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Abstract

The vascular wall has a remarkable capacity to adapt to mechanical forces exerted by the

intraluminal blood pressure and flow. This includes rapid change in contractile tone as well as 

chronic alteration of vessel structure if the stimulus persists. Stretch of the intact blood vessel

wall promotes growth and contractile differentiation. The molecular mechanisms involved are 

not well defined, but contractile differentiation has been suggested to be mediated by 

polymerization of the cytoskeletal protein actin. Part of the machinery that signals growth 

may be assembled in membrane invaginations termed caveolae, and a role for caveolae in

mechanosensing has accordingly been proposed. The studies summarized in this thesis aimed

to determine the role of these two cellular domains in mechanosensitive signaling in the intact

vascular wall using rat or mouse portal veins as well as carotid and small mesenteric arteries.

In the portal vein, we found that stretch promotes contractile differentiation via Rho activation 

and actin polymerization. An intact actin cytoskeleton is required for stretch-induced 

synthesis of smooth muscle specific marker proteins and for global protein synthesis. We also 

found that stabilizing actin filaments produced the same effects as stretch on protein 

synthesis. Stretch dependency of growth and differentiation was maintained in mice lacking

caveolin-1 and vascular caveolae. In arteries from these mice, a reduced myogenic tone was 

observed, which was mainly caused by excessive nitric oxide (NO) production. Blood 

pressure was however maintained in vivo despite increased NO production. Maintenance of 

blood pressure in the setting of increased NO production could be due to increased alpha1-

adrenergic contraction, hypertrophic remodeling and increased plasma volume.

In summary, the data suggest that stretch stimulates polymerization of actin, which is 

necessary for expression of smooth muscle differentiation markers and growth of the intact 

vascular wall. On the other hand, stretch-induced growth and differentiation is not dependent 

on caveolin-1 or caveolae, which may however play a role for contractile responses to

mechanical stimuli.
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Introduction

The adaptive properties of the vascular wall

The wall of arteries and veins consists of three layers. The intima, which is the innermost

layer composed of endothelial cells that line the lumen, acts as a semipermeable barrier for 

fluid and other components of the blood. The media, which is mainly composed of smooth

muscle cells and extracellular matrix (ECM) proteins, regulates vessel diameter. The 

outermost layer of the blood vessels is the adventitia, which is a protective layer of fibroblasts 

and connective tissue. The relative abundance of these components varies throughout the 

vascular circuit. 

The primary function of the vascular smooth muscle is contraction and relaxation and thereby 

regulation of vessel diameter. This is of major importance in small resistance arteries, which

are responsible for the distribution of blood flow to organs. The lumen diameter of small

arteries also regulates mean arterial blood pressure (MABP) by controlling the peripheral 

resistance in the arterial system. This is of relevance in essential hypertension, where 

increased peripheral resistance caused by chronic narrowing of resistance arteries will cause 

further elevation of MABP, resulting in an increased risk of cardiac failure, atherosclerosis

and stroke.

There are both intrinsic and extrinsic mechanisms regulating vessel diameter. Circulating 

vasoactive mediators such as angiotensin II and cathecholamines, as well as locally released

mediators from the autonomic nervous system, confer extrinsic regulation of smooth muscle

contraction. Intrinsic regulation of vessel diameter is mainly mediated by two

mechanosensitive mechanisms. One is the sensing of shear stress on the endothelium caused

by an increase in blood flow. This leads to a release of vasodilators from the endothelium,

which relaxes the smooth muscle cells. The other mechanism involves stretch sensing by the 

smooth muscle cells themselves, resulting in narrowing of the vessel lumen. The latter 

mechanism is referred to as myogenic tone. An increase in transmural pressure or internal 

diameter causes an increased wall tension according to the law of Laplace (Fig 1). 
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Figure 1 Laplace's law describes the 

relationship between wall tension (T), the

transmural pressure difference ( P) and vessel

radius (R).

An increase in wall tension will also increase wall stress, which is the force per unit cross

sectional area. The vascular wall has two ways to reduce wall stress back towards the normal

level. One is to decrease the radius of the vessel, which is accomplished by myogenic 

constriction in a matter of seconds to minutes after an increase in transmural pressure. The 

other mechanism is provided by remodeling, a chronic change in wall geometry. The different 

types of remodeling are illustrated in Fig 2. In hypertensive patients, an inward remodeling

with an increased wall to lumen ratio is often observed in small resistance arteries (74) 

Outward

Inward

Hypotrophic Eutrophic Hypertrophic

Figure 2. The change in lumen diameter

and wall thickness determines the mode of

vascular remodeling. (Adapted from (75)).
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Similar to pressure, chronic flow loading of arteries is known to give rise to a sustained

change in vessel geometry. This is referred to as flow-induced vascular remodeling and is 

characterized by an increased lumen diameter with increased flow, and vice versa. In a 

seminal paper it was demonstrated that inward remodeling in response to reduced flow is

endothelium-dependent (58). Subsequent work has shown that nitric oxide (NO) and the 

endothelial nitric oxide synthase (eNOS) are necessary for vascular remodeling in both

directions (112, 141). 

In some situations, the vascular wall adapts to mechanical forces by formation of a so-called

neointima. This is characterized by smooth muscle cells that proliferate and migrate from the 

media to the intimal layer of the vessel wall (80). Neointima formation typically occurs after

balloon angioplasty (restenosis) and in vein grafts after by-pass surgery. Eventually, 

neointima formation may lead to a complete obstruction of the vessel, which is a major

clinical problem as 40-50% of vein grafts are occluded and in need of re-operation after 5-10 

years (120). From experimental animal models it is clear that severe changes in 

pressure/distension or flow contribute to neointima formation (57, 115). Thus, the vascular

wall responds to changes in flow (shear stress) and pressure (wall stress) by chronically

altering its structure. This is of relevance in various vascular disease states including

hypertension, atherosclerosis and restenosis. However, the mechanisms by which mechanical

stimuli alters vessel structure are not well understood. 

The vascular smooth muscle cell 

Normally, vascular smooth muscle cells are contractile (differentiated), quiescent and do not 

migrate. The vascular smooth muscle cells have an ability to adapt to environmental

influences, which involve altered interactions with surrounding cells or matrix proteins, 

growth factors, cytokines, injury and mechanical forces. This adaptation requires complex

changes in cell phenotype and may lead to changes in contractility as well as hypertrophy 

(increase in cell mass), proliferation (increase in cell number) and migration. Phenotypic 

modulation is most evident as smooth muscle cells are removed from their tissue environment

and placed in cell culture where unrestrained proliferation and migration can occur. These 

cells de-differentiate to a less contractile and more proliferative phenotype and are commonly

termed "synthetic" smooth muscle cells (11). Although this situation is unparalleled in vivo,

some of the characteristics of these cells are observed in pathological situations following

vascular injury (103). 
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Smooth muscle cells are known to produce and secrete growth factors and enzymes, which 

are essential for adaptation to the environment. For example, proliferation of smooth muscle

cells requires breakdown of the basement membrane that surrounds each cell, and this is 

accomplished by secretion of matrix metalloproteinases (MMP:s) (79). Furthermore, stretch-

induced growth of vascular smooth muscle is partly dependent on autocrine or paracrine 

signaling by angiotensin II and endothelin-1 (I)(152). However, additional mechanisms are

likely to be involved in the regulation of stretch-dependent growth. We have suggested a role 

for the actin cytoskeleton in both growth and differentiation of vascular smooth muscle (I, II, 

III, IV). 

Smooth muscle contraction 

The mechanisms of smooth muscle contraction are only briefly described in this section as the 

main focus of this work concerns the mechanisms of smooth muscle growth and 

differentiation. In contrast to striated muscle, smooth muscle contraction is slow and 

economical. Smooth muscle contraction is achieved by interaction between actin and myosin

filaments. In addition, other actin binding proteins such as calponin and caldesmon are part of 

the contractile and regulatory machinery (49). Myosin is composed of heavy (MHC) and light 

chains (MLC) and serves as the motor of smooth muscle contraction. When  the 20 kDa MLC 

is phosphorylated by the calcium-calmodulin dependent myosin light chain kinase (MLCK), 

the cyclical interaction of actin and myosin (cross-bridge cycling) is initiated and the muscle

contracts. MLCK and myosin light chain phosphatase (MLCP) are the main regulators of 

smooth muscle contractility via their effect on MLC phosphorylation, and the activity of these 

enzymes determines the sensitivity of smooth muscle contraction to intracellular calcium. One 

important mechanism for calcium sensitization is activation of the Rho pathway which 

inhibits MLCP via Rho-associated kinase (ROCK) (143).

Smooth muscle differentiation 

The contractile differentiation of smooth muscle cells can be identified functionally by

contractile ability, morphologically by the presence of dense bodies and myofibrils, and 

biochemically by the expression of proteins that are known as differentiation marker proteins 

or smooth muscle specific proteins. These are typically contractile or cytoskeletal proteins, 

such as smooth muscle myosin heavy chain (SM-MHC), smooth muscle alpha-actin, SM22, 

tropomyosin, desmin and calponin (86). The genes encoding smooth muscle specific proteins 

are under the control of the transcription factor serum response factor (SRF) (71). 
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Paradoxically, as the name indicates, SRF also regulates genes involved in growth and 

proliferation after serum stimulation. The specificity of SRF in the regulation of smooth

muscle specific genes depends on co-factors such as myocardin and the myocardin related 

transcription factor, MAL/MKL1 (20, 21). Another subset of co-factors, named ternary 

complex factors (TCF), are responsible for control of genes involved in growth and 

proliferation and may compete for SRF to control smooth muscle gene expression (Fig 3) 

(144). All smooth muscle specific genes that are regulated by SRF contain one or more CArG 

boxes (for CC(A/T rich)GG) in the promoter region, which serve as binding sites for SRF and 

are crucial for SRF dependent gene transcription (71) .

Figure 3 Simplified illustration of signaling mechanisms suggested to be involved in the regulation of growth

and differentiation.

An interesting model for the regulation of SRF and MAL/MKL1 by actin polymerization has 

recently emerged (39, 67, 95, 128). SRF and MAL/MKL1 have been shown to interact with

monomeric G-actin, an interaction that inhibits translocation of these transcription factors 

from the cytosol to the nucleus (65, 72). Polymerization of actin into filamentous F-actin
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P

F-actin
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reduces the pool of free G-actin and thus releases inhibition on SRF and MAL/MKL1. Only a

small pool of the total G-actin is involved in this mechanism since most G-actin in the cell is 

sequestered by actin binding proteins such as profilin and -thymosin, which prevents 

interaction with MAL/MKL1 (94). Following actin polymerization, the increase in mRNA 

expression of smooth muscle specific genes results in an enhanced synthesis of proteins 

encoding these genes and thus a relative increase in the contents of contractile marker

proteins.

Smooth muscle growth 

Growth of the vascular smooth muscle involves hypertrophy and/or proliferation. Nearly all 

growth factors activate the mitogen activated protein kinase (MAP-kinase)-extracellular

signal regulated kinase 1 and 2 (ERK1/2) pathway. ERK1/2 is then able to enter the nucleus

and phosphorylate TCF:s, which bind to SRF and activate the transcription of immediate-

early genes such as c-fos and c-jun (98) (Fig 3). These are inducible transcription factors that

promote the transcription of genes involved in smooth muscle growth. The discrimination 

between hypertrophy and proliferation is not well understood. However, in cultured smooth

muscle cells, thrombin has been shown to stimulate hypertrophy while platelet derived growth 

factor (PDGF) stimulated proliferation and this was associated with a differential expression

of immediate early genes (111).

Normally, smooth muscle cells in the intact vasculature are quiescent and differentiated. 

However, under certain circumstances, such as after vascular injury or in vein grafts subjected 

to arterial pressure, smooth muscle cells transiently de-differentiate and proliferate forming a 

neointima (83, 123). In hypertensive subjects, growth is likely to occur by hypertrophy of the 

smooth muscle, which may be associated with polyploidy of smooth muscle cells as observed 

in arteries of hypertensive rats (48). Hypertrophy is a consequence of increased intracellular

protein, regulated by the rate of global (overall) protein synthesis and degradation, and 

increased water content. We have previously shown that stretch-dependent growth of vascular 

smooth muscle is associated with an increase in protein synthesis and cell size (155).

Protein synthesis requires translation of mRNA into amino acid sequences, which form the 

protein. Translation of mRNA by ribosomes is under control of eukaryotic initiation factors

(eIF) and the 70 kDa ribosomal protein S6 kinase (p70S6K) (40) (23). The initiation factors are

regulated in several ways, including (1) transcriptional control i.e. the amount of eIF:s that 

can be activated, (2) activation via phosphorylation of the subunit eIF4E i.e. via the MAP 
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kinase-interacting protein 1 (MNK1) and (3) inhibition by binding to 4E-binding repressor 

proteins (4E-BPs). Two signaling pathways are often implicated in the regulation of protein 

synthesis and growth of vascular smooth muscle, the MAP-kinase pathway and the

phosphatidylinositol-3-kinase (PI3-kinase) pathway (109, 114, 118) (Fig 3). Protein synthesis 

is likely regulated by these two pathways via eIF activity. MNK1 is a target of ERK1/2 in the

MAP-kinase pathway and 4E-BPs are phosphorylated by Akt, a member of the PI3-kinase 

pathway, which inhibits their binding to eIF4E (40).

The S6 ribosomal protein is phosphorylated at multiple sites for initiation of mRNA 

translation (47). The major kinase for S6 phosphorylation in vivo is the p70S6K, which is 

activated by phosphorylation at an autoinhibitory domain (23). Inhibition of either the MAP-

kinase or the PI3-kinase pathway has been shown to prevent angiotensin II induced 

phosphorylation of p70S6K in vascular smooth muscle cells (23, 24). Thus, both ERK1/2 and 

Akt are essential in the regulation of global protein synthesis by both eIF and p70S6K.

The PI3-kinase signaling pathway is also suggested to be involved in contractile 

differentiation of smooth muscle cells, but it has been difficult to establish the role of PI3-

kinase in this process (43, 45, 73, 125, 127). MAP kinase signaling is widely considered to be 

a repressor of smooth muscle differentiation, but these results originate from studies on 

isolated smooth muscle cells in culture (54, 99, 144) and it is unknown if the same

mechanisms are present in intact vascular smooth muscle.

Cellular microdomains - the actin cytoskeleton

There are at least six isoforms of actin encoded by six different genes. Depending on their 

isoelectric point they fall into three classes: , or In vertebrates, SMCs primarily express 

four types of actin, namely muscle - and -actin as well as non-muscle - and -actin (81).

The latter isoforms are believed to be constituents of the cellular cytoskeleton while muscle

- and -actin are important parts of the contractile machinery in the smooth muscle cells

(124). It is likely that all of the four actin isoforms are present in two pools in smooth muscle 

cells, one in the form of filamentous F-actin and the other in the form of monomeric G-actin.

Actin dynamics is primarily controlled by mediators of the Rho pathway (se Fig 7 in 

DISCUSSION). This pathway involves activation of ROCK and LIM-kinase (LIMK) with 

subsequent inhibition of cofilin and stabilization of F-actin (9, 68, 78). Cofilin is a member of 

the actin depolymerizing factor (ADF)/cofilin protein family (14). ADF/cofilins accelerate
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depolymerization of actin filaments from the pointed end by binding preferably to ADP-actin

and thereby changing the orientation of actin subunits within the filament. In addition, actin 

dynamics is regulated by a second Rho-controlled pathway involving the mammalian

diaphanous homolog (mDia) proteins. The mDia proteins cooperate with LIMK to promote F-

actin accumulation possibly via a mechanism that involves interaction with profilin (77, 146).

Profilin binds to G-actin and accelerates the turnover of ADP-G-actin to ATP-G-actin

resulting in an increased affinity for G-actin to the barbed end of actin filaments as well as to

the G-actin binding protein -thymosin. This mechanism provides a pool of G-actin that is 

ready for rapid polymerization (93). Finally, Rho is able to promote nucleation of new actin 

filaments via activation of the Arp2/3 complex.

Agents used to modify actin polymerization 

Cell-permeable agents that modify the state of actin filaments have been used extensively in 

the past. The marine toxins latrunculin and cytochalasin are the most commonly used 

depolymerizing agents. Latrunculin forms 1:1 complexes with G-actin monomers and thereby 

inhibits polymerization (15, 131). At low concentrations (0.25 μM) cytochalasin caps 

preexisting filaments at the barbed end and thereby causes net depolymerization. However, 

cytochalasin also causes dimerization and nucleation of short filaments and at higher 

concentrations ( 2 μM), this results in a decrease in the free G-actin pool (32). Latrunculin is

10 to 100 times more potent than cytochalasin in disrupting actin filaments (131). 

The most common agent used to prevent actin depolymerization is jasplakinolide, which is 

derived from the marine sponge jaspis johnstoni. Jasplakinolide binds to the same site and 

with similar affinity to F-actin as phalloidin, a cell impermeable agent commonly used to stain 

actin filaments (130). 

Focal adhesions 

The actin cytoskeleton is connected to the plasma membrane and the extracellular matrix via

anchoring points called focal adhesions. The focal adhesions are complex microdomains and

consist of integrins, which are membrane-spanning proteins that bind extracellular matrix

molecules. Integrins are formed by heterodimers of alpha and beta chains and to date 24 

different heterodimers are known to exist and at least 11 of them are present in smooth muscle

(16, 110). In addition, more than 50 different proteins are known to be associated with 

integrins in focal adhesions. These proteins can be involved in actin binding, second 
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messenger signaling to cell growth and proliferation, cell motility, matrix assembly and tissue 

invasion (110). Several focal adhesion associated proteins including vinculin, paxillin and 

focal adhesion kinase (FAK), are activated by mechanical stretch (61, 62).

