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Angiotensin IV Receptors Mediate the Cognitive and
Cerebrovascular Benefits of Losartan in a Mouse Model of
Alzheimer’s Disease
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The use of angiotensin receptor blockers (ARBs) correlates with reduced onset and progression of Alzheimer’s disease (AD). The
mechanism depicting how ARBs such as losartan restore cerebrovascular and cognitive deficits in AD is unknown. Here, we propose a
mechanism underlying losartan’s benefits by selectively blocking the effects of angiotensin IV (AngIV) at its receptor (AT4R) with
divalinal in mice overexpressing the AD-related Swedish and Indiana mutations of the human amyloid precursor protein (APP mice) and
WT mice. Young (3-month-old) mice were treated with losartan (�10 mg/kg/d, 4 months), followed by intracerebroventricular admin-
istration of vehicle or divalinal in the final month of treatment. Spatial learning and memory were assessed using Morris water mazes at
3 and 4 months of losartan treatment. Cerebrovascular reactivity and whisker-evoked neurovascular coupling responses were measured
at end point (�7 months of age), together with biomarkers related to neuronal and vascular oxidative stress (superoxide dismutase-2),
neuroinflammation (astroglial and microglial activation), neurogenesis (BrdU-labeled newborn cells), and amyloidosis [soluble
amyloid-� (A�) species and A� plaque load]. Divalinal countered losartan’s capacity to rescue spatial learning and memory and blocked
losartan’s benefits on dilatory function and baseline nitric oxide bioavailability. Divalinal reverted losartan’s anti-inflammatory effects,
but failed to modify losartan-mediated reductions in oxidative stress. Neither losartan nor divalinal affected arterial blood pressure or
significantly altered the amyloid pathology in APP mice. Our findings identify activation of the AngIV/AT4R cascade as the underlying
mechanism in losartan’s benefits and a target that could restore A�-related cognitive and cerebrovascular deficits in AD.
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Introduction
Alzheimer’s disease (AD) is characterized by progressive neuro-
nal deficits, tau pathology, increases in amyloid-� (A�) peptides

and A� plaque formation, oxidative stress, and glial cell activa-
tion (Hardy et al., 2002; McGeer et al., 2003). AD patients also
display a cerebrovascular pathology characterized by blood–
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Signifiance Statement

Antihypertensive medications that target the renin angiotensin system, such as angiotensin receptor blockers (ARBs), have been
associated with lower incidence and progression of Alzheimer’s disease (AD) in cohort studies. However, the manner by which
ARBs mediate their beneficial effects is unknown. Here, the angiotensin IV receptor (AT4R) was identified as mediating the
cognitive and cerebrovascular rescue of losartan, a commonly prescribed ARB, in a mouse model of AD. The AT4R was further
implicated in mediating anti-inflammatory benefits. AT4R-mediated effects were independent from changes in blood pressure,
amyloidosis, and oxidative stress. Overall, our results implicate the angiotensin IV/AT4R cascade as a promising candidate for AD
intervention.
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brain barrier disruption, microhemorrhages, and microvascular
rarefaction, but most importantly by an early vascular dysregula-
tion (Iturria-Medina et al., 2016). The latter incorporates deficits
in resting cerebral blood flow (CBF), cerebrovascular reactivity,
and neurovascular coupling, which result in reduced oxygen and
nutrient delivery to the brain (Girouard et al., 2006; Gorelick et
al., 2011; Serrano-Pozo et al., 2011).

The probability of developing AD increases with age and the
presence of vascular risk factors. Particularly, midlife chronic hy-
pertension, the main cardiovascular risk factor of sporadic AD,
increases the likelihood of developing mild cognitive impairment
(Reitz et al., 2007) and the frequency of transitioning to AD com-
pared with normotensive individuals (Khachaturian et al., 2006).
Because hypertension is modifiable, its treatment represents an
opportunity for AD prevention. Specifically, cohort studies have
demonstrated lower incidence and progression to AD in elderly
individuals treated with antihypertensive medications. These
medications mainly target the renin angiotensin system (RAS),
the body’s main blood pressure regulation system, and include
angiotensin-converting enzyme (ACE) inhibitors and angioten-
sin receptor blockers (ARBs) (Mogi et al., 2009; Villapol et al.,
2015; Zhuang et al., 2016). Studies have highlighted the pleiotro-
pic effects of these drugs intended to improve vascular function,
but have not determined how ARBs can restore neuronal and
cerebrovascular function (Takeda et al., 2009; Ongali et al., 2014;
Villapol et al., 2015; Akioyamen et al., 2016).

The brain’s RAS is independent from the peripheral RAS
(Ganten et al., 1971) and contains every precursor and enzyme
required for the synthesis of its main biologically active peptides,
angiotensin II (AngII) and angiotensin IV (AngIV). Abnormali-
ties in central RAS are present in AD patients and include upregu-
lation of AngII and AngII type 1 receptors (AT1Rs), as well as
decreased activity of ACEs (Savaskan et al., 2001; Kehoe et al.,
2016). ARB treatment in various AD mouse models has pre-
vented or rescued cerebrovascular, neuropathological, and cog-
nitive deficits with or without affecting amyloidosis (Wang et al.,
2007; Mogi et al., 2008; Takeda et al., 2009; Ongali et al., 2014).
Moreover, ARB treatment has been suggested to result in an in-
crease in the conversion of AngII to AngIV (Braszko et al., 2006).
Interestingly, AngIV administration has been shown to improve
memory performance (Braszko et al., 1988; Wright et al., 1999;
Tchekalarova et al., 2001), enhance long-term potentiation (LTP)
(Kramár et al., 2001; Wayner et al., 2001), and increase CBF (Kramár
et al., 1997; Kramár et al., 1998). It is thus possible that AngIV me-
diates the cognitive and cerebrovascular benefits of chronic ARB
administration through AngIV receptors (AT4Rs) (Shibasaki et al.,
1999; Ongali et al., 2014).

