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Abstract Physiological and pathological vascular
remodeling is uniquely driven by mechanical forces
from blood flow in which wall shear stress (WSS)
mechanosensing by the vascular endothelium plays
a pivotal role. This study aimed to determine the
novel role for a disintegrin and metalloproteinase 17
(ADAM17) in impaired WSS mechanosensing, which
was hypothesized to contribute to aging-associated
abnormal vascular remodeling. Without changes in
arterial blood pressure and blood flow rate, skeletal
muscle resistance arteries of aged mice (30-month-
old vs. 12-week-old) exhibited impaired WSS
mechanosensing and displayed inward hypertrophic
arterial remodeling. These vascular changes were
recapitulated by in vivo confined, AAV9-mediated
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overexpression of ADAMI17 in the resistance arter-
ies of young mice. An aging-related increase in
ADAMI17 expression reduced the endothelial junc-
tion level of its cleavage substrate, junctional adhe-
sion molecule-A/F11 receptor (JAM-A/F11R). In
cultured endothelial cells subjected to steady WSS
ADAM17 activation or JAM-A/F11R knockdown
inhibited WSS mechanosensing. The ADAM]17-acti-
vation induced, impaired WSS mechanosensing was
normalized by overexpression of ADAMI17 cleav-
age resistant, mutated JAM-AY??Y both in cultured
endothelial cells and in resistance arteries of aged
mice, in vivo. These data demonstrate a novel role
for ADAM17 in JAM-A/F11R cleavage-mediated
impaired endothelial WSS mechanosensing and sub-
sequently developed abnormal arterial remodeling in
aging. ADAM17 could prove to be a key regulator of
WSS mechanosensing, whereby it can also play a role
in pathological vascular remodeling in diseases.

Keywords Aging - Endothelium dysfunction -
Mechano-transduction - F11R - Junctional adhesion
molecule-A

Introduction
In aging, important changes in the cardiovascular sys-
tem develop, including increased stiffness and abnor-

mal remodeling of blood vessels which can indepen-
dently predict cardiovascular events and mortality

@ Springer


http://orcid.org/0000-0001-8755-2980
http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-021-00476-1&domain=pdf
https://doi.org/10.1007/s11357-021-00476-1
https://doi.org/10.1007/s11357-021-00476-1

350

GeroScience (2022) 44:349-369

[18, 23, 36]. While the underlying mechanisms of
age-related, large artery remodeling, and vascular
stiffening are established [10, 12, 53, 54], the cause of
aging-induced remodeling of small resistance arter-
ies remains elusive. Functional and structural changes
in the microcirculation of various organs have been
previously described in aged rodent models [6, 24].
Studies have shown that aging-associated remodeling
of small resistance arteries can occur independently
from changes in systemic blood pressure [21, 30, 34,
53, 54]. It has been long recognized that small resist-
ance arteries can undergo remodeling in response to
lasting changes in blood flow or blood flow cessation
[38]. However, throughout the lifespan, organs receive
optimal or even greater than normal blood flow [22],
unless significant stenosis or occlusion of larger arter-
ies develops, thus seemingly questioning the mecha-
nistic role of altered blood flow in age-related vas-
cular remodeling. It should be noted that it is not the
rate of blood flow but wall shear stress (WSS), the
tangential force driven by the friction of the flowing
blood on the endothelial cell surface, plays the key
role in vascular regulation and signaling [11, 28, 29].
WSS is determined by blood flow velocity, viscosity,
and the vascular luminal diameter [11]. In resistance
arteries, temporal increases in WSS induces vasodi-
lation whereby WSS contributes to a feedforward
regulation of tissue perfusion [11, 28, 29]. Long-term
WSS can directly influence vascular wall remodeling
and vascular growth in the microcirculation. For
example, small collateral arteries remodel and expand
in response to increases in WSS, whereas a reduction
in WSS causes lumen narrowing arterial remodeling
[1, 2, 58]. Interestingly, an early study by Sun et al.
has found that reduced flow-induced dilation is medi-
ated by impaired WSS sensitivity in skeletal muscle
resistance arteries in 29-32-week-old, mid-aged adult
rats [46]. In the present study, we raised the possibil-
ity that in aging resistance arteries undergo abnormal
lumen narrowing remodeling even without changes in
the rate of blood flow owing to the vascular endothe-
lium’s inability to properly sense WSS.

Sensing of WSS by the mechanosensory machin-
ery plays an important role in vascular endothe-
lial signaling, referred to as WSS-induced mecha-
notransduction. The putative endothelial WSS
mechanosensory complex is comprised of the plate-
let endothelial cell adhesion molecule-1 (PECAM-
1), VE-cadherin, vascular endothelial growth factor
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receptor 2 (VEGFR?2), and other molecules, primarily
localized to the endothelial cell junction [52]. We pre-
viously demonstrated that PECAM-1 directly senses
temporal changes in WSS [5] and others have shown
that VE-cadherin acts as an adaptor in this process
[52]. Junctional adhesion molecule-A (JAM-A/F11R)
is an integral component of the endothelial cell junc-
tion complex with pleiotropic functions in cell physi-
ology and development [14]. JAM-A/F11R plays a
regulatory role in leukocyte-endothelial interaction,
barrier function, and cell polarization [15]. Recent
studies found that JAM-A/F11R also plays a role
in mechanosensing via its interaction with zonula
occludens-1, small G-proteins RhoA, and RhoGEF
[41, 49]. Notably, other studies have shown that
aging alters the function of JAM-A/F11R owing to
its reduced tissue expression levels [45, 50]. In this
context, we recently reported increased activity of A
disintegrin and metalloproteinase, ADAM17 (also
known as TNF converting enzyme or TACE), in adi-
pose tissue arteries of older humans and aged mice
[13], and what we found contributes to TNF-mediated
remote vascular dysfunction. Interestingly, ADAM17
mediates proteolytic shedding of several other mem-
brane-bound molecules, including JAM-A/F11R [19].
In this context, a previous in vitro study showed that
activation of ADAM17 is associated with proteolytic
release of JAM-A/F11R from endothelial cells [27].
Based on the aforementioned, the present study was
designed to test the specific hypothesis that aging-
related ADAMI17 activation and increased JAM-A/
F11R shedding impairs endothelial cell WSS mecha-
nosensing thereby contributing to abnormal, lumen
narrowing remodeling of small resistance arteries.

Methods
Animal characteristics

The work involving experimental animals was con-
ducted under the protocol approved by the Institu-
tional Animal Care and Use Committee at Medical
College of Georgia, Augusta University. All experi-
mental animal procedures performed in this study
were in compliance with the European Convention for
the Protection of Vertebrate Animals used for Experi-
mental and other Scientific Purposes. Experiments
were carried out in 28-30-month-old aged male
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C57BL/6 J mice (obtained from the National Insti-
tute on Aging, Aged Rodent Colonies) and 12-week-
old male C57BL/6 J mice (Jackson Laboratory). The
aged mouse (28-30-month-old) is equivalent for
older humans around 80 years, whereas the 3-month-
old mouse is equivalent for 20-year-old humans. The
mice were housed in the animal care facility and
accessed rodent chow and tap water ad libitum with a
12-h light:dark cycle. Blood pressure (BP) was meas-
ured in conscious mice by tail-cuff plethysmography
with a CODA Monitor noninvasive blood pressure
system (Kent Scientific). Peak systolic blood flow
velocity was measured non-invasively by pulsed wave
Doppler imaging using a small animal ultrasound sys-
tem (Vevo 3100, Visualsonics), similar as described
before [25, 57].