Cellular microdomains - caveolae 

Caveolae are 50-100 nm large -shaped membrane invaginations with high contents of 

cholesterol and sphingolipids. In smooth muscle and endothelial cells they are formed through 

specific interactions amongst lipids and the caveolin proteins (Cav) (12) (Fig 4). The caveolin 

proteins have a hairpin structure and bind cholesterol with high affinity. Three distinct

caveolin genes exist, two of which are critical for formation of caveolae (Cav-1 and Cav-3). 

Cav-3 is expressed in skeletal muscle, and mutations in Cav-3 cause muscular dystrophy (12).

Figure 4 Caveolae are 50-100 nm invaginations in the cell membrane of both endothelial and smooth muscle

cells. The structural components of caveolae include phospholipids, sphingolipids, cholesterol and caveolin

proteins.

The cells of the vascular wall express primarily Cav-1 and Cav-2 proteins, and since Cav-2 is

unstable in the absence of Cav-1, disruption of the Cav-1 gene leads to loss of caveolae in the 
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aorta (19, 101). Caveolae are particularly abundant in endothelial, smooth muscle and fat cells 

and have been ascribed roles in vesicular transport of lipoproteins across the endothelium, in 

receptor clustering, and in control of cellular signaling (12). In particular, the role of caveolae 

and caveolins in the regulation of eNOS has been a topic of intense interest. Cav-1 has been 

shown to interact with and inhibit the activity of eNOS  (10, 27, 36-38, 66, 122). Cav-1 is also 

involved in the regulation of other intracellular signaling events. For example, it is known to 

be a negative regulator of cell growth by tonic inhibition of the ERK1/2-MAP kinase cascade 

(25, 35). The Cav-1 scaffolding domain also inhibits the activity of G-proteins, Src-like 

kinases, and H-Ras (64).

The caveolin-1 knockout mouse 

Cav-1 knockout (KO) mice lack caveolae in smooth muscle and endothelium as well as other 

non-striated muscle tissues (12). Surprisingly, Cav-1 KO mice are viable and fertile although 

one group reported a reduction of life span (88). Many of the abnormalities found in the Cav-

1 KO mice are related to the cardiovascular system. These findings include dysregulated NO

production, impaired angiogenesis and endocytosis, and cardiomyopathy (59). Excessive 

growth of neointimal smooth muscle and cardiac fibroblasts has also been observed, which 

likely depends on excessive MAP-kinase-ERK1/2 activation in the absence of Cav-1 (13, 44). 

The effects of Cav-1 ablation in the vasculature may be compensated by different mechanisms

and this will be further discussed below. 

In addition to vascular defects, Cav-1 KO mice have pulmonary disease with reduced alveolar

spaces and thickening of the alveolar wall. Cav-1 KO mice also lack the Cav-2 isoform due to 

proteasomal breakdown of Cav-2 in the absence of Cav-1. Interestingly, Cav-2 KO mice have 

a similar lung phenotype, implicating the selective loss of Cav-2 as the primary cause of lung 

abnormalities also in the Cav-1 KO mice (102). 

Mechanotransduction in the vasculature

The sensing of mechanical forces by endothelial and smooth muscle cells has been studied 

extensively but mainly in the context of isolated cells in culture environment. Cultured

endothelial cells can be subjected to shear stress in a flow chamber while isolated smooth

muscle cells are cultured on flexible membranes that are mechanically stretched. The 

advantage of this approach is that in depth studies using advanced molecular tools such as

DNA or siRNA transfection are more straightforward in isolated cells than in the intact tissue. 
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In addition, some techniques require isolated cells, such as patch clamp experiments for 

measurement of ion channel activity, and microscopic analysis yields far higher resolution in 

isolated cells than in tissue sections. The main concern with isolated cells, in particular

regarding smooth muscle cells, is the fact that the cells are plated on a two-dimensional (2D) 

surface, which is drastically different from the in vivo environment. The surface that the cells 

are plated on is often coated with an extracellular matrix protein, such as laminin, collagen or 

fibronectin. Specific integrin heterodimers bind to specific ECM proteins and these integrins 

are also likely to be involved in the response to mechanical stimuli. It is therefore not 

surprising that diverse effects of stretch are observed when cells are cultured on various

substrates (52, 60, 132, 148). Isolation and culture of smooth muscle as well as endothelial 

cells causes major effects on the cell differentiation, which is also affected by the choice of

ECM protein coating (11, 99, 104, 105, 139). Studies by Thie et al. demonstrate noticeable 

differences including reduced protein synthesis and proliferation, in smooth muscle cells 

cultured in a three dimensional (3D) matrix compared to 2D-cultures (135-137). Although 2D 

and 3D cultures of isolated cells have provided substantial insights into the mechanisms of 

smooth muscle cell biomechanics and phenotype regulation, the mechanisms of stretch-

dependent signaling are probably not identical to those in intact tissue. The use of organ 

culture of vascular smooth muscle combines the three-dimensional environment of the cells 

with the advantages of an in vitro condition. The term organ culture can be misleading since it 

implies that organs are cultivated or grown ex vivo. The actual definition of the term is that an

intact isolated organ is maintained in near physiological conditions in a cell culture 

environment. This approach has been used previously by us and others to study 

mechanotransduction in  the vasculature (4, 7, 8, 61, 152, 155).

Animal models of hypertension are clearly the most physiological approach to study stretch- 

dependent effects on the vasculature. Several models, predominantly in rat, are available (91).

Results obtained from studies using hypertensive animals can be difficult to interpret due to 

the systemic effects that inevitably occur when blood pressure is raised in an animal. In

particular, sympathetic activity and renin-angiotensin signaling are often affected in these

animal models (82, 91), which may be important for vascular effects unrelated to mechanical

factors on the vascular wall. Thus, the finding that arteries are remodeled in hypertensive rats 

cannot be entirely attributed to an increased mechanical stretch of the vessel wall. However, it 

was recently reported that DOCA-salt hypertensive rats (an inducible model of hypertension)

demonstrated hypertrophic remodeling in aorta but not in vena cava, which is subjected to 
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similar humoral factors but not affected by elevated pressure (147). This suggests that 

mechanical stress is the driving force for structural changes in vivo.

Sensing shear stress 

Recent studies suggest that flow is sensed in endothelial cells by a mechanosensory complex

consisting of vascular endothelial cell cadherin (VE-cadherin), a junctional protein, platelet 

endothelial cell adhesion molecule (PECAM)-1, an immunoglobulin family receptor, and 

vascular endothelial growth factor receptor 2 (VEGFR2) tyrosine kinases (3, 84, 142). The

activation of this complex was shown to be upstream of other intracellular events, such as

activation of c-Src, PI3-kinase and integrins. These events are essential for activation of

eNOS and MAP kinases in endothelial cells in response to shear stress (18, 28, 50, 56). 

Caveolae have also been implicated in shear stress signaling in endothelial cells (31, 107, 

108), which is supported by the localization of VEGFR2 in caveolae (127).

Stretch sensing in vascular smooth muscle

Stretch sensing in smooth muscle is important for both rapid myogenic constriction and long 

term signaling for remodeling and differentiation. Although studies on stretch sensing in 

intact vascular smooth muscle are still quite sparse, several mechanisms have been proposed. 

It is widely accepted that integrins that connect the intracellular actin cytoskeleton to the

surrounding ECM have a central role in mechanotransduction in smooth muscle (16, 63). 

Other factors that have been proposed as mechanosensors are tyrosine kinase and G-protein

coupled receptors and ion channels (63). Stretch of the smooth muscle would cause an 

increased tension on integrins, which is known to initiate activation of integrin associated 

proteins (92). This effect is dependent on an intact cytoskeleton and will cause clustering of

integrins into focal adhesions at the site of tension.

Another possible mechanosensor in smooth muscle is stretch-activated ion channels. 

Mechanical stretch increases intracellular calcium levels and a role of a transient receptor

potential (TRP) cation channel, TRPC6, has recently been reported (129). In this study the 

tarantula toxin peptide, GsMTx-4, was used to inhibit stretch-induced TRPC6 currents. This

peptide has previously been demonstrated to be a specific inhibitor for stretch-activated

channels and has interesting therapeutic implications (41, 133).

Stretch sensing is followed by an intracellular response that is complex and rather ill defined. 

A multitude of mediators are suggested to be involved and their integration into a coherent
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picture at this stage may cause more confusion than clarity. (For reviews see (42, 60, 63)). 

However, in the intact vasculature, stretch/pressure undoubtedly results in an early ERK1/2 

phosphorylation and tyrosine phosphorylation of proteins in the 115-140 kDa range (8, 61, 

150, 152, 155). The early ERK1/2 phosphorylation caused by stretch correlates with an

activation of integrin associated tyrosine kinases FAK and Src (106, 149) This is followed by 

a reduced but sustained ERK1/2 phosphorylation over several days, which results in increased 

protein synthesis and smooth muscle growth in veins and large arteries (5, 155). It is 

important to note that signaling in response to stretch likely involve both direct effects from 

mechanosensors such as integrins that activate the MAP kinase cascade via FAK as well as 

indirect effects by autocrine release of receptor agonists such as angiotensin II, endothelin-1

and PDGF (63, 152, 153).

19



Aims of the study 

The objective of this work was to identify mechanisms of mechanotransduction in the 

vascular wall. The specific aims were: 

To investigate the role of the cytoskeleton in stretch-dependent growth and differentiation of 

smooth muscle.

To clarify the role of Cav-1 in stretch- and flow-dependent signaling 
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Methods for studying mechanosensing in vascular 

smooth muscle 

The portal vein model 

Veins are exposed to lower intraluminal pressure than arteries but show considerable 

pressure-induced growth, as demonstrated by the hypertrophy, and often rapidly progressing 

atherosclerosis, of vein grafts exposed to arterial pressure (113). One vessel that has been 

extensively investigated is the portal vein, in which elevated intraluminal pressure in vivo

over a few days causes hypertrophy and increased force development (53, 69).

In order to study stretch dependent effects on intact vascular smooth muscle, we have 

developed an organ culture model for isolated portal veins (155). The portal vein consists 

predominantly of longitudinal smooth muscle (Fig 5), and longitudinal force thus stretches the 

smooth muscle cells in the same axis as an increase in pressure would in an artery with 

circular smooth muscle. For these experiments, the portal veins are dissected free from fat and 

surrounding tissue and cut at predetermined sites so that all veins have similar lengths. One 

end of the vein is then attached to a steel hook while the other is attached to a gold weight 

(Fig 5). We have determined that the optimal length for force development is achieved at a

load of approximately 3 mN for mouse portal veins and 6 mN for rat portal veins and the gold 

weights are adjusted accordingly. This distension approximately represents the physiological 

condition while the unstretched condition is clearly non-physiological. The portal veins are 

pre-incubated unstretched for 1 hour and then stretched for 5 min up to 72 hours in culture 

medium with a low concentration (2 %) of dialyzed fetal calf serum and insulin (10-8 M). We

have previously observed that stretch under these conditions results in growth of the smooth

muscle with a maintained contractile differentiation similar to what is observed at an 

increased pressure in vivo (69, 153).

There are several aspects that make the portal vein a valuable model for studies of stretch-

dependent signaling in vascular smooth muscle. 1) The portal vein is a phasic smooth muscle

with spontaneous myogenic activity, which is maintained in culture medium (Zeidan A, 

doctoral thesis, 2003). This is likely to be important for the long term effects of an increased 

wall stress. 2) Compared to organ cultured pressurized resistance arteries, the portal vein

model is far less complicated and provides high reproducibility and throughput. 3) The portal 

vein is a relatively large vessel and yields sufficient protein for biochemical analysis.
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Figure 5. Left: Nuclear staining of small mesenteric artery and portal vein. The small mesenteric artery has a 

circular smooth muscle layer and the nuclei therefore appear elongated in the cross section. In contrast the portal

vein has mainly longitudinal smooth muscle and thus the nuclei are rounded. A thin inner circular smooth

muscle layer is visible in the portal vein. Right: Organ culture of the portal veins

Measuring growth and differentiation 

Growth of vascular smooth muscle is associated with an increased global protein synthesis, 

which is dependent on MAP-kinase and PI3-kinase activation (46, 63, 134). Incorporation of 

radioactively labeled amino acids is a sensitive and reliable way to measure protein synthesis. 

We have used both [35S]-methionine and L-[4,5-3H]-leucine to determine global protein 

synthesis. The isotope is present during the final 24 hours of a 72 hour organ culture. The use 

of L-[4,5-3H]-leucine is convenient but only enables measurement of total protein synthesis in 

a sample since the 3H-isotope emits very weak beta radiation, which is measured by liquid 

scintillation counting. Autoradiography with [35S]-methionine is time consuming but offers

more detailed analysis of the sample. After homogenization of the tissue, the protein extract is 

separated by 1D- or 2D-gel electrophoresis. Protein content is analyzed by silver staining 

while global as well as specific protein synthesis is analyzed by autoradiography. Separate 

gels can be used in western blotting for analysis of activation of signaling pathways in the 

same tissue sample. Typically, phosphorylation of cofilin, which is an indicator of Rho 

activation, and of ERK1/2 and Akt, which regulate global protein synthesis and growth, and 

of FAK, an indicator of integrin activation, was determined.
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Measuring actin polymerization 

A major challenge in this project was the evaluation of the effect of stretch on actin 

polymerization in intact smooth muscle. Actin polymerization was measured by estimation of 

the F/G-actin ratio in stretched and unstretched portal veins. This was done using two 

different methods. One involves quantification of F- and G-actin cellular fractions by western 

blotting. The general approach is homogenization of the tissue followed by ultra 

centrifugation at 100 000 x g to separate the F- actin from G-actin pool. The proteins in the 

two fractions are then separated by SDS-PAGE and actin is quantitated by western blotting. A 

detailed protocol for this method was provided by Cytoskeleton Inc. This method has 

potential drawbacks, e.g. that small actin oligos will not sediment to the F-actin pool and the 

G-actin pool may therefore be over-estimated. Also, care must be taken to keep the 

polymerization state steady during the experimental procedure. This is accomplished by 

homogenization in an F-actin stabilizing buffer which prevents depolymerization of actin 

filaments, and by carefully controlling the sample temperature. To ensure the reliability of this 

method we also examined portal veins treated with jasplakinolide, which promotes actin 

polymerization, and with latrunculin B, an actin depolymerizing agent.

F/G-actin ratio was also assessed using confocal microscopy and fluorescence staining of the 

two actin pools. DNAse1 specifically binds to G-actin in the cytosol and phalloidin is an 

agent that specifically targets F-actin. The fluorescently conjugated variants FITC-phalloidin

and Texas Red-DNAse1 were used. Following organ culture the vessels are rapidly fixed in 

4% formaldehyde and several transverse sections were mounted on cover slips. The main

problem with this method was the variability in staining in different sections of the vein. 

Approximately 40 measurements from different sections of each portal vein were therefore 

performed. In total, 180-240 measurements were made for each condition.

Pressure myography and pressurized carotid arteries 

Small resistance arteries normally react to an increase in intraluminal pressure by decreasing

their diameter to reduce wall stress according to the law of Laplace. This myogenic 

contraction is an important mechanism for autoregulation of blood flow to different organs. 

Myogenic tone is counteracted by flow-dependent dilatation, which is a result of the frictional

force (shear stress) exerted by flowing blood on the endothelium. Shear stress is determined

by the vessel radius, flow velocity and fluid viscosity according to the following formula:

, where μ is the fluid viscosity (in poise), Q is the fluid flow (in milliliters per 
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second), and r is the radius (in centimeters). Shear stress on the endothelium stimulates the 

release of several vasodilators such as NO, prostacyclin (PGI2) and endothelium derived 

hyperpolarizing factor (EDHF) (145). Physiological levels of arterial shear stress range from 5 

-50 dynes/cm2 (87). 

To measure acute changes in diameter in response to mechanical stimuli the arteries were

mounted in a pressure myograph (Fig 6). This consists of an organ bath chamber with two 

micropipettes on which the artery is cannulated. The micropipettes are connected to a pressure

servo system, which regulates intraluminal pressure and flow. The inner and outer vessel 

diameter is monitored live using a microscope connected to a digital video camera and 

computer software with edge detection capability. Mesenteric resistance arteries from mice 

were used in this setup and these displayed a strong and reproducible myogenic constriction 

to intraluminal pressures of 45-120 mmHg. Flow-induced dilatation was evaluated by 

stepwise increases of intraluminal flow of 25-125 μl/min, which corresponded to shear stress 

values of 4-45 dynes/cm2. We mainly used myogenic tone to pre-constrict vessels although in 

some experiments a low concentration (0.03 μM) of the alpha1-adrenergic agonist cirazoline 

was used both intra- and extra-luminally. We found that flow caused a washout effect when 

cirazoline was only applied extraluminally. We also found that it was critical to keep the 

temperature of the perfusate exactly the same as the superfusate. Slightly lower temperature in 

the perfusate caused a temperature dependent dilatation and this was prevented by preheating 

the perfusate through a glass pipette placed in the organ bath chamber.

While mouse mesenteric resistance arteries are ideal for use in the pressure myograph, they 

are too small for western blot analysis. Typically, 0.5-1 mg of tissue is required for western 

blot analysis and the weight of one mesenteric artery is around 50 μg. We therefore developed 

an experimental setup for pressurization and flow stimulation of mouse carotid arteries. One 

end of the artery was cannulated on a micropipette while the other was ligated for pressure 

experiments or left open for flow experiments. This setup did not allow for measurement of 

diameter but we were able to run up to four parallel carotid arteries simultaneously. After 

rapid freezing of the arteries, biochemical analysis was performed to evaluate effects on

signaling pathways.
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Figure 6 Setup of the pressure myograph. The intraluminal pressure of the mesenteric artery was continuously 

monitored by two pressure transducers (P1 and P2). These were connected to a servo control system which

adjusted intraluminal pressure via a peristaltic pump (A). Intraluminal flow was applied via a second peristaltic

pump (B) and the mean pressure of P1 and P2 was maintained by automatic adjustment of pump A. The inner

and outer diameter of the vessel was monitored continuously using a microscope connected to a digital video

camera and computer software.
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Results and discussion 

The following section summarizes the findings in papers I-V. Readers are referred to the 

original papers for details.

