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Abstract

An important physiological role of the aorta is to convert the pulsatile blood flow that originates in the
heart to a nearly-continuous flow in the peripheral vessels. Previously, we demonstrated that basal,
unstimulated NO production is more abundant in large as compared to muscular arteries and that it is
an important regulator of arterial (aortic) stiffness. Hence, endothelial function and NO bioavailability
are important determinants of aortic biomechanics and mouse models with altered NO signaling might
be of interest to investigate the (patho)physiological role of the NO signaling as a dynamic regulator
of arterial stiffness. We aimed to characterize the ex vivo biomechanical properties of aortic segments
from mice with no (eNOS™), normal (WT) or high (eNOS-tg) endothelial NO synthase (eNOS)
expression. Isobaric aortic diameter and compliance were lower in eNOS™ mice and increased in
eNOS-tg mice as compared to WT mice. Interestingly, these differences remained when NO levels
were pharmacologically restored ex-vivo, suggesting that they were not merely the result of a lack or
excess of the vasodilator effects of NO. Analysis of basal vascular smooth muscle cell tone and the
phasic as well as the tonic contraction in response to o;-adrenergic stimulation with phenylephrine
revealed that the chronic lack of eNOS expression affected aortic reactivity similarly but with different
magnitude as compared to acute eNOS blockade using L-NAME in WT and eNOS-tg mice,
suggesting that chronical distortion of NO signaling triggered several compensatory mechanisms that
reflect the organism’s attempt to restore the contractile imbalance and maintain optimal central

hemodynamics.

New and noteworthy Endothelial function and NO bioavailability are important determinants of
aortic biomechanics and function. With a new technique we investigated the ex-vivo aortic segment
biomechanics of different mouse models with altered NO signaling. Our experiments clearly show that
chronic distortion of NO signaling triggered several compensatory mechanisms that reflect the

organism’s attempt to maintain optimal central hemodynamics.

Key words: aortic stiffness, mouse, eNOS, endothelium, vascular smooth muscle cell
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1. Introduction

Progressive large artery stiffening is the predominant cause of increased pulse pressure, a marker of
cardiovascular (CV) risk in the general population (4) and a predictor of CV events (34) . Furthermore,
it reduces myocardial perfusion efficiency, increases left ventricular afterload and elicits mechanical
stress on capillaries, potentially damaging the capillary wall of strongly perfused organs such as the
heart, brain and kidneys (42). In the recent years, arterial stiffness was shown to precede hypertension
during vascular aging both in humans (21, 36) and in animal models (52), rendering it a promising

therapeutic target to treat CV disease.

About one third of the large artery wall volume consists of vascular smooth muscle cells (1, 10) that
contract and relax in response to neurogenic, mechanical, humoral and local stimuli, thereby altering
the biomechanical properties of the large arterial wall (3, 25, 30, 34, 40, 54). In addition to VSMCs,
endothelial cells are important mediators of arterial tone, mostly via acting on VSMCs. An important
mediator of VSMC tone is the endothelium-derived relaxing factor nitric oxide (NO). NO is produced
by the endothelial NO synthase (eNOS) and diffuses to the VSMCs where it activates the NO-
sensitive guanylate cyclase, leading to cyclic guanosine monophosphate (cGMP)-mediated relaxation.
The expression and activity of eNOS and its downstream targets are tightly regulated (2, 23, 40, 46)
and endothelial dysfunction is associated with aging and large artery stiffening (19, 49). The link
between NO and arterial compliance has been demonstrated both ex vivo (30, 39) and in vivo (22, 47).
We recently showed that elastic arteries produce large amounts of NO in basal, non-stimulated
conditions, while muscular arteries do not (29). Since elastic arteries, in contrast to muscular arteries,
are prone to stiffening (5, 42, 55). Basal NO deficiency was also observed very early in the disease
progression in isolated arteries of several mouse models with arterial disease (24, 32). Moreover, we
recently investigated how the pharmacodynamic properties of isolated aortic segments of healthy mice
determine the VSMC contraction-associated changes in aortic stiffness. Interestingly, basal NO
production protected the aorta from the stiffening-effects of phenylephrine (PE) ex vivo, at

concentrations equivalent to the circulating catecholamine levels in vivo (31), further supporting our
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hypothesis that basal NO metabolism is a crucial (patho)physiological regulator of large artery

stiffness.

