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Aims Dysregulated immune response contributes to inefficiency of treatment strategies to control hypertension and reduce the risk of
end-organ damage. Uncovering the immune pathways driving the transition from the onset of hypertensive stimulus to the mani-
festation of multi-organ dysfunction are much-needed insights for immune targeted therapy.

Methods To aid visualization of cellular events orchestrating multi-organ pathogenesis, we modelled hypertensive cardiovascular remodelling
and results in zebrafish. Zebrafish larvae exposed to ion-poor environment exhibited rapid angiotensinogen up-regulation, followed by mani-
festation of arterial hypertension and cardiac remodelling that recapitulates key characteristics of incipient heart failure with pre-
served ejection fraction. In the brain, time-lapse imaging revealed the occurrence of cerebrovascular regression through endothelial
retraction and migration in response to the ion-poor treatment. This phenomenon is associated with macrophage/microglia-
endothelial contacts and endothelial junctional retraction. Cytokine and transcriptomic profiling identified systemic up-regulation
of interferon-y and interleukin 1P and revealed altered macrophage/microglia transcriptional programme characterized by suppres-
sion of innate immunity and vasculo/neuroprotective gene expression. Both zebrafish and a murine model of pressure overload-
induced brain damage demonstrated that the brain pathology and macrophage/microglia phenotypic alteration are dependent on
interferon-y signalling. In zebrafish, interferon-y receptor 1 mutation prevents cerebrovascular remodelling and dysregulation of
macrophage/microglia transcriptomic profile. Supplementation of bone morphogenetic protein 5 identified from the transcrip-
tomic approach as a down-regulated gene in ion-poor-treated macrophages/microglia that is rescued by interferon-y blockage,
mitigated cerebral microvessel loss. In mice subjected to transverse aortic constriction-induced pressure overload, typically
developing cerebrovascular injury, neuroinflammation, and cognitive dysfunction, interferon-y neutralization protected them
from blood—brain barrier disruption, cerebrovascular rarefaction, and cognitive decline.

Conclusions These findings uncover cellular and molecular players of an immune pathway communicating hypertensive stimulus to structural
and functional remodelling of the brain and identify anti-interferon-y treatment as a promising intervention strategy capable of pre-
venting pressure overload-induced damage of the cerebrovascular and nervous systems.
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1. Introduction

Hypertension is the most prevalent chronic disease and a major health
challenge."? Although elevated blood pressure is the key diagnostic feature
of hypertension, its mortality and disability are results of associated cardio-
vascular comorbidities such as heart failure, stroke, chronic kidney disease,
and cognitive impairment.® Current treatment strategies mainly target the
key regulatory pathways controlling physiological blood pressure, the sym-
pathetic nervous system, and the renin (Ren) angiotensin (Agt) system.>*
While these drugs help in reaching target blood pressure levels in a consist-
ent proportion of patients with essential hypertension, it is still difficult to
hamper the progression of target organ damage. This is particularly true for
cerebrovascular alterations. It is also becoming increasingly clear that, even
in subjects with acceptable blood pressure levels, an elevated residual risk
of cardiovascular events may persist,”® highlighting the existence of add-
itional disease drivers.

Reduced blood flow velocity

Cerebrovasculare Regresion

= /9

Endothelial jur_)cﬂienalfdisruption
Increased endothelial-macrophage contacts

A pivotal contribution of systemic inflammation and immune reactivity in
the pathogenesis of hypertension and end-organ damage is well-
recognized.”® Diverse types of innate and adaptive immune cells, and cyto-
kines they secrete, have been shown to participate in pathogenesis of
hyper‘tension.p11 However, our mechanistic understanding of how activa-
tion of these immune cells can lead to the onset and progression of hyper-
tension is still lacking. It is commonly viewed that innate immune cells, as
initiators of inflammatory response to hypertensive stimuli, play a key
role in vascular injury. Monocyte/macrophage deficiency mitigates the ef-
fect of angiotensin Il (Ang I1),'®"? aldosterone,'® and endothelin-1"* to in-
duce vascular dysfunction and oxidative stress in resistance arteries and
aortas. Similarly, ablation of perivascular macrophages in the brain prevents
structural and functional remodelling of the middle cerebral artery and
cerebrovascular oxidative stress in murine models of hypertension.’>"
Deleterious effects of immune cells in hypertension do not depend solely
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on production of pro-inflammatory cytokines or reactive oxygen species. It
has been shown that interleukin (IL) 10 production by a macrophage sub-
set accumulating in the heart upon aldosterone and salt-induced hyperten-
sion promoted cardiac fibrosis and diastolic dysfunction.'”

Collectively, a body of evidence demonstrating interactions of differ-
entimmune cell types with the vasculature, the heart, and the brain sug-
gests an overarching hypothesis that dysregulated immune cells drive
hypertension development by disrupting blood pressure-regulatory
functions of these organs.>*'® However, end organ malfunction can
provoke inflammation in various peripheral tissues, implicating complex
cascades of immune reactivity both as causes and consequences of
hypertension.'”?® A better understanding of the site-specific effects
of diverse immune cell subsets as well as mechanistic insight into the im-
mune pathways communicating hypertensive signals to the affected or-
gans is fundamental for the development of immune-targeting strategies
to manage clinical hypertension.

Here, we tackled three main questions: (i) cellular processes underlying
immune cell-driven adverse remodelling of the blood-pressure-regulating
organs; (ii) molecular mediator of the cellular events; and (jii) if manipula-
tion of the identified immune pathway can prevent development of
hypertension and end-organ pathological remodelling. By introducing
ion-poor-induced disturbance of body fluid homeostasis, we established
zebrafish as a new model that recapitulates the multi-systemic structural
and functional remodelling characteristics of human hypertension, with
the advantage of requiring simpler manipulations and shorter treatment
time than currently available rodent models.? Importantly, the model al-
lows not only post-mortem characterization of the multi-systemic pheno-
types of hypertension but also a live imaging approach to trace cellular
behaviours during pathogenic progression. Exploiting the zebrafish model,
we were able to uncover the cellular processes occurring during the tran-
sition from exposure to ion imbalance stimulus to manifestation of brain
pathology, i.e. macrophage/microglia-endothelial cell contacts and endo-
thelial junctional disruption that precede endothelial cell migration-driven
cerebrovascular regression and increased cell death in the brain.
Mechanistically, we identify interferon-y (IFNy) signalling acting as a crucial
mediator of systemic inflammation-driven arterial dysfunction and ion
imbalance-driven brain remodelling. In response to the ion-poor exposure,
IFNy signals down-regulation of homeostatic, pro-angiogenic, and neuro-
protective factors in macrophage/microglia. VWe showed that one of the
factors, bone morphogenic protein (BMP) 5, participates in the
IFNy-driven pathogenic pathway. Finally, in a murine model of cardiac pres-
sure overload-induced brain pathology, we provide a proof of concept of
inflhammation-targeted therapy that can abrogate cerebrovascular rarefac-
tion, blood-brain barrier (BBB) and endothelial junctional disruption, and
cognitive dysfunction.

2. Methods

Detailed material and methods are available in the Supplementary material
online, Data Supplement. Zebrafish husbandry and experiments were per-
formed under standard conditions in accordance with institutional (Max
Delbriick Center for Molecular Medicine), State (LAGeSo Berlin), and
German ethical and animal welfare guidelines, and approved by LAGeso
Berlin. All experiments were performed on larvae up to 10 days post fer-
tilization (dpf). Fish larvae were euthanized by anaesthesia with 0.168 mg/
ml tricaine methanesulfonate (MS-222), followed by immersion in ice
water to induce hypothermia. Zebrafish experiments at the Biozentrum
of the University of Basel were performed in accordance with federal guid-
ance and approved by the Kantonales Veterindramt of Kanton Basel-Stadt
(1041G and 1041H). Zebrafish were maintained in standard conditions.'

