Journal of the American Heart Association

ORIGINAL RESEARCH

Angiotensin Il Disrupts Neurovascular
Coupling by Potentiating Calcium Increases
IN Astrocytic Endfeet

, MSc*, Lin Li, PhD*; Diane Vallerand, BSc; Héléne Girouard

Michagél Boily , PhD

BACKGROUND: Angiotensin Il (Ang ll), a critical mediator of hypertension, impairs neurovascular coupling. Since astrocytes are
key regulators of neurovascular coupling, we sought to investigate whether Ang Il impairs neurovascular coupling through
modulation of astrocytic Ca?* signaling.

METHODS AND RESULTS: Using laser Doppler flowmetry, we found that Ang Il attenuates cerebral blood flow elevations induced
by whisker stimulation or the metabotropic glutamate receptors agonist, 1S, 3R-1-aminocyclopentane-trans-1,3-dicarboxylic
acid (P<0.01). In acute brain slices, Ang Il shifted the vascular response induced by 1S, 3R-1-aminocyclopentane-trans-
1,3-dicarboxylic acid towards vasoconstriction (P<0.05). The resting and 1S, 3R-1-aminocyclopentane-trans-1,3-dicarboxylic
acid-induced Ca®* levels in the astrocytic endfeet were more elevated in the presence of Ang Il (P<0.01). Both effects were
reversed by the AT1 receptor antagonist, candesartan (P<0.01 for diameter and P<0.05 for calcium levels). Using photolysis
of caged Ca?* in astrocytic endfeet or pre-incubation of 1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-tetra-acetic acid tetrakis
(acetoxymethyl ester), we demonstrated the link between potentiated Ca?* elevation and impaired vascular response in the
presence of Ang Il (P<0.001 and P<0.05, respectively). Both intracellular Ca®* mobilization and Ca®* influx through transient
receptor potential vanilloid 4 mediated Ang ll-induced astrocytic Ca?* elevation, since blockade of these pathways significantly
prevented the intracellular Ca®* in response to 1S, 3R-1-aminocyclopentane-trans-1,3-dicarboxylic acid (P<0.05).

CONCLUSIONS: These results suggest that Ang Il through its AT1 receptor potentiates the astrocytic Ca®* responses to a level
that promotes vasoconstriction over vasodilation, thus altering cerebral blood flow increases in response to neuronal activity.
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vascular structures and functions'? and is a key

risk factor for dementia.?=* In patients with chronic
untreated hypertension, a brain imaging study showed
that the local neuronal regulation of cerebral blood flow
(CBF) produced by cognitive tasks, a process termed
neurovascular coupling (NVC), was altered.® The atten-
uated response was associated with a lower cognitive
performance.® Angiotensin Il (Ang I}, a critical mediator
of hypertension, has emerged as a culprit of impaired
neurovascular regulation.>*® This peptide, classically

Hypertension exerts profound effects on cerebro-

recognized to be synthesized in the lung and released
into the systemic circulation, can also be produced lo-
cally in the brain.” In addition, Ang Il is known to cross
the blood—brain barrier in experimental models of hy-
pertension.®® Both circulating and locally perfused
Ang Il disrupts NVC.4'0 Interestingly, Ang Il impairs
NVC independently of its effect on blood pressure.
Indeed, in the slow pressor model, this effect precedes
mean arterial pressure elevation." Long-term adminis-
tration of phenylephrine to elevate blood pressure fails
to alter NVC, whereas subpressor doses of Ang Il (200
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CLINICAL PERSPECTIVE

What Is New?

e This study represents the first indication that an-
giotensin Il could impair neurovascular coupling
by increasing vascular tone through amplifica-
tion of astrocytic Ca?* signaling.

What Are the Clinical Implications?

e |tis now recognized that to treat brain diseases,
the whole neurovascular unit, including astro-
cytes and blood vessels, should be considered.

e |t is known that age-associated brain dysfunc-
tions and neurodegenerative diseases are im-
proved by angiotensin receptor antagonists that
cross the blood-brain barrier; therefore, results
from the present study support the use of angi-
otensin receptor antagonists to normalize astro-
cytic and vascular functions in these diseases.

e Results from the present study may also imply
that high cerebral angiotensin Il may alter brain
imaging signals evoked by neuronal activation.

Nonstandard Abbreviations and Acronyms

aCSF  artificial cerebrospinal fluid

Ang Il angiotensin |l

CBF cerebral blood flow

mGIuR metabotropic glutamate receptor
NVC neurovascular coupling

t-ACPD 1S, 3R-1-aminocyclopentane-trans-1,3-
dicarboxylic acid

TRPV4 transient receptor potential vanilloid 4
XC xestospongin C

ng/kg per min) still impair NVC.""2 In addition, Ang |l
AT1 receptor blockers that cross the blood—brain bar-
rier show beneficial effects on NVC in hypertension,
stroke, and Alzheimer disease models.”®"" Although
many mechanisms have been proposed to explain
the effects of Ang Il on NVC, the molecular pathways
remain unclear. It is known that Ang Il at low concen-
trations does not acutely affect neuronal excitability or
smooth muscle cell reactivity but still impairs NVC,*
suggesting that astrocytes may play a central role in
the acute Ang ll-induced NVC impairment.

Astrocytes are uniquely positioned between syn-
apses and blood vessels, surrounding both neigh-
boring synapses with their projections and most of
the arteriolar and capillary abluminal surface with
their endfeet. Functionally, astrocytes perceive neu-
ronal activity by responding to neurotransmitters,
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then transducing signals to the cerebral microcircula-
tion.'®?! In the somatosensory cortex area, astrocytic
Ca?* signaling has been considered to play a role in
NVC.2223 |nterestingly, it seems that the level of in-
tracellular Ca®* concentration ([Ca®) in the endfoot
determines the response of adjacent arterioles: mod-
erate [Ca®]; increases in the endfoot induce paren-
chymal arteriole dilation, whereas high [Ca®]; results in
constriction.'”® Among mechanisms known to increase
astrocytic Ca®* levels in NVC is the activation of ino-
sitol 1,4,5-trisphosphate receptor (IP,Rs) in endoplas-
mic reticulum (ER) membranes and cellular transient
receptor potential vanilloid (TRPV) 4 channels.?*-26
Consequently, disease-induced or pharmacological
perturbations of these signaling pathways may greatly
affect CBF responses to neuronal activity.?427