Videomicroscopic assessment of isolated skeletal
muscle arteries of the mouse

Mice were anesthetized with isoflurane (1-4%).
Under deep anesthesia, the gracilis muscle was
removed and placed in ice-cold calcium free Krebs
solution (in mmol/L): 110.0 NaCl, 5.0 KCI, 1.0
MgSO,, 1.0 KH,PO,, 5.5 p-glucose, and 24.0
NaHCO;, equilibrated with a gas mixture of 10%
0,-5% CO,-balanced nitrogen, at pH 7.4. Mice were
euthanized by exsanguination and removal of the
aorta and other vital organs were used for further
assessments.

With the use of microsurgical instruments and an
operating microscope, the gracilis muscle artery run-
ning intramuscularly was isolated and transferred into
an organ chamber containing two glass micropipettes
filled with calcium free Krebs solution. The artery
was cannulated at both ends and the micropipettes
were connected with silicone tubing to a hydrostatic
reservoir to set the intraluminal pressure to 70 mmHg,
and incubated for a 1-h period. Using videomicros-
copy, the inner diameter, wall thickness, and wall to
lumen ratio of the arteries were measured at an intra-
luminal pressure of 20 to 100 mmHg in 20 mmHg
increments in the absence of extracellular calcium
(calcium free Krebs solution) with a videocaliper
(Colorado) [4, 16]. The wall/lumen ratio was calcu-
lated as WT/D x 100, where WT is the wall thickness
and D is lumen diameter, wall cross-sectional area
(CSA) was calculated as: CSA=p [D+2WT/2]2—p

(D/2)2, wall stress (s)=P X D/2WT, where P is pres-
sure and 1 mmHg=1334 dyne/cm?, as described
[34].

In calcium-containing Krebs solution, spontaneous
arterial tone developed in response to 70 mmHg pres-
sure. Diameter changes were measured in response to
cumulative concentrations of endothelium-dependent
agonists, acetylcholine (ACh, 107°-107% M, Sigma),
to the direct NO donor, sodium nitroprusside (SNP,
107°-107 M, Sigma), and to the calcium ionophore,
A23187 (107°-107% M, Sigma). WSS-induced dila-
tion of isolated arteries was assessed. Intraluminal
flow was induced by changing perfusion pressure
with an equal degree but in the opposite direction, in a
stepwise manner (pressure difference, AP: 20 mmHg,
40 mmHg, 60 mmHg, 80 mmHg, and 100 mmHg).
Flow was measured with a ball-type flow meter
(Omega). Increases in intraluminal flow (from~2
to~20 pL/min) resulted in increases in wall shear
stress (WSS, from~2 to~55 dyne/cmz). WSS was
calculated from the formula: WSS=8XVm/DxP,
where Vm is the mean fluid velocity, D is the lumen
diameter, P is the viscosity (0.01 for Krebs solution).
Vm is calculated using the formula: Q= Vm*n*D2/4,
where Q is the flow rate and D is the lumen diameter.

Western immunoblotting

The skeletal muscle artery was isolated and homog-
enized in radio-immunoprecipitation assay (RIPA,
Sigma) buffer mixed with 1% protease inhibitor cock-
tail (Sigma). Protein concentration was measured
by Bradford assay. In other experiments, cultured
endothelial cells and cell supernatants were collected
and homogenized with RIPA buffer. Equal amounts
of protein was loaded for gel electrophoresis. After
blotting, membranes (Hybond-P, GE Healthcare)
were probed with rabbit polyclonal anti-ADAM17
antibody (1:1000, ab2051, Abcam), goat anti-mouse
JAM-A/F11R antibody (1:1000, AF1077, R&D Sys-
tems), or goat anti-human JAM-A/F11R (1:1000,
AF1103, R&D Systems) followed by incubation with
HRP linked secondary antibodies (anti-rabbit IgG,
70748, Cell Signaling or anti-goat IgG, 811,620, Inv-
itrogen). Enhanced chemiluminescence was visual-
ized autoradiographically by ChemiDoc XRS + (Bio
Rad). Protein expression was normalized for the total
loaded protein using a BIO-RAD TGX Stain-Free
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FastCast Acrylamide Kit (Cat. # 1,610,183), Chemi-
Doc imaging system, and Image Lab Software (Bio
Rad).

Histology, immunohistochemistry,
immunocytochemistry, and en face
immunofluorescence

Skeletal muscle samples were fixed in 4% paraform-
aldehyde (Affymatrix) and were embedded in paraf-
fin. Sections were cut (8 pm) and re-hydrated through
sequential incubations in a series of graded xylene,
ethanol, and phosphate buffer solution (PBS). Anti-
gen retrieval was performed by running slides sub-
merged in IHC-TekTM Epitope Retrieval Solution.
Slides were blocked with 15% horse serum (Vector
Laboratories) for 1 h and followed by incubation with
anti-ADAM17 antibody (1:100, ab2051, Abcam) or
anti-mouse JAM-A/F11R antibody (1:100, AF1077,
R&D) overnight at 4 °C. Fluorescent labeling was
performed with Alexa Fluor® 546 conjugated don-
key anti-rabbit IgG (1:250, A10040, Invitrogen) or
Alexa Fluor® 647 conjugated donkey anti-goat IgG
secondary antibody (1:250, ab150131, Abcam) for
1 h. DAPI (Vector Laboratories) was used for nuclear
staining. Structured illumination microscopy (SIM-
Apotome, AxiolmagerM?2, CarlZeiss) was used for
immunofluorescent detection.

Sections were also processed for Elastin-Verhoeff
Van Gieson (VVG) staining (Abcam). To measure
the media thickness of arteries, we used systematic
random sampling and unbiased measurements by
employing the orthogonal intercept method (Stereo
Investigator, MBF Bioscience). We made an average
of 11 measurements for each blood vessel between
the internal and external elastic lamina at each inter-
cept of the randomly positioned stereology probe, and
the estimated harmonic mean thickness was reported.

For immunocytochemistry, human umbilical vein
endothelial cells (HUVECs) were grown onto colla-
gen-coated glass coverslips and subsequently fixed
with 4% paraformaldehyde. Unspecific antibody
binding was blocked with 2% BSA in PBS for 1 h.
Cells were incubated with goat anti-human JAM-A/
F11R IgG antibody (1:200, AF1103, R&D) or VE-
cadherin (1:200, D87F2, Cell Signaling) overnight at
4 °C. Alexa Fluor® 647 conjugated donkey anti-goat
IgG (1:250, ab150131, Abcam) and Alexa Fluor®
488 conjugated donkey anti-rabbit IgG (1:250,
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SA5-10,038, Invitrogen) were added for 1 h. DAPI
(Vector Laboratories) was used for nuclear staining.
Structured illumination microscopy (SIM-Apotome,
AxiolmagerM2, CarlZeiss) was used for immunofluo-
rescent detection.

