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Abstract Hypertension is one of the major risk factors for
central nervous system (CNS) disorders like stroke and
Alzheimer’s disease (AD). On the other hand, CNS dis-
eases like AD have been associated with gliosis and im-
paired neurogenesis. Further, renin angiotensin system
(RAY) is intricately associated with hypertension; howev-
er, the accumulating evidences suggest that over-activity
of RAS may perpetuate the brain inflammation related
with AD. Therefore, in the present study, we examined
the effect of hypertension and RAS on glial (astrocytes
and microglia) activation and hippocampal neurogenesis
in a rat model of chronic hypertension. We used
Candesartan [angiotensin type 1 receptor (AT1R) blocker
(ARB)] both at a low dose (0.1 mg/kg) and anti-
hypertensive dose (2 mg/kg) to explore whether their ef-
fect on astrocyte and microglial activation, neuroinflam-
mation, and neurogenesis is blood pressure (BP) depen-
dent or independent. Our data revealed that hypertension
induces robust microglial and astrocyte activation, neuro-
inflammation, and cripples hippocampal neurogenesis.
Importantly, ATIR blockade by Candesartan, even at
low dose (0.1 mg/kg), prevented astrocyte and microglial
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activation and neuroinflammation in the brain of hyper-
tensive rats. Mechanistically, ATIR blockade prevented
the activation of NADPH oxidase, reactive oxygen spe-
cies (ROS) generation, suppression of MAP kinase and
NFkB signaling. Importantly, we, for the first time to
our knowledge, provided the evidence that ATIR block-
ade by activating Wnt/{3-catenin signaling, promotes
neurogenesis during hypertensive state. We conclude that
AT1R blockade prevents astrocyte and microglial activa-
tion and improves hippocampal neurogenesis in hyperten-
sive state, independent of BP lowering action.

Keywords Hypertension - Glial activation - Neurogenesis -
ATIR blockade - Neuroinflammation

Introduction

A number of experimental and clinical studies demonstrate
that hypertension is one of the major risk factors for central
nervous system (CNS) diseases like stroke and Alzheimer’s
disease (AD; the predominant form of dementia) [1—4]. The
relationship between hypertension and dementia is further
strengthened when anti-hypertensive agents like angiotensin-
converting enzyme inhibitors and angiotensin type receptor
(AT1R) blockers (ARBs), improved memory functions in hy-
pertensive subjects [2—4]. However, the pathology of AD is
intricately associated with neuroinflammation that is mediated
by the activation of glia (microglia and astrocytes) [4, 5].
Astrocytic and microglial activation results in the release of
various inflammatory mediators like tumor necrosis factor-o
(TNF-w), IL-1[3, IL-6, and reactive oxygen species (ROS)
production [6-8], leading to the neuronal injury and neurode-
generation [4, 7]. Further, increased level of TNF-«x has also
been reported in the cerebrospinal fluid (CSF) and serum of
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AD patients [8] indicating the role of inflammatory mediators
in the progression of AD.

Renin angiotensin system (RAS) plays a key role in
blood pressure (BP) regulation; however, over-activity of
central RAS has been associated with neuroinflammatory
changes in AD brains [4, 9]. Presence of RAS in CNS has
been well established and its components are detected in
several brain regions like hippocampus, cortex, and in
different CNS cells like neurons and glia (astrocytes and
microglia) [4, 5, 9-11]. Angiotensin II (Ang II), consid-
ered as the principal effector RAS component, acts mainly
via activation of the AT1R [4, 5, 9], known to regulate the
neuroinflammation, central sympathetic activity, behavior,
and cognition [4, 5, 9]. Importantly, in several clinical and
pre-clinical studies, ARBs showed neuroprotection and
prevented cognitive decline [3, 12—15]. Further, the neu-
roprotective effects of ARBs like candesartan and
telmisartan have been demonstrated in primary neuronal,
astrocyte, and microglia cell cultures and in various ro-
dent models of brain disease, like stroke, AD, and neuro-
inflammation [4, 5, 14—18]. Moreover, the studies from
our lab also demonstrated the improvement in the cogni-
tive functions by candesartan [19, 20]. Conclusively, these
studies suggested that ARB-mediated neuroprotection
might be independent of their anti-hypertensive actions;
however, the underlying mechanisms are still unknown.

Recently, AD has been associated with the impaired adult
hippocampal neurogenesis in addition to the progressive loss
of neurons and gliosis [21, 22]. Of the neurogenic zones in the
adult brain, hippocampal neurogenesis draws the most atten-
tion, because of its involvement in cognitive functions [23].
However, the modulation of adult hippocampal neurogenesis
in hypertension is highly debated. Studies by Pietranera and
others showed hypertension impaired hippocampal
neurogenesis [24-26]. On the contrary, it has been shown that
hypertension promoted the hippocampal neurogenesis [27,
28]. Thus, it remains ambiguous how neurogenesis is affected
in hypertension and needs further exploration.

