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ORIGINAL RESEARCH

Angiotensin II Directly Increases Endothelial 
Calcium and Nitric Oxide in Kidney and 
Brain Microvessels In Vivo With Reduced 
Efficacy in Hypertension
Alejandra Becerra Calderon , B.A.Ch; Urvi Nikhil Shroff , PhD; Sachin Deepak, B.S.Ch; 
Audrey Izuhara , BM; Greta Trogen , B.S.Ch; Alicia A. McDonough , PhD; Susan B. Gurley , MD, PhD; 
Jonathan W. Nelson , PhD; János Peti-Peterdi , MD, PhD; Georgina Gyarmati , MD, PhD, MPH

BACKGROUND: The vasoconstrictor effects of angiotensin II via type 1 angiotensin II receptors in vascular smooth muscle cells 
are well established, but the direct effects of angiotensin II on vascular endothelial cells (VECs) in vivo and the mechanisms 
how VECs may mitigate angiotensin II–mediated vasoconstriction are not fully understood. The present study aimed to explore 
the molecular mechanisms and pathophysiological relevance of the direct actions of angiotensin II on VECs in kidney and brain 
microvessels in vivo.

METHODS AND RESULTS: Changes in VEC intracellular calcium ([Ca2+]i) and nitric oxide (NO) production were visualized by intra-
vital multiphoton microscopy of cadherin 5–Salsa6f mice or the endothelial uptake of NO-sensitive dye 4-amino-5-methylami
no-2′,7′-difluorofluorescein diacetate, respectively. Kidney fibrosis by unilateral ureteral obstruction and Ready-to-use adeno-
associated virus expressing Mouse Renin 1 gene (Ren1-AAV) hypertension were used as disease models.

Acute systemic angiotensin II injections triggered >4-fold increases in VEC [Ca2+]i in brain and kidney resistance arterioles and 
capillaries that were blocked by pretreatment with the type 1 angiotensin II receptor inhibitor losartan, but not by the type 2 
angiotensin II receptor inhibitor PD123319. VEC responded to acute angiotensin II by increased NO production as indicated 
by >1.5-fold increase in 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate fluorescence intensity. In mice with kidney 
fibrosis or hypertension, the angiotensin II–induced VEC [Ca2+]i and NO responses were significantly reduced, which was as-
sociated with more robust vasoconstrictions, VEC shedding, and microthrombi formation.

CONCLUSIONS: The present study directly visualized angiotensin II–induced increases in VEC [Ca2+]i and NO production 
that serve to counterbalance agonist-induced vasoconstriction and maintain residual organ blood flow. These direct and 
endothelium-specific angiotensin II effects were blunted in disease conditions and linked to endothelial dysfunction and the 
development of vascular pathologies.
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Angiotensin II is the classic primary effector of 
the renin–angiotensin system, and it has multi-
ple vascular and nonvascular sites of actions in 

various organs to maintain body fluid and electrolyte 

homeostasis, effective circulating volume, and blood 
pressure. Angiotensin II is well known as one of the 
most potent vasoconstrictors. The molecular signal-
ing pathways mediating the vasoconstrictor actions of 
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angiotensin II on contractile cell types, such as vas-
cular smooth muscle cells (VSMCs) via the type 1 an-
giotensin II receptor (AT1R), and the generally opposite 
actions via the type 2 angiotensin II receptor (AT2R) 
have been well characterized.1–3 These include the 
classic AT1R-mediated elevations in intracellular cal-
cium ([Ca2+]i) in VSMCs leading to calcium-mediated 
vasoconstriction.1

Vascular endothelial cells (VECs) play key roles in 
the regulation of vascular resistance and organ blood 
flow. Multilayer intracellular signaling and communica-
tion pathways between VECs and VSMCs are known 
to exist that trigger or regulate endothelium-dependent 
vasodilation, including increased VEC [Ca2+]i-mediated 
synthesis of chemical mediators such as nitric oxide 
(NO), endothelium-dependent hyperpolarization, and 
myoendothelial coupling.4,5 However, the numerous 
VEC functions, including calcium signaling and NO syn-
thesis, have been difficult to study in vivo due to techni-
cal constraints. Only 1 earlier model was established to 
visualize VEC [Ca2+]i responses in vivo that was limited 
to studying superficial arterioles.6,7 Consequently, an-
giotensin II–induced VEC calcium signaling has been 
studied only in  vitro in cultured cells8 and ex  vivo in 
tissue slices.9

Intravital imaging with high-resolution multiphoton 
microscopy (MPM) has been used successfully to 
study several vascular and glomerular cell types deep 
in the intact living kidney including the endothelium.10,11 
In combination with genetic mouse models with cell-
specific expression of fluorescent reporters including 
the calcium-sensitive GFP (green fluorescent protein) 
analog (GCaMP) family, MPM imaging has been used 
to explore cell fate and signaling mechanisms at the 
single-cell level in great detail in  vivo.12,13 Therefore, 
intravital MPM imaging is a state-of-the-art research 
technique that is ideal for studying endothelial func-
tions in vivo including the direct visualization of the as-
yet-unconfirmed effects of angiotensin II on VEC [Ca2+]i 
and NO signaling.

Vasoconstrictors including angiotensin II are thought 
to have direct effects on VECs alongside the contrac-
tile VSMCs. Endothelial calcium-mediated vasodilatory 
mechanisms including the actions of angiotensin II on 
VECs may counterbalance VSMC contractions and 
act as local feedback inhibitors for agonist-induced 
vasoconstriction to maintain organ blood flow.14–17 
While this concept was put forth by several groups in 
the past, its validity has not been confirmed directly by 
in vivo imaging.

Several earlier reports have presented conflicting 
data and views of this concept, providing strong ra-
tionale for clarification of the concept. Studies using 
isolated vessels or VECs cultured in vitro showed that 
angiotensin II via the AT1R stimulates calcium signaling 
and NO production.18–20 Increased [Ca2+]i is known as 
one of the key activating mechanisms of endothelial NO 
synthase to produce the vasodilator NO.21 In addition, 
angiotensin II is known to activate endothelial NO syn-
thase by stimulating endothelial NO synthase Ser1179 
phosphorylation and therefore enhance electron flux 
and calcium sensitivity.19 However, the opposite re-
sults were also reported demonstrating the inhibitory 
phosphorylation of endothelial NO synthase activity 
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What Is New?
•	 Our work reports in vivo validation of the long-

established concept that actions of angiotensin 
II on the vascular endothelium directly counter-
balance the simultaneously occurring vascular 
smooth muscle cell–mediated vasoconstric-
tions to maintain residual organ blood flow.