Stretch-dependent growth of the portal vein accompanied by a relative increase in contractile

force has been observed both in vivo and in organ culture (69, 70, 153, 155). The aim of this 

work was to explain the mechanisms behind these effects and herein I present evidence that 

suggests a role for the cytoskeleton but not for Cav-1 in stretch dependent growth and 

differentiation. However, Cav-1 has other effects in the vasculature that will also be 

discussed.

Stretch-dependent growth and differentiation in portal veins - role of actin 
polymerization (papers I-III) 

In paper I, we found that stretch of the rat portal vein dramatically increased the synthesis of 

the smooth muscle marker protein SM22 (126). SM22 is an actin binding protein (33) and 

was recently suggested to be an inhibitor of MMP-9 expression and cell invasion in vitro by 

negative regulation of ERK1/2 phosphorylation (76). We have previously studied the role of 

SM22 in vascular function using an SM22 knockout mouse (154). We found that these mice

had an essentially normal phenotype except for a slight decrease in smooth muscle actin

contents and contractile force in response to potassium in mesenteric arteries. At the mRNA

level SM22 as well as most other smooth muscle specific genes are regulated by the 

transcription factor SRF and its cofactors MAL/MKL1 and myocardin. We were intrigued by 

the role of the actin cytoskeleton as a messenger for contractile differentiation. Studies in 

isolated cells had shown that depolymerization of actin filaments inhibited smooth muscle

specific gene transcription by preventing translocation of SRF and MAL/MKL1 from the 

cytosol to the nucleus (20, 65, 72). To determine if this effect was present also in intact 

vascular tissue, we used the actin depolymerizing agents latrunculin B and cytochalasin D on 

stretched portal veins. Remarkably, depolymerizing the actin filaments inhibited both stretch-

dependent increase in growth, ERK1/2 phosphorylation and SM22 synthesis (I). Latrunculin 

B inhibited the synthesis of SM22 and actin in a concentration dependent manner while 

cytochalasin D only inhibited the synthesis of these proteins at low concentrations (<1μM) 

and had no effect at higher concentrations. Interestingly, cytochalasin D has been reported to

cause dimerization of actin monomers at high ( 2μM) concentrations (32). This may affect 

actin binding to SRF and MAL/MKL1. Cytochalasin D may also directly inhibit interaction 
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by occupation of the MAL/MKL1 binding site on actin, similar to profilin (96). However, 

high concentrations of cytochalasin D inhibited stretch-dependent growth of the portal vein as 

measured by the increase in wet weight. Thus, both stretch-dependent differentiation and 

growth of vascular smooth muscle are sensitive to changes in cytoskeletal structure but it 

appears that only differentiation is regulated by the intracellular levels of monomeric G-actin.

Actin polymerization is mainly regulated by Rho-dependent mechanisms. In rat portal veins 

(I) we found that inhibition of Rho also inhibited stretch-dependent growth and contractile 

differentiation. These results led to the hypothesis that stretch promotes contractile 

differentiation via Rho-activation and a net increase in actin polymerization. To test this

hypothesis I measured Rho-activation using a pulldown assay where activated GTP-bound

Rho is precipitated from portal vein protein extracts and analyzed by western blot. The results 

demonstrated a 2-fold increase in Rho-activation by stretch after 24 hours of organ culture 

(II). This correlated with a 2-fold increase in cofilin phosphorylation that was abolished by the 

ROCK inhibitor Y-27632. Active cofilin depolymerizes actin filaments, but this activity is 

inhibited by phosphorylation. The effect on actin polymerization of a 2-fold increase in 

activation of the Rho-pathway was difficult to predict. I therefore evaluated the F/G-actin

ratio in stretched and unstretched mouse portal veins ± latrunculin B or jasplakinolide. At 24 

hours of organ culture the F/G actin ratio in the vascular wall was significantly increased by 

approximately 40% in stretched vs. unstretched portal veins. The results also confirmed that 

latrunculin B and jasplaklinolide had the expected effects on the F/G-actin ratio. In the mouse

portal vein we identified a number of stretch-sensitive proteins by 2D-gel electrophoresis and 

western blot, which all turned out to be smooth muscle differentiation markers transcribed 

from SRF-regulated genes. These proteins include tropomyosin, alpha-actin, desmin, calponin 

and SM22. By 2D-gel electrophoresis we also confirmed that the synthesis of SM22 and 

calponin was dependent on ROCK activity in stretched mouse portal veins. We could now 

confidently state that stretch-dependent contractile differentiation is promoted by a net 

increase in actin polymerization caused by activation of the Rho/ROCK pathway.
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Figure 7 Signaling pathways suggested to be involved in stretch-dependent growth and differentiation in

vascular smooth muscle. Stretch induces early FAK and ERK1/2 phosphorylation, probably via integrin

activation. The late response to stretch involves Rho activation and actin polymerization. These two pathways

promote growth and differentiation, respectively. Growth is also promoted by stretch-independent mechanisms

by ERK1/2 and Akt phosphorylation in the absence of caveolin-1.

The mechanisms regulating stretch-dependent activation of Rho are still unclear. Integrins

that connect the cytoskeleton to the surrounding extracellular matrix are likely to be involved

in stretch sensing, and the integrin associated enzyme FAK has been suggested to interact 

with signaling proteins involved in the Rho-pathway as well as the MAP-kinase and PI3-

kinase pathways (110). Stretch-dependent FAK phosphorylation in the portal vein was 

biphasic with increases in phosphorylation at 5-15 min and at 24-72 hours. I have shown that 

the late activation of Rho, and subsequent inactivation of cofilin, at 24 hours correlates with 

an increased FAK phosphorylation at this timepoint (III). The initial peak correlated with the 

early ERK1/2 phosphorylation, and pressure-induced ERK1/2 phosphorylation has previously 

been suggested to be mediated by integrin and FAK-dependent mechanisms in intact aorta 

smooth muscle (61). In that study, integrin-dependent signaling was inhibited with RGD 
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peptides, which compete with specific integrins for binding sites on ECM proteins. We

attempted to inhibit integrin signaling in the portal vein with several cyclic and linear RGD 

peptides in various concentrations as well as an integrin 1-blocking antibody with limited

success. None of these interventions significantly affected either FAK, Akt or Erk1/2

phosphorylation in stretched portal veins. In the absence of a positive control, which could

assure that the peptides actually bound integrins in the smooth muscle, we cannot conclude 

that different mechanisms are involved in the portal vein vs. aortic smooth muscle. We are 

currently evaluating mechanosensitive signaling in several vascular beds from smooth muscle

specific FAK knock out mice. These experiments should shed some light on the role of 

integrin signaling in stretch-dependent growth and differentiation.

So far our studies had shown that growth and differentiation in response to stretch requires an 

intact cytoskeleton and that stretch itself promotes actin polymerization. The final test of our 

hypothesis that actin polymerization is involved in stretch-dependent signaling was to see if 

the effects of stretch could be reproduced by stabilization of the actin cytoskeleton. It is likely 

that the in vivo state resembles the stretched phenotype rather than the unstretched and that the

majority of the changes observed occur in the unstretched portal vein. I used jasplakinolide to

stabilize actin filaments and could show that this agent increases SM22 synthesis (II). The 

lowest effective concentration (100 nM) also increased the F/G actin ratio in unstretched 

portal veins approximately to the same extent as stretch. Interestingly, by measurement of the 

entire lane of the autoradiograph, global protein synthesis was also found to be increased by 

jasplakinolide. Using inhibitors of the MAP-kinase and PI3-kinase pathway I confirmed that 

these two pathways were important for global protein synthesis in the portal vein (III). The

next step was then to test whether jasplakinolide activated these pathways. This was done by 

measurements of ERK1/2 and Akt phosphorylation in portal veins incubated with 

jasplakinolide for 24 hours. Remarkably, jasplakinolide caused a 3-fold activation of ERK1/2 

phosphorylation in both stretched and unstretched portal veins but had no effect on Akt 

phosphorylation. Using an inhibitor of MEK in the MAP-kinase pathway, it was shown that 

jasplakinolide-induced global protein synthesis is dependent on ERK1/2 phosphorylation. We

also found that the stretch-dependency of FAK phosphorylation was eliminated by 

jasplakinolide. The effect of jasplakinolide on ERK1/2 phosphorylation thus seems to be a 

direct effect of the actin cytoskeleton on MAP-kinase activation and not mediated though 

FAK activation. The exact mechanisms behind this effect are not known but a recent report

suggests eNOS activity to be regulated by association with actin in endothelial cells (55). It 
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thus seems as though the state of the actin cytoskeleton may have important effects on several 

different aspects of cellular signaling. 

Role of caveolae in mechanosensing in vascular smooth muscle (papers IV-V) 

The discovery and detailed characterization of microdomains, such as caveolae, in the plasma

membrane has uncovered new aspects of the complex machinery of the cell. Until recently,

the role of caveolae in cellular signaling was often studied using agents that extract

cholesterol from the plasma membrane, such as methyl-beta cyclodextrin (MBCD). This

treatment disrupts caveolae but also affects other cholesterol-rich domains, i.e. lipid rafts. In 

recent years additional tools have been developed to study caveolae function, such as Cav-1 

siRNA and knock out mice for different isoforms of the caveolin protein. We have previously 

observed that acute stretch-dependent signaling and growth of the portal vein is dependent on 

cholesterol in the cell membrane (152). In addition, recent reports suggest a role for caveolae 

and Cav-1 in mechanosensing in the vascular wall (89, 107, 108, 117, 151). However, as 

much evidence indicates that mechanical stretch is essential for the differentiation of smooth

muscle around hollow organs from mesenchymal stem cells (51) it seems unlikely that 

mechanosensing is entirely dependent on caveolae in the vasculature since Cav-1 KO mice

develop essentially normally.

A detailed characterization of the structure and function of blood vessels from Cav-1 KO 

mice revealed a basal increase in cross sectional area in all vessels examined including the

aorta, mesenteric resistance artery, carotid artery, femoral artery and portal vein (IV-V)(121). 

We also found that blood pressure was essentially unchanged in Cav-1 KO mice despite an 

increase in NO production. A potential explanation for this was an increased sensitivity of the 

smooth muscle for adrenergic agonists and an increased plasma volume (IV). My contribution 

to this paper was primarily to investigate mechanosensing in small mesenteric arteries using a 

pressure myograph. This revealed a decreased myogenic tone in Cav-1 KO, which was largely 

but not entirely dependent on excessive NO production. The mechanism behind the remaining

NO-independent effect on myogenic tone is unknown but will be investigated in future 

studies. Recently published data suggest that, in cerebral arteries, reduced myogenic tone in 

Cav-1 KO mice is due to reduced depolarization and depolarization-induced calcium influx 

(1). In small mesenteric arteries, a reduced Rho-activity has been suggested to contribute to 

the weakened myogenic tone in Cav-1 KO mice (22).
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I also found flow-dependent dilatation to be reduced by Cav-1 ablation. However, this effect 

was only observed when vessels were pre-constricted with myogenic tone alone (IV). It is 

noteworthy that the role of caveolae in flow-induced dilatation differs depending on the 

contractile stimulus used. Another surprising finding was that flow-induced dilatation was

completely independent of NO. In our hands, flow-induced dilatation in small mesenteric 

arteries seems to be dependent on EDHF since a combination of the NOS inhibitor, L-NAME 

and an inhibitor of PGI2 synthesis, indomethacin, was ineffective in preventing dilatation. In 

fact, flow-induced dilatation was restored in the Cav-1 KO in the presence of an inhibitor of 

NO production. Although these results are confusing they are not incompatible with previous 

findings. NO independent flow-induced relaxations have been demonstrated previously and a 

similar effect of NO inhibition in the Cav-1 KO was recently reported (151). This may be 

related to the finding that NO production attenuates the release of EDHF (6). It is also 

possible that NO accumulates in the vessels of Cav-1 KO mice under no-flow conditions and 

that the application of flow results in a partial washout of NO, which counteracts the relaxing 

effect of shear stress (100). In agreement with this hypothesis, I often observed an initial

transient contraction in response to flow in Cav-1 KO, but not WT mice or in Cav-1 KO mice

treated with L-NAME. From the pressure myograph studies we could conclude that acute 

mechanotransduction in arterial smooth muscle and endothelium was affected by Cav-1 

ablation but that this effect mainly depended on excessive and dysregulated NO production.

We next sought to determine if stretch- and flow dependent signaling for contractile 

differentiation and growth was affected by loss of caveolae in the Cav-1 KO mouse. For this I 

used the portal vein model as well as a newly developed experimental setup using mouse

carotid arteries for investigation of acute signaling in response to pressure and shear stress. In 

the portal vein we found that stretch-dependent signaling to growth (ERK1/2 and FAK) and 

differentiation (cofilin) was maintained in the absence of caveolae (V). In accordance with 

this, stretch-sensitive global protein synthesis as well as smooth muscle specific protein

synthesis was similar in Cav-1 KO and WT mice. However, in agreement with earlier 

observations we found an increased basal activation of ERK1/2 and Akt in Cav-1 KO mice,

which also resulted in an increase in basal global protein synthesis and cross sectional area of

the portal vein. In the carotid artery, we found that 1 hour of 120 mmHg intraluminal pressure

increased ERK1/2 phosphorylation in both WT and Cav-1 KO mice. Shear stress for 15 

minutes did not affect ERK1/2 phosphorylation but increased Akt phosphorylation in WT

mice. This has been shown previously and is an important effect for eNOS activation and NO 
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production (17, 34). In the carotid arteries of Cav-1 KO mice we did not observe any 

significant flow-dependent Akt phosphorylation. This may be important for the perturbed 

flow-induced dilatations that we and others have observed in Cav-1 KO mice. A difference in 

Cav-1 dependency of stretch- versus flow-sensing may explain the difference between our 

results and that of Sedding et al. who described that mechanosensitive Akt and ERK1/2 

phosphoprylation was diminished in Cav-1 KO veins subjected to arterial pressure and flow 

(117).

Final remarks

In this thesis I have described several vascular abnormalities where mechanotransduction in

the vasculature and phenotypic modulation of smooth muscle cells may play an important 

role. For example, atherosclerosis is known to occur at sites with turbulent flow while steady 

laminar flow is protective against this disease (87, 138, 140). Excessive wall stress and/or 

flow may cause injury to the vessel wall and result in neointima formation and occlusion of 

vein grafts or restenosis following balloon angioplasty. Wall stress is also a critical factor in 

different modes of remodeling, such as seen in hypertension, which will be further discussed 

in this section.

Almost 50 years after Folkow's classic paper (30), which described how an increased wall to 

lumen ratio could account for the raised resistance in primary hypertension, the debate about 

whether remodeling is the chicken or the egg in this disease is still ongoing. It is now more

widely believed that changes in fluid homeostasis is the basis of hypertension and that 

vascular changes represent an adaptation to this in order to prevent overperfusion and

hypertension in the microcirculation. However, much is uncertain and as Folkow described it 

"...any physiologist interested in homeostatic mechanisms can certainly have his tour de force

in facing primary hypertension, because it provides fascinating examples of how complex

control mechanisms may gradually be pushed beyond normal bounds until deterioration 

ensues." (29) With this in mind, remodeling of small resistance arteries has to be seen as one 

of several events in primary hypertension and many factors, other than mechanosensing, may

be important for changes in arterial structure.

The majority of experiments in this thesis are based on stretched portal veins in organ culture. 

The clinical relevance of this model can be questioned although portal hypertension is a 

clinical problem, often secondary to liver disease. The portal vein is certainly not a resistance 

vessel and our focus is mainly related to arterial hypertension and vein grafts subjected to 
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arterial pressure. However, as described in METHODS this model has many advantages

compared to other methods used to study stretch-dependent effects in vascular smooth

muscle. Since our previous findings using this model correlate well with what is observed in 

pressurized intact arteries (5, 7, 26, 61), as well as in vivo findings in experimental animal

models (150), we are convinced that the effects on growth and differentiation reported here 

are relevant for the early (<72 h) events in arteries subjected to an increase in wall stress.

In patients with primary hypertension, eutrophic, rather than hypertrophic, inward remodeling

is the main reason for the increased wall to lumen ratio in small resistance arteries (74). It is

important to note that the portal vein in our model has no means to acutely reduce wall stress

whereas a resistance artery within minutes after an increase in intraluminal pressure will 

decrease its diameter and essentially normalize wall stress. Using the pressure myograph, I 

found that an increase in intraluminal pressure from 95 to 120 mmHg in mouse small

mesenteric arteries resulted in a minor increase in wall stress from 4,9 to 5,3 N/cm2 in the 

presence of extracellular calcium. In the absence of calcium, wall stress increased from 11 to 

14,3 N/cm2 at 95 and 120 mmHg, respectively. It is conceivable that a continuous increased 

wall stress stimulates growth whereas a persistent myogenic contraction abolishes the growth 

response but eventually results in an inward remodeling due to rearrangement of the 

cytoskeleton and ECM proteins (74, 97). At a fixed pressure, the induction of immediate early 

genes was increased in mesenteric arteries with weak myogenic tone and thus high wall stress 

compared to arteries with strong myogenic tone and low wall stress (2). Consequently, in the 

aorta, which has no myogenic tone, a rise in pressure results in hypertrophic growth in vivo

and an increased protein synthesis in organ culture (5, 85).

