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Mechanisms of Flow-Mediated Dilation of Pial
Collaterals and the Effect of Hypertension

Zhaojin Li®, Marilyn J. Cipolla

ABSTRACT: Leptomeningeal anastomoses are small distal anastomotic vessels also known as pial collaterals in the brain.
These vessels redirect blood flow during an occlusion and are important for stroke treatment and outcome. Pial collaterals
have unique hemodynamic forces and experience significantly increased luminal flow and shear stress after the onset of
ischemic stroke. However, there is limited knowledge of how pial collaterals respond to flow and shear stress, and whether
this response is altered in chronic hypertension. Using an in vitro system, pial collaterals from normotensive and hypertensive
rats (n=6-8/group) were isolated and luminal flow was induced with intravascular pressure maintained at 40 mmHg.
Collateral lumen diameter was measured following each flow rate in the absence or presence of pharmacological inhibitors
and activators. Collaterals from male and female Wistar rats dilated similarly to increased flow (2 pL/minute: 58.4+18.7%
versus 67.9174%; P=0.275), and this response was prevented by inhibition of the transient receptor potential vanilloid
type 4 channel, as well as inhibitors of nitric oxide and intermediate-conductance calcium-activated potassium channels,
suggesting shear stress-induced activation of this pathway was involved. However, the vasodilatiofiwassignificantly impaired
in hypertensive rats (2 uL/minute: 17.7£7.7%), which was restored by inhibitors of reactive oxygen spétiés and mimicked
by angiotensin Il. Thus, flow- and shear stress-induced vasodilation of pial collaterals appears to be an important stimulus
for increasing collateral flow during large vessel occlusion. Impairment of this response during chronic hypertension may be
related to poorly engaged pial collaterals during ischemic stroke in hypertensive subjects. (Hypertension. 2022;79:00-00.
DOI: 10.1161/HYPERTENSIONAHA.121.18602.) ® Supplemental Material
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wide and the leading cause of-devastating disability.'

Currently, the only effective treatment for acute isch-
emic stroke is rapid restoration of blood flow with tPA
(tissue-type plasminogen activator) and/or clot removal
by mechanical thrombectomy. However, the majority of
patients with stroke are excluded from recanalization
therapies due to time limitations of tPA or the lack of
salvageable tissue, also known as the penumbra? The
ischemic penumbra is a peri-infarct region with con-
strained blood supply in which neuronal depolarization
has not yet occurred; metabolic activity is maintained but
electrical activity is impaired, making it potentially sal-
vageable.® During large vessel occlusion, leptomeningeal
anastomoses (LMAs) importantly redirect cerebral blood
flow from nonoccluded territories to the occluded area to

Stroke is the second leading cause of death world-

perfuse the penumbra and limit infarct expansion.* Clini-
cal studies have demonstrated that good pial collateral
status is a critical determinant of a smaller infarct and
favorable long-term stroke outcome, making the function
of LMAs an important therapeutic target.>®

In contrast to nonanastomotic or terminal pial arte-
rioles, LMAs experience unique hemodynamic forces,
including low, bidirectional shear stress and flow, low
myogenic tone and have no perivascular innervation.”®
Immediately after the onset of large vessel occlusion or
middle cerebral artery occlusion, there is a large increase
in retrograde blood flow through pial collaterals. Ani-
mal studies have shown that pial collateral flow velocity
increases 10 to 20 times in response to middle cere-
bral artery occlusion in rodents; shear stress increases
16-fold after ligation of middle cerebral artery (MCA)
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Flow-Induced Vasodilation in Pial Collaterals

Novelty and Significance

What Is New?

* We show that flow and shear stress caused potent
vasodilation of pial collaterals that was impaired in
hypertension and by Ang Il (angiotensin II).

What Is Relevant?

* Hypertension is associated with poor collateral flow
and decreased amount of salvageable tissue during
large vessel occlusion. Understanding how collat-
eral flow is increased during large vessel occlusion,

and ways in which it is impaired during hypertension,
could lead to therapeutics that target pial collaterals to
improve stroke outcome.

Summary

We found several important targets of vasodilation for
pial collaterals that could be important for increasing
collateral flow during large vessel occlusion, including
during hypertension.

