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Abstract Caveolae and associated cavin and caveolins

may govern myocardial function, together with responses

to mechanical and ischaemic stresses. Abnormalities in

these proteins are also implicated in different cardiovas-

cular disorders. However, specific roles of the cavin-1

protein in cardiac and coronary responses to mechanical/

metabolic perturbation remain unclear. We characterised

cardiovascular impacts of cavin-1 deficiency, comparing

myocardial and coronary phenotypes and responses to

stretch and ischaemia–reperfusion in hearts from cavin-

1?/? and cavin-1-/- mice. Caveolae and caveolins 1 and 3

were depleted in cavin-1-/- hearts. Cardiac ejection

properties in situ were modestly reduced in cavin-1-/-

mice. While peak contractile performance in ex vivo

myocardium from cavin-1-/- and cavin-1?/? mice was

comparable, intrinsic beating rate, diastolic stiffness and

Frank–Starling behaviour (stretch-dependent diastolic and

systolic forces) were exaggerated in cavin-1-/- hearts.

Increases in stretch-dependent forces were countered by

NOS inhibition (100 lM L-NAME), which exposed neg-

ative inotropy in cavin-1-/- hearts, and were mimicked by

100 lM nitroprusside. In contrast, chronotropic differences

appeared largely NOS-independent. Cavin-1 deletion also

induced NOS-dependent coronary dilatation, C3-fold pro-

longation of reactive hyperaemic responses, and exagger-

ated pressure-dependence of coronary flow. Stretch-

dependent efflux of lactate dehydrogenase and cardiac

troponin I was increased and induction of brain natriuretic

peptide and c-Fos inhibited in cavin-1-/- hearts, while

ERK1/2 phospho-activation was preserved. Post-ischaemic

dysfunction and damage was also exaggerated in cavin-

1-/- hearts. Diverse effects of cavin-1 deletion reveal

important roles in both NOS-dependent and -independent

control of cardiac and coronary functions, together with

governing sarcolemmal fragility and myocardial responses

to stretch and ischaemia.

Keywords Caveolar proteins � Cardiac compliance �
Reactive hyperaemia � Ischaemia–reperfusion � Nitric
oxide synthase � Membrane permeability � Stretch-response

Introduction

The plasma membrane of most cells is decorated with tiny

flask-like caves, termed caveolae. In addition to single pits,

caveolae may form extensive networks of interconnected

structures that have been termed rosettes [58]. Caveolae and

their coat proteins regulate membrane receptor, ion channel

and transporter functions, are key to stretch-dependent
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signalling/mechanotransduction, and confer resistance to

mechanical [70] and ischaemic insults [84, 111]. Caveolin-1

or muscle-specific caveolin-3 are major structural elements,

incorporating into the inner leaflet of the membrane with the

aid of hairpin loop structures. Initially identified as a regu-

lator of transcription termination [50], cavin-1 (or PTRF)

coats the cytoplasmic surface of caveolae where it stabilises

caveolins and is essential for caveola formation and mor-

phology [7, 46]. Via hetero-oligomerisation with other

cavins [35, 56], cavin-1 helps assemble a complex of cavin

proteins on the cytoplasmic face of plasma membrane

caveolae [7]. Accordingly, cavin-1 deficiency results in

depression of cavin-2 and -3 in cardiac and skeletal muscle,

while cavin-4 (also known as muscle specific coiled coil

protein, MURC) is reduced in heart [57, 94]. The

inducibility of cavin-1 with differing stressors [1, 100] may

also provide for stress-sensitivity of caveolar formation.

However, the specific myocardial and coronary functions of

cavin-1 remain to be fully elucidated. Mutations in the

cavin-1 protein are associated with fatal cardiac arrhythmia,

long-QT syndrome [77] and muscular dystrophy [43], cou-

pled with abnormal localisation of caveolins.

As for caveolin-1 or -3, deletion of cavin-1 eliminates

caveolae in association with caveolin destabilisation/

degradation [57]. Nonetheless, cavin-1 may exert effects

distinct from those of caveolins. In contrast to caveolin-3

[42, 98] and cavin-4 [83], cardiac hypertrophy is not evi-

dent in carriers of cavin-1 mutations. Similarly, while

caveolin-3 knockout induces hypertrophy (akin to cave-

olin-3 mutation carriers) [107], and caveolin-1 deletion

induces cardiomyopathy [21, 114], these changes are not

consistently observed with cavin-1 deletion. The limited

studies of cavin-1-/- mice report: metabolic changes that

include resistance to dietary obesity, altered lipid metabo-

lism, glucose intolerance and hyperinsulinaemia [29, 57];

cardiovascular changes, including exaggerated vasocon-

striction and impaired vasomotion and autoregulation [91],

and pulmonary hypertension/remodelling with associated

right ventricular hypertrophy [92]; and contractile dys-

function/hypertrophy in non-vascular smooth muscle [52].

Cardiac hypertrophy, dysfunction and ECG abnormalities

were also very recently reported in the hearts of female

cavin-1-/- mice [94]. Distinct from prior observations

[29, 52, 57], this recent study also reported a substantial

reduction in body weight with cavin-1 deletion. Given the

limited and mixed data regarding effects of cavin-1 dele-

tion on cardiovascular phenotype, we undertook the first

detailed analysis of both myocardial and coronary pheno-

types in cavin-1-/- mice, including myocardial structure,

cardiac and coronary function and responses to mechanical

and ischaemic stressors, stretch-dependent myocardial

signalling, and plasma membrane fragility or permeability.

Methods

Mouse model

Cavin-1-/- mice (C57Bl/6 strain) were obtained from

Boston University School of Medicine [57]. To improve

breeding and animal survival [19] cavin-1-/- males were

mated with wild-type females from a CD-1 background.

Resulting heterozygous F1 generation mice were mated

with unrelated F1 mice to generate cavin-1-/- and cavin-

1?/? CD-1/C57Bl/6 hybrids. Approximately equal num-

bers of male and female offspring were evident in litters,

with data presented in the study pooled for both sexes.

Structural and functional data segregated according to sex

are included in the Data Supplement.

Echocardiography, electrocardiography

and morphometry

Echocardiographic examinations were performed in

2-month-old (mo) mice under 2.5% isoflurane anaesthesia

on a heat mat. M-wave recordings of the parasternal short

axis of the left ventricle were performed using a Philips

HD15 ultrasound unit and high-frequency (15 MHz linear

array transducer) probe (Philips; Amsterdam, The Nether-

lands). Electrocardiographic (ECG) examination was per-

formed under Ketamine (10 mg/mL) and Xylazil (1.6 mg/

mL) anaesthesia, using a FE-136 Bio Amp connected to a

4/25 Powerlab (ADInstruments Pty Ltd., Bella Vista,

Australia). Signals were filtered (10 Hz high pass, 200 Hz

low pass, 50 Hz notch filters) and ECG data analysed over

30 s of steady state recordings (data presented as mean of

five measures). For morphometric analysis, mice were

weighed and killed by cervical dislocation. Hearts were

excised, rinsed in phosphate buffered saline, blotted and

weighed. Tibial length was measured and used for nor-

malisation of heart weight.

Histology and microscopy

Hearts were excised from killed animals and immediately

immersed in 10% formalin for a minimum of 12 h. Fixed

hearts were washed 30 min with PBS and immersed in

70% ethanol until processed for histological sectioning.