Mouse models with different expression levels of eNOS are available and well-characterized.
Compared to WT mice, eNOS™ mice display increased blood pressure (17, 52), pulse wave velocity
(28, 48) and increased isobaric stiffness (20). Some studies report a reduced heart rate (48), others
show no heart rate-effect (20). As expected, no endothelium-dependent relaxation is seen on isolated
aortic segments (17). In addition, eNOS™ are reported to have lower body weight and altered blood
glucose, cholesterol, insulin and leptin levels (42), renal dysfunction (51), neurochemical and
behavioral adaptations (8, 9), cardiac abnormalities (14, 26, 51), reduced ovulatory efficiency and
oocyte maturation (18) and altered platelet aggregation (13). The overexpression of eNOS in mice is
shown to result in lower blood pressure and heart rate (15). Studies reporting a role of eNOS
overexpression on cholesterol levels (15, 44) and protection against liver damage after
ischemia/reperfusion injury (11, 39) are conflicting. Body weight was shown to be decreased in eNOS
overexpressing mice and metabolic activity in adipose tissue is shown to be affected (44). To our
knowledge, the effects of eNOS overexpression on large artery reactivity and biomechanics are

unknown.

Given the role of eNOS expression and activity on large artery EC and VSMC function as well as the
contribution of VSMC tone to aortic wall stiffness (30), we hypothesized that altered expression levels
of eNOS affect the biomechanical properties of the aorta through changes in VSMC tone. Therefore
we aimed to characterize the morphology and function of aortic segments from eNOS knock-out mice
and from mice overexpressing eNOS. An in-house developed set-up was used to analyze isobaric
stiffness parameters, both in passive, unstimulated, and in active conditions. We performed
histological staining on aortic slides to assess general structure and morphology of the aortic wall.
Lastly, isometric contraction studies on aortic segments were performed to assess VSMC and EC

reactivity.
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2. Materials and methods

2.1. Animals and tissue preparation

All studies were approved by the Ethical Committee of the University of Antwerp, and the
investigations conform to the Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication no.85-23, revised 1996). All animals (C57Bl/6J
background, male, +/- 5 months old) were bred and housed in the animal facility of the University of
Antwerp in standard cages with 12h-12h light-dark cycles with free access to regular chow and tap
water. The following mice were used: male C57B1/6J (WT) mice (n=6), male eNOS™ mice (n=5) on
C57BI/6] background and male C57BI1/6J mice with a knock-in of a human eNOS construct, fused
with a GFP tag (eNOS-tg (n=6), a kind gift of R. Van Haperen). As described before, eNOS activity in
aortic tissue was increased ~35-fold and NO bioavailability approximately doubled (15). Animals
were euthanized by perforating the diaphragm while under deep anesthesia (sodium pentobarbital
(Sanofi, Belgium), 75 mg kg-1, i.p.). The thoracic aorta was carefully removed and stripped of
adherent tissue. Starting at the diaphragm, the aorta was cut in 5 segments of 2 mm width. One
segment was mounted in an oscillating organ bath to study the biomechanical properties (see further),
the others in standard organ baths to study the isometric contraction. The segments were immersed in
Krebs-Ringer (KR) solution (37°C, 95% 0,/5% CO,, pH 7.4) containing (in mM): NaCl 118, KC1 4.7,
CaCl, 2.5, KH,PO,4 1.2, MgSO, 1.2, NaHCO; 25, CaEDTA 0.025 and glucose 11.1. To avoid any
vasomotor interference due to prostanoids, 10 uM indomethacin (Federa, Belgium) was present in all

experiments.

2.2. Oscillating organ bath

In order to assess isobaric diameter contraction or relaxation and isobaric parameters of aortic
stiffness, a 5 ml organ bath that allowed periodic clamping of the aortic segment at given preloads or
diameters, was used. This system is similar to a traditional organ bath but with a horizontal force-
length transducer described earlier (6, 7). In short, one hook was fixed, the other one connected to a

lever from the force-length transducer. This lever was connected to a coil suspended in a strong field
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of a permanent magnet. The system was controlled by a current source. When current was passed
through this coil, a force was developed. The displacement of the lever was measured by means of a
photo-electric system. The transducer was connected to a data acquisition system (Powerlab 8/30 and

LabChart 7, ADInstruments). Force and displacement were acquired at 1 kHz.

The lever displacement was recalibrated to vessel diameter via the internal circumference of the aortic
segment, as determined using a calibrated stereomicroscope. The length of the segment (~2 mm as
described earlier) was determined at least 4 times during the protocol and averaged in order to estimate

transmural pressure using Laplace’s law

P_F
T LD

with F being the force as measured by the transducer, D and | the diameter and length of the vessel
segment, respectively. This allowed us to adjust the diastolic and systolic preload until calculated
transmural pressures of 80-120 mmHg were achieved. Compliance (um/mmHg) was determined as

follows:

AD

C=—
AP

with AD and AP (~40 mmHg) being the diameter and pressure difference, respectively. Peterson’s
pressure-strain modulus, a frequently used parameter of arterial stiffness was determined as follows:

AP
Ep = DOE

with Dy the diastolic diameter.

