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Abstract The human brain requires adequate cerebral
blood flow to meet the high demand for nutrients and to
clear waste products. With age, there is a chronic reduc-
tion in cerebral blood flow in small resistance arteries that
can eventually limit proper brain function. The
endothelin system is a key mediator in the regulation of
cerebral blood flow, but the contributions of its constitu-
ent receptors in the endothelial and vascular smooth
muscle layers of cerebral arteries have not been well
defined in the context of aging. We isolated posterior
cerebral arteries from young and aged Fischer 344 rats, as
well as ETg receptor knock-out rats and mounted the
vessels in plexiglass pressure myograph chambers to
measure myogenic tone in response to increasing pres-
sure and targeted pharmacological treatments. We used
an ET, receptor antagonist (BQ-123), an ETg receptor
antagonist (BQ-788), endothelin-1, an endothelin-1 syn-
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thesis inhibitor (phosphoramidon), and vessel denudation
to dissect the roles of each receptor in aging vasculature.
Aged rats exhibited a higher myogenic tone than young
rats, and the tone was sensitive to the ET, antagonist,
BQ-123, but insensitive to the ETy antagonist, BQ-788.
By contrast, the tone in the vessels from young rats was
raised by BQ-788 but unaffected by BQ-123. When the
endothelial layer that is normally enriched with ETg;
receptors was removed from young vessels, myogenic
tone increased. However, denudation of the endothelial
layer did not influence vessels from aged animals. This
indicated that endothelial ETg; receptors were not func-
tional in the vessels from aged rats. There was also an
increase in ET, receptor expression with age, whereas
ETg receptor expression remained constant between
young and aged animals. These results demonstrate that
in young vessels, ETg; receptors maintain a lower myo-
genic tone, but in aged vessels, a loss of ETp receptor
activity allows ET4 receptors in vascular smooth muscle
cells to raise myogenic tone. Our findings have poten-
tially important clinical implications for treatments to
improve cerebral perfusion in older adults with diseases
characterized by reduced cerebral blood flow.

Keywords ET, receptors - ETg receptors - Fischer 344
rats - Myogenic tone - Cerebral artery

Introduction

Despite its relatively small size, the human brain con-
sumes large quantities of oxygen and glucose, and
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accounts for 20% of human caloric expenditure [5, 61].
Functional activity in the brain requires adequate cere-
bral blood flow to meet the high demand for nutrients
and to clear carbon dioxide and metabolic waste prod-
ucts [29, 86]. The use of radiolabeled oxygen with
positron emission tomography, pulsed arterial spin la-
beling, and transcranial Doppler ultrasonography has
revealed that with age, there is a chronic reduction in
cerebral blood flow in humans that leads to hypoperfu-
sion [9, 47, 50, 78, 90]. Chen et al. observed that rates of
cerebral blood flow in the cortical gray matter drop
nearly 20% from ages 30 to 70 years. This age-related
decline in cerebral blood flow can eventually be accom-
panied by deficits in oxygen and glucose consumption
that limit proper brain function (reviewed in [37]). The
dynamic regulation of cerebral blood flow is mediated
in part by the endothelin (ET) system which controls the
myogenic tone of cerebral vessels [33, 59]. Myogenic
tone refers to a state of sustained contraction in the
vascular smooth muscle cell layer that controls the lu-
minal diameter of the vessel, and in turn, the volume of
blood that travels through it [36]. Thus, contributions of
the ET system to a heightened myogenic tone may be
associated with reduced cerebral blood flow in the set-
ting of advanced age.

The ET system comprises two ET receptors, ET 5 and
ETg, which respond to endogenous endothelins to reg-
ulate blood vessel diameter [25]. There are three endog-
enous ET peptides (ET-1, ET-2, and ET-3) that activate
the ET receptors. ET-1 is the predominant isoform in the
human vasculature, but each isoform has similar effects
on vascular tone and they primarily differ in terms of
binding affinity and tissue distribution (reviewed in
[14]). In endothelial cells, ET-1 is biosynthesized from
big ET-1 by endothelin-converting enzymes (ECEs) and
then stored in Weibel-Palade bodies to be released upon
stimulation [51]. ET-1 is also stored in secretory vesicles
and is released constitutively through a cyclic AMP-
independent mechanism to maintain basal vascular tone
(for review [19, 63]). The predominant ECE, ECE-1, is
a membrane-bound phosphoramidon (PPA)-sensitive
metalloprotease that catalyzes the conversion of big
ET-1 to ET-1 in humans [19]. ETy receptors are
subdivided into two splice variants, ETg; and ETg,,
which are not known to differ in ligand binding, but
do differ in tissue localization as well as ET-1 response
[22, 70]. ET4 and ETg; receptors are expressed in the
vascular smooth muscle cell layer and cause vasocon-
striction through elevation of intracellular calcium in
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response to ET-1 released from the endothelial cell layer
[14, 15, 25, 60, 89, 92]. ET4 and ETg, receptors gener-
ally mediate the normal increases in myogenic tone,
fibrogenesis, and pro-inflammatory processes associat-
ed with ET-1 [21, 65]. In healthy vessels, these effects
are balanced by the effects of ETg; receptors in the
endothelial cell layer which facilitate the release of
nitric oxide (NO) and prostaglandins to stimulate
vasodilation in response to ET-1 [14, 57, 73]. Al-
though each ET receptor is important to the mainte-
nance of proper vascular function, the baseline myo-
genic tone and response to ET peptides is thought to
be a function of the balance between vascular smooth
muscle and endothelial ET receptors within the vas-
cular bed [70]. Thus, an imbalance between ET re-
ceptor function in the vascular smooth muscle cell
layer and endothelium could contribute to cerebral
artery dysfunction in aging.