Paraffin sections (4 lm) were stained with hematoxylin

and eosin (H&E) and Masson’s trichrome. Histological

procedures were conducted by the QIMR Berghofer MRI

Histology Services at the Royal Brisbane Hospital

Queensland. For electron microscopy, rapidly dissected

tissue pieces were fixed by perfusion with 2.5% glu-

taraldehyde in PBS and processed for Epon embedding, as

described previously [93]. Ultrathin sections were viewed
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in a Jeol (Tokyo, Japan) 1011 transmission electron

microscope and imaged using the iTEM analysis program

(Soft Imaging System, Muenster, Germany).

Langendorff heart model

Hearts were isolated from age-matched cavin-1-/- or

cavin-1?/? (wild-type) mice, and perfused as detailed

previously [81, 88]. Unless otherwise stated, both male

and females were studied and data pooled. After mea-

surement of body weight, mice were anaesthetised with

10 mg/mL ketamine and 1.6 mg/mL xylazil (i.p.) and

hearts isolated and perfused in a Langendorff mode at a

coronary pressure of 80 mmHg with modified Krebs–

Henseleit buffer containing (in mM): NaCl, 119;

NaHCO3, 22; KCl, 4.7, MgCl2, 1.2; KH2PO4, 1.2;

EDTA, 0.5; CaCl2, 1.85; D-(?)-glucose, 11; and Na?-

pyruvate, 2 (all from Sigma Aldrich, St. Louis, MO,

USA), bubbled with 95% O2/5% CO2 to maintain pH at

7.4 at 37 �C. Contractile function was measured via a

fluid-filled plastic film ventricular balloon connected to a

pressure transducer, and coronary flow measured via an

in-line Doppler flow probe (Transonic Systems Inc.,

Clifton, NJ, USA), with data recorded on a four-channel

MacLab system (ADInstruments Pty Ltd.; Bella Vista,

Australia) [81, 88]. After preparation, hearts were

immersed in a 5-mL water jacketed chamber (37 �C),
with perfusion fluid and chamber temperatures moni-

tored via needle thermistors.

Ventricular pressure–volume relationships

Ventricular pressure–volume relationships (PVRs) were

assessed in hearts (equal mass of *160 mg) from 5 to

6 months old cavin-1-/- and cavin-1?/? mice. After

instrumentation, the ventricular balloon was briefly

inflated to yield a systolic pressure of *100 mmHg

before adjusting volume to maintain systolic pressure at

zero over a 10 min stabilisation period. Hearts were

paced where necessary to maintain a mean rate of

470 beats/min across groups. After stabilisation at zero

systolic pressure, balloon volume was incrementally

increased in 2.65 lL steps using a 500-lL threaded

syringe (Hamilton Co; Reno, NV, USA) and function

assessed after 2 min at each volume. Experiments were

terminated when end-diastolic pressure exceeded

30 mmHg. Analyses were undertaken in hearts either

untreated or treated with 100 lM of the NOS inhibitor

L-NAME (Sigma Aldrich; St. Louis, MO, USA). A sub-

set of cavin-1?/? hearts were treated with a high 100 lM
concentration of the NO donor sodium nitroprusside

(SNP) to identify the acute functional impacts of

excessive NO generation.

Coronary phenotype

For assessment of coronary vascular phenotype, a series of

analyses were performed in hearts from 5 to 6 months

cavin-1-/- and cavin-1?/? mice. Basal coronary flow was

measured in hearts performing minimal work (un-inflated

balloons) and during incremental increases in volume-de-

pendent contractile function (functional hyperaemia) in

PVR studies. Influences of diastolic compression on coro-

nary perfusion were also estimated from the relation

between end-diastolic pressure and flow in cavin-1?/?

hearts treated with SNP (maximally dilated) and subjected

to ventricular volume loading. To assess coronary reactive

hyperaemic responses, hearts were stabilised for 20 min

(ventricular balloon un-inflated) before assessing coronary

responses to 10, 20 or 30 s occlusions (5 min recovery

period between each). Experiments were performed in

untreated hearts and hearts receiving 100 lM L-NAME,

initiated after 15 min stabilisation. The relation between

coronary flow and perfusion pressure (reflecting autoreg-

ulatory or myogenic function) was briefly assessed from

hearts perfused at flows of either 1 or 3 mL/min.

Myocardial ischaemia–reperfusion

Perfused hearts from 2 mo cavin-1-/- and cavin-1?/? mice

were initially allowed to beat at intrinsic rates for 15 min

before pacing at 430 beats/min. After a further 15 min sta-

bilisation, global normothermic ischaemia was induced for

25 min followed by 45 min aerobic reperfusion. Coronary

effluent collected prior to ischaemia and throughout reperfu-

sionwas stored on ice or at-70 �Cuntil assayed for release of

lactate dehydrogenase (LDH) and cardiac troponin I (cTnI).

Analysis of myocardial LDH and TnI efflux

Coronary venous levels of LDH were assessed using a Cyto-

toxicity Detection Kit-Plus (Roche; Basel, Switzerland),

according to manufacturer’s instructions. Samples were

assayed in duplicate, with efflux (U/min) normalised to esti-

mated heart weight. Myocardial release of cTnI was assessed

via ELISA (LifeDiagnostics, Inc.; West Chester, PA, USA):

coronary effluent samples were thawed in an ice bath and

assayed for cTnI according to manufacturer instructions.

Optical density was determined spectrophotometrically at

450 nM and cTnI efflux rates normalised to heart weight.

Cardiac stretch responses and membrane leakage/

fragility

To assess stretch-dependent protein efflux and cell sig-

nalling responses, hearts from cavin-1-/- and cavin-1?/?

mice were stabilised at a coronary pressure of 80 mmHg
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before switching to either low- (1 mL/min) or high-flow

(3 mL/min) perfusion. Coronary efflux of LDH was

assessed over 2 h, before dissecting hearts into three por-

tions in ice-cold Krebs–Henseleit buffer and freezing in

liquid N2 for subsequent molecular analyses.

To examine membrane permeability or fragility, a series

of hearts were perfused at 1 mL/min for 10 min before

infusing a 10% Evans blue solution (w/v in Krebs–Henseleit

buffer, filtered through a 0.22 lm filter) at 20 lL/min for

1 min, followed by a 10 min wash to rid excess stain. Hearts

were frozen in liquid N2 cooled isopentane and stored at

-70 �C until analysis. Frozen heart samples were sliced into

10 lm sections with a cryomicrotome (Leica; Wetzlar,

Germany). Evans blue treated tissue was imaged immedi-

ately after sectioning and fixed thereafter for 10 min with

4% paraformaldehyde in PBS. Cell membranes were solu-

bilised with 1% Triton-X100 in PBS for 5 min followed by

blocking of unspecific staining with 1% BSA in PBS for

10 min. Sections were incubated with rat anti-CD31 anti-

body (BD Biosciences; Franklin Lakes, NJ, USA) for

30 min at 37 �C. After three washes with PBS (10 min) the

antibody was detected with Alexa 488 conjugated anti-rat

secondary antibody for 30 min at 37 �C. The sections were

counterstained for the nuclear marker DAPI.