The results presented herein clarify the mechanisms involved in the vascular response to wall 

stress and shows that stretch-dependent growth occurs in smooth muscle cells with a

maintained contractile phenotype. Stretch-dependent polymerization of actin filaments is 

perhaps primarily a protective mechanism allowing the cell to adapt to the increased load. It is

yet unclear if this polymerization involves both cytoskeletal and contractile isoforms of actin. 

However, it is obvious that the actin filaments should not be regarded as merely a structural 

and contractile component of the cell as both growth and differentiation appear to be 

regulated by the state of actin.

The discrepancy between results obtained in stretched isolated cells and intact smooth muscle

has been mentioned several times in this summary and an apparent example of this is the role
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of caveolae in stretch-dependent signaling in vascular smooth muscle. In a recent review,

Parton et al. concluded: "The most intriguing property of the caveolin/caveolae system is its 

involvement in mechanosensing. Many of the apparently unrelated functions of caveolae 

might be related to the ability of caveolae to sense changes in membrane tension or to sense 

other changes in the physical properties of the plasma membrane..." (90). However, this is 

mainly based on findings in isolated smooth muscle cells in 2D culture, which appear to be

entirely dependent on Cav-1 expression for stretch sensing (117). In contrast, in the intact 

vascular wall, stretch-dependent growth and differentiation is not limited by the loss of 

caveolae. It is thus important to distinguish between mechanosensing in isolated smooth

muscle cells and intact smooth muscle tissue since mechanosensing seems to be controlled by

different mechanisms in these situations. However, caveolae and Cav-1 have major relevance 

for vascular function and dysfunction as they are important for NO production and flow

sensing in the endothelium and, as demonstrated herein, for contractile responses to 

adrenergic stimuli. Current research is establishing the importance of caveolae in vascular 

disease. Caveolin KO mice have facilitated this effort and caveolae are now suggested to play 

a role in atherosclerosis, remodeling, neointima formation and vascular permeability.

The caveolus is indeed a microdomain, which harbors signaling molecules for a wide variety 

of cellular functions. However, this makes it difficult to dissect the true function of caveolae 

as some of the observed effects may be secondary. For example, we found that myogenic tone 

was severely impaired in the Cav-1 deficient mice. At first we suspected that stretch sensing 

was dependent on caveolae, since this was suggested by the literature, but it turned out that

myogenic tone was almost completely restored when NO synthesis was inhibited. The 

excessive endothelial NO production is also suspected to mediate other effects observed in the 

Cav-1 KO mice, such as protection against atherosclerosis (119) and the increased vascular 

permeability (10, 116). An additional comment regarding results obtained in the Cav-1 KO, as 

well as other knock out animal models, is that several of the observed effects may be 

compensatory mechanisms rather than a direct effect of the genetic modification. In paper IV

we actually found that several mechanisms in the vasculature resulted in a maintained blood 

pressure in the Cav-1 KO despite an increased NO production. Some of these, such as the 

increased plasma volume, may be compensatory, and thus not directly related to loss of

caveolae.
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Conclusions

Rho activity and an intact cytoskeleton are required for stretch-dependent growth and 

differentiation in vascular smooth muscle. 

Rho activity and cofilin phosphorylation are increased by stretch, which stimulates actin 

polymerization and smooth muscle specific protein synthesis.

In the absence of stretch, growth and differentiation can be induced by stabilization of actin

filaments.

Cav-1 is not required for stretch-dependent contractile differentiation and growth. Although 

acute stretch- and flow-induced signaling is perturbed, this is mainly secondary to excessive 

endothelial NO release. 

In the absence of Cav-1, increased adrenergic contractile responses, hypertrophic arterial 

remodeling as well as plasma volume expansion may contribute to blood pressure 

normalization in the setting of excessive NO production. 
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Populärvetenskaplig sammanfattning 

I denna avhandlig undersöks hur mekanisk sträckning påverkar den glatta muskulaturen som 

omger våra blodkärl. En ökad sträckning av blodkärlen sker till exempel vid högt blodtryck

vilket leder till en förändrad struktur av kärlet, så kallad remodellering. Ett annat mekaniskt

stimuli utgörs av blodets friktion mot de endotelceller som täcker blodkärlens kontaktyta mot

blodet. Liksom sträckning spelar blodflödets egenskaper en stor roll för remodellering av 

kärlväggen. En situation där både trycket och flödet är kraftigt förändrade är vid by-pass 

operationer då en ven ibland används för att ersätta en förkalkad artär. Venen utsätts då 

plötsligt för ett högt tryck och flöde och det är troligt att dessa mekaniska stimuli är viktiga

bidragande orsaker till den snabba kärlförträngning, så kallad neointimabildning, som allt för

ofta ses vid by-pass kirurgi.

Det finns en funktionell orsak till varför blodkärl som utsätts för ett förhöjt tryck förändrar sin 

struktur. Sträckningen av varje enskild muskelcell i kärlväggen är beroende av trycket i kärlet,

av kärlets diameter och av väggens tjocklek. En mindre diameter eller en tjockare vägg

minskar den kraft som varje cell utsätts för vid ett konstant tryck. Artärer med mindre

diameter, så kallade resistensartärer, reagerar direkt på ett ökat tryck genom att kontrahera och 

därmed minska sin diameter. Detta kallas myogen kontraktion och kan räcka för att minska

sträckningen av kärlväggen men det leder även till en ytterligare ökad resistens i kärlträdet

och därmed ett ännu högre blodtryck. I större artärer och vener som inte har samma förmåga

att kontrahera som svar på ett ökat tryck leder sträckning istället till en tillväxt av kärlväggen, 

antingen genom att varje muskelcell blir större, hypertrofi, och/eller genom att muskelcellerna

delar sig, hyperplasi.

De mekanismer som styr de glatta muskelcellernas reaktion på mekaniska stimuli har stor 

betydelse för förståelsen av kärlsjukdom. Jag har i denna avhandling bland annat undersökt 

vilken roll de glatta muskelcellernas aktincytoskelett och de små invaginationer i 

cellmembranet som kallas caveolae spelar för intracellulär signalering vid mekaniska stimuli.

Jag har huvudsakligen utnyttjat en försöksmodell där portavenen, som leder venöst blod från 

tarmarna till levern, från mus eller råtta används för att studera sträckberoende signalering. 

Portavenerna inkuberas in vitro i provrör med cellodlingsmedium i en inkubator som

efterliknar miljön in vivo. Sträckningen sker genom att en vikt hängs i ena änden av 

portavenen som är upphängd i en krok (se bild 5 i avhandlingen).
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Glatta muskelceller har en förmåga att förändra sin funktion (fenotyp) beroende på yttre 

omständigheter t.ex. mekaniska stimuli, tillväxtfaktorer och interaktioner med andra celler 

eller de matrixproteiner som omger cellerna. Normalt är glatta muskelceller i kärlväggen

programmerade att genomföra kontraktion och relaxation medan signaler för tillväxt och 

migration är nedtryckta. En vanlig missuppfattning är att tillväxt hämmar kontraktilitet i glatta 

muskelceller, något som baseras på tidiga studier utförda på isolerade celler.

Vi har tidigare visat att sträckning av kärlväggen stimulerar både tillväxt och kontraktilitet i 

glatt muskulatur. Den kontraktila fenotypen definieras bland annat genom cellernas 

kontraktila förmåga och uttrycket av kontraktila proteiner. I denna avhandling har vi i tre

separata studier visat att den kontraktila fenotypen i sträckt glatt muskulatur stimuleras genom

en ökning av polymeriseringen av aktin. Detta leder till bildning av aktinfilament som är

viktiga för cellens förmåga till kontraktion men bygger delvis även upp det cytoskelett som

definierar cellens struktur. Under senare år har cytoskelettet även visats styra regleringen av 

de gener som definierar den kontraktila fenotypen och jag har kunnat visa att denna mekanism

stimuleras av sträckning. För att tillväxt av cellerna ska kunna ske krävs en ökad syntes av 

cellens samtliga proteiner. Denna globala proteinsyntes ses därför som ett känsligt mått på 

tillväxtsignalering och vi har kunnat visa att även denna signalväg är beroende av 

cytoskelettet. Genom att farmakologiskt bryta ner aktinfilament kan vi förhindra effekterna av 

sträckning och genom att stabilisera aktinfilament kan vi reproducera effekterna av sträckning 

vad gäller signaler för kontraktil och global proteinsyntes. Flera av dessa fynd är tidigare 

okända och ger nya inblickar i de mekanismer som styr remodellering och neointimabildning i 

kärlväggen.

Vi har även studerat sträckkänslig signalering i en mus som saknar proteinet caveolin-1. Detta

protein krävs för att bilda de fördjupningar i cellmembranet som kallas caveolae och som är

viktiga domäner för intracellulär signalering. Tidigare har dessa domäner misstänkts vara 

viktiga för sträckkänslig signalering men vi visar att det inte är fallet för tillväxt och kontraktil

differentiering. Både den sträckberoende kontraktiliteten och tillväxten är bevarad i 

portavener från dessa möss. Vi har även undersökt hur artärer från dessa möss reagerar på 

förändringar i tryck och flöde. Även i artärer verkar den specifika känsligheten för ökat tryck i 

stort sett vara bevarad i frånvaro av caveolin-1 medan signalering som svar på ökat flöde är 

delvis förändrad.
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Sammanfattningsvis är mekanisk sträckning av kärlväggen ett viktigt stimulus för tillväxt och 

kontraktil differentiering av glatta muskelceller. Denna process är beroende av en ökad

aktinpolymerisering, men oberoende av caveolae. Dessa fynd bidrar till vår kunskap om

strukturella adaptiva förändringar i kärlväggen vid hjärt- kärlsjukdom.
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	Caveolin-1 (Cav-1) is essential for the morphology of membrane caveolae and exerts a negative influence on a number of signaling systems, including NO production and activity of the MAP kinase cascade. In the vascular system, ablation of caveolin-1 may thus be expected to cause arterial dilatation and increased vessel wall mass (remodeling). This was tested in Cav-1 knockout (KO) mice by a detailed morphometric and functional analysis of mesenteric resistance arteries, shown to lack caveolae. Quantitative morphometry revealed increased media thickness and media-to-lumen ratio in KO. Pressure-induced myogenic tone and flow-induced dilatation were decreased in KO arteries, but both were increased towards wild-type (WT) levels following nitric oxide synthase (NOS) inhibition. Isometric force recordings following NOS inhibition showed rightward shifts of passive and active length-force relationships in KO, and the force response to α1-adrenergic stimulation was increased. In contrast, media thickness and force response of the aorta were unaltered in KO vs. WT, whereas lumen diameter was increased. Mean arterial blood pressure during isoflurane anesthesia was not different in KO vs. WT, but greater fluctuation in blood pressure over time was noted. Following NOS inhibition fluctuations disappeared and pressure increased twice as much in KO (38±6%) compared to WT (17±3%). Tracer dilution experiments showed increased plasma volume in KO. We conclude that NO affects blood pressure more in Cav-1 KO than in WT mice, and that restructuring of resistance vessels partly compensates for a decreased tone by conferring increased responsiveness to adrenergic stimulation. 
	Introduction

	Caveolae are 50-100 nm large membrane invaginations in which cholesterol and sphingolipids are enriched. Two caveolin protein homologs (Cav-1 and -3) are necessary for the biogenesis of caveolae, and act as scaffolds for many signaling molecules (4, 18, 24). A prototypical example of a caveolae-associated signal transduction molecule is endothelial nitric oxide synthase (eNOS), which is targeted to caveolae via acylation (25). Cav-1 exerts a negative regulatory influence on eNOS activity and this is of relevance for NO production (16). Accordingly, Cav-1 ablation, which blocks the biogenesis caveolae in the vasculature, results in increased NO generation and vasodilatation ex vivo (5, 19, 29, 31). Despite increased NO release, a 3-fold increase in cyclic GMP in smooth muscle cells (5), a major reduction of myogenic tone (1, 5, 7), and the development of heart failure (4, 29, 31), mean arterial blood pressure is largely normal in adult KO mice (22). 
	Blood pressure is essential for homeostasis, and it is expected that a reduction in myogenic tone in KO arteries will be compensated, possibly via the baroreceptor reflex. This would restore blood pressure via increased sympathetic activity and thus neurogenic tone. No major difference in heart rate was however found in anesthetized KO relative to WT mice (22). On the other hand, force in response to 1-adrenergic stimulation is increased in denuded femoral arteries from Cav-1 deficient mice compared to wild type controls (23), suggesting compensation at the level of the vascular wall. Increased contraction in response to noradrenaline was similarly found in the saphenous artery (17). We hypothesized that increased 1-adrenergic contraction is due to hypertrophic remodeling of small arteries. If this occurs without a matching increase in lumen diameter, the increased wall to lumen ratio would amplify the effect of a given vasoconstrictor influence on arterial resistance (8).
	Shear stress by the blood flow has been proposed to activate both eNOS activity and the Ras-Raf-mitogen-activated protein kinase pathway within caveolae in the endothelium (20, 21). Accordingly, a recent study demonstrated that carotid arteries from KO mice show impaired flow-mediated dilatation (30). Such an effect could potentially contribute to altered regulation of vascular resistance in Cav-1 KO mice. However, it should be noted that vascular resistance is also influenced by endothelium-derived hyperpolarizing factor, distinct from NO and prostacylin (3). Thus the role of flow-dependent vasodilatation in KO mice needs to be studied also in resistance vessels. Finally, plasma volume is an important determinant of venous return to the heart and is an effector mechanism for renin-angiotensin system activation. Plasma volume is known to be expanded in heart failure (14) and may therefore be increased in KO mice, of possible importance for the control of blood pressure. 
	The aim of the present study was to test the following hypotheses in Cav-1 deficient mice: i) that small mesenteric arteries are remodeled; ii) that flow-mediated dilatation is impaired in resistance vessels; iii) that the plasma volume is expanded. If so, a few candidate mechanisms contributing to blood pressure normalization in the setting of a large constitutive NO production in these mice would have been identified.       
	Materials and Methods
	Caveolin-1 deficient mice


	Caveolin-1 deficient (KO) mice on the C57BL/6 background obtained from the Jackson Laboratory (Bar Harbor, Maine,USA) were further backcrossed on the same background and genotyped as described by Razani et al. (19). Wild type littermates or purchased C57Bl/6 mice (Möllegard, Copenhagen Denmark), matched for age and sex, were used as controls (all are referred to as wild type, WT). Mice had free access to standard chow and water. 10-16 weeks old mice of both sexes weighing between 20 and 30 g were used. For in vitro experiments, mice were euthanized by cervical dislocation. All experiments conformed to the American Physiological Society’s “Guiding Principles in the Care and Use of Animals” and were approved by the local animal ethics committee. 
	Preparation of vessel segments

	The intestine with the mesentery attached, aorta and portal vein were removed and placed in cold (4oC) HEPES buffered Krebs solution (composition in mM: NaCl 135.5, KCl 5.9, MgCl2 1.2, glucose 11.6, HEPES 11.6, pH 7.4) containing 2.5 mM Ca2+ as indicated. 1st generation small mesenteric arteries (SMA), aortae and portal veins were carefully freed from adhering tissue under a microscope. 
	Isometric force recording