We previously have reported that hypertension in-
creases the susceptibility to neurodegeneration [9]; how-
ever, the contribution of glia (astrocytes and microglia)
mediated inflammatory changes in the brain during hyper-
tensive state is still elusive. Further, RAS is over-activated
in hypertension; however, its involvement in glial cell
activation and neurogenesis is still not completely ex-
plored. Therefore, in the present work, we carried out a
mechanistic study to demonstrate the effect of hyperten-
sion and RAS on glial (astrocytes and microglia) activa-
tion and hippocampal neurogenesis in a rat model of
chronic hypertension. We used candesartan (ARB) both
at a low dose (0.1 mg/kg) [19] and anti-hypertensive dose
(2 mg/kg) [29] to explore the blood pressure dependent or
independent actions of ARB.

Materials and Methods
Materials

Candesartan cilexetil; BrdU; 2’,7'-dichlorofluorescin diacetate
(DCF-DA); 3,3',5,5"-tetramethylbenzidine (TMB); collage-
nase; protease inhibitor; sodium chloride; potassium chloride;
HEPES; magnesium chloride; and all other chemicals used in
the study were purchased from Sigma-Aldrich (USA).
Primary antibodies, anti-GFAP (Sigma, USA), anti-
p65NFkB, anti-IkB-«, anti-Iba-1, anti-phospho-GSK-3 (Ser-
9), anti-phospho-GSK-3 (Y214), total-GSK-3 (Abcam, USA),
phospho-p38 mitogen-activated protein kinase (p38MAPK),
total p38MAPK, phospho-ERK1/2, total-ERK1/2,
phospho-[3-catenin, total (3-catenin, anti-DCX, and anti-
Nestin antibodies (Cell Signaling Technology, USA), anti-
p22PP°% " anti-p40PP* goat polyclonal anti-gp91P", anti-
p47°"°* anti-Histone H3 (Santa Cruz Biotechnology, USA)
and Alexa Fluor 594 and Alexa Fluor 488 IgG conjugate
(Invitrogen), secondary HRP-conjugated antibodies were pur-
chased from Santa Cruz Biotechnology (USA). PVDF mem-
brane was purchased from Millipore (USA). Primers used in
the study were purchased from Integrated DNA Technology
(USA). ELISA kits for interleukin-10 (IL-10) and tumor ne-
crosis factor-oc (TNF-«), were purchased from Peprotech
(USA).

Animals

The experiments were carried out with adult male Sprague-
Dawley (SD) rats (RGD, 10395233) procured from the
Laboratory Animal Services Division of CSIR-Central Drug
Research Institute (CDRI), Lucknow, India. Experiments
were performed according to internationally followed ethical
standards and approved by Institutional Animal Ethics
Committee (IAEC) of CSIR-CDRI and Committee for the
Purpose of Control and Supervision of Experiments on
Animals (CPCSEA), India. Rats were maintained under stan-
dard housing conditions (room temperature 24-27 °C and
humidity 60-65%) with a 12-h light and dark cycle. Food
and water were available ad libitum.

Model of Chronic Hypertension

Chronic hypertension was induced in male SD rats (180—
200 g), by partial occlusion of left renal artery, while in sham
animals, renal artery was only exposed but not occluded as
described previously [30]. Briefly, animals were anesthetized
with pentobarbital (50 mg/kg i.p.). After a midline abdominal
incision, the left renal artery was exposed and isolated over a
short segment by a blunt dissection. After isolation, renal ar-
tery was constricted by making the loop of folded-in-two cot-
ton thread tunneled through a plastic tube (0.5-mm internal
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diameter, 1.5-2.0-mm long). The artery was slowly inserted
into the tube by pulling the ends of thread. The thread was tied
such that it did not constrict the artery but prevented its slip-
page from the plastic tube [30]. Sham control rats underwent
the same surgical procedure without the partial ligation of
renal artery. After surgery, neosporin, an anti-fungal powder
and betadine, a topical antiseptic, were applied at the site of
incision. The animals had access to food and water ad libitum.

Experimental Plan and Drug Administration

After recovery of 1 week, animals were randomly distributed
in following experimental groups: Group 1—sham
(normotensive); Group 2—hypertensive (HTN); Group
3—HTN + candesartan (2 mg/kg, p.o.); Group 4—HTN +
candesartan (0.1 mg/kg, p.o.).

Candesartan was dissolved in a vehicle solution (1 mg in
950 ul of phosphate-buffered saline and 50 pl 1 M Na,COs3)
[20]. Candesartan at 0.1 and 2.0 mg/kg was administered oral-
ly daily for 35 days starting from the first day after recovery.

Measurement of Hemodynamic Parameters

Blood pressure (BP) of the rats was measured weekly starting
from 0 up to Sth week after the surgery. Briefly, the rats were
anesthetized with urethane (1.25 g/kg, i.p.) and placed on an
isothermal pad to maintain normal body temperature during
surgical procedures. The hemodynamic parameters like sys-
tolic blood pressure (SBP), diastolic blood pressure (DBP),
mean arterial blood pressure (MAP), and heart rate (HR) were
recorded by inserting fluid-filled catheters in the carotid artery.
The catheter was attached to the pressure transducer coupled
to the Data Acquisition System. All animals were allowed to
stabilize for 20 min before the final readings.