En face immunofluorescence staining was per-
formed as described before [26]. In brief, mice were
anesthetized with isoflurane (1-4%). Under deep
anesthesia, saline solution containing heparin (40 U/
mL) was perfused into the apex of the left ventricle
by inserting a 26 G needle attached to a gravity per-
fusion (120 cm H,0) followed by 4% paraformalde-
hyde in PBS. The aorta was harvested and isolated,
and cut longitudinally. Then, the aorta was permea-
bilized by 0.1% Triton X-100 in PBS for 10 min at
room temperature and blocked with 10% horse serum
(Vector Laboratories) in Tris-buffered saline with
2.5% Tween 20, for 30 min at room temperature. The
aorta was incubated with goat anti-mouse JAM-A/
F11R antibody (1:50, AF1077, R&D Systems) and
rabbit anti-mouse VE-cadherin antibody (1:50,
ab33168, Abcam) overnight at 4 °C. The aorta was
then incubated with secondary antibodies (1:250,
Alexa Fluor® 647 conjugated donkey anti-goat IgG,
ab150131, Abcam; Alexa Fluor® 546 conjugated
donkey anti-rabbit IgG, A10040, Invitrogen) for 1 h
at room temperature. Structured illumination micros-
copy (SIM-Apotome, AxiolmagerM?2, CarlZeiss) was
used for immunofluorescent detection.

In vivo confined arterial overexpression of mouse
ADAM17 or ADAM17 cleavage resistant mutant
mouse JAM-AY?32Y

Recombinant adeno-associated virus (AAV9) and
adeno-associated virus 2-QuadYF (AAV2QuadYF)
were constructed and purchased from VectorBuilder.
Mouse ADAM17-mCherry-AAV9 was used to selec-
tively overexpress ADAM17 in arteries of 12-week-
old mice (young). Overexpression eGFP-AAVY9 was
used for controls. In addition, mutant mouse JAM-
AP mCherry-AAV2QuadYF  (mtJAM-AY?2Y)
was used to overexpress ADAMI17 cleavage resistant
mutant mouse JAM-A in arteries of 30-month-old
mice (aged). Mice were anesthetized with isoflurane
(1-4%) and the left femoral artery segment proximal
and distal to the gracilis muscle artery was exposed
and temporarily clamped using microvascular clips
(depicted in Fig. 4a). A glass capillary (opening
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tip~2 um) containing the AAV particles (5x10°
AAV diluted in 10 pL sterile PBS) was then con-
nected to a pneumatic drug ejection system (PDES-
02TX, NPI). Using a micromanipulator (U-31CF,
Narishige), the AAV particles were microinjected
into the femoral artery. After 30 min, microvascular
clamps were released from the femoral artery and
the skin was closed with wound closure clips. After
2 weeks, mice were anesthetized with isoflurane
(1-4%) and were euthanized by exsanguination, the
left (ipsilateral) and right (contralateral) femoral and
gracilis arteries were dissected and used for experi-
ments, as described above. Protein expression of
ADAM17, mCherry, and eGFP were detected in ipsi-
lateral (left) and contralateral (right) arteries using
Western immunoblots by using anti-ADAM]17, anti-
mCherry (1:1000, 435908, Cell Signaling), or anti-
eGFP (1:1000, 2956S, Cell Signaling) antibodies.
Exogenous, AAV9-delivered ADAMI17 expression
in the arterial endothelium was also confirmed by
mCherry immunofluorescent labeling.

Endothelial cell culture under flow condition

Human umbilical vein endothelial cells (HUVECS)
were purchased from PromoCell (Heidelberg, Ger-
many). HUVECs were cultured in endothelial cell
growth medium 2 and used between 4 and 10 pas-
sages. WSS was applied to confluent HUVECs using
an Ibidi pump system (Ibidi, Germany). HUVECs
(10° cells/slide) were seeded onto IbiTreat p-slides
1°¢ or IbiTreat p-slides 14 (Ibidi) and placed in an
incubator at 37 °C with 5.0% CO,. The Ibidi pump
system and proprietary software was used to con-
trol the level of WSS applied to cells by controlling
total media flow rate through the channels of known
dimensions. HUVECs were cultured under defined
WSS (0, 4, 8, 16, and 32 dyne/cm?) for 48 h or 72 h.
Phase contrast microscopy was used to collect images
of HUVECs every 24 h. The Imagel directionality
plugin or angle measurement tool was then used to
measure cell orientation angle distribution relative to
the flow direction. The average cell orientation angle
was also calculated. In separate experiments, transfec-
tion of HUVECs with JAM-A/F11R small interfering
RNA (siRNA, Dharmacon™) was carried out using
Lipofectamine® RNAIMAX Transfection Reagent
(ThermoFisher Scientific). HUVECs were cultured
with recombinant human ADAM17 (R&D Systems)

or Phorbol 12-Myristate 13-Acetate (PMA, 100 nM
for 2 h, Cayman Chemicals). HUVECs were then cul-
tured under defined WSS (8 dyne/cmz) for 72 h.

Site-directed mutagenesis

Human JAM-A/F11R plasmid (#70,073, Addgene,
Cambridge, MA) was used as a template for site-
directed mutagenesis. Mutations were introduced
with Q5® Site-Directed Mutagenesis Kit (New Eng-
land Biolabs, Ipswich, MA). Mutagenic primers were
designed individually and ordered from Integrated
DNA Technologies (Coralville, IA). A mutant with
gain of restriction site (V232Y) encoded by proximal
non-conservative missense mutations was generated
(Supplementary Fig. 2). Sequences were as follows,
valine to tyrosine at 232: CATGGAAGCTTATGA
GCGGAATGTGGG and CGCACAGCATTTGAA
GTC. Mutant strands were synthesized according to
the manufacturer’s protocol and proceeded imme-
diately to transformation. Aliquots of E. coli XL10-
Gold ultracompetent cells were transformed with the
amplified plasmid DNA. All constructs were checked
by restriction site mapping and sequencing. Aliquots
of Mix & Go competent cells (Strain Zymo 5) were
incubated with the wild type and mutant plasmids for
5 min on ice. The cells were spread on LB-agar plates
containing the appropriate antibiotic (Ampicillin) for
the plasmid vector and incubated overnight (16—18 h)
at 37 °C. The plasmids were isolated with the Zymo-
PUREII Plasmid Maxi kit (Zymo Research, Irvine,
CA). Transfection of HUVECs with hJAM-A or
mtJAM-AY?*?Y was carried out using Lipofectamine
3000 Transfection Reagent (ThermoFisher Scien-
tific). Transfected HUVECSs were then cultured under
defined WSS (8 dyne/cm?) for 72 h and cell orienta-
tion angle distribution relative to the flow direction
was measured as above.