•	 New cell and molecular mechanisms uncovered 
in this study include diminished angiotensin II–
induced vascular endothelial cell calcium and 
nitric oxide signaling, vascular endothelial cell 
shedding into the vascular lumen, and micro-
thrombi formation in mouse models of kidney 
fibrosis and hypertension.

What Question Should Be Addressed 
Next?
•	 These results suggest the involvement of al-

tered agonist-induced vascular endothelial cell 
calcium and nitric oxide responses as likely 
pathogenic players in endothelial dysfunction 
and altered hemodynamic responses in hyper-
tensive renal and cardiovascular diseases.

Nonstandard Abbreviations and Acronyms

AT1R	 type 1 angiotensin II receptor
AT2R	 type 2 angiotensin II receptor
AAV	 adeno-associated virus
[Ca2+]i	 intracellular calcium
DAF-FM	 4-amino-5-methylamino-2′,7′-

difluorofluorescein diacetate
GCaMP	 calcium-sensitive green fluorescent 

protein analog
GEnC	 glomerular endothelial cell
GFP	 green fluorescent protein
MPM	 multiphoton microscopy
NO	 nitric oxide
UUO	 unilateral ureteral obstruction
VEC	 vascular endothelial cell
VSMC	 vascular smooth muscle cell



J Am Heart Assoc. 2024;13:e033998. DOI: 10.1161/JAHA.123.033998� 3

Calderon et al� In Vivo VEC Calcium Imaging in Brain and Kidney

and reduced NO release from VECs by angiotensin 
II via AT1R and thus weakening the vasorelaxant ef-
fect of NO on VSMCs to potentiate vasoconstriction.22 
Angiotensin II is also known to stimulate the release 
of endothelin-1, a potent vasoconstrictor.23 However, 
these findings were mostly obtained in cell culture, and 
mechanisms have not been validated in  vivo. Finally, 
chronic vascular diseases and hypertension are known 
to be associated with high angiotensin II, vascular resis-
tance, VEC dysfunction, and reduced NO production 
or availability.5,24 The presence and role of alterations in 
angiotensin II–induced VEC calcium signaling in these 
vascular responses are unknown.

The purpose of the present study was to explore 
the direct actions of angiotensin II on VEC [Ca2+]i and 
NO production in  vivo in intact kidney and brain mi-
crovessels in physiological and disease conditions 
using direct visual approaches.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Animals
Male and female, 6- to 8-week-old C57BL6/J mice 
were used in all experiments. Inducible and conditional 
cadherin 5–Salsa6f fluorescent reporter mice, which 
specifically express the ratiometric fusion calcium in-
dicator Salsa6f (tdTomato linked to GCaMP6f by a V5 
epitope tag) in vascular endothelial cells, were gener-
ated by crossing mice expressing Cre-ERT2 recom-
binase under the control of the cadherin 5 promoter25 
(obtained from Cancer Research Technology Limited) 
and Salsa6f floxed mice26 (Jackson Laboratory, Bar 
Harbor, ME; Stock No. 031968). Sox2-Salsa6f mice 
were generated by backcrossing Sox2-Cre27 and 
Salsa6f floxed mice resulting in ubiquitous expression 
of the same genetically encoded calcium reporters in 
all renal cell types. Tamoxifen was administered 75 mg/
kg by oral gavage for a total of 3 times (every other 
day) for full Cre induction in Cre-ERT2 animals. Animals 
received bolus injection of vehicle or angiotensin II 
(400 ng/kg, EK-002-12CE; Phoenix Pharmaceuticals, 
Burlingame, CA) via the cannulated carotid artery 
alone or in combination with intraperitoneal injection 
of either AT1R inhibitor losartan (60 mg/kg), or AT2R in-
hibitor PD123319 (25 mg/kg). Eight to 10 mice were al-
located to each of the 4 groups (vehicle, angiotensin II, 
angiotensin II+AT1Ri, and angiotensin II+AT2Ri) via sim-
ple randomization. The group allocations were avail-
able to all the investigators. All animal protocols were 
approved by the Institutional Animal Care and Use 
Committee at the University of Southern California.

Adeno-Associated Virus Delivery of Renin 
to Induce Hypertension
An adeno-associated virus (AAV) construct, AAV8–
thyroid hormone-binding globulin–m-Ren1d(F61R/
P65S), was used to induce hypertension in cadherin 
5–Salsa6f mice as described before.28,29 An AAV8–
thyroid hormone-binding globulin–GFP construct ex-
pressing GFP in target cells was used as the negative 
control. Both constructs were obtained from Vector 
Biolabs (Malvern, PA). Animals were randomized into 
control and hypertensive groups (n=8 mice in each 
group) 1 week before AAV administration. AAV con-
structs were suspended in sterile PBS and adminis-
tered by retro-orbital injection in anesthetized animals 
at 8 weeks of age (n=8 mice each, 4 males and 4 fe-
males each). Renin-AAV dose of 2×1010 genome cop-
ies was used as established earlier.30 Blood pressure 
was measured 2 times per week for 5 weeks. Plasma 
renin concentration was measured using ELISA as de-
scribed before.31 In vivo MPM imaging of the brain and 
kidneys was performed at the end of 5 weeks of follow-
up period after hypertension induction. Mice were eu-
thanized after intravital imaging, and brain, kidney, and 
liver tissues were harvested.

Unilateral Ureteral Obstruction
Unilateral ureteral obstruction (UUO) was performed as 
described before.32 Briefly, between 6 and 8 weeks of 
age, the animals were anesthetized with isoflurane, and 
after a midline laparotomy the left ureter was exposed 
and ligated 3 times. Successful ligation was confirmed 
by the hydronephrotic distention of the kidney at the 
time of imaging (4 weeks after surgery). Control animals 
underwent sham operation. Ten mice were allocated 
to each of the 2 groups (control and UUO) via simple 
randomization.