Herein, we tested whether AT4Rs mediate losartan’s cerebro-
vascular and cognitive rescue in a transgenic mouse model of AD.
We administered losartan for 4 months and investigated the ef-
fects of concomitant divalinal delivery, an AT4R antagonist
(Wright et al., 1999), in the last month of treatment while assess-
ing spatial learning and memory, whisker-evoked neurovascular
coupling, cerebrovascular reactivity, and anatomical and bio-
chemical markers of target pathways. Our results demonstrate
that blocking AT4Rs countered losartan’s benefits on spatial
learning and memory, cerebrovascular function, and inflamma-
tion. AT4R benefits were independent from arterial blood pres-
sure, amyloidosis, and oxidative stress. Overall, these findings
identify the AngIV/AT4R cascade as a highly promising new tar-
get for recovery of both cognitive and cerebrovascular dysfunc-
tions in AD.

Materials and Methods
Mouse model
Heterozygous transgenic C57BL/6 mice expressing the human amyloid
precursor protein (APP) carrying the Swedish (K670N, M671L) and In-
diana (V717F) familial AD mutations directed by the platelet-derived
growth factor (PDGF) �-chain promoter (APP mice, J20 line) (Mucke et
al., 2000) and WT littermate mice were used in approximately equal
gender proportions. All experiments were in compliance with the Animal
Ethics Committee of the Montreal Neurological Institute (McGill Uni-
versity, Montréal, Quebec, Canada) and met all guidelines of the local
and national Canadian Council of Animal Care.

Treatments
Two independent cohorts of mice were randomly allocated to receive
losartan (�10 mg/kg of body weight/d; Cedarlane), an AT1R antagonist,
in their drinking water or the same drinking water without treatment
(Ongali et al., 2014). Losartan administration began at 3 months of age
and continued for 4 months (cohort 1: n � 28 WT, n � 32 APP; cohort
2: n � 34 WT, n � 34 APP). After the first Morris water maze (MWM1),
losartan-treated mice were separated into two equally performing groups
based on their probe performance and swimming speed. Losartan-treated
mice were surgically implanted with subcutaneous osmotic mini-pumps
(2.64 �l delivery/d; Alzet) connected to an intracerebroventricular cath-
eter positioned within the right ventricle that delivered either the AT4R
blocker divalinal (24 nmol/d; Auspep, cohort 1: n � 11 WT and n � 14
APP; cohort 2: n � 17 WT and n � 17 APP (Krebs et al., 1996; Wright et
al., 1999) or vehicle (artificial CSF, cohort 1: n � 10 WT and n � 10 APP,
cohort 2: n � 17 WT and n � 17) during the final month of treatment. In
the final 10 d of treatment, BrdU (�1 mg/mouse/d; Sigma-Aldrich)
was added to the drinking water (Magavi et al., 2000) (supplemented
or not with losartan) for subsequent investigations of neurogenesis
(see below). Treatments did not affect mouse survival rates through-
out the experiment.

Blood pressure measurement
Blood pressure was measured monthly in cohort 2 by noninvasive tail-
cuff plethysmography (Kent Scientific) as described previously (Duch-
emin et al., 2013). Body temperature was monitored and maintained at
37°C by a heating table. Mice were restrained and underwent 10 acclima-
tion cycles followed by 10 experimental measurements. No change was
observed in either systolic or diastolic blood pressure across genotype
and treatment conditions (Table 1).

MWM
For both cohorts, MWM1 was performed after 3 months of losartan
treatment and consisted of a 3 d familiarization period (1.4 m diameter
pool filled with opaque water at 17 � 1°C) during which mice were given
3 daily trials (60 s/trial, 45 min intertrial interval) to reach a visible
platform (15 cm diameter, 1 cm above the water surface) located in the
southeast quadrant of the pool in a room comprising distal visuospatial
cues on the surrounding walls (Deipolyi et al., 2008). Subsequently, visu-
ospatial cues and platform location were switched and 5 d of consecutive
learning commenced. Mice were given 3 daily trials (90 s/trial, 45 min
intertrial interval) to locate the submerged platform (1 cm below the
water surface, located in the northwest quadrant of the pool). On day 9,
a probe trial (60 s, platform removed) was conducted to observe whether
mice recalled the location of the hidden platform.

After 3 weeks of concomitant losartan and divalinal or vehicle admin-
istration, a second MWM (MWM2) was initiated and consisted of 5 d of
hidden platform testing. Mice were given 3 daily trials (90 s/trial, 45 min
intertrial interval) to reach the hidden platform located in the southwest
quadrant using repositioned visuospatial cues. On day 6, mice under-
went a probe trial (60 s, platform removed, performed at 1 month of
divalinal treatment). For both MWMs, parameters were recorded using
the 2020 Plus tracking system and Water 2020 software (Ganz FC62D
video camera; HVS Image). In cohort 1, mice (n � 6) unable to reach the
visible platform on day 3 of MWM1 were excluded. All experiments
began at the same time daily.
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Laser Doppler flowmetry (LDF)
After MWM2, mice from both cohorts (n � 5– 6/group) were used for
LDF (Transonic Systems) experiments to measure the increase in CBF
evoked by whisker stimulation, as described previously (Tong et al.,
2009). Mice were anesthetized with a mixture of ketamine (85 mg/kg,
i.m.; Bioniche) and xylazine (15 mg/kg, i.m.; Haver), positioned in a
stereotaxic frame, and the bone over the left barrel cortex (coordinate:
0 –1 mm posterior, 3.5– 4.5 mm lateral from bregma; Ayata et al., 2004)
was thinned to translucency. Body temperature was monitored and
maintained at 37°C with a heating blanket. Four to five CBF measure-
ments were recorded before, during, and after contralateral (right snout)
whisker stimulation (20 s, 8 –10 Hz, 30 – 40 s intervals). The probe was
repositioned until the location with the highest CBF increase was identi-
fied and reliably reproduced after repeated stimulations. The change in
CBF was expressed as the percentage increase relative to prestimulus
baseline.