Nonstandard Abbreviations and Acronyms

Ang Il angiotensin Il

ACE angiotensin-converting enzyme

eNOS endothelial NO synthase

IK channel intermediate-conductance calcium-
activated potassium channel

LMA leptomeningeal anastomoses

L-NAME L-nitro-arginine methyl ester

NOX NADPH oxidase

PAI-1 plasminogen activator inhibitor-1

tPA tissue-type plasminogen activator

TRPV4 transient receptor potential vanilloid
type 4

SHR spontaneous hypertensive rat

SKchannel small-conductance calcium-activated

potassium channel

in normotensive mice.® Physiological shear stress is the
tangential frictional force in the endothelial cells due to
blood flow that is a potent vasodilatory force. Flow and
shear stress promotes production and release of endo-
thelial vasodilatory factors such as nitric oxide (NO) and
prostacyclin, thereby regulating flow.”® In contrast, low
shear stress leads to endothelial dysfunction.''? The
large increase in flow and shear stress in pial collater-
als during large vessel occlusion that is created due to
the large pressure differential between the occluded and
patent vascular territories suggests these biomechanical
forces are important regulators of leptomeningeal anas-
tomoses (LMA) diameters and collateral flow.

Luminal flow and shear stress can cause vasodila-
tion through several mechanisms, including activation of
transient receptor potential vanilloid 4 (TRPV4) chan-
nels. TRPV4 is a nonselective cation channel sensitive
to mechanical forces, including shear stress.' Activation
of TRPV4 channels promotes Ca?* influx in the endothe-
lium that activates small- and intermediate- conductance
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Ca?*-activated K* (SK/IK) channels, leading to endo-
thelial hyperpolarization and vasodilation.'* Additionally,
increased endothelial cell Ca®" in response to shear
stress activates eNOS (endothelial NO synthase) and
increases NO levels.'”® However, it is unknown if LMAs
express TRPV4 channels, or have the capacity to dilate
in response to luminal flow and shear stress at levels that
occur during large vessel occlusion, I the current study,
we hypothesized that increased flow-and shear stress
would be a potent vasodilator of LMAs and investigated
mechanisms by which this would occur, including activa-
tion of TRPV4 channels, SK/IK channels, and NO.

[t is well-established that chronic hypertension, a
prominent comorbidity of patients with stroke, increases
the ‘susceptibility. of the brain to injury. One mecha-
nism by which hypertension impacts stroke outcome
is through poor collateral flow and low amounts of
penumbral tissue. Experimental studies have shown in
models of chronic hypertension that LMAs are vaso-
constricted and there 'is rapid evolution of penumbra to
infarct.”'®'" In addition, endothelium-dependent vasodila-
tion is impaired in various forms of experimental hyper-
tension, and in primary and secondary forms of human
hypertension.’”® Decreased activity of NOS, increased
production of superoxide ions, decreased generation
of endothelium-derived hyperpolarizing factors have all
been shown to contribute to the impairment of endo-
thelium-dependent vasodilation.'® In addition, endothe-
lial dysfunction associated with chronic hypertension is
prevented with ACE (angiotensin-converting enzyme)
inhibitors, including improving impaired flow-dependent
vasodilation in hypertensive patients,’® suggesting an
important role for Ang Il (angiotensin II) in impaired
flow-mediated dilation. Given these findings, we also
hypothesized that flow-mediated dilation of LMAs would
be impaired in chronic hypertension. We therefore mea-
sured flow- and shear stress-induced dilation in LMAs
from spontaneously hypertensive rats (SHR) compared
with normotensive Wistar rats, and investigated mecha-
nisms of impaired vasodilation, including the role of Ang
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I, NOS, nicotinamide adenine dinucleotide phosphate
oxidase (NOX [NADPH oxidase])-generated superoxide,
and PAI-1 (plasminogen activator inhibitor-1).