Although a decline in cerebral blood flow with
age has been well characterized, the role of the ET
system in this process has not been established. The
primary objective of this study was to examine how
the contributions of the ET system to myogenic tone
change with age using a common rodent model of
aging, the Fischer 344 rats. Posterior cerebral arter-
ies (PCAs) were isolated from young and aged male
Fischer 344 rats and subjected to a controlled range
of intraluminal pressures. We used selective ET
receptor antagonists, ET-1 synthesis inhibitors, re-
moval of the endothelium, and transgenic ETg
knock-out rats to dissect the role of each ET recep-
tor in the maintenance of myogenic tone in the
PCAs of young and aged rats.

Methods
Animals

The animal protocols in this study conformed to the
guidelines of the Canadian Council on Animal Care
and were approved by the Dalhousie University Com-
mittee on Laboratory Animals. The care and experimen-
tal use of animals was planned with respect to the
Animal Research: Reporting In Vivo Experiments
(ARRIVE) guidelines [42]. Animals were maintained
on a 12-h light/dark cycle with ad libitum access to food
and water in the Animal Care Facility at Dalhousie
University. Three-month-old male Fischer 344 rats were
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purchased from Charles River Laboratories (St. Con-
stant, QC) and were aged in the animal care facility at
Dalhousie University.

The transgenic rats, commonly known as spotted
lethal rats, were of Wistar-Kyoto background [43].
These rats were used in experiments when they were
3-6 months of age, comparable to the young male Fi-
scher 344 rats. Spotted lethal rats have a 300 base pair
deletion of the EDNRB gene and do not produce func-
tional ETg, or ETg, receptors [27]. Herein, rats with one
functional copy of the EDNRB gene are referred to as
heterozygous and those without a functional EDNRB
gene are referred to as ETg knock-out (ETg-KO) rats.
Heterozygous rats were obtained as a generous gift from
Dr. Thomas Yorio (University of North Texas) and were
subsequently bred in-house to produce wild-type and
ETg-KO rats. Rats were genotyped using DNA isolated
from ear punches with the KAPA2G hot-start mouse
genotyping kit (Sigma-Aldrich; Burlington, ON). The
EDNRB allele was genotyped using custom PCR
primers (forward: 5'-AGCCGGTGCGGACG
CGCCTT-3"; reverse: 5'-CACGACTTAGAAAG
CTACAC-3). In this work, only male rats were includ-
ed. We recognize this as a limitation for generalization
of the observations between sexes.

Vessel perfusion experiments

Young (3-6 months) and aged (14-22 months) rats were
injected with heparin (3000 U/kg) via intraperitoneal
(i.p.) injection to inhibit blood coagulation and deeply
anaesthetized with sodium pentobarbital (IP, 220
mg/kg). The brains were immediately removed from
the cranial cavity after decapitation and placed in cold
HEPES-physiological saline solution (HEPES-PSS; in
mM: 145 NaCl; 5 KCl; 5 D-glucose, 10 HEPES; 1
MgCl,) at pH 7.3 and 37 °C. The posterior cerebral
arteries (PCAs) were carefully cleared from surrounding
connective tissue and second or third-order branches of
100-150 wm were prepared as per Shipley and Muller-
Delp and Mandala et al. PCAs were used as they are an
example of cerebral resistance arteries with relatively
few branches and can be easily cannulated and pressur-
ized without leaks. The PCA also has been used previ-
ously to investigate pressurized cerebral arteries in the
rat model and to examine cerebral artery smooth
muscle-endothelium interactions [49, 58, 84, 85]. Mid-
dle cerebral arteries were overly branched and not ame-
nable to these experiments.

Vessels were mounted in a plexiglass pressure myo-
graph chamber (Living Systems Instrumentation, Bur-
lington, VT) filled with HEPES-PSS. The proximal ends
of arterial segments were mounted to the inflow cannula
and perfused with HEPES-PSS at 25 mmHg for 10 min
to rinse out intraluminal blood. After the 10-min rinse,
the distal end of each vessel segment was tied. The entire
pressure chamber was placed on the stage of a Nikon
Eclipse TS100 inverted microscope (Nikon Instruments
Inc.; Melville, NY) equipped with a Panasonic GP-CD60
camera (Panasonic Canada Inc.; Mississauga, ON) and
the pClamp version 8.1 analysis software (Molecular
Devices; Sunnyvale, CA) to monitor intraluminal diam-
eter. The PCAs were pressurized to a baseline
intraluminal pressure of 20 mmHg using a pressure
servo-control unit (Living Systems Instrumentation, Bur-
lington, USA). The PCAs were constantly superfused at
4 mL/min with HEPES-PSS. To facilitate active resis-
tance to increased pressure, the physiological salt solu-
tion was appropriately supplemented with 2.8 mM
CaCl,. To establish pressure curves, intraluminal pres-
sure was increased from 20 to 200 mmHg in increments
of 20 mmHg and held for approximately 5 min at each
pressure point. PCA diameter was monitored at each
pressure point and the measurement was taken once the
diameter was stable. Pressure curves were constructed for
vessels in the absence of drug and these served as the
control group. In separate vessels, drugs were added to
the perfusate and vessels were equilibrated before a new
pressure curve was produced. Myogenic tone was calcu-
lated at each pressure point as (A(diameter in 0 mM
CaCl, buffer—diameter in 2.8 mM CaCl, buffer)/diame-
ter in 0 mM CaCl, buffer) * 100%. Each vessel was
derived from one animal and each vessel was only used
once in either a control or a drug-treatment experiment.