During all experiments, segments were stretched between 80 mmHg and 120 mmHg at a frequency of
10 Hz (600 bpm). Diastolic diameter contraction or relaxation, compliance and Ep were determined
for aortic segments from all three genotypes in the presence of 2 uM PE and in the presence of 2 uM

DEANO, as compared to KR solution, to assess the maximal active and passive (i.e. in the absence of
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VSMC tone) stiffness, respectively. In all cases, stretch amplitude was kept constant at 40 mmHg (10

Hz).
2.3. Histology

Segments were fixed with 4 % paraformaldehyde for 24h, dehydrated overnight in 60% isopropanol
and embedded in paraffin. Histological analysis was performed on serial cross sections (5um) stained
with hematoxylin and eosin, orcein, and sirius red stain to visualize general morphology, elastin and
collagen, respectively. The images were acquired with the Universal Grab 6.1. (IDL) software (Exelis,
Boulder, CO) using an Olympus BX40 microscope (Tokyo, Japan). Image] was used to analyze
circumference, wall thickness (20-40 measurements, averaged), elastin or collagen content (elastin or

collage-positive pixels relative to the total amount of wall pixels) and VSMC content.

2.4. Isometric contraction studies

Aortic segments were mounted in 10 ml organ baths as previously described (16) at a preload of 30
mN. Isometric contraction force is reported in mN. To inhibit basal NO formation by the endothelium,
300 pM N“-nitro-L-arginine methyl ester (L-NAME) was added. To deplete all Ca*" from the KR
solution and to measure phasic contractions by PE in the absence of external Ca®’, nominal Ca®" free
KR was supplemented with 1 mM EGTA (further named 0Ca). After addition of 2 uM of the al-
adrenergic agonist PE, the amplitudes (A,,) and time constant (T.,) of the phasic contraction as well as
the amplitudes (Aof) and time constants (T,g) of the subsequent relaxation were studied by performing

a bi-exponential analysis of these contractions
Y = Aon[l — e—Kon(t—to)] + Aoff[1 — e_Koff(t_to)]

with Y being force (mN), A,, being the amplitude of the contractile phase, K,, being the rate constant
of contraction (1/1,,), t being the time (s), t, being the start time of contraction (= 10 ms), A being

the amplitude of relaxation and K¢ being the rate constant of relaxation (1/T.g).
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To restore normal external Ca*’ to 2.5 mM and elicit a tonic contraction, 3.5 mM Ca’" was added to
the 0Ca KR. Subsequently, the tonic contraction was (partly) inhibited using either the voltage gated
calcium channel (VGCC) blocker diltiazem (30 pM) or 2-minoethoxydiphenyl borate (2-APB, 50

uM).
2.5. Statistics

All results are expressed as mean+SD; n represents the number of mice. Parametric one-way or two-
way ANOVA or non-parametric Kruskal-Wallis tests were used. When multiple pairwise comparisons
were performed, p-values were adjusted using Bonferroni or Dunn’s methods, as specified in the
figure legends. All analyses were performed using GraphPad Prism (version 5, GraphPad Software,

San Diego California USA). A 5% level of significance was selected.

2.6. Materials

Sodium pentobarbital (Nembutal®) was obtained from Sanofi (Brussels, Belgium), indomethacin from
Federa (Belgium), L-NAME, phenylephrine hydrochloride (PE) and diethylamine NONOate
(DEANO) from Sigma-Aldrich (Bornem, Belgium), diltiazem hydrochloride from TOCRIS (Bristol,

United Kingdom).
3. Results
3.1. Isobaric measurement of passive and active wall biomechanics

Isobaric dimensional and biomechanical parameters were measured to assess the intrinsic properties of
the aortic wall. Diameter of thoracic aorta segments at simulated diastolic pressure of 80 mm Hg was
significantly smaller (P<0.05) in eNOS™ mice and significantly increased (P<0.05) in eNOS-tg mice
(figure 1A). Similar observations were made for isobaric compliance, which was significantly higher
(P<0.05) in eNOS-tg and lower (P<0.05) in eNOS™ aortic segments (figure 1B). Ep was significantly
elevated (P<0.05) in eNOS™ vs WT aortic segments (figure 1C). Ep of aortic segments of eNOS-tg

mice, however, was not significantly different (P>0.05) from Ep of WT aortic segments, indicating
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that morphological but not intrinsic mechanical properties of the aortic wall are responsible for the

increased compliance in the eNOS-tg aortic segments.