Notably, it has been shown that Ang Il modulates Ca*
levels in cultured rat astrocytes through triggering AT
receptor-dependent Ca?* elevations, which is associated
with both Ca?* influx and internal Ca* mobilization.?®2°
However, this effect has not been reported in mice as-
trocytes, either in vivo or ex vivo. We hypothesized that
Ang Il locally reduces the vascular response to neuronal
stimulations by amplifying astrocytic Ca®* influx and/or
intracellular Ca®* mobilization. Using approaches includ-
ing in vivo laser Doppler flowmetry and in vitro 2-photon
fluorescence microscopy on acute brain slices, we tackle
this question from local vascular network in vivo to mo-
lecular Ca?* signaling pathway in astrocytic endfeet.

In the present study, we provide functional evi-
dence that Ang Il impairs the CBF response to the
metabotropic glutamate receptor (MGIuR) pathway
activation in vivo. We also demonstrate that Ang Il el-
evates resting Ca®* levels and the mGluR-dependent
Ca?* increases in astrocytic endfeet, and this effect
is associated with a switch of the vascular response
from dilation to constriction. This effect is reversed by
an Ang Il AT1 receptor antagonist and a Ca®* chela-
tor. Finally, our results indicate that Ang Il potentiates
Ca?* elevation through intracellular Ca?* mobilization
and TRPV4-mediated Ca?* influx during NVC. These
observations may unveil the possible mechanisms by
which hypertension impairs NVC.

METHODS

This article adheres to the Transparency and Openness
Promotion (TOP) Guidelines, and Institutional Review
Board approval was obtained. The data that support
the findings of this study are available from the corre-
sponding author upon reasonable request.

Mice
Male C57BL/6 mice 8 to 12 weeks old (Charles River,
St-Constant, Canada) were housed individually in a
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temperature-controlled room with ad libitum access to
water and a standard protein rodent diet (Envigo #2018
Teklad global 18% protein rodent diet). The study
was approved by the Committee on Ethics of Animal
Experiments of the Université de Montréal in accord-
ance with the principles outlined by the Canadian
Council on Animal Care and by the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) guide-
lines. Given that, at this age, female mice are protected
from the deleterious effects of Ang Il on cerebrovascu-
lar functions,®® only male mice were used.

CBF Monitoring

CBEF in the somatosensory cortex was monitored using
laser Doppler flowmetry as described before.'® Briefly,
mice were anesthetized with isoflurane (maintenance,
2%) in oxygen and artificially ventilated through a tra-
cheotomy. A femoral artery was cannulated for re-
cording mean arterial pressure and collecting blood
samples to analyze pH and blood gases. The trachea
was intubated and mice were artificially ventilated
(Harvard Apparatus, Canada) with an oxygen—nitrogen
mixture adjusted to provide an arterial Po, of 120 to
140 mm Hg and Pco, of 33 to 38 mm Hg. Rectal tem-
perature was maintained at 37 °C using a thermostati-
cally controlled heating device (Harvard Apparatus,
Canada). After surgery, anesthesia was maintained with
urethane (750 mg/kg, ip) and a-chloralose (50 mg/kg,
ip). A 2x2-mm craniotomy was performed to expose
the somatosensory cortex and the dura was removed.
Artificial cerebrospinal fluid (@CSF) (35-36 °C; pH 7.3—
7.4) was continuously superfused over the somatosen-
sory cortex where CBF was monitored using a Doppler
laser probe (ADInstruments, Colorado Springs, CO,
USA) connected to a computerized data acquisition
system (Powerlab with Labchart Pro; AD Instruments,
Colorado Springs, CO, USA). CBF was expressed as
percentage increase relative to resting level.

Experimental Protocol for CBF
Measurement

The exposed cortex was continuously superfused with
aCSF and all drugs were dissolved in this buffer. To
study the increase in CBF produced by neuronal ac-
tivity, the somatosensory cortex was activated by gen-
tly stroking the contralateral whiskers at a frequency
of 4 Hz for 60 seconds in triplicate, with a resting
period of 3 minutes. Five-minute perfusions with the
mGIuR agonist 1S, 3R-1-aminocyclopentane-trans-1,3-
dicarboxylic acid (t-ACPD) (25 pmol/L) were performed
with or without the sodium channel blocker tetrodo-
toxin (3 pmol/L; topical superfusion; Alomone labs,
Israel), used to block neuronal activity. Responses to
whisker stimulations (5 mice/group) or t-ACPD (6 mice/
group) were compared before and after a 30-minute
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superfusion with Ang Il (50 nmol/L) or its vehicle
(@CSF). In another group of mice, the mGIuR5 antago-
nist, 2-methyl-6-(phenylethynyl) pyridine hydrochloride
(30 umol/L), with or without the mGIuR1 antagonist, (S)-
(+)-alpha-amino-4-carboxy-2-methylbenzene-acetic
acid (LY367385, 500 umol/L), were superfused over the
somatosensory cortex during 20 minutes before as-
sessing the vascular responses to whisker stimulations.

Brain Slice Preparation

Mice were euthanized with an overdose of isoflurane
and immediately decapitated. Their brain was quickly
removed and placed into 4 °C aCSF (125 mmol/L NaCl,
3 mmol/L KCI, 26 mmol/L NaHCO,, 1.25 mmol/L
NaH,PO,, 2 mmol/L CaCl,, 1 mmol/L MgCl,, 4 mmol/L
glucose, and 400 pmol/L -ascorbic acid) equilibrated
at a pH of 7.4 with a 95% O,/5% CO, gas mixture.
Coronal slices (175-pum thick) were cut at the level of the
somatosensory cortex using a vibratome (VT1000S;
Leica, Wetzlar, Germany) and stored in the previous so-
lution at room temperature before loading dye or caged
Ca?* compound.