Intravital or In Vitro Cell Imaging Using 
MPM
Under continuous anesthesia (isoflurane 1%–2% in-
halant via nosecone), mice were placed on the stage 
of the inverted microscope for kidney or brain MPM 
imaging. For imaging renal microvessels, the exposed 
kidney was mounted in a coverslip-bottomed chamber 
bathed in normal saline as described previously.32,33 For 
MPM imaging of brain arterioles, the forelimb/hindlimb 
region of the somatosensory cortex was made ac-
cessible via a cranial window.34 Briefly, animals were 
continuously anesthetized with isoflurane and fixed 
in a stereotaxic frame. After surgical scalp removal, a 
circular cranial window was drilled and filled with 2% 
low melt agarose (Sigma) in artificial cerebrospinal fluid 
and covered with a round glass coverslip. Body tem-
perature was maintained with a homeothermic blanket 
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system (Harvard Apparatus, Holliston, MA). Alexa Fluor 
680-conjugated albumin (Thermo Fisher, Waltham, 
MA) was administered intravenously by retro-orbital 
injections to label the circulating plasma (30 μL IV 
bolus from 10 μg/mL stock solution). In some experi-
ments, 4-amino-5-methylamino-2′,7′-difluorofluoresce
in diacetate (DAF-FM) diacetate (Thermo Fisher) was 
administered intravenously by retro-orbital injection to 
measure changes in NO production in endothelial cells 
in vivo.35–37 The images were acquired using a Leica 
SP8 DIVE multiphoton confocal fluorescence imag-
ing system with a 40× Leica water-immersion objec-
tive (numerical aperture 1.2) powered by a Chameleon 
Discovery laser at 960 nm (Coherent, Santa Clara, CA) 
and a DMI8 inverted microscope’s external Leica 4Tune 
spectral hybrid detectors (emission at 510–530 nm for 
GCaMP6, Fluo-4, and DAF-FM, at 580–640 nm for 
tdTomato and Fura red, and at 680–740 for AF680) 
(Leica Microsystems, Heidelberg, Germany). The po-
tential toxicity of laser excitation and fluorescence to 
the cells was minimized by using a low laser power 
and high scan speeds to keep total laser exposure as 
minimal as possible. Fluorescence images were col-
lected in volume and time series (xyt, 526 milliseconds 
per frame) with the Leica LAS X imaging software and 
using the same instrument settings (laser power, off-
set, gain of both detector channels). The strong, posi-
tive, cell-specific Salsa6f signal (GCaMP6f–tdTomato 
fluorescence) and high-resolution MPM imaging al-
lowed for easy identification of single VEC cell bodies.

Quantification of Salsa6f, Fluo-4/
Fura Red, and DAF-FM Fluorescence 
Intensities
Optical sections in which long segments of renal or brain 
microvessels were clearly visible were selected, and 
time (xyt) series with 1 frame per 526 milliseconds was 
recorded for 3 to 5 minutes to measure [Ca2+]i dynam-
ics. The strong, positive signal (Salsa6f or DAF-FM fluo-
rescence) and high-resolution MPM imaging allowed for 
easy identification of single VEC or VSMC cell bodies. 
For the quantification of changes in mean Salsa6f ratio 
(or Fluo-4/Fura red ratio for in vitro glomerular endothe-
lial cell cultures38) or DAF-FM fluorescence intensity,39 
region of interest (ROIs) were drawn closely over the 
total cell body of single cells and the changes in nor-
malized F/F0 (fluorescence intensity expressed relative 
to baseline) for DAF-FM or Salsa6f (GCaMP6f/tdTomato 
ratio) were measured after the experiment in the de-
fined ROI using the Quantify package of LAS X software 
(3.6.0.20104; Leica-Microsystems). Maximum change 
in fluorescent intensity was determined by measuring 
changes in fluorescence intensity at the single-cell level 
(n=10 cells/glomerulus or vessel, n=10 glomeruli or ves-
sels/animal, n=8–10 animals in each group; n=4 frames/

well, and n=4 wells/experimental groups in in vitro cell 
culture studies). Data points represent the average of 
measurements/animal or culture well.

Blood Pressure and Glomerular Filtration 
Rate Measurement
Systolic blood pressure was measured by tail-cuff ple-
thysmography (Visitech BP-2000, Visitech System Inc., 
Apex, NC) in trained conscious animals as previously 
described.31 During acute administration of angiotensin 
II in anesthetized animals, blood pressure was meas-
ured using an analog single-channel transducer signal 
conditioner model BP-1 (World Precision Instruments, 
Sarasota, FL) via the carotid artery as described be-
fore.40,41 Glomerular filtration rate (GFR) measurements 
were performed using the MediBeacon Transdermal 
Mini GFR Measurement System (MediBeacon, St. 
Louis, MO) as described previously.42 Briefly, in an-
esthetized mice, the MediBeacon sensor was placed 
on the depilated dorsal skin. Mice were injected 
retro-orbitally with the inulin analog exogenous GFR 
tracer fluorescein-isothiocyanate conjugated sinistrin 
(7.5 mg/100 g body weight; MediBeacon). The excretion 
kinetics of the fluorescein-isothiocyanate conjugated 
sinistrin was measured for 90 minutes. GFR was then 
calculated on the basis of the decay kinetics (half-life 
time) of fluorescein-isothiocyanate conjugated sinistrin 
using MediBeacon Data Studio software (MediBeacon).

Tissue Processing, Histology, and 
Immunofluorescence
Immunofluorescence detection of proteins was per-
formed as described previously.31 Briefly, organs 
were perfused and fixed in 4% PFA for 2 hours at 
room temperature, embedded in paraffin or in opti-
mal cutting temperature compound, and sectioned 8 
to 20 μm thick. For antigen retrieval on paraffin sec-
tions, heat-induced epitope retrieval with sodium cit-
rate buffer (pH 6.0) or Tris-EDTA (pH 9.0) was applied. 
To reduce nonspecific binding, sections were blocked 
with normal serum (1:20). Primary and secondary an-
tibodies were applied sequentially overnight at 4 °C 
and 2 hours at room temperature. Primary antibodies 
and dilutions were anti-CD31 (1:100, No. 77699; Cell 
Signaling Technology, Danvers, MA) and anti-GFP 
(GFP 1:200; Aves Labs, Davis, CA). Alexa Fluor 488 
and 594-conjugated secondary antibodies were pur-
chased from Invitrogen (Waltham, MA) and Jackson 
Immunoresearch (West Grove, PA). Slides were 
mounted by using 4’,6-diamidino-2-phenylindole-containing  
mounting media (VectaShield, Vector Laboratories Inc., 
Burlingame, CA). Sections were examined with Leica 
TCS SP8 (Leica Microsystems, Wetzlar, Germany) 
confocal/multiphoton laser scanning microscope sys-
tems as described previously.31,43
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Bulk RNA Sequencing and Transcriptome 
Analysis
Gene expression analysis of AT1aR (Agtr1a), AT1bR 
(Agtr1b), and AT2R (Agtr2) in renal vascular endothelial 
cells was performed using previously published data 
set (GSE163823).44 Data are presented as counts per 
million transcripts.