All murine experiments were performed according to the EC Council
Directive 2010/63 and ltalian D.Lgs 26/2014, approved by the
Institutional Animal Care and Use Committee at |.R.C.C.S. Neuromed,
and authorized by the lItalian Ministry of Health (Auth. Number 842/
2020-PR), with procedures designed to minimize animal suffering and re-
specting the 3Rs principles. Mice were anaesthetized with a mixture of

ketamine/xylazine and transcardially perfused with 40 mL of saline solution
followed by 40 mL of 4% paraformaldehyde and then euthanized by cer-
vical dislocation.

3. Results

3.1 Establishment of an ion homeostatic
imbalance paradigm to model arterial
hypertension in zebrafish larvae

To facilitate examination of cellular and molecular mechanisms orchestrat-
ing the onset of hypertension and associated cardiovascular complications,
we have established a zebrafish model capable of capturing hallmarks of
hypertension and associated organ damage with minimal manipulations.
We adapted an ion-poor treatment approach previously demonstrated
to acutely induce renin angiotensin system (RAS)-dependent Na® up-
take.”? Our approach has three main advantages over other hypertensive
models. First, it relies on systemic adaptation to environmental cues, not
requiring genetic or surgical manipulations, as found in human hyperten-
sion. Second, the treatment time is very short. Third, the use of zebrafish
at larval stages allows the use of live imaging methods to discover cellular
mechanisms underlying the pathology. Starting at 2 dpf, embryos were
reared in Danieau’s buffer diluted in deionized water to a concentration
of 1:750 until 4 dpf (Figure 1A). After 2 days, the concentration was reduced
to 1:1500 and larvae were further treated until 7 dpf (Figure 1A).

To test whether the ion-poor treatment leads to increased arterial pres-
sure, we measured flow velocity in the dorsal aorta. Decreased flow vel-
ocity in different arterial vascular beds is strongly associated with blood
pressure rise in patient studies.”>2® Accordingly, we observed significant
reduction of end diastolic (Figure 1B and C) and, to a lesser extent, peak
systolic velocity (Figure 1B and D) measured in the dorsal aorta, suggesting
an increase of arterial pressure and/or resistance. Arterial resistive index,
an indicative parameter of altered vascular resistance and compliance asso-
ciated with arterial stiffness in hypertensive patients,” was also elevated in
ion-poor treated larvae (Figure 1E).

3.2 RAS dysregulation mediates ion

imbalance-induced arterial dysfunction
RAS, a key control system for blood pressure regulation and electrolyte
homeostasis, is fundamental to pathogenesis of hypertension.” Thus, we
next examined whether RAS dysregulation takes part in the ion-poor in-
duced vascular response by delineating the time line and relationship of
Agt and Ren induction prior to the onset of overt symptoms. To this
end, we assessed by quantitative reverse transcriptase-polymerase chain
reaction (QRT-PCR) time course expression of both genes in larvae ex-
posed to ion-poor treatment during initiation of the pathogenic cascade
(2-5 dpf). Significant elevation of agt messenger RNA level was detectable
after 2 days of ion-poor treatment, while level of ren expression was un-
changed at this stage (Figure 1F). agt expression increased further at 3
days of treatment when ren elevation was also detectable (Figure 1F).
Furthermore, we investigated the effect of RAS antagonism on the change
of arterial flow. Treatment with losartan, a competitive Ang Il receptor
type 1 antagonist, during early stage of ion-poor exposure at 2-5 dpf
(Figure 1G) indeed attenuated the effect of the stimulus on the reduction
of arterial flow velocity measured in diastole, and elevation of arterial re-
sistive index (Figure 1H-K). We also examined the effect of late losartan
administration at 4-7 dpf during ion-poor exposure (Figure 1G).
Interestingly, this late intervention was unable to alleviate the arterial pres-
sure/resistance phenotype induced by ion-poor treatment (Figure 1H-K).
Together, the data highlight the usefulness of the new experimental
model to capture both phenotypic and molecular characteristics of human
hypertension. Furthermore, these findings indicate that ion-poor induction
of ion homeostatic disruption leads to phenotypic manifestation of arterial
hypertension initially through RAS dysregulation. Blockage of RAS activa-
tion can prevent the progression from the early onset of the pathogenic
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Figure 1 Exposure to ion-poor treatment induces hallmarks of arterial hypertension in zebrafish larvae through RAS dysregulation. A, Schematic illustration
of the 5-day hypotonic treatment paradigm for zebrafish larvae. B, Line graph depicting blood flow velocities of a representative control and an
ion-poor-treated larva over time. C—E, Bar graphs showing lower end diastolic velocity (C), peak systolic velocity (D), and higher arterial resistive index (E)
in ion poor-treated larvae, compared to control siblings. Neontroi =17 larvae, Nign.poor =10 (E) or 11 (D) larvae. F, agt and ren mRNA levels assessed by
gRT-PCR at 1, 2, and 3 days of ion-poor treatment showed progressive induction of agt expression. ren induction was also detectable at day 3. nagt 1 gay =
3 biological replicas (pooled larvae), nren 1 day = 3 biological replicas, Nugt 5 days = 7 biological replicas, nren2 days = 6 biological replicas, Nyt 3 gays = 6 biological
replicas, Nren 3 days = 6 biological replicas. G, Schematic illustration of early and late treatment of the RAS antagonist losartan. H, Line graph presenting alleviation
of ion-poor induction of decreased blood flow velocities by early treatment of losartan in representative control, ion-poor treated, ion-poor and early losartan
treated, and ion-poor and late losartan treated larvae. I-K, Bar graphs showing effectiveness of early, but not late losartan treatment to lower end diastolic
velocity (/) and increase arterial resistive index (K) of ion-poor-treated larvae. Peak systolic velocity appeared unaffected by both treatment times (/). neontrol
=11 larvae, Nion-poor = 15 1arvae, Nign-poor, early losartan = 13 1arvae, Nign_poor, late losartan = 9 1arvae. Results in bar graphs are presented as mean + S.E.M. Individual
data points are also shown as dot plots. *P < 0.05, #%P < 0.01, ***P < 0.001, n.s. not significant, t-test. P values were adjusted for multiple comparisons.

pathway. However, one or more additional disease drivers may take part
subsequently in the pathogenic cascade, rendering RAS antagonism inef-
fective at later stages.

3.3 lon imbalance leads to cardiomyocyte
hypertrophy and ventricular diastolic

dysfunction

Next, we examined whether the ion-poor-induction of high arterial pres-
sure is sufficient to drive cardiovascular complications most frequently as-
sociated with hypertension. Indeed, following the 5-day ion-poor
treatment, larvae displayed decreased ability of ventricular relaxation as
evidenced by slower movement of the ventricular wall in diastole
(Figure 2A and B and see Supplementary material online, Movies ST and
$2). On the contrary, systolic velocity in these hearts was unaltered
(Figure 2C and see Supplementary material online, Movies S7 and S2).

Preserved systolic functionality was also shown by unimpaired ejection
fraction (Figure 2D) and fractional shortening (Figure 2E).

