP is linked to AD
neurodegeneration through several non-vascular mechanisms, particu-
larly in the hippocampus [15-17]. For example, experimental studies
support the synergistic effects of chronic high MAP and aging on the
expression of genes involved in the A generation in AD [18].

Multiple factors, alone or in synergy, may contribute to the patho-
genesis of chronic high MAP [19]. Excess dietary salt intake is the most
significant controllable factor responsible for the rise in MAP with
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advancing age [20-22]. Interestingly, excess dietary salt intake has been
shown to directly damage cerebrovascular elements, particularly
endothelial cells [23-28]. An earlier study showed that a high-sodium
diet regimen affected MAP and CBF differently in a transgenic mouse
model of AD compared to a WTC [29]. However, the role of a
high-sodium diet regimen in inducing high MAP and altering cerebral
perfusion in AD is not clear. The purpose of this study was to use a mouse
model of AD and test the hypothesis that a human lifestyle with a
high-sodium diet regimen impacts CV morphology and structure, which
may lead to cellular damage within brain regions which are crucial for
memory and cognition.

A number of transgenic mouse models have been developed to
simulate AD at the molecular level. APP/PS1 mice model of AD exhibit a
remarkable elevation of $-amyloid production, which is accompanied by
certain behavioral abnormalities [29]. Recent studies have shown that
in APP/PS1, an AP plague-generating mouse model, cerebral microcir-
culatory disturbances exist followed by increased reactive astrocytes
and neurodegeneration [30,31]. In particular, the vessels in the cortex
and hippocampus of APP/PS1 mice exhibit abnormal morphology [32].
While these results show the role of cerebrovascular disorders in AD, it
remains unclear whether socio-behavioral factors, such as diet, have
influenced cerebrovascular morphology and cerebral perfusion in the
anatomical areas affected by AD.

This study contributes to the current literature by using advanced in
vivo MR imaging techniques as well as experimental models that simu-
late a high-sodium diet lifestyle associated with AD. It is hypothesized
that a high-sodium diet regimen alters cerebral perfusion through
morphological changes in the cerebrovascular system. Additionally, we
hypothesized that a high-sodium diet would alter cerebral perfusion in a
mouse model of AD.

2. Materials and methods
2.1. Subjects

Double transgenic mice (2 X Tg-AD) harboring beta-amyloid pre-
cursor protein (APPswe) and a mutant human presenilin-1 (PS1) were
originally purchased from the Jackson Laboratory (MMRRC Stock No:
34,832-JAX, Bar Harbor, ME) and bred in the animal care facility at the
University of South Florida (USF). Wild-type littermates were used as
WTC (10-20 w, 25-30 g). Mice were group-housed (5 per cage) in a
temperature- and humidity-controlled vivarium on a reversed 12:12
light-dark cycle. Mice received ad libitum food and water (Harlan,
Indianapolis, IN, USA). All animal procedures were conducted in
accordance with the “Guide for the Care and Use of Laboratory Animals”
(Institute of Laboratory Animal Resources on Life Sciences, National
Research Council, 1996) and approved by the IACUC of USF
(IS00007666).

2.2. Genotyping

Standard genotyping protocols were followed to confirm the pres-
ence of APP**®/ PSEN19"° transgene in-house breed mice (see http://ja
xmice.jax.org/strain/005864).

2.3. Experimental groups

APP/PS1 mice, along with wild-type controls (WTC), two months of
age at initiation of special diet, were divided into four groups: Group A,
APP/PS1, n = 13, and Group B, WTC, n = 13 both were fed a high-
sodium (4.00%) chow diet for three months; Group C, APP/PS1, n =
13 and Group D, WTC, n = 13 both were fed a low-sodium (0.08% NaCl-
a regular chow diet) for three months.
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2.4. Experiments timeline

Experiments were strictly randomized and blinded. The mice were
weaned at 22 days after birth, fed a low-sodium diet for five weeks then
fed either a low-sodium diet or a high-sodium diet for three months. At
70 days on the diet, blood pressure was measured three times each a
week apart. Seven days after that, mice underwent MR imaging. At the
end of the experiments, mice were euthanized and brains were harvested
for histological analysis. WTC + APP/PS1 with high-sodium diet; n = 10;
21 + 0.6 weeks; range 4 to 5 weeks (three attrition per group). WTC +
APP/PS1 fed low-sodium diet n = 10; 21 + 1.2 weeks; range 4 to 5
weeks (three attrition per group). The timeline of experiments and in
vivo MR imaging sessions is depicted in Fig. 1.

