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Angiotensin II, hypertension and
angiotensin II receptor antagonism:
Roles in the behavioural and brain
pathology of a mouse model of
Alzheimer’s disease

Maximilian Wiesmann1,2, Monica Roelofs1,
Robert van der Lugt1, Arend Heerschap3,
Amanda J Kiliaan1,* and Jurgen AHR Claassen2,*

Abstract

Elevated angiotensin II causes hypertension and contributes to Alzheimer’s disease by affecting cerebral blood flow.

Angiotensin II receptor blockers may provide candidates to reduce (vascular) risk factors for Alzheimer’s disease. We

studied effects of two months of angiotensin II-induced hypertension on systolic blood pressure, and treatment with the

angiotensin II receptor blockers, eprosartan mesylate, after one month of induced hypertension in wild-type C57bl/6j and

AbPPswe/PS1�E9 (AbPP/PS1/Alzheimer’s disease) mice. AbPP/PS1 showed higher systolic blood pressure than wild-

type. Subsequent eprosartan mesylate treatment restored this elevated systolic blood pressure in all mice. Functional

connectivity was decreased in angiotensin II-infused Alzheimer’s disease and wild-type mice, and only 12 months of

Alzheimer’s disease mice showed impaired cerebral blood flow. Only angiotensin II-infused Alzheimer’s disease mice

exhibited decreased spatial learning in the Morris water maze. Altogether, angiotensin II-induced hypertension not only

exacerbated Alzheimer’s disease-like pathological changes such as impairment of cerebral blood flow, functional con-

nectivity, and cognition only in Alzheimer’s disease model mice, but it also induced decreased functional connectivity in

wild-type mice. However, we could not detect hypertension-induced overexpression of Ab nor increased neuroinflam-

mation. Our findings suggest a link between midlife hypertension, decreased cerebral hemodynamics and connectivity in

an Alzheimer’s disease mouse model. Eprosartan mesylate treatment restored and beneficially affected cerebral blood

flow and connectivity. This model could be used to investigate prevention/treatment strategies in early Alzheimer’s

disease.
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Introduction

Dementia has become a public health problem in the
aging world population.1,2 Alzheimer’s disease (AD)
and vascular dementia (VaD) are the number one and
two disorders, together responsible for most cases of
dementia.3,4 Epidemiological and clinical studies revealed
that AD and VaD share common vascular-related risk
factors such as hypertension, diabetes, hyperlipidemia,
cerebrovascular disease, and arrhythmia.5–12 Of these,
hypertension is the most common cardiovascular risk
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factor for dementia. In coming years, the expected
increase in the prevalence of hypertension due to the
aging world population could also raise the number of
AD patients, since midlife and late-life hypertension
almost double the risk of developing AD in later
life.13,14 Whether this association between hypertension
and AD is causal – and if so, through which mechanism –
remains unknown.

Angiotensin II (AngII), a component of the renin–
angiotensin system (RAS), is a candidate for the hypoth-
esised mechanistic link between hypertension and AD.15

AngII has a prominent role in blood pressure (BP) regu-
lation,16 causing vasoconstriction and elevated BP by
binding to the AngII-receptor type1 (AGTR1) and
type2 (AGTR2),16,17 and is considered to be a key medi-
ator of the clinical syndrome of essential hypertension,18

through chronically induced vasoconstriction, increased
aldosterone secretion, increased sympathetic tone, and
cardiac and vascular hypertrophy.19,20

How could AngII be linked mechanistically to AD?
When initiated during midlife, chronically elevated
levels of AngII, in addition to causing hypertension,
may induce cerebral vascular dysfunction by promoting
vascular remodelling and inflammation,16,21 causing
malfunctioning of the neurovascular unit,22,23 and pro-
moting expression of amyloid-b precursor protein
(AbPP) and Ab production.23

Preclinical data show that cerebrovascular dysfunc-
tion is partly caused by AngII directly, and not via
elevated BP alone.24 A decreased cerebral blood flow
(CBF) is an important and consistent early feature of
AD, possibly as result of the accumulation of Ab in or
close to blood vessels.25–27 Another hallmark of AD is a
reduced glucose metabolism particularly in the tem-
poral and parietal cortex.28,29 Being selectively highly
expressed in the capillary endothelium of the brain,
glucose transporter type 1 (GLUT-1) is responsible
for transfer of glucose across the blood–brain barrier.30

A decreased hippocampal and cortical amount of
GLUT-1 has been revealed in the brains of AD
patients.31–33 Another important component of AD
pathology is neuroinflammation, manifested by activa-
tion of microglia.34–36 Ionised calcium-binding adapter
molecule 1 (IBA-1) is a marker for active and resting
microglia.37–39 GLUT-1 and IBA-1 are used in this
study as markers for changes in metabolism, vascular
density, and neuroinflammation.

Further support for this mechanistic link between
AngII and AD comes from recent clinical trials and
studies in animal models showing that AD pathology
can be reduced via RAS.40–43

AngII receptor blockers (ARBs) specifically inhibit
the activation of AGTR1 and thus the actions of
AngII.41 Preclinical and clinical studies indicate that
antihypertensives may reduce the development of

AD.44,45 Specifically, ARBs have been associated with
a reduced risk of AD.46,47 Findings from the
Observational Study on Cognitive function and SBP
Reduction (OSCAR) suggest that Eprosartan (ARB)
is associated with preservation or improvement of cog-
nitive performance.48 A case–control analysis showed
that patients on ARBs and ACE-Is had a respectively
53% and 24% reduced risk of AD, compared to
patients on other antihypertensives.46

If indeed AngII is a causal factor linking hyperten-
sion to AD, we hypothesise three potential mechan-
isms: (1) AngII initiates Ab accumulation through
increased production and/or reduced clearance, leading
to AD pathology; (2) Ab accumulation is initiated by
other factors, but AngII contributes to AD by enhan-
cing cerebrovascular toxicity and inflammatory potency
of Ab, and/or by contributing to enhanced Ab produc-
tion or reduced Ab clearance; (3) AngII leads to neu-
rovascular dysfunction causing cognitive decline
independent of AD pathology, but adding to the cog-
nitive effects of AD or even mimicking AD in absence
of underlying AD pathology.