Brain Slices Imaging of Ca?* and Arteriolar
Diameter

Brain slices were incubated at 28 °C under constant
agitation for 1 hour in oxygenated aCSF, the Ca®* in-
dicator Fluo-4 AM (10 pmol/L; Invitrogen, Burlington,
Canada), Cremophor EL (0.005% [vol/vol]; Sigma,
Oakuville, Canada), and pluronic acid F-127 (0.025% [wt/
vol]; EMD Calbiochem, Gibbstown, NJ, USA). In some
experiments, slices were coloaded with the caged Ca®*
compound, 1-[4,5 dimethoxy-2-nitrophenyl]-EDTA-AM
(10 pmol/L; Interchim, France) or the Ca?* chela-
tor  1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-tetra-
acetic acid tetrakis (acetoxymethyl ester) (BAPTA-AM,;
1 pmol/L; Sigma-Aldrich, ON, Canada) for 60 min-
utes using the same loading conditions. The dose of
BAPTA-AM was determined from a dose-response
curve in order to get a Ca?* increase in response to
t-ACPD in the presence of Ang Il comparable to the
increase in the presence of the vehicle. Under these
conditions, compounds attached to AM esters pref-
erentially load into astrocytes as we verified with the
specific astrocyte marker sulforhodamine 101 at the
end of each experiment. After incubation, slices were
transferred into aCSF at room temperature.

Imaging was performed with a multiphoton laser
scanning upright microscope (BX61WI; Olympus,
Tokyo, Japan) coupled to a Ti:Sapphire laser (MaiTai HP
DeepSee; Spectra Physics, Santa Clara, CA, USA) and
equipped with a 40x water immersion objective (digital
zoom factor of 3.5). Time-lapse images were acquired
using the FV10-ASW software (version 3.0; Olympus,
Tokyo, Japan) and displayed the arteriole diameter/
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morphology as visualized by infrared differential in-
terference contrast imaging, simultaneously with the
free intracellular Ca?* (Fluo-4 AM) in astrocyte endfeet.
Fluo-4 AM was excited at 805 nm by the Ti:sapphire
laser (100-fs pulses, 0.5 W) and fluorescence emission
was collected using a 575/150-nm bandpass filter. For
Ca?" uncaging experiments, a 2.5x2.5 pm region of in-
terest within an endfoot (zoomed for the duration of 1
frame) was scanned at a laser intensity ~6x higher than
that used for imaging. In uncaging experiments, the
laser was set at 730 nm, which allows simultaneous
excitation of Fluo-4 and photolysis of the caged Ca?*,
1-[4,5 dimethoxy-2-nitrophenyl]-EDTA."® Reproducible
increases in [Ca?]i were detected over multiple un-
caging events, and no increase in [Ca®*]i was detected
in nonloaded slices. The laser power used for Ca?*
imaging was below the threshold for Ca®* uncaging.
Matched time controls were also performed. Infrared
differential interference contrast allowed the evaluation
of brain slice integrity through the visualization of dead
neurons, which was an exclusion criterion.

For every experiment, a descending arteriole
branching from a pial artery was selected in the so-
matosensory cortex layers 2 to 5. Only arterioles lo-
cated 50 to 100 pm below the cut surface of brain
slices were selected. Morphological criteria were used
to distinguish arterioles from venules and capillaries as
described earlier.’® An astrocyte endfoot adjacent to
the arteriole was then selected at the same focal plane
displaying the largest lumen diameter of arterioles and
the highest Fluo-4 fluorescence of endfoot. Images
were processed with Image J software (v.1.45r for Mac
OS; The National Institutes of Health, Bethesda, MD,
USA) and the arteriole luminal diameter was measured
adjacently to the selected endfoot on each image. The
distance between 2 points was calculated from a line
perpendicular to the arterial walls. The baseline diam-
eter was obtained from the average of 20 successive
images preceding stimulation.

Experimental Protocol for Brain Slice
Studies

Before each experiment, a slice was transferred to the
imaging chamber, secured with a slice anchor, and con-
stantly perfused with 35 °C oxygenated (5% CO,/95%
O,, pH =7.4; oxygen level ~35% as measured in the
slice chamber) aCSF at a speed of 2 mL/min. The first
stimulation was performed after 20 minutes incubation
with the thromboxane-A, receptor agonist, U46619
(Cayman Chemicals, 150 nmol/L; Ann Arbor, MI, USA).
This concentration of U46619 pre-constricts the ves-
sels to a tone that allows both vasodilation and vaso-
constriction, thus mimicking the physiological vascular
tone (=20%-30% of the unconstricted baseline diam-
eter). The stimulations with the mGIuR agonist, t-ACPD
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(60 pmol/L; 3 minutes; Tocris Bioscience, Bristol, UK),
were assessed before and after 20 minutes perfusion
with vehicle (@CSF and U46619) or with the same solu-
tion containing 100 nmol/L of Ang II. In another group
of slices, Ca?* was uncaged in astrocytes after a resting
period of 20 minutes in the presence of the vehicle or
with the same solution containing 100 nmol/L of Ang
Il. The concentration of Ang Il was determined from dif-
ferent doses (results not shown), which indicated that
100 nmol/L corresponds to a concentration that is low
enough to not change the resting vascular diameter but
high enough to provide reproducible data. Candesartan
(10 pmol/L), HC067047 (10 pmol/L), cyclopiazonic acid
(30 pmol/L), and xestospongin C (XC; 10 pmol/L) were
added to the medium 5 minutes before the perfusion of
Ang Il.

Endfoot Ca?* Analysis

Astrocyte endfoot Ca®* concentrations were deter-
mined using the maximal fluorescence method as
described earlier.’® To summarize, ionomycin (407950,
10 pmol/L; EMD Calbiochem, Gibbstown, NJ, USA)
and 20 mmol/L Ca® were immediately added to aCSF
at the end of experiment to obtain the maximal fluo-
rescence. The maximal fluorescence value was meas-
ured within a region of interest (15 pixelsx15 pixels, or
1.8x1.8 pm) in the selected endfoot. Using this value
and experimental parameters, the estimated [Ca?']i
was calculated using Maravall’'s formula.'®3" Fractional
fluorescence (F1/FQ) values reflect the fluorescence
intensity for a region of interest in each image (F1) di-
vided by a mean fluorescence value (FO) taken from 20
images before stimulation.