To investigate whether exogenous NO could eliminate the differences between the three strains, 2 uM
DEANO was added to maximally relax VSMCs and to remove any baseline tonus. The passive,
isobaric diameter, compliance and stiffness (figure 2A-C) were similar to baseline conditions in KR
solution (P>0.05). The magnitude of the effects of DEANO (vs. baseline (KR)) was not significantly
different between groups (figure 2A-C, P>0.05), i.e. exogenous NO could not reverse the reduced

diameter or compliance or increased stiffness in eNOS™ segments.

To measure the maximal amount of stiffness development due to VSMC contraction, 2 pM PE was
added to the organ bath (figure 3). This resulted in isobaric diameter constriction (P<0.05), decreased
(P<0.05) isobaric compliance and increased (P<0.05) Ep (figures 3A-C). However, the differences
between the groups as observed in KR or KR + DEANO remained. While eNOS™ aortic segments had
smaller diameter, lower isobaric compliance and higher isobaric Ep, the aortic segments from eNOS-
tg mice had significantly larger diastolic diameter (P<0.05) and compliance (P<0.05) but Ep was not
significantly different (P>0.05) from WT aortic segments. The effects of PE on diameter, compliance
and Ep are displayed in figure 3D, E and F. When 2 uM PE was added to the organ bath, eNOS™
aortic segments constricted significantly more (P<0.05) than WT aortic segments (figure 3D). As
expected, compliance decreased more (P<0.05) in eNOS™ aortic segments (figure 3E). Ep increased
significantly more (P<0.05) in eNOS™ aortic segments as compared to WT aortic segments (figure
3F). The effects of PE on isobaric diameter, compliance and Ep were not significantly different
(P>0.05) between WT and eNOS-tg mice, indicating that the functional efficacy of NO (i.e.
suppressing the contractile or stiffening effect of PE in baseline conditions) was similar in WT and

eNOS-tg mice.
3.2. Morphology

Aortic segments of WT, eNOS™ and eNOS-tg mice were stained with hematoxylin-eosin (H&E) for

general morphology, with orcein to visualize elastin and with sirius red to stain collagen (figure 4).
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The staining allowed to express different wall structure parameters as shown in figure 5. Internal
circumference (figure 5A) and wall thickness (figure 5B) are larger (P<0.05) in eNOS-tg mice than in
control or eNOS™ mice. The aortic wall surface area (figure 5C) is significantly larger (P<0.05) in
eNOS-tg and smaller (P<0.05) in eNOS™ mice than in WT mice. These data confirm the differences in
isobaric aortic diameter observed in the previous experiments. The number of VSMCs per wall surface
area is significantly decreased (P<0.05) in eNOS™ and eNOS-tg mice. The amount of elastin is not
significantly different (P>0.05) between eNOS™ and WT mice but slightly decreased in eNOS-tg
mice, whereas no significant differences (P>0.05) were demonstrated for the collagen content of the

aortic wall.

3.3. Isometric properties of the aortic wall.

Arterial stiffness increase in eNOS™ aortic segments could not be compensated for by adding
exogenous NO (figure 2) and also morphological characteristics could not explain the increased
stiffness (P>0.05). In isometric experiments we investigated whether basal Ca®" influx contributed to
basal VSMC tone. When extracellular Ca’* was removed from the KR solution, a small, but
significant (P<0.05) decrease of preload was induced in eNOS™ aortic segments (figure 6A). When
the experiments were repeated but now in the presence of L-NAME to block basal NO release, there
was — as expected — no further significant change of the preload in the eNOS™ aortic segments.
However, in WT and eNOS-tg mice the inhibition of basal NO release with L-NAME caused a
significant baseline influx (P<0.05) of extracellular Ca**, which was significantly larger than in eNOS"

" aortic segments (figure 6B).

Subsequent a;-adrenoceptor stimulation of the aortic segments with 1 pM PE in the absence of
extracellular Ca®" caused phasic contractions as shown in figure 7A and B. These contractions
significantly differed (P<0.05) between WT and eNOS™ and eNOS-tg mice before and after inhibition
of basal NO release with 300 uM L-NAME, as shown in figure 7C to F. An exponential analysis of
these contractions revealed that the contraction amplitude was significantly larger (P<0.05) in eNOS™

and eNOS-tg mice in the absence of L-NAME. L-NAME increased contraction amplitude in WT

10
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(P<0.05) and eNOS-tg mice wiping out the differences between the amplitudes as observed in the
absence of L-NAME. The time constant of contraction (T,,) was larger in eNOS™ mice than in WT or
eNOS-tg mice only in the absence of L-NAME (P<0.05). The time constants of relaxation (T,g) were
significantly smaller (P<0.05) in eNOS™ mice and larger in eNOS-tg mice (P<0.05) independent of

the activity of eNOS.

