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Abstract

and

The physiology of vascular smooth muscle (VSMC) cells is affected by autophagy, a catabolic cellular mechanism
responsible for nutrient recycling. Autophagy-inducing compounds may reverse arterial stiffening, whereas congeni-
tal VSMC-specific autophagy deficiency promotes arterial stiffening. The elevated aortic stiffness in 3.5-month-old
C57BI/6 mice, in which the essential autophagy-related gene Atg7 was specifically deleted in the VSMCs (Atg7™"
SM22a-Cre™ mice) was mainly due to passive aortic wall remodeling. The present study investigated whether aortic
stiffness was also modulated by a shorter duration of autophagy deficiency. Therefore, aortic segments of 2-month-
old Atg7™F SM22a-Cre* mice were studied. Similarly to the older mice, autophagy deficiency in VSMCs promoted aor-
tic stiffening by elastin degradation and elastin breaks, and increased the expression of the calcium binding protein
S100A4 (4 157%), the aortic wall thickness (4+27%), the sensitivity of the VSMCs to depolarization and the contribu-
tion of VGCC mediated Ca’* influx to a; adrenergic contractions. Hence, all these phenomena occurred before the
age of 2 months. When compared to autophagy deficiency in VSMCs at 3.5 months, shorter term autophagy defi-
ciency led to higher segment diameter at 80 mmHg (+ 7% versus — 2%), normal baseline tonus (versus increased),
unchanged IP;-mediated phasic contractions (versus enhanced), and enhanced endothelial cell function (versus
normal). Overall, and because in vivo cardiac parameters or aortic pulse wave velocity were not affected, these obser-

vations indicate that congenital autophagy deficiency in VSMCs of Atg

mechanisms to maintain circulatory homeostasis.

77F SM220-Cre™ mice initiates compensatory
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Background

In physiological conditions, autophagy is a homeostatic
process that is found at basal levels in almost all cell
types. In stress conditions, however, autophagy can be
upregulated to recycle nutrients and to generate energy
for cell survival [1]. Due to aging or genetic defects,
vascular autophagy may decline, which is linked to
many age-associated diseases such as arterial stiffening,
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atherosclerosis and hypertension [2]. On the other hand,
pharmacological induction of autophagy with, for exam-
ple, spermidine or rapamycin may extend lifespan and
delay cardiovascular aging [3, 4]. Natural aging is associ-
ated with structural and mechanical changes in the vessel
wall such as increased intima—media thickness, vascular
remodeling, increased arterial stiffness and inflamma-
tion. A phenotype switch from a contractile to a prolif-
erative/synthetic phenotype, altered growth of vascular
smooth muscle cells (VSMCs), their migration in the
media, as well as changes in the ratio of collagen and
elastin promote these age-associated effects. Moreover,
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with aging, changes in VSMC contractile signaling and
cytoskeletal organization lead to altered vascular con-
tractility [5], but the vascular contractile state and pheno-
type are also affected in pathological conditions such as
hypertension [6]. Many of these responses that are char-
acteristic for natural aging also occur with experimentally
induced vascular autophagy reduction or stimulation.
Activation of autophagy with platelet-derived growth
factor can induce a phenotypic switch from a contractile
to a synthetic, proliferative VSMC phenotype [7]. Con-
versely, blocking autophagy via deletion of the essen-
tial autophagy gene Atg7 in VSMCs leads to premature
stress-induced senescence, increased collagen secretion
and enhanced migration [8]. In 3.5-month-old C57BL/6]
mice, we demonstrated that autophagy deficiency in the
smooth muscle cells affected VSMC contraction and
cellular homeostasis with significant effects on vascular
reactivity and calcium homeostasis [9]. Moreover, pas-
sive aortic stiffness (i.e., the stiffness of the aorta with-
out active VSMC tone) in these mice was significantly
increased at higher transmural pressures, which could be
attributed to extracellular matrix remodeling [10]. Since
in most vascular disorders passive vessel changes occur
as a result of previous alterations in endothelial cell (EC)
or VSMC physiology, we hypothesize that autophagy
disruption in the VSMC of younger mice (2 months old)
induces acute alterations in the vasculature. Therefore, in
the present study we evaluate the aortic biomechanical
parameters and structure in these very young C57BL/6]
mice with or without a VSMC-specific deletion of Atg7
in order to test for active and passive modulation of aor-
tic function by short-term autophagy deficiency.

Methods

Mice

Mice on a C57BL/6] background expressing Cre recom-
binase under control of the actin-binding transgelin
(SM22a) promoter and homozygous for the Atg7flox
(Atg7"F) allele (14 Atg7®/F SM22a-Cre™ mice) [9, 10]
as well as their wild-type littermates lacking the Atg7
floxed allele (Atg7*'*) but expressing SM22a-Cre (14
Atg7t'T SM22a-Cre™ mice) were housed in a tem-
perature-controlled room with a 12-h light/dark cycle
and had free access to water and normal chow. VSMCs
from Atg7"F SM22a-Cre™ mice show typical features of
impaired autophagy such defective autophagosome for-
mation under autophagy-stimulating conditions (star-
vation), lack of LC3 processing, strong accumulation of
p62 and decreased levels of ATG12-ATGS5, as previously
described [8, 9]. For both mouse strains equal amounts
of male (#=9) and female (#=5) mice were exam-
ined. Because western blot analyses of Atg7"/f SM22a-
Cre™ aortic tissue did not reveal clear differences in the
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efficiency of Atg7 gene deletion in male versus female
mice, and the arterial stiffness parameter E, was not dif-
ferent between the two sexes in both Atg7*/'* SM22a-
Cre™ and Atg7"F SM22a-Cret animals, we did not
further consider mouse gender in the present study.

Experiments were performed when mice reached the
age of 2 months. Animals were euthanized with sodium
pentobarbital (250 mg kg™!, i.p.), followed by perfora-
tion of the diaphragm. The thoracic aorta was carefully
excised and stripped from adherent tissue. Starting from
the diaphragm, the aorta was cut in six 2 mm long seg-
ments (TA1-TA5). TA1 and TA2 were mounted in tra-
ditional organ baths and TA3 and TA4 were mounted in
The Rodent Oscillatory Tension Set-up to study Arterial
Compliance (ROTSAC). TA5 was used for western blot-
ting or histochemistry. Atg7"'f SM22a-Cre* and Atg7+/*
SM22a-Cre" mice were always dissected in parallel. All
experiments were approved by the Ethical Committee of
the University of Antwerp.