Drug treatments

For experiments involving treatments with BQ-123 [40]
and BQ-788 [38] (Sigma-Aldrich; Burlington, ON), the
drugs were added to the superfusion buffer and vessels
were equilibrated for 30 min before the pressure was
altered. We selected the concentrations of the ET an-
tagonist (BQ123) and the ETp antagonist (BQ788)
based on concentrations of these drugs used to block
the effects of ET-1 in previous studies of resistance
arteries [2, 3, 24, 48, 80]. For experiments that involved
PPA (Sigma-Aldrich; Burlington, ON), the drug was
also added 30 min prior to any change in pressure.
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PPA binds to the catalytic domain of ECE-1 and inhibits
the synthesis and secretion of ET-1 [51, 87]. PPA is not
selective for ECE-1, as it efficiently blocks the neutral
endopeptidase (NEP) activity, which increase vasodila-
tors such as atrial natriuretic peptide and bradykinin
[19].

For experiments where arteries were denuded to re-
move the endothelial cell layer, the vessels were perfused
with 0.3% 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS) detergent for 5 min at
25 mmHg and rinsed with HEPES-PSS for approximate-
ly 10 min. Successful denudation for each vessel with
CHAPS perfusion was confirmed by examining
carbachol-induced vasodilation as per Ho and Hiley
[34]. Carbachol-induced vasodilation was abolished in
successfully denuded vessels but maintained in sham
perfused vessels (data not shown).

Reverse transcription quantitative PCR

Reverse transcription quantitative PCR (RT-qPCR) was
used to measure the expression of ET, receptors (for-
ward: 5-GGCCCTTGGAGACCTTATCTAC-3', re-
verse: 5'-TGCTCTGTACCTGTCCACACT-3'), ETy
receptors (forward: 5'-CCCTTCACCTCAGC
AGGATT-3', reverse: 5'-CAGCAGCACAAACA
CGACTTA-3"), and von Willebrand factor (VWF; for-
ward: 5'-TTTGCTCAGGGACATGGCTTA-3', re-
verse: 5'-AGGTGAGGGCCAGAACTAACA-3"). Be-
ta-actin was used as a reference gene (forward: 5'-
CCCGCGAGTACAACCTTCTT-3', reverse: 5'-
GACCCATACCCACCATCACA-3"). The mRNA
abundance of each gene was compared between the
PCAs of young and aged Fischer 344 rats. VWF mRNA
was used as a surrogate marker for endothelial number
as VWF mRNA abundance is tightly correlated with the
number of endothelial cells in each sample [93].

To perform RT-qPCR, PCAs were first carefully
dissected from the rat brains, blotted dry, and weighed
prior to homogenization in 600 uL RLT buffer (Qiagen)
supplemented with 40 mM dithiothreitol (DTT). The
tissues were subsequently passed several times through
a 23-gauge needle. Total RNA was isolated from the
homogenate using the RNeasy® mini kit (Qiagen).
RNA was eluted in 30 pL RNase-free water. To produce
cDNA, the total RNA was supplemented with 4 pM
oligodT (12-18 nt) and 0.8 mM dNTP mix and incubat-
ed at 65 °C for 5 min. The mixture was then added to the
first strand buffer containing 5 mM DTT, 2 U/uL
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RNaseOUT RNase inhibitor, in the presence (+RT) or
absence (—RT) of 10 U/uL SuperScript III reverse-
transcriptase (Invitrogen), incubated at 50 °C for 1 h
and inactivated at 70 °C for 15 min. For each qPCR
reaction, 1 puL of cDNA was combined with 2 uL of
10X LightCycler® FastStart DNA Master SYBR Green
I (Roche), supplemented to contain 1 mM MgCI2 and
0.5 pM forward and reverse oligomers, and topped to 20
puL with nuclease free water. The reaction parameters
consisted of 95 °C for 10 min followed by 50 cycles of
95-62-72 °C for 10 s each, with fluorescent capture after
every cycle. A melt curve was produced for every
reaction to verify that the amplification was of a single
product and consistent among all samples.

Statistical analyses

Statistical analyses were performed using GraphPad
Prism Version 6.0 (GraphPad Software Inc., USA). All
data are presented as the mean + standard error of the
mean. The repeated ¢ test with Holm-Sidak correction
for multiple comparisons was used to analyze experi-
ments with two datasets. The repeated-measures two-
way ANOVA with Tukey’s multiple comparisons test
was used for experiments that included three datasets to
be compared. For all analyses, the threshold for signif-
icance was P < 0.05.

Results
Basal myogenic tone is elevated in aged Fischer 344 rats

To define the baseline myogenic tone in the young and
aged groups of Fischer 344 rats, PCAs were isolated
from the rats and subjected to intraluminal pressures
ranging from 20 to 200 mmHg. In the presence of
calcium, the PCAs were capable of autonomous con-
traction which allowed the vessels to maintain a constant
diameter and resist an initial increase in pressure. How-
ever, PCAs were eventually overwhelmed by pressure
and forced to dilate. In the absence of calcium, autono-
mous contraction was inhibited, and the vessel diameter
was dictated by the intraluminal pressure. Diameters of
the PCAs were measured throughout the full range of
intraluminal pressures over a period of 50 min in the
presence or absence of 2.8 mM CaCl, to control the
potential for autonomous contraction (Fig. 1a-d). This
yielded a paired dataset, with and without calcium that
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was used to calculate myogenic tone (Fig. 1e). Myogen-
ic tone was calculated as the absolute difference be-
tween diameter of the PCAs between these conditions
as a fraction of the diameter in the absence of calcium at
each pressure point. In young rats, the baseline myo-
genic tone peaked at 32.9% at 80 mmHg (Fig. 1f). In
aged rats, the myogenic tone peaked at 47.0% at 100
mmHg. The difference in tone remained significant
between 60 and 160 mmHg. Thus, the baseline myo-
genic tone was higher in aged rats compared to the
young rats.