Statistical Analysis

Data were analyzed with GraphPad Prism v7.0 (La
Jolla, USA). All results are presented as raw data
+SD. Multiple comparisons were performed by 1-way
ANOVA, 2-way ANOVA, or 2-way ANOVA repeated
measures as appropriate with the Bonferroni post
hoc test to compare differences among groups. The
2-tailed unpaired Student t test was performed for
comparison between 2 groups. Differences at P<0.05
were considered statistically significant. The statistical
test and the number of animals are specified in the fig-
ure legends.

RESULTS

Ang Il Attenuates CBF Responses to
Whisker Stimulation and mGIuR Activation

The effect of Ang Il on CBF responses to whisker
stimulation and the mGIuR agonist, -ACPD, was in-
vestigated. We confirmed that Ang Il attenuated
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whisker stimulation-induced CBF increase (Vehicle:
185% = 1.2%; Ang Il 11.3% = 1.9%, *P<0.01,
Figure 1A and 1C, n=5-6) without changing rest-
ing baseline (Figure 1B), and discovered that Ang I
markedly reduced the CBF response to t-ACPD from
18.5% + 4.5% to 11.7% + 2.3% (**P<0.01; Figure 1A and
1C, n=4-6). Notably, even in the presence of tetrodo-
toxin (8 pmol/L), t-ACPD increases CBF at the same
level as without tetrodotoxin and Ang |l still significantly
attenuated t-ACPD-induced CBF increase (*P<0.05,
Figure S1A, n=4-6), suggesting that these effects are
independent of neuronal activity. The mGIuR5 antago-
nist, 2-methyl-6-(phenylethynyl) pyridine hydrochlo-
ride (30 pumol/L), and mGIuR1 antagonist (LY367385;
500 pmol/L) were added during 20 minutes to further
verify the involvement of these specific mMGIuR in NVC
(whisker stimulation). Although LY367385 had no addi-
tive effect on NVC, 2-methyl-6-(phenylethynyl) pyridine
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hydrochloride did inhibit the CBF response to whisker
stimulation by 55% (“P<0.05; Figure S1B, n=2).

Ex Vivo Ang Il Promotes Vasoconstriction
Over Vasodilation in Response to mGIuR
Activation

Time-control experiments showed that 20 minutes in-
cubation with the vehicle, aCSF, did not change the
vascular response to t-ACPD (difference of 0.5 + 1.8%
between the responses to t-ACPD before [resting] and
after 20 minutes with the vehicle, Figure 2A, n=3-4).
Indeed, in the control group (vehicle), parenchymal ar-
terioles dilate in response to t-ACPD by 9.6% + 1.2%
(Figure 2B and 2C, upper panel). However, 20 minutes
incubation with Ang Il (100 nmol/L) significantly re-
versed the polarity of the vascular response to t-ACPD,
inducing vasoconstriction instead of vasodilation
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Figure 1.

Ang Il attenuates CBF responses to whisker stimulation and mGIuR activation in the somatosensory cortex.

A, Thirty-minute perfusion with Ang Il (50 nmol/L) attenuates CBF increases in response to whisker stimulations (n=5-6) and to
the mGIuR agonist, --ACPD (5 minutes, 25 pmol/L; n=4-6). B, Traces of averaged resting CBF acquired before and during Ang |l
(50 nmol/L) superfusion. C, Traces of averaged CBF responses induced by whisker stimulation (left panel) or t-ACPD (right panel)
superfusion in the presence or absence of Ang |l were acquired at 1 Hz using laser Doppler flowmetry. SD is represented by the lighter
tone shade surrounding each curve. (**P<0.01; 2-way ANOVA followed by Bonferroni correction). Ang Il indicates angiotensin Il; CBF,
cerebral blood flow; mGIuR, metabotropic glutamate receptor; SD, standard deviation; and t-ACPD, 1S, 3R-1-aminocyclopentane-
trans-1,3-dicarboxylic acid1S.
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(difference of —17.2 + 8.7 between the responses to
t-ACPD before and after Ang Il *P<0.05; Figure 2A, 2B
and 2C lower panel; n=3-4). This effect was blocked
by the angiotensin receptor antagonist, candesar-
tan (*P<0.01, Figure 2A, n=3-4), indicating that AT1
receptors contribute to the effect of Ang Il on the t-
ACPD-induced vascular response. Neither Ang Il nor
candesartan changed the resting vascular diameter
and candesartan alone did not modify the vascular re-
sponse to t-ACPD (data not shown).

Ang Il Increases Basal and t-ACPD-
Induced [Ca?*]; Rise in Astrocytic Endfeet

To determine whether the effect of Ang Il on mGluR-
dependent vascular responses is determined by
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Figure 2. Ang Il promotes constriction over dilation of the
somatosensory cortex parenchymal arteries in response to
t-ACPD in acute brain slices.

A, Differences expressed in percent change between the vascular
responses to t-ACPD (50 pmol/L) before (resting) and after
20 minutes of incubation with the vehicle (artificial cerebrospinal
fluid), Ang Il (100 nmol/L), or Ang Il in the presence of the AT1
antagonist, candesartan (10 pmol/L). Candesartan was added
5 minutes before Ang Il. B, Representative pictures of resting
vascular state and maximum vascular response to t-ACPD
after 20 minutes of incubation with the vehicle or Ang Il. Images
are obtained from infrared differential interference contrast
infrared differential interference contrast imaging. The lumen
of parenchymal arteries is outlined by red lines. The diameter
was calculated from the average of 20 successive images at
resting state and maximum vascular response to t-ACPD (scale
bar=20 pm). C, Time-course traces of luminal diameter changes
in response to t-ACPD after 20 minutes of incubation with the
vehicle (black line) or Ang Il (red line). Vasodilatation to t-ACPD
in the presence of the vehicle is converted into vasoconstriction
after 20 minutes incubation with Ang Il. (*P<0.05, **P<0.01; 1-
way ANOVA followed by Bonferroni correction; n=3-4). Ang Il
indicates angiotensin Il; Can, candesartan; and t-ACPD, 1S, 3R-
1-aminocyclopentane-trans-1,3-dicarboxylic acid.