MATERIALS AND METHODS

Animals

Experiments were conducted using adult 16- to 28-week-old
male and female Wistar rats, and male SHRs from Charles
River (Wilmington, MA). Animals were housed in the Animal
Care Facility at the University of Vermont, an Association for
Assessment and Accreditation of Laboratory Animal Care-
accredited facility. Animals were kept on a 12-hour light/dark
cycle and allowed free access to food and water. All animal
procedures were approved by the Institutional Animal Care
and Use Committee at the University of Vermont and complied
with the National Institutes of Health guidelines for care and
usage of laboratory animals. Results of experiments complied
with ARRIVE guidelines. The data that support the findings of
this study are available from the corresponding author upon
reasonable request.

Experimental System

Figure 1A shows the diagram of the system for studying flow
and shear stress in LMAs. Before animal euthanasia, resis-
tance of proximal and distal cannulas (R1 and RQ) were mea-
sured based on Ohm's law (R=AP/Q).%° A syringe pump (Kent
Scientific, Torrington,-CT) was used to deliver a specific flow
rate (0—2 pL/minute), proximal and distal pressure (P, and P,)
were adjusted to maintain 40 mm Hg of.intravascular pressure.
Shear stress was calculated by the Hagen-Poiseuille’s for-
mula (t=41Q/w ), with the assumptions that the vessel was
cylindrical, flow was steady and laminar, and the fluid was con-
stant viscosity and behaved as a Newtonian fluid.?'?? See the
Supplemental Material for details.

Experimental Protocols

LMAs were studied isolated and pressurized, as we have previ-
ously done.” To investigate the underlying mechanisms, flow-
induced responses of LMAs were measured in the absence
and presence of pharmacological agonists and antagonists.
See Supplemental Material for details.

Drugs and Solutions

Details on Drugs and solutions are available in the Supplemental
Material.

Data Calculations and Statistical Analysis

Data are presented as mean®SD. Data were analyzed using
repeated measures ANOVA with Bonferroni post hoc test for
multiple comparisons. The D’Agostino-Pearson Omnibus nor-
mality test and ANOVA were performed using GraphPad Prism
(version 8.0; San Diego, CA). Differences were considered sta-
tistically significant at A<0.05. See figure legends for detailed
statistical analysis.

RESULTS

Flow-Induced Vasodilatio LMAs From
Normotensive Male and Femal&Wistar Rats

LMAs from male and female Wistar rats had similar active
lumen diameters (at 40-mmHg: 46+10 versus 37+6 um,
£2>0.05) and myogenic tone (40 mmHg: 29.3+4.8% ver-
sus.28.3+13.3%, P>0.05). As shown in the Figure S1A,
LMAs from male Wistar rats dilated to increased flow, and
the vasodilation was consistent when repeated 3 times. In
addition, reactivity of the vasodilatory response was similar
for each repeated measure (Figure S1B). Similarly, LMAs
from female Wistar rats showed. equivalent vasodilation
toincreased flow, which was repeatable 3 times (Figure

A
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Figure 1. Methodology used for studying flow and shear stress in leptomeningeal anastomoses (LMAs).

A, Schematic image showing the system for studying flow and shear stress in LMAs. R, : proximal cannula resistance, R,: distal cannula
resistance, P1: proximal pressure, P,: distal pressure, P,____: intravascular pressure of LMA. B, LMA isolated, both ends mounted on glass
cannulas within an arteriograph chamber and pressurized. VDA indicates video dimension analyzer.
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S1C and S1D). The average LMA vasodilatory reactivity
from the 3 repeated measures is shown in Figure 2A and
2B and compared between male and female Wistar rats.
LMAs from both male and female Wistar rats dilated simi-
larly to increased flow. Figure 2C shows increased shear
stress induced as flow rate increased, and there was no
statistical difference between male and female Wistar rats.
Figure 2D shows representative tracings of flow-induced
vasodilation of LMAs from male and female Wistar rats. As
there was no sex difference in flow-mediated response
of LMAs, subsequent experiments were conducted using
male rats only.

Mechanism of Flow-Induced Vasodilation in
LMAs From Male Rats

We hypothesized that increased shear stress in LMAs
activate TRPV4 channels, which may subsequently
increase activity of NOS and SK/IK channels causing
flow-induced vasodilation. To test this, we first deter-
mined if LMAs functionally express TRPV4 channels
using a pharmacological approach. As shown in the Sup-
plemental Figure S2, isolated and perfused LMAs dilated

Flow-Induced Vasodilation in Pial Collaterals

to increased concentration of TRPV4 agonist GSK101.
These results indicate that TRPV4 channels are func-
tionally expressed in LMAs.