Addition of external Ca>" after the phasic contraction caused a tonic contraction (figure 8), which was,
in the absence of L-NAME, significantly larger (P<0.05) in eNOS™ and eNOS-tg aortic segments than
in WT segments. In the presence of L-NAME, the contraction by PE increased significantly in WT
and eNOS-tg mice (P<0.05), but did not change in eNOS™ mice (P>0.05). When the contraction in the
absence of L-NAME was expressed as a function of the contraction in the presence of L-NAME, it is
evident that in the absence of eNOS inhibition, the contraction of WT and eNOS-tg aortic segments
was about 40 to 60% suppressed by basal NO release, whereas eNOS™ segments did not produce basal

NO (figure 8D).

After 10 minutes the tonic contraction by PE was inhibited by addition of 35 pM diltiazem to reveal
the contribution of VGCC Ca®" influx to the contraction. Subsequently the contraction was further
inhibited with 50 pM 2-APB, which, at this concentration, mainly blocks contractile Ca’" influx via
non-selective cation channels (NSCCs). As such, it is possible to reveal the relative contribution of
VGCC and NSCC Ca*" influx to the contraction of aortic segments by PE in the three different strains

(figure 9).

The tonic contraction by PE (figure 9C) is mainly due to Ca®" influx via VGCCs (figure 9A and C). In
general 80% of the PE-induced tonic contraction is inhibited by 35 pM diltiazem in WT and eNOS-tg
aortic segments, whereas the inhibition is significantly attenuated in eNOS™ segments (P<0.05).
Normally, basal NO inhibits the influx of Ca®" through NSCCs. In the presence of L-NAME, Ca*"
influx via NSCCs is activated, especially in WT and eNOS-tg mice, whereas in eNOS™ mice the

contribution of NSCC Ca*" influx to the contraction is even decreased (figure 9B and D, P<0.05). The

11
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contribution of VGCC Ca*' influx to the contraction in these mice is in absolute and relative value

larger (P<0.05) in eNOS™ than in WT or eNOS-tg segments.

4. Discussion

In the present study, aortic segments from two mouse models of differential eNOS expression were
compared with aortic segments from WT mice. We focused on intrinsic passive (structural) and active
aortic wall biomechanical properties using an in-house developed oscillating organ bath, on general
structural and morphological differences using histological staining, and on vascular reactivity by
means of isometric contraction studies. An overview of the main conclusions is given in table 1. Ep, a
parameter of arterial stiffness, was significantly higher in eNOS™ mice. eNOS-tg and WT mice did not
differ significantly, indicating that the morphological (i.e. increased aortic diameter) but not the
intrinsic wall properties of the eNOS-tg aortic rings are responsible for the observed differences in
compliance. Caution is required when linking the morphological parameters derived from histological
staining to the biomechanical parameters that reflect the complex interplay between extracellular
matrix composition and organization and active contribution of VSMC and EC cross-talk. Indeed, a
large part of the active, contractile and biomechanical properties are affected by the VSMCs.
Differences in the cytoskeletal properties or even the absolute numbers of VSMCs might thus affect
vessel contractility and biomechanics. Unloaded diameter, wall thickness and surface were increased
in eNOS-tg aortic segments as shown in histological staining. In KR solution, isobaric diameter at 80
mmHg confirmed the histological (unloaded) diameters, i.e. eNOS™ and eNOS-tg aortic segments
have a smaller and larger diameter as compared to WT aortic segments, respectively. However, in
eNOS-tg aorta, orcein staining indicated lower amount of elastin per unit of surface area, while
compliance of the segments was increased. eNOS™ aortic segments were less compliant, while no

significant differences in elastin or collagen content.

To determine the isobaric biomechanical properties in the absence of basal Ca®" influx, excess
exogenous NO (2 uM DEANO) was added to the organ bath. The effects of DEANO were very small

and of similar magnitude in all three groups. This indicates that the stiffness seen in the eNOS™" aortic

12
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rings in KR solution are not a direct result of the lack of the relaxing effect of NO in the VSMC, but
rather a structural adaptation of the aortic wall. Indeed, NO is an important regulator of extracellular
matrix protein crosslinking via S-nitrosylation of tissue transglutaminase (TG2). L-NAME treatment
in WT mice is shown to correlate with an increase in TG activity and the associated increase in large
artery stiffness can be prevented by genetically knocking out TG (45). More recently, it was shown in
eNOS™ mice that reduced S-nitrosylation of TG resulted in increased cross-linking activity and
arterial stiffness, even in de-cellularized aortic segments. Moreover, arterial stiffness in eNOS™ mice

could be reversed by a 4 week treatment with the TG inhibitor cystamine (20).