Contributions of ET 5 and ETg receptors to myogenic
tone in young and aged Fischer 344 rats

To determine if the increased myogenic tone in aged rats
was linked to ET4 receptor-dependent signaling, the
myogenic tone of PCAs from young and aged rats
was calculated in the presence and absence of the
selective ET, receptor antagonist BQ-123 (1 puM).
BQ-123 did not affect the tone of PCAs from young
rats (Fig. 2a, Fig. S1A). In contrast, the peak myo-
genic tone decreased from 47.0 to 40.2% at
100 mmHg in the presence of BQ-123 in PCAs from
aged rates, and the difference was significant from
120 to 180 mmHg relative to the untreated control
(Fig. 2b, Fig. S1B). This indicated that the aged
vasculature was more sensitive to ET, receptor
blockade and suggested that ET, receptor-
dependent signaling in the PCA may be enhanced
with age. Furthermore, the blockade of ETy4
receptor-dependent effects on myogenic tone was
more pronounced at high intraluminal pressures.

The role of ETg receptor-dependent signaling in the
myogenic tone of young and aged PCAs was probed
using an ETp receptor-selective antagonist. The myo-
genic tone of the PCAs was determined in the presence
of'the selective ETy receptor antagonist BQ-788 (1 pM)
to block ETg receptor-dependent effects on myogenic
tone. Consistent with the role of endothelial ETg; re-
ceptor signaling in vasodilation, inhibition of ETg
receptor-dependent signaling caused an increase in peak
myogenic tone from 32.9 to 44.5% at 80 mmHg in
young vasculature and the difference remained signifi-
cant between 60 and 120 mmHg (Fig. 2c, Fig. S1C).
This pattern of increased tone following ETg receptor
blockade was not observed in the aged PCA prepara-
tions (Fig. 2d, Fig. SID). This indicated that only the
young vasculature was sensitive to the effects of ETg

receptor inhibition and that ETg receptor-dependent
mechanisms may contribute more to myogenic tone in
young rats. Also, of note, the effects of ETy receptor
inhibition in young vasculature were more pronounced
in the middle portion of the pressure range as opposed to
the high end observed with ET4 receptor inhibition in
aged PCAs.

To determine if there were differences in endothelin
receptor expression between young and aged animals,
RT-qPCR was used to measure the mRNA abundance
of ET and ETy receptors in the PCAs of young and
aged Fischer 344 rats. The qPCR results indicated that
ET 4 receptor expression increased with age (from ~ 6 to
~ 18 months of age) (Fig. S2A). In contrast, there was no
change in ETg receptor expression between the young
and aged groups of Fischer 344 rats (Fig. S2B). We also
found a reduction in VWF mRNA abundance in aged
rats which was indicative of a reduced number of endo-
thelial cells in the aged vessels (Fig. S2C). Taken to-
gether, these results demonstrate that the vascular
smooth muscle cells in aged vessels express higher
levels of ET s receptors. However, there was no differ-
ence in overall quantities of ETg; and ETg, receptors
between young and aged vessels despite a potential
decrease in endothelial cell number.

Influence of the endothelium and ET-1-dependent
signaling on myogenic tone in young and aged Fischer
344 rats

To determine the influence of the endothelium on the
myogenic tone in cerebral vessels of young and aged
rats, we denuded vessels to remove only the endotheli-
um which expresses the ETg; receptors responsible for
vasodilation. Denudation of PCA endothelial cells by
CHAPS detergent perfusion increased the myogenic
tone in the young vasculature and the difference was
significant at 60, 80, and 160 mmHg (Fig. 3a, Fig. S3A).
The peak myogenic tone in the young PCAs was raised
from 32.9 to 42.9% at 80 mmHg. In the aged rats, there
were no differences observed following removal of the
endothelial cell layer (Fig. 3b, Fig. S3B). The peak
myogenic tone in the aged PCAs was shifted from
47.0 at 100 mmHg to 44.0% at 120 mmHg. These data
indicate that the removal of the endothelial cell layer
affected myogenic tone in PCAs from young, but not
aged, rats.

As ET-1 acts on ET, and ETg, receptors in vascular
smooth muscle cells to increase myogenic tone, we

@ Springer
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Fig. 1 Myogenic tone in PCAs isolated from young and aged
Fischer 344 rats. Intraluminal pressure was increased from 20 to
200 mmHg in young (n = 10) and aged (n = 9) rat PCAs incubated
in 2.8 mM CaCl, or 0 mM CaCl, with 4 mM EGTA. Vessel
diameter was recorded at each pressure point over a period of 50
min. a Young vessel diameter measured with increased pressures
in 2.8 mM CaCl,. b Young vessel diameter measured with in-
creased pressures in 0 mM CaCl,. ¢ Aged vessel diameter mea-
sured with increased pressures in 2.8 mM CaCl,. d Aged vessel
diameter measured with increased pressures in 0 mM CaCl. e
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Fig. 2 Influence of ET and ETjy inhibition on myogenic tone in
PCAs from young and aged Fischer 344 rats. a Myogenic tone in
the PCAs of young rats in the presence (n = 7) or absence (n = 10)
of the ET4 antagonist BQ-123 (1 uM). b Myogenic tone in the
PCAs of aged rats in the presence (n = 5) or absence (n = 9) of the
ET4 antagonist BQ-123 (1 uM). ¢ Myogenic tone in the PCAs of
young rats in the presence (n = 6) or absence (n = 9) of the ETg

hypothesized that a blockade of ET-1-dependent signal-
ing would reduce the myogenic tone in young and aged
rats. Endogenous production of ET-1 was indirectly
blocked by the direct inhibition of endothelin-
converting enzyme-1 (ECE-1) using 3-uM PPA in
the perfusion buffer for 30 min prior to the exper-
iment. Surprisingly, in the PCAs from young ani-
mals, the PPA treatment raised the peak tone from
32.9 to 42.5% at 80 mmHg and produced an in-
crease in the myogenic tone at 100 and 120 mmHg
(Fig. 3c, Fig. S3C). This increase in tone was only