Next, we studied flow-induced vasodilation in
LMAs with or without treatment of TRPV4 antagonist
HC-067047. Treatment with HC-067047 significantly
reduced flow-induced vasodilation compared with con-
trol LMAs without HC-067047, indicating that TRPV4
channels were involved in flow-mediated (Figure 3A). To
determine if the flow-induced vasodilation was depen-
dent on SK or IK channels, we treated the isolated LMAs
with either apamin, a specific inhibitor of SK channels, or
TRAM-34, an inhibitor of IK channels. As shown in Fig-
ure 3B, TRAM-34 treatment, but not apamin, significantly
prevented flow-induced dilation in LMAs, indicating flow-
mediated vasodilation was dependent on IK channels,
but not SK. The role of NO was also studied using the
NOS inhibitor L-nitro-arginine methyl ester (L-NAME).
Figure 3C shows that L-NAME treatment significantly
impaired flow-induced vasodilation in LMAs, demon-
strating a role for NO in flow-induced dilation as well. A
summary diagram of these mechanisms of flow-induced
dilation is shown in Figure 3D. _¢#
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Figure 2. Flow-induced vascular responses in leptomeningeal anastomoses (LMAs) from normotensive male and female

Wistar rats.

A, Graph showing flow-induced lumen diameter increase in LMAs from male and female Wistar rats (n=6/group). LMAs from male and female
Wistar rats had similar lumen diameter increase as the flow rate increased. B, Graph showing reactivity of flow-induced vasodilation in LMAs
from male and female Wistar rats. LMAs from male and female Wistar rats showed similar % reactivity increase as the flow rate increased. C,
Graph showing flow-induced shear stress in LMAs from both male and female Wistar rats. LMAs from male and female Wistar rats had similar
luminal shear stress increase as the flow rate increased. D, Representative tracings of flow-induced vasodilatory response of LMAs from male
(upper) and female (lower tracing) Wistar rats. Scale bar=3 min. Data were analyzed by unpaired t test.
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Figure 3. Mechanisms of flow-induced vasodilation in leptomeningeal anastomoses (LMAs) in normotensive male rats (n=8/group).
A, Flow-induced vasodilation in LMAs with or without treatment of HC-067047 (107° M), a transient receptor potential vanilloid type 4 (TRPV4)
antagonist. Treatment with HC-067047 significantly decreased flow-induced vasodilation in LMAs. **£<0.01 vs control group at all flow rates.
B, Flow-induced vasodilation in LMAs with or without treatment of IK channel inhibitor TRAM-34(10~° M), or SK channel inhibitor apamin
(8%1077 M). Treatment with IK channel inhibitor significantly attenuated flow-induced vasodilation. **/<0.01 vs control and apamin groups at
all flow rates. C, Flow-induced vasodilation in LMAs with or without treatment of NOS inhibitor L-nitro-arginine methyl ester (L-NAME; 102

M). Treatment with L-NAME significantly diminished flow-induced vasodilation in LMAs. **/A<0.01 vs control group at all flow rates. Data were
analyzed with repeated measures ANOVA followed by post hoc Bonferroni test for multiple comparisons. D, Diagram of the pathways of flow-
induced vasodilation in LMAs tested. Shear stress activates endothelial TRPV4 channels and causes Ca?*" influx, which subsequently increases
activity of eNOS (endothelial NO synthase) and nitric oxide (NO) production. NO diffuses freely to smooth muscle cells and activates soluble
guanylate cyclase, which synthesizes cGMP and causes smooth muscle relaxation and subsequent dilation. Ca?* influx also activates SK and/
or IK channels and cause endothelium-dependent vasodilation. cGMP indicates cyclic guanosine monophosphate; and L-Arg, L-arginine.

Flow-Induced Vasodilation Was Impaired in shows the calculated shear stress of LMAs as flow

LMAs From Hypertensive Rats rate increased, and LMAs from SHRs had significantly
higher shear stress at flow rates of 1 to 2 pL/minute

compared with Wistar rats. A representative tracing of
flow-induced vascular response in LMA from SHRs was
shown in Figure 4D.