To investigate these hypotheses, we developed a
translational animal model to study the following
mechanisms: (1) Can AngII induce AD-related path-
ology in wild-type (WT) mice; (2) Can AngII exacer-
bate AD pathology in the AbPP/PS1 mouse model for
AD; (3) Can AngII induce cerebrovascular, metabolic/
inflammatory, and/or functional connectivity (FC)
changes that mimic AD in WT animals or that add to
the effects of AD pathology in AbPP/PS1 mice. In add-
ition, to uncover the effects of AngII on AD, we aim to
investigate whether treatment with the AngII receptor
antagonist eprosartan mesylate (EM) is able to prevent
or reduce AngII-induced changes. The overall aim of
this study is to elucidate the mechanisms through which
hypertension and antihypertensive treatment influence
AD. Translational characteristics of this study are the
exposure to AngII at 10 months to simulate midlife
hypertension, inclusion of WT animals in addition to
transgenic animals to better translate to sporadic AD,
and the use of magnetic resonance imaging (MRI) tech-
niques with protocols similar to those used in clinical
studies. We use flow-sensitive alternating inversion
recovery-arterial spin labeling (FAIR-ASL) to measure
changes in CBF and diffusion tensor imaging (DTI) to
reveal pathological adaptations in microstructural
integrity of the white matter (WM) and grey matter
(GM). Several studies have revealed decreases in CBF
in AD compared to healthy controls such as prefrontal
cortex,49 temporo-occipital and parieto-occipital asso-
ciation cortices,50 and hippocampus.51 Mean diffusivity
(MD) is a measure of DTI which increases in presence
of tissue damage.52 Previous studies demonstrated an
increased MD not only in frontal53,54 and temporal

Wiesmann et al. 2397



lobes,53–58 but also in intercerebral tracts, including the
superior superior longitudinal fasciculus59 and the
corpus callosum.54

Materials and methods

Animals

The AbPPswe/PS1dE9 (AbPP/PS1) founder mice were
originally obtained from John Hopkins University,
Baltimore, MD, USA (D. Borchelt and J. Jankowsky,
Department of Pathology),60,61 and a colony is bred at
the Central Animal Facility at Radboud University
Medical Center, The Netherlands. This line was origin-
ally maintained on a hybrid background by backcross-
ing to C3HeJ�C57BL/6J F1 mice, and for the present
work, the breeder mice were backcrossed to C57BL/6J
for 15 generations to obtain mice for the current study.
Before the actual experiments, animals were housed
socially with a maximum of six animals per cage,
with room temperature at 21�C, and artificial 12:12 h
light:dark cycle (lights on at 7 a.m.). Throughout the
experiments, the mice were housed separately after the
micro-osmotic pump implantation to control intake of
drinking water or water mixed with medication. Food
and water were available ad libitum.

We used 51 10-month-old male mice (29 WT litter-
mates and 22 AbPP/PS1 mice); at 12 months of age, all
animals completed the experiments and were eutha-
nised. All experiments were performed between 8 a.m.
and 6 p.m.

Study design, randomisation, and blinding

This was a randomised and controlled assessor-double-
blind study. The experiments were performed according
to the Dutch federal regulations for animal protection
and approved (WP130084þRU-DEC 2013-001) by the
Veterinary Authority of Radboud University Medical
Center, Nijmegen, The Netherlands and the Animal
Experiment Committee of the Radboud University,
Nijmegen, The Netherlands. The reporting of the
animal experiments is according to ARRIVE guide-
lines.62 Per experimental subgroup, the selection of ani-
mals was randomised. There was no increased mortality
(n¼ 0) in this study. For the sample size calculation and
ranked experimental outcomes per research question,
see the supplementary materials. The AbPP/PS1 and
WT mice were split in two main groups: (1) induced
hypertension (using AngII-infusion delivered by sub-
cutaneously implanted micro-osmotic pumps) and (2)
controls (saline infusion, further called Sal-infused ani-
mals/ mice). Supplemental Table 1 provides an over-
view of the study design and number of animals per
group. No animals were excluded from analysis. After

one month, both animal groups on AngII or saline
infusion were further divided into two subgroups: treat-
ment with EM (ARB) and standard drinking water as
control. At age 10 and 11 months, systolic BP (SBP)
was measured. Morris water maze (MWM) was exerted
at 11 months. MRI measurements were performed at
the age of 12 months. Post mortem immunohistochem-
ical and biochemical procedures were performed.

Micropumps implantation and tail-cuff
plethysmography

The implantation of the micro-osmotic pumps (ALZET,
CA, USA, model 1004) to deliver either AngII
(500 ng�kg�1�min�1, Sigma-Aldrich, Missouri, USA) or
sterile saline (Sigma-Aldrich, Missouri, USA) and the
tail-cuff plethysmography (IITC Life Scientific
Instruments, Woodland Hills, CA) were performed, as
previously described.63

Drug treatment

To investigate the effects of an AngII receptor antagon-
ist, mice were supplemented with EM (Sigma-Aldrich,
Missouri, USA) dissolved in drinking water for four
weeks (0.35mg�kg�1�day�1), like previously described.63

Morris water maze

Spatial learning and memory were tested in the MWM
(for more detailed information, see Janssen et al.64).

MRI protocol

MRI measurements were performed, as previously
described.65 For the imaging procedure, the animals
were anaesthetised with isoflurane (3.5% for fast induc-
tion and 1.7% for maintenance) in a 2:1 oxygen and
N2O mixture (normal gas condition) or in a 3:0 oxygen
and N2O mixture (vasoconstriction) with an air flow of
300mL/min, and placed in a stereotactic holder to pre-
vent movement during the scanning. Body temperature
was monitored with a rectal temperature probe and
maintained at 37�C with heated airflow. Respiration
of the animal was monitored using a pneumatic cushion
respiratory monitoring system (Small Animal
Instruments Inc, NY, USA). First gradient echo T2*-
weighted images covering the entire mouse brain were
acquired in three directions for anatomical reference
using previously described image parameters.66

Cerebral blood flow

MR perfusion data were measured with FAIR MRI
techniques; from a series of echo planar imaging
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(EPI), images in three different regions of interest (ROI)
were evaluated67,68 in the cerebral cortex (all cortical
regions above corpus callosum), hippocampus, thal-
amus according to the Paxinos and Franklin atlas.69