Western immunoblotting

Lateral left ventricular wall was homogenised (IKA T-10

Basic homogeniser) in buffer containing 50 mM Tris (pH 8),

150 mM NaCl, 1% Triton-X 100, 0.1% SDS, 5 mM EDTA,

and Complete protease and PhosStop phosphatase inhibitors

(Roche; Basel, Switzerland). Homogenates were sonicated

4 9 10 s with a VirSonic 100 ultrasonic cell disrupter

(VirSonic; Woburn, MA, USA) and centrifuged at

20009g for 2 min. Protein concentration was measured

using a colorimetric BCA assay (Thermo Scientific; Wal-

tham, MA, USA). Equal amounts of protein were then

loaded onto 10% acrylamide gels. Proteins were transferred

to LF-PVDF membranes and blocked in 5% BSA in Tween-

20 Tris buffered saline (TBST) for 60 min before incubation

overnight (at 4 �C) with specific antibodies in 5% BSA:

from Sigma Aldrich (St. Louis, MO, USA), tubulin (T9026);

from BD Biosciences (NJ, USA), caveolin-3 (#610421),

caveolin-1 (#610060), eNOS/NOS Type III (#610296) and

rat CD-31 (#550274); and from Cell Signaling Technology

(Danvers, MA, USA), total and phosphorylated p38-MAPK

(#92112,#9212), c-Jun NH2-terminal protein kinase (JNK;

#9252S, #4668S), AKT (#9272, #4060) and ERK (#9102S,

#9101S). Following washing, membranes were incubated

for 1 h with horseradish peroxidase conjugated secondary

antibody (anti-rabbit or anti mouse; Sigma Aldrich) diluted

with 5% non-fat milk in TBST. Detection was achieved

using ClarityTM Western ECL substrate with bands

visualised using a ChemiDocTM Imaging system (Bio-Rad;

Hercules, CA, USA).

Quantitative RT PCR

Samples were prepared using a Qiagen RNAeasy Minikit

according to manufacturer protocol. Genomic DNA was

digestedwith RNase-free DNase (Qiagen; Hilden, Germany),

and cDNA generated using SuperscriptTM III first strand

synthesis (Invitrogen; Carlsbad, CA, USA) and random pri-

mers. Quantitative PCRwas performed using aViiATM7RT

PCR using SYBR� Green (Applied Biosystems; Waltham,

MA,USA)as adetection systemandgene specificprimers for:

mouse c-Fos (forward 50-CGGGTTTCAACGCCGACTA-30;
reverse 50-TTGGCACTAGAGACGGACAGA-30); HPRT1
(forward 50-TGGATACAGGCCAGACTTTG-30; reverse 50-
CGTGATTCAAATCCCTGAAG-30); and brain natriuretic

peptide (BNP) (forward 50-TGGGCACAAGATAGACCG
GA-30; reverse 50-CAACTTCAGTGCGTTACAGC-30).
Quantification of PCR products was performed using the

2DDCT method.

Statistics

Values are mean ± SEM. When appropriate, Grubbs’ test

was used to identify outliers. An F test was used to com-

pare variances. Paired/unpaired t tests, Mann–Whitney

U tests (for unequal variances in unpaired samples) or

Kruskal–Wallis test (for unequal variances in unpaired

multi-group samples) were used for comparisons. For

multivariable analysis two-way ANOVA with repeated

measures followed by Sidak’s post hoc testing was

employed. An ‘area under the curve’ (AUC) analysis was

applied to contrast PV responses (Fig. 2), while to detail

specific differences in PV data we contrasted hearts with a

full complement of data from 0 to 21.2 lL volumes via

ANOVA and Sidak’s post hoc test (n = 11, 8, 13 and 6 for

cavin-1?/?, cavin-1-/-, cavin-1?/?? L-NAME and cavin-

1-/- ? L-NAME, respectively). Linear regression was

used to evaluate relationships between coronary flow and

systolic pressure. In all tests a P\ 0.05 was considered

significant, with all analyses performed using Prism 7

(GraphPad Software, Inc; San Diego, Ca, USA).

Results

Genetic loss of cavin-1 depletes caveolae

and caveolins without otherwise causing structural

changes

Microscopic inspection confirmed depletion of caveolae in

myocardial tissue from cavin-1-/- mice (Fig. 1, upper
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panels). There was no evidence of structural changes or

fibrosis in cavin-1-/- hearts, as shown in Masson’s tri-

chrome and H&E stained sections (Fig. 1, lower panels).

Hearts of cavin-1-/- mice also expressed reduced levels of

both caveolin-1 and caveolin-3 protein (Fig. 2; Fig. S1),

consistent with prior observations [57, 94]. In contrast,

cardiac expression of eNOS, a key enzyme regulated by

caveolae and caveolins, was unaltered with cavin-1 dele-

tion (Fig. 2; Fig. S1).

Cavin-1 deletion has limited impacts on cardiac

morphology while depressing in vivo function

at 2 months of age

Transthoracic echocardiography and morphometric analy-

ses in 2 months mice revealed a modest 10% increase in

cardiac mass normalised to body weight without signifi-

cantly influencing ventricular wall thickness (Table 1).

Cardiac ejection properties was also depressed, with a 10%

fall in ejection fraction and 20% fall in fractional short-

ening (Table 1). Results detailed in the Data Supplement

hint at potentially greater inhibitory effects of cavin-1

deletion in females vs. males (Table S1). Electrocardio-

graphic analysis in vivo revealed no major rate or wave-

form differences in cavin-1-/- vs. cavin-1?/? hearts

(Table 1).

Impact of cavin-1 deletion on ex vivo myocardial

function

Baseline contractile function ex vivo did not differ between

hearts from 2 or 5–6 mo cavin-1-/- and cavin-1?/? mice

(Table 2), and was similar in males and females

(Table S2). However, intrinsic heart rate was increased in

cavin-1-/- hearts (Table 2), a 60–65 beat/min elevation

that was not eliminated by NOS inhibition (which reduced

Fig. 1 Hearts from cavin-1-/- mice exhibit depletion of caveolae

without fibrosis. Top Transmission electron micrographs of cardiac

myocytes from cavin-1?/? (left) and cavin-1-/- mice (right),

including magnified sections (boxes). Caveolae localise to the

sarcolemma of cardiomyocytes in cavin-1?/? hearts, while the plasma

membrane of cavin-1-/- cardiomyocytes appears devoid of caveolae.

Scale bar 1 lM. Bottom Histological sections from cavin-1?/? (left)

and cavin-1-/- mice (right), stained with Masson trichrome and

H&E, respectively. Scale bar 50 lm

Fig. 2 Caveolin-1 and caveolin-3 levels are depressed in hearts from

cavin-1-/- mice. Myocardial expression of caveolin-1, caveolin-3

and eNOS was assessed and normalised to b-tubulin in cavin-1?/?

(?/?, n = 3) and cavin-1-/- (-/-, n = 3) hearts. Cavin-1 deletion

significantly reduces caveolin-1 and caveolin-3 expression without

altering total eNOS levels. Immunoblot images are provided in the

Data Supplement (Fig. S1). Data are mean ± SEM. *P\ 0.05 vs.

cavin-1?/?
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heart rates 25–40 beat/min). The cavin-1-/- hearts also

appeared more arrhythmic (Fig. S2). This was more

apparent in females (6/13 cavin-1-/- vs. 1/13 cavin-1?/?

hearts) than males (2/8 cavin-1-/- vs. 1/7 cavin-1?/?

hearts).