Tissue preparation
For each cohort, a subgroup of mice (n � 4 – 6/group) were decapitated,
their brains rapidly extracted, and posterior cerebral arteries (PCAs)
were isolated for immediate measurements of cerebrovascular reactivity
(see below). Remaining pial vessels were extracted together with the ce-
rebral cortex and hippocampus, frozen on dry ice, and kept at �80°C for
subsequent protein analysis (see below). A second subgroup (n � 5 mice/
group from each cohort) was anesthetized (65 mg/kg of sodium pento-
barbital, i.p.) and perfused intracardially using 4% paraformaldehyde
(PFA) in cold PBS (0.1 M, pH 7.4). The brains were postfixed (4% PFA,
overnight), cryoprotected (48 h in 30% sucrose, 4°C), frozen in isopen-
tane (�40°C), and sectioned coronally using a freezing microtome (25-
�m-thick sections for the left hemisphere and 40-�m-thick sections for
the right hemisphere for BrdU immunodetection and analysis).

Cerebrovascular reactivity
Isolated and pressurized PCA segments (n � 4 –5 mice/group for each
experimental cohort) were used to test vasomotor function because they
show similar impairments to middle cerebral artery segments (Tong et
al., 2005; Zhang et al., 2013; Ongali et al., 2014; J.R., E.H., unpublished
data not shown) and are more amenable due to lesser ramifications.
Vessels were cannulated and pressurized (60 mmHg) and dilations to
acetylcholine (ACh, 10 �10 to 10 �5

M; Sigma-Aldrich), calcitonin gene-
related peptide (CGRP, 10 �10 to 10 �6

M; American Peptide), the tran-
sient potential vanilloid 4 (TRPV4) channel agonist GSK1016790A
(GSK, 10 �11 to 10 �5

M; Sigma-Aldrich), and the KATP channel opener
levchromakalim (LEV, 10 �9 to 10 �4

M; Tocris Bioscience) were mea-
sured after extraluminal application on vessels preconstricted with phen-
ylephrine (2 � 10 �7

M; Sigma-Aldrich) and online videomicroscopy, as
described previously (Tong et al., 2005). Baseline production of nitric
oxide (NO) was tested on vessels at resting tone by administration of
the NO synthase (NOS) inhibitor N�-nitro-L-arginine (L-NNA, 10�5

M,
40 min; Sigma-Aldrich).

Western blots
Proteins from brain samples and blood vessels (n � 4 –5 mice/group)
were extracted as described previously (Tong et al., 2005). Membranes

were incubated (1 h, room temperature) in TBS–Tween blocking buffer
(50 mmol/L NaCl, 0.1% Tween 20, containing 7% skim milk) and incu-
bated overnight (4°C) with either of the following primary antibodies:
mouse anti-AT1R (1:200; Frei et al., 2001) mouse anti-angiotensin II type
2 receptor (1:200, AT2R; Frei et al., 2001), rabbit anti-AT4R (insulin
regulated aminopeptidase, IRAP, 1:500; Cell Signaling Technology),
and rabbit anti-superoxide dismutase-2 (SOD2, 1:3000; Stressgen).
Membranes were further incubated for 1 h using horseradish peroxi-
dase-conjugated species-specific secondary antibodies (1:2000; Jackson
ImmunoResearch). Gradient gels (8 –20%) were used to separate A�
monomers and oligomers and incubated overnight in anti-� amyloid
1–16 antibody (1:1000; 6E10; Covance; Wiltfang et al., 1997). Actin
(mouse anti-�-actin; 1:10,000; Sigma-Aldrich) was used to standardize
loading (Tong et al., 2005).

Histochemical staining, immunohistochemistry,
and immunofluorescence
A� plaques. Mature dense core A� plaques were stained with thioflavin S
(1%, 8 min). Diffuse and mature plaques were stained by overnight
incubation with 6E10 antibody (1:800) followed by either goat anti-
mouse cyanin 2 (Cy2)-conjugated secondary antibody (1:400, 30 min) or
biotinylated IgG (Vector Laboratories, 1 h 30 min), avidin-biotin com-
plex (Vector Laboratories, 1 h 15 min), and visualized with 3, 3�-dia-
minobenzidine-nickel solution (Vector Laboratories).

Inflammation and oxidative stress. Activated astrocytes and microglial
cells, used as markers of neuroinflammation, were detected by overnight
immunostaining with, respectively, rabbit anti-glial fibrillary acidic pro-
tein (GFAP, 1:1000; DAKO), or anti-ionized calcium binding adaptor
molecule 1 (Iba-1, 1:300; Wako Pure Chemical Industries). Staining was
visualized with a goat anti-rabbit Cy2-conjugated secondary antibody
(1:400, 30 min). Mitochondrial SOD2 protein was immunodetected after
overnight incubation with rabbit anti-SOD2 (1:400; Stressgen), followed
by the SG reagent (gray blue precipitate; Vector Laboratories).

Neurogenesis. Newborn cells were identified in the dentate gyrus of the
hippocampus in free floating 40-�m-thick sections incubated in 50%
0.03 M saline-sodium citrate and 50% formamide solution (2 h, 65°C),
washed with 0.03 M saline-sodium citrate buffer (2 min), and incubated
in HCl (2 M, 30 min, 37°C) to open the DNA structure. Subsequently,
sections were rinsed in borate buffer (0.1 M, 10 min), washed in 0.1 M PBS
(15 min), and incubated in rat anti-BrdU (1:400, overnight; Boehringer
Mannheim), followed by immunodetection with Cy2 goat anti-rat sec-
ondary antibody (30 min, Vector Laboratories; Duveau et al., 2011).