Regional CBF was calculated as described earlier.66

Diffusion tensor imaging

Diffusion of water was imaged as described previ-
ously.70,71 Mean water diffusivity (MD) and fractional
anisotropy (FA) were derived from the tensor estima-
tion following a protocol as described elsewhere.71 MD
and FA values were measured in several WM and GM
areas, manually selected based on an anatomical
atlas.69

Resting-state fMRI

Subsequently after the acquisition of the anatomical
reference images, resting-state fMRI (rsfMRI) datasets
were acquired using a single-shot spin-echo sequence
combined with EPI (SE-EPI) sequence in anaesthetised
mice, as published previously.65 FC group comparison
between ROIs (left and right dorsal hippocampus, left
and right ventral hippocampus, left and right auditory
cortex, left and right motor cortex, left and right som-
atosensory cortex, and left and right visual cortex) were
calculated from the blood oxygen level dependent
(BOLD) time series using total correlation analyses
implemented in FSLNets (FSLNets v0.3; www.fmrib.
ox.ac.uk/fsl), using previously published protocol.65

Pearson’s correlation values were Fisher transformed
to Z-scores for group comparisons and statistical
analysis.

Immunohistochemical procedures

After scanning, the mice were sacrificed by transcardial
perfusion using 0.1M phosphate-buffered saline (PBS).
Details on tissue preparation and sectioning are
described earlier.71

A triple fluorescent staining for glucose transporter-
1 (GLUT-1), IBA-1, and Ab was performed on free-
floating brain sections on shaker tables at room
temperature. Brain sections were first rinsed with
0.1M PBS and pre-incubated in 0.5mL 0.1M PBS-
BT for 30min. After pre-incubation, primary antibodies
(Ab: Mouse anti-human-Ab 1:10000; WO-2 antibody,
mouse anti-human Ab4-10, T Hartmann, Heidelberg,
Germany), IBA-1: Goat anti-IBA-1 (1:750; Abcam,
Cambridge, UK), and GLUT-1: Rabbit anti-GLUT-1
(1:5000; Millipore, Billerica, MA, USA) were added
for 16h. All sections were rinsed and the secondary anti-
bodies (Ab: Alexa647-conjugated donkey anti-mouse
IgG, IBA-1: Cy3-conjugated donkey anti-goat IgG,

GLUT-1: Alexa 488-conjugated donkey anti-Rabbit
IgG; Jackson Immunoresearch Inc, Allentown, PA,
USA) was added for 3 h in the dark. After rinsing,
mounting, and drying sections were enclosed with
Fluorsave (Calbuichem, Canada).

Quantification

Brain sections between bregma �1.46 and �2.3069 were
preselected for quantification. Quantification was done
at a 5� magnification using an Axio Imager (A2, Zeiss
Germany). ImageJ (National Institute of Health,
Bethesda, MD, USA) was used to analyse the ROI
(cortex, hippocampus, and thalamus).

Statistics

For statistical analyses, IBM SPSS Statistics 20 soft-
ware was used (IBM Corporation, New York, NY,
USA).

We first analysed data gathered under untreated
conditions (no EM). To unravel the impact of AngII-
induced hypertension on all parameters and the
possible genotype by AngII-induced hypertension inter-
actions, data were analysed separately with univariate/
multivariate analysis of variance (ANOVA) with
Bonferroni correction.

To assess effects of treatment (EM), data were
analysed separately for AngII-infused and Sal-infused
animals with univariate/multivariate ANOVA with
Bonferroni correction for multiple comparisons. After
overall analysis, data were split into the specific inter-
acting factors, when significantly different.

The repeated measures ANOVA with Bonferroni
correction was only used for the acquisition phase of
the MWM (with the repeated measure: acquisition
days/time). All values of the MWM acquisition are
expressed as mean�SEM for. All other results
are shown in box plots with whiskers. The hinges of
the boxes extend from the 25th to 75th percentiles of
the data. The whiskers are drawn down to the 5th per-
centile and up to the 95th. For all statistical analyses,
there are significant comparisons between groups and
treatments over all experimental outcome measures,
and Type I error was consistently controlled and lim-
ited to p� 0.05 overall.

Results

Body weight was not influenced by genotype, AngII-
infusion nor treatment with EM before (10 months),
and during the experiment (11 and 12 months)
(Figure 1(a)).

At 11 months of age, AngII-infused mice, both
AbPP/PS1 and WT mice, drank daily more water
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than Sal-infused mice (Figure 1(b), F(1,22)¼ 7.5,
p¼ 0.012).

Systolic blood pressure

Aging by genotype interactions on the relationship between

AngII and SBP. Repeated measures ANOVA revealed a
genotype by AngII interaction on SBP (p¼ 0.032) over
time (Figure 1(c)).

AngII effectively increased SBP (11 months:
44.6� 4.8mmHg; 12 months: 45.5� 4.9mmHg) in all
mice compared to littermates without AngII at 11 and
12 months of age (11 months, F(1,22)¼ 85.0, p< 0.001;
12 months, F(1,22)¼ 85.6, p< 0.001).

At 12 months of age, all AbPP/PS1 mice had a higher
SBP than corresponding WT (11.4� 4.9mmHg;
F(1,22)¼ 5.4, p¼ 0.030).

AngII, antihypertensive treatment with EM, and SBP. At 12
months of age, EM treatment lowered SBP (Figure

1(d);�42.5� 6.5mmHg; F(1,22)¼ 42.8, p< 0.001)
only in AngII-infused animals, and not in Sal-infused
animals.

Cerebral blood flow

One representative high-resolution voxel-wise analysed
CBF image is shown in Figure 2(a). At 12 months of
age, CBF was measured in the cortex (Figure 2(b)),
hippocampus (Figure 2(c)), and thalamus (Figure 2(d)).

Furthermore, CBF was acquired in two standardised
gas concentrations: normal (200 O2: 100 N2O mL/min)
and vasoconstriction (300 O2: 0 N2O mL/min). For
each ROI (cortex, hippocampus, thalamus) and each
gas concentration (normal (200 O2: 100 N2O mL/min)
and vasoconstriction (300 O2: 0 N2O mL/min)), data
were analysed on one hand to detect genotype effects on
the relationship between AngII and CBF, and on the
other hand to investigate the relationship between
AngII, antihypertensive treatment with EM, and CBF.

