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Abstract

Angiotensin Il (Ang Il) is a major determinant of inward remodeling and hypertrophy in pial
arterioles that may have an important role in stroke during chronic hypertension. Previously we
found that epidermal growth factor receptor (EGFR) is critical in Ang Il-mediated hypertrophy
that may involve caveolin-1 (Cav-1). In this study, we examined the effects of Cav-1 and matrix
metalloproteinase-9 (MMP9) on Ang Il-mediated structural changes in pial arterioles. Cav-1-
deficient (Cav-1-/-), MMP9-deficient (MMP9-/-) and wild-type (WT) mice were infused with
either Ang Il (1000 ng/kg/min) or saline via osmotic minipumps for 28 days (n=6-8 per group).
Systolic arterial pressure was measured by a tail-cuff method. Pressure and diameter of pial
arterioles were measured through an open cranial window in anesthetized mice. Cross-sectional
area of the wall was determined histologically in pressurized fixed pial arterioles. Expression of
Cav-1, MMP9, phosphorylated-EGFR and Akt was determined by western blotting and
immunohistochemistry. Deficiency of Cav-1 or MMP9 did not affect Ang Il-induced
hypertension. Ang Il increased expression of Cav-1, pEGFR and Akt in WT mice that was
attenuated in Cav-1-/- mice. Ang Il-induced hypertrophy, inward remodeling and increased
MMP9 expression in pial arterioles was prevented in Cav-1-/- mice. Ang ll-mediated increases in
MMP9 expression and inward remodeling, but not hypertrophy, was prevented in MMP9—-/- mice.
In conclusion, Cav-1 is essential in Ang Il-mediated inward remodeling and hypertrophy in pial
arterioles. Cav-1 induced MMP9 is exclusively involved in inward remodeling, not hypertrophy.
Further studies are needed to determine the role of Akt in Ang IlI-mediated hypertrophy.
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Introduction

Chronic hypertension causes structural alterations of the vascular wall, including
hypertrophy (increases in wall cross-sectional area, CSA) and inward remodeling (reduction
of lumen external diameter, ED).1 These changes in the cerebral circulation may become
maladaptive, adversely affect local blood flow control and therefore contribute to the
increased risk of stroke.2 Despite decades of research efforts, the molecular mechanisms
associated with structural changes of cerebral vasculature in chronic hypertension have not
been fully elucidated.

One of the hallmark effects of angiotensin 11 (Ang I1) on cerebral pial arterioles is
hypertrophy.3 Recently, we found that Ang Il induces hypertrophy in pial arterioles through
signaling events that involve epidermal growth factor receptor (EGFR) activation and other
signaling molecules such as caveolin-1 (Cav-1) and c-Src.* These results lead to the current
study in which we examined the possible roles of Cav-1 and caveolae-compartmentalized-
specific signaling cascade in Ang Il1-mediated hypertrophy in pial arterioles. Caveolae are
plasma membrane microdomains (lipid rafts) that serve as a signaling platform to facilitate
the spatial localization of signal transduction events stimulated by Ang 11.% Cav-1 is the
major structural, as well as signaling, protein component in vascular caveolae.5 7 In vascular
smooth muscle cells (VSMCs), Ang Il promotes the association of Ang Il type 1 receptor
(AT4R) with Cav-1, which in turn enables trafficking of AT{R into caveolin-enriched lipid
rafts.% This ATR trafficking requires other signaling molecules, including reactive oxygen
species and c-Src.8 ATR transactivation of EGFR appears to take place in Cav-1-enriched
caveolae, followed by activation of downstream EGFR-dependent signaling events for
hypertrophy, including Akt/protein kinase B.210 These findings, however, have been
performed in cell culture settings and have yet to be proven in cerebral vasculature in vivo.
Therefore the first goal of this study was to examine the role of Cav-1 in Ang II-mediated
hypertrophy in pial arterioles using Cav-1 knockout mice, which exhibit complete loss of
Cav-1 within blood vessels.}1 We also further investigated the possible involvement of the
downstream signaling molecule Akt, which has been shown to have a role in hypertrophy.®