Functional impairments of the heart are a consequence of maladaptive
morphological remodelling of the myocardium. To examine possible cellu-
lar alterations of cardiomyocytes as a consequence of the ion-poor induc-
tion of arterial hypertension, we applied the ion-poor treatment paradigm
to myl7:H2B-GFP; myl7:.mKATE-CAAX transgenic larvae in which cardiomyo-
cyte nuclei and plasma membranes were fluorescently labelled with
H2B-GFP and mKATE-CAAX, respectively. Analysis of cardiomyocyte
size showed an increase of cell volume in ion-poor treated ventricles
(Figure 2F and G), indicating hypertrophic growth. Myocardial cell death
is often associated with cardiac diseases and, to some extent, can occur
in the hypertrophic heart.”® Therefore, we examined whether reduction
of cardiomyocyte number could contribute to the dysfunction of mechan-
ical relaxation. However, ion-poor treated ventricles contained similar
numbers of cardiomyocytes as in control siblings (Figure 2H and I).
Ventricular volume was also unaffected (Figure 2] and K), suggesting the
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Figure 2 RAS-independent diastolic dysfunctional remodelling of the ventricle in the ion imbalance zebrafish model. A, Line graph depicting changes of ven-
tricular area of a control and an ion-poor-treated larva over time. B—£, Bar graphs showing reduction of ventricular wall velocity in diastole (B, ncontrol = 9 larvae,
Nion-poor = 9 larvae) but unaffected systolic function (C, Ncontroi= 9 larvae, nion-poor = 9 1arvae; D, Ncontroi = 9 larvae, nion_poor =8 larvae; E, Neonerol = 9 larvae,
Nion-poor = 9 larvae) in zebrafish larvae exposed to 5 days ion-poor treatment. Data are associated with representative Supplementary material
online, Movies S1 and S2, showing myocardial movement in systole and diastole. F, Enlargement of cardiomyocytes in the compact layer of the ventricular
wall, labelled by mKATE-CAAX in the plasma membrane, following 5-day ion-poor treatment. Asterisks mark individual cardiomyocytes. G, Bar graph depicting
cardiomyocyte volume of control and ion-poor-treated siblings. Ncontrol = 10 larvae, Nion-poor = 9 larvae. H, Tg(myl7:H2B-GFP) larval hearts reared in control
condition and in ion-poor condition for 5 days. Cardiomyocytes were detectable by the presence of nuclear H2B-GFP. |, Bar graph presenting comparable
numbers of cardiomyocytes in the ventricle of control and ion-poor-treated siblings. Ncontro1= 12 larvae, nign-poor =12 larvae. J, 3D projection of Tg(myl:
mKATE-CAAX) cardiac ventricle showing unchanged size upon 5 days ion-poor treatment. K, Bar graph displaying ventricular volume in control and
ion-poor-treated siblings. Neontrol = 12 larvae, nignpoor = 12 larvae. L, Bar graph showing similar extent of diastolic dysfunction when RAS activity is blocked
with losartan during early or late stage of ion-poor treatment. ncontrol = 10 larvae, Nion-poor, no drug = 12 1arvae, Nign-poor, early losartan = 13 1arvae, Nion-poor, iate losartan
=6 larvae. Results in bar graphs are presented as mean + S.E.M. Individual data points are also shown on top of the bar graphs. *P < 0.05, **P < 0.01, ***P < 0.001,
n.s. not significant, t-test. P values were adjusted for multiple comparisons.
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Figure 3 lonimbalance-driven cerebrovascular regression and brain cell death are associated with increased macrophage/microglia-endothelial cell contacts and
inter-endothelial junctional remodelling. A, Structural remodelling of the hypertensive brain. Cerebrovascular morphology and cell death (TUNEL+) were assessed
in 5 dpf Tg(kdrl:HRAS-mCherry) larvae exposed to ion-poor treatment for 3 days. 4',6-diamidino-2-phenylindole (DAPI, blue) labelled all nuclei in the tissue. B, Line
graph depicting 3-day ion-poor induced reduction of vascular density (expressed as percentages of total tissue area) throughout the brain parenchyma. neont-o1 = 6
larvae, nion-poor = 6 larvae. C-E, Bar graphs showing an increase of cell death in the brain parenchyma (C, ncontro1 = 6 1arvae, nion-poor = 8 larvae) but not in the cere-
bral vessels (D, Ncontrol = 7 larvae, nign.poor =8 larvae) at 3 days of ion-poor treatment (expressed as number of TUNEL + cell per 10° um tissue volume), and
subsequent reduction of brain volume (E, Ncontrol = 9 1arvae, Nign-poor = 10 larvae) at 5 days of the treatment, as compared to control siblings. F, Time-lapse imaging
of kdrl:HRAS-mCherry; csf1ra:GAL4; UAS:EGFP transgenic zebrafish to trace dynamic changes of endothelial cells and macrophage/microglia behaviours in ion-poor
treated and control siblings. The live imaging started at 2.5 days of the treatment. The still images shown here are selected frames of the Supplementary material
online, Movies S3 and $4. Circles mark locations of endothelial retraction during the course of the time series. G, Csf1ra + macrophage/microglia (csf1ra:GAL4; UAS:
NTR-mCherry) having direct contact and/or localized in close proximity to the vasculature (kdr:EGFP), or residing distantly from vessels in the brain parenchyma in 2
days ion-poor-treated animals as compared with control siblings. H, Bar graph displaying higher number of vessel-associated Csf1ra + cells upon hypertensive
response. Neontrol = 10 larvae, Nion-poor = 10 larvae. |, Bar graph showing comparable parenchymal Csf1ra + cell numbers in ion-poor-treated and control siblings.
Neontrol = 10 [arvae, Nign-poor = 10 larvae. L, Bar graphs presenting reduction of microvessel sampling frequency (/) resulting from increased endothelial regression
(K) and correlating with the loss of macrophage/microglia-endothelial contact-associated regress protection (L) upon ion-poor treatment Neontrol = 10 larvae, nigp.
poor = 10 larvae. M and N, Endothelial junctional disruption upon ion-poor treatment. Reduced integrity of endothelial junction, visualized by platelet endothelial
cell adhesion molecule (PECAM)-EGFP expression (M), is expressed as percentages of junctional coverage per vascular area (N). Ncontrol = 9 larvae, nign.poor = 11
larvae O, Images captured from time-lapse Supplementary material online, Movies $5-58, showing cellular interactions between endothelial cells and macrophages/
microglia in collapsing vessels. The transgenic line mpeg:GAL4-VP16; UAS:Kaede; kdrl:HsHRAS-mCherry; fli1a:pecam1a-EGFP used here enabled visualization of macro-
phages/microglia, endothelial cells, and endothelial junctions. P, Bar graph showing lower macrophage coverage of healthy vessels and higher coverage of collapsed
vessel in ion-poor-treated larvae as compared to control siblings. ncontrol =7 larvae, nign-poor =10 larvae Q, Images captured from time-lapse Supplementary
material online, Movie S9 depicting macrophage/microglia contact prior to rearrangement of inter-endothelial junction, visualized by PECAM-EGFP expression.
Data are shown as mean + S.E.M. and individual data points are superimposed to bar graphs. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. not significant, t-test or two-
way analysis of variance (B). P values were adjusted for multiple comparisons.
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establishment of concentric hypertrophy. Unlike arterial flow change, RAS
blockage at early or late stage of the ion-poor-induced RAS activation
(Figure 1G and F) did not prevent diastolic dysfunction of the myocardium
(Figure 2L). These results demonstrate that ion-poor treatment, independ-
ently of RAS, causes ventricular diastolic dysfunction associated with adap-
tive hypertrophic remodelling of cardiomyocytes without cardiomyocyte
death, resembling certain functional and morphological hallmarks of incipi-
ent heart failure with preserved ejection fraction (HFpEF).28'29