Isometric contraction experiments

Vessel segments (2 mm long) were mounted in organ
chambers (10 ml), immersed in Krebs—Ringer (KR) solu-
tion [containing (in mM): 118 NaCl, 4.7 KCl, 2.5 CaCl,,
1.2 KH,PO,, 1.2 MgSO,, 25 NaHCO,, 0.025 CaEDTA
and 11.1 glucose] at 37 °C and continuously aerated with
95% O,—5% CO, as described previously [10, 11]. Seg-
ments were gradually stretched and set at a preload of 16
mN for optimal force development [12]. Force develop-
ment was measured isometrically with a Statham UC2
force transducer (Gould, Cleveland, OH) connected to a
Powerlab 8/30 data-acquisition system (AD Instruments,
Spechbach, Germany). When necessary, endothelium-
derived relaxation by nitric oxide (NO) was prevented
by inhibiting NO formation with 300 uM Nw-nitro-L-
arginine methyl ester (L-NAME; Sigma-Aldrich) [12].
Depolarization-dependent contractions of vessel seg-
ments were elicited by increasing concentrations of KCl
(K*: 5.9, 10, 15, 20, 25, 30, 40, and 50 mM). The differ-
ent K* solutions were prepared by replacing NaCl in the
KR solution with equimolar amounts of KCI. A Ca*"-free
environment (0Ca’") was prepared by omitting Ca*"
from the KR solution and adding 1 mM EGTA (Sigma-
Aldrich) to chelate remaining Ca®" residues. Phasic
contractions by the a;-adrenergic receptor agonist phe-
nylephrine (PE, Sigma-Aldrich) were determined by add-
ing 2 uM PE to the 0Ca®" solution after 3 min [13]. To
restore normal conditions hereafter, 3.5 mM Ca’" was
added to the 0Ca*" solution, leading to a tonic contrac-
tion by PE. The Ca*" channel blocker diltiazem was used
at the maximal concentration of 35 M to determine the
contribution of voltage-gated Ca®* channels (VGCCs) to
the tonic PE-induced contractions [14]. Relaxation was
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induced by increasing concentrations of acetylcholine
(3 x 10 — 107 M) or, when basal NO was inhibited
with L-NAME, by the NO-donor diethylamine NONO-
ate (DEANO) (3 x 107'° — 107> M). Prior to relaxation,
pre-contractions were induced by 2 uM PE.

Rodent oscillatory tension set-up to study arterial
compliance (ROTSAC)

Ex vivo vascular stiffness was determined via ROTSAC
measurements as previously described [10, 15]. In brief,
aortic vessel segments (2 mm long) were mounted in
organ chambers (8 ml) between two wire hooks and seg-
ments were continuously stretched between alternating
preloads to mimic different diastolic and systolic trans-
mural pressures. Transmural pressure was calculated by
using the dimensions of the vessel wall and the applied
force (Laplace’s law), as described [15]. Vessel segments
were continuously stretched between the different cal-
culated diastolic and systolic pressures at a physiologi-
cal frequency of 10 Hz to mimic the physiological heart
rate in mice (600 beats/minute). At any given pressure,
calibration of the upper hook allowed calculation of the
diastolic and systolic vessel diameter (mm), the compli-
ance (pm/mmHg) and the Peterson modulus (E,). E, was
defined as the pulse pressure [difference between dias-
tolic and systolic pressure (AP), which was 40 mmHg in
the present study], multiplied by the diastolic diameter
(Dy), and divided by the diameter change (AD) between
diastolic and systolic pressure, or E,=D, x AP/AD. For
brevity, we will refer to the vessel E, as stiffness. Contrac-
tion and relaxation of vessel segments were elicited as
described above.

Blood pressure, echocardio-parameters and pulse wave
velocity (PWV)

One week before killing, peripheral blood pressure was
measured with the CODA tail-cuff method as previ-
ously described [16]. In brief, a pressure—volume sen-
sor was attached distally to an occluding cuff to the tail
of conscious restrained mice for blood pressure record-
ing. Systolic and diastolic blood pressure were measured
on three consecutive days, of which the final measure-
ment was used. Next, transthoracic echocardiograms
were acquired in anesthetized mice [1.5-2.5% isoflurane
v/v (Forene, Abbvie)] using high-frequency ultrasound
(Vevo2100, Visualsonics). Heart rate was maintained at
500450 beats/min and body temperature between 36
and 38 °C. M-mode images were obtained for left ven-
tricular (LV) function evaluation on short axis view,
including measurement of interventricular septum
(IVS) thickness, LV posterior wall (LVPW) thickness,
and LV lumen diameter of three consecutive respira-
tory cycles. Fractional shortening (FS), ejection fraction
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(EF), LV mass and stroke volume (SV) were calculated.
In vivo arterial stiffness was determined by measuring
PWYV according to a method developed by Di Lascio
et al. [17] in the abdominal aorta of anesthetized mice
[1.5-2% isoflurane (Forene Abbvie)] using a high-fre-
quency ultrasound system (Vevo2100, Visualsonics) and
a 24-MHz transducer. Briefly, heart rate was maintained
at 50050 beats/min and body temperature between
36 and 38 °C. The aortic diameter (D) was measured on
700 frames-per-second B-mode images of the abdominal
aorta in EKV imaging mode. Hereafter, pulse wave Dop-
pler tracing was used to measure aortic flow velocity (V).
The In(D)-V loop method was then applied to calculate
PWYV using Matlab v2014 software (Mathworks).

Western blot analyses

Vessel segments were lysed in Laemmli sample buffer
(Bio-Rad) containing 5% [-mercaptoethanol. Sam-
ples were heat-denatured for 5 min and loaded on Bolt
4-12% or 12% Bis—Tris Gels (Life Technologies). After
gel electrophoresis, proteins were transferred to Immo-
bilon-FL. PVDF membranes (Merck Millipore) accord-
ing to standard procedures. Membranes were blocked
for 1 h in Odyssey Blocking Buffer (LI-COR Biosciences)
diluted 1:5 with PBS. After blocking, membranes were
probed overnight at 4 °C with primary antibodies (diluted
in Odyssey Blocking Buffer), followed by a 1 h incuba-
tion with IRDye-labeled secondary antibodies at room
temperature. Antibody detection was achieved using
an Odyssey SA infrared imaging system (LI-COR Bio-
sciences). The intensity of the protein bands was quanti-
fied using Image Studio software. The following primary
antibodies were used: mouse anti-LC3B (Nanotools,
clone 5F10, 0231-100), rabbit anti-SQSTM1/p62 (Sigma-
Aldrich, P0067), rabbit anti-eNOS (sc-654, Santa Cruz),
mouse anti P-eNOS (S1177) (612392, BD biosciences)
and mouse anti-B-actin (Sigma-Aldrich, A5441). IRDye-
labeled secondary antibodies (goat anti-mouse IgG,
926-68070, and goat anti-rabbit IgG, 926-32211) were
purchased from LI-COR Biosciences.

Histology

Vessel segments were fixed in 4% formalin for 24 h and
paraffin embedded. Transversal sections were stained
with hematoxylin—eosin, orcein or Sirius red to deter-
mine wall thickness, elastin and collagen content, respec-
tively. The composition of the aorta was also assessed
by immunohistochemistry using the following primary
antibodies: anti-collagen type I (Abcam, ab21286), anti-
collagen type III (Chemicon, HAB1343), anti-collagen
type IV (DAKO, MO0785), anti-fibronectin (Abcam,
ab2413), anti-vinculin (Invitrogen, 53-9777-80), anti-
paxillin (ABCAM, Ab32084) and anti-S100A4 (DACO,
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A5114). Hereafter, tissue sections were incubated with
species appropriate horseradish peroxidase-conjugated
secondary antibody (Vector Laboratories), followed by
60 min of reactive ABC (Vector Laboratories). Immuno-
complexes were detected with 3,3’-diaminobenzidine or
3-amino-9-ethyl-carbazole (Vector Laboratories). Images
were acquired with Universal Grap 6.1 software using an
Olympus BX40 microscope and quantified with Image |
software.