Figure 1. Effect of aging, angiotensin II (AngII)-infusion, and treatment with eprosartan mesylate (EM) on body weight (a), drinking

behaviour (b), systolic blood pressure (cþd, SBP) of AbPP/PS1, and wild-type (WT) mice treated with EM versus water as control. (a)

No significant genotype, AngII, or EM effects were observed on body weight. (b) AngII-infusion increased water intake both in

untreated AbPP/PS1 and WT (p¼ 0.012) compared to their corresponding control Sal-infused (saline) littermates. This effect was not

influenced by genotype or treatment with EM in AngII-infused and Sal-infused animals. (c) SBP was measured for two consecutive days

in trained, conscious, and preheated mice using computerised tail-cuff plethysmography. During both experimental months, infusion

with AngII effectively increased SBP (11 months: 44.6� 4.8 mmHg; 12 months: 45.5� 4.9 mmHg) in all mice compared to littermates

without AngII (11 months, p< 0.001; 12 months, p< 0.001). At 12 months of age, untreated (no EM) Sal-infused and AngII-infused

AbPP/PS1 mice had a higher SBP than their corresponding WT mice (11.4� 4.9 mmHg; p¼ 0.030). (d) Only in AngII-infused animals,

not in Sal-infused animals, treatment with EM lowered SBP (�42.5� 6.5 mmHg; p< 0.001).
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Figure 2. Cerebral blood flow (CBF) measurements of the brains of 12-month-old saline-infused (Sal) and Angiotensin II-infused

(AngII) AbPP/PS1 and wild-type (WT) mice, treated with eprosartan mesylate (EM) vs. normal drinking water as control. CBF was

measured with flow-sensitive alternating inversion recovery MRI technique, from a series of echo planar imaging images. One rep-

resentative high-resolution voxel-wise analysed CBF image for each single animal group is shown (a). The figure shows the cerebral

perfusion data of AbPP/PS1 and WT mice infused with either saline (sal) or angiotensin II (AngII) and treated with either eprosartan

mesylate (EM) compared to water as control. The CBF was measured in three different regions of interest (ROI): Cortex (b),

hippocampus (c), and thalamus (d). (b) Under normal gas concentration (normoxia¼ 2:1 O2 and N2O mixture) all untreated (no EM)

AbPP/PS1 mice exhibited a decreased cortical CBF compared to their corresponding WT littermates (p¼ 0.012). Again, under gas

concentration inducing vasoconstriction (3: O2 and N2O mixture), all untreated (no EM) AbPP/PS1 mice demonstrated a decreased

cortical CBF compared to their corresponding WT littermates (p¼ 0.009). (c) Under normal gas concentration, Treatment with EM

increased hippocampal CBF both in AngII- (p¼ 0.001) and Sal-infused (p¼ 0.012) animals compared with untreated (no EM) animals.
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Cortex. Normal gas condition: AbPP/PS1 mice had a
lower cortical CBF than WT littermates
(�36.7� 13.2mL/100 g/min; F(1,19)¼ 7.7, p¼ 0.012).

Gas condition inducing vasoconstriction: AbPP/PS1
mice had a decreased cortical CBF compared to corres-
ponding WT littermates (�38.5� 13.1mL/100 g/min;
F(1,19)¼ 8.6, p¼ 0.009).

Hippocampus. Normal gas condition: Treatment with
EM increased hippocampal CBF both in AngII-
(44.5� 10.9mL/100g/min; F(1,21)¼ 16.5, p¼ 0.001)
and Sal-infused (25.5� 9.0mL/100 g/min; F(1,16)¼ 8.0,
p¼ 0.012) animals compared with untreated (no EM)
animals.

Gas condition inducing vasoconstriction: No signifi-
cant differences were found.

Thalamus. Normal gas condition: No significant differ-
ences were found.

Gas condition inducing vasoconstriction: No signifi-
cant differences were found.

Diffusion tensor imaging

In this study, brain diffusivity determined with DTI is a
measure for white and GM integrity. One DTI measure
is FA being a marker for myelination and fibre density
of WM and MD represents an inverse measure of mem-
brane density, and sensitive measure for cellularity,
oedema, and necrosis in GM.72–74

Quantitative assessment of diffusion tensor-derived
indices was performed for ROIs drawn in white and
grey matter regions (Figure 3(a)) to assess effects of
AngII-induced hypertension and genotype in 12-
month-old AbPP/PS1 and WT mice (Figure 2(b) and
(c)). Moreover, in AngII-infused and Sal-infused mice,
the impact of antihypertensive treatment with EM on
microstructural integrity in white and GM regions was
measured.

Fractional anisotropy. Treatment with EM led to higher
hippocampal FA in all AngII-infused animals (trans-
genic and WT) (F(1,18)¼ 5.0, p¼ 0.039), also in the
optic tract (F(1,17)¼ 12.9, p¼ 0.002) compared to ani-
mals without EM.

Mean diffusivity. EM treatment decreased MD in the
motor cortex of all Sal-infused mice (F(1,13)¼ 8.0,
p¼ 0.014) compared to Sal-infused mice without EM.
Only in AngII-infused animals, a genotype by EM
interaction was detected for MD in motor cortex
(p¼ 0.036) and optic tract (p¼ 0.008).

In detail, non-EM-treated AngII-infused AbPP/PS1
mice showed lower MD in the optic tract compared to
WT (F(1,8)¼ 7.4, p¼ 0.026).

However, on EM treatment, the MD in the motor
cortex of AngII-infused AbPP/PS1 mice was decreased
compared to the non-treated mouse (F(1,9)¼ 6.4,
p¼ 0.033). In AngII-infused EM-treated WT, a
decreased MD in the optic tract was found compared
to the non-treated mouse (F(1,8)¼ 6.4, p¼ 0.035).

Resting-state fMRI

rsfMRI is based on the principle that during the resting
state in functionally related brain regions spontaneous
low-frequency fluctuations (<0.08 Hz) of the BOLD
signals occur synchronously implying a possible neur-
onal FC. Li et al.75 showed that AD patients have a
different FC including alterations in the visual, sensory
motor, and visual networks. Therefore, we also
included these ROI (visual, motor, and somatosensory
cortex) in our analysis. To compare FC patterns in 12-
month-old mice (Figure 4), rsfMRI data were analysed
for genotype and AngII effects in untreated animals. In
addition, in AngII-infused and Sal-infused mice, the
effect of antihypertensive treatment with EM on FC
was investigated.