2.5. Diet

Mice were fed a low-sodium (0.08% NacCl) or a high-sodium (4%
NaCl) diet (Harlan Laboratories Inc. Indianapolis, IN- “TD09078”) for
three months. A diet with 4% NaCl was implemented to induce experi-
mental hypertension [33].

2.6. Blood pressure measurements

Conscious heart rate, systolic arterial blood pressure (SAP), and
diastolic arterial blood pressure (DAP) were measured noninvasively at
20-22 weeks of age using a tail blood pressure volume measurement
device (CODA system, Kent Scientific Corporation, Torrington, CT, USA)
before the end of a three-month controlled diet (Fig. 1). The measure-
ment protocol was described earlier [34,35]. In brief, mice were
immobilized in plastic holders and acclimated to the restrainer for 10
min per day for at least three days before data collection. Then, alert
unanesthetized mice were immobilized in plastic holders and allowed
10 min of acclimation before the tail-cuff measurements. Data on SAP,
DAP, tail blood volume, and heart rate were collected. Data collection
was done as the mean of two acclimation and 10 or 15 measurement
cycles that took approximately 20 min.

2.7. Histological assessments

Mice were euthanized by exposure to a saturated atmosphere of
isoflurane. Immediately after euthanasia, the brain was perfused with
saline and 4% paraformaldehyde. The brain was removed and placed in
4% paraformaldehyde overnight. The brains fixed in 4% para-
formaldehyde were processed and embedded in paraffin. Ten serial
30pm-thick sections through the brain were obtained using a micro-
tome. Cryosections of the brain hemispheres were washed three times (5
min/wash) with Tris-buffered saline (TBS) (pH 7.4) buffer, followed by
washing once with 0.1% Triton X-100-TBS buffer for 5 min. Sections
were then incubated in 3% H;0; and TBS buffer for 30 min at room
temperature to eliminate endogenous peroxidase activity.

2.7.1. Morphometric measurements

The diameter of blood vessels was measured by type IV collagen
immunoreactivity. From prepared brain tissue, 30-p-thick sections were
prepared for immunohistochemistry. Collagen IV (Chemicon, Milli-
poreSigma AB756P) was stained overnight; and tetramethyl rhodamine
isothiocyanate (TRITC) goat antirabbit antibody was used as a second-
ary antibody. Three images per section were taken by light microscopy.
Total vessel length and the length of segments covered by collagen IV
were traced in three random regions (each region was 700u by 700p) for
each 100p-thick section. On average, 50 vessel segments were measured
per brain.

2.7.2. Cresyl violet Nissl staining
Paraformaldehyde-fixed tissue sections were assessed for gross
neuronal damage with Cresyl Violet acetate standard staining
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Fig. 1. Study design. Four randomized experimental
groups of mice were designed to investigate the impact
of a high-sodium diet on cerebral perfusion in the
presence of accumulated Ap. Mice weaned at 22 days
after birth were used in the experiment. All mice were
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T first fed a low-sodium diet for one month and then fed
either a low-sodium or a high-sodium diet for three
months. At 70 days on the diet, blood pressure was
measured three times each a week apart. Seven days
after that, mice underwent in vivo MR imaging. The
high-sodium diet regimen lasted three months and

began about four weeks after weaning. Advanced in vivo MR diffusion and perfusion techniques were used to investigate cerebral perfusion and water diffusion. At
the end of the experiment mice were euthanized and brains were harvested for histological analysis. Histological assessments were used to investigate cerebral vessels

morphology and neuronal damage in areas critical to memory and cognition.