3.4 Cerebrovascular regression, increased
vessel-associated macrophages/microglia,
and induction of cell death in the brain in

response to ion imbalance

Having validated the presence of cardiovascular phenotypes and elevation
of the key molecular markers of hypertension in response to ion-poor
treatment, we next investigated the cellular processes underlying adverse
remodelling of target organs and involvement of immune cells in the zebra-
fish model. As the primary contact site of infiltrated immune cells, vascular
injury is often viewed as a mechanistic link between systemic inflammation
and development of hypertension and its related target organ damage.
Therefore, we proceeded to examine endothelial response to ion imbal-
ance and interaction with immune cells, in particular monocytes/macro-
phages previously shown to play a key role in RAS-induced vascular
injury.’®"? We first assessed the trunk vascular bed comprising the major
artery and vein, the dorsal aorta and cardinal vein, ramifying into networks
of smaller vessels feeding the skeletal muscles and the peripheral nervous
system. Whole mount imaging of kdrl:HRAS-mCherry transgenic larvae, in
which endothelial cells were fluorescently labelled by the membrane-loca-
lized Harvey rat sarcoma viral oncogene homolog (HRAS)-tagged
mCherry, showed no overt morphological alteration of the vascular net-
work after 3 days of ion-poor treatment (see Supplementary material
online, Figure S1A). Vascular density, measured as percentage of total tissue
volume, was also comparable in ion-poor and control siblings (see
Supplementary material online, Figure S1B). In contrast, reduction of vascu-
lar density in the ion-poor group was evident in the brain (Figure 3A and B).
Vascular rarefaction occurred throughout the depth of the brain
(Figure 3B) and was associated with increased parenchymal cell death, de-
tected by terminal deoxynucleotidyl transferase 2'-Deoxyuridine, 5'-
Triphosphate (dUTP) nick end labelling (TUNEL) (Figure 3A and C).
Endothelial cell death was not significantly increased (Figure 3D), suggesting
that apoptosis might not be a primary mechanism of ion imbalance-driven
cerebral vascular rarefaction. Subsequently, after 5 days of treatment, re-
duction of brain volume was also detectable (Figure 3E).

Vascular regression involving endothelial cell migration and re-
integration into retracted vessel segments, independently of endothelial
apoptosis, was observed during developmental remodelling of different
vascular beds.*3" It was previously unknown whether this cellular process
takes part in hypertensive remodelling of cerebral vessels. Time-lapse im-
aging of kdr:HRAS-mCherry; csf1ra:GAL4; UAS:EGFP transgenic larvae, in
which endothelial cells (kdrl+) and macrophages/microglia (csfra+) were
fluorescently labelled with mCherry and EGFP, respectively, showed main-
ly a stabilized brain vascular network in zebrafish larvae reared under con-
trol condition (see Supplementary material online, Movie S4 and Figure 3F).
At 4.5-5 dpf, after 2 days of ion-poor treatment, we captured a dynamic
process of endothelial cells from the same vascular segments undergoing
retraction and migration away from each other, leading to regression of
the segments (see Supplementary material online, Movie S4 and
Figure 3F). Moreover, higher numbers of csf1ra+ cells located adjacent to
the vessels and only moving along the vascular fragment, were present in
the ion-poor-treated group (see Supplementary material online, Movie
$3 and Figure 3G and H). Parenchymal csf1ra + cell numbers, by contrast,
remained unchanged (Figure 3G and I), suggesting enhanced interactions be-
tween macrophages/microglia and the blood vessels but not expansion of
all myeloid cells in the brain parenchyma.

In summary, the pathogenic pathway initiated by ion-poor-induced
RAS up-regulation triggers remodelling of not only the cardiovascular
system, but also the brain through a series of cellular responses of im-
mune and non-immune cells, i.e. increased association of macrophages/
microglia with the cerebral vessels, endothelial migration-mediated vas-
cular regression, and brain parenchymal cell death. Interestingly, the
ion-poor-induced endothelial regression mainly affected microvessels
(diameter <5 pm), but not larger ones (Figure 3/ and see
Supplementary material online, Figure S1C and D). Moreover, prolonged
ion-poor treatment for 8 days showed progression of cerebrovascular
rarefaction, as seen from further reduction of vascular density (see
Supplementary material online, Figure S2A and B), but no overt morpho-
logical abnormality, with the exception of the primitive kidney, the pro-
nephros (see Supplementary material online, Figure S2C). Thus,
system-wide response triggered by ion imbalance recapitulates damage
of the blood vessel, heart, brain, and kidney, all prime target organs of
human hypertension.

3.5 Endothelial-macrophage/microglia
cellular interactions and endothelial
junctional disruption in ion
imbalance-induced cerebrovascular