Aortic ECs and VSMCs are subject to humoral, neurogenic and mechanical stimuli and altering
VSMC tone will affect isobaric biomechanical properties of the aortic wall. Differences in VSMC and
EC reactivity to circulating contractile agents such as catecholamines can affect the pulse-dampening
capacity of the aorta (30). To estimate the contribution of eNOS expression on the maximal isobaric
stiffness development, 2uM PE was added to the organ bath. The effect of PE on isobaric
biomechanical parameters of WT and eNOS-tg aortic rings was remarkably small. We reported earlier
that basal NO production in normal, healthy WT aorta will indeed protect against PE-induced increase
in isobaric stiffness at normal pressure (30). The small effects of PE in the WT and eNOS-tg mice
indicate that large amounts of basal NO are present in these tissues. On the contrary, the lack of NO
production in the eNOS™ aortic segments resulted in a ~5% reduction of isobaric diameter and a ~25%
reduction in compliance at 80-120 mmHg. It can be hypothesized that, apart from the structural
alterations in extracellular matrix and the resulting increase in passive stiffness, the lack of basal NO
production in these mice will render them more susceptible to VSMC-contraction induced aortic

stiffness in vivo, when circulating catecholamines are present.

To estimate the basal tone of VSMCs in KR solution, Ca’" was removed from the extracellular fluid
and the drop in isometric preload was assessed. This only affected eNOS™ aortic rings, WT and
eNOS-tg aortic segments showed no decrease of isometric preload. When basal NO production was
blocked by adding L-NAME to the organ bath, the effect of 0Ca increased in eNOS-tg and WT aortic

rings, but not in eNOS™ mice. The fact that removal of basal NO in WT aortic segments results in a

13
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higher baseline Ca>" influx as compared to eNOS™ mice, indicates that the VSMCs of the latter are

able to partially compensate for the increase in basal Ca**-influx by basal NO deficiency.

Adding PE in the absence of extracellular Ca*" will result in a phasic contraction that reflects the
release of contractile Ca** from the sarcoplasmic reticulum. The amplitude of this contraction is larger
in eNOS™ and eNOS-tg animals with interesting differences in the time constants of the relaxation
phase. The relaxation after the phasic contraction reflects removal of contractile Ca** from the cytosol
through the plasmalemmal Ca*" ATPase and the Na/Ca exchanger (38), but is not due to re-uptake of
intracellular Ca** to the SR (27). The time constants of the relaxation phase indicate that, in eNOS-tg
animals, the relaxation phase was slow, while eNOS™™ mice are able to remove the Ca>" very quickly
from the cytosol. Earlier, we showed that, in healthy mouse aortic segments, basal NO increases the
Ca”"-content of intracellular stores of the VSMC, resulting in higher phasic contractions by PE in the
absence of extracellular Ca*" and that blocking basal NO production results in slower relaxation (27).
Here, we show that the chronic absence of NO has an opposite effect on the relaxation. This might
reflect an adaptation mechanism by which the VSMCs are able to maintain intracellular Ca*" levels
within an acceptable range. A possible explanation might be that in eNOS™ mice, increased
plasmalemmal Ca®* ATPase activity will remove more Ca®" out of the cytosol at a faster rate, while in
eNOS-tg VSMCs, less Ca”" is removed from the cytosol at a slower rate, to compensate for the
reduced Ca®" influx caused by increased NO bioavailability. This is confirmed by the 0Ca experiment
showing that the baseline Ca®* influx in eNOS™ VSMC was less than half as compared the predicted
value based on the absence of NO alone (WT + L-NAME). It would be interesting to explore the Ca*"

homeostasis in these mice further by investigating PMCA, Na/Ca exchanger and SERCA.

The tonic contraction resulting from Ca®" re-addition in intracellular store-depleted VSMCs reflects
the influx of extracellular Ca®* from the extracellular space into the cytosol, through both VGCC and
NSCCs (12). In normal conditions, the hyperpolarizing effect of NO will suppress Ca*" influx.
Blocking NO production using L-NAME had almost no effect on the tonic contraction in eNOS™
mice. Interestingly, there was no difference in the relative L-NAME effect between eNOS-tg and WT

mice. It has been reported that the eNOS activity in the aortic tissue of eNOS-tg mice is increased

14

Downloaded from journals.physiology.org/journal/ajpheart at Univ of Birmingham (147.188.128.074) on April 12, 2020.