Statistical analysis
Blood pressure measures, MWM, LDF, and vascular reactivity experi-
ments were performed blinded to the identity of the mice. Vascular re-
sponses were expressed as the percentage change in vessel diameter as a
function of agonist concentration or duration of NOS inhibition. The
agonist dose–response curves were generated with GraphPad Prism (ver-
sion 6) software and analyzed by repeated-measures ANOVA. The aver-
age maximal agonist response (EAmax) and affinity [pD2, value � �(log
EC50)] were calculated using GraphPad Prism software. Western blot
membranes were developed and quantified using enhanced chemilumi-

Table 1. Effects of losartan and divalinal on blood pressure in WT and APP mice

Week WT WT-L WT-LD APP APP-L APP-LD

Systolic blood pressure (mmHg)
4 133.85 � 2.78 131.72 � 2.42 134.02 � 3.44 136.47 � 2.45 137.86 � 3.46 130.08 � 5.03
8 119.37 � 3.05 127.35 � 1.30 125.32 � 2.36 126.36 � 4.26 122.96 � 1.93 121.53 � 5.62
12 126.10 � 0.53 128.84 � 3.56 119.15 � 3.80 121.65 � 3.35 121.05 � 4.72 120.96 � 5.52
16 124.35 � 2.87 123.19 � 1.20 131.85 � 3.64 123.25 � 2.80 130.40 � 4.45 125.56 � 1.58

Diastolic blood pressure (mmHg)
4 105.33 � 3.17 102.74 � 2.29 102.74 � 1.16 108.21 � 3.37 107.2 � 5.22 101.33 � 6.15
8 93.33 � 2.27 101.05 � 2.39 99.12 � 3.05 102.24 � 3.07 101.08 � 2.82 99.00 � 5.30
12 101.70 � 1.29 103.66 � 3.62 90.09 � 3.38 96.10 � 2.56 97.70 � 4.49 96.48 � 5.11
16 101.20 � 2.33 99.15 � 3.14 105.60 � 5.10 99.20 � 2.88 106.95 � 5.36 100.48 � 2.46

Data are represented as the mean�SEM (n�5– 6 mice per group) and are expressed as the systolic and diastolic blood pressure measurements obtained using tail-cuff plethysmography. The week of measurement is indicated with respect
to the start of losartan treatment. Two-way ANOVAs followed by Newman–Keuls post hoc multiple-comparisons test revealed no significant differences in systolic or diastolic blood pressure measurements across genotype and treatment
conditions. L, Losartan; D, divalinal.
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nescence (ECL; LI-COR) with a Chemiluminescent Western Blot Scan-
ner (C-DiGit; Li-COR) or ECL (Plus kit; GE Healthcare) with a phosphor
imager (scanner STORM 860; GE Health Care). For anatomical studies,
sections were mounted on gelatin-coated slides, coverslipped, and ob-
served under light (SOD2 and 6E10) or fluorescence (thioflavin S, GFAP,
Iba-1, 6E10, and BrdU) microscopy using a Leitz Aristoplan microscope
equipped with epifluorescence (FITC filter). Low-power digital images
in the delineated areas of interest at selected bregma levels (Lein et al.,
2007; A� plaques: cingulate, and hippocampus; GFAP and Iba-1: so-
matosensory cortex; BrdU: dentate gyrus of the hippocampus) were an-
alyzed (2–3 sections/mouse, n � 4 –5 mice/group) using MetaMorph
version 6.1r3 software (Universal Imaging). The surface area occupied by
thioflavin S- and A�-positive plaques (bregma levels �1.46 to �1.70
mm), as well as by GFAP-positive (bregma levels �1.70 to �1.82 mm),
Iba-1-positive (bregma levels �1.46 to �1.70 mm), and SOD2-positive
(bregma levels 0.02 to �0.10 mm) elements was quantified. For neuro-
genesis, BrdU-immunopositive nuclei of newborn cells (bregma levels
�1.94 to �2.18 mm) were counted directly under the microscope. Data
were analyzed by either one- or two-way ANOVA (with genotype and
treatment as factors), followed by Newman–Keuls multiple-compari-
sons tests, and are expressed as mean � SEM (GraphPad Prism 6). p �
0.05 was considered significant. Both cohorts yielded similar results.

Results
Cognitive benefits of losartan are reversed by AT4R blockade
In both cohorts, APP mice had significantly longer escape laten-
cies in MWM1 compared with WT controls (Fig. 1A). APP mice
that underwent 3 months of losartan treatment were not signifi-
cantly better than nontreated APP mice at spatial learning, as
shown here for cohort 1 (Fig. 1A). Losartan-treated APP mice
did, however, display significantly improved memory retrieval in
the probe trial compared with untreated APP mice for all param-
eters including percentage distance traveled and time spent in the
target quadrant and number of platform crossings (Fig. 1B–D).
Losartan had no effect on memory performance in WT mice
compared with WT controls (Fig. 1A–E). Despite a slightly slower,
albeit significant, swimming speed difference for APP controls
during the probe trial, we proceeded with 1 month of concomi-
tant divalinal intervention to investigate the role of the AngIV/
AT4R cascade.

MWM2 was performed during the fourth week of divalinal
administration. Spatial learning and memory retrieval were sig-
nificantly impaired in untreated 7-month-old APP mice com-
pared with WT counterparts, as shown by their significantly
higher escape latencies to the hidden platform (Fig. 1F) and pa-
rameters measured in the probe trial (Fig. 1G–J). In contrast,
losartan-treated APP mice had a steep learning curve and per-
formed as well as WT controls on days 4 and 5 of spatial learning
(Fig. 1F ) and for all parameters measured in the probe trial
for memory retrieval (Fig. 1G–I). Divalinal countered losartan-
mediated benefits on spatial learning (Fig. 1F) and memory (Fig.
1G–I), with losartan � divalinal-treated APP mice performing as
poorly as untreated APP mice. No treatment condition altered
performance of WT mice (Fig. 1F–J). Swimming speeds were
comparable in all groups, except between losartan � divalinal-
treated WT and APP mice (Fig. 1J, cohort 1 only).

Memory impairment in AD mouse models has been associ-
ated with reduced hippocampal neurogenesis (Haughey et al.,
2002; Zhang et al., 2007; Ermini et al., 2008). Accordingly, neu-
rogenesis detected by BrdU labeling of newborn cells in the den-
tate gyrus was significantly reduced in APP mice compared with
WT controls (Fig. 1K,L). Losartan slightly increased neurogen-
esis in treated APP mice, bringing the number of positive BrdU
cells to intermediary levels not significantly different from either
WT or APP mice (Fig. 1K,L). This enhancing effect of losartan

was abrogated in losartan � divalinal-treated APP mice, which,
like APP mice, displayed significantly fewer BrdU-positive cells in
the dentate gyrus compared with WT controls (Fig. 1K,L). Inter-
estingly, losartan � vehicle and losartan � divalinal treatments
exerted similar nonsignificant enhancing and reducing effects on
neurogenesis in WT mice (Fig. 1K,L).