Statistics

All data are expressed as mean+ SEM with n represent-
ing the number of mice. Statistical analyses were per-
formed using Graphpad Prism software (version 8.3.0).
Statistical tests are mentioned in the figure legends.
p<0.05 was considered as statistically significant.

Results

Defective VSMC autophagy changes aortic biomechanics

in a pressure-dependent way

The pressure dependency of the diastolic diameter
(Do), compliance and E,, a vessel diameter-independ-
ent measure for arterial stiffness, of aortic segments of
Atg7™" SM22a-Cre™ and Atg7FF SM22a-Cre™ mice
was determined in baseline (KR) conditions from a
mean pressure of 60 mmHg (40-80 mmHg) to a mean
pressure of 200 mmHg (180-220 mmHg) in steps of
20 mmHg. With higher distension pressures, aortic
diameters increased, and although there were no sig-
nificant differences between the mouse strains, the
diastolic diameter was larger in aortic segments of
Atg7F/F SM22a-Cre™ mice as compared to control mice
(p=0.05) (Fig. 1a). In control mice, compliance was
highest at a physiological pressure of 80-120 mmHg,
while in aortic segments of Atg7"F SM22a-Cre™ mice
compliance was already decreasing at this pressure
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(Fig. 1b). In addition, at high pressures E, values of
Atg7"F SM22a-Cre* mouse vessel segments were sig-
nificantly elevated, indicating higher stiffness (Fig. 1c).
Overall, the shape of the pressure curves was not sig-
nificantly affected by the addition of L-NAME (Fig. 2),
except for aortic stiffness at high pressures. This might
suggest higher basal NO release in baseline conditions
in Atg7"F SM22a-Cre* mouse aortic segments.

Defective VSMC autophagy increases aortic stiffness
passively

Changes in vascular stiffness can be attributed to active,
vascular tone-dependent factors and/or to passive, ves-
sel wall intrinsic factors, which may occur indepen-
dently of VSMC or EC reactivity [18]. Passive stiffness
was determined by incubating the aortic segments in
0Ca* solution, reducing cytosolic Ca>" and removal of
basal active tone. To ensure that basal NO release did
not interfere, 300 pM L-NAME was added to the organ
baths. Two pressure ranges were investigated: 80-120
and 120-140 mmHg, named normal (N) and high (H)
pressure. Whereas at physiological (N) pressures, dias-
tolic diameter, compliance and E, were not significantly
different between Atg7™/'t SM22a-Cret or Atg7"/F
SM22a-Cre* animals, aortic stiffness was significantly
higher in Atg7"F SM22a-Cre™ animals at higher pres-
sures (H) (Fig. 3a). Figure 3b shows the absolute change
of stiffness by removal of external Ca®" at normal and
high pressures. Overall, there was a slight, but signifi-
cant (»<0.001) decrease in stiffness by removal of Ca*t,
but the difference between both mouse strains at high
pressure was not affected by Ca*" removal. This find-
ing indicates that passive aortic wall remodeling rather
than differences in VSMC basal tone are responsible for
the higher stiffness at elevated pressures.
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Fig. 1 Defective autophagy in VSMCs increases arterial stiffness at high pressures. Pressure-dependency of diastolic diameter (a), compliance (b)
and £, (c) of Atg7+* SM22a-Cre (+/+) and Atg7™" SM22a-Cre (F/F) aortic segments (n=7). Pulse pressure was always 40 mmHg, hence each
mean pressure point is =20 mmHg (stretch frequency 10 Hz). Two-way ANOVA with pressure and genotype effect indicated and with Sidak’s
multiple comparisons post-test. *p <0.05 **p < 0.01 ***p <0.001
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Fig. 2 General pressure-dependency of aortic diameter, compliance and stiffness is not dependent on inhibition of eNOS by L-NAME. Defective
autophagy in VSMCs increases arterial stiffness at high pressures. Pressure-dependency of diastolic diameter (a, b, ¢), compliance (d, e, f) and Ep (9,
h, i) of Atg7+* SM22a-Cre™t (+/4) and Atg7™" SM22a-Cre™ (F/F) aortic segments (n=7) in the absence (a, d, g) and presence of 300 uM L-NAME
(b, e, h).In ¢, fand i the absolute change of diameter, compliance and £, induced by L-NAME addition and blocking eNOS is shown as a function
of distension pressure. Pulse pressure was always 40 mmHg, hence each mean pressure point is £ 20 mmHg (stretch frequency 10 Hz). Two-way
ANOVA with pressure, genotype (atg7) and the interaction effect between both is indicated. Statistical comparison for the different pressure points
is calculated with Sidak’s multiple comparisons post-test. *p < 0.05 **p < 0.01 ***p <0.001

Defective autophagy in VSMCs enhances the thickness SM22a-Cre*t animals (Fig. 4a, b). The increase was not
of the aortic vessel wall due to a raised number of VSMCs as there was no dif-
The elevated passive stiffness of autophagy-deficient ference in the number of VSMCs per vessel wall surface
aortic segments can be caused by changes in aortic  (Fig. 4a, c). Histological analyses of the extracellular
wall structure and the extracellular matrix. In particu-  matrix components showed that the amount of colla-
lar, an increase in collagen content and/or a decrease  gen type I, III and IV and fibronectin was not signifi-
in elastin content, possibly combined with elastin frag-  cantly different between Atg7"/f SM22a-Cre™ mice as
mentation, are associated with increased arterial stiff-  compared to control mice (data not shown). However,
ness [10, 19]. The medial wall thickness, as determined  in vessel segments of Atg7'f SM22a-Cre* mice the
on H&E stained histological sections, indicated a sig-  amount of elastin fibers tended to decrease (Fig. 4d, e)
nificant increase in wall thickness by 25% in Atg7""  and the number of elastin breaks tended to increase in
aortic segments of Atg7"'f SM22a-Cre™ mice (Fig. 4d,
f).
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Fig. 3 Defective autophagy in VSMCs increases passive arterial
stiffness at high pressures. Aortic stiffness, £,, for Atg7*"+ SM22a-Cre™
(+/4+, open symbols) and Atg7"F SM22a-Cre* (F/F, closed symbols)
animals was determined at 80-120 (N) and 100-140 (H) mmHg in the
presence of extracellular Ca’* (a). Absolute change of E, by removal
of extracellular Ca** (b) at physiological (N) and high (H) pressures.
Two-way ANOVA with pressure and genotype effect indicated and
with Sidak’s multiple comparisons post-test. *p <0.05 **p <0.01
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Defective autophagy in VSMC affects phenotype and focal
adhesion
VSMCs not only play a central role as active modulators
of arterial stiffness, but are also crucial in the process
of vascular remodeling. Indeed, it has been shown that
in certain conditions VSMCs can undergo a phenotype
switch from a quiescent contractile phenotype to a secre-
tory phenotype. This dedifferentiation of VSMCs induces
ECM secretion and hypertrophy, which can directly
affect vascular stiffness [20]. The calcium binding pro-
tein S100A4, which was recently proposed as a marker of
this phenotypic transition [21], was increased in the aorta
of 2-month-old Atg7¥F SM22a-Cre* mice as compared
to control mice, similarly as for 3.5-month-old Atg7"/F
SM22a-Cre*t mice [10] (Fig. 5a, b).