Statistical analysis

All statistical analyses were performed using
GraphPad Prism Software. Data were drawn to
analyze after being tested for and meeting normal-
ity using the Kolmogorov—Smirnov test. Data com-
parisons between groups repeatedly over time were
analyzed by two-way repeated-measures of ANOVA
followed by Sidak’s post-hoc test for multiple
comparisons or with two-tailed, unpaired Student
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«Fig. 1 Impaired flow/WSS-induced dilation in skeletal muscle
arteries of aged mice. Representative images (a) and summary
data of peak systolic velocity (PSV, b) and end diastolic veloc-
ity (EDV, ¢) measured by Doppler ultrasound in the femoral
artery from aged and young mice (n=5 in each group). d—g.
Stepwise increases in the pressure gradient induced a similar
increase in intraluminal flow of isolated skeletal (m. gracilis)
arteries in aged and young mice (d). Representative original
traces (e) and summary data (f) of percent changes in diam-
eter of arteries in response to increased WSS in young vs. age
mice. Flow—WSS relationship is shown on Panel g. Repre-
sentative original traces and summary data of percent diameter
changes of isolated arteries in response to cumulative concen-
trations of acetylcholine (ACh, 107 to 107° mol/L) (h), Ca**
ionophore, A23187 (107 to 107® mol/L) (i) or NO donor,
sodium nitroprusside (SNP, 10~ to 10™> mol/L) (j) in young
and aged mice. Arrows indicate stepwise increasing of flow
or administration of agonists. Data are mean+SEM or pre-
sented as box-and-whisker plots, in which the minimum, the
25th percentile, the median, the 75th percentile, and the maxi-
mum are shown, + indicates the mean of values. For statistical
analyses of data on Student’s ¢ test, repeated measures two-way
ANOVA (insets: ANOVA p value for age effect is shown) with
Sidak multiple comparisons were used. *p <0.05 young vs.
aged

Results

Impaired WSS response and hypertrophic inward
remodeling in arteries of aged mice

Previous studies have shown that vascular remod-
eling develops in animal models of aging [21, 30,
31, 33, 34]. To address whether biomechanical forces
are linked to aging-related vascular remodeling, we
measured blood pressure and femoral artery blood
flow as well as used videomicroscopy to assess both
functional and structural properties of isolated, can-
nulated, and pressurized mouse skeletal (m. graci-
lis) muscle arteries. Comparable systolic and dias-
tolic blood pressure was observed between young
(12-week-old) and aged (30-month-old) mice (young
vs. aged in mmHg, systolic pressure: 113+6 vs.
95+8 and diastolic pressure: 90+4 vs. 79 +8, not
significant). Also, no significant change in peak sys-
tolic blood flow velocity in the femoral artery was
found in aged mice (Fig. la—c).

We assessed WSS-induced vasodilation in isolated
and pressurized skeletal muscle arteries of young and
aged mice. Using videomicroscopy, we measured
diameter changes in arteries subjected to stepwise
increases in intraluminal flow which was generated
by a stepwise increase in pressure gradient in the

inflow and outflow cannulas. The applied pressure
gradients induced a same level of intraluminal flow in
arteries of young and aged mice (Fig. 1d). We found,
however, that WSS-induced vasodilation was not only
reduced in magnitude (Fig. le, f) in aged mice, but
the maximum dilator response required significantly
higher WSS levels (~25 dyne/cm?) when compared
to younger mice (~10 dyne/cm?) (Fig. 1f). At any
given flow rate, the calculated WSS remained signifi-
cantly higher in arteries of aged mice (Fig. 1g). No
significant difference in the vasodilation response to
the endothelium-dependent agonist, acetylcholine
(Fig. 1h), the calcium ionophore, A23187 (Fig. 1i),
or the endothelium-independent agonist, direct nitric
oxide donor, sodium nitroprusside (Fig. 1j), was
noted between young and aged mice.

We also found that small skeletal muscle arteries
isolated from aged mice displayed a reduced inter-
nal diameter compared to young animals, as meas-
ured at intraluminal pressure ranges between 20 and
100 mmHg (Fig. 2a, b). Arteries from aged mice
had increased pressure-wall thickness, pressure-wall
thickness/lumen ratio, and pressure-cross-sectional
area relationships, when compared with young ani-
mals (Fig. 2c—e). The calculated wall stress/pressure
relationship was reduced in aged arteries, compared
to the young (Fig. 2f). Histological sections from
aged (vs. young) mice showed increased media thick-
ness of gracilis muscle arteries (Fig. 2g, h). Together,
these data demonstrate that impaired WSS response is
associated with inward hypertrophic remodeling [33]
in the skeletal muscle resistance arteries of the aged
mice.

ADAMI17 reduces endothelial cell junction localized
JAM-A/F11R in aged mice

Similar to our previous study performed in the adi-
pose tissue in older adults and in aged mice [13], we
have detected ADAMI17 expression in the skeletal
muscle arterial wall, including the endothelial cells,
in both young and aged mice (Fig. 3a). We found
that ADAMI17 protein expression was significantly
upregulated in skeletal muscle arteries from aged
mice compared to young (Fig. 3b). Endothelial cells
also expressed JAM-A/F11R, an ADAMI17 cleavage
substrate, with no change in total protein expression
levels in young and aged mice (Fig. 3a, b).
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Fig. 2 Hypertrophic inward remodeling in skeletal mus-
cle arteries of aged mice. Skeletal muscle (m. gracilis) artery
lumen diameter and vascular wall characteristic in response
to increases in intraluminal pressure, ex vivo. Inner diameter
(a), normalized diameter (to initial diameter at 20 mmHg) (b),
wall thickness (¢), wall-to-lumen ratio (d), cross-sectional area
(CSA) (e), and calculated wall stress (f) in relation to increases
in intraluminal pressure from 20 to 100 mmHg in skeletal mus-
cle arteries isolated from young (n=9) and aged (n=6) mice.
Data are mean+SEM. For data analyses on panelse (a-h),
repeated measures two-way ANOVA (insets: ANOVA p value
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for age effect is shown) with Sidak multiple comparisons were
used. *p<0.05 young vs. aged. Representative microphoto-
graphs of Elastin Verhoeff Van Gieson staining (EVG, elastic
fibers and nuclei being stained black, collagen stained red, and
cytoplasmic elements stained yellow/brown, scale bar: 50 pm)
(g). Media thickness of arteries was measured by an unbiased
orthogonal intercept method (Stereo Investigator, MBF) (h).
Data are presented as box-and-whisker plots, in which the min-
imum, the 25th percentile, the median, the 75th percentile, and
the maximum are shown, +indicates the mean of values. For
statistical analyses of data on panel h, Studentis 7 test was used
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Previously, ADAMI17 activation was shown to
alter the subcellular localization of JAM-A/F11R via
regulated cleavage [27]. To determine aging-related
changes in endothelial cell distribution of JAM-A/
F11R, we performed en face immunostaining in the
aorta of young and aged mice. JAM-A/FI1R was
more widely distributed in endothelial cells of aged
mice that also had irregular borders of the cell junc-
tion (Fig. 3c, d). The level of endothelial cell junc-
tion-localization of JAM-A/F11R, relative to VE-
cadherin, was significantly reduced in aged mice
(Fig. 3e). We also noted that the endothelial nuclei in
the aorta of aged mice were less elongated than those
in young mice (nuclei aspect ratios, Fig. 3f). Given
that fluid WSS causes endothelial cells and their
nuclei to elongate [48], this data also indicated altered
arterial WSS-induced signaling in the aged animals.