AT4R blockade counters the cerebrovascular benefits of
losartan in APP mice
Losartan treatment fully rescued the impaired vasodilation to
ACh and CGRP (Fig. 2A,B) and recovered the reduced baseline
NO bioavailability depicted by the decreased contractile re-
sponse to NOS inhibition in untreated APP compared with WT
cerebral blood vessels (Fig. 2C). Divalinal coadministration ei-
ther completely or significantly counteracted losartan’s benefits
on dilatory function and NO bioavailability because vessels from
losartan � divalinal-treated APP mice responded as poorly as
untreated APP mice (Fig. 2A–C). We further investigated the
effects of treatments on TRPV4 and KATP channels that contrib-
ute, respectively, to ACh-mediated (Zhang et al., 2013) and
CGRP-mediated vasodilations (Kitazono et al., 1993; Tong et al.,
2009), and are impaired in APP mice. We found that losartan
completely normalized dilatory responses mediated by both
channels, with responses comparable to those of WT controls
(Fig. 2 D, E). Concomitant divalinal administration signifi-
cantly counteracted losartan’s benefits on TRPV4, but not
KATP, channels (Fig. 2 D, E). Receptor desensitization did not
account for any of the vasodilatory alterations and decreased
EAmax because agonist affinities were comparable across geno-
type and treatment conditions for all vasoactive compounds
tested (Table 2).

Whisker-evoked neurovascular coupling responses were im-
paired in APP mice compared with WT controls (Fig. 2F), as
reported previously (Tong et al., 2009; Tong et al., 2012; Ongali et
al., 2014). In losartan-treated APP mice, evoked CBF responses
were not significantly different from either APP or WT mice (Fig.
2F). In contrast, losartan � divalinal-treated APP mice re-
sponded as poorly as untreated APP mice and evoked CBF re-
sponses were significantly lower than WT controls (Fig. 2F),
suggesting that part of the losartan-enhancing effect was sensitive
to divalinal.

Losartan or divalinal administration does not alter
A� pathology
Cortical and hippocampal plaque load in APP mice, as measured
by both thioflavin S-positive dense core plaques (Fig. 3A,B) and
6E10-immunopositive mature and diffuse A� plaques (Fig. 3C,D),
were comparable in all groups whether untreated or treated with
losartan or losartan � divalinal. Losartan, however, slightly in-
creased APP protein levels in hippocampus (p 	 0.05; Fig. 3F)
and pial vessels (p 	 0.01, Fig. 3G), whereas the small increase in
the cerebral cortex was not significant (Fig. 3E). This effect of
losartan was significantly reduced by coadministration of di-
valinal in pial vessels, but not in hippocampus (Fig. 3G,F ). For
all groups of APP mice, there was no difference in the 56 kDa
oligomeric species (Fig. 3E–G), an A� species previously cor-
related with cognitive deficit in AD mice (Lesné et al., 2006).
Similarly, A� dimers (9 kDa A� species) involved in disrup-
tion of hippocampal LTP and memory impairment in adult
rodents (Walsh et al., 2002; Klyubin et al., 2005; Freir et al.,
2011), were not significantly different across treatment condi-
tions in the hippocampus (Fig. 3F ). Cortical and pial 9 kDa A�
species were undetectable in 7-month-old APP mice, as re-
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ported previouslyin APP mice of a similar age (Tong et al.,
2012).

AT4R blockade counters losartan’s benefits on inflammation
but not oxidative stress
Astroglial and microglial cells were significantly activated in the
cortex of APP mice compared with WT controls, as evidenced by
increased GFAP and Iba-1 immunofluorescence surface area
(Fig. 4). Losartan significantly reduced this inflammatory re-
sponse in APP mice and divalinal coadministration reduced these

benefits (Fig. 4). Cortical and hippocampal SOD2, a mitochon-
drial antioxidant enzyme upregulated in conditions of increased
free radicals (Lindenau et al., 2000; Tong et al., 2005), was signif-
icantly increased in APP mice compared with WT controls (Fig.
5A,B). Losartan reduced this response to levels not significantly
different from WT mice and divalinal did not revert this antiox-
idant property of losartan (Fig. 5A,B). In pial vessels, SOD2 pro-
tein levels were similarly affected in APP mice and by losartan or
combined losartan � divalinal treatment, but these effects did
not reach significance (Fig. 5C).

Figure 1. AT4R antagonism countered the beneficial effects of losartan on cognitive performance in adult APP mice. Three months after losartan (L) therapy, APP mice (n�23) had similar escape
latencies (A) to untreated APP mice (n � 21) in the hidden platform training. L-treated APP mice, however, performed as well as WT controls (n � 10) in the probe trial (B–D) and were significantly
different from APP controls. L treatment had no effect on WT mice (n � 21). Despite a significant difference in swimming speed for untreated APP mice (E), treatment continued. After 1 month of
combined intervention, L-treated APP mice (n � 10) displayed similar escape latencies (F ) to WT mice (n � 10) in the hidden platform training, whereas APP mice treated with L-divalinal (LD, n �
12) were as impaired as untreated APP mice (F, n � 10). In the second probe, L-treated APP mice performed as well as WT controls and were significantly different from untreated APP mice and
LD-treated APP mice (G–I ). No difference was observed in speed across APP mice; however, a slight difference was present between WT and LD-treated APP mice (J ). Combined LD treatment had
no effect on WT mice (n � 11). Immunopositive newborn cells (BrdU-positive nuclei, arrows) in the dentate gyrus (DG) of the hippocampus were significantly reduced in untreated APP mice
compared with WT (K, L). L treatment slightly elevated the number of newborn cells in treated APP mice, a benefit that was reduced after LD administration (K, L). Comparisons with WT mice are
indicated with *p 	 0.05, **p 	 0.01, and ***p 	 0.001 and with L-treated APP mice with �p 	 0.05, ��p 	 0.01, and ���p 	 0.001. Scale bar in K: 500 and 150 �m. n � 4 –5 mice/group.
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Losartan or divalinal administration does not alter
angiotensin receptor expression
No differences were observed for cortical and hippocampal AT1R
protein levels across all groups despite a trend toward an eleva-
tion in losartan-treated APP mice and a reduction to WT control
levels in losartan � divalinal-treated APP mice (Fig. 6A,B). Sim-
ilar trends were observed in the hippocampus of WT mice (Fig.
6A,B). AT2Rs were comparable in the cortex and hippocampus
for all groups (Fig. 6C,D). AT4Rs, although similar in the cortex
across treatments and genotypes, were slightly, albeit not signif-