Elevated stiffness of the vascular wall is also modulated
by the VSMC-extracellular matrix interaction. Indeed,

(n=7)
focal adhesions, which form the connection between the
VSMC cytoskeleton and the extracellular matrix, can be
increased and may lead to higher arterial stiffness [22].
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Fig. 4 Defective autophagy in VSMCs enhances aortic vessel wall thickness. Hematoxylin/eosin staining (a) with quantification of vessel wall
thickness (b) and number of VSMCs (c) as well as orcein staining (d) with quantification of the elastin amount (e) and number of elastin breaks (f)
in aortic segments of Atg7+/+ SM22a-Cre™ (4/+) or Atg7F/F SM22a-Cre™ (F/F) animals (n = 6-7). Measurements were performed in two segments
(ST and S2) of each aorta. Two-way ANOVA with segment and genotype effect indicated and with Sidak’s multiple comparisons post-test. *p < 0.05.
Scale bar=100 pm
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Fig. 5 Defective autophagy in VSMCs increased S100A4, vinculin, but not paxillin. Immunohistochemical staining (a) and western blot analysis (b)
of ST00A4 in aortic segments of Atg7+/* SM22a-Cre™ (4/4) or Atg7™F SM22a-Cre™ (F/F) animals (n=6). Amount of vinculin (red, ¢) and paxillin
(d) determined after immunohistochemical staining of aorta segments and Atg7+/+ SM22a-Cre™ (4+/+) or Atg7”F SM22a-Cre™ (F/F) mice (n=6).
Two-way ANOVA on 2 segments per mice *p <0.05 for genotype factor. Scale bar=100 um

Therefore, we also measured the amount of vinculin, a  animals, in contrast to the focal adhesion protein paxillin,
focal adhesion molecule, in aortic segments of Atg7*/*  which was not different between the two groups (Fig. 5d).
SM22a-Cre*t and Atg7"/F SM22a-Cre™ mice (Fig. 5¢). The Hitherto, most results obtained in 2-month-old Atg7"/*
amount of vinculin in the aorta of Atg7"'" SM22a-Cre™ SM22a-Cre™ mice were very similar to the results
mice was significantly higher than in the aorta of control  obtained in 3.5-month-old Atg7"f SM22a-Cre™ mice [9,
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10], indicating that the effects of Atg7 knock-out on pas-
sive aortic biomechanics probably develop before the age
of 2 months. The effects of intracellular Ca®>* decrease on
basal tonus and the effects of autophagy deficiency on
aortic diameter, were, however, age-dependent.

Defective VSMC autophagy actively increases aortic
stiffness

Because the contractile status of VSMCs actively con-
tributes to the isobaric biomechanical properties of the
aorta [15, 18, 23], the effects of depolarization by extra-
cellular K* elevation on E, were determined at physi-
ological (N, 80-120 mmHg) and increased pressure (H,
100-140 mmHg) in the presence of 300 uM L-NAME.
K" concentration—stiffness curves at normal and
higher distension pressures revealed higher stiffness of
Atg7"/F SM22a-Cre™ as compared to control aortic seg-
ments (Fig. 6a, b). Atg7"F SM22a-Cre™ segments were
more sensitive to depolarization and ECg, values for K*
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decreased from 27.44+0.2 to 21.7+1.7 mM (p<0.01)
at 80-120 mmHg and 29.6+4.1 to 23.2+4 mM
(p<0.01) at 100-140 mmHg. In Fig. 5¢c, d, the effects
of autophagy deficiency on aortic biomechanical
parameters are compared at normal pressure in KR
(5.9 mM K*) and in depolarized (35 mM K') condi-
tions. Similarly to the previous experiments (Figs. lc,
3a), E, was not significantly different as compared
to control mice in basal unstimulated conditions
(5.9 mM K%) and at physiological pressures. However,
when the distension pressure was increased, E, values
were significantly higher in Atg7"/f SM22a-Cre™ mice
(Fig. 6¢). Contractions induced by depolarization with
35 mM K* caused enhanced stiffening of the aortic
segments of both mouse strains. The differences under
stimulated conditions between Atg7™/* SM22a-Cre™
and Atg7"/F SM22a-Cre ™" aortas were more pronounced
at normal pressures (Fig. 6d).
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Our previous study with aortic segments indicated
that in isometric conditions autophagy deficiency in
mice of 3.5 months of age caused significant effects on
vascular reactivity and calcium mobilization [9]. As
expected from the results in Fig. 6, shorter duration of
autophagy deficiency (6 week younger mice than in the
previous study) also caused increased sensitivity of aor-
tic segments to K™-induced depolarization in isomet-
ric conditions (Fig. 7). Maximal contractions elicited
by 50 mM extracellular K* concentration were sig-
nificantly higher in aortic segments of Atg7"'f SM22a-
Cret as compared to Atg7t/* SM22a-Cret mice, both
in the absence and presence of 300 uM L-NAME to
inhibit basal NO release (Fig. 7a—c). Furthermore, K*
concentration—response curves for Atg7tf SM22a-
Cre™ mice displayed a leftward shift in the absence of
L-NAME from 26.8+0.7 to 23.1+1.1 mM (p=0.05)
and a non-significant shift in the presence of L-NAME
from 21.24+0.9 to 20.1£0.9 mM, indicating that the
increased sensitivity of the Atg7f/F SM22a-Cre™ aortic
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segments to depolarization is slightly NO-dependent
(Fig. 7d).

It is remarkable that the leftward shift in the absence
of L-NAME (% 3.7 mM) matched with the leftward shift
at normal (£ 5.7 mM) and higher (+ 5.6 mM) pressure in
the stiffness measurements of Fig. 6, although these were
performed in the presence of L-NAME.