RNAscope (mRNA Fluorescence In Situ 
Hybridization) With Immunofluorescence
AT1R mRNA detection combined with CD31 immu-
nostaining in mouse kidney sections were manually 
carried out using the RNAscope Multiplex Fluorescent 
v2 Assay with TSA Vivid Dyes (323 280; Advanced 
Cell Diagnostics, Newark, CA), and the RNA-Protein 
Co-Detection Ancillary Kit (323 180; Advanced Cell 
Diagnostics) according to manufacturer’s instructions. 
Briefly, 4 μm formalin-fixed, paraffin-embedded slides 
were used. RNAscope Co-Detection Target Retrieval 
reagent was used for antigen-retrieval. Primary (CD31, 
77 699; Cell Signaling Technology) and secondary an-
tibodies (A11034, Invitrogen), and mRNA Probe- Mm-
Agtr1-v2 (406 191; Advanced Cell Diagnostics) and 
RNAscope Multiplex Fluorescent Detection Reagents 
were applied sequentially. Slides were counterstained 
with 4’,6-diamidino-2-phenylindole and mounted. All 
slides were imaged using a Leica TCS SP8 (Leica 
Microsystems) confocal/multiphoton laser scanning 
microscope system as described previously.31,43 Imaris 
10.1 Coloc module was used to analyze the percent-
age of CD31 staining volume colocalized with AT1R 
labeling.

GEnC Culture
GEnCs were grown on glass-bottom 6-well plates until 
reaching a confluent (90%–100%) monolayer using 
DMEM-based normal GEnC growth media as de-
scribed previously.38 During experiments, a modified 
Krebs–Ringer Hco3 buffer was added to the top of the 
cells, containing (in mM) 115 NaCl, 5 KCl, 25 NaHco3, 
0.96 NaH2PO4, 0.24 Na2HPO4, 1.2 MgSO4, 2 CaCl2, 
5.5 d-glucose, and 100 μmol/L l-arginine. Cells were 
loaded with the ratiometric calcium dyes Fluo-4 AM 
and Fura red AM (10 μmol/L each; Invitrogen) dissolved 
in dimethylsulfoxide at room temperature for ≈20 min-
utes as described.38 In some experiments, angiotensin 
II (10−9 mol/L) was added to the experimental solution.

Statistical Analysis
Data are expressed as average±SEM and were ana-
lyzed using Student’s t tests or Mann–Whitney test 
(between 2 groups), or 1-way ANOVA (for multiple 
groups) with post hoc comparison by Dunnett’s multi-
ple comparisons test or Kruskal–Wallis test. Normality 

analysis was performed by using the Shapiro–Wilk 
test. P<0.05 was considered significant. There were no 
animals, data points, or experimental units excluded 
from the study. Statistical analyses were performed 
using GraphPad Prism 9.0.1 (GraphPad Software, Inc., 
La Jolla, CA).

RESULTS
Histological and Functional Features of 
the Cadherin 5–Salsa6f Mouse Model
Intravital imaging of kidney and brain microvessels 
(resistance arterioles and capillaries) was performed 
using MPM in newly established genetic mouse mod-
els. To directly and quantitatively visualize changes in 
[Ca2+]i specifically in VECs in the intact living kidney 
cortex and brain, cadherin 5–Salsa6f mice were gen-
erated that express the ratiometric fusion calcium in-
dicator Salsa6f (the calcium-sensitive GCaMP6f linked 
to the calcium insensitive tdTomato) exclusively in the 
cadherin 5 cell lineage. In addition, Sox2-Salsa6f mice 
were generated and used to perform [Ca2+]i imaging 
in all cell types. NO production in VECs was meas-
ured using the NO-sensitive fluorescent dye DAF-FM. 
As illustrated in Figure 1A, this study included in vivo 
MPM imaging in either physiological conditions or after 
disease development, and during the systemic admin-
istration of an acute angiotensin II challenge (bolus in-
jection of 400 ng/kg angiotensin II into the cannulated 
carotid artery) with or without pretreatment with either 
AT1R or AT2R inhibitors.

As expected, cadherin 5–Salsa6f mice featured 
VEC-specific expression of GCaMP6f and tdTomato 
fluorescent reporters only in the inner layer of blood 
vessels as demonstrated by in  vivo MPM images 
(Figure 1B) or on the basis of colocalization with the 
VEC marker CD31 (Figure  1F). Cadherin 5–Salsa6f 
mice showed no apparent phenotype based on unal-
tered systolic blood pressure, body weight, and GFR 
(Figure 1C through 1E).

Intravital MPM Imaging of the Direct 
Effects of Angiotensin II on VEC Calcium 
and NO Signaling
Due to the exclusively VEC-specific expression of the 
genetically encoded calcium reporters, time-lapse in-
travital MPM imaging of resistance vessels and capil-
laries in the intact mouse brain and kidney in cadherin 
5–Salsa6f mice allowed high-resolution quantitative 
visualization of the changes in [Ca2+]i specifically in 
VECs (Figure 2A and 2B). While the injection of vehi-
cle control had no effect, acute systemic injections of 
angiotensin II (400 ng/kg into the cannulated carotid 
artery in bolus) caused instantaneous and substantial 
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elevations in VEC [Ca2+]i both in the brain and kidney 
on the basis of quantification of the increased Salsa6f 
signal (Figure 2A and 2B). Video S1 further illustrates 

the substantial effects of angiotensin II injection on 
glomerular VEC [Ca2+]i. The angiotensin II–induced el-
evations in VEC [Ca2+]i (3.2±0.3-fold in the brain and 