icantly, elevated in the hippocampus in losartan-treated groups
and divalinal tended to prevent this elevation (Fig. 6E,F).

Discussion
The present study demonstrates that divalinal potently blocked
losartan’s benefits on spatial learning and memory, neuroinflam-
mation, dilatory function, and NO bioavailability in the vessel
wall and had a modest effect on functional hyperemia. Knowing
the selectivity, stability, and efficacious specificity of divalinal’s
antagonism for AT4Rs (Krebs et al., 1996), our results identify a

Figure 2. AT4R blockade countered losartan’s beneficial effects on cerebrovascular reactivity and neurovascular coupling in APP mice. Losartan (L) treatment rescued the impaired dilatory
responses to ACh and CGRP of isolated arterial segments from APP mice, responses in L-treated APP mice being comparable to those of WT mice (A, B). These benefits were countered by divalinal
(D) coadministration, as shown in LD-APP mice compared with L-APP mice (A, B). Similarly, the reduced baseline production of NO in APP mice compared with WT controls, measured by blocking
NOS activity with L-NNA, was normalized in L-treated APP mice (C). LD treatment significantly counteracted these benefits, with vessels from LD-treated APP mice responding as poorly as untreated
APP mice (C). In addition, TRPV4 and KATP channel-mediated vasodilatory responses measured, respectively, with GSK and LEV, were normalized in L-APP mice compared with untreated APP mice
(D, E). Concurrent LD treatment in APP mice prevented the benefit on TRPV4 channels seen in L-treated APP mice, but had no effect on KATP channel-mediated vasodilatory responses (D, E). n �
4 – 6 mice/group (A–E). LDF was used to measure neurovascular coupling responses, expressed as the maximal whisker-evoked CBF increase from baseline. Untreated and LD-treated APP mice had
significantly impaired evoked increases in CBF compared with WT controls. L-treated APP mice were not significantly different from WT or APP controls (F ). n � 5–7 mice/group (F ). Error bars
indicate SEM. Comparisons with WT are indicated by *p 	 0.05, **p 	 0.01, and ***p 	 0.001 and with APP L-treated APP mice by �p 	 0.05, ��p 	 0.01, and ���p 	 0.001. Data were
analyzed using either one- or two-way ANOVA followed by Newman–Keuls post hoc multiple-comparisons tests.

Table 2. Effects of losartan and divalinal on cerebrovascular responses in WT and APP mice

WT WT-L WT-LD APP APP-L APP-LD

ACh
EAmax 43.0 � 2.0 40.6 � 3.9 41.8 � 2.6 28.2 � 2.5*� 41.1 � 4.5 24.1 � 2.5**��
pD2 7.3 � 0.1 7.9 � 0.2 8.0 � 0.2 7.9 � 0.2 7.8 � 0.2 7.3 � 0.2

CGRP
EAmax 43.2 � 1.9 42.0 � 3.5 43.8 � 5.3 26.9 � 1.6*� 40.3 � 4.1 25.2 � 2.2*�
pD2 8.5 � 0.1 8.0 � 0.2 8.3 � 0.3 8.6 � 0.2 8.1 � 0.2 8.2 � 0.1

GSK
EAmax 51.2 � 3.0 NA NA 27.7 � 2.5*� 52.2 � 2.0 35.9 � 1.8
pD2 7.6 � 0.2 7.5 � 0.4 7.9 � 0.2 8.0 � 0.2

LEV
EAmax 54.2 � 2.7 NA NA 29.1 � 3.9**�� 51.0 � 2.1 44.6 � 2.3
pD2 7.4 � 0.2 8.2 � 0.6 7.9 � 0.2 7.5 � 0.2

L-NNA
EAmax 59.0 � 3.2 53.1 � 4.2 57.1 � 2.1 79.6 � 0.8***��� 59.3 � 4.1 72.6 � 1.1*��

Data are mean � SEM (n � 4 – 6 mice per group) and are expressed as the EAmax or pD2. EAmax is the percentage maximal dilation of ACh, CGRP, GSK, and LEV and the percentage maximal decrease after 35 min of NOS inhibition with
10 �5

M L-NNA.

*�p 	 0.05; **��p 	 0.01, ***���p 	 0.001 compared with WT control mice (*) or APP-losartan-treated mice (�) using one-way ANOVA followed by Newman–Keuls post hoc multiple-comparisons tests.

L, Losartan; LD, L-divalinal; NA, not applicable.
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role for the AngIV/AT4R cascade in the neuronal and cerebro-
vascular benefits of losartan in APP mice. Our results further
demonstrate that the centrally acting and commonly prescribed
ARB losartan exerts blood-pressure-independent neuroprotec-
tive effects, which should be considered separately from the rec-
ognized ability of high blood pressure (hypertension) to increase
the risk of AD. Therefore, our findings have significance, not only
for hypertensive prodromal AD and AD patients, but also for
nonhypertensive AD patients in identifying AT4Rs as a new tar-
get for therapeutic intervention. We conclude that the benefits of
losartan result mainly from its pleiotropic ability to promote en-
dothelial function and reduce neuroinflammation through the
AngIV/AT4R cascade.