NO-dependent diastolic stiffness, and NO-dependent

and independent contractile changes in hearts

of cavin-12/2 mice

Stretch dependencies of diastolic force (stiffness or com-

pliance) and active force development (Frank–Starling

response) were assessed in cavin-1?/? and cavin-1-/-

hearts (cardiac masses 159 ± 7 and 159 ± 5 mg, respec-

tively). Cavin-1-/- hearts displayed a substantial leftward

shift of the diastolic PVR (Fig. 3a), evident in males and

females (Fig. S3). The initial phase of the PVR appeared

steeper in cavin-1-/- hearts, linear regression identifying a

greater initial slope (1.69 ± 0.08 mmHg/lL between

2.65–10.58 lL). Further volume changes more modestly

impacted diastolic pressure (slope 0.66 ± 0.10). Diastolic

pressure increased relatively linearly with volume in cavin-

1?/? hearts (slope 0.37 ± 0.06). The systolic PVR also

shifted to lower volumes in cavin-1-/- hearts (Fig. 3b),

suggesting positive inotropy, an effect more prominent in

females (Fig. S3). Nonetheless, peak systolic and devel-

oped pressures were equivalent in cavin-1?/? and cavin-

1-/- hearts (Fig. 3b, c; Table 2).

Since cavin-1 deletion suppresses expression of cave-

olin-1 (Fig. 2) [57, 94], a key inhibitor of eNOS, and NOS/

NO influences contractility/compliance, we tested effects

of NOS inhibition. Total eNOS expression was confirmed

as comparable in both cavin-1-/- and cavin-1?/? hearts

(Fig. 2). Infusing L-NAME shifted the diastolic PVR in

cavin-1-/- (not cavin-1?/?) hearts, eliminating compliance

differences between groups (Fig. 3a). Additionally,

L-NAME reduced contractile function in cavin-1-/- but

not cavin-1?/? hearts, right-shifting the systolic PVR to

expose NOS-independent negative inotropy (Fig. 3b), a

change that may also be more pronounced in females

(Fig. S3). Moreover, SNP left-shifted the diastolic PVR in

cavin-1?/? hearts (Fig. 3d), resembling effects of cavin-1

deletion (including steeper diastolic PVR: slope

1.36 ± 0.07 from 2.65 to 10.58 lL volumes vs.

1.69 ± 0.08 in cavin-1-/- hearts). The systolic PVR was

also significantly shifted with SNP.

Increased coronary flow and reactive hyperaemia

duration via NOS activity in hearts of cavin-12/2

mice

Baseline coronary flow was significantly increased with

cavin-1 deletion, an effect prominent in hearts performing

minimal pressure work (Fig. 4a, b). This baseline flow

difference dissipates as ventricular pressure development is

increased (Fig. 4c), reflecting a functional (metabolic)

hyperaemia in cavin-1?/? hearts that appears obviated by

baseline vasodilatation in cavin-1-/- hearts (Fig. 4c).

Dependence of coronary flow on pressure also appeared

exaggerated in hearts of cavin-1-/- mice (Fig. S4A),

suggesting impaired myogenic control. Reactive hyper-

aemia was modified, with cavin-1 deletion prolonging

hyperaemic durations without altering peak flows (Fig. 4a,

b). A ‘shoulder’ or secondary dilatation was also evident

10–15 s after peak hyperaemia in cavin-1-/- hearts

(Fig. 4a). Actual flow ‘debt’ was moderately increased in

Table 1 Morphometric,

echocardiographic and

electrocardiographic parameters

in cavin-1?/? and cavin-1-/-

mice

Parameter Cavin-1?/? Cavin-1-/-

Body weight (g) 28.6 ± 0.6 (n = 22) 27.5 ± 0.7 (n = 24)

Bodyweight

Tibial length
(g/mm) 1.60 ± 0.03 (n = 22) 1.60 ± 0.04 (n = 22)

Heart weight (mg) 150.7 ± 7.3 (n = 12) 140.2 ± 5.9 (n = 12)

Heartweight

Body weight
0.0050 ± 0.0002 (n = 11) 0.0056 ± 0.0001 (n = 12)*

Ejection fraction (%) 81.3 ± 2.4 (n = 9) 72.1 ± 2.3 (n = 11)*

Fractional shortening (%) 43.7 ± 2.5 (n = 9) 35.2 ± 1.9 (n = 4)*

LVPDWd (mm) 0.99 ± 0.03 (n = 9) 0.90 ± 0.02 (n = 11)

IVSd (mm) 0.81 ± 0.03 (n = 9) 0.79 ± 0.03 (n = 11)

ECG: RR (s) 0.167 ± 0.014 (n = 15) 0.164 ± 0.015 (n = 16)

ECG: RP (s) 0.176 ± 0.051 (n = 11) 0.119 ± 0.023(n = 9)

ECG: QT/RR 0.537 ± 0.028 (n = 8) 0.543 ± 0.047 (n = 10)

Data were acquired from 2 months male and female mice. Values are mean ± SEM

LVDWd left ventricular wall thickness during diastole, IVSd inter-ventricular thickness during diastole. For

symbols RR, RP and QT/RR see Fig. S1

* P\ 0.05; *** P\ 0.005 (vs. cavin-1? /?)
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cavin-1-/- hearts due to baseline vasodilatation (Fig. S5),

while % debt repayment (which tended to increase with

occlusion duration) was comparable in the two groups

(Fig. S5). Treatment with L-NAME exerted greater effects

on flow in cavin-1-/- vs. cavin-1?/? hearts, normalising

baseline flow across groups and significantly reducing

hyperaemia durations in cavin-1-/- hearts without

impacting peak dilatation (Fig. 4b). Delineation of NOS-

dependent and -independent flows (L-NAME-sensitive and

-insensitive, respectively) confirms specific impacts of

cavin-1 deletion on NOS-dependent function (Fig. 4a).

Masking of functional hyperaemia via NOS activity

in hearts of cavin-12/2 mice

Noted above, functional hyperaemia was evident in cavin-

1?/? hearts, with flow increasing linearly with ventricular

pressure work (Fig. 4c). In contrast, flow remained

stable across loads in cavin-1-/- hearts (slope of flow-

pressure relation statistically indistinguishable from 0), at

an elevated level equivalent to maximal flows achieved in

cavin-1?/? hearts (Fig. 4c). Treatment with L-NAME did

not eliminate functional hyperaemia in cavin-1?/? hearts,

but induced a parallel shift to lower flows (Fig. 4c). In

cavin-1-/- hearts L-NAME reduced basal flow and

exposed a functional hyperaemia equivalent to that in

cavin-1?/? hearts (Fig. 4c). The slopes of flow-LVDP

relationships were comparable in cavin-1?/?, cavin-1?/

?? L-NAME and cavin-1-/- ? L-NAME groups, reveal-

ing a consistent activity-dependent and NOS-independent

hyperaemia of 5–8 mL/min/g per 100 mmHg ventricular

pressure development. This hyperaemia may be blunted, in

turn, by associated elevations in diastolic pressure (com-

pression) at higher ventricular volumes: analysis of the

relation between coronary flow and diastolic pressure in

hearts treated with SNP (coronaries near maximally dila-

ted) supports a 0.27 mL/min/g fall in coronary flow per

1 mmHg elevation in diastolic pressure (Fig. S4), similar to

prior data for normoxic and post-ischaemic hearts [34].