344
345
346
347
348

349

350
351
352
353
354
355
356

357

358
359
360
361
362
363
364
365
366
367
368
369

370

~30-fold and NO production nearly doubled (15). This suggests that, despite the increase in eNOS
activity and NO bioavailability, downstream pathways compensate for the reduced efficacy of NO.
Indeed, NO desensitization is known to occur via S-nitrosylation of soluble guanylate cyclase in aortic
VSMCs exposed to NO (46) and the opposite occurs in eNOS” mice (23). In addition, increased
phosphodiesterase activity and, hence, increased enzymatic degradation of cGMP, is reported to occur

in rat aortic VSMCs and human platelets quickly after exposure to NO (36).

We showed earlier that in healthy mouse aortic segments and in the presence of basal NO, the tonic
contraction is mainly due to Ca*" influx through VGCCs and only a minor part is caused by Ca®"
influx through non selective cation channels. This is confirmed in the present study; in WT and eNOS-
tg mice, the tonic contraction is almost entirely through VGCCs. Upon addition of L-NAME, the NO-
dependent suppression of NSCCs is lost, and this results in an increase of the NSCC-dependent
contraction, while the VGCC contraction increases only slightly. Hence, L-NAME increases the
relative contribution of NSCC vs VGCCs in WT and eNOS-tg mice, the opposite is true for eNOS™

mice.

Overall, in this study we characterized the effects of acute and chronic absence of functional eNOS on
the morphology, intrinsic biomechanics, basal VSMC tone, SR contractile Ca>" content and the phasic
as well as the tonic contraction properties of the isolated mouse aorta. We did not aim to fully
investigate the mechanistic relationship between eNOS expression and vascular reactivity and
biomechanics. The primary goal was to perform a vascular characterization that can be relevant when
using these mouse models in vascular (biomechanical) research. When eNOS was present, the
direction of the effects of pharmacological eNOS blockade using L-NAME were often — but not
always — similar to the effects of chronic lack of eNOS expression in eNOS™ mice. However, these
effects were mostly of different magnitude, indicating the presence of compensatory mechanisms such
as desensitization of NO targets in the VSMCs, as shown before (46). It might be interesting to further
investigate which mechanisms, such as the prostanoid system, contribute to these phenomena in the
future. It should however be noted that these animal models demonstrate different anomalies - as

mentioned in the introduction - such as lower body weight, neurochemical and behavioral adaptations
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for eNOS-/- mice, which might limit the use of these models to unravel the complex role of the NO
signaling system in the large arteries. An additional limitation of our approach is that the organ bath
does not match the physiological conditions. Perhaps due to the lack of low-molecular-weight thiols,
which facilitate NO signal transduction in vivo (33), pharmacological addition or inhibition of NO
release in the organ bath may differ from physiological activity of NO in the different animal models
in vivo. Hence, one should be cautious translating the observations from the organ bath directly to the

in vivo situation.

Our results suggest that altered Ca”" handling in the VSMCs provide an additional compensatory
mechanism by which the VSMCs maintain close to normal intracellular Ca** levels in mouse models
with altered expression of eNOS. This appears to occur predominantly through altering the storage of
contractile Ca®" in the SR as well as through the removal of contractile Ca>" from the cytosol. Further
research is needed to identify the molecular pathways that specifically contribute to the observed

differences in Ca®*-handling in the aortic VSMCs of these mice.
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Figure legends.

Figure 1: Diastolic diameter (A), compliance (B) and Ep (C) were determined while segments were
stretched at physiological frequency (10 Hz) between preloads corresponding to transmural pressures
of 80 and 120 mmHg. One-way ANOVA with Bonferroni post-hoc test for multiple comparison: *,
Rk P<0.05, 0.01, 0.001 vs WT, NS: not significant, P>0.05. Lines and error bars represent mean

and 95% confidence intervals, respectively.

Figure 2: Diastolic diameter (A), compliance (B) and Ep (C) with the VSMCs maximally relaxed
using 2 pM DEANO differ between groups, while the relative effects (vs. baseline in Krebs-Ringer)
on diastolic diameter (Dy), compliance (E) and Ep (F) are similar. One-way ANOVA with Bonferroni
post-hoc test for multiple comparison: *, **_ ***: P<(.05, 0.01, 0.001 vs WT, NS: not significant,

P>0.05. Lines and error bars represent means and 95% confidence intervals, respectively.

Figure 3: Maximal development of active stiffness. Absolute values in contracted conditions (A-C)
and the relative effects of maximal contraction using 2 uM PE (D-F) on diastolic diameter (1* column,
A, D), compliance (2" column, B, E) and Ep (3™ column, C, F). One-way ANOVA with Bonferroni
post-hoc test for multiple comparison: *, **_ ***: P<(.05, 0.01, 0.001 vs WT, NS: not significant,

P>0.05. Lines and error bars represent mean and 95% confidence intervals, respectively.