Ca®* increases in astrocytic endfeet, Ca?* fluores-
cence in an astrocytic endfoot abutting an arteriole
was imaged. The amplitude of Ca®* response to
mGIuR activation by t-ACPD in astrocyte endfeet
was markedly potentiated after 20 minutes expo-
sition to Ang Il (100 nmol/L) compared with the
vehicle (**P<0.01; Figure 3, n=9-10). Because the
Fluo4 signal decreases with time and we wanted to
compare the effects of several drugs on Ca®" lev-
els, [Ca?*], was then estimated using the Maravall’s
formula.'®3' Thus, after 20 minutes incubation with
Ang I, the average resting [Ca?*]; in the astrocytic
endfeet was nearly twice the level found in the vehi-
cle group (*P<0.05; Figure 4A and 4B, n=4-5). The
resting spontaneous [Ca?!]; oscillations expressed
as the coefficient of variation was also increased
in the presence of Ang Il (*P<0.05, Figure 4D and
4E, n=4). Notably, the maximal [Ca?!]; increase in
response to t-ACPD in the presence of Ang Il was
3 times higher compared with the vehicle group
(*P<0.05, Figure 4A and 4B, n=4-5). The AT1 re-
ceptor blocker (angiotensin receptor antagonist),
candesartan, markedly reduced the maximal
[Ca?*]; increase induced by t-ACPD in the presence
of Ang Il to a level comparable to the vehicle group
(*P<0.05 Figure 4A and 4B, n=4-5). Candesartan
alone did not modify the [Ca?*], response to t-ACPD
(data not shown). Consistent with this observation,
the AUC showing the total amount of Ca?" during
mGIuR activation by t-ACPD was significantly in-
creased in the presence of Ang Il compared with
the vehicle group, the effect of which was also
prevented by candesartan (***P<0.001 Figure 4C,
n=4-5).
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A, Ang Il (100 nmol/L) significantly increases the amplitude
of astrocytic endfeet Ca®** response to t-ACPD (50 pmol/L),
measured as fractional fluorescence (F1/F0). B, Representative
images showing astrocytic endfoot Ca?* increases in response to
t-ACPD before and after 20 minutes of incubation with Ang Il or its
vehicle. [Ca?']; in astrocytic endfeet surrounding a parenchymal
arteriole in brain slice is pseudocolor-mapped (based on
fluo-4 fluorescence) (Pseudocolors legend unit corresponds to
nmol/L of Ca?*; scale bar=10 pm). The white arrows show Ca?
spots in analyzed astrocytic endfeet. The lumen of the artery
is outlined by white lines. (**P<0.01; 2-tailed unpaired t test;
n=9-10). Ang Il indicates angiotensin Il; and t-ACPD, 1S, 3R-1-
aminocyclopentane-trans-1,3-dicarboxylic acid.

Elevated Endfoot [Ca?*]; Results in
Attenuated Vascular Responses in the
Presence of Ang I

To bypass the mGluR-associated pathway and directly
detect the effect of Ang Il on the vascular response

J Am Heart Assoc. 2021;10:e020608. DOI: 10.1161/JAHA.120.020608
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in conditions of similar [Ca?‘];, increases, 2-photon
photolysis of caged Ca?* in the specific endfoot was
performed in the same group of brain slices. Upon
similar [Ca®; increases compared with the vehicle
group (Figure 5C), Ang Il did not promote vasoconstric-
tion (Figure 5A, 5B, and 5D, n=5-7).

Then, the levels of endfeet [Ca®]; in the presence of
Ang Il were normalized following a pre-incubation of
the Ca?* chelator (BAPTA-AM, 1 pmol/L for 1 hour). In
these conditions, parenchymal arterioles dilated in re-
sponse to t-ACPD in the presence of Ang Il (*P<0.05;
Figure 5E through 5F, n=-7).

IP,Rs and TRPV4 Channels Mediate Ang Il
Action on Endfoot Ca?* Signaling

To investigate the underlying mechanism by which Ang
Il amplifies endfoot [Ca?*]; increase, we first used the
sarcoplasmic reticulum/ER Ca®* ATPase (SERCA) in-
hibitor, cyclopiazonic acid (30 umol/L), to deplete ER
Ca?* stores. After 20 minutes incubation with cyclopi-
azonic acid, the t-~ACPD-induced increases of [Ca?],
in the absence or presence of Ang Il were significantly
reduced from 1.35 + 0.16 to 116 = 0.03 (*F<0.05,
Figure 6A, n=5-6) and from 2.02 + 0.43 to 1.27 + 0.14
(**P<0.01, Figure 6B; n=4-6), respectively, without
changing the resting Ca?* level (Figure S2; n=3-6). To
validate the results and further explore sources of the
internal Ca®* mobilization, we applied XC (10 pmol/L),
an IP;Rs inhibitor that partially inhibits IP;Rs in brain
slices.?* Although Ca?" increase induced by t-ACPD
was not affected by XC (Figure 6A; n=5-6), it did sig-
nificantly reduce the maximal ratio of increased Ca?*
induced by t-ACPD in the presence of Ang Il from
2.02 + 0.43 to 1.37 + 0.10 (*P<0.01; Figure 6B; n=4-6).
We also tested the effect of Ang Il on endfoot [Ca®*];
in the presence of the TRPV4 antagonist, HC067047
(10 pmol/L). HC067047 inhibited the effect of Ang Il
on [Ca?']; increases in response to -ACPD (*P<0.05,
Ang . 4473 + 66.3 nmol/L, Ang II+HC067047:
292.8 = 118.2 nmol/L, Figure 6D; n=6-8) without
changing the resting [Ca®]; or the [Ca?"], response to
t-ACPD in the absence of the peptide (Figure 6C).

DISCUSSION

We investigated the mechanisms by which Ang Il, a
hormone involved in the initiation and maintenance
of hypertension, alters NVC, and thus brain imaging
signals evoked by neuronal activation. Previous stud-
ies have clearly shown that the effects of Ang Il on
NVC are independent of blood pressure*'? and that
oxidative stress and inflammation are involved.810:16.32
However, little has been done to investigate the effects
of Ang Il on the signaling of the cells that constitute
the neurovascular unit. A recent study demonstrated
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Figure 4. In acute brain slices, Ang Il increases resting [Ca?*]; and t-ACPD-induced Ca?* rises in astrocytic endfeet.