The relative abundance of JAM-A/F11R local-
ized to endothelial cell junctions was also assessed
in HUVECs cultured under flow conditions before
and after ADAMI17 activation. To activate ADAM17,
we treated endothelial cells with phorbol-myristate-
acetate (PMA), as one of the strongest activators of
ADAMI17 [17, 51, 55, 56]. HUVECs were subjected
to flow (WSS=8 dyne/cmz, for 48 h) with or with-
out treatment with PMA (100 nM for 2 h). We found
that PMA reduced the expression of junction local-
ized JAM-A/F11R, without significantly altering the
nuclei aspect ratios (Fig. 3i, j).

Focal, in vivo, overexpression of ADAM17 impairs
WSS response and induces vascular remodeling in
arteries of young mice

To specifically assess the impact of ADAMI17 on
the WSS response and subsequently developed arte-
rial remodeling in vivo, the adeno-associated virus
9 (AAV9) encoding mouse ADAMI17 (labeled
with mCherry, for controls AAV9 encoding eGFP)
was microinjected focally into the lumen of the left
(ipsilateral) skeletal muscle artery (Fig. 4a). After
2 weeks, from confined intra-arterial delivery of the
ADAM17 AAV9 vector, we found that ADAMI17
expression was significantly augmented in the
injected, ipsilateral artery, but not in the contralateral
artery (Fig. 4b, c). Delivery of eGFP-AAV9, which
served to control for injection-induced injury, had no
effect on ADAM17 expression (Fig. 4b).

We found that overexpression of ADAMI17 in
the arteries of young mice significantly reduced the
magnitude of WSS-induced dilation without affect-
ing agonist, acetylcholine- and calcium-ionophore,
A23187-induced responses (Fig. 4e, f). Similar to
responses from aged arteries, in ADAMI17-overex-
pressed arteries WSS-induced vasodilation reached
its maximum only at higher WSS levels (~20 dyne/
cm?) compared to the contralateral artery or the
eGFP-overexpressed blood vessel (~5-10 dyne/cm?)
(Fig. 4d, g). In addition, the impaired WSS response
after ADAMI17 overexpression was accompanied by
increased arterial wall thickness and increased wall-
to-lumen-pressure relationship, with no significant
changes observed in the inner arterial lumen diame-
ter-pressure relationship (Fig. 4j—o).

ADAM17 activation or deletion of JAM-A/F11R
impairs WSS-induced endothelial cell alignment

Next, we investigated the underlying mechanisms by
which ADAMI17 impairs WSS mechanosensing in
endothelial cells. Cultured HUVECs were subjected
to steady laminar flow at various WSS levels, from 0
to 32 dyne/cm?, over 3 days. Endothelial cell align-
ment, a measurement of the ability of endothelial
cells to sense and respond to WSS, was quantified
by measuring the angle between the major endothe-
lial cell axis and the direction of flow. In response
to WSS conditions, endothelial cells displayed an
elongated morphology and aligned with the direc-
tion of flow; maximum cell alignment (i.e., lowest
angle deviation from flow direction) was reached at a
WSS of 8 dyne/cm? (Supplementary Fig. 1). Conse-
quently, endothelial cell alignment (under flow condi-
tions, WSS 8 dyne/cm? for 3 days) was measured in
HUVEGC:s subjected to recombinant ADAM17 protein
or transfected with JAM-A/F11R targeted siRNA or
scrambled control siRNA. While ADAM17 exposed
or JAM-A/F11R depleted endothelial cells displayed
an elongated morphology, they failed to align in the
direction of flow during the 3-day culture period com-
pared to control siRNA transfected HUVECs (Fig. 5).

Endothelial cells expressing the ADAM17 cleavage
resistant JAM-A/F11R align to flow direction

To address whether JAM-A/F11R is a direct substrate
for ADAM17, we employed site-directed mutagenesis
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to generate an ADAMI17 cleavage resistant human
JAM-A/F11R. HUVECs were transfected with either
wild-type JAM-A (WtJAM-A) or mtJAM-AYV?*?Y and
were subjected to flow (3 days at WSS 8 dyne/cm?)
with or without recombinant ADAM17. In HUVECs
expressing wtJAM-A, we detected an increased abun-
dance of the cleaved form of JAM-A/F11R, regardless
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of ADAM17 exposure. However, we noted that the
conditioned media of mtJAM-AY?2?Y expressed
HUVECs contained significantly reduced JAM-A/
F11R levels than that of wtJAM-A expressing cells
(Supplementary Fig. 2). Both wtJAM-A and mtJAM-
AY?%Y expressing HUVECs displayed an elongated
morphology and aligned to the direction of flow
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< Fig. 3 Increased ADAMI17 expression is accompanied by
reduced endothelial cell junction localized JAM-A/F11R. Rep-
resentative microphotographs for immunofluorescent stain-
ing for ADAM17 (shown in green, white arrow) and JAM-A/
F11R (shown in red, white arrow) in skeletal muscle arteries of
young (n=3) and aged (n=23) mice (scale bar: 20 pm). Nuclei
were stained with DAPI (blue). Elastic lamina interna is shown
as autofluorescence (AutoFl, in white). Lumen of the artery: lu
(a). Representative images of Western immunoblot and sum-
mary data (for protein expression of ADAM17 and JAM-A/
F11R in skeletal muscle arteries obtained from young (n=4)
and aged (n=4) mice (b). Representative microphotographs of
en face staining of JAM-A/F11R (shown in red) and VE-cad-
herin (show in green) in the aorta from young (n=6) and aged
mice (n=6) (¢, d). Immunocytochemistry of JAM-A/FI11R
(red) and VE-cadherin (green) in HUVECs cultured under
flow conditions (WSS =8 dyne/cmz, for 48 h) with or without
treatment with phorbol myristate acetate (PMA, 100 nM, acute
treatment for 2 h) (g, h). Nuclei were stained with DAPI (blue)
and merged images are also shown. Scale bars: 20 pm. Pear-
son’s correlation analyses of relative colocalization of JAM-A/
F11R and VE-cadherin expression, measured at cell junctions
(e, i). Summary data of the nuclei aspect ratio as calculated
using the long and short axis of the nuclei (f, j). Data are pre-
sented as box-and-whisker plots, in which the minimum, the
25th percentile, the median, the 75th percentile, and the maxi-
mum are shown, + indicates the mean of values. For statistical
analyses of data Studentatir test was used. *p <0.05 young vs.
aged

during the 72-h culture period (Fig. 6a, b, Fig. 6e—g).
These data indicate that the mutated JAM-A/FI11R
does not alter the normal WSS response. We found
that wtJAM-A expressing cells subjected to recom-
binant ADAM17 elongated but failed to efficiently
orient to the direction of flow (Fig. 6c, e, h). In con-
trast, mtJAM-AY?*?Y expressing  HUVECs were
elongated and aligned, even in the presence of
ADAMI17 (Fig. 6d, e, i). These results underscore
a specific defect in the WSS sensing mechanism by
which wild-type JAM-A/F11R expressing cells align
to the direction of flow after ADAMI17 exposure,
which is rescued by the ADAM17 cleavage resistant
mtJAM-AYZ2Y,