retraction

Next, we aimed to gain further insight into the cellular mechanism under-
lying regression of the cerebral vessels observed in the ion-poor-treated
animals. Surprisingly, while analysis of the relationship between macro-
phage/microglia-endothelial interactions and vascular regression revealed
more frequent regressions in the ion-poor-treated as compared to siblings
(Figure 3K), contact with macrophage/microglia correlated with fewer re-
gression events under control condition (Figure 3L), implying a protective
role of the innate immune cells. By contrast, upon ion imbalance, compar-
able regression events of vascular segments with and without prior cellular
contact with macrophage/microglia suggested loss of the protective effect
(Figure 3L). Perivascular macrophages have been reported to contribute to
increased BBB permeability that is linked to reduction of endothelial tight
junction complexity in hypertension.>? To assess whether ion-poor treat-
ment affects cellular configuration in cerebral microvessels, we measured
junctional coverage as an estimate for cell contact area in treated and non-
treated larvae. Examination of intercellular junctions, visualized by localiza-
tion of platelet endothelial cell adhesion molecule-1 (Pecam1) using the
transgenic reporter line fliTa:pecam1a-EGFP, showed reduced junctional
coverage along the brain vascular network upon ion-poor treatment
(Figure 3M and N). To elucidate the involvement of macrophage/microglia
in endothelial junctional remodelling and regression, we traced macro-
phage/microglia making contact with perfused/or inflated vs. collapsed vas-
cular segments by time-lapse imaging of the mpeg:GAL4-VP16; UAS:Kaede;
kdrl:HsHRAS-mCherry; flila:pecam1a-EGFP transgenic line, in which macro-
phages/microglia, endothelial cells, and endothelial junction were visualized
by Kaede, mCherry, and EGFP expression, respectively (Figure 30 and see
Supplementary material online, Movies S5-58). In addition to capturing the
endothelial-macrophage/microglia  interactions preceding retraction
(Figure 30 and see Supplementary material online, Movie $S8) and re-
establishment of vascular segments (Figure 30 and see Supplementary
material online, Movie S7), our analysis revealed that ion-poor treatment
alters the distribution of macrophages/microglia along the vascular net-
work. Under control condition, majority of vessel-associated macro-
phages/microglia were in contact with perfused/inflated vessels. Only a
few macrophages/microglia were associated with the regression events,
which occurred as part of physiological maturation of the vascular bed
(Figure 3P). lon-poor treatment did not have major impact on macro-
phage/microglia coverage of perfused vessels, but augmented their inter-
action with collapsed vessels (Figure 3P). Moreover, inter-endothelial
junctional regression following macrophage/microglia contact was notice-
able in ion-poor-treated brains (Figure 3Q and see Supplementary material
online, Movie $9). Collectively, using time-lapse tracing of macrophages/
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Figure 4 Systemic inflammation characterized by ifng and il1b up-regulation and Ifny signalling-dependent down-regulation of neuroprotective and homeo-
static gene expression in macrophages in response to hypertensive stimulus. A, Unaltered expression of cytokines reported to be involved in hypertension and
HFpEF at 1 day of ion-poor treatment. n = 3 biological replicas (pooled larvae) per group. B and C, Progressive elevation of the pro-inflammatory/Th1 cytokines
ifng and il1b mRNA levels detected after 2 days (B, nismg =7 biological replicas, nj1p = 6 biological replicas, nye = 4 biological replicas, nj12 =7 biological replicas,
Nenfa = 6 biological replicas, njo = 7 biological replicas) and 3 days (C, nimg = 6 biological replicas, njs, = 5 biological replicas) of ion-poor treatment. Bar graphs
show mean + S.E.M. Individual data points are shown superimposed to the bar graphs. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. not significant, t-test. P values
were adjusted for multiple comparisons. n indicates number of biological replicas (pooled larvae). D,Isolation of macrophages from control larvae injected with
anti-V5 (control), 3-day ion-poor-treated larvae injected with anti-V5 (ion-poor), and 3-day ion-poor-treated larvae injected with anti-Ifny (ion-poor +
anti-Ifny) by FACS before subjecting them to RNA-Seq. E, Heatmap depicting differentially expressed genes (adjusted P-value < 0.05) in control, hypertensive,
and anti-lfng-treated hypertensive macrophages. F and G, Volcano plots showing up-regulated (positive Log; fold change) and down-regulated (negative Log,
fold change) genes in ion-poor as compared to control macrophages (F) and ion-poor +anti-Ifny as compared to ion-poor-treated macrophages. Grey dots
indicate genes not differentially expressed. Data in (D—G) were obtained from three biological replicas per group.
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Figure 5 Ifny and its downstream signalling target Bmp5 regulate vascular response to the ion imbalance hypertensive stimulus. A, Representative images show-
ing brain vasculature of 5 dpf ifngr!™~ and control wild type Tg(kdr:HRAS-mCherry) larvae exposed or not to ion-poor treatment for 3 days. B, Bar graph showing
vascular volume (expressed as percentages of total tissue volume) of wild-type controls, ifngr! ™=, ion-poor-treated wild type, and ion-poor-treated ifngr1~"
siblings. Nut, control = 7 1arvae, Niggr1-/—, control = 8 larvae, Nyt ion-poor = 8 larvae, Niggr1-/—, ion-poor = 8 larvae. C, Brain vasculature of Tg(kdrl:HRAS-mCherry) larvae ex-
posed or not to ion-poor treatment for 5 days. A single dose of anti-Ifny administration after the manifestation of cerebrovascular rarefaction at 3 days of ion-poor
treatment partially restored the phenotype, measured at 5 days of the treatment. D, Bar graph displaying vascular volume (expressed as percentages of total tissue
volume) of control antibody (anti-V5)-injected (control), anti-Ifny injected, ion-poor-treated anti-V5 injected (ion poor), and ion-poor-treated anti-Ifny injected
samples. Neontrol = 8 larvae, Neontrol, anti-ifny = 9 1arvae, Nion-poor = 9 1arvae, Nign-poor, anti-iny = 8 larvae. E, Line graphs depicting time course of blood flow velocities of
representative anti-V5-injected (control), anti-lfny-injected, anti-V5-injected ion-poor (ion-poor) treated, and anti-lfny-injected ion-poor-treated larvae. F, Bar
graphs showing improvement of end diastolic velocity (Ncontrol =11 1arvae, Neontrol, anti-ifry = 12 1arvae, Nign-poor =15 larvae, Nion-poor, anti-iy = 17 larvae) and G,
peak systolic velocity by anti-Ifny administration (ncontroi= 11 larvae, Neontrol, anti-itny = 12 larvae, Nion-poor =15 larvae, Nion-poor, anti-ny = 17 larvae). H, Ventricular
diastolic dysfunction was not altered by anti-Ifny treatment. (Ncontrol = 9 larvae, Neontrol, anti-ify = 11 larvae, nign-poor = 13 1arvae, Nion-poor, anti-ny = 14 larvae). I-K,
Treatment with human recombinant BMP5 prevented cerebrovascular regression in ion-poor-induced hypertension. Brain vasculature of Tg(kdrl:
HRAS-mCherry) larvae treated for 2 days with BMP5 starting at the second day of ion-poor exposure (I) exhibiting increased density (/) and microvessel sampling
frequency (K) as compared to ion-poor exposed siblings treated with vehicle. =13 and 10 larvae for all treatment groups in J and K, respectively. Graphs re-
present mean + S.E.M. Individual data points are also shown superimposed to bar graphs. *P < 0.05, **P < 0.01, #¥*P < 0.001, n.s. not significant, t-test, or two-way
analysis of variance (J). P values were adjusted for multiple comparisons.
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microglia and endothelial cellular behaviours not only unveiled a role of ion
imbalance in the dynamic interactions among these cells, but also indicates
a cellular mechanism through which alteration of macrophages/microglia
vasculoprotective function may lead to microvascular retraction.
Moreover, our observations on junctional dynamics suggest a cellular
mechanism which is consistent with previous in vivo studies on vascular
|:>runing.33

3.6 lon imbalance up-regulates the
pro-inflammatory cytokines Ifny and IL1p
and skews macrophage tissue homeostatic/
neuroprotective phenotype via Ifny
signalling

To address the role of inflammation as a subsequent driver of the ion im-
balance signalling succeeding RAS dysregulation and to identify the im-
mune pathway mediating its damaging effects on target organs, we first
probed the temporal relationship between the development of cardio-
vascular phenotypes and expression levels of inflammatory markers com-
monly associated with hypertension and HFpEF3*3° At 1 day of the
ion-poor treatment, qRT—PCR showed no alteration of candidate cyto-
kine expression as compared to control siblings (Figure 4A). After 2
days of treatment, a subtle increase (approximately 1.5 folds) in the ex-
pression levels of two cytokines, ifng and il1b, became noticeable, but
not statistically significant (Figure 4B). Subsequent assessment at 3 days
of treatment showed over 2-fold and 8-fold up-regulation of ifng and
ilTb- mRNA, respectively (Figure 4C). This elevation of the two
pro-inflammatory cytokines suggests that systemic inflammation, possibly
resulting from RAS dysregulation, contributes to the ion-poor-induced
pathogenic pathway.

IFNY is a benchmark stimulus for activation of a macrophage subset high-
ly potent in pro-inflammatory cytokine production and microbicidal activ-
ity.3” IL1B is one of the key cytokines up-regulated by IFNy-primed
macrophages.®® We hypothesized that phenotypic alteration and thereby
derangement of macrophage/microglia vasculoprotective function, as a re-
sult of Ifny elevation, contributes to cerebral vessel regression and brain
cell death. To address this hypothesis and gaining an understanding of
the downstream signalling, we conducted RNA-Seq of monocytes/macro-
phages isolated by Fluorescent-Activated Cell Sorting (FACS) from control
and ion-poor csf1ra:GAL4; UAS:NTR-mCherry larvae, subjected to 3-day ion-
poor exposure and intrapericardial injection of control V5 or anti-Ifny anti-
body to block interferon gamma receptor (Ifngr) 1 activation after a day of
the treatment (Figure 4D). Comparative transcriptomic analysis revealed
not only disruption of innate immunity function, but also blunted expres-
sion of several critical mediators of inflammatory resolution and tissue
homeostatic maintenance in response to ion imbalance (Figure 4E and F).
Specifically, ion-poor-treated macrophages down-regulated the comple-
ment system regulator complement factor H related 5 (cfhl5), and bacteri-
cidal and innate immune effector peptides natural killer (NK)-lysin (nkl.3
and nkl.4)***° (Figure 4E and F). Expression of different enzymes involved
in anti-inflammatory response and resolution of inflammation such as A
disintegrin and metalloproteinase domain 10b (adam10b), histidine
ammonia-lyase (hal), and lysine demethylase 5A (kdm5a)*'~* were also re-
duced (Figure 4E and F). Intriguingly, we observed upon exposure to the ion
imbalance transcriptional suppression of secreted factors and cell surface
receptors, including bmp5, nucleobindin 2a (nucb2a), and plexin D1
(plxnd1) (Figure 4E and F), reported to play important roles in neuronal
and vascular homeostasis and damage prevention in different pathological
settings.‘w49 Importantly, anti-lfny-mediated inhibition of the intrinsic
cytokine signalling prevented activation of the ion-poor-driven transcrip-
tional programme (Figure 4E and G), indicating that Ifny signalling is a crucial
mediator of phenotypic alteration of macrophage in ion imbalance re-
sponse. From our transcriptomic analysis we also noticed that, unlike its
cognate receptor ifngr1, ifny expression was not detectable in macro-
phages. IFNYy is a signature cytokine associated with hypertensive response
in T cells.” Intriguingly, ion-poor-treated fish, showed accumulation of T

cells within the vicinity of the brain, which was rarely observed in control
animals (see Supplementary material online, Figure S3), suggesting involve-
ment of these cells in macrophage dysregulation.