Data collectively support a fixed contribution of NOS to

basal coronary tone (exaggerated with cavin-1 deletion),

while peak reactive hyperaemia and functional hyperaemia

are largely NOS-independent.

Reduced ischaemic tolerance in hearts

of cavin-12/2 mice

Outcomes from ischaemia were worsened in cavin-1-/-

hearts (Fig. 5). Despite modest inhibition of early ischae-

mic contracture, post-ischaemic diastolic dysfunction was

exaggerated (Fig. 5a; Fig. S6) and recoveries of pressure

development and dP/dtmax and dP/dtmin impaired (Fig. 5b,

c; Fig. S6). These effects appeared more pronounced inT
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male hearts (Fig. S6). Early functional rebound in the ini-

tial 2–5 min of reperfusion was largely absent in cavin-

1-/- hearts, indicating exaggerated ‘ischaemic’ injury

(though initial contracture was slightly reduced in cavin-

1-/- hearts). Cell death/disruption was exaggerated in

cavin-1-/- hearts, with significantly increased post-is-

chaemic LDH efflux (Fig. 5e; Fig. S6). Coronary reflow

was also attenuated in cavin-1-/- hearts (Fig. 5d; Fig. S5),

consistent with inhibitory effects of both elevated diastolic

pressure (vascular compression; Fig. S4B) and reduced

contractile function (metabolic demand) [34]. No differ-

ences in post-ischaemic phospho-activation of survival

(AKT, ERK1/2) or stress kinases (JNK, p38-MAPK) were

evident in cavin-1-/- vs. cavin-1?/? hearts (Fig. S7).

Impaired stretch-dependent signalling

and exaggerated protein efflux in hearts of

cavin-12/2 mice

Basal efflux of LDH was higher in cavin-1-/- vs. cavin-1?/?

hearts (Figs. 5d, 6a), as was efflux of cardiac-specific cTnI

(Fig. 6a), suggesting increased membrane fragility/perme-

ability consistent with elevated serum creatine kinase

observed in patients with cavin mutations [43]. To investigate

further we assessed stretch-dependent protein efflux and sig-

nalling in hearts perfused at 1 or 3 mL/min, generating vas-

cular pressures of 25–45 and 90–115 mmHg.At both low and

high pressures, LDH efflux was greater in cavin-1-/- vs.

cavin-1?/? hearts (Fig. 6a). Perfusion at elevated pressure

Fig. 3 Increased diastolic

(passive) and systolic (active)

pressures during ventricular

stretch in hearts of cavin-1-/-

mice. Left ventricular volume

was incrementally increased and

function assessed in untreated

hearts (cavin-1?/?, n = 11;

cavin-1-/-, n = 9), and

L-NAME treated hearts (cavin-

1?/?, n = 13; cavin-1-/-,

n = 7). a Representative trace

of left ventricular function in

cavin1?/? (upper) and

cavin1-/- (lower) hearts, and

changes in; b end-diastolic

pressure; c systolic pressure;

d developed pressure. e Effects

of 100 lM SNP on ventricular

pressures in cavin-1?/? hearts

(untreated, n = 11; SNP,

n = 6). Data are mean ± SEM.

*P\ 0.05 vs. cavin-1?/?;
�P\ 0.05 vs. untreated;
�P\ 0.05 vs. cavin-1?/?

(AUC); #P\ 0.05 vs. untreated

(AUC)
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also induced stretch-sensitive BNP and c-Fos, a response

attenuated in cavin-1-/- hearts (Fig. 6a; Fig. S8). In contrast,

ERK1/2 phospho-activation was similar in cavin-1-/- and ?/

? tissue (Fig. 6b; Fig. S7).

Injection of Evans blue to assess vascular permeability

did not reveal differences in dye staining indicative of

plasma membrane damage between cavin-1?/? and cavin-

1-/- hearts. Microscopic inspection of cryosections

revealed staining in a fraction of coronary vessels, co-lo-

calised with endothelial CD-31 (Fig. 6c). The ratio of

stained vessels/total vessels was similar (0.34 ± 0.10 in

cavin-1?/?, n = 5 vs. 0.35 ± 0.06 in cavin-1-/-, hearts,

n = 3). Endothelial cells lining the ventricle were also

stained, though we did not observe significant staining in

the microvasculature (Fig. 6c). Some cardiomyocytes took

up Evans blue, sometimes scattered as clusters of cells

adjacent to blood vessels, however, this was not modified

in cavin-1-/- hearts.

Discussion

Myocardial and coronary responses to both mechanical

stretch and ischaemic insult are impaired in cavin-1-/-

hearts, with normalisation of compliance, Frank–Starling

behaviour and coronary function upon NOS inhibition

implicating a dominant role for NOS over-activity in these

phenotypic outcomes. However, cavin-1 deletion also led

to NOS-independent positive chronotropy and negative

inotropy. These alterations in function and stress-resistance

are associated with (and may involve) impaired stretch-

dependent signalling and exaggeration of membrane

Fig. 4 Increased coronary flow

and reactive hyperaemic

duration, and masking of

metabolic hyperaemia in hearts

of cavin-1-/- mice. a Reactive

hyperaemia after 10, 20 and

30 s occlusions in untreated

cavin-1?/? (n = 7) and cavin-

1-/- (n = 8) and 100 lM
L-NAME treated cavin-1?/?

(n = 11) and cavin-1-/-

(n = 7) hearts. Both NOS-

dependent (L-NAME-sensitive)

and independent (L-NAME-

insensitive) components are also

shown. b Basal and peak

reactive hyperaemic flows, and

time for recovery of flow (by

90%) following peak

hyperaemia. c Functional

hyperaemia (coupling of flow to

ventricular contractile function)

in cavin-1?/? and cavin-1-/-

hearts (±100 lM L-NAME).

Data are mean ± SEM.

*P\ 0.05 vs. cavin-1?/?;
�P\ 0.05 vs. untreated
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fragility/permeability. Highlighting the importance of

cavin-1 and associated proteins in governing chronotropic

and inotropic function, and myocardial responses to

mechanical load and ischaemia, these observations addi-

tionally reveal the potential for distinct outcomes with

targeted or pathologic disruption of inter-related elements

of the caveolar system. Changes in diastolic force also

challenge the notion of NO-dependent maintenance of

diastolic compliance [71].

Stretch-dependent myocardial function

A striking impact in cavin-1-/- hearts was a NOS-depen-

dent increase in volume-dependent diastolic pressure

(Fig. 3a). Insensitivity of the diastolic PVR to L-NAME

across much of the volume range in cavin-1?/? hearts

indicates endogenous NO normally only influences com-

pliance at high loads in wild-types, and that NOS over-

activity with cavin-1 deletion is detrimental (consistent

with effects of SNP). Stretch-dependent systolic force was

also cavin-1 dependent, involving NOS-dependent positive

vs. NOS-independent negative inotropy (Fig. 3; Fig. S3).

Distinct from loss of caveolin-1 or -3 [21, 107, 108, 114],

or expression of a caveolin-3 mutant [67], there is little

evidence of ventricular fibrosis/hypertrophy in the cavin-

1-/- hearts studied, with contractility well maintained via

NOS. Acute reversal with NOS inhibition confirms a

functional rather than structural basis to reduced compli-

ance and hypercontractility in cavin-1-/- hearts. These

outcomes are also unrelated to increased beating rate in

cavin-1-/- hearts (Table 2), as pacing was employed to

normalise rates in these experiments. Moreover, distinct

from contractile changes, the 60–65 beat/min difference in

intrinsic rate was attenuated but not blocked by NOS

inhibition (Table 2). Positive chronotropy is also reported

with caveolin-1 knockout [20], though not caveolin-3

deletion.