After taking hemodynamic parameters, the animals were
sacrificed by transcardiac perfusion with ice-cold saline. The
brain was immediately removed and kept on ice-cold plate to
dissect cerebral cortex and hippocampus.

Estimation of Cytokines

Inflammatory cytokines in the brain tissue were measured by
ELISA, following the protocol provided by the manufacturer
(Peprotech, USA), as described previously [30]. In brief, brain
tissues were homogenized in ice-cold Tris buffer (pH 7.2)
containing 50 mM Tris, 1| mM EDTA, 6 mM MgCl,, and
5% (w/v) protease inhibitor cocktail (Sigma-Aldrich, USA).
After homogenization, samples were sonicated for 10 s using
an ultrasonic processor (Heat systems-Ultrasonic Inc.) at a
setting of 20 duty cycles and then centrifuged at 20,800g for
20 min at 4 °C. Supernatants were collected and level of the
pro-inflammatory cytokine (TNF-«) and anti-inflammatory
cytokine (IL-10) was determined using commercially
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available ELISA kit, following the protocol provided by the
manufacturer (Peprotech, USA). The concentration of protein
in the sample was determined by comparison with a standard
curve of known protein concentrations. Cytokines level
(TNF-oc and IL-10) were expressed as picogram per milligram
of protein [30].

Estimation of ROS

For ROS determination, rat brains were isolated and homog-
enous suspension was prepared in HEPES—Tyrode solution
(145 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM MgCl,,
5 mM glucose, 5 mM HEPES, pH 7.4) by treatment of the
finely chopped forebrain tissue with collagenase (750 unit/ml)
for 45 min at 37 °C. After enzymatic treatment, the dissociated
cells were passed through a filter to remove large tissue frag-
ments. Viability test was done by trypan blue and 90% of the
viable population of cells was obtained. Generation of ROS
was estimated by fluorescent dye DCF-DA using flow
cytometer (Becton Dickinson, UK). Data was analyzed using
Cell Quest Software (Becton Dickinson, USA). DCF-positive
cells, 10,000 counts per condition, were quantified using the
FACS Calibur (BD) with the Cell Quest software, as described
previously [5].

Western Blot Analysis

For the western blot analysis, nuclear and cytosolic frac-
tions were prepared as described previously [5, 30].
Briefly, the brain of rats were homogenized in five vol-
umes of ice-cold hypotonic buffer (20 mM HEPES (pH
7.5), 250 mM sucrose, 1 mM dithiothreitol, 1.5 mM
MgCl,, 10 mM KCI, 1| mM EDTA, 1 mM EGTA,
0.1 mM PMSF, 1x protease inhibitor cocktail) using a
Teflon homogenizer. The cell lysate was then centrifuged
at 800g for 10 min at 4 °C. Supernatants containing cy-
tosolic fractions were removed and stored at — 70 °C.
Pelleted nuclei were resuspended in hypertonic buffer
(hypotonic buffer + 350 mM NaCl). Debris was removed
by centrifugation at 13,000g and nuclear fractions were
stored at — 70 °C. Protein estimation in the supernatants
was done by Lowry method. Samples were mixed with
the 4% loading buffer containing 100 mM Tris—HCI (pH
6.8), 200 mM dithiothreitol (DTT), 4% sodium dodecyl
sulfate (SDS), 0.2% bromophenol blue, and 20% glycerol
and were boiled for 5 min at 95 °C.

An equal amount of proteins was separated on 10 or 12%
SDS-PAGE and transferred to a polyvinylidene difluoride
(PVDF) membrane. Membranes were blocked with blocking
buffer (5% BSA, 10 mM Tris pH 7.5, 100 mM NaCl, and
0.1% tween-20) for 2 h. Membranes were then incubated
overnight at 4 °C with primary antibodies rabbit polyclonal
anti-p22P"°*, goat polyclonal anti-gp91P"°*, anti-p47Ph°*
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(1:500; Santa Cruz Biotechnology, USA), rabbit polyclonal
anti-p65NFkB, anti-IkB-«, anti-Iba-1 (1:1000; Abcam, UK),
anti-phospho-p38 mitogen-activated protein kinase
(p38MAPK), total p38MAPK, rabbit polyclonal anti-ERK1/
2, and mouse polyclonal anti-p-ERK1/2 (1:1000; Cell
Signaling Technology, USA) and mouse monoclonal anti-
GFAP (1:1000), anti-histone H3 (1:1000), anti-p-S-9-GSK-
33 (1:1000), anti-p-Y-216-GSK-33 (1:1000), goat anti-
GSK-3f (1:1000; Abcam, UK) and [3-actin (1:10,000;
Sigma, St. Louis, MO, USA). After washing, membranes
were incubated with respective HRP-conjugated secondary
antibodies (1:5000) for 2 h at room temperature. Blots were
then developed by the ECL chemiluminescence detection sys-
tem (Millipore, USA). The band intensity was measured using
spot densitometry analysis by MY IMAGE ANALYSIS soft-
ware (Thermo Scientific). [3-actin protein was used as an in-
ternal control.