	SMA and aorta segments (roughly 1.5 mm long) were mounted in a myograph (610M, Danish MyoTechnology A/S, Aarhus, Denmark) as previously described (2). In these experiments all vessels were denuded of endothelium (6) since the objective was to determine the effects of possible remodeling on force generation irrespective of endothelial NO production. The exact length of each segment was determined using a microscope with an ocular scale, and force was expressed relative to length. After determination of the passive force for optimal active force development (≈2.5 mN in both KO and WT, see below), SMAs were routinely stretched to 2.5 mN. The same basal force was applied to the aorta. Circumference-tension relationships were generated by increasing wire distance in a stepwise fashion. At each wire distance, preparations were allowed to equilibrate for 5 min. High-K+ solution, obtained by exchanging 60 mM NaCl for KCl, was then applied for 7 min. Depolarization was used, rather than noradrenaline, because it generates highly reproducible contraction for repeated challenges. At the end of each cycle, passive force was obtained by relaxing the preparations for 10 min in Ca2+-free solution. Thereafter, wire distance was increased and the cycle repeated. L0 was defined as the circumference resulting in the greatest active (total minus passive) force in each preparation. 
	SMAs with intact endothelium were mounted on glass cannulae (diameter 100 m) in a pressure myograph chamber (Living Systems Instrumentation, Burlington VT) and secured with silk sutures. The myograph chamber was placed on a Nikon Diaphot 200 inverted microscope equipped with a CCD camera. VediView 1.2 software (Danish MyoTechnology) was used to monitor lumen and vessel diameter, and was also used to determine wall thickness and cross-sectional area after full dilatation. The vessel was superfused with HEPES-buffered Krebs solution gassed with O2, and temperature and pH (7.4) were monitored. Intraluminal pressure was applied by gravity via the cannula from a solution reservoir mounted at adjustable height. Flow was applied using a peristaltic pump mounted on the outflow line. Prior to experimentation, intraluminal pressure was gradually increased to 95 mmHg and the vessel was stretched manually in the longitudinal direction to 115% of its original length. Preparations were subsequently equilibrated at 36(C during 1 h at 45 mmHg. Arteries that showed signs of leakage were discarded. 
	Myogenic tone was provoked by raising intraluminal pressure from 20 to 120 mmHg in 25 mmHg steps. Each pressure level was maintained for 5 min and the vessel diameter was then measured. Intraluminal flow (25 - 125 µl/min corresponding to shear stresses (SS) of 9 - 45 dynes/cm2 in WT and 4-20 dynes/cm2 in Cav-1 KO) was applied at a pressure of 95 mmHg. Shear stress was calculated by using the formula: SS=4µQ/r3, where µ is the viscosity (taken to be 0.007 poise), Q is the flow (cm3/s), and r is the radius (cm). Flow was maintained for 5 min and the mean relaxation during this time was measured. This procedure was repeated with the same vessel after 45 min incubation with 300 µM L-NAME. At the end of each experiment the vessel was relaxed using Ca2+-free buffer supplemented with 2 mM EGTA. In control experiments, sodium nitroprusside (1 M) was added to the Ca2+-free buffer. This did not cause additional dilatation showing that Ca2+-free buffer is sufficient to eliminate tone. Myogenic tone (%) was expressed as: ((D1-D2)/(D1))*100, were D1 is the passive diameter in Ca2+-free buffer and D2 is the active diameter.
	In separate experiments, SMAs were preconstricted with cirazoline (0.03 µM) applied both intraluminaly and in the superfusate at 95 mmHg. In these experiments, flow rates were calculated for each vessel to give a shear stress of 25 dynes/cm2 as this resulted in robust dilatation. Flow was applied in the absence of inhibitors, in the presence of L-NAME (300µM), and in the presence of indomethacin (10 µM). Inhibitors were prepared on the day of the experiment. 
	Following relaxation in Ca2+-free solution for 30 min, aortic segments and SMAs, adjacent to those used in the mechanical experiments, were fixed with 2 % formaldehyde in phosphate buffered saline (PBS, pH 7.4) for 30 min. In a subset of experiments 20 ml fixative was infused through the femoral artery (see in vivo experiments below) while blood was allowed to leave through the jugular vein. This was done following full arterial dilatation with sodium nitroprusside (Sigma, St. Louis, MO), which was given as bolus doses (10 nmol in 10 l) until the blood pressure reduction saturated. Blood pressure was 40±2 mmHg in WT and 34±3 mmHg in KO following nitroprusside saturation (p=0.08, n=7 for both). Arteries were then removed and maintained in fixative for another 30 min. Fixed specimens were washed in PBS containing 10 % sucrose and methylene blue (2x10 min) followed by embedding in Tissue-Tek (Sakura, Zoeterwoude, Netherlands). After freezing, 10 m cross sections were obtained in a cryostat. For morphometry, sections were stained with hematoxylin-eosin (Merck, Darmstadt, Germany) or Masson’s Trichrome (Biocare Medical LLC, Concord, CA, USA) following the manufacturers instructions, and media thickness, area, and internal circumference were determined using a computerized image analysis system (Leica Q500MC). At least four glasses from each mouse were used. Media thickness was obtained from four averaged measurements in positions defined by two perpendicular diameters. Immersion fixation and perfusion fixation yielded largely identical geometries and the data were therefore pooled.
	For immunofluorescence, tissue sections were washed (2x30 min in PBS), permeabilized with 0.2 % Triton-X-100 for 15 min, blocked with 2 % bovine serum albumin in PBS for 2 h, and incubated with primary antibodies in the same solution overnight at 4(C. Caveolin-1 (clone 2297), -2 (clone 65) and –3 (clone 26) antibodies were obtained from BD Biosciences  (San Jose, CA, USA) and used at dilutions of 1:125, 1:200 and 1:1000, respectively.  After washing in PBS, sections were incubated with Cy5-labeled anti-mouse IgG in PBS with 2% bovine serum albumin for 1 h at room temperature. Nuclei were stained with Sytox Green (1:3000, Molecular Probes, Carlsbad, CA, USA). Sections were examined in a Zeiss LSM 510 confocal microscope. Caveolin proteins were detected by monitoring Cy5 fluorescence upon excitation at 633 nm. Sytox Green fluorescence was monitored upon excitation at 488 nm.  
	Transmission Electron Microscopy
	1st generation small mesenteric arteries were dissected in Ca2+-free HEPES buffered Krebs solution, cut into small pieces (~30, <0.3 mm length), and opened in the longitudinal direction to minimize diffusion distances for the fixative. Following transfer to 1.5 ml Eppendorf tubes, preparations were allowed to settle at the bottom, and the physiological buffer was aspirated and exchanged for fixative containing 2.5% glutaraldehyde in 0.15M sodium cacodylate, pH 7.4. This was repeated once to remove all physiological buffer, and fixation was allowed to proceed over night. Samples were washed with sodium cacodylate, postfixed for 1 hour in 1% osmium tetroxide in sodium cacodylate, and finally washed with sodium cacodylate. They were dehydrated with an ascending ethanol series and embedded in Agar 100Resin R1031 medium using acetone as an intermediate solvent. Specimens were sectioned into 50 nm ultrathin sections and stained with uranyl acetate and lead citrate. Specimens were observed in a Philips CM10 electron microscope operated at 60 kV. Images were recorded on Kodak SO-163 plates without preirradiation at a dose of 2.000 electrons/nm2.
	Western blotting using the Cav-3 antibody (see above) was performed as described (23), with dilutions recommended by the manufacturer. SMAs from one mouse gave insufficient protein for reliable quantification. Therefore, SMAs from three mice were combined for each homogenate (n=1), whereas single aortas and portal veins were used for individual homogenates. Protein concentration was determined with a Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA), and equal amounts of protein were loaded in all lanes. To illustrate equal loading, non-transferred proteins were stained with Comassie blue and a section around the actin band is shown.   
	Organ culture
	To assess DNA synthesis independent of hemodynamic conditions in vivo, whole mesenteric arterial trees were subjected to organ culture. SMA trees were dissected under sterile conditions, and blood was removed from the lumen by gentle stroking with a rubber policeman. Following weighing, preparations were cultured in DMEM-HAM’s F12 medium (1:1) with 2% dialyzed fetal calf serum and 10 nM insulin, and with the addition of 50 U/ml penicillin and 50 g/ml streptomycin, for 4 days. 3H-thymidine (10 Ci, Amersham Biosciences Europe, Uppsala, Sweden) was added during the last 24h of culture. On harvesting, preparations were washed in ice-cold PBS and frozen in liquid nitrogen. Following freeze crushing, preparations were dissolved in 400 l 0.2 M NaOH, sonicated twice, and 300 l was removed. Following two cycles of precipitation with trichloroacetic acid (5% TCA), centrifugation (13200 g), and washing (5% TCA), the supernatant was discarded and the pellet resuspended in Soluene. After 2h, 8 ml of liquid scintillation cocktail was added, and preparations were subjected to scintillation counting (Beckman LS6500, Beckman Instruments Inc., Fullerton, CA, USA). Protein concentration was determined in the remaining homogenate (100 l) using the Bio-Rad protein assay. Radioactive counts were divided by the amount of protein and normalized to WT (100%) in each experiment.
	In vivo experiments
	Mice were placed in a small container and surgical anesthesia was induced with 4% isoflurane (Isoflurane Forene, Abbot Scandinavia, Solna, Sweden) in room air. After transferring the mice to a heating pad, keeping body temperature at 37±1oC with a rectal probe (Temperature Control Unit HB 101/2, Panlab, Barcelona, Spain), anesthesia was temporarily maintained with a small mask. The animals were tracheostomized and anesthesia was controlled and maintained by mechanical ventilation with air containing 2% isoflurane using a mouse ventilator (28025, Ugo Basile, Comerio, Italy). Tidal volume was set to 0.35 ml and a positive end expiratory pressure of 5 mmHg was applied. The right jugular vein was cannulated for infusion purposes. The left femoral artery was cannulated for blood sampling and blood pressure monitoring on a polygraph (Model 7B, Grass Instruments, Quincy, MA). 
	Blood pressure was recorded for at least 45 min prior to the infusion of L-NAME. L-NAME was given as a bolus (5 (mol in 50 (l) followed by continuous infusion (23 mM at a rate of 7 (l/min) to uphold a constant plasma concentration. L-NAME was infused for 1h, but pressure stabilized at a higher level within a few minutes. Experiments were carried out in a blinded manner and genotypes were only revealed following complete analysis.
	For plasma volume determination, mice were allowed to stabilize for 20 min following surgery. Tracer amounts of 125I-HSA (Human Serum Albumin-I-125, RISA, 3mg/ml, 5MBq, Amersham Health) were administered in the right jugular vein. The 125I-HSA was filtered prior to administration using Amicon YM-30 (Millipore, Bedford, MA) to reduce the amount of free iodine. Immediately after the injection, the catheter was removed and the vein ligated. To determine the amount of 125I-HSA injected, the vial containing the tracer was counted for radioactivity prior to injection, and then compared with the amount left in the vial and in the equipment involved. The injected volume was kept at 50±20µl. Four blood samples of 10 µl were collected at 5, 20, 40 and 60 minutes after injection. After the last blood sample 80 µl blood was drawn for hematocrit measurement. Radioactivity measurements were performed in a gamma counter (Wizard 1480, LKP Wallac, Turku, Finland). 
	Chemicals and reagents
	Unless specified chemicals and reagents were obtained from Sigma (Sigma, St. Louis, MO).
	Mean values ( SEM are shown. Student’s t-test for unpaired data, or, in case of multiple comparisons, ANOVA followed by Bonferroni’s post hoc test, was used to calculate statistical significance. 
	Results

	The distribution of Cav-1, -2 and -3 in small mesenteric arteries was examined using immunofluorescence. Cav-1 and -2 were readily detected both in the endothelium and in the media of SMA from WT mice (Fig. 1A). The SMA media, but not the endothelium, stained positive for Cav-3 (Fig. 1A). In keeping with loss of Cav-1, no staining exceeding that with primary antibody omission control was seen in KO (Fig. 1A, top right vs. NP (= no primary)). Consistent with greater than 90% breakdown of Cav-2 (5, 19), staining for this protein was largely absent in KO (Fig. 1A, middle right). Similar to previous findings in KO femoral artery (23), a reduced medial staining for Cav-3 was detected in KO SMA (Fig. 1A, right bottom). To test if Cav-3 expression in KO is reduced in other vascular preparations, we compared Cav-3 expression in SMA, aorta, and portal vein by Western blotting (Fig. 1B). Cav-3 expression was reduced by 50-60 % in all cases. Staining of non-transferred proteins on the gels with Commassie blue is shown below the blots to demonstrate protein loading (Fig. 1B).  
	Electron microscopic examination of SMA from KO mice did not reveal any conspicuous morphological changes at low magnification, other than an apparent increase in media thickness, with an increased number of cell layers, in comparison with WT (Fig. 2D vs. 2A). Focal adhesions (dense bands), extracellular matrix, and overall cell morphology appeared similar at higher magnification (Fig. 2B and E). Further increases in magnification revealed numerous caveolae in the smooth muscle cell plasma membrane in WT (Fig. 2C). Consistent with almost complete loss of caveolae in aortic and bladder smooth muscle (5, 28), caveolae appeared to be absent in the media of KO SMA as illustrated in Fig 2F. 
	An increased media thickness in KO would be associated with increased arterial force development, which may however be masked by increased NO production. To eliminate NO production, arteries were denuded and the NOS inhibitor L-NAME (300 M) was included. Under these conditions small mesenteric arteries from KO contracted more forcefully than their WT counterparts on stimulation with noradrenaline (1 M). Average force traces from ten individual preparations are shown in Fig. 3A. The difference between KO and WT was maximal after 7-10 min stimulation, and was less pronounced during early and late phases of contraction. Peak force was significantly greater in KO (Fig. 3B). To approximate maximal force, the K+-channel inhibitor tetraethylammonium was also added. Noradrenaline-induced force was greater also following K+-channel inhibition (TEA, 20 mM, Fig. 3B). Cumulative concentration-response curves using the selective 1-receptor agonist cirazoline revealed greater force in KO compared to WT at all concentrations exceeding 0.1 M, with no change in potency (Fig. 3C). No difference in cirazoline-induced force was detected in the denuded aorta in the presence of L-NAME (Fig. 3D). 
	To assess arterial structure quantitatively, vascular sections were stained with H&E or Masson’s trichrome for morphometry (Fig. 4A). The analysis indicated an increased media thickness with unchanged internal circumference in small mesenteric arteries (Fig. 4B). Trichrome staining did not indicate increased connective tissue deposits in KO compared to WT, and did not reveal any obvious change in adventitial thickness. Hence, increased media thickness correlates with increased contractile performance in response to 1-receptor stimulation SMA. In the aorta, the internal circumference was increased, whereas the media thickness was unchanged (Fig. 4B).
	To test whether the altered arterial structure is present at a physiological pressure, SMAs were mounted in a pressure myograph and morphometric variables determined at an intraluminal pressure of 95 mmHg. Measurements were made in the absence of extracellular Ca2+ to abolish arterial tone. Consistent with histology, wall thickness (24±2 m in KO vs. 14±1m in WT, n=12, p<0.001) and wall cross sectional area (2.2 ±0.2 x 104 m2 in KO vs. 1.2±0.1 x 104 m2 in WT, n=12, p<0.001) were increased in small living arteries from KO whereas lumen diameter was unchanged (252±8 m in KO vs. 236±11m in WT, n=12, p>0.05). Importantly, the wall-to-lumen ratio was increased by 52% (0.096±0.006in KO vs. 0.063±0.006 in WT, n=12, p<0.001). 
	To address if the changes in arterial structure would translate into an altered optimal circumference for generation of active force (L0), circumference-tension relationships in endothelium-denuded SMA were generated under isometric conditions using the wire myograph. The relationship between internal circumference and active force on depolarization with high-K+ solution (60 mM) was shifted to the right in KO compared to WT (Fig. 5A), as was the relationship between circumference and passive force (Fig. 5B). Determination of the optimum for force development in each experiment revealed a significant increase of L0 in KO (Fig. 5C). Small arteries in Cav-1 deficient mice thus have a hypertrophic muscle layer and exhibit signs of outward remodeling, but have increased wall to lumen ratio. 
	Increased rate of thymidine incorporation in SMA
	To assess DNA synthesis independent of hemodynamic conditions in vivo, whole mesenteric arterial trees were subjected to organ culture, and thymidine incorporation was measured. Consistent with a thicker media, mesenteric artery trees weighed more in KO than in WT (4.2±0.2 vs. 2.7±0.1 mg, p<0.001, n=7 and 8), and contained more protein (0.24±0.03 vs. 0.13±0.01 mg, p<0.01). Thymidine incorporation relative to protein content was increased in KO by 31±14% (p<0.05, n=6) as assessed in organ culture.
	To test properties of tone in KO compared to WT arteries in an integrated setting, experiments were run in the pressure myograph. In a first series of experiments pressure was increased in steps from 20 to 120 mmHg to produce myogenic tone. Passive lumen diameter was significantly increased in KO compared to WT over the pressure range 20 to 50 mmHg (Fig. 6A). Active lumen diameter was significantly increased in the KO over the entire pressure range (Fig. 6B). Consistent with earlier findings (1, 7), myogenic tone (% reduction in diameter on activation, see Methods) was considerably lower in KO compared to WT SMAs (Fig. 6C). L-NAME increased myogenic tone in KO, but it was still significantly lower than in WT.  No effect of L-NAME on myogenic tone was observed in WT. 
	We next examined flow-induced dilatation at 95 mmHg and with the combination of 1-agonist and pressure. Flow caused a rate-dependent reduction of myogenic tone in WT SMAs (Fig. 6D). In KO SMAs that had developed myogenic tone, flow-induced dilatation was absent (Fig. 6D). Treatment with L-NAME conferred on the KO arteries an ability to dilate in response to increased flow, but did not affect flow-induced dilatation in WT (Fig. 6E). Moreover, flow-induced dilatation was not different in KO compared to WT following precontraction with the 1-adrenergic agonist cirazoline (combined tone, Fig. 6F). Neither L-NAME nor indomethacin inhibited flow-mediated dilatation under combined tone, suggesting that dilatation was due to a mechanism independent of NOS and cyclooxygenase. 
	To illustrate differences between tone induced by pressure alone and by the combination of pressure and adrenergic stimulation (combined tone), data at 95 mmHg in Figure 6C and F were replotted in Figure 7. The difference in myogenic tone between KO and WT was greater than was the difference in combined tone (compare 7A and B). This was seen both in the absence and presence of flow (not shown). Addition of L-NAME did not eliminate the difference in myogenic tone between WT and KO (Fig. 7A), but eliminated the difference between WT and KO during combined tone (Fig. 7B). The lower myogenic tone was therefore compensated by a relatively greater response to adrenergic stimulation, so that the combined tone differed less, or not at all.
	Anesthetized WT (n=7) and KO (n=8) mice were injected with tracer amounts of 125I-HSA. Plasma volume was then obtained by dividing the total amount of injected radioactivity with the plasma concentration at time zero (t=0). The concentration of tracer in plasma at t=0 was estimated by extrapolating the plasma concentrations of tracer, measured at 5, 20, 40, 60 min, to time 0. The plasma volume was significantly increased in KO (6.0±0.3 ml/100g bodyweight) compared to WT mice (5.2±0.1 ml/100g bodyweight, p<0.05). Hematocrit did not differ between genotypes. 
	Blood pressure and heart rate were recorded in WT and KO mice (Fig. 8A) in the presence and absence of L-NAME. Consistent with previous data (22) blood pressure was similar in WT and KO mice prior to L-NAME administration (Fig. 8B), while heart rate was slightly but significantly increased in KO in the present series (Fig. 8D). The relative increase in blood pressure on administration of L-NAME was 17±3% in WT and 38±6% in KO (n=11 and 6, p=0.001), illustrating the greater influence of NO on blood pressure in KO. Following L-NAME, blood pressure was significantly greater in KO compared to WT, with no difference in heart rate (Fig. 8B and D). We also observed greater blood pressure variability in KO mice as evident from the blood pressure records in Fig. 8A, and summarized data in Fig. 8C. These slow fluctuations disappeared following L-NAME administration (Fig. 8C).  
	Discussion