Ang 11 also plays a critical role in inward remodeling of pial arterioles.12 Many studies have
demonstrated that the molecular mechanism responsible for Ang ll-induced inward
remodeling differs in important aspects from that of hypertrophy. However, we previously
found that redox-sensitive signaling is involved in both Ang ll-mediated hypertrophy and
inward remodeling in pial arterioles,13 suggesting a certain overlapping of mechanisms
between the two. Because Cav-1 is also redox-sensitive and can be activated by reactive
oxygen species derived from nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase,% 8 our second goal was to determine if Cav-1 is involved in inward remodeling. In
addition, matrix metalloproteinases (MMPs), a family of zinc-dependent extracellular
proteinase involved in the degradation of basal lamina and extracellular matrix, have been
implicated in vascular remodeling in hypertension.14 15 In particular, several studies suggest
that activation of MMP9 in small vessels is also redox sensitive and Ang Il-dependent.16: 17
Therefore, our third goal was to determine if MMP9 is involved in Ang Il-induced and
Cav-1-mediated inward remodeling in pial arterioles.
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Materials and Methods

Animals

Caveolin-1 deficient mice (Cav-1-/-, 12-14 weeks old, n=60) and background- and age-
matched wild type (WT, B6129SF2/J) mice (n=60) were purchased from Jackson
Laboratory (Bar Harbor, ME, USA). Male-to-female ratio in each experiment and animal
group was 50 %. Cav-1-/- and WT mice were derived from heterozygous Cav-1+/- mice in
Jackson Laboratories (Strain: STOCK Cav1tm/Mls/j- Stock #004585). Male MMP9
deficient mice (MMP9-/-, Strain: B6.FVB(Cg)-MMP9M1TVU/J: Stock #007084; 12-14
weeks old, n=40) and background- and age-matched WT (C57BL6/J) mice (n=40) were
purchased from Jackson Laboratory. Animals were housed in pathogen-free facility at 24°C,
exposed to 12 hours of light and allowed free access to standard chow and water. All
procedures were approved by Institutional Animal Care and Use Committee of the
University of lowa and in agreement with the National Institute of Health Guide for the Care
and Use of Laboratory Animals.

Statistical analysis

Results

All data are presented as mean + SEM. Differences were analyzed by one-way analysis of
variance and post hoc test for 3 or more groups or t-test for 2 groups using Graph Pad prism
6 (Graph Pad Software, Inc., San Diego, CA, USA). Difference were considered significant
when P<0.05.

For the detailed description of experimental procedures please refer to Materials and
Methods in the online-only Data Supplement.

Ang Il increases Cav-1 Expression in Cerebral Pial Vasculature

Western blotting of Cav-1 was performed to determine if Ang Il activates Cav-1 in pial
arteries. Cav-1 protein expression was present in pial arteries from wild-type (WT) mice, but
nearly undetectable in Cav-1-/- mice (Figure 1A). In WT mice, Ang Il significantly
increased protein expression of Cav-1 in pial arteries compared to saline controls (Figure
1B). Furthermore, immunohistochemistry showed that Ang Il increased Cav-1 expression in
pial arterioles from WT, but not in Cav-1-/- mice (Figure 1C). These results suggest that
Ang Il activates Cav-1 in cerebral vasculature that was attenuated in Cav-1-/- mice.

It has been previously shown in VSMC culture studies that the association of AT{R with
Cav-1 is critical for the transactivation of EGFR in caveolae.10 In this study, we showed that
Ang ll-induced increases in expression of pEGFR are significantly reduced in pial arterioles
in Cav-1-/- compared to WT mice (Figure S1). This result confirms our previous finding
that Cav-1 is involved in Ang Il-mediated activation of EGFR in pial arterioles.
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Cav-1 Deficiency Prevents Ang lI-Mediated Hypertrophy and Inward remodeling of Pial

Arterioles

Our findings in a previous study suggested that Cav-1 may be involved in Ang II-mediated
hypertrophy in pial arterioles.? In the present study, we found that cross sectional area of the
pial arteriolar wall was significantly increased by Ang Il in WT (41138 versus 30020 pum?
in saline), but not in Cav-1-/- mice (331+24 versus 305+16 pm?2) (Figure 2A). Moreover,
Ang Il significantly decreased external diameter in WT mice (ED: 57£2 versus 63+2 pm),
but not in Cav-1-/- mice (ED: 64+2 versus 64+2 um) (Figure 2B). Cav-1 deficiency did not
affect baseline and Ang ll-induced increase in blood pressure (Table 1). These findings
indicate a critical role of Cav-1 in Ang Il-induced pial arteriolar hypertrophy, as well as
inward remodeling that appears to be independent of pressure.