Total correlation analyses. AbPP/PS1 showed no differ-
ences in FC compared to their WT littermates.

Notably, in both AbPP/PS1 and WT mice, AngII-
induced hypertension led to a decreased FC between
several brain regions, see supplementary Table 2.

Investigating the effect of antihypertensive treatment
with EM on FC in AngII-infused and Sal-infused ani-
mals revealed only negative effects of EM in Sal-infused
animals and only positive effects on the FC in AngII-
infused animals. More specifically, Sal-infused mice
treated with EM had a lower FC between several
brain regions than Sal-infused mice not treated with
EM, see supplementary Table 2. In contrast, AngII-
infused mice on EM showed a higher FC than non-
EM-treated AngII-infused mice between many brain
regions, see supplementary Table 2.

Morris water maze

All mice were trained in the water maze task to assess
spatial learning capacity at 11 months of age (Figure 5).
During task acquisition, the latency to reach the plat-
form was assessed (Figure 5(a) to (c)). Spatial memory
was measured with the probe trial 1 h after the last
regular trial on the last day of the MWM experiment
using the frequency of crossing the northeast quadrant
containing the platform position (Figure 5(d)).

Acquisition. A genotype by AngII interaction was found
for the latency to reach the platform in the acquisition
phase (Figure 5(a), p¼ 0.009). Sal-infused AbPP/PS1
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(F(3,9)¼ 4.2, p¼ 0.041) and WT mice (F(3,24)¼ 5.4,
p¼ 0.006), and also AngII-infused WT mice
(F(3,18)¼ 5.9, p¼ 0.005) were able to learn to find the
platform from acquisition day 1 to day 4, whereas
AngII-infused AbPP/PS1 mice (F(3,15)¼ 2.5,
p¼ 0.100) did not learn to find the platform from
acquisition day 1 to day 4. Combining EM-treated
with untreated mice revealed no effect or a genotype
by antihypertensive treatment interaction (Figure 5(b)
and (c)).

Probe. Wedetected no effects of genotype,AngII-infusion,
or antihypertensive treatment with EM (Figure 5(d)).

Immunohistochemical procedures

To analyse effects of genotype and AngII in
untreated animals, AngII-infused and Sal-infused
mice and also the effect of an antihypertensive treat-
ment with EM on metabolism, vascular density, neu-
roinflammation and amount of Ab, all brains were

Figure 3. Diffusion tensor imaging (DTI) measurements of the brains of 12-month-old saline-infused (Sal) and Angiotensin II-infused

(AngII) AbPP/PS1 (Alzheimer’s disease, AD) and wild-type (WT) mice, treated with eprosartan mesylate (EM) vs. normal drinking

water as control. Quantitative assessment of diffusion tensor-derived indices was performed for regions of interest (ROI; AUC:

auditory cortex; CC: corpus callosum; F: fornix; HC: hippocampus; MC: motor cortex; OT: optic tract; SSC: somatosensory cortex,

VC: visual cortex). (a) ROIs were drawn in white and grey matter to assess effects of AngII-infusion (induced hypertension) and

antihypertensive treatment with EM in 12-month-old AbPP/PS1 and WT mice on fractional anisotropy (b) and mean diffusivity (c). (B)

Under AngII-infusion, hippocampal FA (p¼ 0.039) and FA in the optic tract (p¼ 0.002) were higher if animals were treated with EM

compared with AngII without EM. (c) In all Sal-infused mice, EM treatment decreased MD in the motor cortex (p¼ 0.014). AngII-

infused AbPP/PS1 mice (no EM) had a lower MD in the optic tract than their WT littermates (p¼ 0.026). However, on EM treatment

MD in the motor cortex of AngII-infused AbPP/PS1 mice was decreased compared to their non-treated littermates (p¼ 0.033). Under

AngII-infusion, WT mice on EM had a decreased MD in the optic tract compared to their untreated littermates (no EM) (p¼ 0.035).
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stained for glucose transporter-1 (GLUT-1), against
IBA-1 and WO-2 antibody (mouse anti-human
Ab4–10) (Figure 6(a)).

GLUT-1 staining. All brains were processed for immuno-
histochemical staining with GLUT-1 antibody. In order
to reveal the changes in total amount of GLUT-1, we
measured the relative area of the total section area
being stained for GLUT-1 in the cortex, hippocampus,
and thalamus (Figure 6(b)). While in the cortical and
hippocampal regions, no effects were detected, all
AngII-infused animals displayed increased GLUT-1 in
the thalamus compared to their Sal-infused littermates
(F(1,22)¼ 3.4, p¼ 0.039).

Only in thalamic regions of all Sal-infused mice, EM
treatment increased amount of GLUT-1 (F(1,20)¼ 5.3,
p¼ 0.032).

We also measured vascular density via the number
of GLUT-1þ bloodvessels, but no significant effects
were found (data not shown).

IBA-1 staining. The brains of all mice were immunohis-
tochemically stained for IBA-1. IBA-1 is specifically
expressed in activated microglia. The typical example
of the combined picture of Figure 6(a) demonstrates
clearly the colocalisation of IBA-1 with Ab. We mea-
sured relative area of the total section area being
stained for IBA-1 in the cortex, hippocampus, and thal-
amus as measure for amount of activated microglia
(Figure 6(c)).

No significant results were found for the amount of
activated microglia.

�-Amyloid staining. The brains of all AbPP/PS1 mice were
immunohistochemically stained with WO-2 antibody.
As previously shown, brains of WT mice showed no
immunoreactivity with this antibody,76 while Ab depos-
its in transgenic mice were intensively stained. We mea-
sured the relative area of the total section area covered
with Ab depositions in the cortex, hippocampus, and
thalamus (Figure 6(d)).

Figure 4. Resting-state functional connectivity (FC) based on total correlation analyses of 12 ROI in the brain of 12-month-old Sal-

infused (saline) and AngII-infused (angiotensin II) AbPP/PS1 and wild-type (WT) mice, treated with eprosartan mesylate (EM) vs.

normal drinking water as control. In summary, for the overall correlations, no significant genotype effects were detected in the dorsal

and ventral hippocampus (hipp), and auditory, motor, somatosensory (SS) and visual cortex (ctx) of untreated animals (no EM).