	The high basal NO production (5, 19, 29, 31), the major reduction of myogenic tone (1, 5, 7), and the age-dependent development of cardiac dysfunction (4, 29, 31) in Cav-1 deficient mice would be expected to result in lowered systemic blood pressure. This has not been seen to occur in adult Cav-1 deficient (KO) mice (22). The hypotheses that loss of Cav-1 is associated with arterial remodeling, increased 1-adrenergic contraction, and plasma volume expansion were therefore tested. Consistent with the hypotheses, small mesenteric arteries were remodeled in Cav-1 deficient mice, and 1-adrenergic contraction was increased under isometric conditions. Moreover, a modest (14%) increase in plasma volume was detected. Mean arterial blood pressure was normal in KO mice compared to WT, as was also shown in a previous study (22). Following nitric oxide synthase inhibition, blood pressure was greater in KO than in WT, indicating the presence of blood pressure elevating changes masked by increased NO-mediated dilatation. 
	Remodeling was present in the splanchnic circulation (present study), and possibly in the hind limb (17, 23). Increased media thickness thus correlated with increased 1-adrenergic contraction in resistance arteries. In contrast, the aorta exhibited an increase in circumference but not in media thickness or force development. Although the precise mechanisms of remodeling are debatable, some predictions can be made from the architectural reorganization. As pointed out by Folkow (8), an increased wall-to-lumen ratio is of advantage for controlling vascular diameter and resistance. Indeed, a 30 % shortening of the outer muscle layer would increase resistance 7-fold using the geometry in WT mesenteric arteries (media thickness: 11 m, radius: 103 m), whereas resistance would increase 11-fold in KO arteries (media thickness: 17 m, radius: 103 m), as calculated using Poiseuille’s law. Thus, a more efficient control of vascular resistance conferred on small arteries by increased wall-to-lumen ratio may contribute to a greater blood pressure response to vasoconstrictor stimuli in KO than in WT.
	We noted slightly higher rates of thymidine incorporation in KO compared to WT small mesenteric arteries in organ culture. This is consistent with the negative regulatory role of Cav-1 in cellular growth and proliferation (9-12, 15, 19, 27). This effect may contribute to medial hypertrophy. However, other possible mechanisms may play a role. Arterial dilatation at unaltered blood pressure will lead to increased arterial wall tension, which is a powerful stimulus for growth signaling in smooth muscle (13). Aorta, in contrast to small mesenteric arteries, did not show significant media hypertrophy despite increased diameter in the KO. This may be related to the fact that the aorta is a conduit vessel essentially without resistance function, and that elastic fibers rather than smooth muscle cells carry the major part of its wall tension.  
	Myogenic tone stimulated by increased intraluminal pressure (the Bayliss effect) was reduced in small mesenteric arteries from Cav-1 deficient mice, which is in keeping with previous studies (1, 5, 7). Our data reveal that myogenic tone partly recovered after L-NAME. This indicates that increased basal NO release plays a considerable role in the impairment of this hemodynamic autoregulatory mechanism in small mesenteric arteries. The impairment of myogenic tone remaining after L-NAME may involve reduced RhoA/Rho-kinase activation as suggested by Dubroca et al (7), and functional activation of KCa channels as proposed by Adebiyi et al (1). Addition of L-NAME in the presence of 1-agonist at 95 mmHg (combined tone) increased KO tone to the same level as that in identically treated WT arteries. This indicates a greater contribution to tone of 1-adrenergic as compared to myogenic mechanisms in KO vs. WT arteries in an integrated setting, such that the entire difference in tone between KO and WT is eliminated in the presence of L-NAME.
	The endothelium responds acutely to shear stress by increasing eNOS activity and NO production through a process involving caveolae (21). Accordingly, flow-mediated dilatation in adrenergically stimulated carotid arteries, which in part depends on NO, was recently shown to be impaired in Cav-1 deficient mice (30). In SMA, we found that flow-induced dilatation of myogenic tone is reduced in Cav-1 deficient mice. However, flow-induced dilatation recovered when eNOS was inhibited and tone increased. Furthermore, no difference in flow-mediated dilatation was found when vessels were constricted by activation of1-adrenergic receptors and pressure. Thus the level of tone is an important determinant of the ability to dilate in response to flow, and this dilatation in the SMA seems to be largely independent of NO production, in accordance with earlier findings of NO-independent endothelium-mediated dilatation of resistance vessels in mice (3). 
	Using the plasma volumes and hematocrit values determined in the present study to calculate blood volume in a 25 g mouse yields 2.5 ml in KO vs. 2.2 ml in WT. This represents a 14% greater blood volume in the caveolin-1 deficient mice. Plasma volume expansion may be secondary to heart failure (14), and is expected to increase ventricular diastolic filling pressure, which indeed has been reported to be increased in KO (29). Importantly, increased ventricular filling would compensate reduced cardiac contractility, and thus improve cardiac output. 
	Blood pressure was stated to be reduced in KO mice in one previous study (29), but no data were presented. Moreover, blood pressure was reported to be increased in the lung (31) in KO mice. The present study, and our previous work (22), reveals no effect of Cav-1 ablation on mean systemic blood pressure. The effect of L-NAME, however, was doubled in KO vs. WT indicating a much greater influence of NO on blood pressure. This likely reflects alleviated Cav-1 inhibition of NOS activity (4, 5, 16, 19, 31). Heart rate was slightly increased in the absence of L-NAME, but not in its presence, suggesting baroreceptor reflex activation in the former situation. We also observed increased blood pressure variability in KO mice. According to one model, a sudden rise in blood pressure increases shear stress, resulting in reduced resistance via flow-mediated dilatation, and hence, normalization of pressure (26). This blood pressure buffer operates in the same frequency domain as the baroreceptor reflex (26). The findings of decreased myogenic tone but increased responsiveness to adrenergic stimulation, as well as a largely maintained flow-dependent relaxation in hemodynamically important small arteries, suggest that this feedback loop may have reduced stability in KO and hence lead to fluctuation in blood pressure. 
	In conclusion, the present study has shown that arteries are remodeled in Cav-1 deficient mice, and that increased media thickness correlates with increased 1-adrenergic contraction. This compensates for a reduced myogenic tone. Moreover, enhanced NO release caused by loss of Cav-1 impairs myogenic reactivity, and plays a greater role for blood pressure as revealed by L-NAME. Finally, Cav-1 deficient mice have a greater plasma volume. It may be speculated that remodeling and plasma volume expansion counterbalance increased NO-mediated dilatation and heart failure, resulting in a largely normal, albeit fluctuating, central blood pressure in the systemic circulation in the absence of Cav-1. However, a wide variety of caveolae-associated mechanisms involving additional cells and tissues may play a role, and blood pressure could be reduced earlier or later in life. Whether changes in arterial geometry and plasma volume are compensatory or reflect a primary regulatory role of Cav-1 is not presently known. Plasma volume expansion occurs in heart failure (14), which develops in KO mice (4, 29, 31). Vascular remodeling, on the other hand, may reflect the role of Cav-1 in regulation of growth and proliferation (9-12, 15, 19, 27). 
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	Objective – Caveolae have been suggested to be involved in vascular mechanosensing. We used caveolin-1 knock out (KO) mice to investigate their role in stretch- vs. flow-dependent signaling in the intact vascular wall ex vivo. 
	Methods and results – Portal veins were stretched longitudinally for 5 min (acute) or 72 h (organ culture). Basal ERK1/2 and Akt phosphorylation were increased in organ-cultured KO veins, as were protein synthesis and vessel wall cross-section. Stretch stimulated acute phosphorylation of ERK1/2 and long-term phosphorylation of focal adhesion kinase (FAK) and cofilin as well as protein synthesis, in particular that of smooth muscle differentiation markers. These effects did not differ in portal veins from KO and control mice, which also showed the same contractile response to membrane depolarization. KO carotid arteries had increased wall cross-section and responded to pressurization (120 mmHg) for 1 h with increased ERK1/2 but not Akt phosphorylation, similar to control arteries. Shear stress by flow for 15 min, on the other hand, increased phosphorylation of Akt in carotids from control but not KO mice. 
	Conclusions – Caveolin-1 is not essential for trophic effects of stretch (pressure) in the vascular wall, but is required for Akt-dependent signals in response to shear stress (flow). 
	Introduction
	Mechanical stress caused by the intraluminal blood pressure is an important regulator of vascular smooth muscle phenotype 1. The mechanisms that regulate stretch-induced signaling events in the vasculature are not yet fully understood. Integrins coupled to the extracellular matrix are suggested to be important stretch sensors that promote growth via focal adhesion kinase (FAK) phosphorylation, which is thought to regulate both mitogen activated protein kinase (MAPK) and phosphatidylinositol-3-kinase (PI3K) activity 2, 3
	Recent studies implicate lipid-rich membrane caveolae in integrin-mediated mechano-sensing 4. Caveolae are 50-100 nm flask-shaped invaginations of the cell membrane that are found in numerous cell types including endothelial cells, adipocytes and striated and smooth muscle cells. Caveolae are biochemically distinct from other parts of the cell membrane as they contain large amounts of cholesterol and sphingolipids as well as caveolin proteins. These maintain the shape of caveolae but also act as scaffolds for several intracellular signaling proteins (reviewed by 5). The endothelium expresses primarily caveolin-1 (Cav-1), whereas all three isoforms of caveolin, Cav-1, Cav-2 and Cav-3, are expressed in smooth muscle, with Cav-1 being the quantitatively dominating homolog 6. It has been shown that activity of the MAPK cascade is increased in aorta of Cav-1 knock out (KO)) mice 7-9 and that caveolae are essential for acute mechanosensitive activation of the PI3K-Akt and the MAPK-ERK pathways in the mouse jugular vein when transplanted to the carotid artery 4. A recent study demonstrated a role of caveolae in flow-mediated dilatation of carotid arteries, a process depending on the ability of the endothelium to sense and transduce shear stress 10. Moreover, pressure-induced myogenic tone has been reported to be reduced in KO arteries 11, 12. 
	Since mechanical stimuli on the vessel wall comprise both pressure and shear stress and these may be sensed by different mechanisms, it remains to be clarified if both modalities are similarly dependent on caveolae. This question is of importance for the understanding of smooth muscle development, as much evidence indicates that mechanical stretch is essential for the differentiation of smooth muscle around hollow organs from mesenchymal stem cells 13. KO mice show an essentially normal development of the vascular tree, albeit with some structural and functional abnormalities, which would seem surprising if all modalities of mechanosensing are in fact seriously impaired in these mice. 
	Excessive stretch of a blood vessel, such as a vein graft exposed to arterial pressure, is known to stimulate repair processes including hypertrophy and neointima formation, which may eventually lead to graft occlusion 14. These effects are associated with a phenotype switch of vascular smooth muscle cells leading to increased tendency for migration and proliferation. In contrast, the normal transmural pressure across the vascular wall seems to be essential for maintenance of the contractile phenotype of the smooth muscle cells and the hypertrophic response to hypertension, whereas mechanical unloading leads to atrophy. This is an important consideration in organ culture experiments, where the physiological state of the vascular tissue is critically dependent on mechanical conditions 15, 16. Using organ culture of mouse portal veins, we have shown that physiological mechanical stress stimulates the synthesis of smooth muscle differentiation markers via a Rho-dependent increase in actin polymerization 17, 18. Stretch also stimulates growth of the portal vein via an increase in ERK1/2 phosphorylation, partly depending on endogenous release of angiotensin II and of endothelin-1 16, 19. Stretch-induced ERK1/2 activation and growth of the portal vein are sensitive to extraction of cholesterol, which disrupts membrane microdomains, such as lipid rafts and caveolae 19. 
	In the present study we have used portal veins and carotid arteries from KO mice to elucidate the role of this protein, as well as of membrane caveolae, in both acute and long-term signaling events in response to physiological stretch and shear stress of the intact vascular wall ex vivo. 
	Methods
	Male Cav-1 deficient mice obtained from the Jackson Laboratory (Bar Harbor, ME) were back-crossed six times onto the C57BL/6 background. Wild-type (WT) controls were littermates or C57BL/6 obtained from Taconic (Copenhagen, Denmark). 25-35 g male mice were killed by carbon dioxide as approved by the regional Animal Ethics Committee, Lund and Malmö. The portal veins were dissected and incubated at 37(C in DMEM-Ham’s F-12 (1:1) with 2% dialyzed FCS and 10 nM insulin as described 18. During incubation the longitudinal muscle layer was stretched to its optimal preload (3 mN) by a hanging gold weight. Matched preparations were kept unstretched. For acute experiments, portal veins were equilibrated unstretched for 1 h prior to stretching.
	Protein synthesis was measured by autoradiography following [35S]methionine incorporation in organ culture and gel electrophoresis as described 18. 
	Western blot
	Total and phosphorylated proteins were determined by western blot of snap-frozen portal veins. Antibodies against total FAK (BD Pharmingen), phosphoTyr397-FAK (Biosource), total and phosphoSer473-Akt (Cell Signaling), total and phospho-p44/42Thr202/Tyr204-ERK (Cell Signaling), total and phosphoSer3-Cofilin (Upstate) were used. Bands were visualized using ECL (Pierce West Femto). 
	Portal veins were attached to force transducers (AE 801, SensoNor A/S), stretched to 3 mN and equilibrated in HEPES-buffer (composition in mM: NaCl 135.5, KCl 5.9, CaCl2 2.5, MgCl2 1.2, glucose 11.6, HEPES 11.6, pH 7.4) for 1 h. They were then contracted with HEPES-buffer containing 60 mM KCl. Integrated force over 5 min was calculated and the mean of two contractions used for evaluation of active force. Rho kinase was inhibited using Y-27632 (10 µM) for 15 min. Cross-sectional area was determined from wet weight divided by length at 3 mN.  
	Carotid arteries
	Carotid arteries were dissected, mounted on a glass pipette and ligated at the free end. Following 1 h equilibration in HEPES-buffer, intraluminal pressure was increased to 120 mmHg for 1 h, with the contralateral artery kept at 0 mmHg. Left and right carotid arteries were randomized. For flow experiments, arteries were not ligated and following the equilibration period intraluminal flow (330 µl/min) was delivered by a peristaltic pump to one artery of each pair for 15 min. In separate arteries fixed for histology, lumen diameter was calculated from the internal circumference (in µm, WT: 288±14 KO: 320±12, n=5). Shear stress was calculated as: SS=4µQ/r3, where µ is viscosity (0.007 poise), Q is flow (cm3/s), and r is radius (cm). Using the above values shear stress was approximately 14 dynes/cm2. Following flow or pressure experiments, arteries were quickly frozen for analysis by western blot.
	Values are presented as means ( S.E.M. Student’s t-test was used for evaluation of statistical significance. For multiple comparisons one-way ANOVA followed by Bonferroni post-hoc test was used. P<0.05 was considered statistically significant.
	Results
	Effects of acute stretch
	Portal veins and carotid arteries from KO mice showed no expression of caveolin-1 (Fig. 1A). We have previously observed that physiological stretch stimulates protein synthesis in the portal vein and that activation of ERK1/2 is a mediator of this effect 16, 17. ERK1/2 activation is rapid and transient with a peak at about 5 min following the onset of stretch. Stretched portal veins from WT mice had a 3-fold increase in ERK1/2 phosphorylation compared with unstretched veins. This response was not affected by ablation of Cav-1 (Fig 1 B). 
	Excessive NO production is an important phenotype of Cav-1 deficient mice 5. However, the role of NO production in the portal vein is uncertain 20, 21. In order to determine the role of NO in smooth muscle signaling, portal veins were incubated with L-NAME (300µM) for 1 h and then stretched for 5 min. Phosphorylation of both FAK and ERK1/2 was unaffected by either caveolin-1 deficiency or NOS inhibition at this point in time following stretch (Fig. 1 C,D). This suggests that any effect of NO production on integrin activation and activation of the MAP kinase cascade is negligible. 
	Effects of long-term stretch
	Long-term stretch (24-72 hours) causes increased growth and global protein synthesis as well as Rho activation and contractile differentiation compared with unstretched portal veins 17. After 72 h in organ culture, ERK1/2 phosphorylation is no longer sensitive to stretch (Fig. 2 A). Likewise, Akt phosphorylation is insensitive to stretch (Fig 2 B). However, both ERK1/2 and Akt phosphorylation are higher in KO than in WT portal veins at 72 h. FAK phosphorylation, as well as phospho-cofilin and total cofilin contents, are increased in stretched vs. unstretched portal veins, but did not differ between KO and WT (Fig. 2 C-E). Since cofilin expression is increased in the stretched vessels the summarized data are separated in two graphs to display phosphorylated and total cofilin contents, respectively.
	Stretch-induced protein synthesis
	Growth of vascular smooth muscle is associated with increased protein synthesis. We have previously observed that stretch of the portal vein increases both global and smooth muscle-specific protein synthesis. To investigate the role of Cav-1 in this response, we determined [35S]methionine incorporation during organ culture by autoradiography, as shown in Fig. 3A . As reported earlier 17, 18, stretched portal veins showed increased incorporation into a number of bands representing smooth muscle differentiation marker proteins. Particularly evident is SM 22, desmin, actin and tropomyosin, which are marked in Fig. 3 A. These bands are labeled on the basis of molecular weight, stretch sensitivity and earlier identification by western blot and/or MALDI-TOF 17, 18. Summarized data for SM22 and desmin are shown in Fig. 3 C and D. Total radioactivity integrated over the whole lanes, representing global protein synthesis (15-300 kDa), is higher in stretched vs. unstretched veins (Fig. 3 B). No effect of Cav-1 ablation was seen in the stretch dependence of either global protein synthesis or specific synthesis of SM22 and desmin. However, there was a small but significant increase in global protein synthesis in both stretched and unstretched portal veins from KO relative to WT mice 
	Contractility and cross-sectional area
	Freshly dissected portal veins were contracted by depolarization using 60 mM K+. As shown in Fig 4 A, the contractile response did not differ between KO and WT mice. An increased cross-sectional area of the portal vein in KO mice was observed (Fig. 4 B).  No significant difference in active stress was found (Fig. 4 C). A major part of the contractile response was inhibited by Y27632, a specific inhibitor of Rho-associated kinase, suggesting that the Ca2+ sensitivity of the contractile system is a major determinant of the force response to membrane depolarization. The relative dependence on Ca2+ sensitization was not different between KO and WT.
	Hypertrophy, pressure and flow sensing in carotid arteries
	To address whether hypertrophy might be a general vascular phenotype affecting also the arterial tree, carotid arteries were examined. Consistent with findings in the portal vein, an increased wet weight per mm length of arterial tube was noted in the carotid artery (Fig. 5 A,B). Pressurization of carotid arteries to 120 mmHg for 1h increased ERK1/2 phosphorylation, and this response was maintained in the KO (Fig. 5 C). Thus caveolin-1 depletion does not affect stretch-sensitive signaling in either the carotid artery or portal vein. Like the stretch response in the portal vein, the carotid artery did not show increased Akt phosphorylation in response to pressurization for 1 h (Fig. 5 D). Since mechanosensitive Akt signaling has been reported to depend on caveolin-1 4, we investigated whether Akt signaling might be sensitive to flow. Carotid arteries were exposed to an intraluminal flow of approximately 14 dynes/cm2 for 15 min following a 1 h preincubation in the absence of flow. As shown in Fig. 5 E, flow caused an increase in Akt phosphorylation in WT carotid arteries, which was absent in KO. There was no significant effect of flow on ERK1/2 phosphorylation under these conditions (Fig. 5F)
	Discussion
	The absence of caveolin-1 is associated with increased basal MAPK-ERK and PI3K-Akt signaling, resulting in increased global protein synthesis and growth of the vascular wall. However, stretch-induced signaling events, such as early-phase ERK1/2 phosphorylation and late-phase cofilin and FAK phosphorylation, were not affected by ablation of caveolin-1. Moreover, stretch-dependent contractile differentiation and protein synthesis were maintained in KO mice. Notably, stretch did not cause increased Akt phosphorylation in either the portal vein or carotid artery regardless of genotype.
	In order to compare our findings with previous reports regarding the role of caveolae and caveolins in vascular smooth muscle, it is essential to distinguish between results obtained in cultured smooth muscle cells and in intact vessels. This is especially true in the case of stretch-induced signaling, which is highly dependent on the extracellular matrix. In addition, smooth muscle cells that are involved in pathological processes, such as neointima formation, are distinctly different from quiescent cells in the normal vascular wall. The load applied to the portal vein in the present study causes extension to the optimal length for force development and does not damage the tissue. Thus, in this model, as well as in the pressurized carotid artery, the stretch response cannot be regarded as a response to injury, which is likely to be the case in arteries stretched by balloon angioplasty 22, 23.
	Previous results have suggested that mechanosensitive signaling in both cultured smooth muscle cells and in the vascular wall depends on caveolin-1 expression and cholesterol- rich membrane domains 4, 19. In jugular veins exposed to arterial pressure and flow in vivo for 15 min ERK1/2 and Akt phosphorylation was dramatically increased in WT but not KO mice4. In this model the venous endothelium will be affected by a greatly increased shear stress, and the vessel wall is extensively stretched by the elevated pressure. This might trigger an injury-induced repair response, as suggested by the subsequent neointima formation in the transplanted vein 4. In fact, earlier studies indicate that external protection of a transplanted vein reduces neointima formation 24. Shear stress is known to induce Akt and ERK1/2 phosphorylation in cultured endothelial cells 25, 26 and in the vascular wall in vivo 27. In the present study, we found that whereas pressure itself caused an increase in ERK1/2 but not Akt phosphorylation in both genotypes, flow for 15 min without a concomitant increase in pressure caused increased Akt phosphorylation in WT but not KO. ERK1/2 phosphorylation was not significantly increased in either genotype under these conditions. This suggests that Akt may be activated primarily by shear stress via an effect on the endothelium. Studies have shown that NO promotes Akt phosphorylation via cGMP production in vascular smooth muscle cells 28, which could provide a link between shear stress on the endothelium and Akt phosphorylation in the smooth muscle. 
	In a previous study we observed that acute (10 min) stretch of rat portal veins causes tyrosine phosphorylation of proteins in membrane domains containing caveolin-1, and that cholesterol extraction by methyl-beta-cyclodextrin (MCD) inhibits early stretch-induced ERK1/2 phosphorylation and stretch-dependent global protein synthesis 19. We have verified the effect of MCD on global protein synthesis measured with autoradiography on mouse portal veins (data not shown). However, as pointed out in the Introduction, and as discussed earlier 19, extraction of cholesterol with MCD affects signal mechanisms located in lipid rafts as well as caveolae, and may also have effects on membrane fluidity and cellular stiffness. It is therefore not surprising that cholesterol depletion has different or even opposite effects compared with caveolin-1 deficiency, which as seen in the present study does not affect the stretch-sensitivity of global protein synthesis.
	The effects of the Rho pathway on the actin cytoskeleton are in part mediated by regulation of cofilin activity, which causes actin filament depolymerization. Stretch of the portal vein causes phosphorylation of cofilin-1, thereby inhibiting its activity and promoting actin filament stability 17. Levels of cofilin-1 phosphorylation following organ culture were similar in stretched WT and KO portal veins, and were reduced to less than 50% in the absence of stretch in both genotypes. Expression of the cofilin gene is, like SM22, regulated by myocardin and serum response factor 29, and the protein level of cofilin is therefore sensitive to mechanical stretch 17. Furthermore, the Rho kinase inhibitor Y-27632 had similar effects on contractile responses in depolarized WT and KO portal veins. These results suggest that the Rho pathway, upstream of Rho kinase and cofilin, can be activated to a similar extent in the KO as in the WT portal vein by stretch or contractile stimulation. In contrast, lower pressure-induced myogenic tone in KO mesenteric resistance arteries has been shown to correlate with smaller effect of the Rho kinase inhibitor Y-27632 12. These experiments are however not directly comparable and the vessels differ. Furthermore several mechanisms, potentially affecting myogenic tone besides Rho activity, have been reported to be altered in KO mice, including endothelial NO production and the generation of Ca2+ sparks in smooth muscle cells 30, as well as activity of Ca2+-dependent K+ channels 11.  
	The role of Cav-1 in the regulation of proliferation and mitogenic signaling has been extensively studied and several growth factor receptors and intracellular signaling molecules have been shown to be negatively regulated by caveolin-1. These include c-Src, H-Ras, MAP-kinases and receptor tyrosine kinases 31, 32 In the first report on Cav-1 deficient mice, Razani and coworkers 33 also noted hyperproliferation of cultured fibroblasts lacking Cav-1. In vascular smooth muscle, loss of the Cav-1 gene causes increased neointimal hyperplasia, associated with increased ERK1/2 phosphorylation and Cyclin D1 expression, in ligated carotid arteries 8. We show that basal ERK1/2 and Akt phosphorylation are increased in the portal veins of KO mice in organ culture. This correlates with increased global protein synthesis and increased cross-sectional area. In acute experiments on either portal veins or carotid arteries no difference in basal ERK1/2 phosphorylation was found. However, ERK1/2 phosphorylation is affected by the dissection and mounting in buffer medium and may not have reached its basal level during the 1 h preincubation. In a previous study on rat portal vein, ERK1/2 phosphorylation in unstretched vessels after 1 h incubation was about 10 times greater than in vessels frozen directly after sacrifice of the animal. After 72 h organ culture ERK1/2 phosphorylation had decreased to about 20 % of the value at 1h 16. A similar relation was found in mouse portal veins (Albinsson, unpublished results). Therefore, levels of basal ERK1/2 phosphorylation measured after organ culture may be more indicative of conditions in vivo than values measured in acute experiments following short-term incubation in vitro. 
	In conclusion, stretch sensitivity of FAK and ERK1/2 activation, as well as of synthesis rates for both total and smooth muscle - specific proteins, is retained in the KO and thus not dependent on Cav-1. While Akt phosphorylation does not respond to stretch or pressure, it is activated by flow in the carotid artery of control but not KO mice. However, basal ERK1/2 and Akt activation, as well as protein synthesis, are slightly increased in the KO. Therefore, the essentially normal development of the vascular tree in the KO may be a result of the retained stretch sensitivity of smooth muscle growth and differentiation 13, while the increased basal mitogenic signaling, and possibly the altered response to flow, may explain developmental differences in vessel geometry.
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	Caveolin-1 (Cav-1) is essential for the morphology of membrane caveolae and exerts a negative influence on a number of signaling systems, including NO production and activity of the MAP kinase cascade. In the vascular system, ablation of caveolin-1 may thus be expected to cause arterial dilatation and increased vessel wall mass (remodeling). This was tested in Cav-1 knockout (KO) mice by a detailed morphometric and functional analysis of mesenteric resistance arteries, shown to lack caveolae. Quantitative morphometry revealed increased media thickness and media-to-lumen ratio in KO. Pressure-induced myogenic tone and flow-induced dilatation were decreased in KO arteries, but both were increased towards wild-type (WT) levels following nitric oxide synthase (NOS) inhibition. Isometric force recordings following NOS inhibition showed rightward shifts of passive and active length-force relationships in KO, and the force response to α1-adrenergic stimulation was increased. In contrast, media thickness and force response of the aorta were unaltered in KO vs. WT, whereas lumen diameter was increased. Mean arterial blood pressure during isoflurane anesthesia was not different in KO vs. WT, but greater fluctuation in blood pressure over time was noted. Following NOS inhibition fluctuations disappeared and pressure increased twice as much in KO (38±6%) compared to WT (17±3%). Tracer dilution experiments showed increased plasma volume in KO. We conclude that NO affects blood pressure more in Cav-1 KO than in WT mice, and that restructuring of resistance vessels partly compensates for a decreased tone by conferring increased responsiveness to adrenergic stimulation. 
	Introduction