3.7 Ifny signalling underlies ion
imbalance-driven cerebrovascular

regression

Next, we examined a possible causal role of Ifny signalling in ion imbalance-
driven cerebrovascular remodelling employing a genetic loss-of-function ©
model: zebrafish larvae harbouring a nonsense mutation in the gene encod- §
ing the ifngr1.>° In the absence of the ion imbalance stimulus, ifngr! ™'~ larvae 3
showed comparable cerebrovascular morphology and density to control sib- 3
lings (ifngr1+/ ™) (Figure 5A and B). By comparison, exposure to ion-poor me-
dium led to a reduction of vessel density measured in the brain at 3 days of 2
the treatment (Figure 5A and B). Ifngr1 deficiency protected cerebral vessels &
from ion-poor-mediated regression (Figure 5A and B), indicating that Ifny sig-
nalling plays a critical role in the pathogenic response of the brain vasculature 3
to ion imbalance. Hence, we proceeded to address if the cytokine may re- £
present a therapeutic target capable of preventing and/or alleviating end or--5
gan damage after the progression of phenotypic manifestations. (

To this end, we administered anti-Ifny antibody with a single-dose intra-
pericardial injection during the continuous 5-day ion-poor exposure
after arterial hypertension and cerebrovascular rarefaction became detect-
able (at 3 days of treatment). The anti-Ifny treatment paradigm was capable
of attenuating cerebrovascular rarefaction (Figure 5C and D). Interestingly,
late anti-Ifny antibody treatment also mitigated the ion-poor-induced £
reduction of arterial flow velocity in both systole and diastole 2
(Figure 5E=G). The treatment, however, did not restore the diastolic dys- @
function, measured by ventricular wall velocity in diastole (Figure 5H). g

Collectively, these findings unravel a mechanism of inflammatory-driven G
pathogenesis of hypertension in which the aberrant production of Ifny 5
drives brain remodelling, characterized by cerebrovascular regression g
and increased brain cell death. Interfering with activation of the Ifny path-
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3.8 BMPS5 supplementation prevents ion
imbalance-driven cerebrovascular

rarefaction

Macrophage/microglia transcriptomic alteration and functional dysregulation,
as evidenced from their contact-associated endothelial regression upon ion g
imbalance challenge, suggest that Ifny-mediated impairment of macrophage @
paracrine signalling may be an underlying mechanism mediating brain vascular 2
remodelling. Remarkably, we found that a downstream target of I
[fny-mediated transcriptional down-regulation in macrophages/microglia, o
identified from the transcriptomic analysis, BMP5, is an important modulator &
of ion imbalance-driven cerebrovascular rarefaction. Two-day treatment of Z’
zebrafish larvae with recombinant human BMP5 starting on the second day E
of ion-poor exposure prevented the progression of cerebrovascular rarefac- 9
tion, as shown by preservation of both overall vascular coverage of the brain —
parenchyma (Figure 5/) and percentage of microvessels in the vascular network ¢
(Figure 5K). Our findings together thus provide further mechanistic insight into 8,
an ion imbalance-triggered inflammatory pathway driving brain damage, in 3
which elevation of Ifny signals down-regulation of bmp5 in macrophage/micro- g

glia, leading to impairment of vascular homeostatic function of these cells and ~»
thereby disruption of endothelial intercellular junction and retraction.
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3.9 Anti-IFNy treatment precludes cortical
capillaries rarefaction and BBB disruption in

mice subjected to pressure overload

Next, we further examined the role of IFNy signalling uncovered here in
zebrafish in hypertensive damage of the mammalian brain, and assessed ef-
ficacy of anti-IFNy treatment to alleviate adverse cerebrovascular
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Figure 6 IFNy inhibition mitigates adverse remodelling of the cerebral vasculature in a murine model of pressure overload-induced brain injury. A, Image showing
haematoxylin and eosin staining of a coronal section of a mouse brain. The dashed rectangle indicates the cortex area used for histological analyses. B, Representative
images of CD31 stained capillaries used to perform capillaries morphological and density analyses. C, Capillary density, expressed as percentage of stained vessels per
Field-Of-View, was significantly reduced in mice subjected to TAC and treated with a non-relevant IgG, as compared with their Sham controls. TAC mice treated
with anti-IFNy antibody were protected from brain capillary rarefaction. ngam-gc =4 Mice, Ngram-anti-Fny =4 MICE, NTACIG =5 MiCe, NTAC anti-FNy =5 mice.
D, TAC-induced chronic hypertension had no effect on capillary diameter. Ngyam-1gc =4 MICe, Ngpame-anti-IFNy =4 MICE, NTAC.IEG =5 MiCe, NTAC.anti-IFny =5 Mice.
E, Representative images of CD31/platelet-derived growth factor receptor (PDGFR) B stained capillaries used to analyse the pericyte-capillary coverage. F, TAC
hypertensive mice treated with a non-relevant IgG showed a marked and significant reduction in pericyte coverage of brain capillaries, when compared with
Sham controls. The anti-IFNy treatment protected mice from pressure overload-induced pericyte loss on brain capillaries. Ngyam-1gc =4 Mice, Ngham-anti-Fny =4
mice, NTac.ge =5 Mice, NTac.anti-Fny = O Mice. G, Representative images of cerebral capillaries from mice perfused with a mixture of high (2,000,000 Daltons
(Da)) and low (40,000 Da) molecular weight dextrans, used to analyse density of perfused functional capillaries. H, Density of perfused capillaries expressed as
percentage of vessels area per field of view was significantly reduced in mice subjected to TAC and treated with the non-relevant IgG, as compared with their
Sham controls. The anti-IFNy treatment protected TAC mice from brain vascular rarefaction. Ngham-1gg =5 Mice, Ngham-anti-ieny =4 Mice, NTacge =5 mice,
NTAC-anti-IFNy = D mice. |, Density of capillaries labelled by low molecular weight dextran, indicating the percentage of leaky vessels per field of view. TAC hypertensive
mice treated with a non-relevant IgG had significantly impaired dextran retention, as compared with their Sham normotensive controls and to TAC mice treated
with the anti-IFNy antibody. Ngpam-1g6 =4 Mice, Ngham-anti-iFny = 3 MICe, NTAC g6 =4 MICE, NTAC.anti-IFny = 4 Mice. Data are shown as mean + S.EM. Individual data
points are also shown as dot plots. *P < 0.05, **P < 0.01, #**P < 0.001 indicate comparisons between groups. Two-way analysis of variance. P values were adjusted
for multiple comparisons.
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Figure 7 Prevention of pressure overload-triggered disruption of endothelial junctional integrity and cognitive decline by anti-IFNy treatment. A—C, TAC mice
showed a reduction of adherens and tight junction proteins vascular endothelial (VE)-Cadherin and Claudin5, an effect prevented by anti-IFNy neutralization. A,
Representative images of VE-Cadherin and Claudin5 staining of brain capillaries, visualized by CD31. Expression levels of VE-Cadherin (B) and Claudin5 (C) are
shown as percentages of area stained. Ngpam 156 = 5 MICE, Ngpame-anti-iFNy = 3 MICE, NTAC.IgG = 5 MICE, NTACanti-Fny = 3 Mice. D—E, anti-IFNy treatment mitigated the
elevation of the receptor for RAGEs expression in TAC capillaries. D, Representative images of RAGE staining of CD31 + brain capillaries. E, RAGE expression
levels are displayed as percentages of area stained. Ngnam-gc = 5 MICe, Ngham-anti-IFNy = 5 MICE, NTaC.1g6 = 6 MiCe, NTAC anti-IFny = 6 Mice. F, Graph showing average
times to reach the platform during the Visual Trial of the Morris Water Maze test. All the mice showed similar visual acuteness and capability to identify the plat-
form when highlighted by a visual cue. G, During the Acquisition Trial, TAC mice treated with a non-relevant antibody displayed latencies to find the platform
indicative of a significantly impaired learning curve, as compared with Sham mice. TAC hypertensive mice treated with the anti-IFNy antibody were protected
from learning deficit. H, Heatmaps of the Probe Trial, showing the preferred swimming location for each group of mice. Heatmaps are obtained by averaging
the swimming time spent in each point among mice of the same experimental group. In red are the regions where mice spent more time, in blue the regions
where mice spent less swimming time. The scale bar represents the quantification of the cumulative time spent in each point of the field of view, ranging
from not visited points (low score) to preferred points (high score). I, At the Probe Trial, TAC mice treated with a non-relevant IgG were unable of recall
the spatial location of the platform, spending time randomly in all the quadrants. The anti-ifNy treatment protected TAC mice from the memory deficit, as shown
by the significantly higher time spent in the quadrant where the platform was located before. Results are presented as mean + S.E.M. Individual data points are also
shown as dot plots on top of the bar graphs. #P < 0.05, **P < 0.01, ***P < 0.001 indicate comparisons between groups, ###P < 0.001 in (G) indicates compar-
isons between different time points of the same group. Two-way analysis of variance. P values were adjusted for multiple comparisons. n indicates number of
animals analysed. In each graph, Ngnam-1gc =9 Mice, Npam-anti-iiny = 10 Mice, nrac.ige = 10 mice, nrac.anti-irny = 10 mice.
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remodelling and cognitive impairment commonly associated with human
hypertension in a mammalian model. To this end, we used the transverse
aortic constriction (TAC) model, in which localized systolic hypertension
causes brain parenchymal microvascular damage and reduction of learning
and spatial memory.>"*? We subjected C57BI/6] mice to TAC for 4 weeks
and monitored the progression of hypertensive cardiac remodelling by
echocardiography. TAC induced a progressive cardiac remodelling, charac-
terized by concentric hypertrophy and diastolic dysfunction but no loss of
systolic function (see Supplementary material online, Figure S4A—F), mirror-
ing phenotypes observed in ion-poor-treated zebrafish and resembling a
typical condition of HFpEF. No effect of the anti-IFNy treatment was ob-
served either in TAC mice or in the control animals (see Supplementary
material online, Figure S4A—F).