Notably, in all mice, AbPP/PS1 and WT mice, AngII-induced hypertension led to a decrease in FC between several brain regions, i.e.

left dorsal hippocampus to right ventral hippocampus, left ventral hippocampus to left visual cortex, and right auditory ctx to right

motor ctx. Investigating the effect of antihypertensive treatment with EM on FC in AngII-infused and Sal-infused animals revealed only

negative effects of EM in normotensive animals and only positive effects on the FC in AngII-infused animals. A detailed description of

the effects found in the total correlation analyses of the resting-state FC data is given in supplementary Table 2.
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Figure 6. Distribution of glucose transporter-1 (GLUT-1), ionised calcium-binding adapter molecule 1 (IBA-1), and amyloid-b (Ab) in

the cortex, hippocampus, and thalamus of 12-month-old Sal-infused (saline) and AngII-infused (Angiotensin II) AbPP/PS1 (Alzheimer’s

disease, AD) and wild-type (WT) mice, treated with eprosartan mesylate (EM) vs. normal drinking water as control. A representative

example of vessel density (GLUT-1), neuroinflammation (IBA-1), Ab staining, and an overlay of all three staining in an AbPP/PS1 mouse

is shown (a). (b) The brains of all mice underwent immunohistochemical staining with GLUT-1 antibody representing amount of GLUT-

1. While in the cortical and hippocampal regions, no effect was detected, all AngII-infused animals displayed an increased amount of

GLUT-1 in the thalamus compared to their Sal-infused littermates (p¼ 0.039). Only in thalamic regions of all Sal-infused mice, EM

treatment increased amount of GLUT-1 (p¼ 0.032). (c) The brains of all mice were immunohistochemically stained with an antibody

against IBA-1 being specifically expressed in activated microglia. Notably, Ab and microglia are colocalised as demonstrated in the

combined picture. No significant differences were found for IBA-1. (d) The brains of all AbPP/PS1 mice were immunohistochemically

stained with WO-2/Ab antibody (mouse anti-human Ab4–10). No significant AngII- or antihypertensive treatment effects were found.

Figure 5. Analysed data of the Morris water maze (MWM) performed by 11-month-old Sal-infused (saline) and AngII-infused

(angiotensin II) AbPP/PS1 (Alzheimer’s disease, AD) and wild-type (WT) mice, treated with eprosartan mesylate (EM) vs. normal

drinking water as control. While during task acquisition, all mice were trained in the MWM to assess spatial learning capabilities during

11 month of age (aþbþc); during the probe phase, the ability to remember the former platform location in the pool area was

measured using the frequency of crossing NE quadrant of the pool area containing the platform location was measured as probe trial

performance (d). (a) Task acquisition performance revealed that in untreated mice (no EM) almost all animal groups, Sal-infused WT

mice (p¼ 0.006), Sal-infused AbPP/PS1 mice (p¼ 0.041), and AngII-infused WT mice (p¼ 0.005), were able to learn to find the

platform from acquisition day 1 to day 4, except of the AngII-infused AbPP/PS1 mice. This latter experimental group could not learn to

find the platform from acquisition day 1 to day 4 (p¼ 0.100). (bþc) Combining EM-treated with untreated mice revealed no effect nor

a genotype by antihypertensive treatment interaction. (d) During the probe trial of the MWM, the ability to cross NE quadrant of the

pool area containing the platform location was measured as probe trial performance indicating spatial memory capacity. No effect on

spatial memory was found.
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No significant results were found for the area cov-
ered with Ab depositions in the cortex, hippocampus,
and thalamus.

A summary of all experimental results is given in
Table 1.

Discussion

This study assessed the potential relationships between
angiotensin-II-induced hypertension and AD-related
cerebrovascular, metabolic, connectivity, and cognitive
changes in a mouse model for AD and WT controls. A

summary of all significant results can be found in
Table 1.

We found that AngII-induced hypertension did not
induce a total AD pathology in WT mice. One explan-
ation for these results could be the use of relatively
young mice. In accordance, Toth et al.77 showed that
aging impairs autoregulatory protection in the brain,
and this aggravates potentially cerebromicrovascular
injury and neuroinflammation.

However, AngII led to a reduced FC in these WT
mice, see supplementary Table 2. In clinical studies, a
decreased FC was found in AD patients.78–80

Table 1. Summary of all significant results.

Parameter Results

Body weight

Drinking behaviour " in AngII-infused mice

SBP Aging " in AngII-infused mice

12-Month " in AngII-infused mice; " in AD mice; # in AngII-infused

mice on EM

CBF Cortex # in AD mice

Hippocampus " in mice on EM

Thalamus

DTI FA Auditory cortex

Corpus callosum

Fornix

Hippocampus " in AngII-infused animals on EM

Motor cortex

Optic tract " in AngII-infused animals on EM

Somatosensory cortex

Visual cortex

MD Auditory cortex

Corpus callosum

Fornix

Hippocampus

Motor cortex # in Sal-infused mice on EM; # in AngII-infused AD mice

on EM

Optic tract # in AngII-infused WT mice on EM

Somatosensory cortex

Visual cortex

rsfMRI Total correlations # in AngII-infused mice; # in Sal-infused mice on EM; "

in AngII-infused mice on EM

MWM Acquisition Latency times # spatial learning in AngII-infused AD mice

Probe # NE-quadrant

IHC GLUT-1 " in thalamus of AngII-infused mice; " in thalamus of

mice on EM

IBA-1

Ab

AngII: Angiotensin II; AD: Alzheimer’s disease; SBP: systolic blood pressure; EM: eprosartan mesylate; CBF: cerebral blood flow; DTI: diffusion tensor

imaging; FA: fractional anisotropy; MD: mean diffusivity; Sal: saline; rsfMRI: resting-state functional MRI; Total: total correlations; partial: partial cor-