techniques. Briefly, fixed brain tissues were serially sectioned at 5 pm.
Slides were rehydrated with decreased ethanol concentrations: 100%
(three times), 95% (twice), 70%, and subsequently dipped for 10-20
min in 0.25% Cresyl violet (Sigma-Aldrich, Inc., USA). Slides were
immersed shortly in PBS followed by fast wash in 25% ethanol, and
differentiated in 50% ethanol + 0.5% acetic acid for about 3 min to
reduce nonspecific and Glia staining. Counterstaining was performed
followed by section dehydration in ascending series of ethanol, clearing
with xylenes, and coverslipping with DPX (Sigma-Aldrich, Inc., USA).
Images from Nissl stained and collagen IV stained sections were
captured under an Olympus BX-51 bright field microscope equipped
with an Optronics digital camera. Coronal sections (5 pm) within the
coordinates of 2.46 mm interaural and —1.34mm bregma and 0.64 mm
interaural and —3.16 mm bregma were selected for analysis. Coronal
sections at 0.64 mm interaural and —3.16 mm bregma were selected for
representation.

2.8. Blood vessel data analysis

Data labels were randomized and a blinded investigator (H.Z.)
counted the number of unique blood vessel branches and measured
blood vessels diameters in each binary image. Microscopic images were
processed using ImageJ (NIH, V1.53 h) to highlight collagen IV stained
vessels. Then we drew a line perpendicular to the long axis of each
visible blood vessel to measure its diameter at its widest point following
the full width at half-maximum algorithm [36]. The histograms of blood
vessel diameters were generated for visual comparison using the R
package (version 3.5.3, R Development Core Team 2020).

2.9. MR imaging

Imaging was performed on a 7T BioSpec research dedicated MR
scanner (Bruker Biospin, Ettlingen, Germany), equipped with 500 mT/m
(rise time 80-120ps) gradient set (for performing high resolution small
animal imaging) and a small bore linear radio frequency (RF) coil (ID
119 mm) as the RF transmitter and a four channel surface array coil as
the RF receiver. Mice were anesthetized using isoflurane gas (induction
dosage 1-1.5%, maintenance dosage 0.5%—1%), at 1 L/min N20/O4
(70/30) flow under spontaneous respiration, during which we collected
data. Physiological parameters (heart rate, respiratory rate, and body
temperature) were monitored during the imaging session for signs of
distress and to ensure normal physiological parameters using SAII
monitoring instruments (Small Animal Instruments Inc., Stony Brook,
NY). A controlled warm airflow is kept in place inside the magnet to
maintain the body’s core temperature.

The MR protocol included structural imaging as well as diffusion
tensor imaging (DTI). With the RARE (Rapid Acquisition with Relaxa-
tion Enhancement) sequence, T2-weighted (T2w) images were acquired
in the coronal plane centered 5 mm caudal of the posterior edge of the
olfactory bulb (repetition time/echo time (TR/TE) 4000/65 ms, field of
view (FOV) of 3.7 cm x 3.7 cm, slice thickness 2 mm, slice gap 0.1 mm,
contiguous slices 12, matrix 256 x 128, and number of averages 5).

The DTI-EPI sequence was used to acquire diffusion weighted images
with the same geometrical parameters as anatomic images but with a
smaller matrix size (128 x 128, slice thickness 1 mm, TR/TE 4000/23
ms, diffusion directions 30, with 3 diffusion per direction, four seg-
ments, one average, d/D = 5/10 ms, gradient duration 2.18 ms, and four
b values of 0, 125, 985 and 1925s/mm? respectively.

All the data were pre-processed using custom software written in
MATLAB (Mathworks, Natick, MA). DTI data were post-processed with
the following bi-exponential intravoxel incoherent motion (IVIM) model
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In this equation f is the perfusion fraction, D is diffusion parameter
and D* is the pseudo-diffusion parameter. For calculating maps of each
of these parameters, we used MATLAB optimization toolbox (Math-
works, Natick, MA).