Figure 4: Hematoxylin and eosin (first row), orcein (second row) and Sirius red (third row) staining of
aortic segments of WT (first column), eNOS™ (second column) and eNOS-tg (third column) mice.

Magnification is 10 X and the scale bar represents 200 pm.

Figure 5. Wall structure parameters (internal circumference (A), wall thickness (B), wall surface (C),
number of VSMCs per pm” wall surface (D), relative amount of elastin (E) and collagen (F), as based

on microscopic staining with H&E, Sirius red and orcein (Figure 5). One-way ANOVA with

25
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605  Bonferroni post-hoc test for multiple comparison: *, **, *** P<(0.05, 0.01, 0.001 vs. WT. Lines and
606  error bars represent mean and 95% confidence intervals, respectively.

607

608  Figure 6. Basal tone of aortic segments of WT, eNOS™ and eNOS-tg mice upon removal of external
609  Ca” in the absence (A) and presence (B) of 300 uM L-NAME. Two-way ANOVA with repeated
610  measures (eNOS active-blocked) and Bonferroni post-hoc test for multiple comparison: *: P<0.05:
611  eNOS™ versus WT (A), eNOS-tg versus eNOS™ (B); #, ###: P<0.05, 0.001: eNOS inhibited versus
612 eNOS active. Lines and error bars represent mean and 95% confidence intervals, respectively.

613

614  Figure 7. o;-Adrenoceptor stimulation of aortic segments of WT, eNOS™ and eNOS-tg mice

615  (n=5/group) in the absence of extracellular Ca*" and in the absence (A) and presence of 300 uM L-
616  NAME (B). Phasic contractions were fitted with a double exponential function revealing amplitude
617  (C) and time constant (E) of the contractile phase and amplitude (D) and time constant (F) of the
618  relaxing phase. Symbols (A-B) or lines (C-F) and error bars represent mean and 95% confidence
619 intervals, respectively. Two-way ANOVA with repeated measures (eNOS active-blocked) and

620  Bonferroni post-hoc test for multiple comparison: *, **, ***: P<(.05, 0.01, 0.001 versus WT; #, ##:
621  P<0.05,0.01 + L-NAME versus — L-NAME. Symbols (A-B) or lines (C-F) and error bars represent
622 means and 95 % confidence intervals, respectively.

623

624  Figure 8. Tonic contractions by PE, evoked by adding external Ca*" to the 0Ca solution containing 1
625  uM PE, in the absence (A) and presence (B) of 300 uM L-NAME to segments of WT (white), eNOS™
626  (red) and eNOS-tg mice (n=5/group). The effect of PE at 600 s is shown in C, whereas the relative
627  contraction in the absence of L-NAME with respect to the presence of L-NAME is shown in D.

628  Kruskal-Wallis with Dunn’s post-hoc test for multiple comparison (D) or repeated measures two-way
629  ANOVA (eNOS active-blocked) and Bonferroni post-hoc test for multiple comparison (A-C): *, **,
630  ***:P<0.05,0.01 and 0.001 eNOS™ or eNOS-tg versus WT; ##:P<0.01 + L-NAME versus —L-

631  NAME. Symbols (A-B) or lines (C) and error bars represent means (A-C) or median (D) and 95%

632  confidence intervals, respectively.
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633

634  Figure 9. Absolute (A and B) and relative (C and D) effects of 35 uM diltiazem (A and C) and 50 uM
635  2-APB (B and D) on the tonic contractions elicited by 1 uM PE (Figure 8). Two-way ANOVA with
636  repeated measures (eNOS active-blocked) and Bonferroni post-hoc test for multiple comparison: *,
637 #% *xk P<().50.01, 0.001 eNOS™ or eNOS-tg versus WT; #, ##, ###: P<0.05, 0.01, 0.001 +L-

638  NAME versus —L-NAME. Lines and error bars represent mean and 95% confidence intervals,

639  respectively.

640
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Morphology

eNOS” Diameter |,
VSMC content |,
Elastin =

Collagen =

eNOS-tg Diameter
VSMC content |, |
Elastin {,

Collagen =

Passive biomechanics

Compliance

Ep

Compliance 1

Ep =

Reactivity

Basal tone
SR Ca2+ content I
Ca2+ extrusion {,

PE contractility T

Basal tone =
SR Ca2+ content ™ T
Ca2+ extrusion P

PE contractility =

Table 1: Main qualitative changes in the isolated aorta of both mouse models as compared to WT mice

aortic segments with respect to morphology, passive biomechanical parameters as well as the active

changes in vascular reactivity.
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