Bromodeoxyuridine Injection

We used bromodeoxyuridine (BrdU) to label proliferating
cells. On day 35, all groups of rats were treated with four
intraperitoneal injections of BrdU (50 mg/kg in saline,
Sigma-Aldrich, St. Louise, MO, USA) in a 4-h interval,
because the half-life of BrdU is about 2 h [31] and the
number of BrdU+ cells peaks at about 15 h after BrdU
injection and decreases afterward [32]. Two hours after
the last injection, the hemodynamic parameters were mea-
sured and rats were transcardially perfused with ice-cold
0.1 M PBS (pH 7.4) followed by 4% paraformaldehyde in
0.1 M PBS. The brains were quickly removed for immu-
nohistochemical studies as discussed below.

Immunohistochemistry Analysis

Brains were isolated, fixed overnight in 4% paraformalde-
hyde, and cryoprotected by 30% sucrose in PBS [30]. The
serial coronal sections of cortical and hippocampal tissue of
20-um thickness, corresponding to the coordinates of — 2.75
to — 3.6 mm from bregma [30, 33] were collected by using
cryostat (Micron International, GmbH, Germany) on the poly-
l-lysine coated slides and stored at — 20 °C till used for immu-
nohistochemical studies. To ensure the homogeneity in the
tissue collected from rats across different groups, sections cor-
responding to these coordinates were included and quantified,
ensuring that the regions of interest were similar among dif-
ferent groups and experiments [30]. For BrdU staining, the
sections were treated with 2 N HCI for 30 min, followed by
neutralization with borate buffer. Then, the sections were post-
fixed and permeabilized by ice-cold acetone for 10 min. Then,
sections were blocked with 1% bovine serum albumin to
block non-specific binding. The sections were washed with
PBS and then incubated with primary antibodies, mouse anti-

BrdU (1:100; Sigma, USA), rabbit anti-GFAP (1:100; Sigma,
USA), rabbit anti-DCX (1:100; CST, USA) and goat anti-Iba-
1 (1:200; Abcam, USA) overnight. After rinsing again with
PBS, sections were incubated with Alexa Fluor 594 goat anti-
rabbit, Alexa Fluor 488 goat anti-mouse and Alexa Fluor 488
donkey anti-goat IgG conjugate (1:400) for 2 h. Finally, the
sections were counterstained with DAPI and mounted with
mounting media (Invitrogen). Brain sections were visualized
using a fluorescence microscope (Leica Microsystems,
Germany). BrdU+ cells were counted by the experimenter
who was blind to the experimental conditions during quanti-
fication procedures. The number of BrdU+ cells was counted
in the dentate gyrus of hippocampus as described previously
[34]. In brief, the magnified fluorescent images (x400) of
immunoreactive BrdU+/DAPI+ cells were counted and the
area of the dentate gyrus was determined using free image
analysis software ImageJ (NIH, MD, USA). Similarly, the
number of GFAP+ and Iba-1+ cells in cortex and hippocam-
pus were counted. Finally, cell counts were divided by the area
of'the section and expressed as cells per square millimiter [34].
The mean fluorescent intensity of GFAP or Iba-1 immu-
noreactivity images was also measured by image analysis
software Image] (NIH, MD, USA) the after subtracting
background levels [30]. For comparison between different
groups, immunofluorescence intensity was quantified with-
in fixed areas of the cortex and hippocampus for each
animal by two different examiners that were blind to ex-
perimental parameters [30].

A skeleton analysis method was used to quantify the
microglia morphology in immunofluorescent images as
described previously [30, 35]. In brief, the maximum in-
tensity projection of the Iba-1 positive channel and the
image was converted first to a binary and then skeleton-
ized using Imagel software (Supplementary Fig. 1). The
AnalyzeSkeleton plugin (http://imagejdocu.tudor.lu/) was
then applied to all skeletonized images to collect data on
the number of endpoints per frame (Supplementary Fig. 1,
blue) and process length (Supplementary Fig. 1, orange)
as reported previously [30, 35]. The data was quantified
by an experimenter who was blind to the experimental
groups. The morphological analysis of astrocytes was per-
formed on the immunofluorescent images by Leica Qwin
software (Version 3.1) using interactive measurement ap-
plication tool as described previously [30]. Soma area was
calculated by an experimenter blind to the experimental
groups and the data were analyzed by a second experi-
menter. For quantitative analysis, soma arca was deter-
mined and presented as the soma area (in uM?) [30].