2.9.1. Statistical analysis

Quantitative data obtained from these investigations were analyzed
using “R” platform (version 3.5.3, R Development Core Team 2020).
Parametric statistical comparisons between the data sets were made
based on the representation of mean + standard deviation (SD) unless
otherwise stated. Student’s t-test (parametric data) was used for statis-
tical analyses. Statistical analyses between groups were performed using
two-way repeated measurements, analysis of variance (ANOVA) with
TukeyHSC post hoc tests for multiple comparisons. A P-value < 0.05 was
considered significant.

3. Results

High-sodium diet regimen did not increase the MAP of APP/PS1
mice. A three-month high-sodium diet regimen did not change the MAP
of APP/PS1. More specifically, we did not observe statistically signifi-
cant changes in both the systolic and diastolic blood pressure of APP/
PS1 because of the high-sodium diet. However, the same diet increased
the MAP of WTC when compared to the low-sodium-fed WTC (p =
0.0002). This diet significantly increased the diastolic blood pressure of
WTC compared to the low-sodium-fed group (p = 0.001). Moreover, the
difference between APP/PS1 and WTC MAP after a high-sodium diet
regimen was significant (p<0.0001). Systolic and diastolic blood

Table 1
Mouse systolic/diastolic blood pressure (mm Hg).

Experimental Low-sodium diet (systolic High-sodium diet

Groups / diastolic) (systolic/diastolic)

WTC 134.0 + 2.8 / 114.75 £ 5.0 162.1 & 3.8 / 137.75 + 2.6
APP/PS1 120.0 + 7.8 / 93.67 £ 5.6 121.0 + 4.6 / 92.67 + 2.9

WTC: wild-type controls; APP/PS1: beta-amyloid precursor protein (APPswe),
and a mutant human presenilin-1 (PS1). Data are presented as mean + SD (n =
10).
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pressure data are summarized in Table 1.

A high-sodium diet regimen causes the death of hippocampal
pyramidal cells. Only a small number of hippocampal pyramidal cells
shrank with condensed and deeply stained nuclear chromatin in the
APP/PS1 group fed a low-sodium diet (Fig. 2D and E upper panel). On
the other hand, in the APP/PS1 group that fed a high-sodium diet, we
observed that the majority of hippocampal neurons exhibited pyknosis
and deep staining (Fig. 2D and E lower panel). Representative photo-
micrographs show Nissl staining in CA1 region of mouse hippocampus in
the two groups (x 200). We found a statistically significant increase in
damage cells in both hippocampal and cortical areas of APP/PS1 fed
high-sodium diet compared to APP/PS1 fed low-sodium diet (p < 0.001,
Fig. 2D). (B and C-upper panel) In APP/PS1 and WTC group with a LS
diet, only a small number of hippocampal pyramidal cells were
shrunken with condensed and deeply stained nuclear chromatin (dark
blue). (B and C-lower panel) In APP/PS1 and WTC group with a HS diet
regimen, more hippocampal neurons exhibited pyknosis and deep
staining (dark blue). (D) In this panel the bar plots represents number of
damaged cells (mean + SD) in ROIs of cortex. There are significant
differences in the number of damaged cells identified by Nissl staining
between LS and HS fed APP/PS1 groups in both cortical and hippo-
campal areas. Statistical results are shown based on mean + SD data (n
= 6, ** p<0.01, ***p<0.001). (E) This panel represents the total
number of injured cells (mean + SD) in ROIs of the hippocampal region.
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Similar to the cortex, there are significant differences between the
number of damaged cells identified by Nissl staining between LS and HS-
fed APP/PS1 as well as WTC groups.