Ang Il Increases Expression of MMP9

Ang 1l promotes VSMC migration through MMP9-dependent mechanisms.” To investigate
whether Ang Il induces MMP9 expression in pial arteries, western blotting of MMP9 was
performed in saline or Ang ll-treated WT mice. Baseline (saline-treated) MMP9 expression
was low in WT mice (Figure S2). Ang Il increased MMP9 levels in pial arteries in WT mice
(Figure 3A). Furthermore, immunohistochemical staining showed that Ang Il increased
MMP9 expression in pial arterioles in WT mice and the increase was attenuated in Cav-1-/-
mice (Figure 3B). These results indicate that Cav-1 is essential in Ang Il-induced elevation
of MMP9 expression in pial arterioles.

Deficiency of MMP9 Prevents Ang llI-Mediated Inward Remodeling But Not Hypertrophy

MMP9-/- mice were used to determine whether MMP9 is involved in Ang Il-mediated
inward remodeling. Baseline (saline-treated) MMP9 expression was low in WT mice
(Figure S3A). Ang ll-induced expression of MMP9 in pial arterioles from WT mice was
significantly attenuated in MMP9-/— mice (Figure S3B). Ang Il significantly decreased
external diameter (ED: 65£2 versus 754 um) in WT, but not in MMP9-/- mice (ED: 68+4
versus 6842 um in saline) (Figure 4B). In addition, cross sectional area of the pial arteriolar
wall was significantly increased by Ang Il in WT (482435 versus 36956 um? in saline) as
well as in MMP9-/- mice (478+45 versus 343+51 um? in saline) (Figure 4A). MMP9
deficiency did not significantly impact baseline and Ang Il-induced increased blood pressure
(Table 2). These findings suggest that MMP9 is involved in Ang ll-induced inward
remodeling, but not hypertrophy, in pial arterioles.

Ang Il activation of Akt is Cav-1-dependent

Serine-threonine kinase Akt is known to be activated by EGFR and plays an important role
in protein synthesis in the hypertrophic response.®:18 Thus we examined effects of Cav-1
deficiency on expression of Akt in cerebral vasculature. Ang Il increased protein expression
of pAkt in pial arteries in WT mice that was significantly reduced in Cav-1-/- mice (Figure
5A). Moreover, immunohistochemical staining showed that pAkt was present in pial
arterioles in Ang ll-treated WT and significantly reduced in Cav-1-/- mice (Figure 5B).
These results suggest that Ang 11 activation of Akt is dependent on Cav-1.
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Discussion

Chronic hypertension is one of the most important modifiable risk factors for stroke.2
Therefore, it is important to understand hypertension-induced changes in cerebral small
vessels, which are believed to be critical in local blood flow control. The present study
builds on our previous findings that EGFR-dependent signaling is critical in Ang 11-
mediated hypertrophy in pial arterioles* and, in addition, demonstrates that Cav-1 and
MMP9 play an important role in Ang Il-induced inward remodeling. There are several novel
findings; first, we demonstrated that Cav-1 is critical in Ang Il-induced hypertrophy as well
as inward remodeling in pial arterioles. Both effects of Cav-1 appear to be pressure-
independent. Second, we showed that Ang Il-induced expression of MMP9 is Cav-1-
dependent. Importantly, MMP9 is a mediator of Ang Il-induced inward remodeling, but not
hypertrophy, in pial arterioles. Third, Akt activation may be a downstream signaling event
of Ang ll-induced, Cav-1-mediated hypertrophy in pial arterioles. These findings, for the
first time, suggest that Ang Il mediates hypertrophy and inward remodeling in pial arterioles
via two distinctively different Cav-1-dependent signaling pathways.