To understand whether chronic hypertension changed
the flow-induced response in LMAs, we isolated LMAs
from SHRs and induced flow. As shown in Figure S3A
and S3B, isolated LMAs from SHRs constricted to
increased int.ravascular pressure anpl showed consider- Effect of Ang Il and AT1Rs on Flow-Induced
able myogenic tone. When flow was induced, LMA lumen oo s
diameter increased little and this response was consis- Dilation in LMAs
tent when repeated 3 times (Figure S3C and S3D). One of the major mechanisms of vascular dysfunction
Next, we compared the flow-induced response of  during chronic hypertension involves Ang Il activation of
LMA between Wistar rats and SHRs. As shown in Fig-  the AT1R® We therefore investigated the role of Ang
ure 4A, LMAs from SHRs were significantly smaller, and [l and AT1R activation in impaired flow-induced dilation.
had a significantly diminished vasodilatory response to Figure BA shows flow-induced dilation of isolated LMAs
induced flow. Figure 4B shows that LMAs from SHRs  from Wistar rats treated with Ang Il with or without AT1R
had significantly impaired vasodilation and % reactiv-  blocker candesartan. Treatment with Ang Il significantly
ity compared with LMAs from Wistar rats. Figure 4C  impaired flow-induced vasodilation compared with LMAs

Hypertension. 2022;79:00—00. DOI: 10.1161/HYPERTENSIONAHA.121.18602 February 2022 b
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Figure 4. Flow- and shear stress-induced vascular responses in leptomeningeal anastomoses (LMAs) from male Wistar and

SHRs (n=6/group).

A, Graph showing lumen diameter changes in response to increased flow of LMAs from Wistar rats and spontaneous hypertensive rats
(SHRs). Flow-induced vascular responses were impaired in LMAs from SHRs compared with Wistar rats. **£<0.01 vs Wistar at all flow rates.
B, Graph showing reactivity and flow-induced vasodilatory response of LMAs from Wistar rats and SHRs. Compared with LMAs from Wistar
rats, flow-induced vasodilation was significantly diminished in LMAs from SHRs. **/2<0.01 vs Wistar at all flow rates. C, Graph showing flow-
induced shear stress in LMAs from both Wistar rats and SHRs. Flow-induced increase of shear stress was significantly greater in LMAs from
SHRs. *<0.01 vs Wistar. D, Representative tracing of flow-induced vascular response in LMA from SHRs. Data were analyzed with repeated
measures ANOVA followed by post hoc Bonferroni test for multiple comparisons.

at control condition, and this was restored with candesar-
tan treatment. Figure 5B shows calculated shear stress
with increased flow rate. Ang Il treatment significantly
elevated induced shear stress, and candesartan treat-
ment restored shear stress to the control level. Figure 5C
shows a representative tracing of impaired flow-induced
vasodilation of LMAs with Ang Il treatment, which was
restored with addition of candesartan.

To further investigate underlying mechanisms of
impaired flow-induced vasodilation during chronic hyper-
tension, LMAs were isolated from SHRs and the same
flow rate was induced with various pharmacological treat-
ment. LMAs were vasoconstricted and had significantly
impaired flow-induced dilation and therefore we did not
repeat experiments done in LMAs from Wistar rats. This
was because TRAM-34 and L-NAME impaired flow-
induced dilation to a similar extentas in SHR. We therefore
chose an approach that investigated potential pathologi-
cal pathways known to be increased in hypertension that
also may have impaired flow-mediated dilation. As shown
in Figure 6A, LMAs from SHRs under control conditions
had only 12.4+3.5% dilatory response at 2 pL/minute