	Caveolae are 50-100 nm large membrane invaginations in which cholesterol and sphingolipids are enriched. Two caveolin protein homologs (Cav-1 and -3) are necessary for the biogenesis of caveolae, and act as scaffolds for many signaling molecules (4, 18, 24). A prototypical example of a caveolae-associated signal transduction molecule is endothelial nitric oxide synthase (eNOS), which is targeted to caveolae via acylation (25). Cav-1 exerts a negative regulatory influence on eNOS activity and this is of relevance for NO production (16). Accordingly, Cav-1 ablation, which blocks the biogenesis caveolae in the vasculature, results in increased NO generation and vasodilatation ex vivo (5, 19, 29, 31). Despite increased NO release, a 3-fold increase in cyclic GMP in smooth muscle cells (5), a major reduction of myogenic tone (1, 5, 7), and the development of heart failure (4, 29, 31), mean arterial blood pressure is largely normal in adult KO mice (22). 
	Blood pressure is essential for homeostasis, and it is expected that a reduction in myogenic tone in KO arteries will be compensated, possibly via the baroreceptor reflex. This would restore blood pressure via increased sympathetic activity and thus neurogenic tone. No major difference in heart rate was however found in anesthetized KO relative to WT mice (22). On the other hand, force in response to 1-adrenergic stimulation is increased in denuded femoral arteries from Cav-1 deficient mice compared to wild type controls (23), suggesting compensation at the level of the vascular wall. Increased contraction in response to noradrenaline was similarly found in the saphenous artery (17). We hypothesized that increased 1-adrenergic contraction is due to hypertrophic remodeling of small arteries. If this occurs without a matching increase in lumen diameter, the increased wall to lumen ratio would amplify the effect of a given vasoconstrictor influence on arterial resistance (8).
	Shear stress by the blood flow has been proposed to activate both eNOS activity and the Ras-Raf-mitogen-activated protein kinase pathway within caveolae in the endothelium (20, 21). Accordingly, a recent study demonstrated that carotid arteries from KO mice show impaired flow-mediated dilatation (30). Such an effect could potentially contribute to altered regulation of vascular resistance in Cav-1 KO mice. However, it should be noted that vascular resistance is also influenced by endothelium-derived hyperpolarizing factor, distinct from NO and prostacylin (3). Thus the role of flow-dependent vasodilatation in KO mice needs to be studied also in resistance vessels. Finally, plasma volume is an important determinant of venous return to the heart and is an effector mechanism for renin-angiotensin system activation. Plasma volume is known to be expanded in heart failure (14) and may therefore be increased in KO mice, of possible importance for the control of blood pressure. 
	The aim of the present study was to test the following hypotheses in Cav-1 deficient mice: i) that small mesenteric arteries are remodeled; ii) that flow-mediated dilatation is impaired in resistance vessels; iii) that the plasma volume is expanded. If so, a few candidate mechanisms contributing to blood pressure normalization in the setting of a large constitutive NO production in these mice would have been identified.       
	Materials and Methods
	Caveolin-1 deficient mice


	Caveolin-1 deficient (KO) mice on the C57BL/6 background obtained from the Jackson Laboratory (Bar Harbor, Maine,USA) were further backcrossed on the same background and genotyped as described by Razani et al. (19). Wild type littermates or purchased C57Bl/6 mice (Möllegard, Copenhagen Denmark), matched for age and sex, were used as controls (all are referred to as wild type, WT). Mice had free access to standard chow and water. 10-16 weeks old mice of both sexes weighing between 20 and 30 g were used. For in vitro experiments, mice were euthanized by cervical dislocation. All experiments conformed to the American Physiological Society’s “Guiding Principles in the Care and Use of Animals” and were approved by the local animal ethics committee. 
	Preparation of vessel segments

	The intestine with the mesentery attached, aorta and portal vein were removed and placed in cold (4oC) HEPES buffered Krebs solution (composition in mM: NaCl 135.5, KCl 5.9, MgCl2 1.2, glucose 11.6, HEPES 11.6, pH 7.4) containing 2.5 mM Ca2+ as indicated. 1st generation small mesenteric arteries (SMA), aortae and portal veins were carefully freed from adhering tissue under a microscope. 
	Isometric force recording