relations; MWM: Morris water maze; NE: north-east; GLUT-1: glucose transporter-1; IBA-1: ionised calcium-binding adapter molecule 1; Ab: amyloid-b.
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In support, a preclinical study using a mouse model for
cerebral amyloidosis showed a compromised FC result-
ing in functional impairments affecting the sensory
motor cortex already in pre-plaque stage.81 In the cur-
rent study, we showed that in a hypertension model a
reduction in FC could be introduced via AngII-induced
hypertension, in absence of classical AD pathology
(amyloidosis). A limitation of the acquired FC results
is that the rsfMRI measurements are performed in iso-
flurane anaesthetised mice. Fortunately, in both pre-
clinical and clinical studies using rsfMRI, a general
structure of the functional networks transcending
levels of consciousness was detected.82–84 Zhou et al.85

and Liang et al.86 have confirmed the presence of a
bilateral cortical connectivity in several cortical regions
also under isoflurane anaesthesia. Nevertheless, in iso-
flurane anaesthetised mice Jonckers et al.87 and
Guilfoyle et al.88 did not find the same level of bilateral
connectivity. However, in our previous and recent stu-
dies using isoflurane as anaesthesia, we confirmed the
presence of networks in several well-defined cortical
and subcortical brain regions in two different murine
models for vascular risk factors for AD.65,89 In our
previous work, we confirmed that both FC and CBF
are dependent on isoflurane concentrations, and both
FC and CBF decline with concentrations of isoflurane
>2.2%, but do not further decline below a concentra-
tion of 2.2%.90 Therefore, using the low-dose isoflurane
(�1.7%) in this recent experiment will preserve the rest-
ing-state networks and will not interfere with the out-
come of this study, as all animals were kept under the
same low isoflurane concentration.

Second, we used an AD mouse model to study the
influence of AngII-induced hypertension on AD path-
ology. As expected, in all mice (AD and WT), AngII
increased SBP. This result is in line with other studies
showing that AngII causes vasoconstriction and
increased BP by binding to AT1 and AT2 recep-
tors.16,17,67 However, at 12 months of age, our AD
mice had a higher SBP than their WT littermates, con-
firming recent findings.63 Our results revealed a rela-
tionship between aging, AngII-induced hypertension
and Alzheimer-like (Ab-overexpression) pathology
leading to an increased SBP. A possible explanation
for this finding is that Ab enhances the vasoconstrictive
effect of AngII, or causes vasoconstriction independent
of AngII. Niwa et al.26 have shown that Ab acts directly
on cerebral arteries to enhance vasoconstriction and to
stimulate selected constrictor responses, resulting in a
reduced CBF. In accordance, we showed that our AD
mice showed also an impaired CBF, similar to our ear-
lier study in the same AD mouse model.66 Studies in
patients with mild cognitive impairment (MCI) and AD
patients also identified a significant reduction in regio-
nal and global CBF.90 Whether this reduction is due to

reduced metabolic demand or due to vascular pathology
is difficult to disentangle in human studies. Contrarily to
our expectations, we could not detect hypertension-
induced overexpression of Ab in the cortex, hippocam-
pus nor thalamus in the brains of the AD-like mice,
while these mice do show impaired cortical CBF. Sun
et al.91 induced hypoxia, a direct consequence of hypo-
perfusion, in another Ab overexpressing mouse model
at eight months of age and revealed both an increased
Ab deposition and neuritic plaque formation, whereas
in our study hypertension was induced by AngII-
infusion for only 2 months starting from 10 months of
age. A limitation of this study is the usage of a relatively
high dosage (500 ng�kg�1�min�1) of AngII being
infused via osmotic minipumps for 2 months starting
from 10 months of age. Using this hypertension
model, we wanted to simulate hypertension during mid-
life via chronically elevated levels of AngII for only two
months. Therefore, we needed a slightly higher dosage
of AngII increasing SBP already after a short period of
time to induce AngII-induced hypertension and the con-
sequent pathological changes resembling the human
situation. For example, the Honolulu Asia Aging
Study revealed that untreated hypertension during mid-
life can increase the risk for late age dementia in men.7

Dosages of 200ng�kg�1�min�1 and 400ng�kg�1�min�1

using the same slow pressor model have proven not to
elevate SBP within the first six days after the implant-
ation of the osmotic minipumps, while a dosage of
1.000ng�kg�1�min�1 heightened SBP already at three
days after the implantation.92 However, Qi et al.93

also infused six-week-old mice via osmotic
minipumps with even a higher dosage of AngII
(1.500 ng�kg�1�min�1) for seven days increasing SBP
already at four days post operation. Nevertheless,
Edgley et al.94 have proven that intravenous infusions
of AngII into the systemic circulation require much
lower dosages of AngII.

In summary, our AD mice exhibited an increased
SBP and a decreased cortical CBF. In addition, AD
mice on AngII showed a decreased FC like their WT
littermates, but only in these AngII-infused AD mice
did this lead to a lowered spatial learning capacity.
RsfMRI has developed into a method for the analysis
of spontaneous neural activity through the BOLD
signal change95 representing FC. Our findings indicat-
ing an impaired FC in AngII-infused mice are in line
with a recent study that found reduced connectivity in
cortex regions of older hypertensive AD patients rela-
tive to older non-hypertensive AD patients.96 We found
no cognitive effects of AngII-induced hypertension in
WT animals. Haley et al.97 demonstrated even in
healthy young adults that a family history of hyperten-
sion was associated with subtle changes in visuospatial
attention combined with a lowered task-related
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activation in several brain regions during this visuo-
spatial working memory task. This result is in accord-
ance with a study revealing an impaired memory and
learning in hypertensive rats.98 Hypertensive patients
had deficits in the WM and FC in frontal and parietal
lobes, associated with cognitive decline.99 However,
only our AngII-infused AD model mice exhibited a
decreased spatial learning capacity during the MWM,
which could be due to the functional connective impair-
ments combined with the loss of cortical CBF being
only present in this experimental group.