Ex-vivo immunohistochemistry performed on cerebral cortex sections
(Figure 6A) revealed a clear pattern of damage to the neurovascular unit.
Structural analysis of brain capillaries highlighted a significant capillary rarefac-
tion in TAC-IgG hypertensive mice compared to their relative sham normo-
tensive controls, as evidenced by a reduced vascular density labelled by
cluster of differentiation 31 (CD31) (Figure 6B and C), while maintaining nor-
mal diameter (Figure 6D). Moreover, TAC-IgG mice showed a significant re-
duction in capillary coverage by pericytes (Figure 6E and F), a typical hallmark
of neurovascular unit integrity. Interestingly, the anti-IFNy treatment rescued
the cerebrovascular defects observed in TAC mice, showing normal capillary
density (Figure 6B and C) and pericyte coverage (Figure 6E and F).

To investigate the effect of high blood pressure on the functional prop-
erties of cerebral microcirculation, we infused TAC hypertensive mice and
normotensive controls with different molecular weights dextrans, before
culling animals for histological analysis of the brain. By using a high molecu-
lar weight dextran (2 000000 Da) (Figure 6G), we analysed the density of
perfused capillaries, further confirming that TAC induced a significant re-
duction as compared with their sham controls (Figure 6H). TAC mice trea-
ted with anti-IFNy antibody did not develop capillary rarefaction
(Figure 6H). Moreover, the combined use of a low molecular weight dex-
tran (40000 Da) (Figure 6G), allowed us to assess the extravasation
through the BBB. Typically, the 40 kDa dextran is retained by an intact
BBB, but it permeates a damaged and leaky BBB. As shown in Figure 6G—
I, TAC-IgG mice displayed few capillaries labelled in red, indicating that
they were unable to retain the low molecular weight dextran, thus indicat-
ing reduced BBB integrity. Importantly, TAC mice treated with the neutral-
izing anti-IFNy antibody showed an intact BBB, comparable to that of sham
normotensive mice. BBB dysfunction in hypertension has been attributed
to Ang ll-induced tight junction remodelling and increased transcytosis.*>
The key components of endothelial junctional complexes, vacular endo-
thelial (VE)-cadherin and Claudin5 were, in fact, both down-regulated in
the cerebral cortex of TAC mice (Figure 7A-C), indicating vascular junc-
tional remodelling. IFNy neutralization effectively rescued expression of
these proteins (Figure 7A—C). Furthermore, anti-IFNy treatment diminished
the TAC-induced up-regulation of the receptor for advanced glycation end
product (RAGE), a primary efflux transporter mediating transcytosis of cir-
culating amyloid-p (AB) across the BBB>? (Figure 7D and E), implicating its
potential, in addition to junctional stabilization, for suppression of transvas-
cular transport of the peptide into the brain, a major cause of cognitive im-
pairment and dementia in hypertension.

Taken together these data indicate that IFNy signalling mediates pres-
sure overload-induced BBB disruption, capillary rarefaction, and loss of
pericyte’s coverage. Neutralization of excessive |IFNy activation mitigates
these phenotypes, protecting mice from cerebrovascular injury.

3.10 Anti-IFNy treatment prevents cognitive

impairment in pressure overload mice

Four weeks after TAC, cognitive functions of mice were assessed by the
Morris Water Maze test. As expected, all experimental groups could
find and reach the platform when indicated by a visual cue (Figure 7F), dem-
onstrating that all mice had comparable visual and motor capabilities.
Interestingly, during the acquisition phase of the test, while TAC mice trea-
ted with the non-relevant IgG, showed high time latencies to reach the

platform, without any improvement in their performance from day one
to day three (Figure 7G), the anti-IFNy treatment significantly improved
the performance of TAC mice, which displayed a learning curve compar-
able to those of Sham mice (Figure 7G). During the probe trial,
TAC-anti-IFNy hypertensive mice displayed preserved memory, as shown
by the ability of recalling where the platform was located. The same cog-
nitive function was significantly impaired in TAC-IgG mice, which randomly
swam through the quadrants (Figure 7H and I). Thus, in addition to cere-
brovascular protection, blockage of IFNy signalling is capable of preventing
pressure overload-triggered cognitive functional decline.