High-sodium diet reduces cerebral vessel density in the cortex
and hippocampus. Fig. 3B shows representative microphotographs of
cortical and hippocampal areas of mouse brain from the low-sodium diet
group stained with collagen IV. Fig. 3B shows representative micro-
photographs of cortical and hippocampal areas of APP/PS1 mouse brain
from the high-sodium diet group. The comparison between these two
figures indicates that cerebrovascular density is reduced in high-sodium
diet APP/PS1. Fig. 3D summarizes statistical comparison between ce-
rebrovascular density, as defined by number of collagen IV stained
vessel segments per frame, in both cortex and hippocampus of two
experimental groups (n = 12, **p<0.01, *p<0.05). Fig. 3A represents
anatomical areas in coronal sections (Cortex and Hippocampus) where
samples were chosen for vessel counting and comparison.

A high-sodium diet regimen alters cerebrovascular morphology
in the APP/PS1 mouse model of AD. A high-sodium diet for three
months thickens cerebral vessels in the APP/PS1 group. Microphoto-
graphs of the cortical regions of mouse brain from WTC fed low-sodium
diet, APP/PS1 group fed low-sodium diet, and APP/PS1 mouse fed high-
sodium diet are shown in Fig. 4A. It is evident from this panel (Panel A)
that vessels in the APP/PS1 fed a high-sodium diet are thicker. Statistical
comparison shows a significant increase in cerebral vessel diameters in
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Fig. 2. A high-sodium diet regimen impacts hippocampal and cortical pyramidal cells. (A) Schematic illustration of regions in coronal sections that were
selected for neuronal cell counting in the hippocampus and cerebral cortex respectively. Nissl-stained dark neurons are seen in the CA1 region of mouse hippocampus
and cerebral cortex in the four experimental groups, high sodium diet (HS) and low sodium diet (LS), the APP/PS1 groups, and controls (x 200). (B and C-upper
panel) In the APP/PS1 and WTC group with a LS diet, only a small number of hippocampal pyramidal cells were shrunken with condensed and deeply stained
nuclear chromatin (deep blue). (B and C-lower panel) In the APP/PS1 and WTC group with a HS diet regimen, more hippocampal neurons exhibited pyknosis and
deep staining (dark blue). (D) In this panel, the bar plots represent the number of injured cells (mean + SD) in ROIs of cortex. There are significant differences in the
number of damaged cells identified by Nissl staining between LS and HS fed APP/PS1 groups in both cortical and hippocampus areas. (E) The bar plots illustrate the
number of injured cells (mean + SD) within ROIs in the hippocampal region. Similar to the cortex, there are significant differences between the number of damaged
cells identified by Nissl staining between LS and HS-fed APP/PS1 as well as WTC groups. The difference between HS fed groups and LS fed groups is statistically
significant. Statistical results are shown based on mean + SD data (n = 6-7, ** p<0.01, ***p<0.001).
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Fig. 3. The density of collagen-stained vessels in the APP/PS1 high-sodium diet fed group is less than in the low-sodium diet fed group. (A) Representation
of anatomical area where cortical (top box) and hippocampal (bottom box) samples were chosen for vessel counting. (B) A representative microphotograph of mouse
brain cortex from the low-sodium diet (LS) and high-sodium diet (HS) groups. (C) A representative microphotograph of mouse brain hippocampus from LS and HS
groups. Both panels show that the cerebrovascular density is lower in the HS group than in the LS group. (D) Statistical comparison between cerebrovascular density
in both cortex and hippocampus of two experimental groups, as defined by the number of collagen IV stained vessel segments per frame, are represented in this panel.
Results are presented as mean + SD (n = 6, **p<0.01, *p<0.05). Collagen IV stained vessels are shown in dark brown.
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Fig. 4. The impact of a high-sodium diet regimen on vascular morphology in the presence of Af. A 3-month high-sodium diet regimen increased vessel
diameter in APP/PS1 compared to wild-type controls (WTC). Vascular morphological changes were analyzed by collagen IV staining. (A) This panel shows repre-
sentative microphotographs of collagen IV stained coronal sections (5 pm) within the coordinates of 2.46 mm interaural and —1.34 mm bregma and 0.64 mm
interaural and —3.16 mm bregma from all experimental groups. (B) Statistical comparison of vascular thickness in cortical areas stained by collagen IV is shown in
this panel. Vascular diameter lines were drawn perpendicular to the longitudinal axis in the center of the stained vessel. Measured data per frame were statistically
analyzed for mean and standard deviation in each frame in cortical areas for all experimental groups. (C) The distribution of cerebral vessel thickness in two groups of
WTC. One group was fed a low-sodium diet, and another group was fed a high-sodium diet. (D) The distribution of cerebral vessel thickness in two groups of APP/
PS1. One group was fed a low-sodium diet, and another one was fed a high-sodium diet. Results in panel B are presented as mean + SD (n = 4-6).
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the APP/PS1 high-sodium diet (B). Panels (C) and (D) compare the
distribution of cerebral vessels diameter between WTC and APP/PS1
given different diets. As it is clear from plots C and D, a high-sodium diet
increases the vessels diameter in the APP/PS1 more than in WTC.
Measured data per frame were statistically analyzed for mean and
standard deviation in each frame, in cortical areas for all experimental
groups. The anatomical areas were the same as used for vascular density
analysis indicated in Fig. 3.