We could not observe genotype or AngII effects on
structural connectivity. In this study, AngII-infusion
was administrated only for 2 months starting from 10
months of age. This short duration of AngII-infusion
could be one reason; we found no changes in structural
connectivity measured via DTI. Another explanation
could be the increased amount of GLUT-1 measured
in the thalamus of AngII-infused mice as a compensa-
tory mechanism. GLUT-1 is responsible for the transfer
of glucose across the blood–brain barrier and being
selectively expressed at high levels in the capillary endo-
thelium of the brain.30 GLUT-1 is a marker for vascu-
lar endothelial cells and cerebral metabolism. In several
animal studies, myocardial ischemia increased the syn-
thesis of GLUT-1 mRNA and protein levels in both
ischemic and also nonischemic cardiac regions indicat-
ing also a potential rescue mechanism for myocardial
ischemia.100,101 Notably, McCall et al.102 reported an
overexpression of GLUT-1 in microvessels after the
onset of global cerebral ischemia in the rat brain.
Moreover, Urabe et al.103 and Gerhart et al.104 also
showed also an overexpression of GLUT-1 in the cere-
bral cortex in two ischemia and reperfusion animal
models. However, no effects of genotype or AngII-infu-
sion were found on vascular density.

In summary, regarding our second aim of this study,
AD model mice had an increased SBP and an impaired
CBF. Furthermore, AngII-induced hypertension exa-
cerbated several AD-like pathological changes such as
impaired CBF, impaired FC, and cognitive impair-
ment. These results are in accordance with the recent
study of Cifuentes et al.105 demonstrating that hyper-
tension advances the development of AD-like structural
and functional alterations, partially through cerebral
vasculature impairment and reduced nitric oxide pro-
duction. This result of Cifuentes et al. is in line with our
results of the immunohistochemical data of IBA-1, a
marker for activated microglia.37–39 Here, no differ-
ences in amount of IBA-1þ cells nor immunohisto-
chemically stained surface in the AngII-infused and
AD model mice could be observed.

Another aim of this study was to investigate the
effect of an ARB such as EM on possible (neuro)
pathological changes induced by hypertension and to

indicate a relationship between the AD-like pathology,
AngII, and its receptors.

In all AngII-infused experimental mice, treatment
with the angiotensin-receptor blocker EM restored
SBP, in line with previous work.106 Treatment of hyper-
tension with EM enhanced hippocampal CBF. This
beneficial effect was shown in all mice and was not
restricted to transgenic animals only, indicating that
either BP lowering or blocking effects of endogenous
AngII may be beneficial for brain perfusion. In accord-
ance, Tryambake et al.107 demonstrated that BP low-
ering treatments increased CBF in older subjects with
hypertension as well.

A beneficial effect of EM was detected in all AngII-
infused mice regarding the structural connectivity.
Here, FA in the hippocampus and optic tract was
increased in EM-treated AngII-infused mice indicating
an improved microstructural integrity, while after EM
treatment MD of the motor cortex of Sal-infused mice
and of AngII-infused AD mice, and MD of the optic
tract of AngII-infused WT mice was lowered. In
accordance, Gons et al.108 showed that increased BP
is associated with a decrease in FA respectively an
increase in MD. De Leeuw et al.109 also demonstrated
that long-standing hypertension increases the risk of
developing WM lesions. Notably, a novel finding is
the negative effect of EM on FC in all Sal-infused
mice, but not in AngII-infused mice, see supplementary
Table 2 for a detailed description of the significant
results. While all Sal-infused EM-treated mice showed
a decreased FC compared with untreated mice, all
AngII-infused EM-treated mice showed an increased
FC compared with untreated mice. In addition,
Füchtemeier et al.110 showed that Compound 21, an
AngII receptor type 2 agonist, had opposing effects
on spatial reference memory in hypoperfused and
sham mice. These effects need to be further investigated
in future studies but suggest that blockade of the AngII
receptors in absence of elevated AngII levels may have
harmful effects on structural connectivity and cogni-
tion. Moreover, Henriksen et al.111 also showed in insu-
lin resistant obese Zucker rats that irbesartan, another
AngII receptor antagonist, improved insulin sensitivity
and glucose tolerance in the skeletal muscle by increas-
ing the protein expression of GLUT 4, indicating the
importance of measuring insulin and glucose blood
levels and the relationship with AngII in future studies.
Furthermore, it will be interesting to investigate the
possible role of phosphorylated tau (pTau) in follow-
up studies, because of the emerging role of pTau in
pathology and behaviour for both AD.112 Glodzik
et al.113 revealed that only in hypertensive subjects a
longitudinal decrease in mean arterial pressure was
related to memory decline and an increase in phos-
phorylated tau. Another interesting aspect to
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investigate in future studies is how hypertension affects
heart hypertrophy, and whether cognitive decline and
decreased connectivity are indirect effects of heart dis-
eases. In a systematic review, Vogels et al.114 confirmed
that heart failure is associated with a pattern of general-
ised cognitive impairment that includes primarily
memory, attention, mental flexibility, and global cogni-
tive deficits.

In conclusion, we showed that chronic infusion of
AngII increased SBP in both transgenic and WT mice,
which could be reversed by EM treatment. In addition,
aging combined with AD pathology exacerbated the
increase in SBP. Correspondingly, cerebral perfusion
was impaired in the AD mouse model.

Furthermore, EM treatment improved the WM
integrity combined with increased CBF and improved
FC. AngII-induced hypertension impaired the FC in
AD and WT mice comparably, indicating a negative
role of hypertension on FC irrespective of AD
pathology.

Our results suggest that elevated levels of AngII may
indeed represent a mechanistic link between the risk
factor hypertension and the clinical development of
AD; however, AngII may not to be a causal factor
for sporadic AD as it did not initiate amyloid path-
ology in this study. Rather, it may progress the clinical
development of AD in people with amyloid accumula-
tion through its negative effects on CBF, FC, and cog-
nition. Recent human studies on sporadic AD indicate
that amyloid accumulation increases with age to as
much as 30%–50% of the normal population over the
age of 70, but can remain asymptomatic for dec-
ades.115–117 We speculate that elevated levels of AngII
(essential hypertension) may be a factor promoting the
development of symptomatic disease. In addition, our
study suggests that elevated AngII may also lead to
abnormalities that may mimic AD (reduced FC leading
to cognitive decline) which could imply that hyperten-
sion may lead to dementia that has similarity with AD
and may be clinically diagnosed as such. In both scen-
arios, however, counteracting the negative effects of
elevated AngII will have a beneficial effect in reducing
the prevalence of dementia. Gathering more insight in
the actions of antihypertensive treatments on brain pro-
cesses and the vascular system could support the devel-
opment of effective tailor-made BP-lowering treatments
for AD patients.
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