Defective VSMC autophagy increases aortic stiffness
depending on the mechanism of contraction

To verify whether increased aortic stiffening at depolar-
ized membrane potentials of the autophagy-deficient
VSMCs is dependent upon the mechanism of contrac-
tion, aortic segments were maximally contracted with
the a,-adrenoceptor agonist PE (2 pM) and aortic stiff-
ness was measured at 80-120 and 100-140 mmHg. In
contrast to depolarization with 35 mM K, the decrease
in diastolic diameter and compliance (data not shown) or
the increase in aortic stiffness by 2 uM PE (Fig. 8a, b) was
smaller than for depolarization with 35 mM K and the
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-LNAME
a
169 -0 +/+ .
- F/IF ok
E 104 ok
E
o
L
L 57
0..
I T T 1
0 20 40 60
[K+] (mM)
Cc o +/+ i
204 © FIF N
[ 1
* e
. 151 oo %&
4 (] @
£ 104 %20 oo 8?# ® °
x
: oo =5
w
51 o
genotype
LNAME *
o] oxtoo
- LNAME + LNAME
L-NAME effect indicated and with Sidak’s multiple comparisons test. *p < 0.05, **p <0.01, ***p <0.001 (n=7)




De Munck et al. The Journal of Physiological Sciences (2022) 72:7 Page 10 of 19
a N: 80-120 mm Hg b H: 100-140 mm Hg
800 1500+
O +/+ . genotype 0.08
__ 7001 ® FIF . . _ PE0.08
£ e g ® °
£ 600+ . £ 10007
; | ' Y +
~— 5004 o -
o o Oo° o’ o 00
o {7 o o
4001 & ete o S so0| S x5
e} @ 60 ) o )
genotype 0.78
300- PE
T L] L T
KR PE, .« KR PE, .«
Fig. 8 PE-induced contractions increased aortic stiffness at low and high stretch pressure independently of autophagy deficiency in VSMCs. £, was
measured in aortas of Atg7/* SM22a-Cre* (+/+) and Atg7™F SM22a-Cre™ (F/F) mice at 80120 mmHg stretch (N, a) and 100-140 mmHg stretch
(H, b) in the absence (Krebs—Ringer, KR) and presence of 2 uM PE (PE,,,,). Two-way ANOVA with pressure and genotype effect indicated and with
Sidak’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001

time (s)

a b c
15 c 1 oo
._%1 [ — [ —
o 01004 [ )
= 2 = ° o . £ e 2 °
: I e bf| L
o o
= - [} o o
g 8 o 050 e”e P -&%— S o
S 1 tsl XS Eog o = 3
w w o ©¢e k=1 °©
© o g o 4+
0 t 0.76 . genotype **
0 genowpe? ° e FIF S o Lnawe- ® FIF
T T T T T | T T [T) . T
0 20 40 60 80 100 -L-NAME +L-NAME > -L-NAME +L-NAME

Fig. 9 Defective autophagy in VSMCs affects IP3-mediated contractions and VGCC mediated tonic contractions by PE. IP3-mediated transient
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parameters were not significantly different between the
two mouse strains at any pressure. Under PE-stimulated
conditions, aortic segments of Atg7"'F SM22a-Cre™ mice
tended to be stiffer (but not statistically significant) than
those of Atg7*/* SM22a-Cre™ animals at high pressure
(Fig. 8b).

In isometric conditions, we determined phasic and
tonic contractions of autophagy-deficient and competent
aortic segments by addition of 2 uM PE. In the absence
of extracellular Ca", PE elicited phasic contractions as
shown in Fig. 9a. The area under the curve (Table 1) of
inositol 1,4,5-triphosphate (IP;)-mediated contractions
did not significantly differ between Atg7*/F SM22a-Cre™

Table 1 Parameters of phasic PE-induced contractions of
Atg7t* SM22a-Cret (Atg7+ ") and Atg™" SM22a-Cret (Atg7™")

aortic segments

Atg7t+  Atg7™F Atg7t* +  Atg7"F+
L-NAME L-NAME
AUC (mN*s) 131219 12111 123415 13910
Teontraction () 25407 32406 21402 32406
Tomation (5) 268429  672+172% 391£129 419416
Acontaciion MN) 28402 27403 25402 25402
Awimoton (MN)  —17402 —21+03 —18+02 —19+04

Mean =+ SEM (n=5-7). Experiments were performed in the absence and
presence of 300 uM L-NAME. Two-way ANOVA with Sidak post hoc test *p <0.05
for genotype factor with T,q,.ation P = 0.054 for genotype factor with .o, yaction
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and Atg7™" SM22a-Cre™ mice. However, the time
constant of relaxation (7,,ion) Was larger in Atg7F/F
SM22a-Cre " as compared to Atg7 /™ SM22a-Cre™* mice,
especially in the absence of L-NAME. The time constants
of contraction (Tqpiaction) @0d the contraction/relaxation
amplitudes were not significantly different between the
two groups (Table 1).

Tonic contractions by PE were evaluated after the
re-addition of Ca*" and were not significantly differ-
ent between the two groups in the absence or presence
of L-NAME (Fig. 9b). To determine the contribution of
Ca”" influx via voltage-gated Ca*" channels (VGCC) and
non-selective cation channels (NSCC) to the PE-induced
tonic contractions, VGCC Ca*" influx was completely
blocked by addition of 35 uM diltiazem. Compatible with
our previous observations at the age of 3.5 months, we
found a larger contribution of VGCC to the contraction
by PE as well in the absence as presence of L-NAME
(Fig. 9¢) in aortic segments of Atg7"/F SM22a-Cre* when
compared with Atg7"/* SM22a-Cre™ mice.

Defective autophagy in VSMC increases NO in the aorta
Some experiments suggested that differences between
the mouse strains were dependent on the presence or
absence of L-NAME and, hence, of NO release. To ver-
ify whether basal NO release was affected by autophagy
deficiency, isometric force development by 2 uM PE
was measured before and after the addition of L-NAME
(Fig. 10). In the absence of L-NAME, PE-induced con-
tractions measured 1 h after mounting, were significantly
lower in Atg7"F SM22a-Cre™ mice as compared to con-
trol mice (Fig. 10a). This difference, however, disappeared
with the addition of L-NAME (Fig. 10b), indicating that
aortic segments of Atg7"'F SM22a-Cre™ mice have signif-
icantly higher levels of basal NO release (Fig. 10c).
NO-mediated relaxation of PE-pre-contracted aor-
tic segments was determined in isometric conditions by
inducing endothelium-dependent relaxation with ace-
tylcholine (ACh) (Fig. 10c—e). Although a small non-
significant decrease in ACh sensitivity was present in
aortic segments of Atg7"'" SM22a-Cre™ mice, a sig-
nificant increase in the maximum relaxation occurred
in mice with the VSMC autophagy defect. This effect
is dependent on EC function since sensitivity and the
maximal relaxation of the VSMCs to exogenous NO
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(DEANO) were not different between the two groups of
mice (Fig. 10f-i). Finally, Western blot analysis confirmed
that levels of eNOS phosphorylation in Atg7"F SM22a-
Cre™ aortic segments were increased (Fig. 10j, k).

In vivo vascular and cardiac parameters are not affected

by autophagy deficiency in 2-month-old mice

Blood pressure and heart parameters were unaffected by
autophagy deficiency in VSMCs at the age of 2 months
(Table 2). There was no significant difference between
Atg7"F SM22a-Cre™ mice and control mice in terms of
aortic pulse wave velocity, the most important in vivo
technique to measure arterial stiffness.

Discussion

Several lines of recent evidence indicate that autophagy
stimulates VSMC survival, whereas reduced autophagy
promotes age-related changes in the vasculature [2, 24].
Defective autophagy in VSMCs accelerates not only the
development of stress-induced premature senescence,
but also intimal thickening and atherosclerotic plaque
formation [24]. The finding that VSMC senescence can
promote atherosclerosis further illustrates that normal,
adequate VSMC function is crucial in protecting the ves-
sel wall against vascular disease.