RNA Preparation and RT-PCR

Quantitative gene expression analysis was performed by
using SYBR Green technology as described previously
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[36]. Briefly, the total RNA was extracted from different
groups using TRIzol (Sigma, USA) isolation procedure and
complementary DNA (cDNA) was synthesized using
RevertAid™ H Minus first-strand cDNA synthesis kit fol-
lowing the manufacturer’s protocol (Invitrogen, USA).
Messenger RNA (mRNA) expression of key genes associat-
ed with the neuronal fate determination was quantified using
the following primers as described previously [37]. Nestin
(Forward-CCCTTAGTCTGGAGGTGGCTA and
Reverse-GGTGTCTGCAACCGAGAGTT), Neurogenin
(Forward-CTCGGGGAGCACCCTTAC and
Reverse-CAGGTATCCCTCCCCTCTTTA), Neuro-DI1
(Forward-ACGCAGAAGGCAAGGTGT and
R-TTTGGTCATGTTTCCACTTCC), Axin
(Forward-GCAGGACCCACATCCTTCT and
Reverse-AGCCAGTCTCTTTGGCTCTTT), Cyclin D1
(Forward-GCACAACGCACTTTCTTTCC and
Reverse-TCCAGAAGGGCTTCAATCTG), Wnt-3
(Forward-GCTACTCGGCCTCCTGCT and
Reverse-GGCCAGAGACGTGTACTGCT), LRP-5
(Forward-CATCCATGCTGTGGAGGA and
Reverse-TGTCTCGGGCACAAGGAT), BMP-2
(Forward-GGAAAACTTCCCGACGCTTCT and
Reverse-CCTGCATTTGTTCCCGAAAA) and f3-actin
(Forward-CCCGCGAGTACAACCTTCT and
Reverse-CGTCATCCATGGCGAACT). Real-time RT-PCR
was carried out in QuantStudio 12 K Flex Real-Time PCR
System (Applied Biosciences Indianapolis, USA).
Relative mRNA expression was calculated by using com-
parative cycle threshold (2 — ““Ct) method using (-actin
as an internal standard and the relative amount of mRNA
was presented in the form of fold change over control
[36].

Statistical Analysis

Statistical analysis was done by using Prism software ver-
sion 5.0 (Graph Pad Software, San Diego, CA, USA). All
Results are expressed as mean + SEM. Statistical signifi-
cance was evaluated by student’s 7 test and one-way anal-
ysis of variance (ANOVA) followed by Tukey’s multiple
comparison test. A value of p < 0.05 was considered to be
statistically significant.

Results

Candesartan Prevented the Increase in the BP
in Established Model of Hypertension

The temporal (weekly) changes in the hemodynamic pa-

rameters like SBP and HR in rat model of renovascular
hypertension are shown in Fig. 1. The significant increase
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in SBP was observed after week 2 which continued to rise
till the end of week 5. Further, HR significantly increased
after week 4 as compared to sham (normotensive) rats.
On the contrary, treatment with Candesartan at anti-
hypertensive dose (2 mg/kg) prevented the development
of hypertension in renovascular rats. However,
candesartan at a dose of 0.1 mg/kg had no effect on
the BP, validating that the dose of 0.1 mg/kg as low one

(Fig. 1).

ATI1R Blockade Ameliorated Hypertension Induced
Astrocyte and Microglial Activation in Brain

With the rise in the BP, we observed the marked astrocyte
and microglial activation (gliosis) as revealed by in-
creased immunostaining of GFAP (astroglia marker) and
Iba-1(microglia marker) in both hippocampus and cortex
(Figs. 2 and 3; Supplementary Figs. 2, 4). Further, astro-
cytes in sham rats (normotensive rats) had thin and fine
processes with small cell body (Table 1); however, at 3rd,
4th, and 5th week of hypertension, the astrocytic GFAP
immunostaining was more intense and hypertrophied as-
trocytes, i.e., thick and dense processes and enlarged cell
body were observed (Table 1). Similarly, microglia
displayed non-activated/resting phenotype, i.e., ramified
and profusely branched processes in sham rats compared
to the activated phenotype evidenced by decreased branch
length, thick processes, and large cell body (Table 2) at
3rd week and ultimately amoeboid phenotype at 4th and
5th week of hypertension in both hippocampus and cortex
(Fig. 3a, b; Table 2; Supplementary Fig. 4) of hyperten-
sive rats. However, the most prominent astrocyte and
microglial and morphological change were observed by
5th week of hypertension. Treatment with candesartan at
either low (0.1 mg/kg) or anti-hypertensive (2 mg/kg)
doses, in a time-dependent manner, prevented the activa-
tion of astrocytes (decreased GFAP immunostaining) and
microglia (decreased Iba-1 immunostaining) along with
change in cell morphology as evident from decreased hy-
pertrophy in astroglia (Fig. 2; Table 1) and increased ram-
ification in microglia (Fig. 3; Table 2) in the brain of
hypertensive rats. However, the cell quantification of
GFAP+ and Iba-1+ cells revealed that there is an increase
(though not significant) in the number of GFAP+ cells,
but not in Iba-1+ cells in hypertensive rats as compared
to the sham that was reversed by Candesartan at both the
doses (Supplementary Fig. 3a, b and 5a, b).