0 20 40 60 80 100 120 140 160 180 200

Pressure (mmHg)
©- Aged -@= Aged+BQ-778
antagonist BQ-778 (1 uM). d Myogenic tone in the PCAs of aged
rats in the presence (n = 6) or absence (n = 9) of the ETp antagonist
BQ-778 (1 uM). * P < 0.05 vs. antagonist treatment at each
pressure point. Significance was determined using repeated un-

paired ¢ tests with Holm-Sidak correction for multiple comparisons
at each pressure point

observed in young denuded vessels at 40 mmHg
(Fig. 3d, Fig. S3D). As expected, in aged PCAs,
the PPA treatment produced a significant decrease
in tone at the high end of the pressure range, from
120 to 180 mmHg (Fig. 3e, Fig. S3E). This would
be consistent with a pattern of ET-1 release acting
on ET, and ETp, receptors to maintain myogenic
tone in response to increased pressure. These data
indicate that ET-1 maintains a raised myogenic tone
in the microvasculature of aged animals but may
depress myogenic tone in young animals.
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Fig. 3 Influence of vessel denudation and inhibition of ET-1
biosynthesis on myogenic tone in PCAs from young and aged
Fischer 344 rats. Endogenous ET-1 biosynthesis was inhibited
using phosphoramidon (PPA; 3 uM) to inhibit endogenous
endothelin-converting enzyme-1 (ECE-1). a Myogenic tone in
the PCAs of young rats before (n = 10) and after (n = 5) denuda-
tion. b Myogenic tone in the PCAs of aged rats before (n = 9) and
after (n = 3) denudation. ¢ Myogenic tone in the PCAs of young

ETg knock-out rats recapitulate the dysfunction of aging
vessels

To further dissect the role of ETg receptors in regulating
myogenic tone in the rat PCA, we employed wild-type,
heterozygous, and ET-KO rats. The baseline myogenic
tone of wild-type rats was no different from the tone of
the young Fischer 344 rats (Fig. S4). In wild-type rats,
the myogenic tone peaked at 29.9% at 80 and
100 mmHg (Fig. 4, Fig. S5). In ETg-KO rats, the
myogenic tone was comparable to the aged Fischer
344 rats (Fig. S6). The myogenic tone in vessels from
these animals peaked at 44.5% at 120 mmHg and was
elevated relative to wild-type rats from 40 to 200
mmHg. The myogenic tone in heterozygous rats peaked
at 41.8% at 100 mmHg but was only significantly
elevated from 120 to 160 mmHg relative to wild-type
rats. From 180 to 200 mmHg, the myogenic tone of
wild-type and heterozygous rats was depressed while
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rats before (n = 10) and after (n = 4) treatment with PPA. d
Myogenic tone in the denuded PCAs of young rats before (n =
5) and after (n = 4) treatment with PPA. e Myogenic tone in the
PCAs of aged rats before (n = 9) and after (n = 5) treatment with
PPA. * P <0.05 vs. treatment with PPA and/or denudation at each
pressure point. Significance was determined using repeated un-
paired ¢ tests with Holm-Sidak correction for multiple comparisons
at each pressure point

the tone in ETg-KO rats remained elevated. This may
highlight a role of ETg, receptors in vasorelaxation at
extremely high pressures.

We used young vessels as an example of functional
ETg receptors with young denuded vessels to represent
the loss of only ETg; receptors, and vessels from ETp-
KO rats to demonstrate the loss of both receptors. We
observed that the aged vessels were most like the ETp-
KO vessels from 60 to 160 mmHg but were most like
denuded young vessels at the extreme ends of the pres-
sure range. We also found that the vessels from ETg-KO
rats did not significantly differ in myogenic tone from
young denuded vessels until 200 mmHg intraluminal
pressure (Fig. S7). This indicated that removal of the
endothelium, containing only ETp; receptors, achieved
nearly the same effect as a knock-down of all ETg
receptors through most of the pressure range.

To confirm that the altered myogenic tone was due to
the EDNRB genotype, the experiments in ET-KO and
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wild-type rats were conducted in new vessels treated
with either BQ-123 or BQ-788. The selective ETy re-
ceptor antagonist, BQ-788, had no effect on the myo-
genic tone in ETg-KO rats but significantly enhanced
the tone from 40 to 160 mmHg in wild-type rats (Fig. 5,
Fig. S8). This confirmed that the PCAs from ETg-KO
rats exhibited a complete loss of sensitivity to BQ-788.
The selective ET 5 antagonist, BQ-123, had no effect on
the myogenic tone in wild-type rats but had a small
effect in ET-KO rats, although the effect was only
statistically significant at 160 mmHg.

Discussion

The purpose of this study was to define the contributions
of ET, and ETg receptors to myogenic tone in the
cerebral microvasculature of young and aged Fischer
344 rats. Our findings are summarized in Fig. 6. We
found that aged rats exhibited a higher baseline myo-
genic tone relative to young rats, and that the tone in
these aged vessels was lowered with the ET 4 receptor
antagonist, BQ-123, but was insensitive to the ETg; and

70+

0 20 40 60 80 100120140160 180 200
Pressure (mmHg)

== Wild-type

8- ETKO

=A= Heterozygous

Fig. 4 Effect of ETg knockout (ETg-KO) on myogenic tone in
wild-type and genetically modified heterozygous and ETp-KO
Wistar-Kyoto rats. Myogenic tone was determined for vessels
from wild-type (n = 5), heterozygous (n = 4), and ETp-KO rats
(n = 6). Tone was calculated as the difference in diameter in the
presence and absence of calcium, as a fraction of the diameter in
the absence of calcium. * P < 0.05 wild-type vs. ETg-KO. # P <
0.05 wild-type vs. heterozygous. ~ P < 0.05 ET-KO vs. hetero-
zygous. Significance was determined by repeated-measures two-
way ANOVA with Tukey’s multiple comparisons test to deter-
mine the effect of genotype at each pressure point