Figure 1.  Histological and functional features of the cadherin 5–Salsa6f mouse model.
A, Schematic illustration of the overall study design including the applied physiological and disease in  vivo animal models. B, 
Representative in vivo MPM images of intact mouse brain and kidney microvasculature in cadherin 5–Salsa6f animals. Endothelial 
cells are labeled by the genetic expression of GCaMP6f (green) linked to tdTomato (red). The circulating plasma was labeled by 
intravenously injected Alexa Fluor 680-conjugated albumin (grayscale). C through E, Statistical summary of systolic blood pressure 
(C), body weight (D), and GFR (E) measured in control and cadherin 5–Salsa6f animals at 8 weeks of age. n=8 mice each, 4 male 
(blue) and 4 female (red). F, Representative immunofluorescence images of cadherin 5–Salsa6f mouse brain (top) and kidney (bottom) 
tissue sections demonstrating co-localization of the vascular endothelial cell marker CD31 (red) and the genetically encoded calcium 
reporter GCaMP6f (green with anti-GFP labeling). Note the complete overlap of CD31 and GFP immunolabeling in the overlay images 
indicating VEC-specific expression of the Salsa6f reporter. Cell nuclei are labeled blue with 4’,6-diamidino-2-phenylindole. Bars are 
50 μm. AAV indicates adeno-associated virus; AngII, angiotensin II; Cdh5, cadherin 5; EA, efferent arteriole; G, glomerulus; GCaMP, 
calcium-sensitive green fluorescent protein analog; GFP, green fluorescent protein; GFR, glomerular filtration rate; MPM, multiphoton 
microscopy; NO, nitric oxide; ns, not significant by Student’s t test or Mann–Whitney test; PeA, penetrating artery; Pia, pial artery; 
SBP, systolic blood pressure; UUO, unilateral ureteral obstruction; VEC, vascular endothelial cell; and WT, body weight.
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4.6±0.4-fold in the kidney compared with baseline) 
were completely prevented by pretreatment with the 
AT1R inhibitor losartan (1.0±0.1-fold in the brain and 
1.2±0.1-fold in the kidney) (Video S1), but not with the 
AT2R inhibitor PD123319 (2.6±0.3-fold in the brain and 
5.7 ±0.9-fold in the kidney) (Figure  2A and 2B). The 
potency of the AT2R inhibitor PD123319 was confirmed 
on the basis of its significant vasoconstrictor effects 
in renal resistance arterioles (Figure  2C) after intra-
carotid injections. These confirmatory studies were 
performed using young female mice due to the well-
known higher expression of the AT2R in females and 
its age-dependent decline.45 Furthermore, the analysis 
of previously published bulk RNA expression data of 
renal endothelial cells44 showed detectable expression 
levels of AT1aR, but minimal or undetectable expression 
of the AT1bR and AT2R (Figure 2D). Comparison of the 
magnitude of the angiotensin II effects on VEC [Ca2+]i 
in brain (3.2-fold) versus kidney (4.5-fold) microvessels 
suggested that renal VECs are more responsive to an-
giotensin II than brain VECs (Figure  2E). Importantly, 
high temporal resolution MPM imaging revealed that 
the elevations in VEC [Ca2+]i always preceded angio-
tensin II–induced vasoconstrictions (Figure 2F). In ad-
dition, in vivo MPM imaging of the same brain and renal 
microvessels was performed in Sox2-Salsa6f mice that 
feature Salsa6f expression in all cell types. Time-lapse 
calcium imaging during the same acute angiotensin II 
challenge confirmed that the elevations in VEC [Ca2+]i 
always preceded the [Ca2+]i changes of directly adja-
cent VSMCs (Figure 2F).

Additional MPM imaging studies were performed 
to measure the changes in VEC NO production in re-
sponse to the same angiotensin II challenge. The in-
travenous injection of DAF-FM diacetate specifically 
labeled the endothelial layer of brain and kidney mi-
crovessels as illustrated in Figure 2G. Acute angioten-
sin II injections caused ≈2-fold increases in VEC NO 
production in the brain and the kidney compared with 
baseline (Figure 2G).

Angiotensin II Effects on Glomerular 
Endothelial Cells Cultured In Vitro
To further confirm the direct and VEC-specific effects 
of angiotensin II, GEnCs were cultured in  vitro and 
loaded with either calcium or NO-sensitive fluores-
cent dyes Fluo-4/Fura red or DAF-FM, respectively. 
Consistently with the above in vivo effects, the addition 
of angiotensin II (10−9 mol/L) to the GEnC culture media 
caused prompt and significant elevations in GEnC 
[Ca2+]i and NO production (Figure  3A through 3E). 
The angiotensin II–induced GEnC [Ca2+]i responses 
were completely blocked by pretreatment with the 
AT1R inhibitor losartan but not with the AT2R inhibitor 
PD123319 (Figure 3D).

Diminished Effects of Angiotensin II on 
Endothelial Cell Calcium and NO Signaling 
in Disease Conditions
To test for potential alterations in angiotensin II–in-
duced VEC responses in disease conditions, the same 
acute vasoconstrictor challenge by angiotensin II injec-
tion was applied in the UUO renal fibrosis model and 
under chronic hypertension conditions (Figure 4). The 
appearance of second harmonic generation signal, 
which is derived from collagen fibers, confirmed the 
successful induction of tissue fibrosis (Figure 4C). As 
observed with in  vivo MPM imaging, acute systemic 
injections of angiotensin II (400 ng/kg IC in bolus) in 
mice 5 weeks after UUO caused instantaneous and 
significant elevations in VEC [Ca2+]i measured in the 
key renal resistance vessels, the afferent arteriole, on 
the basis of quantification of the increased Salsa6f 
signal (Figure 4A). However, the magnitude of the an-
giotensin II–induced VEC [Ca2+]i elevations was signifi-
cantly reduced in UUO compared with control healthy 
conditions, resulting in more robust afferent arteriole 
vasoconstrictions in UUO versus control (Figure  4B). 
Similarly, acute angiotensin II injections induced de-
tectable elevations in VEC NO production but with a 
significantly smaller magnitude compared with control 
(Figure 4C).

In addition, chronic hypertension was established 
in a separate group of cadherin 5–Salsa6f mice by the 
systemic injection of Ready-to-use adeno-associated 
virus expressing Mouse Renin 1 gene (Ren1-AAV), 
which resulted in sustained high blood pressure in the 
150 mm Hg range (Figure 5A). GFP-AAV–injected mice 
served as controls. Ren1-AAV hypertensive mice had 
substantial elevations in plasma renin concentration 
(Figure 5B) and renin expression in the liver compared 
with control mice (Figure 5C), validating the gene deliv-
ery and hypertension induction approach. In vivo MPM 
imaging revealed that acute systemic injections of an-
giotensin II caused significant elevations in VEC [Ca2+]i 
measured in brain and kidney microvessels (Figure 5D 
through 5F). However, the magnitude of the angioten-
sin II–induced VEC [Ca2+]i elevations was significantly 
reduced in Ren1-AAV hypertensive mice compared 
with control healthy conditions. The reduced direct 
angiotensin II effect on VEC calcium signaling in hy-
pertension resulted in more robust small artery vaso-
constrictions and larger blood pressure elevations in 
response to acute angiotensin II injection in Ren1-AAV 
mice compared with control (Figure 5G). AT1R mRNA 
expression in VECs was not altered in hypertension 
versus control condition, in contrast to AT1R upregu-
lation in the glomerular mesangium (Figure 5H), which 
was previously reported.46 Interestingly, the VEC [Ca2+]i 
responses appeared to be more preserved in female 
versus male UUO and hypertensive mice (Figures 4B 



J Am Heart Assoc. 2024;13:e033998. DOI: 10.1161/JAHA.123.033998� 8

Calderon et al� In Vivo VEC Calcium Imaging in Brain and Kidney

and 5G). Additional pathologies were observed with 
in  vivo MPM imaging in hypertensive mice, including 
the angiotensin II–induced formation of microthrombi 
in both brain and kidney resistance arterioles and the 
shedding of several VECs into the lumen of glomerular 
capillaries (Figure 5D and 5F and Video S2).