Chronic activation of renin-angiotensin system, in particular Ang Il, plays an important role
in regulating cerebral vascular structural alterations, including hypertrophy and inward
remodeling. However, the molecular mechanisms of these changes are not completely
understood. Previously we showed that EGFR transactivation by Ang Il is critical for
hypertrophy in pial arterioles that may also involve Cav-1 signaling.? This study aimed at
further understanding the role of Cav-1 in this process. Surprisingly, Cav-1 deficiency not
only inhibits Ang Il-mediated hypertrophy, but also inward remodeling, which is
independent of EGFR. This finding suggests that Cav-1 mediates inward remodeling in pial
arterioles by activating downstream signaling cascade that is independent of EGFR. Apart
from that, Cav-1 is also involved in hypertrophy in pial arterioles mediated by EGFR, as
supported by our data that Cav-1 deficiency reduced activation of EGFR. These interesting
findings led us to further study the role of Cav-1 on inward remodeling and hypertrophy in
pial arterioles separately.

Studies in hypertensive patients and animal models suggest that MMP9 activity plays a
major role in arterial remodeling.1®: 20 MMP9 digests extra-cellular matrix and allows
migration of VSMC, which is an early event of the remodeling process in vascular

wall.14 21 importantly, Ang 11 has been shown to induce MMP9 in an NADPH oxidase
dependent manner.22 Therefore, we examined the role of MMP9 in Ang Il-induced inward
remodeling. Our results show that MMP9 is only involved in Cav-1 mediated inward
remodeling and not hypertrophy. This agrees with the idea of MMP9-mediated VSMC
migration rather than proliferation.23 These results further suggest that although Cav-1 has
pro-proliferation properties?* 25, it stimulates hypertrophy in pial arterioles through a
mechanism that does not involve MMP9. In addition, the results strengthen the concept that
the mechanism involved in inward remodeling differs from that of hypertrophy.

Recently we have shown that EGFR transactivation by Ang Il is critical for hypertrophy in
pial arterioles.* VVSMC culture experiments show that transactivation of EGFR requires
Cav-1 and takes place in Cav-1-enriched lipid rafts called caveolae.5 26 The results of our
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present study support these findings and provide strong in vivo evidence that Cav-1 is an
important signaling molecule in pial arteriolar hypertrophy. We then investigate downstream
signaling events. The serine-threonine kinase Akt is a critical enzyme in VSMC
hypertrophy.2” Importantly, Cav-1 may have a role in EGFR-mediated activation of

Akt.10. 28,29 | the present study, Ang Il-induced phosphorylation of Akt was significantly
attenuated in pial arterioles from Cav-1-/- mice, which suggests that Akt may be an
important downstream link in pial arteriolar hypertrophy mediated by Cav-1-dependent Ang
I1-induced transactivation of EGFR. Further studies, however, are needed to verify this role
of Akt. Previous studies showed that Cav-1-/- deficiency protects against various disease
states. For example, Cav-1 deficiency inhibits development of atherosclerosis and reduces
early brain injury after experimental intracerebral hemorrhage.3%: 31 The findings of our
present study agree with these previous studies that Cav-1 deficiency inhibits proatherogenic
stimuli that normally act through caveolae and thereby prevents Ang Il-induced cerebral
arterial hypertrophy and remodeling.

The impact of Cav-1 and MMP9 deficiency on Ang Il-induced hypertrophy and remodeling
appeared to be pressure-independent, based on our tail-cuff results that the knockout animals
developed similar level of hypertension by Ang Il when compared to their WT counterparts.
It is interesting to note that the WT control of Cav-1-/- mice had slightly higher baseline
blood pressure than that of the WT control of MMP9-/- mice, possibly due to their different
genetic background. The same reason may also be applied to explain that Cav-1-/- mice
were more sensitive to the pressor effect of Ang Il than that of MMP9-/- mice. Despite that,
Cav-1-/- mice appeared to be more sensitive to the blood pressure lowering effect of
ketamine/xylazine because they had slightly lower cerebral arteriolar pressure than that of
MMP9-/- mice measured in anesthetized state.