AT1R Blockade Prevented Hypertension Induced
Imbalance in Inflammatory Cytokines in Brain

Consistent with the activation of glia, we observed a time-
dependent increase in the level of pro-inflammatory
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Fig. 1 Effect of candesartan on a €3 Sham B3 HTN E3 Cand 0.1 mg D Cand 2mg
hemodynamic parameters in
hypertensive rats. Candesartan at 200 x

0.1 mg/kg had no effect on SBP
or HR, validating the dose of

0.1 mg/kg as non-anti-
hypertensive. However,
candesartan at 2 mg/kg reduced
the SBP and HR in hypertensive
rats. Data values are expressed as
mean = S.E.M (n = 6).
*Significant increase (**p < 0.01) 0

SBP (mmHg)

o
o
1

* k%

in comparison to sham. Week 0 Week 1 Week 2 Week 3 Week 4 Week 5
#Significant decrease (*p < 0.05

and ##p < 0.01) in comparison to b &3 Sham g3 HTN &3 Cand 0.1 mg D Cand 2 mg
hypertension

Week 0

TNF-x and decrease in level of anti-inflammatory cyto-
kine IL-10 in hypertensive rats (Table 3). However, treat-
ment with Candesartan both at low (0.1 mg/kg) or anti-

A High magnification GFAP GFAP/dapi

Sham

HTN

Cand2mg Cand0.1mg

Hippocampus

Fig. 2 ATIR blockade prevented hypertension induced astrogliosis in
brain. Representative fluorescent images of astrocytes (GFAP+) in the
(a) hippocampus and (b) cortex of sham, hypertensive and Candesartan
treated rats (n = 5). Representative higher magnification images showing
morphological changes in astrocytes during hypertension. The resting

N
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N &
&
-7
&
A
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¥

Week 2 Week 3 Week 4 Week 5

Week 1

hypertensive (2 mg/kg) dose, in a time-dependent manner,
prevented the imbalance in the inflammatory cytokines as
evident from decrease in TNF-« and increase in IL-10

b High magnification ~ GFAP GFAP/dapi

Cortex

astrocytes, with thin fine processes and lightly stained cell body, as
observed in sham (arrows) were hypertrophied (arrows), having thick
and bushy processes with intensely stained cell body during hypertension
that was reversed by Candesartan treatment, even at low dose. Scale bar
represents 50 or 20 um
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Fig.3 ATIR blockade ameliorated hypertension induced microgliosis in
brain. Representative fluorescent images of Iba-1 positive microglia
along with magnified skeletonized inset from (a) hippocampus and (b)
cortex of sham, hypertensive and Candesartan treated rats (n = 5).

levels in the hippocampus and cortex (Table 3) of hyper-
tensive rats.

ATI1R Blockade Prevented the Increased Expression
of NADPH Oxidase Subunits and ROS Generation
in Hypertension

Since robust activation of astrocyte and microglia and
inflammatory response were observed at 5 weeks of hy-
pertension, therefore, the mechanistic studies were carried
out at this time point. Since, NADPH oxidase activation
results in ROS generation in brain, therefore, we assessed
the expression of NADPH oxidase in hypertensive rats.
Hypertension induced a significant increase in the expres-
sion of major NADPH oxidase subunits, gp91phox,
p47phox, p40phox, and p22phox in the cortex and hippo-
campus regions of brain as compared to the sham (Fig. 4a,
b). On the contrary, candesartan at either low (0.1 mg/kg)
or anti-hypertensive (2 mg/kg) dose blunted the increased
expression of NADPH oxidase subunits in both cortex
and hippocampus (Fig. 4a, b).

Further hypertension by increasing the NADPH oxidase
activity (major ROS generating system) resulted in increased
generation of ROS (Fig. 4¢) in both the brain regions of hy-
pertensive rats. However, candesartan at both doses attenuated
the hypertension induced ROS generation in both the brain
regions (Fig. 4c¢).
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Microglia process endpoints/cell and process length/cell were significant-
ly decreased in hypertension as compared to the sham that was mitigated
by Candesartan treatment even at low dose. Scale bar represents 50 or
20 um

AT1R Blockade Prevented Hypertension Induced IkB-o
Degradation and Nuclear Translocation of NFkB in Brain

Activation of NFkB is central to astrocyte and microglial ac-
tivation, by regulating the expression of various inflammatory
mediators and is usually held in an inactive state by IkB-«
(physiological NFkB inhibitor) [5, 30]. In the present study,
hypertension induced degradation of IkB- and resulted in the
nuclear translocation of NFkB (increased expression of nucle-
ar p65-NFkB expression) in both cortex and hippocampus
(Fig. 5a). However, candesartan at both doses (0.1 mg/kg
and 2 mg/kg) prevented the activation of NFkB signaling cas-
cade as evident from the stabilization of IkB-« and suppres-
sion of nuclear translocation of NFkB in both the brain regions
(Fig. 5a).

AT1R Blockade Ameliorated Hypertension Induced
Activation of MAPK Signaling in Brain

Astrocyte and microglial activation has been associated with
the activation of MAP kinases. Therefore, we assessed the
activation of p38 and ERK1/2 in the hypertensive rats.
Hypertension significantly increased the phosphorylation of
p38 MAPK and ERK1/2 in both cortex and hippocampus
regions of the brain (Fig. 5b). However, candesartan at either
low (0.1 mg/kg) or anti-hypertensive (2 mg/kg) doses attenu-
ated the hypertension induced phosphorylation of p38 and
ERK1/2 MAPK kinases in both brain regions (Fig. 5b).
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of NADPH oxidase subunits in (a) cortex and (b) hippocampus. ¢ #Significant decrease (*p < 0.05 and p < 0.01) in comparison to
Representative flow cytometry images for the DCF-DA positive cells in hypertension
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Fig. 5 ATIR blockade prevented NFkB and MAPK inflammatory
signaling in hypertensive rats. a Representative immunoblots and
quantification of IkB-a and nuclear p65-NFkB subunit in cortex and
hippocampus. b Representative immunoblots and quantification
pERK1/2 and pP38 MAPK in cortex and hippocampus. The IkB-o ex-
pression was normalized by {3-actin; p65-NFkB expression was