A, Estimated [Ca?*]; from the fluo-4 signal and calculated using Maravall’s formula at resting state and in response to t-ACPD (50 pmol/L)
in astrocytic endfeet incubated with the vehicle, Ang Il (100 nmol/L), or Ang ll+candesartan (Can, 10 ymol/L). Can was added 5 minutes
before Ang Il incubation (n=4-5). B, Average of the estimated Ca?* levels of all experiments for each time point in response to t-ACPD,
suggesting a potentiated response in the Ang Il group as compared with the vehicle and the Ang Il+Can groups. SD is shown by
the lighter tone shade surrounding each curve. C, AUC of Ca?* increases in response to t-ACPD after 20 minutes of incubation with
vehicle, Ang II, or Ang ll+Can (n=4-5). D, The CV in percentage of the resting spontaneous Ca?* oscillations in the presence of the
vehicle or Ang Il in cortical astrocytes (n=4). E, Traces of averaged resting [Ca®']; acquired in the presence of the vehicle or Ang Il in
cortical astrocytes. Shaded areas represent SD (P<0.05, **P<0.01, ***P<0.001; 1-way ANOVA followed by Bonferroni correction for
multiple comparisons or 2-tailed unpaired t test for the comparison between 2 groups). Ang Il indicates angiotensin Il; CV, coefficient

of variation; SD, standard deviation and t-ACPD, 1S, 3R-1-aminocyclopentane-trans-1,3-dicarboxylic acid.

that chronic Ang Il exposure alters astrocytic Ca®*
responses.® However, it was not clear in that study
whether Ang Il mediated these effects through chronic
actions on the neurovascular unit structure or through
specific effects on signaling pathways. Using in vivo
and ex vivo local application of Ang Il on the soma-
tosensory cortex, we found that (1) Ang Il increases
resting astrocytic endfoot [Ca®*]; and in response to
mGIuR activation; (2) IP;Rs and TRPV4 channels me-
diate Ang Il action on astrocytic Ca®* signaling; (3)
Ang Il attenuates CBF elevation induced by mGIuR
activation; (4) ex vivo, Ang Il promotes vasoconstric-
tion over vasodilation in response to mGIuR activation,
an effect dependent on astrocytic Ca®* levels; and (5)
both effects of Ang Il on vascular and astrocytic Ca®*
responses following mGIuR stimulation are dependent
on its AT1 receptor.

These findings represent the first indication that lo-
cally produced Ang Il could impair NVC through its ac-
tion on astrocytic regulation of vascular tone. Previous
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studies have reported that intravenous injection or
topical application of Ang Il over the somatosensory
cortex attenuates whisker stimulation—-induced CBF
increase, thus mimicking the circulating or local paren-
chymal effects of Ang I1.41° This Ang Il effect does not
impair neuronal field potentials,* suggesting that Ang
Il interferes with the mediators responsible for the in-
creases in CBF evoked by neuronal activity instead of
neuronal activity itself.* Our present experimental con-
ditions show the local parenchymal effects of Ang Il.
This aspect is of considerable importance since age-
associated brain dysfunctions or neurodegenerative
diseases are improved by angiotensin receptor antag-
onists that cross the blood—brain barrier,®* suggesting
arole of local parenchymal Ang Il in these pathologies.
We found that topical perfusion of Ang Il attenuates
CBF increases in response to whisker stimulations or
mGIuR activation at a concentration that does not de-
crease resting CBF. In ex vivo experiment, Ang Il pro-
motes vasoconstriction over vasodilation in response
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Figure 5. Ang Il does not modulate the vascular response to Ca?* increases controlled by photolysis or Ca?* chelation in
acute brain slices.

A, Example of simultaneous recording of changes in arteriolar diameter (upper panels) and astrocytic endfoot Ca?* increases (lower
panels) before (resting) and after 2-photon Ca?" uncaging (excitation volume <3 um?) for ~0.5 s in acute brain slices incubated with
Ang 1l (100 nmol/L) or its vehicle. Upper panels: Images of parenchymal arteries obtained from infrared differential interference
contrast imaging. Lower panels: Pseudocolor-mapped [Ca®"; (based on fluo-4 fluorescence) representing [Ca®']; in astrocytic endfeet
surrounding a parenchymal arteriole in acute brain slice (Pseudocolors legend unit corresponds to nmol/L of Ca?*; scale bar=10 pm).
Dashed white lines in the upper panels and arrows in the lower panels show an astrocyte endfoot abutting a parenchymal arteriole
in acute brain slice loaded with the caged Ca?, DMNP-EDTA (10 pmol/L, 1 h). The lumen of parenchymal arteries is outlined by red
lines in the upper panels and white lines in the lower panels. B, Time course traces of changes in endfoot Ca?* (red) and arteriole
diameter (black) after Ca?* uncaging in the presence of Ang Il (lower panel) or its vehicle (upper panel). C, Astrocytic Ca?* levels
before (resting) and at its peak after Ca®* uncaging in the same group of brain slices in the presence of Ang Il or its vehicle (n=5-7;
***P<0.001; 2-way ANOVA repeated measures followed by Bonferroni correction for multiple comparisons). D, The percentage of
diameter changes in response to Ca?* uncaging in the presence of Ang Il or its vehicle (n=5-7). E, Astrocytic endfeet Ca®* increases in
response to t-ACPD, measured as F1/F0 and (F) arteriolar diameter changes in acute brain slices perfused with Ang Il alone or with the
Ca?* chelator, BAPTA-AM (n=5-7). (E and F; *P<0.05, 2-tailed unpaired t test for the comparison between 2 groups). Ang Il indicates
angiotensin Il; BAPTA-AM, 1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-tetra-acetic acid tetrakis (acetoxymethyl ester); DMNP-EDTA,
1-[4,5 dimethoxy-2-nitrophenyl]-EDTA-AM; and t-ACPD, 1S, 3R-1-aminocyclopentane-trans-1,3-dicarboxylic acid.

to mGIuR activation at a concentration previously re- smooth muscles is unlikely since smooth muscles of
ported not affecting neuronal excitability or eliciting a arteries of the somatosensory cortex do not contain
vasoconstriction at resting state (<100 nmol/L).'"® Our  AT1 receptors?®?; (2) for uncaging experiments, we were
observed effects are specific to the astrocytes for the  very careful not to uncage in an astrocyte that over-
following reasons: (1) a contribution of the parenchymal laps smooth muscle cells; (3) it is also unlikely that AM
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Figure 6. IP;Rs and TRPV4 channels mediate Ang Il action on astrocytic endfoot Ca?* levels in

acute brain slices.