ETg, receptor antagonist, BQ-788. In contrast, the myo-
genic tone in the vessels from young rats was raised by
BQ-788 but unaffected by BQ-123. When vessels from
the young rats were denuded by CHAPS perfusion to
remove the endothelial layer that is normally enriched
with ETg; receptors, the myogenic tone became elevat-
ed, but denudation had no effect on the vessels from
aged animals. This indicated that ETg, receptors in the
endothelium, which normally lower myogenic tone,
were not functional in the vessels from aged rats. Fur-
thermore, inhibition of endogenous ET-1 biosynthesis
raised the myogenic tone in vessels from young rats.
However, the lack of ET-1 biosynthesis reduced the
tone in the aged rat preparations. These results suggest
that in young vessels, ETg, receptors in the endothelium
predominately mediate the response to ET-1 and main-
tain a lower myogenic tone, but in aged vessels, a loss of
ETjg receptor activity allows ET, receptors in vascular
smooth muscle cells to raise the myogenic tone. Taken
together, the results indicate that there is a loss of ETg
receptor function in cerebral arteries of aged Fischer 344
rats. This appears to result in a failure of ETg receptors
to balance the effects of ET 4 receptors, causing cleva-
tion of the myogenic tone.

We found that myogenic tone was significantly
higher in PCA preparations from aged Fischer 344 rats
relative to the younger adult rats. These findings agree
with the results of previous studies in a variety of
different aged animal models [7, 45, 68]. Thus, our
findings concur with existing knowledge with respect
to differences in myogenic tone between young and
aged animals. The mechanisms responsible for this
age-related rise in myogenic tone are multifactorial
and not fully understood (reviewed in [88]). It was
believed that the endothelium plays a major role; how-
ever, the specific contributions of the ET receptors,
including ETg isoforms, had not previously been exam-
ined with respect to cerebral vessels.

There is some evidence that ET, receptors make
greater relative contributions to vascular tone with age
[6, 79], and that the constrictor activity of ET s receptors
can mask that of ETp, receptors [53]. Van Guilder et al.
observed that aged men, roughly 60 years of age, had
greater endogenous ET-1 bioavailability and continuous
ET, receptor activation which led to increased vascular
tone. Donato et al. also reported that muscle arterioles
from aged rats exhibited an augmented vasoconstrictor
response to ET-1. This response was also insensitive to
ETjg receptor blockade via BQ-788 which indicated that
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Fig. 5 Influence of ET4 and ETg inhibition of myogenic tone in
PCAs from wild-type and ETg-KO rats. Experiments were con-
ducted after vessels were treated with either the ET, selective
antagonist BQ-123 (1 pM) or the ETy selective antagonist BQ-
788 (1 uM). a Myogenic tone in ETg-KO rat PCAs in the presence
(n=5) orabsence (n = 6) of BQ-788. b Myogenic tone in ETg-KO
rat PCAs in the presence (n = 5) or absence (n = 6) of BQ-123. ¢

it was mediated primarily by ET4 receptors. In contrast,
Maclntyre et al. observed reduced responsiveness of
retinal arterioles to ET-1 with age. We measured in-
creased levels of ET, receptor mRNA in aged PCAs,
whereas MacIntyre et al. reported no difference in ET 5
receptor protein between the retinas of young and aged
Fischer 344 rats. Thus, changes in ET, receptor abun-
dance could contribute to these effects. McCulloch et al.
previously found that ETg, receptors predominantly
regulate vascular tone in the presence of low

@ Springer
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Pressure (mmHg)
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Myogenic tone in wild-type rat PCAs in the presence (n = 3) or
absence (n = 5) of BQ-788. d Myogenic tone in wild-type rat
PCAs in the presence (n = 4) or absence (n = 5) of BQ-123. * P<
0.05 vs. antagonist treatment at each pressure point. Significance
was determined using repeated unpaired ¢ tests with Holm-Sidak
correction for multiple comparisons at each pressure point

concentrations of ET-1 (< 1 nM), but ET4 receptors
mediate the vascular smooth muscle response to higher
concentrations of ET-1. A major finding of the present
work is that the myogenic tone of PCA preparations
from aged animals was depressed following treatment
with the ET, antagonist, BQ-123, but antagonism of
ETg receptors had no effect on the myogenic tone. In
contrast to the aged animals, myogenic tone in PCA
preparations from young Fischer 344 rats was elevated
upon treatment with the ETy antagonist, BQ-788, but
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Endothelium )
Endothelial cells released ET-1

ETg, receptors responded to ET-
1 to mediate vasodilation

ETgs-dependent vasodilation
promoted a lower overall
\ myogenic tone

Vascular smooth muscle \

ET, and ETg, receptors
responded to ET-1 to mediate
vasoconstriction

ETA- and ETg,-dependent
vasoconstriction increased
myogenic tone

Fig. 6 Summary of the contributions of ET4, ETg;, and ETg,
receptors to myogenic tone in PCAs of young and aged rats. ET
and ETg, are expressed in the vascular smooth muscle and ETg;

antagonism of ET 4 receptors had no influence on myo-
genic tone. These data strongly suggest that ET 4 recep-
tors contribute more toward the maintenance of myo-
genic tone than ETg receptors in aged PCAs. In previ-
ous work in vivo, it was difficult to determine if the
ETg, receptors became dysfunctional in the aged rats, or
if those animals may have had higher local concentra-
tions of ET-1 in the cerebral vascular beds which
allowed the ET 5 receptors to control the myogenic tone
in the PCAs [52, 83]. In our study, vessels were rinsed
thoroughly prior to experimentation to rule out the in-
fluence of enhanced ET-1 production. However, ET
receptors exhibit long-lasting vasoconstrictive activity,
whereas ETg receptors are rapidly deactivated following
activation [12]. Thus, increased myogenic tone as a
function of extended activity from ET 5 receptors cannot
be ruled out.