Cognitive function and memory-related pathways
Whereas our results agree with prior studies that reported neu-
roprotective benefits after sartan therapy in transgenic APP
(Wang et al., 2007; Ongali et al., 2014) or A�1-40-injected mice
(Mogi et al., 2008; Takeda et al., 2009), they are the first to provide
an underlying mechanism of action. Most importantly, they con-
cur with a recent quantitative meta-analysis (Zhuang et al., 2016)
that clearly demonstrated associations between ARB use and re-
duced incidence of AD, as well as a decreased risk of developing
cognitive impairment. Divalinal’s ability to counter losartan-
mediated memory recovery in APP mice establishes a role for the

AngIV/AT4R cascade in mediating these benefits. Such a conclu-
sion is supported by previous reports documenting AngIV-
mediated improved memory performance (Braszko et al., 1988;
Wright et al., 1999; Tchekalarova et al., 2001), as well as deficits in
spatial memory in AT4R knock-out mice (Albiston et al., 2010).
Enhanced cognitive function by AT4Rs is thought to occur
through facilitated synaptic transmission and LTP in hippocam-
pal CA1 (Kramár et al., 2001) and dentate gyrus (Wayner et al.,
2001). Incidentally, the hippocampus is particularly rich in
AT4Rs (Wright et al., 1993) and hippocampal neurogenesis plays
an essential role in learning and memory (Deng et al., 2010).
When searching for a possible role of losartan on memory
recovery, we confirmed a reduced neurogenesis in our APP
model, as in other AD transgenic mice (Hamilton et al., 2010;
Gonzalez-Castaneda et al., 2011; Martinez-Canabal, 2014). In
contrast, we found a number of newborn cells in the dentate
gyrus of losartan-treated APP mice comparable to that of WT
controls, a response abrogated by divalinal. These enhancing
and counteracting effects, however, did not reach significance
toward untreated APP mice. We thus conclude that, although
positive in AD patients with diminished synaptic connectivity
and increased neuronal death, restoring neurogenesis is un-
likely the primary mechanism through which losartan rescues
memory in APP mice.

Figure 3. Amyloid pathology in APP mice: effects of losartan and combined losartan � divalinal treatments. Cortical and hippocampal surface area occupied by dense core (thioflavin S staining;
A, B) or total A� (6E10 immunofluorescence; C, D) plaques in APP mice were not altered after losartan (L) or losartan � divalinal (LD) treatment. Cortical A� was not significantly altered across
treatment conditions (E). Compared with untreated APP mice, those treated with L had increased levels of APP (100 kDa) in pial vessels (G) and hippocampus (F ). Pial vessels also displayed increased
levels of the soluble 56 kDa oligomeric species after L and LD treatments (G). Actin was used to normalize loading variation. n � 4 –5 mice/group. Significance is indicated by *p 	 0.05 and
**p 	 0.01. Data were analyzed using one-way ANOVA followed by Newman–Keuls post hoc multiple-comparisons tests. Error bars indicate SEM. Scale bars, 500 �m.
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No effect of amyloid pathology but changes in APP
protein levels
We found no reducing effects of losartan on A� pathology, con-
firming that cognitive rescue can be achieved regardless of reduc-
ing soluble A� species and A� plaque load (Cheng et al., 2007;
Ferrington et al., 2012; Tong et al., 2012). These findings agree
with previous reports in transgenic APP (Ongali et al., 2014) and
A�1-40-injected (Mogi et al., 2008) mice, but differ from those
with other ARBs in APP/PS1 transgenic mice (Danielyan et al.,
2010) and in A�1-40-injected mice (Takeda et al., 2009). Our
results thus exclude a role for AT4Rs on the amyloid pathology
and agree with clinical trials using active A�1-42 immunization, in
which patients deteriorated cognitively despite plaque clearance
(Holmes et al., 2008). An unexpected finding in our study was
losartan-mediated increases in APP protein levels in cortex, hip-
pocampus, and pial vessels. Prior studies have suggested that syn-
aptotoxicity depends on changes in A� and are independent of
human APP levels (Mucke et al., 2000); therefore, the perceived
changes in APP protein levels may not contribute to synaptic
dysregulation. Because APP-containing synapses within the hip-
pocampus and frontal cortex have been correlated with the pro-
tein’s role in mediating neuronal growth, memory, and synaptic
plasticity (Huber et al., 1997; Turner et al., 2003), we cannot

exclude that losartan exerted beneficial effects on neurons or
synapses by upregulating brain levels of APP. AT4Rs may not
exclusively mediate these effects because divalinal blockade was
significant only in pial vessels. Interestingly, in the brain vascula-
ture, although a role for APP still needs to be better defined
(Katusic et al., 2016), interactions between basal endothelial NO
and APP processing have been identified (Austin et al., 2010).
Our results show that these pathways are both sensitive to losar-
tan through the AngIV/AT4R cascade.

Cerebrovascular reactivity and oxidative stress
The most important finding in the cerebrovascular investigation
was divalinal’s ability to abolish losartan’s benefits on dilatory
function. Particularly, its abrogating effects on dilations to ACh
support a role for AT4Rs in endothelial-dependent vasodilation
of brain vessels (Haberl et al., 1991). ACh-mediated dilations
occur primarily through endothelial m5 muscarinic ACh re-
ceptor-mediated NO release (Elhusseiny et al., 2000; Yamada et
al., 2001) and TRPV4 channel activation via intermediate and
small conductance Ca 2�-sensitive K� channel activation (Zhang
et al., 2013). Because divalinal blocks losartan’s rescue of these
two responses, our results identify pathways in which the AngIV/
AT4R cascade restores endothelial function. Divalinal also coun-

Figure 4. Divalinal reduced losartan’s benefits on astrogliosis and microgliosis in APP mice. The surface area occupied by GFAP-immunostained astrocytes was significantly increased in the cortex
of APP mice relative to WT (A). Losartan (L) significantly reduced this inflammatory response, a benefit partly but significantly reversed by combined losartan � divalinal (LD) treatment (A).
Similarly, Iba-1-immunopositive microglial cells were elevated in APP mice compared with WT and reduced after L treatment (B), a response almost abolished by D (B). Results were analyzed by
two-way ANOVA followed by Newman–Keuls post hoc test. Comparisons with WT are indicated by **p 	 0.01 and ***p 	 0.001 and with APP L-treated mice by �p 	 0.05, ��p 	 0.01, and
���p 	 0.001. n � 4 –5 mice/group. Error bars indicate SEM. Scale bars, 0.5 and 500 �m.
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Figure 6. AT1Rs, AT2Rs, and AT4Rs in the brain: effects of losartan and combined losartan � divalinal treatments. No significant difference was observed across individual conditions for AT1R,
AT2R, and AT4R protein levels in either the cortex or hippocampus after post hoc comparisons (A–F ). Results were analyzed by two-way ANOVA followed by Newman–Keuls post hoc test. n � 4 –5
mice/group. L, Losartan; LD, combined losartan � divalinal treatment. Error bars indicate SEM.