6  February 2022

of flow. Treatment with apocynin to inhibit NOX restored
the flow-mediated response (49.2+21.2%). Similarly,
NS309 which activates SK/IK channels also restored
the response (42.6+9.1%). Last, TM5441 was given
to inhibit PAI-1 also significantly restored the impaired
flow-induced vasodilation (39.8+11.1%). Apocynin,
NS309, and TMb441 are all endothelium-dependent
vasodilators, and the treatment dilated LMAs (15.1+4.4,
18.7£9.4%, 21.3£13.8% respectively) before the flow-
induced vasodilation (concentrations of inhibitors were
chosen that only produced a small dilation). Figure 6B
shows the calculated shear stress of LMAs from SHRs
to induced flow was reduced with apocynin, NS309
and TMb5441 treatment. To determine if the increased
flow-induced vasodilatory response was due to this ini-
tial small dilation and not the specific inhibitor, we used
diltiazem, a smooth muscle cell-dependent vasodilator.
Figure 6C shows that despite a similar initial vasodila-
tion (18.8+£5.0%)), diltiazem treatment did not restore the
impaired flow-induced vasodilation in LMA from SHRs.
Figure 6D shows the pathway tested for mechanisms by
which Angll might be impairing flow-mediated dilation.

Hypertension. 2022;79:00—00. DOI: 10.1161/HYPERTENSIONAHA.121.18602
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Figure 5. Effect of Ang Il (angiotensin 1) on flow-induced vasodilation in leptomeningeal anastomoses (LMAs) from male

Wistar rats (n=8/group).

A, Graph showing flow-induced vasodilation in LMAs with treatment of Ang Il (10~° M) or candesartan (Cande, 107° M). Ang Il treatment
significantly decreased flow-induced vasodilatory response, which was restored by candesartan treatment. **/<0.01 vs Ang |l and Cande and
control groups at all flow rates. B, Graph showing flow-induced shear stress in LMAs with treatment of Ang Il or candesartan, Ang Il treatment
significantly increased luminal shear stress induced by flow which was restored by candesartan treatment. **£<0.01 vs control group;
#F<0.05, ##F<0.01 vs Ang Il and Cande group. C, Representative tracings of flow-induced vascular response in LMA with treatment of Ang Il
(upper) or candesartan (lower tracing). Scale bar=3 min. Data were analyzed with repeated measures ANOVA followed by post hoc Bonferroni

test for multiple comparisons.

Via activating AT1R, elevated Ang Il levels could impair
SK/IK channel activity and increase PAI-1 expression in
endothelial cells2*?* Additionally, elevated Ang Il levels
produce more superoxide ions, which quickly react with
NO and reduce the bioavailability of NO.26

DISCUSSION

In the current study, we showed that LMAs from normo-
tensive Wistar rats dilated to increased flow and shear
stress, similarly in males and females. Shear stress
appeared to activate TRPV4 channels, which may sub-
sequently increase activity of NOS and IK channels, thus
causing flow-induced dilation in LMAs. On the contrary,
flow- and shear stress-induced vasodilation was sig-
nificantly impaired in LMAs from SHRs. We found that
elevated levels of Ang Il diminished flow- and shear
stress-induced vasodilation in LMAs via activating AT1R.
Additionally, the impaired flow-induced LMA vasodilation

Hypertension. 2022;79:00—00. DOI: 10.1161/HYPERTENSIONAHA.121.18602

during chronic hypertension was potentially due to
decreased activity of SK/IK channels, overexpression
of PAI-1 and/or reactive oxygen species that impaired
NO bioavailability. These results indicate therapies that
enhance collateral flow may effectively sustain the pen-
umbra during ischemic stroke by further dilating LMAs
under normotensive conditions. However, LMAs have
impaired dilatory response in hypertension and may
be poorly engaged in collateral therapies. Understand-
ing the underlying mechanisms by which LMAs dilate
to induced flow may lead to more effective therapies to
enhance pial collateral flow.

Our study found that LMAs from normotensive rats
dilated to increased flow, and the vasodilation was
consistent when repeated 3 times. Flow- and shear
stress-induced vascular responses have been stud-
ied previously in cerebral arteries and arterioles. For
example, in rabbit MCAs, intraluminal flow caused relax-
ation of rabbit MCAs that was reduced by endothelium
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Figure 6. Mechanisms of impaired flow-induced vasodilation in leptomeningeal anastomoses (LMAs) from male spontaneous
hypertensive rats (SHRs; n=6-8/group).