Endothelium-dependent vasodilation has been
shown to decline with age [55, 56]. [4] observed that
aged monkeys (Macaca fascicularis) exhibited en-
hanced vasoconstriction in response to ET-1 due to
impaired NO-mediated vasodilation. This indicated that
aged M. fascicularis had dysfunctional endothelial cell

Endothelium

There was a loss of endothelial
cell function with age

There was a reduced potential
for ETg4-mediated vasodilation

There was an overall increase in
\baseline myogenic tone

Vascular smooth muscle

ET, and ETg, receptors exhibited
an enhanced response to ET-1

Persistent vasoconstriction
increased myogenic tone

receptors are expressed in the endothelium. Figure created in part
with http://biorender.com

layers with ETg, receptors that failed to stimulate vaso-
dilation in response to ET-1. In the present study, when
PCAs from young animals were denuded, myogenic
tone increased to nearly match the tone of the aged
vessels that were unaffected by denudation. This sug-
gests that the specific removal of endothelial ETg; re-
ceptors elevated myogenic tone only in young vessels
because this cell layer was already dysfunctional in aged
vessels. As we measured decreased VWF mRNA in the
vessels from aged animals, a reduction in the number of
healthy endothelial cells in the aged vessels could be a
contributing mechanism to this observation. However,
we measured consistent levels of ETg receptor mnRNA
between young and aged vessels which supports the
previous observations of Maclntyre et al. This suggests
that there is likely a loss of ETy receptor function in
aged vessels rather than a loss of receptor abundance.
When young vessels were treated with PPA to inhibit
ET-1 biosynthesis, we observed an increase in myogen-
ic tone that was not recapitulated in denuded vessels.
However, there was a sharp loss in myogenic tone in the
aged vessels when ET-1 biosynthesis was inhibited.
Thus, it appears that ET-1 functions to depress
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myogenic tone in young vessels via ETp; receptors in
the endothelium. However, ET-1 elevated the tone via
ET, receptors in the vascular smooth muscle of PCAs
from aged rats, consistent with observations made in
extracerebral vessels [17, 79, 83].

We employed heterozygous and ETg-KO rats to
further probe the contribution of the ETg receptors to
myogenic tone with age. Endothelial ETg; receptors are
known to respond to ET-1 to induce vasodilation [26,
62]. In contrast, ETp, receptors in the vascular smooth
muscle share a function with ET 4 receptors and mediate
vascular contraction [52]. We found that the young
Fischer 344 rats had a comparable myogenic tone to
the young wild-type spotted lethal rats, and that the
ETg-KO rats were comparable to the aged Fischer 344
rats. Thus, a complete knockout of ETg; and ETg,
receptors seemed to account for the baseline differences
observed between young and aged Fischer 344 rats.
Furthermore, the vessels from ETg-KO rats had a myo-
genic tone that was not significantly different from the
denuded young Fischer 344 rats up to 200 mmHg of
intraluminal pressure. This indicated that the removal of
only ETg; receptors could account for most of the rise in
myogenic tone. However, ETg-KO rats and aged rats
had a significantly raised myogenic tone relative to
young rats at pressure points where young and denuded
young vessels were not significantly different from each
other. The implications of this are twofold: This indi-
cates that removal of ETg, receptors in the vascular
smooth muscle cells may have a small effect on myo-
genic tone, and that ETg, receptors in the young vessels
may play a role to depress myogenic tone. In the case of
the young vessels, this would be contradictory to the
known vasoconstrictive role of ETg, receptors [72].

We observed pressure-specific differences in the ac-
tions of ET, and ETgy receptor antagonists as well as
PPA. BQ-788 had the most pronounced effect to in-
crease myogenic tone from 60 to 120 mmHg which
indicated that the ETy receptors contributed less to the
myogenic tone outside of this range. There is evidence
that increased intraluminal pressure impairs endothelial
function and inhibits the NO-mediated vasodilation that
would normally be facilitated by ETg; receptors [20].
This would also explain the reduced effect of denuda-
tion on the young vessels with high intraluminal pres-
sure. We also found that the myogenic tone of vessels
from ETp-KO rats remained elevated through the ex-
treme high end of the pressure range, something not
observed in heterozygous or aged rat vessels, or in the
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denuded young vessels. This would indicate that ETg,
receptors contribute to vasorelaxation in response to
high intraluminal pressures. This response has not been
reported elsewhere to our knowledge. Further work will
be required to identify these potential additional roles
for ETg, receptors in young and aged cerebral vascular
beds. In contrast with ETg antagonism, BQ-123 had the
most pronounced effect to reduce tone in the upper end
of the pressure range (> 120 mmHg). There is also
evidence that high intraluminal pressure elicits a myo-
genic vasoconstrictor response in some vessels. To our
knowledge, it has not yet been documented if ET 4
receptors are known to play a role in this phenomenon
in PCAs. However, our data indicates that this may be
the case. Finally, as PPA inhibits the biosynthesis of the
endogenous ligand for these receptors, the same expla-
nations may apply for the pressure-specific actions of
PPA as compared to the receptor antagonists.