Focal, in vivo, overexpression of ADAM17 cleavage
resistant mutant mouse JAM-AY?*?Y improves

the WSS response, but does not reverse abnormal
remodeling in aged mice

To determine if aging-associated impairment of WSS
mechanosening and abnormal arterial remodeling
can be reversed, the AAV2QuadYF encoding an
ADAMI17 cleavage-resistant mutant mouse JAM-A/

FIIR (mtJAM-AY??Y AAV2QuadYF, labeled with
mCherry) was microinjected focally into the lumen
of the left (ipsilateral) skeletal muscle resistance
artery of the 30 months, aged mice. After 2 weeks
of confined intra-arterial delivery of the mtJAM-
AYP2Y AAV2QuadYF vector, we found that the
targeted skeletal muscle resistance artery segment
exhibited a significantly augmented WSS-induced
dilation, whereas the endothelium-dependent ago-
nist, ACh- and the direct NO donor SNP-induced
responses remained similar when compared to con-
tralateral artery of the aged mice (Fig. 7a—c). There
were however no significant changes observed in
the arterial wall thickness and wall-to-lumen-pres-
sure relationship, as well as the inner arterial lumen
diameter-pressure relationship in the mtJAM-AY?32Y
overexpressed artery segments when compared to the
contralateral artery of the aged mice (Fig. 7d—f).

Discussion

The present study aimed to test the hypothesis that
aging-related impairment in WSS mechanosensing is
the primary cause of abnormal remodeling in resist-
ance arteries. Our results indicate that in aging, an
upregulated ADAMI17 expression impairs the vascu-
lar endothelial WSS mechanosensory process lead-
ing to a lumen narrowing, hypertrophic remodeling
in skeletal muscle resistance arteries. In support, we
provide in vivo and in vitro evidence showing that
increased vascular expression of ADAM17, through
an excess cleavage of endothelial JAM-A/F11R, is
associated with impaired WSS-induced vasodila-
tion and diminished WSS-dependent endothelial
cell alignment. We conclude that aging-associated
reduction in endothelial cell WSS mechanosens-
ing and subsequently developed abnormal arterial
remodeling is mechanistically linked to increased
ADAM17-mediated excess cleavage of JAM-A/F11R,
the newly described member of endothelial WSS
mechanosensing.

In agreement with previous studies [21, 30, 34],
our present study found that a prominent vascular
remodeling occurs in aged mice. In skeletal mus-
cle resistance arteries of aged mice, we observed
a reduced luminal diameter, as well as increased
wall thickness and wall to lumen ratio, measured at
different intraluminal pressure levels (from 40 to
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<« Fig. 4 Impaired WSS mechanosensing and vascular remod-
eling after in vivo overexpression of ADAM17 in arteries of
young mice. Representative photo depicts a procedure of
intraarterial microinjection of ADAMI17 encoded adeno-
associated virus 9 (AAV9, labeled with mCherry) into the
left skeletal muscle artery of the young mice (a). Representa-
tive images of Western immunoblot for detecting protein
expression of ADAM17, mCherry, or eGFP in left (ipsilateral
injected) and contralateral (Cont) skeletal muscle arteries are
shown (b). Immunofluorescent staining for mCherry (shown
in red, white arrow) was employed to confirm endothelial
expression of the exogenous, AAV9 delivered ADAM17 in the
left (ipsilateral) skeletal muscle arterial endothelium (endo).
Interna elastic lamina (IEL) is shown in green with autofluo-
rescence (AutoFluor). Nuclei were stained with DAPI (blue)
(). Summary data (n=6-8, in each group) of percent diameter
changes of isolated left ipsilateral (ADAM17 AAV9 or eGFP
AAV9 injected) and right (contralateral) skeletal (m. gracilis)
arteries in response to increased flow/WSS (d, g) or cumula-
tive concentrations of acetylcholine (ACh, 107° to 10~ mol/L)
(e, h) and Ca®* ionophore, A23187 (10~ to 10~ mol/L) (f,
i). Summary data (n=6-8, in each group) of inner normal-
ized diameter (to initial diameter at 20 mmHg) (j, m), wall
thickness (k, n), and wall-to-lumen ratio (I, 0) in relation to
increases in intraluminal pressure from 20 to 100 mmHg in
isolated left ipsilateral (ADAM17 AAV9 or eGFP AAV9
injected) and right (contralateral) skeletal (m. gracilis) arter-
ies. Data are mean+ SEM. For data analyses repeated meas-
ures two-way ANOVA (ANOVA p value for the corresponding
effects are shown in the insets) with Sidak multiple compari-
sons were used. *p <0.05 contralateral vs. ipsilateral artery

100 mmHg), whereas the calculated circumferential
wall stress was reduced when compared to young
mice. This implies that resistance arteries of aged
mice undergo a hypertrophic inward vascular remod-
eling. Similar morphological changes are likely to
occur in hypertension when the resistance artery is
exposed to chronically elevated intraluminal pressure
in an attempt to normalize circumferential stress. In
this study, however, both systolic and diastolic arte-
rial blood pressures tended to decrease with age,
similar to previous reports [21, 30, 34], hence ques-
tioning the role of increased intraluminal pressure in
contributing to aging-related abnormal remodeling of
resistance arteries.