DISCUSSION
The present work is the first to visualize the effects of 
angiotensin II directly on vascular endothelial calcium 
signaling and NO production in intact organs in vivo. As 
one major outcome of this study, the results provided 

in vivo validation of the long-established concept that 
actions of angiotensin II directly on the vascular en-
dothelium through the synthesis and release of vaso-
dilatory autocoids counterbalance the simultaneously 
occurring VSMC-mediated vasoconstrictions to main-
tain residual organ blood flow. We showed that this di-
rect VEC-targeting action of angiotensin II is mediated 
via AT1R-dependent calcium signaling and NO gen-
eration. As another main outcome, the present work 
uncovered new cell and molecular mechanisms, di-
minished angiotensin II–induced VEC calcium and NO 
signaling, VEC shedding into the vascular lumen, and 
microthrombi formation in mouse models of kidney 
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fibrosis and hypertension. These results suggest the in-
volvement of altered agonist-induced VEC calcium and 
NO responses as likely pathogenic players in endothe-
lial dysfunction and altered hemodynamic responses 
in hypertensive renal and cardiovascular diseases.

The generation and application of the cadherin 5–
Salsa6f mouse model in the present study for intravital 
MPM imaging of [Ca2+]i specifically in VECs in the intact 
brain and kidney resistance arterioles is an innovative 
technical advance. Cadherin 5–driven expression of 
the fast and highly sensitive genetically encoded truly 
ratiometric calcium indicator Salsa6f26 (Figure 1B and 
1F) was essential and permitted detection of changes 
in [Ca2+]i specifically in VECs. Exemplified by the pres-
ent experiments (Figures 2, 4, and 5), this new research 
tool is expected to aid many future studies in vascular 
biology and disease. In addition to [Ca2+]i, the pres-
ent study quantitatively visualized VEC NO production 
in vivo in the kidney and brain using the NO-sensitive 
fluorescent dye DAF-FM similarly to previous in  vivo 
and in  vitro applications in many vascular beds.35–37 
The brain and kidney were selected for the present 
imaging studies because these 2 organs are known 
to have the most robust organ blood flow autoregula-
tion47 and which may contribute to pathological condi-
tions such as renal fibrosis and hypertension.

Acute injection of angiotensin II triggered substan-
tial increases in VEC [Ca2+]i and NO production in re-
sistance arterioles and capillaries in the intact kidney 

and the brain in vivo (Figure 2). Although angiotensin 
II–induced hemodynamic changes, shear stress, and 
myoendothelial coupling could have caused second-
ary elevations in VEC [Ca2+]i, the observed responses 
strongly suggested the direct effects of angiotensin 
II on VEC calcium signaling and NO production. The 
results of 3 separate lines of the current investigation 
support this point: (1) Angiotensin II–induced VEC 
[Ca2+]i responses were observed before vasoconstric-
tion (Figure 2F), (2) before VSMC [Ca2+]i elevations, and 
(3) were present in isolated in  vitro cultured GEnCs 
(Figure 3). These results provide important in vivo val-
idation of the long-existing concept14–17 and confir-
mation that angiotensin II–induced direct endothelial 
calcium-mediated vasodilatory mechanisms are pres-
ent in vivo and may play important roles to counteract 
vasoconstrictions and maintain organ blood flow. Both 
in vivo and in vitro studies in the present work found 
that these angiotensin II effects were mediated via the 
AT1R rather than the AT2R (Figures 2A and 3D). These 
results are consistent with the functional expression 
of AT1R in VECs8,14 and with the hypotensive pheno-
type and the significantly reduced pressor response to 
acute angiotensin II infusion in mice with VEC-specific 
expression of a constitutively active AT1R mutant that 
were reported earlier.15 The detectable expression of 
the AT1a receptor subtype compared with the minimal 
or undetectable levels of the AT1b and AT2 receptors 
in renal VECs in our previously published database44 

Figure 2.  Intravital imaging of the direct effects of angiotensin II on VEC calcium signaling and NO production in the intact 
mouse brain and kidney microvasculature.
A and B, Representative in vivo MPM images of VEC [Ca2+]i responses in cadherin 5–Salsa6f mouse brain (A) and kidney (B) microvessels 
at baseline and 1 and 5 seconds after intracarotid bolus angiotensin II injection. Note the robust increase in Salsa6f fluorescence 
intensity within 1 second after angiotensin II injection indicating substantial increases in VEC [Ca2+]i in the pial and penetrating arteries 
(PiA and PeA, green arrows) in the brain (A) and in glomerular (G) capillaries in the kidney (B). The right panels show the statistical 
summary of VEC [Ca2+]i changes (Fmax/F0, maximal Salsa6f fluorescence intensity normalized to baseline) in response to acute vehicle 
control or angiotensin II challenge with or without AT1R or AT2R inhibitors. A time-lapse video of a similar kidney preparation showing the 
effects of acute angiotensin II and AT1Ri+angiotensin II challenge is available in Video S1. C, Statistical summary of the hemodynamic 
effect of acute intracarotid injection of the AT2R inhibitor PD123319 compared with control in kidney in 2-week-old female mice. D, 
Average RNA expression levels of AT1aR (Agtr1a), AT1bR (Agtr1b), and AT2R (Agtr2) in rapidly isolated renal vascular endothelial cells. 
Data points represent the mean expression levels of gene as counts per million transcripts in renal VECs where each data point 
represents an individual animal. E, Comparison analysis of the effects of acute angiotensin II challenge on VEC [Ca2+]i in brain vs kidney 
microvessels. F, Time course analysis of the effects of acute angiotensin II challenge (illustrated by a dashed vertical line) on VEC [Ca2+]i 
and hemodynamic parameters. Representative simultaneous recording of changes in VEC Salsa6f signal (red) and vascular diameter 
(black) in the same AA over time (left). Note that the peak of Salsa6f fluorescence intensity preceded vasoconstriction which was 
indicated by the decrease in AA diameter. Representative intravital MPM image of a Sox2-Salsa6f mouse kidney with a glomerulus (G) 
and its adjacent AA that illustrates the simultaneous measurement of [Ca2+]i in VECs and VSMCs (center). Representative simultaneous 
recording of the changes in Salsa6f fluorescence intensity in response to acute angiotensin II challenge in VECs (green) and VSMCs 
(blue) over time. Note that the peak of Salsa6f intensity in a VEC preceded that of a directly adjacent VSMC. G, Representative 
pseudocolor DAF-FM fluorescence intensity images in brain (top) and kidney (bottom) microvessels at baseline and 5 minutes after 
intracarotid bolus angiotensin II injection of the exact same tissue volume. Note the robust increases in VEC NO production in PiA and 
PeA in the brain, and in glomerular capillaries (G) in the kidney indicated by the yellow-red vs blue colors. The right panels show the 
statistical summary of the changes in DAF-FM fluorescence intensity in VECs in mouse brain (top) and kidney (bottom) microvessels. 
Each data point in the graphs corresponds to an average of n=10 measurements/vessel and n=10 different vessels/animal in n=8 mice 
(4 males [blue] and 4 females [red]) in both groups. *P<0.05—****P<0.0001 by 1-way ANOVA (between multiple groups) with Kruskal–
Wallis test and unpaired Student’s t test (between 2 groups). Bars are 50 μm. AA indicates afferent arteriole; AngII, angiotensin II; AT1R, 
type 1 angiotensin II receptor; AT2R, type 2 angiotensin II receptor; [Ca2+]i, intracellular calcium; DAF-FM, 4-amino-5-methylamino-
2′,7′-difluorofluorescein diacetate; EA, efferent arteriole; MPM, multiphoton microscopy; NO, nitric oxide; ns, not significant; PeA, 
penetrating artery; Pia, pial artery; VEC, vascular endothelial cell; and VSMC, vascular smooth muscle cell.
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(Figure  2D) provides more detailed mouse-specific 
mechanistic insights and suggests the importance of 
the AT1a receptor in the present angiotensin II–induced 
VEC responses. Most transgenic mouse studies using 
AT1a, AT1b, and AT2 receptor knockout animals showed 
that AT1aR is the receptor that drives most physiolog-
ical responses to angiotensin II including blood pres-
sure control,48,49 although other studies underscored 
the tissue-specific roles of AT1bR.50 The lack of hyper-
tension in VEC specific AT1aR knock out mice51,52 is 
somewhat conflicting with our results which can be 
explained by the more pronounced role of this vasodi-
lator mechanism in stressed disease conditions com-
pared with healthy conditions. Angiotensin II–induced 
VEC calcium responses were exclusively mediated via 
the AT1R, in agreement with earlier studies showing 
that acute vasoconstrictor responses to angiotensin II 
were mediated by actions at the AT1R, and that acute 
responses are not counterbalanced by opposing ef-
fects on the AT2R.53 Other studies provided additional 
confirmation regarding the key role of the AT1R and 
that the AT2R does not contribute significantly to the 