Over-activity of NOS is congruent with increased

vascular eNOS activity in cavin-1-/- mice [91, 92], and

is likely secondary to suppression of caveolae and cave-

olins 1 and 3 [57, 94] (Figs. 1, 2), leading to dis-inhibi-

tion of eNOS [32, 65] (Fig. 7). The dominant myocardial

isoform, eNOS is localised to the plasma membrane

where it uniquely undergoes myristoylation and palmi-

toylation to drive inhibitory localisation to caveolae [33].

Depletion of caveolae thus over-activates eNOS, which is

also the only isoform inhibited by cellular caveolin-1 [65]

(an interaction promoted by caveolin-1 phosphorylation

[17]). Caveolin-3 may similarly inhibit eNOS, though this

is even less well defined [32, 33]. Whether these inhibi-

tory effects occur via specific caveolin scaffold domains

vs. other molecular sites or mechanisms also remains

Fig. 5 Impaired ischaemic

tolerance in hearts of cavin-1-/-

mice. Data are shown for

changes in: a left ventricular

end-diastolic pressure;

b developed pressure (% pre-

ischaemia); c dP/dtmax and dP/

dtmin, d coronary flow rate and

e LDH efflux. Data are

mean ± SEM (n = 20–21 for

cavin-1?/?; n = 21–22 for

cavin-1-/-). *P\ 0.05 vs.

cavin-1?/?. Diastolic pressures

from 15 min reperfusion in

cavin-1?/? and 20 min in cavin-

1-/- hearts differ from baseline

(P\ 0.05); coronary flow

differs from baseline at 30 min

in cavin-1?/? and 35, 50, 60,

70 min in cavin-1-/- hearts;

developed pressures and dP/

dtmax and dP/dtmin differs from

baseline throughout reperfusion
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debatable [22]. It is possible neuronal and inducible NOS

could also contribute to L-NAME sensitive outcomes

documented here, since caveolin-1 and caveolin-3 scaf-

fold peptides appear to inhibit purified forms of all NOS

isoforms in solution [36]. However, only eNOS activity is

sensitive to cellular caveolin-1 [65]. Nonetheless, cave-

olin-1 depletion could boost iNOS levels, based on effects

on iNOS degradation in other cells [31]; and despite

primarily sarcoplasmic reticulum (SR) localisation of

nNOS [110], there is biochemical (though not morpho-

logic) evidence it co-localises with plasma membrane and

caveolin-3 [25]. Importantly, excess NO may also be

derived paracellularly from vascular endothelium:

endothelial-derived NO has capacity to influence car-

diomyocyte function [5], and cardiac effects of caveolin-1

deletion are reversed with endothelial specific re-expres-

sion [66]. Nonetheless, the phenotype in cavin-1-/- mice

is not entirely compatible with caveolin-1-/- mice [108],

suggesting unique influences of cavin-1.

The current findings are in partial agreement with

recent analysis of female cavin-1-/- mice, published on

completion of the present work [94]. Cardiac dysfunction

in vivo in females studied by Taniguchi et al. is consistent

with functional depression here (Table 1), an effect

potentially more pronounced in females than males

(Table S1). This may reflect evidence of more prominent

NOS-independent negative inotropy in female cavin-1-/-

myocardium (Fig. S3). On the other hand, body weight

was reduced *20% in cavin-1-/- vs. cavin-1?/? mice

studied by Taniguchi et al., contrasting the current and

prior studies [29, 52, 57]. A 15% fall in cardiac mass was

also reported, despite 30–40% increases in ventricular

wall thicknesses and myocyte size, together with signifi-

cant fibrosis [94]. We also observe reduced heart mass

normalised to body weight (with absolute weights similar

for cavin-1-/- and cavin-1?/? hearts from 2 to 6 months),

however, ventricular wall dimensions were unaltered with

little evidence of fibrosis at 2 months (Table 1; Fig. 1).

Fig. 6 Exaggerated basal and

stretch-dependent protein efflux,

and impaired stretch-dependent

signalling in hearts of cavin-1?/

? mice. a Efflux of LDH

(n = 12/group) and cTnI

(n = 6–7/group) in female

hearts perfused at 80 mmHg;

and perfusion pressure

dependent LDH efflux, and

BNP and c-Fos induction in

male hearts (n = 5–7/group).

b Perfusion pressure dependent

changes in expression and

phosphorylation of ERK1/2 in

male hearts (n = 3–4/group).

c Left Bright field image

demonstrating Evans blue

uptake into CD-31 positive cells

(middle, green) of coronary

vessels in a cavin-1-/- heart.

Nuclei are stained with DAPI

(blue). Evans blue staining was

also detected in endothelial cells

in cavin-1?/? hearts. Insets

show no significant staining in

endothelial cells/

microvasculature between

cardiomyocytes. Right Epi-

fluorescence micrograph

demonstrating Evans blue

uptake into cardiomyocytes

(red) adjacent to coronary

vessels (green). Scale bar

100 lm. Data are

mean ± SEM. *P\ 0.05 vs.

cavin-1?/?; �P\ 0.05 vs. 1 ml/

min
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Reported electrocardiographic abnormalities, including

suppression of R-waves and broadening of the QRS

complex [94], were also not evident here. However, we

detect a significantly elevated (NOS-independent) intrinsic

beating rate (Table 2), which is consistent with depression

of caveolin-3 protein in cavin-1-/- hearts—caveolin-3

has been shown to slow the heart while increasing

expression of voltage-gated K? and Na? channels and

connexin-43 [85]. Reasons for these mixed outcomes are

unclear, though it is possible fibrosis/hypertrophy evolves

with further age in cavin-1-/- animals. Murine genetic

background is also relevant, both to normoxic function

and cardiac stress responses [4]: mice studied here are

C57Bl/6/CD-1 hybrids while Taniguchi et al. report

specifically on female cavin-1-/- mice on a C57Bl/6

background [94]. Importantly, shifts in peripheral/pul-

monary vascular control and pressures [91, 92], together

with autonomic regulation, will influence cardiac function

in situ, complicating interpretation. In contrast, ex vivo

analysis unmasks intrinsic changes in myocardial con-

tractile properties: our data identify a functional rather

than structural phenotype in young cavin-1-/- hearts,

characterised by NOS-dependent shifts in stretch-depen-

dent contractile force, and NOS-independent chronotropy

and negative inotropy.

Diastolic compliance

A NOS-dependent elevation in the diastolic PVR with

cavin-1 deletion contrasts early in vivo studies sup-

porting downward shifts with NO donors, initially

attributed to ventricular unloading and biventricular

interaction secondary to venodilation [11]. Although

some subsequent investigations report reduced diastolic

stiffness with drugs increasing NO levels [53, 71, 72],

others find physiologic NO levels exert no effects

[54, 75] or increase diastolic pressure [60]. Consistent

with our findings, Wunderlich et al. document a NOS-

dependent elevation in diastolic pressure in hearts

lacking caveolin-1 [108]. These findings collectively

support a stimulatory effect of NOS over-activity on

stretch-dependent diastolic force in hearts deficient in

either cavin-1 or caveolin-1. These findings contrast the

notion that elevated NO improves diastolic function

while reductions underlie diastolic dysfunction or stiff-

ening [71]. Mechanistically, NOS-dependent diastolic

stiffness may involve NO-dependent modulation of

stretch-dependent SR Ca2? release [99], and ryanodine

receptor (RyR) function and Ca2? leak [39, 109]

(Fig. 7). Endogenous NO from eNOS or nNOS can also

inhibit SR Ca2?-pump activity to slow relaxation and

potentially increase intracellular [Ca2?] [110, 116].