AT1R Blockade Promoted Hippocampal Neurogenesis
in the Hypertensive Rats

We observed an increase in the number of BrdU+ cells in the
hippocampus of hypertensive rats as compared to normoten-
sive rats (Fig. 6a). Further, AT1R blockade by Candesartan
promoted the proliferation of BrdU+ cells in the hippocampus
of hypertensive rats (Fig. 6a). However, we observed that
hypertension decreased the population of immature neurons
as evidenced by the decrease in the DCX expression and
number of DCX+ (immature neuronal marker) cells in the
hippocampus of hypertensive rats (Fig. 6b). On the contrary,
Candesartan, independent of its BP regulating action, in-
creased the DCX expression and number of DCX+ cells in
the hippocampus of hypertensive rats (Fig. 6b).

Further, hypertension decreased the expression of neuro-
genic genes like NeuroD1 and Neurogenin (important for neu-
ronal fate and differentiation), while increased the gliogenic
BMP2 expression in the hippocampus of hypertensive rats
(Fig. 6¢). However, we did not find any change in the neuronal
precursor cell marker Nestin in the hypertensive state
(Fig. 6¢). In contrast, candesartan even at low dose (0.1 mg/
kg) significantly increased the expression of neurogenic genes
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comparison to hypertension

NeuroD1 and Neurogenin, while strongly suppressing the
gliogenic BMP2 expression in the hippocampus of hyperten-
sive rats (Fig. 6¢). These data clearly indicated that ATIR
blockade promoted the hippocampal neurogenesis by sup-
pressing gliogenic while enhancing neurogenic modulators.

AT1R Blockade Promoted the Activation
of Wnt/3-Catenin Signaling in the Hypertensive Rats

Recently, Wnt/{3-Catenin pathway has been demonstrated to
be involved in cell survival, proliferation, and differentiation of
neuronal precursors [38]. Further, the characteristic of the Wnt/
[3-catenin signaling is the stabilization of cytosolic (3-catenin
by the inhibition of GSK-3 which targets 3-catenin for
ubiquitination and degradation by the proteasome [39]. We
therefore addressed the link between hypertension and Wnt
signaling. We observed that hypertension impaired Wnt/f3-
Catenin signaling as evident from the decreased expression
of Wnt specific genes like Wnt-3A, LRP-5, Axin, and Cyclin
D1 (Fig. 7a). Further, hypertension increased the GSK-3(3 ac-
tivation (significant increase in phosph-Y-216/phosph-S-9
GSK-3{ ratio) (Fig. 7b), 3-catenin degradation (increased
phosphorylation of (3-catenin) and decreased nuclear
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Fig. 6 AT1R blockade promoted proliferation of neuronal stem cells and
neurogenesis in brain of hypertensive rats. a Representative images and
quantification of BrdU+ cells in the hippocampus. b Representative
fluorescent and immunoblot images and quantification of DCX+ cells
in the hippocampus. Scale bars: 50 and 100 uM. ¢ qPCR measurement

translocation of (-catenin (Fig. 7c) in the hippocampus of
hypertensive rats. On the contrary, candesartan even at low
dose (0.1 mg/kg) promoted the activation of Wnt/[3-Catenin
specific genes, inhibited GSK-3 (3 activation and stabilized and
promoted the nuclear translocation of (3-Catenin in the hippo-
campus of hypertensive rats (Fig. 7a—c).

Discussion

Hypertension is reported to increase the susceptibility to neu-
rodegeneration [9], however, the involvement of glia (astro-
cytes and microglia) and AT1R in neuroinflammation and
neurogenesis in hypertensive state is still elusive. Our study
revealed that hypertension induced astrocytes and microglial
activation, neuroinflammation and impaired hippocampal
neurogenesis. On the contrary, AT1R blockade by
candesartan, independent of BP-lowering action, attenuated
astrocytes and microglial activation, neuroinflammatory
changes and promoted hippocampal neurogenesis in hyper-
tensive rats. Mechanistically, ATIR blockade prevented the
activation of NADPH oxidase, MAP kinase, and NFxB, while
promoting the Wnt/3-catenin signaling in hypertensive rats.
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Although often neglected, the brain is one of the main
target organs subjected to detrimental dysfunctions caused
by high blood pressure [9]. Importantly several studies have
revealed that hypertension could modulate the initiation and
development of cognitive impairment by inducing
neuroinflammatory processes in brain [2—4, 40, 41]. Since
CNS is considered an immune privileged tissue, therefore, in
brain, the inflammatory responses are mainly orchestrated by
the activation of astrocytes and microglia [42—44]. In the pres-
ent study, we also observed that hypertension induced activa-
tion of astrocyte (increased GFAP expression) and microglial
(increased Iba-1 expression) along with the morphological
transformation from resting to active state. Similarly, the pre-
vious studies have demonstrated that astrocytes and microglial
activation is associated with the change in morphology during
CNS inflammatory disease [45—49]. Consistent with the tem-
poral activation of astrocytes and microglia, we witnessed a
shift towards pro-inflammatory TNF-oc and decrease in anti-
inflammatory IL-10 in both cortex and hippocampus of hy-
pertensive rats. Similarly, previous reports have demonstrated
an imbalance in inflammatory cytokines following activation
of astrocytes and microglia in both in vitro and in vivo studies
[4, 50, 51]. Of note, AT 1R blockade by candesartan, even at
low (0.1 mg/kg) dose, prevented astrocyte and microglial
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activation and subsequent imbalance in inflammatory cyto-
kines in the hypertensive rats. These results suggest that
AT1R blockade shows anti-inflammatory action, independent
of its BP-lowering effect.