A, Graph showing flow-induced LMA vascular response with or without-treatment of apocynin (10=* M), NS309 (107® M), or TM5441 (1075
M). Apocynin, NS309, and TM5441 treatments all restored the impaired flow-induced vasodilation in LMAs from SHRs. **£<0.01 vs apocynin,
NS309 and TM5441 groups. B, Graph showing flow-induced shear stress in LMAs with or without treatment of apocynin, NS309 or TM5441.
Apocynin, NS309 and TM5441 treatment all restored the greater luminal shear stress induced by increased flow rates in LMAs from SHRs.
*£<0.05, **A<0.01 vs apocynin, NS309, and TM5441 groups. C, Graph showing diltiazem treatment (3x1077 M) did not change flow-induced
LMA vascular response. D, Summary diagram showing the pathways of impaired flow-induced vasodilation in LMAs tested. Via activating
angiotensin Il type 1 receptor, increased levels of Ang Il (angiotensin ) impairs small- and intermediate- conductance Ca2+ sensitive K+ (SK/
IK) channel activity and increases PAI-1 (plasminogen activator inhibitor-1) endothelial cells. In addition, elevated Ang Il levels increase NOX
(NADPH oxidase) activity to produce more superoxide ions that react with nitric oxide (NO) and reduce its bioavailability. Taken together,
elevated Ang Il levels during hypertension impairs flow-induced vasodilation in LMAs. eNOS indicates endothelial nitric oxide synthase; L-Arg,

L-arginine; and TRPV4, transient receptor potential vanilloid 4.

denudation or inhibiting NOS with L-NAME endothe-
lium.?” In a study by Wellman and Bevan,?® flow-induced
dilation was inhibited by barium chloride, suggesting that
flow-induced shear stress activated endothelial inwardly
rectifying K* channels, thus leading to increased syn-
thesis and release of NO. Although LMAs are different
vascular segments compared with MCAs, our findings
showed similar mechanisms of flow-induced vasodi-
lation. When treated with NOS inhibitor L-NAME, the
flow-induced dilation in LMAs was significantly attenu-
ated, indicating a role for NO in flow-induced vasodi-
lation. We also found that inhibition of IK, but not SK
channels reduced the flow-mediated dilation, suggest-
ing that it is the increase in TRPV4-induced cell Ca?* in
endothelium that both activates NOS and IK channels
to promote vasodilation.

8  February 2022

TRPV4 has been shown in previous studies to be
involved in flow-induced vasorelaxation.?®3° Hartmanns-
gruber et al®® showed that shear stress—induced cerebral
arterial vasodilation was eliminated in TRPV4 knockout
mice. In endothelial cells of MCAs, activation of TRPV4
channels promotes Ca?* influx across the luminal and
abluminal face of the endothelium.®' Increased intracellu-
lar Ca?* in endothelial cells causes subsequent activation
of SK and/or IK channels, thus leading to endothelium-
dependent hyperpolarization and vasodilation.’ Addition-
ally, Ca?* influx in response to mechanical or chemical
stimulation has been shown to regulate endothelial func-
tions, such as synthesis of endothelial NOS and NO lev-
els.’ In the current study, we showed that treatment with
TRPV4 antagonist HC-067047 significantly reduced
flow-induced vasodilation, further demonstrating that
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TRPV4 channels were involved in flow- and shear
stress-induced vasodilation. Thus, TRPV4 appears to be
a primary sensor of shear stress that activates several
downstream pathways to promote vasodilation.

Despite evidence showing flow- and shear stress-
induced vasodilation in cerebral vasculature®"?83233
some studies have reported contradictory findings. Mad-
den and Christman® isolated cat MCAs and reported
flow-induced depolarization and constriction at 100
mmHg. In addition, the constriction was independent
of endothelium but was through mechanisms involving
free radicals and tyrosine kinase. Similarly, Bryan et al*'
demonstrated that integrins containing the [,-chain
were involved in shear stress-induced constrictions in
rat MCAs and penetrating arterioles; with increasing
rates of shear stress, Ca®* in vascular smooth muscle
cells increased 60 to 70 nmol/L that could be regu-
lated by integrins.®® These contrary findings to the cur-
rent study may be related to the level of arterial tone or
shear stress. In other in vitro studies in which vessels
were kept at constant pressure, constriction or dilation
to flow seemed to depend on the flow rate. At 60 mm Hg,
rat cerebral arterioles dilated at low flow rates (<10 pL/
minute) and constricted at higher flows (>10 pL/min-
ute),*® whereas piglet MCAs at 20 mmHg constricted
at low flow rates (0.077-0.152 mL/minute) and dilated
at higher ones (0.212=1.60 mL/minute).*" In the cur-
rent study, we attempted to model shear stress and flow
rates that have been measured during middle-cerebral
artery occlusion and found LMAs dilate.