A few limitations in this study are noteworthy. First, we did not develop a causal
relationship between Cav-1 and MMP9 in remodeling of pial arterioles. This would be better
determined in double Cav-1 and MMP9 knockout mice that were, unfortunately, not
available to us. However, we did develop a compelling case for the notion that Cav-1 is
essential in Ang IlI-mediated increase in MMP9 expression. Second, the use of western
blotting to determine protein expression of Cav-1, pEGFR, Akt and MMP9 was limited to
larger pial arteries because pial arterioles contain insufficient amounts of protein. This has
been partly resolved by immunohistochemistry. Third, although we showed, in separate
experiments that Akt can be activated by Ang Il and EGFR, further studies will be necessary
to determine if Akt is an important downstream signaling molecule that is involved in Ang
I1-Cav-1-EGFR-mediated hypertrophy in pial arterioles.

Perspectives

Ang 1, the effector molecule of the renin-angiotensin system, is a major determinant of
hypertrophy and remodeling in cerebral pial arterioles. However, the underlying molecular
mechanisms are incompletely understood. In this study, we showed that Cav-1 is essential in
Ang II-EGFR-mediated hypertrophy. Cav-1 is also an important signaling molecule in
inward remodeling, but appears to work through a different mechanism in MMP9. This
study once again agrees with the concept that hypertrophy and inward remodeling of pial
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arterioles work through distinctly different mechanisms. Further in-depth studies are needed
to understand how MMP9 affects inward remodeling and how potentially Akt signaling
mediates hypertrophy in pial arterioles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What is new

Cav-1 is essential in both Ang Il-induced hypertrophy and inward remodeling in cerebral
pial arterioles. MMP9 is critical in Cav-1-mediated inward remodeling, but not
hypertrophy. The EGFR-Cav-1 signaling cascade is critical in Ang Il-induced
hypertrophy that may involve downstream signaling molecule Akt.

What is relevant

Ang ll-induced pial arteriolar hypertrophy and inward remodeling are not completely
understood and thought to be distinctive and independent. This study reveals that
independent of EGFR, Cav-1 critically contributes to Ang IlI-mediated MMP9 up-
regulation that only facilitates inward remodeling and not hypertrophy. Cav-1 also is
involved in Ang ll-induced hypertrophy in an EGFR-dependent manner that may involve
Akt.

Summary

Although Ang |1 stimulated both hypertrophy and inward remodeling in cerebral pial
arterioles via Cav-1-dependent manner, it appears that the signaling pathways for
hypertrophy and remodeling downstream of Cav-1 differ in important ways. Cav-1-
dependent MMP9, independent of EGFR, is exclusively responsible for inward
remodeling of pial arterioles, while Cav-1-dependent activation of EGFR is responsible
for hypertrophy that may also involve downstream signaling of Akt. This, once again,
suggests that Ang Il induce hypertrophy and inward remodeling through different
mechanisms.
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Figure 1.
Ang Il increases Cav-1 expression in cerebral pial arteries in WT, but not in Cav-1-/- mice.

Representative western blot illustrates the presence of Cav-1 in pial arteries from WT but
not in Cav-1-/- mice (A); representative images and densitometry of Cav-1 western blotting
in pial arteries from Ang Il-treated WT mice (B); and representative photographs and
staining density of Cav-1 immunohistochemistry in pial arterioles from Ang Il-treated WT
and Cav-1-/- mice (C). Results are mean £ SEM of 6-8 mice. *P<0.05 vs corresponding
controls. Scale bar, 10 pm.
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Figure 2.

Deficiency of Cav-1 prevents Ang ll-mediated hypertrophy and inward remodeling in pial
arterioles. Cross-sectional area of pial arteriolar wall in WT and Cav-1-/- mice treated with
saline or Ang Il (A); Cross-sectional area of pial arteriolar wall in WT and MMP9-/- mice
treated with saline or Ang Il. (B): Pressure—diameter relationship of maximally dilated pial
arterioles in wild-type (WT) and MMP9-/- mice treated with saline or Ang II.
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Figure 3.
Ang Il increases MMP9 expression in pial arteries in WT, but not in Cav-1-/- mice.

Representative photograph and densitometry of MMP9 western blotting in pial arteries from
saline or Ang Il-treated WT mice (A); representative images and staining density of MMP9
immunohistochemistry in pial arterioles from WT and Cav-1-/- mice treated with Ang Il
(B). Results are mean £ SEM of 6 mice. *P<0.05 vs corresponding controls. Scale bar, 10
pm.

Hypertension. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Umesalma et al.