Several reports have implicated the NADPH oxidase-
mediated ROS generation and activation of NFkB and
MAPK as a pathological hallmark of glial activation during
neuroinflammatory or neurodegenerative diseases like AD
and PD [9, 40, 52-55]. Similarly, in the present study, we
found that hypertension induced astrocyte and microglial ac-
tivation was associated with the increased activation of
NADPH oxidase, ROS production, NFkB, and MAPK acti-
vation (evidenced by the IkB-« degradation, NFkB nuclear
translocation, and p38 and ERK1/2 MAP Kinase activation).

However, AT1R blockade by candesartan, even at low dose of
0.1 mg/kg prevented the hypertension induced NADPH oxi-
dase activation, ROS generation, NFkB nuclear translocation
and p38 and ERK1/2 MAP kinase activation in the brain of
hypertensive rats. Likewise, previous studies have reported
that inhibition of NADPH oxidase or NFkB prevents astrocyte
and microglial activation in rodent models of dementia and
in vitro culture of astrocytes and microglia [4, 52-59].
Conclusively, these results suggest that AT 1R blockade, inde-
pendent of its BP lowering effect, prevents the activation of
NADPH oxidase, ROS production, NFxB and MAPK signal-
ing during hypertensive state.

Besides neuroinflammatory changes, impaired neurogenesis
has been implicated in pathogenesis of AD [60]. In the present

@ Springer
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study, we also observed that hypertension impaired adult hip-
pocampal neurogenesis as apparent from the decreased DCX+
cells and neurogenic genes NeuroD1 and Neurogenin (impor-
tant for neuronal commitment, differentiation and
neurogenesis). Notably, the gliogenic BMP-2 (important for
glial commitment and gliogenesis) was upregulated in hyper-
tensive rats. On the contrary, AT1R blockade by candesartan
reversed hypertension induced impaired neurogenesis by in-
creasing the number of DCX+ cells and the expression of neu-
rogenic genes Neurogenin and Neuro-D1, while decreasing
gliogenic BMP-2 gene expression. Similarly, previous reports
demonstrated that decreased expression of neurogenic genes
and neuroinflammatory conditions impaired hippocampal
neurogenesis [60—-62]. However, we observed the expression
of Nestin did not change during the hypertensive state and
Candesartan treatment slightly increased its expression.
Therefore, we conclude that ATIR blockade promotes
neurogenesis by activating neurogenic genes and decreasing
gliogenic genes, without affecting the neuronal precursor pop-
ulation in hypertensive state.

Apart from neurogenic factors, Wnt/3-catenin signal-
ing plays an indispensable role in neurogenesis [63, 64].
Importantly, attenuation of canonical Wnt signaling has
been reported to promote the gliogenesis in neural stem
cells (NSCs) [38]. In the present study, we observed at-
tenuation of Wnt signaling specific genes like Wnt-3a,
LRP-5, Axin and Cyclin D1 in the hippocampus of hy-
pertensive rats. Further, activation of GSK-33 (increased
p-Y216-GSK-33/GSK-33 and decreased p-S9-GSK-3[3/
GSK-3f3 ratio), a central component of Wnt/[3-catenin
pathway, promoted the degradation of (-catenin in the
hypertensive rats. In contrast, ATIR blockade, even at
low dose (0.1 mg/kg) attenuated GSK-3[3 activation,
while promoting the expression of Wnt signaling genes
in the hypertensive rats. Our results are backed by the
previous studies which reveal that ARBs, by attenuating
GSK-3f3 activation, show neuroprotection in neurodegen-
erative diseases [56, 65]. Taken together, it can be inferred
that ATIR blockade, through activation of Wnt/(3-catenin
pathway, improves hippocampal neurogenesis in
hypertension.

In summary, we show that hypertension induces robust
astrocyte and microglial activation, neuroinflammation
and cripples neurogenesis in brain. Of note, AT1R block-
ade by candesartan, independent of its BP lowering effect,
prevented astrocyte and microglial activation and associ-
ated neuroinflammation in the brain of hypertensive rats.
Mechanistically, AT1R blockade prevented the activation
of NADPH oxidase, MAP kinase and NFkB. Importantly,
we, for the first time to our knowledge; provide the evi-
dence that ATI1R blockade, by activating Wnt/{3-catenin
signaling, promotes hippocampal neurogenesis in
hypertension.
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