We also found that flow- and shear stress-induced
vasodilation was significantly impaired in LMAs from
SHRs. Multiple studies have reported impaired flow-
mediated vasodilation in hypertensive patients or the
model of hypertension'in peripheral vascular beds,
such as gracilis muscle arterioles,*® epicardial coronary
artery,'® and arteries from gluteal fat biopsies.®® The
impaired vasodilation in those studies was largely due
to impaired endothelial NO activity. Additionally, impaired
TRPV4 functions have been found in hypertension and
therefore may partially contribute to the impaired flow-
induced vasodilation.?® Ca?* influx through TRPV4 chan-
nels in endothelial cells of mesenteric arteries were
shown to activate IK channels to induce subsequent
vasodilation.?® These highly efficient TRPV4-IK signal-
ing modules were disrupted in a mouse model of Ang
[l-induced hypertension, resulting in a significant reduc-
tion in endothelium-dependent vasodilation.?® Our data
showed that Ang Il treatment significantly diminished
flow- and shear stress-induced vasodilation in LMAs
from Wistar rats, and this was restored with candesartan
treatment. In addition, the impaired flow-induced LMA
vasodilation in SHRs was restored by pharmacologi-
cal agents that target Ang Il-mediated vascular effects,
including the PAI-1 inhibitor TM5441 and the NOX
inhibitor. The restoration of flow-mediated dilation by
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these compounds could be due to restoring NO through
increasing bioavailability or enhanced NOS activity.*%*!
However, the selectivity of apocynin used was such that
it may have scavenged hydrogen peroxide. Thus, further
studies are needed to better understand these pathways,
including their interactions.

There are some limitations to this study. First, we used
an in vitro system to model flow and shear stress and
measure vasodilation. This is a powerful technique that
allowed us to keep intravascular pressure constant while
changing flow rates. We chose to use an intravascular
pressure of 40 mmHg for both Wistar and SHR. How-
ever, pressures in LMAs may be different in the different
strains. In addition, Po, and Pco, were kept physiological
in the bath (=90 and 40 mm Hg, respectively). However,
LMAs have little flow and are likely to experience lower
levels of blood gases that may change their reactivity.
Second, although we did not see sex differences in flow-
mediated dilation, it is possible females have different
mechanisms of dilation to flow than males. In addition,
the response of LMAs from females to hypertension
may be different. Third, we investigated the role of Ang
Il in LMAs from Wistar rats as_pfoof-of-principal that it
could mimic what we measuredify LiAs from SHR. The
potent vasoconstriction of LMAs from SHR that also had
impaired flow-induced dilation precluded us from inhib-
iting TRPV4, NO and SK/IK channels that we used in
Wistar LMAs because all these compounds also caused
vasoconstriction likely because they are already inhibited
or impaired in SHR. We chose instead to target pathways
known to be affected in hypertension (and Ang II) that
could also impair vasodilation.

Perspectives

The present study found that LMAs from male and
female Wistar rats dilated similarly to increased flow-
and shear stress, and this response was mediated by
TRPV4-induced NO and IK channel activation. These
results may provide some basis for targeting TRPV4 and
its downstream signaling mediators to improve flow- and
shear stress-induced vasodilation in LMAs to enhance
collateral flow. On the contrary, the vasodilation was sig-
nificantly impaired in SHRs. Inhibiting pathological path-
ways that are elevated in hypertension, including NOX
and PAI-1, restored flow-induced dilation in LMAs from
SHRs, suggesting that targeting these pathways could
improve collateral perfusion in chronic hypertension.
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