VSMC autophagy and arterial stiffening

Previous research revealed that knocking out the essen-
tial autophagy gene Atg7 in VSMCs by Cre-LoxP recom-
bination (use of Atg7"'F SM22a-Cret mice) has major
effects on aortic VSMC function in 3.5-month-old mice
[9, 10]. Indeed, autophagy deficiency in the VSMCs
decreased aortic compliance, especially at higher than
normal distension pressures, which was largely due
to passive remodeling of the extracellular matrix. The
question remains whether passive remodeling, which is
often considered to be a longer-term adaptation of the
vessel wall to acute changes in aortic performance, is
time-dependently linked to the duration of autophagy
knock-out. Therefore, the present study investigated bio-
mechanical properties of the aorta of Atg7"F SM22a-
Cre™ mice at the age of 2 months. Examining defective
autophagy at 2 months has also an additional advan-
tage. SM22a, used here to delete the essential autophagy
gene Atg7 in VSMCs via Cre-LoxP technology, is

(See figure on next page.)

Fig. 10 Defective autophagy in VSMCs increases the level of basal NO, stimulated NO release, and phosphorylated eNOS in the aorta without
affecting exogenous NO-mediated relaxation. Force development after addition of 2 uM PE in aortic segments of Atg7™" SM22a-Cre™ (F/F) and
Atg7+/+ SM22a-Cre™ (+/4) mice in the absence (a) or presence (b) of 300 uM L-NAME to calculate amounts of basal NO release (c). Relative
concentration-response curves of relaxations elicited by acetylcholine (ACh) of Atg7F/F SM22a-Cre™ (F/F) and Atg7+/+ SM22a-Cre™ (+/+) aortic
segments (d), fitted ICs, (€) and maximal relaxation values (f). Relative concentration-response curves of relaxations elicited by DEANO of Atg7F/F
SM22a-Cre* (F/F) and Atg7 ™+ SM22a-Cre™ (4-/4) aortic segments (g), fitted IC., (h) and maximal relaxation values (i) (n=7). Western blot (j)
analysis of eNOS and (p)-eNOS with quantification relatively expressed to B-actin (k, i) (1=6). Independent students t test. *p < 0. 05, **p < 0.01
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Table 2 Cardiac parameters, aPWV and blood pressure of
Atg7t* SM22a-Cre* (Atg7+/+) and Atg7™F SM22a-Cre™ (Atg7™")
mice

Atg7++ Atg7F
Ejection fraction (%) 7616 (5) 78+3(8)
Fractional shortening (%) 4546 (5) 4643 (8)
LV mass (mg) 7846 (5) 89413 (8)
Stroke volume (uL) 29+3(5) 29+3(8)
Systolic blood pressure (mmHg) 10044 (8) 9945 (10)
Diastolic blood pressure (mmHg) 68+4 (8) 71+5(10)
Mean blood pressure (mmHg) 79+4 (8) 80+5(10)
Pulse pressure (mmHg) 314+2(8) 2942 (10)
Pulse wave velocity (m/s) 20403 (6) 20403 (6)

Mean + SEM (N) independent sample t test

transiently expressed in the heart during embryogenesis
(between E8.0 and E12.5) [25] so that it is likely that car-
diomyocytes in Atg7"F SM22a-Cre™ mice are partially
autophagy defective. Because inhibition of autophagy
in the heart induces age-related cardiomyopathy [26],
Atg7"F SM22a-Cre" mice develop severe heart failure
(Fig. 11) associated with increased mortality starting at
the age of 4.5 months. Accordingly, we cannot rule out
the possibility that some changes in vascular function at
3.5 months of age are related to impaired cardiac func-
tion. We found that the altered isobaric aortic compliance
and stiffness were already present for shorter term defec-
tive autophagy in aortic VSMCs, but we also observed
autophagy deficiency duration-dependent parameters,
which revealed a complex interplay between passive and
active processes contributing to arterial compliance or
stiffness (see also Fig. 12).

Defective VSMC autophagy passively increases aortic
stiffness

Similarly to the effects observed at 3.5 months [10], dif-
ferences in aortic stiffness between 1.5 months younger
Atg7™" SM22a-Cre™ and Atg7F/F SM22a-Cre™ mice
were highly pressure dependent, with the largest stift-
ening effect being present at higher distension pres-
sures. The differences in basal, unstimulated conditions
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at high pressures are mainly driven by changes in the
passive vascular stiffness since the incubation of the
segment in 0Ca’" to remove all VSMC tone did not
affect the observed differences. In contrast to previ-
ous observations in autophagy-deficient aorta of older
mice [9], but compatible with the lack of effect on aor-
tic stiffness at 2 months at normal pressure, removal of
external Ca®" did not significantly change basal tone of
aortic segments of 2-month-old Atg7"F SM22a-Cre™
animals mounted in isometric conditions (data not
shown).

Similarly to the results at 3.5 months [10], an increase
in elastin breaks and a slightly decreased elastin content
(approximately — 5%) were observed, leading to differ-
ences in passive aortic stiffness between autophagy-
competent and deficient aortas. This might explain the
larger increase of stiffness in the aorta of mice with
an autophagy deficiency in VSMCs at elevated dis-
tension pressures. By the loss of elasticity in the low
pressure range (elastin reduction with elastin breaks)
tensile force is redistributed to the stiffer collagen and,
hence, stiffness increases. In this way, autophagy-defi-
cient aorta resembles the aorta of elastin heterozygous
mice (EIn*/"), in which about 60% of the normal elas-
tin amount is present [27]. During normal vascular
aging or in EIn"/~ mice, which are both characterized
by reduced elastin content and/or increased elastin
breaks, increased arterial stiffness was accompanied
by mild cardiac hypertrophy, hypertension, narrowing
(EIn™'") or widening (ageing) of the large conductance
vessels and an age-dependent attenuation of endothe-
lial vasorelaxant function. Moreover, the Eln*/~ ves-
sels were protected from an age-dependent alteration
of a; adrenoceptor-mediated vasoconstriction [27-
29]. Hypertension of the Eln™/~ mice has further been
attributed to permanent changes in vascular tone of
resistance arteries: increased sensitivity to circulat-
ing Angll and attenuated endothelial function [30]. In
Atg7FF SM22a-Cre™ mice, however, cardiac parame-
ters and blood pressure were not affected by autophagy
deficiency in VSMCs of mice at 2 or 3.5 months of age
[10], which might be due to the less pronounced reduc-
tion in elastin content and an increase in elastin breaks
and compensatory mechanisms in the circulation.

(See figure on next page.)