Metabolites of NO may also be relevant: peroxynitrite

formation with NO overproduction may contribute to

dysfunction as peroxynitrite increases diastolic pressure

[41]; and NO uptake into erythrocytes results in rapid

co-oxidation with oxyhaemoglobin/haemoglobin to form

more stable and bioactive S-nitrosothiols [78] which

could additionally influence function. The release of NO

from erythrocytes, coupled with generation via NOS,

results in greater NO availability for reactions with

reactive oxygen species in vivo. Such processes may

contribute to differing effects of chronic endogenous

NO production (the present study and [108]) and acutely

applied NO donors.

Fig. 7 Summary of cardiovascular impacts of cavin-1 deletion.

Caveolin-1 and caveolin-3 (Cav1/3) co-associate with and are

stabilised by cavin-1 in caveolae, where they inhibit localised

endothelial nitric oxide synthase (eNOS). In cavin-1-/- hearts,

Cav1/3 expression and localisation is disrupted, and caveolae do not

form. These changes ‘disinhibit’ eNOS, promoting NO production

and diastolic dysfunction, positive inotropy and coronary dilatation.

Over-active NOS may also contribute to reduced tolerance to

ischaemia–reperfusion (IschR), alterations in stretch signalling and

membrane permeability/fragility, and impaired myogenic control.

Potential NO effectors include cyclic guanosine monophosphate

(cGMP)/protein kinase G (PKG) dependent signalling and/or S-ni-

trosylation, known to modulate the sarcoplasmic reticulum Ca2?-

ATPase (SERCA), ryanodine receptor (RyR), inositol triphosphate

receptor (IP3R), phospholamban (PLB), and plasma membrane Ca2?

(ICa) and Ca2?-activated K? (IK,Ca) channels. NOS-independent

effects of cavin-1 deletion are also shown
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NOS-dependent inotropy

A NOS-dependent inotropy in cavin-1-/- hearts (Fig. 3b)

is consistent with effects of SNP in cavin-1?/? hearts

(Fig. 3d). Both endogenous and exogenous NO can

increase contractility in isolated cells/tissue [3, 54, 55], and

intact heart and in vivo studies support NOS [74] and

specific eNOS dependence [5, 16, 38] of cardiac contrac-

tility. Distinct functional outcomes may arise via spatial

confinement of NOS signalling, with caveolar eNOS

modulating co-localised L-type Ca2? channels and b-
adrenergic receptors, and SR nNOS targeting RyR function

and SR Ca2? handling [5]. Furthermore, local and

peripheral vascular eNOS activities [5, 79, 101], together

with circulating eNOS [40, 64], may influence myocardial

function or phenotype. Exogenous NO may additionally

exert functional effects via generation of S-nitrosothiols or

nitrite within the circulation [78, 79]. The molecular

mechanisms underlying NOS-dependent inotropy evident

in ex vivo myocardium here await clarification, however,

NO: activates L-type Ca2? channels and sensitises Ca2?-

dependent SR Ca2? release via S-nitrosylation [15, 65];

enhances stretch-dependent SR Ca2? release, contributing

to Frank–Starling responses [99]; and may also promote

phospholamban phosphorylation [103] (Fig. 7).

NOS-independent negative inotropy

The basis of NOS-independent negative inotropy (Fig. 3;

Fig. S3) in cavin-1-/- hearts (prominent in females) war-

rants further study, though is consistent with depressed

in vivo function in females, and contractile effects of

caveolar disruption with methyl-b-cyclodextrin [14, 88] or

caveolin-1 deficiency [21, 108, 114] (though the latter

likely reflects NOS effects). Caveolar disruption with

cavin-1 deletion is predicted to impair inotropy given

caveolar dependencies of Ca2? channels [37] and excita-

tion–contraction coupling [14, 90]. Positive chronotropy

and tendency to arrhythmicity in cavin-1-/- hearts are

consistent with disturbed channel function. Disruption of

caveolin-3 may also reduce contractility, if interacting with

cardiac RyRs as in skeletal muscle [105]. While caveolin-3

deletion does not appear to alter intrinsic myocardial

contractility (distinct from caveolar disruption) [88],

stretch-dependent function has yet to be adequately asses-

sed in this model. However, contractility is ultimately

compromised with progressive hypertrophy in these mice

[107]. In contrast, mutant caveolin-3 increases contractility

and eNOS activity in association with hypertrophy [67].

Deletion of cavin-1 also impairs contraction in smooth

muscle [52], and broad differences in muscle function

could arise from altered expression of proteins governing

contraction, given transcriptional influences of cavin-1

[50]. Finally, reduced contractility in the presence of NOS

inhibition in cavin-1-/- vs. cavin-1?/? hearts may addi-

tionally reflect adaptation to chronically elevated (positive

inotropic) NO.

Coronary vasoregulation

Genetic deletion of cavin-1, and NOS inhibition, specifically

modified baseline flow and reactive hyperaemia durations,

while peak hyperaemic flows were unaltered and metabolic

hyperaemia was effectively masked (Fig. 4). These findings

are congruent with reduced vascular tone in mesenteric

arteries from cavin-1-/- mice [91], together with increased

coronary flow [20] and augmented NO-dependent aortic

dilatation vs. impaired constriction with caveolin-1 knock-

out [80]. These outcomes are also consistent with NOS-

dependence of basal tone in mammalian coronaries

[68, 89, 97], NOS-independence of peak hyperaemic flows

vs. NOS-dependence of reactive hyperaemia duration

[28, 76, 113], and NOS-independence of vasodilatation

during increases in MVO2 [30, 96]. Although our data

confirm involvement of NO in prolonging hyperaemia

[28, 76, 113], this seems unlikely to involve flow- or shear-

dependent NOS activation, since the latter is caveola

dependent [82] and inhibited on caveolin-1 deletion [2, 112].

Evidence of impaired coronary myogenic control in cavin-

1-/- hearts (Fig. S4A) is also consistent with impaired

control in mesenteric vessels following cavin-1 [91] or

caveolin-1 deletion [2], and evidence NO impairs coronary

autoregulation [97]. Interestingly, differences in baseline

coronary flow between cavin-1-/- and ?/? hearts are limited

by NOS-independent functional hyperaemia. Ventricular

pressure work induces a functional (metabolic) hyperaemia

[81], evident here in cavin-1?/? hearts (Fig. 4c) yet masked

by excess NOS-dependent dilation in cavin-1-/- hearts.

Clearly depicted in Fig. 4c, NOS-independent functional

hyperaemia progressively reduces differences in basal flow

in cavin-1-/- vs. ?/? hearts as pressure work increases.

Inhibition of NOS reduces basal flow and reveals compa-

rable hyperaemia in knockout hearts.