After three months of high-sodium diet, cerebral perfusion
fraction f increased in WTC but not significantly in APP/PS1
models. We observed that a high-sodium diet regimen increased cere-
bral perfusion fraction, f in anatomical areas critical for memory and
cognition compared to WTC group that fed a low-sodium diet (p =
0.022). Fig. 5A shows the anatomy of the area selected from cortex and
hippocampus for perfusion fraction analysis. Fig. 5B represents statis-
tical comparison of the mean and SD of averaged perfusion fraction in
ROI of cortex and hippocampus. We observed a statistically significant
increase in F in cortical areas of WTC fed a high-sodium diet (p = 0.022),
but not in hippocampal areas (p = 0.34). Nevertheless, a high-sodium
diet regimen did not significantly alter f in both cortical and hippo-
campal areas of the APP/PS1 group.

A high-sodium diet regimen did not change water diffusion
parameter D in APP/PS1 mouse brain area relevant to memory and
cognition. We investigated the integrity and directional diffusions of
cortical and hippocampal areas of both APP/PS1 and WTC for the
impact of a high-sodium diet. We did not observe any statistically sig-
nificant differences between D of mice under a high-sodium diet
regimen and mice fed a low-sodium diet (Fig. 5C) in both cortical and
hippocampal areas. Data are shown as mean + SD (n = 10).

Cerebral Circulation - Cognition and Behavior 4 (2023) 100161

4. Discussion

In the present study, we found that a 3-month high-sodium diet
regimen (4% NaCl) reduced cerebrovascular density while increasing
vascular diameters in the APP/PS1 model. A high-sodium diet pro-
nouncedly impacts hippocampal pyramidal cells of APP/PS1. In spite of
these changes in cerebrovascular morphology, we did not observe any
significant MRI-visible changes in cerebral perfusion and diffusion.
Rather than using pharmacological agents in this study, we induced
hypertension through diet. Specifically, this study examined the impact
of human lifestyle diets leading to hypertension on the development of
AD. We observed that a high-sodium diet regimen significantly
increased the MAP of WTC, which was in agreement with the findings
from previous studies [34,38]. The results of these studies indicate that a
high-sodium diet regimen may alter the cerebrovascular structure of
APP/PS1 in a different way than WTC.