Fig. 11 Atg7"™F SM22a-Cre™ mice reveal heart failure and premature death starting at an age of 4.5 months. a Quantification of heart weight to
tibia length ratio (HW/TL) in Atg7*/* SM22a-Cre* (+/4) mice and Atg7™F SM22a-Cre™ (F/F) at 2 and 5 months of age. Representative images of
the heart from an Atg7+/* SM22a-Cre™ and Atg7™F SM22a-Cre* mouse at 5 months (5 M) of age are shown. b Quantification of left ventricular
end-diastolic diameter (LV EDD) and left ventricular end-systolic diameter (LV ESD) in Atg7*/* SM22a-Cre* (+/+) and Atg7"/" SM22a-Cre* (F/F)
mice at 2 and 5 months of age. ¢ Fractional shortening (FS) in Atg7*/* SM22a-Cre™ (+/+) and Atg7™" SM22a-Cre* (F/F) mice at 2 and 5 months
of age. Representative M-mode echocardiography images of Atg7”" SM22a-Cre* (F/F) mice at 2 and 5 months of age are shown. d Kaplan-Meier
survival curves of Atg7+/* SM22a-Cre* (+/+) and Atg7"F SM22a-Cre* (F/F) mice. ***p<0.001 versus +/+
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Defective VSMC autophagy actively increases aortic
stiffness

Although active and passive processes contribute to
arterial stiffness and although VSMC contraction is
an important active modulator of large artery compli-
ance [18, 31], a clear distinction between these compo-
nents is not always possible. The wall adaptations due
to autophagy deficiency, mentioned before, cannot be
ignored during contraction since the continuous con-
nection of the elastin fibers to the contractile units in the
VSMCs, which has been termed the “elastin-contractile
unit” [32], is a prerequisite for performing contraction.
The elastin content and function in the autophagy-defi-
cient aorta is compromised, predicting a lower contrac-
tile function of the autophagy-deficient aortic VSMCs of
Atg7"F SM22a-Cre™ mice. However, in isometric condi-
tions, aortic segments of Atg7"’f SM22a-Cre™ mice of

2 (this study) and 3.5 months [9] of age have increased
sensitivity to depolarization-induced contraction, sug-
gesting that this effect of autophagy deficiency on VGCC
is age-independent between 2 and 3.5 months. The con-
tractile Ca®" content of the cytoplasm and the SR, on
the other hand, seems to be age-dependent. Removal of
extracellular Ca®" reduced basal tonus significantly in
aortic segments of 3.5-month-old, but not in segments
of 2-month-old Atg7"/F SM22a-Cre™ mice. In contrast to
the significantly higher phasic contractions of 3.5-month-
old Atg7/F SM22a-Cre™ mouse aorta [9], phasic contrac-
tions of aortic segments of 2-month-old mice were not
significantly increased, although they did display slower
relaxation. This finding further indicates that increased
VGCC activity precedes the effect of autophagy on SR
expansion and Ca*" storage, which is consistent with pre-
vious findings that the contractile SR Ca*" store refilling
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is dependent on the activity of VGCC [33]. Therefore,
we propose that the differential a; adrenoceptor-medi-
ated effects on the VSMCs of autophagy-competent and
deficient mice are age-dependent or, more specifically,
dependent on the duration of autophagy knock-out.
At least in the aorta, this age-dependency may involve
autophagy-sensitive SR Ca’" release and removal path-
ways, initially acting on plasmalemmal Ca*" pumps [9].

The interaction between passive (ECM) and active
(VSMCs) wall components in regulating aortic compli-
ance is complex, because ECM-VSMC interactions are
crucial elements in the determination of arterial wall stiff-
ness [19, 22]. Besides the “elastin-contractile unit” [32], as
mentioned before, this connection occurs at focal adhe-
sion (FA) sites where the VSMC cytoskeleton is linked to
ECM components through integrin-based interactions
[19]. This linkage permits adequate force transmission
from the contracted VSMC to the vascular wall via the
extracellular matrix, thereby enabling stiftness develop-
ment. Pharmacological inhibition of FA results in a more
than 60% decrease in vascular stiffening, highlighting the
importance of this mechanism as a regulator of arterial
stiffness [22]. Interestingly, autophagy is also involved in
cell adhesion. Inhibition of autophagy results in more and
larger FA sites because autophagy is required for FA dis-
assembly by degradation of paxillin [34, 35]. Surprisingly,
in the present study, autophagy deficiency in VSMCs did
not affect paxillin protein concentrations, but increased
the focal adhesion protein vinculin. How autophagy defi-
ciency affects the VSMC actin skeleton—focal adhesion—
integrin—ECM axis, which definitely plays a role in active
stiffening of arterial vessels [22, 31], is a topic for future
research.

Contractile Ca?* mobilization and aortic stiffness

In control C57Bl/6] mice, VSMC stimulation by depo-
larization, in contrast to maximal stimulation with PE,
has only limited effects on isobaric properties of the
aorta [18]. In the present study, we found that, unlike a
similar increase of isometric force (10 mN), maximal
depolarization-induced stiffening of aortic segments with
autophagy-deficient VSMCs was much more pronounced
than maximal a; adrenoceptor-mediated aortic stiffen-
ing. Stiffness increased by depolarization with 50 mM K*
(approximately 130 mmHg in Atg7"'" SM22a-Cre*
aorta and approximately 450 mmHg in Atg7"/F SM22a-
Cre™ aorta) at normal distension pressure and was larger
than by maximal PE concentrations (approximately
50 mmHg in the aortic segments of both strains). For
Atg7t'T SM22a-Cre™ aorta, this may be due to age-
dependent effects of PE on aortic stiffness, because at
3.5 months, E, increased by+450 mmHg by 2 uM PE at
normal pressure [10], but for Atg7tF SM22a-Cre* aortas,
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age-independent factors contribute. Among these fac-
tors different intracellular Ca®>* mobilization between
autophagy-competent and deficient VSMCs may play a
role.

S100A4 and autophagy deficiency

We wondered how autophagy deficiency in the aortic
VSMCs resulted in the reduction of the elastin content?
Autophagy deficiency may induce a VSMC phenotype
switch from the contractile to the synthetic phenotype
and alter ECM synthesis. As a result, collagen synthesis
and production of MMPs, which degrade elastin, may
increase. In the present and former study [10], we did not
observe any increased collagen synthesis, but we found
that the Ca®" binding protein S100A4 was increased,
on average, in Atg7"'F SM22a-Cre" aortic segments.
Although S100A4 is known to be upregulated during a
VSMC phenotype transition, it is possible that a complete
phenotype transition is not present because it has been
described that autophagy is necessary for a phenotype
modulation via the removal of contractile components
[7, 13, 36]. However, there are conflicting data suggesting
that autophagy inhibition induces phenotype modula-
tion [8, 37, 38]. Contractile and synthetic VSMCs reflect
two ends of an entire spectrum with intermediate phe-
notypes also present [39]. In addition, a clear distinction
has to be made between extracellular and intracellular
S100A4 [40]. While it is mainly the extracellular S100A4
that is related to VSMC phenotype transitions [21, 41],
the intracellular domain is linked to cell adhesion and
matrix remodeling [42, 43]. Increase of S100A4 in Atg7"/F
SM22a-Cret VSMCs, together with previous results by
Grootaert et al. [8], which showed increased ligation-
induced MMP9 activity in Atg7 defective VSMCs, indi-
cate that matrix remodeling could be explained through
S100A4 regulated MMP upregulation [9, 10, 14, 18, 23,
44]. All these parameters are affected by autophagy defi-
ciency in VSMCs, albeit no distinction between extracel-
lular and intracellular S100A4 was made.