Myocardial ischaemic tolerance

The caveolar system appears important to ischaemic tol-

erance and cardioprotection [47, 69, 84, 88, 95]. In

agreement with such roles, cavin-1-/- hearts exhibited

worsened contractile dysfunction and cell damage follow-

ing ischaemia (Fig. 5). Ischaemic intolerance may involve

suppression of caveolins and caveolae (Figs. 1, 2), critical

to myocardial stress responses [84, 88, 111]. Indeed,

ischaemic intolerance is common to caveolin-3 knockout,

and both caveolin-3 and caveolin-1 are repressed with

cavin-1 deletion (Fig. 2) [57, 94]. Nonetheless, distinct
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outcomes are evident in cavin-1-/- hearts. Caveolin-3

knockout fails to alter infarction [47] or worsens cell death

without altering contractile dysfunction [88]. Moreover,

although caveolin-3 modifies AKT phosphorylation

[69, 95], and deletion of caveolin-3 or caveolin-1 triggers

ERK1/2 hyper-activation [21, 107], post-ischaemic phos-

phorylation of these kinases (and injurious p38 MAPK and

JNK) was unaltered in cavin-1-/- hearts (Fig. S7). Effects

of caveolin-1 ablation on ischaemic tolerance are less clear,

with no shift in infarction/cell death and either unaltered

[26] or worsened [51, 69] contractile outcomes.

While ischaemic intolerance in cavin-1-/- hearts is not

associated with shifts in post-ischaemic kinase signalling,

altered membrane fragility and stretch responses and

exaggerated NOS activity are likely to contribute (though

are not tested here). Opposing effects of NOS/NO on

ischaemic tolerance have been reported; with some stud-

ies supporting benefit via low physiologic NO levels vs.

injury and dysfunction with excess NO [87]. Differing

effects of NO donors on ischaemic outcomes in pre-

clinical animal models vs. humans are also apparent,

posing a challenge in development of potential NO-based

cardioprotection [8]. The effects of NO and NOS activity

on ischaemic tolerance may involve shifts in both injuri-

ous nitrosylation/nitrosative stress and protective PKG-

dependent signalling, and effects of both native NO and

circulating metabolites including nitrite and S-nitrosoth-

iols [78, 79]. The ischaemic intolerance in cavin-1-/-

hearts exhibiting over-active NOS is consistent with

exaggerated injury via NOS activation/expression

[48, 104] vs. protection via NOS inhibition

[23, 27, 63, 86, 102, 104, 106]. Nonetheless, other studies

suggest either no effect of NOS activity on ischaemic

injury or metabolism [61, 73, 74], NOS-dependent

induction of an early low-energy hibernating state [45], or

conversely NOS-dependent injury [44, 48, 104]. These

differing outcomes again reflect in part distinct effects of

NOS isoforms and cellular NOS pools: ischaemic toler-

ance is enhanced via cardiac [12, 24] and circulating

(erythrocyte) eNOS activities [40, 64], together with

nitrite generated via peripheral vascular eNOS [79]; while

myocardial iNOS promotes cell death [48, 104] and

dysfunction [44]; and nNOS worsens ischaemic tolerance

while paradoxically participating in downstream sig-

nalling underlying ischaemic preconditioning [6, 59]. It is

also relevant that myocardial NO generation during

ischaemia may arise via NOS-independent pathways [62],

complicating interpretation of the effects of NOS modu-

lation in ischaemia–reperfusion. Though not conclusive,

and awaiting confirmation, the ischaemic intolerance in

isolated myocardium from cavin-1-/- mice appears most

consistent with dis-inhibition of protective (and

caveolar/caveolin sensitive) eNOS [12, 24, 40, 64,

79, 115], rather than increased activities of injurious

iNOS or nNOS.

Interestingly, despite evidence of NOS over-activity,

post-ischaemic reflow was moderately reduced in cavin-

1-/- vs. ?/? hearts. This is consistent with limited NOS

involvement in post-ischaemic hyperaemia (Fig. 4)

[28, 76, 113]. The modest (*25%) difference in reflow

does not explain *twofold greater contractile dysfunction

and cell death in cavin-1-/- hearts. Indeed, reductions in

NO-dependent flow do not worsen post-ischaemic injury

[104, 106]. Reduced reflow is consistent with differing

diastolic compression and metabolic demand [34]:

*20 mmHg higher diastolic contracture is predicted to

limit post-ischaemic flow by *5 mL/min/g in cavin-1-/-

hearts, based on effects documented here (Fig. S4B) and

previously [34]; while reduced metabolic demand in cavin-

1-/- hearts generating *35% of baseline function (vs.

60% in cavin-1?/? hearts) will further limit flow (Fig. 4).

Membrane integrity and cellular stretch responses

The caveolar system plays an overarching role in cellular

responses to stretch, and protection against mechanical

perturbation [70]. Caveolae provide a membrane reserve or

mechanical buffer to limit damage during stretch, and

deformation may trigger intracellular changes via cavin-1

release into the cytoplasm [18, 70]. Cavin-1 [117], together

with caveolin-1 [10] and -3 [13], are also implicated in

membrane repair and stretch-dependent signalling/

mechanotransduction [49]. Global deletion of cavin-1 not

only modified passive and active forces during myocardial

stretch (Fig. 3), but inhibited stretch-dependent BNP and

c-Fos induction, while ERK1/2 activation was unaltered

(Fig. 6). The latter contrasts impaired ERK2 activation in

cardiomyocytes lacking caveolin-3 [49], though is consis-

tent with lack of effect of caveolin-3 knockdown on ERK2

activation in skeletal myotubes [9]. Lack of effect of cavin-

1 deletion on kinase signalling (with stretch or ischaemia)

localises the cavin-1-dependence of stretch signalling

downstream of kinase activation processes.

Exaggerated basal and stretch-dependent efflux of car-

diac proteins is consistent with reported effects of cavin-1

or caveolin-1 deletion on membrane fragility during

stretch, shear stress and cell swelling [9, 58]. It remains to

be elucidated whether NOS over-activation contributes to

altered stretch-dependent signalling and membrane fragi-

lity in hearts lacking cavin-1. Nonetheless, these changes

are likely to contribute to shifts in the stretch-dependence

of mechanical function, and to ischaemic intolerance given

fundamental roles of swelling and membrane rupture in

post-ischaemic injury.
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Concluding remarks

The current analyses reveal roles for cavin-1 and related

proteins in governing myocardial contractile function and

compliance, coronary and cardiac responses to mechanical

and ischaemic stressors, and membrane permeability/fragi-

lity. Over-activity of NOS appears to underlie reversible

elevations in stretch-dependent passive and active ventric-

ular forces, baseline coronary flow and hyperaemia duration,

while NOS-independent positive chronotropy and negative

inotropy also arise in cavin-1-/- hearts. The NOS isoforms

involved in the former phenotypic changes, their cellular and

sub-cellular locations, and effector mechanisms downstream

of NO overproduction (e.g. PKG- or nitrosylation-dependent

shifts in sarcolemmal or SR Ca2? handling) await analysis

(Fig. 7). Importantly, cavin-1 deletion also inhibits stretch-

dependent cardiac signalling and exaggerates membrane

permeability/fragility, changes likely to impact myocardial

function and ischaemic tolerance. While the molecular bases

of these effects require further investigation, the present

findings collectively highlight the broad importance (and

potential utility) of cavin-1 and associated proteins in gov-

erning load-dependent cardiovascular phenotypes, mem-

brane function, and myocardial stress-resistance.
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