Figure 5. AT4R blockade did not affect the antioxidant benefits of losartan. Cortical SOD2 immunoreactivity was significantly increased in APP mice compared with WT mice (A), a response returned to WT
levels by losartan (L) treatment and not affected by concomitant losartan � divalinal (LD) treatment (A). Similarly, coadministration of LD did not counter L’s reversal of the upregulated SOD2 protein levels
measured by Western blot in the hippocampus of APP mice (B). A similar trend for pial vessel SOD2 protein levels was observed after LD treatments, but this was not significant (C). Actin was used to standardize
loadingvariation.Resultswereanalyzedbytwo-wayANOVAfollowedbyNewman–Keulsposthoctest.Significanceis indicatedby*p	0.05,**p	0.01,and***p	0.001.Datawereanalyzedusingtwo-way
ANOVA followed by Newman–Keuls post hoc multiple-comparisons tests. n � 4 –5 mice/group. Error bars indicate SEM. Scale bar, 150 �m.
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tered losartan’s benefit on CGRP-mediated dilations that involve
smooth muscle KATP channels (Kitazono et al., 1993; Tong et al.,
2009) and Ca 2� activated K� channels (Vedernikov et al., 2002),
but not on KATP channel-mediated dilations, suggesting that
these channels are not involved in AT4R-mediated normaliza-
tion of CGPR dilations. The impaired baseline NO production or
bioavailability in APP mouse blood vessels, which has been im-
puted to sequestration of NO by reactive oxygen species (ROS)
(Iadecola et al., 1999; Hamel et al., 2016), was restored by losartan
in a divalinal-sensitive manner, supporting a role for the AngIV/
AT4R cascade in facilitating NO synthesis and release from brain
endothelial cells (Kramár et al., 1998). We found that divalinal
did not prevent the antioxidant benefits of losartan on brain or
cerebrovascular SOD2 protein levels, suggesting that losartan
acts via other pathways than the AngIV/AT4R cascade, such as
the p47phox (Zhu et al., 2007) or p67phox (Ongali et al., 2014)
subunit of the ROS-generating enzyme NADPH oxidase.

Neuroinflammation and neurovascular coupling
Mitochondrial dysfunction and neuroinflammation are deleteri-
ous mechanisms that contribute to neuronal and vascular dys-
functions in AD patients (McGeer et al., 2003; Grammas, 2011;
Morales et al., 2014) and APP mice (Lacoste et al., 2013; Ongali et
al., 2014). Divalinal significantly, albeit not completely, pre-
vented losartan’s anti-inflammatory properties on GFAP and
Iba-1 levels in cortical astrocytes and microglia, implying a role
for AT4Rs on losartan benefits. Other studies have supported a
role for AngIV in maintaining or salvaging the structural and
functional integrity of astrocytes, such as restoring astrocyte ad-
hesion, growth, and morphology (Kakinuma, 1998). Knowing
that neurovascular coupling relies on tight interactions among
neurons, astrocytes, and the microvasculature (Mishra, 2017)
and that AngIV can increase CBF via activation of divalinal-
sensitive AT4Rs (Kramár et al., 1997), the partial blockade by
divalinal of losartan-induced positive effects on whisker-evoked
CBF responses may be attributed to its inability to fully antago-
nize losartan’s benefits on astrogliosis. The counteracting effects
of divalinal on the reduced microglial activation afforded by lo-
sartan provide an additional means for the AngIV/AT4R cascade
in reducing neurotoxic molecules (Klegeris et al., 2000). Indeed,
both mitochondrial dysfunction and neuroinflammation can
increase oxidative stress through excessive release of ROS and
reactive nitrogen species, thus promoting neuronal damage and
potentiating neuroinflammation (de la Monte et al., 2006; Mo-
rales et al., 2014; Bhat et al., 2015). The benefits of the AngIV/
AT4R cascade may be attributed to inhibition of this positive
feedback loop of neuroinflammation, thus preventing the initia-
tion of excessive microglial and astrocytic activation and reduc-
ing toxicity within the brain parenchyma.

Angiotensin receptor subtypes
Seven-month-old APP mice did not show altered levels of AT1Rs
compared with WT, a finding contrary to that in older APP mice
(Ongali et al., 2014), suggesting that receptor alterations may
relate to disease progression. Similarly, AT4Rs were not altered in
young APP mice, but losartan tended to upregulate them in the
hippocampus, as found in older mice (Ongali et al., 2014), a
response slightly mitigated by divalinal. No changes were present
in cortical or hippocampal AT2Rs across treatments, supporting
the idea that the benefits were independent of AT2Rs. Together,
these results suggest that AT4R function rather than levels is de-
fective in young APP mice.

Conclusion
Our results indicate that the AngIV/AT4R cascade mediates the
cognitive and cerebrovascular benefits observed in APP mice
treated with the ARB losartan. They provide strong arguments for
a mechanism of action for the reported decreased incidence
of AD in hypertensive patients treated by ARBs. Because AD is
multifactorial, the pleiotropic actions of losartan via the AngIV/
AT4R cascade demonstrated here at both neuronal and cere-
brovascular levels should be considered a promising therapeutic
target in AD. For these reasons, preclinical and clinical studies
should investigate the efficacy of AngIV analogs for the preven-
tion and treatment of AD.
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