observed angiotensin II–induced VEC calcium eleva-
tions or other vascular responses54,55 including in brain 
microvessels.56 Our results are also in agreement with 
the previous demonstration of AT1R-mediated activa-
tion of VEC calcium signaling and NO production by 
angiotensin II,18,19 which has been previously attributed 
to AT2R functions.57 However, the results of the pres-
ent study conflict with the earlier observations showing 
that angiotensin II via the AT1R attenuates NO produc-
tion and endothelium-dependent vasodilatation.22 One 
possible explanation for this discrepancy may reside 
in the use of in vitro cell and isolated arteriole prepara-
tions in that earlier study.22 By demonstrating the direct 
and positive calcium and NO signaling effects of AT1R 
in VECs in vivo, the present study challenges the exist-
ing paradigm regarding the generally vasoconstrictor 
role of the AT1R, which is clearly context and cell/tissue 
type dependent.

The findings of higher vasoactive potency of an-
giotensin II on the endothelium in kidney versus 
brain microvessels (Figure  2E) and its reduced effi-
cacy in organ disease and hypertension conditions 

Figure 3.  The effects of angiotensin II on calcium signaling and NO production of 
GEnCs cultured in vitro.
A and B, Representative pseudocolor images of Fluo-4/Fura red and DAF-FM fluorescence 
intensity (F/F0) reflecting changes in [Ca2+]i and NO production, respectively, in GEnCs 
before and after acute angiotensin II administration (10−9 mol/L). Note the increased Fluo-4/
Fura red intensity ratio indicated by the appearance of green, yellow, and red pseudocolor 
cells in response to angiotensin II treatment, in contrast to blue cells at baseline. C, 
Representative recording of the changes in Fluo-4/Fura red fluorescence intensity (full 
frame) over time. The time of angiotensin II addition is indicated by the vertical red dashed 
line. D, Statistical summary of the angiotensin II–induced changes in GEnC [Ca2+]i (Fluo-4/
Fura red ratio normalized to baseline) with or without pretreatment with the AT1R inhibitor 
losartan or the AT2R inhibitor PD123319. E, Statistical summary of the angiotensin II–
induced changes in GEnC NO production (DAF-FM fluorescence normalized to baseline). 
Data points represent the average of 4 full frame measurements in n=4 wells each. 
**P<0.01 by 1-way ANOVA (between multiple groups) with Dunnett’s multiple comparisons 
test and unpaired Student’s t test (between 2 groups). Bars are 50 μm. AngII indicates 
angiotensin II; AT1R, type 1 angiotensin II receptor; AT2R, type 2 angiotensin II receptor; 
[Ca2+]i, intracellular calcium; Cdh5, cadherin 5; CTRL, control; DAF-FM, 4-amino-5-
methylamino-2′,7′-difluorofluorescein diacetate; GenC, glomerular endothelial cell; NO, 
nitric oxide; ns, not significant; and UUO, unilateral ureteral obstruction.
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Figure 4.  Diminished effects of angiotensin II on VEC calcium signaling and NO production in kidney fibrosis.
A, Representative in vivo MPM images of a cadherin 5–Salsa6f mouse kidney 5 weeks after UUO demonstrating the effects of acute 
systemic angiotensin II injections (400 ng/kg IC in bolus) on VEC [Ca2+]i. Note the increased Salsa6f fluorescence intensity (green 
arrows) within 1 seconds of angiotensin II injection, indicating increased VEC [Ca2+]i. The circulating plasma was labeled by iv. injected 
Alexa Fluor 680-conjugated albumin (greyscale). Tissue autofluorescence is shown in orange. B, Statistical summary of the angiotensin 
II–induced changes in Salsa6f fluorescence intensity (Fmax/F0) indicating [Ca2+]i changes in VECs (left) and in the normalized (% of 
baseline, center) and actual AA diameter (right). Each data point in the graphs correspond to an average of ten measurements/vessel 
and ten different vessels/animal in n=8 mice (4 males (blue) and 4 females (red)) in both groups. *P<0.05–****P<0.0001 by unpaired 
Student’s t test. C, Representative in vivo MPM tile scan images of the same area of a UUO mouse kidney before (baseline) and after 
acute systemic angiotensin II injection (left). VECs were loaded with the NO-sensitive green fluorescent dye DAF-FM to measure VEC 
NO production. Note the increased DAF-FM fluorescence intensity in AA-IA resistance arterioles but not in glomerular capillaries. 
Tissue autofluorescence shown in orange. Second harmonic generation signal is shown in cyan. Representative recordings of the 
baseline and initial rate of the angiotensin II–induced increase in DAF-FM fluorescence intensity in control healthy (blue line) and 
UUO conditions (green line). ****P<0.0001 by simple linear regression. n=4, 2 male and 2 female mice each. Bars are 50 μm. AA 
indicates afferent arteriole; AngII, angiotensin II; [Ca2+]i, intracellular calcium; Cdh5, cadherin 5; CTRL, control; DAF-FM, 4-amino-5-
methylamino-2′,7′-difluorofluorescein diacetate; G, glomerulus; HTN, hypertensive mice; IA, interlobular arteriole; NO, nitric oxide; ns, 
not significant; UUO, unilateral ureteral obstruction; and VEC, vascular endothelial cell.
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(Figures  4B and 5G) are consistent with the critical 
role of the kidney in the pathogenesis of hyperten-
sion and its cardiovascular complications.58,59 In 