Previous studies have shown that a lumen narrow-
ing arteriolar remodeling also develops in response
to rapid cessation of intraluminal blood flow, which
is accompanied by increased vascular smooth mus-
cle cell proliferation and media thickening [8, 37].
On the other hand, an increase in blood flow induces
outward, hypotrophic arterial remodeling [1, 2] and

this is associated with recruitment of leukocytes and
secretion of matrix metalloproteinases, cytokines, and
extracellular matrix proteins [3, 32, 40, 43, 44]. In
their study, Pistea et al. found that cessation of flow
causes a rapid inward arterial remodeling in cultured
coronary arteries, in the absence of tissue metabo-
lites and blood-borne cells or chemokines [37]. The
authors concluded that inward remodeling is likely
to be mediated by the deficiency of flow-induced
endothelial production of NO [37], which normally
exerts vasodilator and antiproliferative effects on vas-
cular smooth muscle cells. Indeed, previous studies
have found that the NO agonist, acetylcholine (ACh)-
induced dilation is reduced in femoral, carotid, and
forearm conduit arteries in aged mice and humans,
whereas endothelium-independent dilation to the NO
donor, sodium nitroprusside (SNP) is not altered by
age (Donato, J Physiol 2011; Gioscia-Ryan, J Physiol
2014). Similar findings were observed in the soleus
muscle feeding artery in aged Fisher 344 rats (Trott
et al. J Appl Phys 2009). Results from our present
study however revealed no significant differences
in ACh-, calcium ionophore A23187-, and SNP-
induced dilations in skeletal muscle resistance arter-
ies in aged and young mice. It should be noted that
while in conduit vessels, NO, cGMP, and cGKI are
the major effectors of the ACh response, the contri-
bution of endothelium-dependent hyperpolarizing
factor (EDHF)-mediated dilation is more prominent
in resistance arteries (Koeppen et al. Hypertension
2004). Therefore, our results could be interpreted
that EDHF-mediated dilation as well as the respon-
siveness to an exogenous NO donor are preserved in
skeletal muscle resistance arteries of aged mice. It is
however possible that an upregulated EDHF response
compensates for the potentially impaired NO-medi-
ated vasodilation, such as reported earlier in hyper-
tension (Goto et al. Hypertension Research 2012), but
this scenario was not systematically assessed in our
current study.

Of note, in small resistance arteries, the major
stimulus to initiate endothelial production of NO is
the increase in wall shear stress [29]. Previous studies
evaluating age-related changes in vascular endothe-
lial function found that increases in flow results in a
reduced dilation of isolated coronary resistance arter-
ies in older adults [7] and in aged rats [9, 42]. Nota-
bly, in these studies, the authors did not calculate and
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<« Fig.5 ADAM17 activation or deletion of JAM-A/F11R
impairs WSS-dependent endothelial cell alignment. Endothe-
lial cell orientation was quantified in vitro in order to assess
WSS response as indicated by cell alignment relative to flow
direction. HUVECs were transfected with scrambled (Con-
trol) siRNA, exposed to recombinant ADAMI17 protein, or
transfected with JAM-A/F11R siRNA. HUVECs were then
subjected to WSS (8 dyne/cm? flow, for 72 h) and orientation
distribution frequency percentage relative to flow direction
was measured using the Image] directionality plugin or angle
measurement tool. Cell frequency in different orientation dis-
tribution (a—c), cell average orientation degree (d), and rep-
resentative images (e, f) obtained from 4 independent exper-
iments are shown at 0, 24, 48, and 72 h of culture. Data on
panel d are presented as box-and-whisker plots, in which the
minimum, the 25th percentile, the median, the 75th percen-
tile, and the maximum are shown, +indicates the mean of val-
ues. For statistical analyses, ordinary two-way ANOVA with
Sidak’s multiple comparison test was used. *p <0.05 compared
to control siRNA

assess the role of WSS in their experiments, so the
primary physical stimulus to initiate endothelial NO
production remains unknown. Interestingly, in their
study, Sun and his colleagues found that a reduced
flow-induced dilation is caused by impaired WSS
sensitivity in skeletal muscle resistance arteries of
adult rats [46]. Our present experiments, using iso-
lated skeletal muscle resistance arteries of aged mice,
revealed that WSS-induced vasodilation was not only
reduced in magnitude, but required a significantly
greater WSS level (~25 vs. 10 dyne/cm?, aged vs.
young respectively) to reach the maximum vasodila-
tor response. At any given flow rate, the calculated
WSS was found to be much higher in aged mice,
when compared to the arteries of young animals.
Along with these changes, we observed that the over-
all blood flow velocity in the femoral artery remains
unchanged in the aged mice. Therefore, our results
imply a significant reduction in the ability of endothe-
lium in aged resistance arteries to sense the biome-
chanical force, WSS. Our present results challenge
the current views and indicate a selective impairment
of WSS mechanosensing by the vascular endothe-
lium in aging, which in turn fails to initiate signaling
mechanisms, including WSS-induced production of
NO. This could lead to a diminished antiprolifera-
tive effect on vascular smooth muscle cells, thereby
promoting hypertrophic remodeling of the resistance
arteries in aged mice.

In this study, we also examined the mechanisms
that are responsible for age-related impairment
of endothelial WSS mechanosensing. Previously,
we reported that adipose tissue resistance arteries
of elderly human subjects and aged mice display
a significant upregulation of vascular endothelial
ADAM17, which is associated with TNF-mediated
remote coronary artery dysfunction [13]. ADAMI17-
dependent transactivation of epidermal growth fac-
tor receptor has been previously implicated in the
development of vascular wall hypertrophy which is
induced by angiotensin II [35, 47]. Because in our
current study we found an almost four-fold upregula-
tion of ADAM17 in the skeletal muscle arteries of
aged mice, we postulated a key mechanistic role of
ADAM17 in the development of impaired WSS sens-
ing and abnormal vascular remodeling. ADAM17 is
a crucial regulator of many physiological and patho-
logical functions, including inflammatory processes
and vascular development [20]. ADAMI17 exerts
its effects by proteolytic shedding of various cell
membrane-bound molecules, such as TNF, epider-
mal growth factor, transforming growth factor o, and
JAM-A/F11R, among others [19]. The proteolytic
cleavage of the ADAMI17-targeted molecule could
result in activation of cellular signaling pathways
[19] or alterations in the subcellular distribution of
the substrate [27, 39]. In this latter context, Koenen
et al. reported that ADAMI17-mediated cleavage of
JAM-A/F11R leads to a redistribution of JAM-A/
F11R from cellular junctions to the apical surface,
thereby making JAM-A/F11R accessible to support
the adhesion of leukocytes [27]. Because earlier it
was found that JAM-A/F11R can also act as a mech-
anosensor [41, 49], we raised the possibility that
ADAMI17 activation interferes with WSS mechano-
sensing through a process that involves ADAM17-
mediated cleavage of JAM-A/F11R. To test this pos-
sibility, first we determined the protein expression
and subcellular distribution of JAM-A/F11R using
Western immunoblotting and en face immunostain-
ing of the aorta from young and aged mice, as well
as employed endothelial cells with ADAMI17 acti-
vation cultured under steady WSS condition. We
observed that without changes in the overall expres-
sion, the endothelial cell junction-localized JAM-A/
F11R was significantly reduced in aged mice and
also in cultured endothelial cells with ADAM17
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<« Fig. 6 Endothelial cells expressing the ADAMI17 cleavage
resistant JAM-A/F11R sufficiently align to flow direction.
HUVECs were transfected with wild type human JAM-A/
F11R (wtJAM-A) or ADAMI17 cleavage resistant mutant
human JAM-A/F11R (mtJAM-AY??Y) plasmids and subse-
quently were exposed to recombinant ADAMI17 protein or
vehicle. HUVECs were subjected to WSS (8 dyne/cm? flow,
for 72 h) and orientation distribution frequency percentage
(a—d) relative to flow direction was measured using the ImageJ
directionality plugin or angle measurement tool. The average
orientation degree (e) and representative images (f—i) from 4
independent experiments are shown at 0, 24, 48, and 72 h of
culture. Data on panel e are presented as box-and-whisker
plots, in which the minimum, the 25th percentile, the median,
the 75th percentile, and the maximum are shown,+indicates
the mean of values. For statistical analyses, ordinary two-way
ANOVA with Sidak’s multiple comparison test was used.
*p <0.05 compared to wtJAM-A + vehicle group