A

o

Page 13

MMP9--

—~ 600- WT 600+
N

£
=

3

5 400- — 400+
©

c
el
R

(&

@ 200- 200-

e

7))

7))
5

c | c |
Saline Ang Il Saline Ang ll
WT MMP9--
80- 80-

£

=

g 60- 60+

S

)

@

& 40- 40+

-

‘g -~ Saline -O- Saline

W = Angll = Angll

2c 1 1 ] 1 1 1 20 L | 1 ] 1 1 1

0 1'0 20 30 40 50 60 O 1'0 20 30 40 50 60
Arteriolar Pressure (mmHg) Arteriolar Pressure (mmHg)

Figure 4.
Deficiency of MMP9 prevents Ang ll-mediated inward remodeling but not hypertrophy.

Pressure-diameter relationship of maximally dilated pial arterioles in WT and MMP9-/-
mice treated with saline or Ang Il (A); cross-sectional area of pial arteriolar wall in WT and
MMP9-/- mice treated with saline or Ang I1. (B). Pressurexdiameter relationship of
maximally dilated pial arterioles in wild-type (WT) and MMP9-/- mice treated with saline
or Ang Il.
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Figure 5.
Ang Il increases pAkt expression in WT, but not in Cav-1-/— mice. Representative images

and densitometry of phosphorylated Akt western blotting in pial arteries from saline- or Ang
Il-treated WT and Cav-1-/- mice (A); and representative photographs and straining density
of phosphorylated Akt immunohistochemistry in pial arterioles from WT and Cav-1-/-
mice with Ang Il (B). Results are mean £ SEM of 6-8 mice. *P<0.05 vs WT control;
#P<0.05 vs WT with Ang II. Scale bar, 10 pm.
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Physiological data for wild-type (WT) and Cav-1-deficient mice treated with angiotensin Il (Ang 1)
(1000ng/kg/min) or saline for 4 weeks. Systolic arterial pressure was measured by tail cuff method in
conscious mice at week 4 of Ang Il treatment. Pial arteriolar pressure was measured under anesthetized

Table 1

condition.
Parameters WT WT Cav-1-/- Cav-1-/-
Saline Ang 11 Saline Ang Il
Systolic Arterial Pressure (mmHg)
Week 4 128 +3 175+6° 127+2 178 +4°
Pial arteriolar pressure (mmHg)
Systolic 471 47+3 39+2 40+3
Diastolic 35+2 37+3 32+2 30+3
Mean 39+1 403 34+2 33+3
Pulse 12+1 111 8+1 10+1
Arterial blood gases
pH 7.34+0.02 735+0.03 7.37+0.04 7.39+0.02
PCO, 30£2 32+4 28+2 29+3
PO, 113+ 4 1075 1177 109+8
Age (week) 143+0.3 17808 13.4+0.7 18.0+05
Weight (g) 27409 24212 230+10 21.0+13
N 8 8 8 8

Values are mean+SEM.

*
P<0.05 versus corresponding saline controls.
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Physiological data for wild-type (WT) and MMP9-deficient mice treated with angiotensin 11 (Ang 1)
(1000ng/kg/min) or saline for 4 weeks. Systolic arterial pressure was measured by tail cuff method in
conscious mice at week 4 of Ang Il treatment. Pial arteriolar pressure was measured under anesthetized

Table 2

condition.
Parameters WT WT MMP9-/-  MMP9-/-
Saline Ang 11 Saline Ang Il
Systolic Arterial Pressure (mmHg)
Week 4 114 +5 154 +6° 117+4 157 +4°
Pial arteriolar pressure (mmHg)
Systolic 48 +4 415 51+4 46 2
Diastolic 34+4 30+4 38+2 32+2
Mean 38+4 34+4 42+3 37+2
Pulse 14+1 11+2 13+2 13+1
Arterial blood gases
pH 749+0.02 730+0.03 7.30+£0.04 7.47+0.02
PCO, 22+2 44 +4 35+2 28+5
PO, 168+ 4 97 +5 122+2 136 +6
Age (week) 13+0.3 170.8 12+0.4 18+0.5
Weight (g) 250+09 245+14 266+12 239+11
N 6 6 6 6

Values are mean+SEM.

*
P<0.05 versus corresponding saline controls.
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