A, Astrocytic endfeet Ca?* increases in response to t-ACPD, measured as F1/FO0 in brain slices perfused
with vehicle or in the presence of the sarcoplasmic reticulum (SR)/ER Ca®** ATPase (SERCA) inhibitor,
CPA (30 pmol/L) or the partial IP,Rs inhibitor, XC (10 pmol/L; n=5-6). B, Astrocytic endfeet Ca®* increases
in response to t-ACPD, measured as F1/FO in brain slices perfused with Ang Il (100 nmol/L) alone or
in the presence of CPA 30 umol/L or XC 10 pmol/L (n=4-6). C, Estimated [Ca?']; at resting state and in
response to t~ACPD in astrocytic endfeet with the vehicle or HC (10 pmol/L; n=4-5). D, Estimated [Ca**];
at resting state and in response to t-ACPD in astrocytic endfeet in the presence of Ang Il (50 nmol/L)
or with HC 10 pmol/L (n=5-8) in different groups of brain slices. (*P<0.05, **P<0.01; A through B, 1-
way ANOVA followed by a Bonferroni correction for multiple comparisons; D, 2-way ANOVA followed by
Bonferroni correction for multiple comparisons). Ang Il indicates angiotensin Il; CPA, cyclopiazonic acid;
HC, HC067047; IP3Rs, inositol 1,4,5-trisphosphate receptor; t-ACPD, 1S, 3R-1-aminocyclopentane-trans-

1,3-dicarboxylic acid; TRPV4, transient receptor potential vanilloid 4; and XC, xestospongin C.

esters penetrate vascular cells since there is no indica-
tion of loading vascular cells with AM dyes under our
conditions and no effects of BAPTA-AM on vascular
diameter had been demonstrated with a loading pe-
riod of <2 hours'®3%; (4), the specific astrocytic marker,
sulforhodamine 101, was added at the end of each ex-
periment to identify astrocytes. Overall, these results
support a growing body of evidence that Ang Il can
exert detrimental effects on NVC through its local pa-
renchymal action on signaling pathways downstream
of the mGIuR but independently of neuronal activity or
a direct effect of Ang Il on smooth muscle cells.

J Am Heart Assoc. 2021;10:e020608. DOI: 10.1161/JAHA.120.020608

Along with impaired vascular response, Ang Il po-
tentiates resting [Ca®], the amplitude of spontaneous
Ca?* oscillations, and the Ca?* response to activation of
mGIuR in astrocytic endfoot. Ca®* serves as a second
messenger driving astrocytic control over the micro-
vasculature.'® This is consistent with the presence of
AT1 receptors in the perivascular astrocytes of mice.3®
Astrocytic Ca®* elevation had been associated with
both vascular dilation and constriction. Four mech-
anisms have been proposed to explain this contro-
versy.'820.37.38 \/asoconstriction had been explained by
a lack of vascular tone or preconstriction,*® a change
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in the level of Po,,%" high concentrations of nitric oxide
(NO) as well as levels of Ca®* increase and the ensu-
ing activation of Ca? -activated K* (BK) channels.'®2°
During our experiments, arterioles were preconstricted
and the level of Po, was constant. We observed that
Ang I, through its AT1 receptor, potentiates t--ACPD—
induced [Ca?*]; increase in astrocytic endfeet and that
stimulation reached the turning point concentration of
[Ca?, found by Girouard et al.'® where astrocytic Ca?*
increases are associated with constrictions instead of
dilations. The Ang Il shift of the vascular response po-
larity to t~ACPD in consistency with the endfoot Ca?*
elevation suggests that Ang ll-induced Ca?* elevation
contributes to the impaired NVC.