Our findings have potentially important clinical im-
plications. Cerebral artery dysfunction in aging is
thought to be a contributing factor in cerebrovascular
diseases, which are key causes of morbidity and mortal-
ity in older people [32]. Aged mouse PCAs exhibit
ultrastructural changes including increased stiffness
and wall thickness [16]. Rat PCAs also have decreased
luminal diameters and reduced wall stress because of
thicker vessel walls, although there are no differences in
distensibility [49]. Additionally, vessels in aging brains
are more likely to exhibit signs of atheromatous plaque
formation and chronic inflammation which compound
the reduction in vessel elasticity [44, 66, 91]. This age-
dependent cerebral artery remodeling may set the stage
for the development of acquired cerebrovascular dis-
eases of aging including dementia and stroke [32]. We
have shown pharmacologically that dysfunctional ETg
receptors in the cerebral microvasculature of aged male
Fischer 344 rats led to enhanced tone in these vascular
beds. Although both ETgy receptor subtypes became
dysfunctional and insensitive to receptor antagonists in
the aged vessels, data from denuded and ETg-KO rat
vessels indicated that the loss of endothelial ETg; re-
ceptors was primarily responsible for the rise in myo-
genic tone. Although ETg; receptor-selective agonists
[75] and antagonists [39, 76] do exist, it is currently
unknown whether ETg; receptors are a viable target to
treat age-related endothelial dysfunction in vivo. The
ETg receptor agonist, IRL-1620, has recently been ef-
fective in a rat model of pediatric ischemic stroke to
improve cerebral blood flow and reduce infarct volume
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[10]. The same drug has also recently completed a phase
IT human trial to treat cerebral ischemia in patients with
mild to moderate Alzheimer disease (ClinicalTrials.gov
Identifier: NCT04046484; [30]). Thus, there is
demonstrated potential of ETg; receptor-targeted treat-
ments to improve disease outcomes characterized in part
by reduced cerebral blood flow. However, additional
experiments are now warranted to further define the
dysregulation of ETy receptor subtypes in aging vessels.
This future work will be important to determine if ETg,
receptors represent a viable target to maintain healthy
cerebral blood flow in aging adults.

Although we observed a loss of ETy receptor func-
tion in the aged PCAs, further work will be required to
understand the mechanistic underpinnings of these ef-
fects. It is currently unclear whether these PCAs exhibit
a net loss of endothelial cells, or if the ETy receptors
become dysfunctional within the same number of indi-
vidual cells. We measured a reduction in VWF mRNA
with no change in ETy receptor mRNA abundance
which was indicative of a reduced number of endothelial
cells with potentially more ETg receptors per cell, al-
though a more complete histological analysis would be
required to confirm this. It is known that plasma ET-1 is
elevated with age and ET-1-mediated vasoconstriction
is augmented in older people [79, 83]. Also, an increase
in ET-1 synthesis was observed in cultured aortic endo-
thelial cells obtained older than young adult donors [81].
There is evidence that ET-1 contributes to vascular
endothelial dysfunction with aging. ET-1 expression is
increased in vascular endothelial cells obtained from
brachial arteries and antecubital veins of older donors
compared to young adults [18]. There is also evidence
that there is an age-related loss in the number of endo-
thelial cells in large elastic arteries and coronary arteries,
as increased oxidative stress with age can compromise
endothelial cell viability [82]. This ultimately can lead to
reduced endothelial NO production and enhanced vas-
cular tone [13]. Reduction in NO production was ob-
served with aging in both humans and experimental
animals [67, 74]. The endothelial NO synthase (eNOS)
expression in vascular endothelial cells obtained from
the brachial artery of older adults is greater compared
with young adults [18]. The increased eNOS expression
with aging may be a compensatory mechanism to over-
come low NO bioavailability. Furthermore, a reduction
in prostanoid-mediated vasodilation was reported in
older humans and animal models [69]. This effect is
mediated through several mechanisms including

increased expression of prostanoid vasoconstrictors, al-
tered cyclo-oxygenase, and prostaglandin H synthase
activities [28, 77]. The reduction in NO and
prostanoid-mediated vasodilation might further contrib-
ute to the increased myogenic tone in aged rat observed
in the current study. However, as only aged vessel
preparations were insensitive to ETg receptor antago-
nism, there also appears to be some receptor-dependent
dysfunction. These ETp receptor-specific mechanisms
include several possibilities such as disruption of
oxidation-reduction-sensitive transcription factors or al-
terations in receptor trafficking that reduce cell surface
expression and diminish drug sensitivity. Future exper-
iments will be required to determine a loss of endothelial
cells specifically in the PCAs of Fischer 344 rats, and to
identify the cellular mechanisms responsible for the loss
of ETg receptor function.

A limitation of this work was the choice to focus
only on male Fischer 344 and spotted lethal rats.
Gender differences in the onset and rate of vascular
aging have been reported in human [54, 71]. Such
differences are mainly attributed to differences in sex
hormones in women and men with aging. Studies
suggest that decreasing testosterone levels in men
contribute to accelerated vascular aging [54, 71].
Men exhibit patterns of endothelial dysfunction in
the brachial artery up to 10 years before women [§]
and experience different changes in cerebral blood
flow with age [1, 31]. There are also known differ-
ences between the sexes with respect to cerebral
blood flow and endothelial function [1, 23, 31, 64].
Furthermore, low testosterone levels in men have
been associated with increased risk of cardiovascular
diseases such as hypertension and coronary artery
disease [35, 41, 46]. In an 18-year follow-up study
conducted of men aged 30 and older, higher mortality
rates were observed in men who demonstrated the
most pronounced age-related decline in total testos-
terone [11]. Given the known differences between
male and female animals, further work will be re-
quired to determine if the conclusions of this work
will be applicable to females as well. A further lim-
itation was the ability to focus only on PCAs. Medi-
um cerebral arteries and smaller resistance vessels
were either too branched or too small to be used with
the pressure curve experiments and could not be used
to serve as a comparison. Thus, further work would
be required to verify that these findings apply to other
portions of the cerebral vasculature.
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