activation. We also found that JAM-A/F11R depleted
endothelial cells cultured under steady WSS condi-
tions were elongated but failed to align in the direc-
tion of flow. Thus, unveiling a novel role for JAM-A/
F11R in the endothelial WSS mechanosensory pro-
cess, particularly in sensing flow direction. In addi-
tion, after overexpression of ADAMI17 cleavage
resistant JAM-A/F11R (mtJAM-AV232Y), we found
that endothelial cells were efficiently elongated and
aligned to the direction of flow, even after ADAM17
activation. These results underscore a specific defect
in sensing WSS and flow direction after ADAM17
activation, which is likely to be mediated by the
excess cleavage and redistribution of the endothelial
cell junction-localized JAM-A/F11R.

Because results obtained in the mouse aorta
cannot be directly extrapolated to resistance arter-
ies, and due to limitations inherent of cultured
endothelial cells, the role of upregulated ADAM17
and JAM-A/F11R in contributing to aging-related
impairment of WSS sensing and abnormal arte-
rial remodeling experiments were also performed
in vivo. To that end, a confined, unilateral intra-arte-
riolar delivery of AAV encoding mouse ADAM17
or the ADAMI17 cleavage resistant mutant mouse
JAM-A/F11R  (mtJAM-AY?®?Y) was utilized in
young or aged mice, respectively. Two weeks after
the AAV-mediated overexpression of ADAM17, the
targeted skeletal muscle resistance artery segment,
but not the contralateral control, of young mice dis-
played a reduced WSS-induced vasodilation, which

was accompanied by vascular wall hypertrophy
and increased wall to lumen ratio. Neither agonist-
induced vasodilation nor the luminal diameter,
measured at different intraluminal pressure levels,
was changed significantly by the focal delivery of
mouse ADAMI17. These results obtained in young
mice recapitulate the aged vascular phenotype that
ADAMI17 induces a selective impairment of WSS
mechanosensing and elicits a hypertrophic arterial
remodeling. Using a similar, AAV-mediated gene
delivery approach, the ADAMI17 cleavage-resistant
mutant mouse JAM-A/F1IR (mtJAM-AY?*?Y) was
focally overexpressed in the skeletal muscle resist-
ance artery segment of the aged mice. Notable,
2 weeks after delivery of the ADAMI17 cleavage-
resistant mouse JAM-A/F11R, the impaired WSS-
induced vasodilator response was reversed and
normalized in the aged mice when compared to con-
tralateral artery segment. We observed no reversal
effects on vascular wall hypertrophy and luminal
dimension and found no changes in vasodilation in
response to agonists in skeletal muscle resistance
artery segments expressing the cleavage-resistant
mtJAM-AY?*2Y, Results from these rescue experi-
ments obtained in the aged mice signify the role of
ADAMI17 in excess cleavage of JAM-A/F11R in the
aged arteriolar wall leading to impaired WSS mech-
anosensing. The inability to reverse age-related vas-
cular hypertrophy can be interpreted that although
there might be more NO production and inhibition
of vascular smooth muscle proliferation, it might
need a longer time to achieve significant effects
compare to the contralateral arteries. The other way
to interpret is ADAMI17-dependent mechanisms
other than JAM-A/F11R cleavage, such as mediated
by epidermal growth factor receptor transactivation
[35, 47] may also play a role in this process, a sce-
nario that has yet to be examined in future studies.
Vascular remodeling is uniquely driven by
mechanical forces from blood flow in which WSS
mechanosensing by the endothelial cells plays a piv-
otal role [1, 2]. Schwartz and his colleagues recently
proposed a concept in which the vascular endothe-
lium encodes a WSS set point, which governs vas-
cular remodeling and has major implications in vas-
cular development and vascular graft adaptation,
among others [3]. In the present study, we describe a
novel mechanism, by which the ADAMI17-mediated
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reduced mechanosensing of WSS, rather than the
magnitude of flow, and therefore, the absence of
WSS-initiated signaling mechanisms (e.g., diminish-
ing release of vasodilator and antiproliferative NO)
determines hypertrophic, lumen narrowing remod-
eling of small resistance arteries in aging (Fig. 7g).
Based on our results, we propose that an augmented
ADAMI17-mediated cleavage and redistribution of
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JAM-A/F11R underlie the aging-related impair-
ment of WSS sensing mechanisms, which results in
an abnormal, lumen narrowing vascular remodeling
in aging. Conceptually, ADAM17 could prove to be
a direct, novel regulator of WSS mechanosensing,
whereby it can play a crucial role in the control of
both normal vascular growth and pathological vascu-
lar remodeling.
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<« Fig. 7 Focal overexpression of ADAMI7 cleavage resist-
ant mouse JAM-AY??Y augments WSS-induced vasodilation
in aged mice. Summary data (n=3, in each group) of percent
diameter changes of isolated left ipsilateral (mutant mouse
JAM-AY??Y  AAV2QuadYF injected) and right (contralat-
eral) skeletal (m. gracilis) arteries in response to increased
WSS (a) or cumulative concentrations of acetylcholine (ACh,
10~ to 107® mol/L) (b) and NO donor, sodium nitroprus-
side (SNP, 10~ to 10™ mol/L) (c). Summary data (n=3, in
each group) of inner normalized diameter (to initial diameter
at 20 mmHg) (d), wall thickness (e), and wall-to-lumen ratio
(f) in relation to increases in intraluminal pressure from 20 to
100 mmHg in isolated left ipsilateral (mtJAM-AY>*2Y AAV-
2QuadYF injected) and right (contralateral) skeletal (m. graci-
lis) arteries. Data are mean+SEM. For data analyses repeated
measures two-way ANOVA (ANOVA p value for the corre-
sponding effects are shown in the insets) with Sidak multiple
comparisons were used (contralateral vs. ipsilateral artery). (g)
Schematic drawing illustrates the proposed novel mechanism
in which reduced mechanosensing of WSS (), rather than the
magnitude of flow (Q), determines reduced vasodilation and
abnormal remodeling of small resistance arteries in aging. In
young mice (left) small resistance arteries with normal WSS
sensing, JAM-A/F11R participates in WSS mechanosens-
ing and NO production to induce vasodilation and to exert an
anti-proliferative effect on the vascular smooth muscle cells.
In arteries of aged mice (right) an augmented ADAM17-medi-
ated cleavage and redistribution of JAM-A/F11R underlies
impaired WSS sensing, which leads to a reduced vasodila-
tion and promotes vascular smooth muscle cells proliferation,
thereby causing an inward hypertrophic arterial remodeling,
independent of blood flow velocity and even in the presence of
increased WSS levels
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