The role of astrocytic Ca?* levels on vascular re-
sponses in the presence of Ang Il was demonstrated
by the manipulation of endfeet [Ca®];, using 2 oppo-
site paradigms: increase with 2 photon photolysis of
caged Ca? or decrease with Ca?* chelation. When
[Ca?]; increases occur within the range that induces
vasodilation,’® the presence of Ang Il no longer affects
the vascular response. Results obtained with these 2
paradigms suggest that Ang Il promotes vasoconstric-
tion by a mechanism dependent on astrocytic Ca®
release. Candidate pathways that may be involved in
the astrocytic Ca?*-induced vasoconstriction are BK
channels,”® cyclo-oxygenase-1/prostaglandin E2 or the
CYP hydroxylase/20-HETE pathways.®%40 There is also
a possibility that elevations in astrocytic Ca®* lead to the
formation of NO. Indeed, Ca®*/calmodulin increases NO
synthase activity and this enzyme has been observed in
astrocytes.*' In acute mammalian retina, high doses of
the NO donor (S)-Nitroso-N-acetylpenicillamine blocks
light-evoked vasodilation or transforms vasodilation into
vasoconstriction.?® However, additional experiments
will be necessary to determine which of these mecha-
nisms is involved in the Ang llI-induced release through
IP,Rs expressed in endfeet®® and whether they could
be abolished in IP,R2-KO mice.*? Consistently, phar-
macological stimulation of astrocytic mGIuR by t-ACPD
initiates an IP,Rs-mediated Ca?* signaling in WT but not
in IP,R2-KO mice.*® Thus, we first hypothesized that
Ang Il potentiated intracellular Ca®* mobilization through
an IP;Rs-dependent Ca?* release from ER-released
Ca? pathway in response to t+-ACPD. Indeed, deple-
tion of ER Ca?* store attenuated both Ang Il-induced
potentiation of Ca®* responses to t-ACPD and Ca?* re-
sponse to +-ACPD alone. Furthermore, the IP;Rs inhib-
itor, XC, which modestly reduced the effect of t--ACPD,
significantly blocked the potentiating effects of Ang I
on Ca?* responses to +-ACPD. The modest effect of XC
on the t-~ACPD-induced Ca?* increases is probably be-
cause XC, only partially inhibits IP,Rs at 20 ymol/L in
brain slices.?* However, it provides further evidence that
IP,Rs mediate the effect of Ang Il on astrocytic endfoot
Ca®* mobilization.
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The Ca?*-permeable ion channel, TRPV4, can inter-
act with the Ang Il pathway in the regulation of drinking
behavior under certain conditions.** In addition, TRPV4
channels are localized in astrocytic endfeet and contrib-
ute to NVC.'®" Thus, as a Ca?*-permeable ion channel,
TRPV4 channel may also contribute to the Ang Il action
on endfoot Ca?* signaling through Ca®* influx. In astro-
cytic endfoot, Dunn et al. found that TRPV4-mediated
extracellular Ca?* entry stimulates IP;R-mediated Ca*
release, contributing to Ca?* signaling during NVC.?
We found that the TRPV4 channel, at least in part, me-
diated the action of Ang Il on endfoot Ca®* signaling
in our experimental conditions. Interestingly, TRPV4
exacerbated astrocytic Ca®* increases in response
to mGIuR5 activation have also been observed in the
presence of beta amyloid or of immunoglobulin G from
patients with sporadic amyotrophic lateral sclerosis.
This suggests that TRPV4-induced NVC impairment
may contribute to the pathogenesis of Alzheimer dis-
ease or sporadic amyotrophic lateral sclerosis.*®#
The underlying mechanism by which Ang Il potenti-
ates activation of the TRPV4 channel may be through
the activation of G,-coupled AT1 receptors, increasing
cytosolic diacylglycerol and P, levels. Then, IP;Rs-
mediated [Ca?*], increase may activate TRPV4 channel
activity*®; or diacylglycerol may activate the AKAP150-
anchored protein kinase Ca. Upon activation, protein
kinase Ca can phosphorylate nearby TRPV4 channels,
which increases their opening probability.4* It is also
possible that Ang Il acts on another cell type, which will
then release a factor that increases Ca?* in astrocytes.

Our results suggest that 2 potential mechanisms
might engage Ang ll-induced astrocytic Ca?* elevation
through AT1 receptors: IP,-dependent internal Ca®
mobilization and Ca?* influx from extracellular space
by facilitating TRPV4 channel activation.?® The present
study focuses on astrocytic Ca* signaling, but other
mechanisms may be involved in the detrimental effect
of Ang Il on NVC. Ang Il has been reported to induce
human astrocyte senescence in culture through the
production of reactive oxygen species,® which may
also induce IP;-dependent Ca?* transients.®? In addi-
tion, Ang Il may attenuate the endothelium-dependent
vasodilatation.®®

In conclusion, Ang Il disrupts the vascular re-
sponse to t-ACPD in the somatosensory cortex in vivo
as well as in situ. This is associated with a potentiation
of the Ca?* increase in the nearby astrocytic endfeet.
Indeed, the present study demonstrates that Ang Il in-
creases resting Ca?* levels and potentiates the mGIuR
agonist-induced Ca?* increases in astrocyte endfeet
through triggering intracellular Ca?* mobilization and
TRPV4-mediated Ca®* influx in the endfeet. Results
obtained by manipulating the level of astrocytic Ca®*
suggest that Ca®* levels are responsible for the ef-
fect of Ang Il on the vascular response to the mGIuR
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pathway activation. Moreover, the effect of Ang Il on
astrocytic Ca?* and the ensuing vascular response is
dependent on the AT1 receptor. Taken together, our
study suggests that the strength of astrocytic Ca®* re-
sponses play an essential role in Ang ll-induced NVC
impairment.

Perspectives

Future treatments regulating the aberrant Ca®* re-
sponse in astrocytes or its consequences (for example,
the high increase of extracellular K* levels and the sub-
sequent transformation of vasodilation into vasocon-
striction) might help to improve NVC in hypertension
or brain diseases involving Ang Il. In addition, know-
ing that estradiol modulates astrocytic functions,* it
would be interesting to investigate whether sexual dif-
ference in NVC is related to a sexual dimorphism of the
astrocytic reactivity to Ang Il.
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Supplemental Figure 1: Cerebral blood flow regulation by mGIuRs in the
somatosensory cortex. (A) Effects of 30 minutes superfusion with Angiotensin (Ang) Il
(50 nM) or its vehicle (aCSF) on the cerebral blood flow (CBF) increase in response to
the mGIuR agonist (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (t-ACPD, 5
minutes, 25 uM) superfused in the presence or absence of tetrodotoxin (TTX, 3 uM)
(*p<0.05 compared to the respective vehicle, #p<0.05 compared to Ang Il - TTX; two-way
ANOVA followed by Tukey correction, n=4-6); (B) Effects of the specific metabotropic
glutamate receptors 1 (mGIuR1) and 5 (mGIuRS5) antagonists
(2-methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP; 30 puM) and
(S)-(+)-alpha-amino-4-carboxy-2-methylbenzene-acetic acid (LY367385; 500 uM) on the
CBF increase in response to whisker stimulation. MPEP and LY367385 were superfused
during 20 minutes prior to the second series of whisker stimulations. Vehicle corresponds
to the first series of whisker stimulations, (*p<0.05 compared to vehicle; one-way ANOVA
followed by Tukey correction, n=2).
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Supplemental Figure 2: IP3Rs and TRPV4 channels do not mediate Ang Il action on
resting astrocytic endfoot Ca2+ levels. Estimated [Ca2+]i at resting state presented in %
of control in brain slices perfused with (A) the vehicle with or without the sarcoplasmic
reticulum (SR)/ER Ca2+ ATPase (SERCA) inhibitor, cyclopiazonic acid (CPA; 30 uM) or
the partial IP3Rs inhibitor, xestospongin C (XC, 10 uM); n=3-5; (B) Ang Il (100 nM) alone
with or without CPA (30 yM) or XC (10 uM), (one-way ANOVA followed by Tukey
correction, n=5-6).
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