4. Discussion

The present study uncovers a mechanism by which an inflammatory signal is
responsible for the development of hypertensive brain damage. Using a new
zebrafish model of ion imbalance-driven RAS dysregulation, we carried out a
series of gene expression analysis and live imaging to understand the time
course of inflammatory disease progression and to identify cellular events in-
volved in innate immune cell activation. We found that ion imbalance triggers
RAS elevation and systemic inflammation, marked by Ifny and 1B up-
regulation, leading to striking behavioural and functional alteration of macro-
phages/microglia and endothelial cells lining the cerebral vasculature. We ob-
served macrophage/microglia-endothelial contact-associated endothelial
junctional remodelling and retraction and lateral migration of the cells to-
wards opposing sides of the vessel segments, leading to regression of the ves-
sel network with no contribution of vascular cell death. Assessment of the
cerebral vasculature in the TAC pressure overload mouse model further
supported the occurrence of microvascular remodelling through BBB dys-
function and endothelial regression, evidenced from reduced junctional com-
plex protein expression and lower capillary density with no change in their
diameter. Endothelial regression independent of apoptosis is thought to have
a role exclusively in physiological pruning of developing vascular net-
works. 22313333 |ts involvement in hypertension is somewhat unexpected.
The mechanisms of vascular remodelling in hypertension are largely un-
known. Most studies have focused on elucidating the major changes of the
arterial wall, i.e. increased lumen size and stiffness in large arteries and in-
creased tunica media thickness with or without a reduction of lumen diam-
eter in small arteries.>**° Adaptation and maladaptation of the vascular wall
to mechanical perturbation in hypertension has been primarily linked to
oxidative-stress-induced vascular smooth muscle cell activation and
inflammation-driven interstitial fibrosis.>*~> These earlier reported mechan-
isms are unlikely to be involved in the cerebral vascular regression we ob-
served. Our findings contribute to a better mechanistic understanding of
the cellular and molecular pathways underlying vascular regression during
ion imbalance- and pressure overload-induced inflammatory response,
which is fundamental to counteract functional deficits ensuing in the brain.

Cerebral small vessel diseases (CSVDs) are subclinical pathologies
strongly associated with stroke, cognitive deterioration, and dementia.”®>?
Hypertension is a modifiable risk factor of CSVD.%*! The mechanisms
underlying hypertension driven CSVD and the central nervous system
functional decline have not been fully elucidated. Our findings, obtained
from both zebrafish and mouse models, not only demonstrate a causative
role of an inflammatory mediator linking the initial trigger of hypertensive
response to cerebrovascular remodelling and cognitive deficit, but also un-
veil an underlying signalling mechanism. We showed that elevated IFNy ex-
pression, following RAS induction, triggers a series of pathogenic events
including suppression of vasculo/neuroprotective transcriptional pro-
gramme in macrophages/microglia, disruption of inter-endothelial junction,
and retraction/migration-mediated cerebrovascular regression. Ultimately,
the increase of neuronal cell death and the concomitant decrease of micro-
vascular density might contribute to IFNy-driven cognitive deficits. The ef-
ficacy of the anti-IFNy treatment to prevent progression of brain vascular
rarefaction and cognitive decline in the presence of hypertensive stimuli
thus represents an opportunity for the development of new preventive
and therapeutic strategies for hypertensive CSVD. Efficacy of anti-IFNy
treatment in hypertension-related organ damage has been reported earlier.
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In a rat model of reduced uterine perfusion pressure, administration of
anti-IFNy has been shown to reduce placental oxidative stress and uterine
artery resistive index.®* IFNy signalling blockage, however, was not sufficient
to restore diastolic dysfunction in both ion imbalance and pressure overload
models, suggesting that progression from these hypertensive stimuli to car-
diac remodelling might involve an IFNy-independent pathway. Previously, it
was reported that IFNy-deficient mice subjected to chronic aldosterone in-
fusion in combination with uninephrectomy and salt feeding exhibited
blunted hypertension, but showed worsened diastolic dysfunction and left
ventricular hypertrophy.®®> IFNGR deficiency, on the other hand, reduced
cardiac extracellular matrix deposition and inducible arrhythmia but did
not alter blood pressure in Ang ll-infused mice.®* The present study, to-
gether with these earlier reports, implicates the involvement of distinctive
stimuli in differential response of the heart.

In addition to IFNy, our work identified other potential candidates for im-
mune modulatory, particularly macrophage-targeted, therapeutic strategy.
The BMPs family of growth factors have important functions in neurogenesis,
neural plasticity, and injurious response.®® For example, a neuroprotective role
of BMP5/7 has been reported in an a-synuclein-based mouse model of
Parkinson’s disease.”* In the vasculature, BMPs maintain homeostasis and
take part in oxidative stress-triggered neoangiogenesis and structural remod-
elling.® Ifny-mediated down-regulation of bmp5 in macrophages/microglia in
response to ion imbalance and prevention of cerebrovascular rarefaction by
BMP5 supplementation uncovered here highlight the role of BMP5 as a critical
downstream target of IFNy-driven innate immune derangement and brain
pathology. Reduction of BMP5 expression as a result of IFNy induction of
macrophage/microglia phenotypic alteration may underlie the disruption of
endothelial junctional integrity and retraction of endothelial cells we have ob-
served here. In line with our observations, regulation of endothelial barrier
function by an anti-inflammatory population of perivascular macrophages
was reported previously.*® Moreover, BMP was implicated, in a partnership
with yes-associated protein 1 and its paralog transcription regulator post syn-
aptic density protein (PDZ)-binding motif (TAZ), to regulate endothelial junc-
tional integrity through the control of VE-Cadherin turnover.” In addition to
BMP, NUCB?2 and its cleavage product nesfastin-1 could also exert neuropro-
tective function through their anti-inflammatory and anti-apoptotic properties
as demonstrated in Parkinson’s disease and a subarachnoid haemorrhage mur-
ine model.**¢® Accordingly, a clinical study reported lower serum level of
nesfastin-1 in patients with Parkinson’s disease.*” Involvement of nesfastin-1
in cognitive function has also been suggested.*® Another molecule identified
from our transcriptomic profiling is PIxnD1. Although its activation in endo-
thelial cells can signal anti-angiogenic effect,®” PIxnD1 signalling in macrophages
induced vascular endothelial growth factor receptor 2-mediated
pro-angiogenic response,49 implicating its role in macrophage-endothelial
crosstalk. Contrary to these neuro/vasculo-protective factors, a secreted en-
zyme found to be elevated in ion-poor-treated macrophages, carnosine dipep-
tidase 1 (cndp1), is directly correlated with neurodegeneration.”® Our data
revealing differential expression of these critical homeostatic and neuro/
vasculo-protective factors, as well as neurodegenerative biomarkers in macro-
phages provides the first evidence linking these molecules to the innate im-
mune cell function and pathogenesis of hypertensive brain remodelling.
Moreover, alteration of these factors along with components of the comple-
ment system and antimicrobial defence mechanisms suggests that macro-
phages response to ion imbalance is not a prototypical pro-inflammatory
activation commonly observed in acute infllmmation. Derangement of
macrophage homeostatic function required to maintain cell survival, stimulate
vascular growth, and modulate neuronal activity under hypertensive challenge
should be taken into consideration for the development of immune targeted
therapies. To this end, the zebrafish model of arterial hypertension and cardiac
diastolic dysfunction established here also provides new opportunities for
large-scale screening of other therapeutic candidates.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Hypertension is a major risk factor for damages of the vasculature, heart, and brain and thereby a major healthcare burden. Inadequate cerebral blood
supply due to altered cerebrovascular structure and vasoregulatory disruption upon hypertension render the brain highly susceptible to stroke and
cognitive decline. We envision that the cellular and molecular mechanisms uncovered here linking immune dysregulation to cerebrovascular remod-
elling and functional impairment of the brain will inform future development of immunomodulatory therapeutic strategies for counteracting derange-
ment of macrophage/microglia activation and their vasculo/neuroprotective function in response to systemic inflammation in hypertension.
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