Remarkably, in cancer cell lines SI00A4 interacts with
cytoskeletal proteins as well as with focal adhesion pro-
teins such as Talin [43]. Therefore, it is conceivable that
an increase in focal adhesion mediates the active com-
ponent in the increased vascular stiffness at 2 months of
age observed in the present study. S100 proteins may be
involved as well. S100A4 expression is regulated by Ca*"
signaling pathways and in particular SR Ca*" release
since inhibition of SERCA with thapsigargin resulted in
decreased S100A4 gene transcription [41].

Defective VSMC autophagy affects endothelial function
Surprisingly, although only VSMC autophagy was defec-
tive in this animal model, isometric organ chamber
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experiments revealed that Atg7"F SM22a-Cre™ aor-
tic segments demonstrated increased bioavailability of
NO, whereas their sensitivity to exogenous NO was not
affected. Besides basal unstimulated NO release, also
receptor-mediated NO release was increased in aortic
segments of Atg7"/F SM22a-Cre™ mice, which was the
result of enhanced EC function and increased phospho-
rylation of eNOS. Hence, increased production rather
than decreased degradation must be responsible for
this rise in basal and stimulated NO. The enhanced EC
function was absent in Atg7"f SM22a-Cre* aorta of
3.5-month-old mice and turned into endothelial dysfunc-
tion in 5-month-old mice (data not shown). Whether the
EC function in 2-month-old Atg7"/F SM22a-Cre* mouse
aorta was enhanced to compensate for altered VSMC
function is still unclear. It has been described that S100
proteins are linked to NO release; addition of extracel-
lular S100A4 to rat vascular endothelial cells partially
restores decreased NO content after induction of oxida-
tive stress by H,O, [44] Hence, increased synthesis and
release of extracellular SI00A4 from aortic VSMCs may
contribute to the observed enhanced EC function in
aorta of young Atg7"'F SM22a-Cre™ mice.

Autophagy and the vascular bed

Because vascular function differs between elastic and
muscular arteries in health and disease [16, 23, 45], we
expected that autophagy deficiency in VSMCs of elas-
tic and muscular arteries causes vascular bed-specific
functional changes. Comparison of aortic (this study)
and femoral artery segments [11] of Atg7"/™ SM22a-
Cre™ and Atg7"F SM22a-Cre™ mice of 2 months of age
confirmed differential effects of autophagy deficiency in
both blood vessels. In both vessels, autophagy deficiency
in their VSMCs caused enhanced sensitivity to depo-
larization. Whereas aortic segments displayed enhanced
EC function and equal sensitivity to exogenous NO, the
femoral artery of Atg7"F SM22a-Cre* mice was more
sensitive to exogenous NO with normal ACh-induced
relaxation, which could be interpreted as a compromised
endothelial cell function. Phasic contractions induced by
a;-adrenoceptor stimulation were significantly enhanced
in the femoral artery, but not in the aortic segments of
the Atg7"F SM22a-Cre™ mice of the same age, thereby
resembling phasic contractions of 3.5-month-old Atg7"/F
SM22a-Cre* aortic segments [9]. It is conceivable that
autophagy deficiency in VSMCs of muscular arteries rep-
resents a shifted (older) time frame when compared to
elastic arteries of mice of the same age.

VSMC autophagy and in vivo cardiovascular parameters
Similarly to our observations at 3.5 months of age,
in vivo measurements of arterial stiffness by abdominal
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aortic aPWV did not reveal any differences between
Atg7t/* SM22a-Cre™ and Atg7"F SM22a-Cre™ mice.
Also the different cardiac parameters were not affected
by autophagy deficiency in SMCs. The lack of effects on
PWYV was not surprising since most differences between
Atg7t/* SM22a-Cre* and Atg7"F SM22a-Cre™ mice
were observed at higher than normal pressures or under
stimulated (depolarized) conditions, hence differentiat-
ing the ex vivo from the in vivo situation. Furthermore,
in vivo measurements of aPWV are affected by numer-
ous parameters (e.g., neuro-humoral factors and blood
pressure). In addition, our measurements of aPWV were
done under anesthesia, which by itself has an impact on
vascular stiffness [46, 47].

Conclusions

Using 3.5-month-old C57BL/6] mice, we previously
demonstrated that autophagy deficiency in VSMCs
affects VSMC contraction and cellular homeostasis
with significant effects on vascular reactivity and cal-
cium homeostasis [9, 10]. In the present study, we may
conclude (based on a comparison between 3.5- and
2-month-old Atg7"F SM22a-Cre" mice) that shorter
term (2 months) autophagy deficiency leads to acute
alterations in the vessel wall, including a higher segment
diameter at 80 mmHg (4+7% versus — 2% at 3.5 months),
normal baseline tonus (versus increased), unchanged
IP;-mediated phasic contractions (versus enhanced), and
enhanced endothelial cell function (versus normal), indi-
cating that autophagy deficiency in VSMCs at an early
age initiates compensatory mechanisms to maintain cir-
culatory homeostasis.

In Fig. 12, we compared different histological and phys-
iological parameters between Atg7"f SM22a-Cre* mice
of 2 and 3.5 months old with respect to age-matched
Atg7™" SM22a-Cre™ mice. Most of the histological
parameters were similarly changed in Atg7'f SM22a-
Cre™ mice of 2 and 3.5 months old. Autophagy defi-
ciency in VSMCs of the aorta promoted aortic stiffening
by elastin degradation and elastin breaks, especially at
higher distension pressures. This occurred together with
increased sensitivity of the VSMCs to depolarization and
a larger contribution of VGCC mediated Ca*" influx to
a; adrenergic contractions. Hence, all these phenom-
ena occurred before the age of 2 months. Compared
with autophagy-deficient aortic VSMCs of 3.5-month-
old mice, autophagy deficiency of shorter duration
(2 months) did not affect baseline tonus upon removal of
extracellular Ca*" or IP;-mediated phasic contractions,
which displayed only slower relaxation, and EC func-
tion was enhanced. These latter processes are, therefore,
dependent on the duration of autophagy deficiency in the
VSMCs of Atg7"/F SM22a-Cre™ aorta.



De Munck et al. The Journal of Physiological Sciences (2022) 72:7

Unlike the age-dependent changes with autophagy
deficiency in the VSMCs, the fact that in vivo param-
eters (cardiac function, blood pressure and aPWYV)
were not affected in Atg7"F SM22a-Cre™ mice of 2 and
3.5 months, further indicated that autophagy deficiency
in the VSMCs of the aorta induces compensatory pro-
cesses to maintain circulatory homeostasis. These pro-
cesses may involve vessel wall remodeling, as well as
adapted contractile behavior, and confirms the enormous
capacity of the circulatory system for accommodating to
changes induced by autophagy deficiency in VSMCs of
the aorta [48].
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