A high-sodium diet regimen implemented in this study resulted in a
high MAP in WTC. As such, this model has the potential to be used as an
experimental model to investigate the impact of dietary salt loading on
diseases such as AD. Our data indicate that in APP/PS1 that fed a low-
sodium diet, only a small number of hippocampal pyramidal cells
were shrunken (with condensed and deeply stained nuclear chromatin).
While, in APP/PS1 with a 3-month high-sodium diet regimen, the ma-
jority of hippocampal neurons exhibited pyknosis and deep staining
(Fig. 2). Pyramidal neurons are excitatory neurons found in the cortex,
hippocampus, and amygdala. Mechanistically a high-sodium diet
regimen has been shown to increase ROS in the hippocampus and cause
memory loss [28]. However, our data show that the loss of pyramidal
cells is accelerated in APP/PS1. It remains to be investigated if the excess
production of AP exacerbates the impact of a high-sodium diet on
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Fig. 5. Cerebral perfusion and diffusion are not changed significantly because of a high-sodium diet regimen in the APP/PS1. A) Illustration of selected
regions of interest (ROI) in the coronal views. Cortical (in light pink color) and hippocampal areas (in blue color) in three consecutive slices were analyzed for change
in water perfusion and diffusion parameters. B) Four experimental groups including two APP/PS1 mice and two WTC groups were used to analyze perfusion data
(one of each was fed a high-sodium diet while another one was fed a low-sodium diet). Two key parameters of the intravoxel incoherent motion (IVIM) model,
namely f (the perfusion fraction), and D (the diffusion parameter) were compared between these experimental groups. Na* loading significantly increased the CBF in
cortical areas but not in the hippocampus area of WTC. On the other hand, there was no significant difference between the f of APP/PS1 mice fed a low-sodium diet
and APP/PS1 mice fed a high-sodium diet (n = 5-7). C) This panel shows the effect of a high-sodium diet regimen on water diffusion D in the cortical and hip-
pocampal area of APP/PS1 mice and controls. Data are presented as mean + SD (n = 5-7). As it is apparent from this figure, we did not observe any statistically
significant differences between the D of mice on a high-sodium diet regimen and mice fed a low-sodium diet.
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pyramidal neurons.

We observed that in APP/PS1 models, dietary salt loading decreased
the number of collagen IV stained cerebral vessels in cortical and hip-
pocampal areas. High-sodium diets have been implicated in cerebral
vessel damage because of induced hypertension [39,40]. However,
recent findings indicate a direct relationship between dietary salt
loading and cerebrovascular remodeling, as well as cognitive impair-
ment [39,41]. In humans, a short-term regimen of a high-sodium diet
(14.7 g/day for seven days) has been associated with impaired micro-
vascular reactivity regardless of changes in MAP, body composition, or
fluid status [27]. Others further pushed the same line of research to show
that a high-sodium diet suppresses endothelial function [25,26].
Mechanistically the suppression of nitric oxide [23,42] and ROS acti-
vation because of a high-sodium diet were connected to impaired
endothelial functions [24].

Collagen 1V fibers coat the lumens of all vessels. In blood vessels
larger than the arteriole or venule, additional collagen IV fibers repre-
sent the basement membranes of medial smooth muscles. By immuno-
histochemical staining of collagen IV, it is possible to identify the
basement membrane on blood vessels. It is therefore not possible to
distinguish between an enlarged basement membrane and an enlarged
vessel by using collagen IV staining alone. We conducted this study
solely in order to determine the diameter and distribution of cerebral
vessels. We did not expect to observe a sole enlargement of the basement
membrane in the present experiment setting. In this regard, collagen IV
stains may be associated with the diameter of the vessels. The vascular
anatomy can, however, be better understood by staining multiple vessels
at the same time.

We observed that dietary salt loading caused cerebral vessels to
become thicker in both hippocampal and cortical areas of APP/PS1
models (by analyzing collagen IV stained tissues). The impact of diet and
disease on cerebral vessels has been studied in different models of dis-
eases. For example, morphological and architectural changes of cerebral
vessels have been correlated with CBF alteration in the APP23 trans-
genic mice model of AD [43]. Previous studies also reported that chronic
high MAP causes structural alteration of cerebral vessels [44]. To
compare our results with results obtained from other rodent models of
diseases, we have to consider that there is variation in cerebral vessel
diameter as a function of strain [45].