the well-established UUO model of kidney fibrosis 
and high angiotensin II vasoconstrictor state,60 as 
well as in the Ren1-AAV model of renin–angiotensin 
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system–dependent hypertension,28,29 angiotensin 
II–induced VEC calcium signaling and NO synthesis 
were significantly reduced compared with healthy 
control (Figures 4 and 5). These results suggest that 
diminished agonist-induced VEC calcium signaling 
and NO production are key mechanisms in the de-
velopment of vascular and endothelial dysfunction 
in these disease conditions. Regarding the molecu-
lar mechanism, the unaltered expression of AT1R in 
VECs (Figure 5H) suggests that the difference in en-
dothelial response in diseased versus healthy mice 
is not due to altered AT1R density. Rather, sustained 
high angiotensin II states are known to cause endo-
thelial dysfunction via multiple mechanisms and sig-
naling cascades that include increased production of 
reactive oxygen species, reduced NO bioavailability, 
oxidative stress, and inflammation.1,61,62 NO has well-
established antithrombotic effects,63 and it also func-
tions as an endothelial cell survival factor.64 Therefore, 
microthrombi formation and VEC shedding observed 
in the hypertension model (Figure 5F and Video S2) 
are further consistent with insufficient NO production 
and endothelial dysfunction in disease conditions 
(Figures  4B and 4C, 5E). More preserved agonist-
induced VEC [Ca2+]i responses in female versus 
male UUO and hypertensive mice (Figures  4B and 
5G) are consistent with the generally recognized sex 
and gender differences in cardiovascular and renal 
diseases.65 Our results show larger blood pressure 
elevations in response to intracoronary bolus angio-
tensin II injection in hypertensive animals compared 
with controls (Figure  5G). These results along with 
the more robust small artery vasoconstriction in hy-
pertensive animals versus controls indicate that the 
reduced direct angiotensin II effect on VEC calcium in 

hypertension plays an important role in the develop-
ment of hypertension itself and its end-organ compli-
cations. (Figure 5D and 5F, Video S2). Importantly, the 
endothelial calcium responses preceded vasocon-
strictions and blood pressure elevations (Figure 2F). 
Therefore, the altered VECs calcium response is a 
cause or contributing factor rather than the conse-
quence of the altered blood pressure response in hy-
pertensive animals.

In summary, the present study established and 
applied new intravital imaging research tools and 
approaches to specifically study endothelial mecha-
nisms of vascular functions and blood flow regulation 
in vivo. Direct visualization of the robust angiotensin 
II–induced elevations in VEC calcium and NO in brain 
and kidney microvessels confirmed the existence 
of this vasodilatory mechanism that helps to coun-
terbalance vasoconstriction and maintain residual 
organ blood flow. Insufficiency of this mechanism was 
captured in disease conditions and linked to endo-
thelial dysfunction and the development of vascular 
pathologies.
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Figure 5.  Diminished effects of angiotensin II on VEC calcium signaling and NO production in hypertension.
A, Statistical summary of the changes in systolic blood pressure over time in control GFP-AAV injected (blue) or Ren1-AAV-injected 
hypertensive mice (red). Green-yellow-orange-red horizontal dashed lines illustrate the normal–elevated–stage 1–stage 2 American 
Heart Association scales of high blood pressure, respectively. B, Statistical summary of plasma renin concentrations in control and 
Ren1-AAV hypertensive mice. N=4 male mice each. C, Representative GFP (green) and renin (red) immunofluorescence images of 
mouse liver sections from control uninjected (left) and either control GFP-AAV-injected (top) or Ren1-AAV-injected mice (bottom right). 
Note the expression of GFP (green) or renin (red) in hepatocytes of control GFP-AAV or Ren1-AAV-injected mice confirming successful 
gene delivery. D through F, Representative in vivo MPM images of intact mouse brain (D) and kidney (F) microvasculature in a cadherin 
5–Salsa6f Ren1-AAV hypertensive mouse. VECs are labeled by the genetic expression of GCaMP6f (green) linked to tdTomato (red). 
The circulating plasma was labeled by iv. injected Alexa Fluor 680-conjugated albumin (grayscale). Note the relatively small angiotensin 
II–induced elevations in VEC [Ca2+]i (GCaMP6f intensity, green), shedding single-cell VECs with high [Ca2+]i (high GCaMP6f green 
intensity cells) in glomerular capillaries, and the appearance of several, plasma-excluding microthrombi (black) in both brain and kidney 
microvessels (arrows). Time-lapse video of the same preparation is available in Video S2. E, Statistical summary of acute angiotensin 
II–induced changes in VEC [Ca2+]i (Salsa6f fluorescence intensity normalized to baseline) in control healthy and hypertensive mice. G, 
Statistical summary of the angiotensin II–induced changes in Salsa6f fluorescence intensity normalized to baseline indicating [Ca2+]i 
changes in VECs (left), normalized (% of baseline) and actual AA diameter, and acute blood pressure (right) in control healthy and 
hypertensive mice. N=4–8 mice (4 males [blue] and 4 females [red]). Each data point represents an average of 10 measurements. H, 
Representative images and statistical summary of AT1R mRNA expression (gray) in VECs labeled with CD31 immunostaining (green). 
Nuclei were labeled blue with 4’,6-diamidino-2-phenylindole. (N=4 mice). Bars are 50 μm. **P<0.01, ***P<0.001 by unpaired Student’s 
t test. AA indicates afferent arteriole; AAV, adeno-associated virus; AngII, angiotensin II; AT1R, type 1 angiotensin II receptor; [Ca2+]i, 
intracellular calcium; CTRL, control; G, glomerulus; GCaMP, calcium sensitive green fluorescent protein analog; GFP, green fluorescent 
protein; HTN, hypertensive mice; ns, not significant; and VEC, vascular endothelial cell.
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