Physiological deficits associated with AD include reduced CBF (ce-
rebral hypoperfusion). [43]. In this study, we investigated the effects of
a high-sodium regimen on CBF in an AD model. We did not observe a
statistically significant difference between the CBF of APP/PS1 and WTC
fed a low-sodium diet. On the other hand, a high-sodium diet regimen
caused a statistically significant increase in CBF in WTC but not in the
APP/PS1 group. Although our data show a slight reduction in APP/PS1
CBF in high-sodium diet groups, it was not statistically significant
compared to WTC littermates. Mounting et al. also found that the CBF
was preserved in a model of cerebral microvascular amyloidosis by using
MRI [44].

The cerebrovascular autoregulation mechanism responds to tran-
sient hypoperfusion and hyperperfusion by regulating cerebrovascular
reactivity [45]. An impaired autoregulation of cerebral perfusion results
in hypoperfusion or hyperperfusion of the brain. A high MAP or AD
pathology can impair cerebrovascular reactivity, which negatively im-
pacts the autoregulation mechanism. A study by Allen et al. shows that a
high-sodium diet, whether short-term or chronic, impairs cerebrovas-
cular autoregulation [46]. In addition, they demonstrate that
salt-induced ANG II suppression initiates impaired CBF regulation [46].
The results of another study on arterial hypertension among the elderly
indicate that a decrease in MAP is associated with tau pathology and a
decline in memory [47].

Recent studies have shown that hypertension is associated with
disrupted white matter integrity in humans [48-50]. In this study, we
did not find any evidence that tissue integrity was disrupted in cortical
and hippocampal areas of APP/PS1 mice fed high-sodium diets.
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Analyzing mean diffusivity (MD) and fractional anisotropy (FA) of ac-
quired diffusion data by DTI [34] and our data acquired by the IVIM
model and analyzing D and f do not provide evidence for tissue integrity
impairment (visible by MRI) in AD models. It is likely that the limita-
tions of APP/PS1 models are responsible for this discrepancy between
animal model data and human data. The APP/PS1 models do not fully
represent the underlying pathogenesis of AD. Also, those reported
human data were mostly collected from relatively small sample sizes and
specific brain regions. However, consistent with our findings, Holland
et al. also showed that hypertension has minimal impact on white matter
integrity in aged hypertensive rats that were fed a high-fat diet [51].

This study has several limitations. This study aimed to model the
impact of a high sodium diet on cerebrovascular morphology and
function in AD. However, it is not known if a high-sodium diet has the
same impact on rodents’ physiology as on humans. Although we induced
hypertension in an animal model with a high-sodium diet regimen in
order to simulate human hypertension, we did not distinguish between
salt-sensitive and salt-insensitive mice in this experiment. As a matter of
fact, this is the case for humans as well. For this study to be applicable to
humans, it is crucial to distinguish between salt-sensitive and salt-
insensitive individuals.

The APP/PS1 was used in this study, as is the case with most AD
studies involving animal models. The APP/PS1 exhibits remarkable
elevation of p-amyloid production associated with certain behavioral
abnormalities. In the cortex and hippocampus of APP/PS1 mice, vessels
were observed to be thinner, disorganized, and less uniform [32]. As a
result of a high-sodium diet, this vascular morphology was altered in this
study. Nevertheless, further research is necessary to understand the
mechanism of APP/PS1 vascular changes and the influence of genetic
modifications on salt sensing and hypertension. Despite all of these
limitations, we consider our study to be one of the few studies that link
cerebrovascular morphology and AD. However, the data we have
collected indicate that high-sodium diets affect cerebrovascular
morphology and cerebral perfusion differently in APP/PS1 than in WTC.

Hypertension is most often associated with the direct relationship
between high sodium diets and brain function. In this study, we present
data regarding the effects of high-sodium diets on cerebrovascular
morphology without resulting in significant MAP increases in APP/PS1
models. Our findings suggest that dietary salt loading may have a direct
impact on cerebrovascular morphology and function in the APP/PS1.
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