	SMA and aorta segments (roughly 1.5 mm long) were mounted in a myograph (610M, Danish MyoTechnology A/S, Aarhus, Denmark) as previously described (2). In these experiments all vessels were denuded of endothelium (6) since the objective was to determine the effects of possible remodeling on force generation irrespective of endothelial NO production. The exact length of each segment was determined using a microscope with an ocular scale, and force was expressed relative to length. After determination of the passive force for optimal active force development (≈2.5 mN in both KO and WT, see below), SMAs were routinely stretched to 2.5 mN. The same basal force was applied to the aorta. Circumference-tension relationships were generated by increasing wire distance in a stepwise fashion. At each wire distance, preparations were allowed to equilibrate for 5 min. High-K+ solution, obtained by exchanging 60 mM NaCl for KCl, was then applied for 7 min. Depolarization was used, rather than noradrenaline, because it generates highly reproducible contraction for repeated challenges. At the end of each cycle, passive force was obtained by relaxing the preparations for 10 min in Ca2+-free solution. Thereafter, wire distance was increased and the cycle repeated. L0 was defined as the circumference resulting in the greatest active (total minus passive) force in each preparation. 
	SMAs with intact endothelium were mounted on glass cannulae (diameter 100 m) in a pressure myograph chamber (Living Systems Instrumentation, Burlington VT) and secured with silk sutures. The myograph chamber was placed on a Nikon Diaphot 200 inverted microscope equipped with a CCD camera. VediView 1.2 software (Danish MyoTechnology) was used to monitor lumen and vessel diameter, and was also used to determine wall thickness and cross-sectional area after full dilatation. The vessel was superfused with HEPES-buffered Krebs solution gassed with O2, and temperature and pH (7.4) were monitored. Intraluminal pressure was applied by gravity via the cannula from a solution reservoir mounted at adjustable height. Flow was applied using a peristaltic pump mounted on the outflow line. Prior to experimentation, intraluminal pressure was gradually increased to 95 mmHg and the vessel was stretched manually in the longitudinal direction to 115% of its original length. Preparations were subsequently equilibrated at 36(C during 1 h at 45 mmHg. Arteries that showed signs of leakage were discarded. 
	Myogenic tone was provoked by raising intraluminal pressure from 20 to 120 mmHg in 25 mmHg steps. Each pressure level was maintained for 5 min and the vessel diameter was then measured. Intraluminal flow (25 - 125 µl/min corresponding to shear stresses (SS) of 9 - 45 dynes/cm2 in WT and 4-20 dynes/cm2 in Cav-1 KO) was applied at a pressure of 95 mmHg. Shear stress was calculated by using the formula: SS=4µQ/r3, where µ is the viscosity (taken to be 0.007 poise), Q is the flow (cm3/s), and r is the radius (cm). Flow was maintained for 5 min and the mean relaxation during this time was measured. This procedure was repeated with the same vessel after 45 min incubation with 300 µM L-NAME. At the end of each experiment the vessel was relaxed using Ca2+-free buffer supplemented with 2 mM EGTA. In control experiments, sodium nitroprusside (1 M) was added to the Ca2+-free buffer. This did not cause additional dilatation showing that Ca2+-free buffer is sufficient to eliminate tone. Myogenic tone (%) was expressed as: ((D1-D2)/(D1))*100, were D1 is the passive diameter in Ca2+-free buffer and D2 is the active diameter.
	In separate experiments, SMAs were preconstricted with cirazoline (0.03 µM) applied both intraluminaly and in the superfusate at 95 mmHg. In these experiments, flow rates were calculated for each vessel to give a shear stress of 25 dynes/cm2 as this resulted in robust dilatation. Flow was applied in the absence of inhibitors, in the presence of L-NAME (300µM), and in the presence of indomethacin (10 µM). Inhibitors were prepared on the day of the experiment. 
	Following relaxation in Ca2+-free solution for 30 min, aortic segments and SMAs, adjacent to those used in the mechanical experiments, were fixed with 2 % formaldehyde in phosphate buffered saline (PBS, pH 7.4) for 30 min. In a subset of experiments 20 ml fixative was infused through the femoral artery (see in vivo experiments below) while blood was allowed to leave through the jugular vein. This was done following full arterial dilatation with sodium nitroprusside (Sigma, St. Louis, MO), which was given as bolus doses (10 nmol in 10 l) until the blood pressure reduction saturated. Blood pressure was 40±2 mmHg in WT and 34±3 mmHg in KO following nitroprusside saturation (p=0.08, n=7 for both). Arteries were then removed and maintained in fixative for another 30 min. Fixed specimens were washed in PBS containing 10 % sucrose and methylene blue (2x10 min) followed by embedding in Tissue-Tek (Sakura, Zoeterwoude, Netherlands). After freezing, 10 m cross sections were obtained in a cryostat. For morphometry, sections were stained with hematoxylin-eosin (Merck, Darmstadt, Germany) or Masson’s Trichrome (Biocare Medical LLC, Concord, CA, USA) following the manufacturers instructions, and media thickness, area, and internal circumference were determined using a computerized image analysis system (Leica Q500MC). At least four glasses from each mouse were used. Media thickness was obtained from four averaged measurements in positions defined by two perpendicular diameters. Immersion fixation and perfusion fixation yielded largely identical geometries and the data were therefore pooled.
	For immunofluorescence, tissue sections were washed (2x30 min in PBS), permeabilized with 0.2 % Triton-X-100 for 15 min, blocked with 2 % bovine serum albumin in PBS for 2 h, and incubated with primary antibodies in the same solution overnight at 4(C. Caveolin-1 (clone 2297), -2 (clone 65) and –3 (clone 26) antibodies were obtained from BD Biosciences  (San Jose, CA, USA) and used at dilutions of 1:125, 1:200 and 1:1000, respectively.  After washing in PBS, sections were incubated with Cy5-labeled anti-mouse IgG in PBS with 2% bovine serum albumin for 1 h at room temperature. Nuclei were stained with Sytox Green (1:3000, Molecular Probes, Carlsbad, CA, USA). Sections were examined in a Zeiss LSM 510 confocal microscope. Caveolin proteins were detected by monitoring Cy5 fluorescence upon excitation at 633 nm. Sytox Green fluorescence was monitored upon excitation at 488 nm.  
	Transmission Electron Microscopy
	1st generation small mesenteric arteries were dissected in Ca2+-free HEPES buffered Krebs solution, cut into small pieces (~30, <0.3 mm length), and opened in the longitudinal direction to minimize diffusion distances for the fixative. Following transfer to 1.5 ml Eppendorf tubes, preparations were allowed to settle at the bottom, and the physiological buffer was aspirated and exchanged for fixative containing 2.5% glutaraldehyde in 0.15M sodium cacodylate, pH 7.4. This was repeated once to remove all physiological buffer, and fixation was allowed to proceed over night. Samples were washed with sodium cacodylate, postfixed for 1 hour in 1% osmium tetroxide in sodium cacodylate, and finally washed with sodium cacodylate. They were dehydrated with an ascending ethanol series and embedded in Agar 100Resin R1031 medium using acetone as an intermediate solvent. Specimens were sectioned into 50 nm ultrathin sections and stained with uranyl acetate and lead citrate. Specimens were observed in a Philips CM10 electron microscope operated at 60 kV. Images were recorded on Kodak SO-163 plates without preirradiation at a dose of 2.000 electrons/nm2.
	Western blotting using the Cav-3 antibody (see above) was performed as described (23), with dilutions recommended by the manufacturer. SMAs from one mouse gave insufficient protein for reliable quantification. Therefore, SMAs from three mice were combined for each homogenate (n=1), whereas single aortas and portal veins were used for individual homogenates. Protein concentration was determined with a Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA), and equal amounts of protein were loaded in all lanes. To illustrate equal loading, non-transferred proteins were stained with Comassie blue and a section around the actin band is shown.   
	Organ culture
	To assess DNA synthesis independent of hemodynamic conditions in vivo, whole mesenteric arterial trees were subjected to organ culture. SMA trees were dissected under sterile conditions, and blood was removed from the lumen by gentle stroking with a rubber policeman. Following weighing, preparations were cultured in DMEM-HAM’s F12 medium (1:1) with 2% dialyzed fetal calf serum and 10 nM insulin, and with the addition of 50 U/ml penicillin and 50 g/ml streptomycin, for 4 days. 3H-thymidine (10 Ci, Amersham Biosciences Europe, Uppsala, Sweden) was added during the last 24h of culture. On harvesting, preparations were washed in ice-cold PBS and frozen in liquid nitrogen. Following freeze crushing, preparations were dissolved in 400 l 0.2 M NaOH, sonicated twice, and 300 l was removed. Following two cycles of precipitation with trichloroacetic acid (5% TCA), centrifugation (13200 g), and washing (5% TCA), the supernatant was discarded and the pellet resuspended in Soluene. After 2h, 8 ml of liquid scintillation cocktail was added, and preparations were subjected to scintillation counting (Beckman LS6500, Beckman Instruments Inc., Fullerton, CA, USA). Protein concentration was determined in the remaining homogenate (100 l) using the Bio-Rad protein assay. Radioactive counts were divided by the amount of protein and normalized to WT (100%) in each experiment.
	In vivo experiments
	Mice were placed in a small container and surgical anesthesia was induced with 4% isoflurane (Isoflurane Forene, Abbot Scandinavia, Solna, Sweden) in room air. After transferring the mice to a heating pad, keeping body temperature at 37±1oC with a rectal probe (Temperature Control Unit HB 101/2, Panlab, Barcelona, Spain), anesthesia was temporarily maintained with a small mask. The animals were tracheostomized and anesthesia was controlled and maintained by mechanical ventilation with air containing 2% isoflurane using a mouse ventilator (28025, Ugo Basile, Comerio, Italy). Tidal volume was set to 0.35 ml and a positive end expiratory pressure of 5 mmHg was applied. The right jugular vein was cannulated for infusion purposes. The left femoral artery was cannulated for blood sampling and blood pressure monitoring on a polygraph (Model 7B, Grass Instruments, Quincy, MA). 
	Blood pressure was recorded for at least 45 min prior to the infusion of L-NAME. L-NAME was given as a bolus (5 (mol in 50 (l) followed by continuous infusion (23 mM at a rate of 7 (l/min) to uphold a constant plasma concentration. L-NAME was infused for 1h, but pressure stabilized at a higher level within a few minutes. Experiments were carried out in a blinded manner and genotypes were only revealed following complete analysis.
	For plasma volume determination, mice were allowed to stabilize for 20 min following surgery. Tracer amounts of 125I-HSA (Human Serum Albumin-I-125, RISA, 3mg/ml, 5MBq, Amersham Health) were administered in the right jugular vein. The 125I-HSA was filtered prior to administration using Amicon YM-30 (Millipore, Bedford, MA) to reduce the amount of free iodine. Immediately after the injection, the catheter was removed and the vein ligated. To determine the amount of 125I-HSA injected, the vial containing the tracer was counted for radioactivity prior to injection, and then compared with the amount left in the vial and in the equipment involved. The injected volume was kept at 50±20µl. Four blood samples of 10 µl were collected at 5, 20, 40 and 60 minutes after injection. After the last blood sample 80 µl blood was drawn for hematocrit measurement. Radioactivity measurements were performed in a gamma counter (Wizard 1480, LKP Wallac, Turku, Finland). 
	Chemicals and reagents
	Unless specified chemicals and reagents were obtained from Sigma (Sigma, St. Louis, MO).
	Mean values ( SEM are shown. Student’s t-test for unpaired data, or, in case of multiple comparisons, ANOVA followed by Bonferroni’s post hoc test, was used to calculate statistical significance. 
	Results

	The distribution of Cav-1, -2 and -3 in small mesenteric arteries was examined using immunofluorescence. Cav-1 and -2 were readily detected both in the endothelium and in the media of SMA from WT mice (Fig. 1A). The SMA media, but not the endothelium, stained positive for Cav-3 (Fig. 1A). In keeping with loss of Cav-1, no staining exceeding that with primary antibody omission control was seen in KO (Fig. 1A, top right vs. NP (= no primary)). Consistent with greater than 90% breakdown of Cav-2 (5, 19), staining for this protein was largely absent in KO (Fig. 1A, middle right). Similar to previous findings in KO femoral artery (23), a reduced medial staining for Cav-3 was detected in KO SMA (Fig. 1A, right bottom). To test if Cav-3 expression in KO is reduced in other vascular preparations, we compared Cav-3 expression in SMA, aorta, and portal vein by Western blotting (Fig. 1B). Cav-3 expression was reduced by 50-60 % in all cases. Staining of non-transferred proteins on the gels with Commassie blue is shown below the blots to demonstrate protein loading (Fig. 1B).  
	Electron microscopic examination of SMA from KO mice did not reveal any conspicuous morphological changes at low magnification, other than an apparent increase in media thickness, with an increased number of cell layers, in comparison with WT (Fig. 2D vs. 2A). Focal adhesions (dense bands), extracellular matrix, and overall cell morphology appeared similar at higher magnification (Fig. 2B and E). Further increases in magnification revealed numerous caveolae in the smooth muscle cell plasma membrane in WT (Fig. 2C). Consistent with almost complete loss of caveolae in aortic and bladder smooth muscle (5, 28), caveolae appeared to be absent in the media of KO SMA as illustrated in Fig 2F. 
	An increased media thickness in KO would be associated with increased arterial force development, which may however be masked by increased NO production. To eliminate NO production, arteries were denuded and the NOS inhibitor L-NAME (300 M) was included. Under these conditions small mesenteric arteries from KO contracted more forcefully than their WT counterparts on stimulation with noradrenaline (1 M). Average force traces from ten individual preparations are shown in Fig. 3A. The difference between KO and WT was maximal after 7-10 min stimulation, and was less pronounced during early and late phases of contraction. Peak force was significantly greater in KO (Fig. 3B). To approximate maximal force, the K+-channel inhibitor tetraethylammonium was also added. Noradrenaline-induced force was greater also following K+-channel inhibition (TEA, 20 mM, Fig. 3B). Cumulative concentration-response curves using the selective 1-receptor agonist cirazoline revealed greater force in KO compared to WT at all concentrations exceeding 0.1 M, with no change in potency (Fig. 3C). No difference in cirazoline-induced force was detected in the denuded aorta in the presence of L-NAME (Fig. 3D). 
	To assess arterial structure quantitatively, vascular sections were stained with H&E or Masson’s trichrome for morphometry (Fig. 4A). The analysis indicated an increased media thickness with unchanged internal circumference in small mesenteric arteries (Fig. 4B). Trichrome staining did not indicate increased connective tissue deposits in KO compared to WT, and did not reveal any obvious change in adventitial thickness. Hence, increased media thickness correlates with increased contractile performance in response to 1-receptor stimulation SMA. In the aorta, the internal circumference was increased, whereas the media thickness was unchanged (Fig. 4B).
	To test whether the altered arterial structure is present at a physiological pressure, SMAs were mounted in a pressure myograph and morphometric variables determined at an intraluminal pressure of 95 mmHg. Measurements were made in the absence of extracellular Ca2+ to abolish arterial tone. Consistent with histology, wall thickness (24±2 m in KO vs. 14±1m in WT, n=12, p<0.001) and wall cross sectional area (2.2 ±0.2 x 104 m2 in KO vs. 1.2±0.1 x 104 m2 in WT, n=12, p<0.001) were increased in small living arteries from KO whereas lumen diameter was unchanged (252±8 m in KO vs. 236±11m in WT, n=12, p>0.05). Importantly, the wall-to-lumen ratio was increased by 52% (0.096±0.006in KO vs. 0.063±0.006 in WT, n=12, p<0.001). 
	To address if the changes in arterial structure would translate into an altered optimal circumference for generation of active force (L0), circumference-tension relationships in endothelium-denuded SMA were generated under isometric conditions using the wire myograph. The relationship between internal circumference and active force on depolarization with high-K+ solution (60 mM) was shifted to the right in KO compared to WT (Fig. 5A), as was the relationship between circumference and passive force (Fig. 5B). Determination of the optimum for force development in each experiment revealed a significant increase of L0 in KO (Fig. 5C). Small arteries in Cav-1 deficient mice thus have a hypertrophic muscle layer and exhibit signs of outward remodeling, but have increased wall to lumen ratio. 
	Increased rate of thymidine incorporation in SMA
	To assess DNA synthesis independent of hemodynamic conditions in vivo, whole mesenteric arterial trees were subjected to organ culture, and thymidine incorporation was measured. Consistent with a thicker media, mesenteric artery trees weighed more in KO than in WT (4.2±0.2 vs. 2.7±0.1 mg, p<0.001, n=7 and 8), and contained more protein (0.24±0.03 vs. 0.13±0.01 mg, p<0.01). Thymidine incorporation relative to protein content was increased in KO by 31±14% (p<0.05, n=6) as assessed in organ culture.
	To test properties of tone in KO compared to WT arteries in an integrated setting, experiments were run in the pressure myograph. In a first series of experiments pressure was increased in steps from 20 to 120 mmHg to produce myogenic tone. Passive lumen diameter was significantly increased in KO compared to WT over the pressure range 20 to 50 mmHg (Fig. 6A). Active lumen diameter was significantly increased in the KO over the entire pressure range (Fig. 6B). Consistent with earlier findings (1, 7), myogenic tone (% reduction in diameter on activation, see Methods) was considerably lower in KO compared to WT SMAs (Fig. 6C). L-NAME increased myogenic tone in KO, but it was still significantly lower than in WT.  No effect of L-NAME on myogenic tone was observed in WT. 
	We next examined flow-induced dilatation at 95 mmHg and with the combination of 1-agonist and pressure. Flow caused a rate-dependent reduction of myogenic tone in WT SMAs (Fig. 6D). In KO SMAs that had developed myogenic tone, flow-induced dilatation was absent (Fig. 6D). Treatment with L-NAME conferred on the KO arteries an ability to dilate in response to increased flow, but did not affect flow-induced dilatation in WT (Fig. 6E). Moreover, flow-induced dilatation was not different in KO compared to WT following precontraction with the 1-adrenergic agonist cirazoline (combined tone, Fig. 6F). Neither L-NAME nor indomethacin inhibited flow-mediated dilatation under combined tone, suggesting that dilatation was due to a mechanism independent of NOS and cyclooxygenase. 
	To illustrate differences between tone induced by pressure alone and by the combination of pressure and adrenergic stimulation (combined tone), data at 95 mmHg in Figure 6C and F were replotted in Figure 7. The difference in myogenic tone between KO and WT was greater than was the difference in combined tone (compare 7A and B). This was seen both in the absence and presence of flow (not shown). Addition of L-NAME did not eliminate the difference in myogenic tone between WT and KO (Fig. 7A), but eliminated the difference between WT and KO during combined tone (Fig. 7B). The lower myogenic tone was therefore compensated by a relatively greater response to adrenergic stimulation, so that the combined tone differed less, or not at all.
	Anesthetized WT (n=7) and KO (n=8) mice were injected with tracer amounts of 125I-HSA. Plasma volume was then obtained by dividing the total amount of injected radioactivity with the plasma concentration at time zero (t=0). The concentration of tracer in plasma at t=0 was estimated by extrapolating the plasma concentrations of tracer, measured at 5, 20, 40, 60 min, to time 0. The plasma volume was significantly increased in KO (6.0±0.3 ml/100g bodyweight) compared to WT mice (5.2±0.1 ml/100g bodyweight, p<0.05). Hematocrit did not differ between genotypes. 
	Blood pressure and heart rate were recorded in WT and KO mice (Fig. 8A) in the presence and absence of L-NAME. Consistent with previous data (22) blood pressure was similar in WT and KO mice prior to L-NAME administration (Fig. 8B), while heart rate was slightly but significantly increased in KO in the present series (Fig. 8D). The relative increase in blood pressure on administration of L-NAME was 17±3% in WT and 38±6% in KO (n=11 and 6, p=0.001), illustrating the greater influence of NO on blood pressure in KO. Following L-NAME, blood pressure was significantly greater in KO compared to WT, with no difference in heart rate (Fig. 8B and D). We also observed greater blood pressure variability in KO mice as evident from the blood pressure records in Fig. 8A, and summarized data in Fig. 8C. These slow fluctuations disappeared following L-NAME administration (Fig. 8C).  
	Discussion

	The high basal NO production (5, 19, 29, 31), the major reduction of myogenic tone (1, 5, 7), and the age-dependent development of cardiac dysfunction (4, 29, 31) in Cav-1 deficient mice would be expected to result in lowered systemic blood pressure. This has not been seen to occur in adult Cav-1 deficient (KO) mice (22). The hypotheses that loss of Cav-1 is associated with arterial remodeling, increased 1-adrenergic contraction, and plasma volume expansion were therefore tested. Consistent with the hypotheses, small mesenteric arteries were remodeled in Cav-1 deficient mice, and 1-adrenergic contraction was increased under isometric conditions. Moreover, a modest (14%) increase in plasma volume was detected. Mean arterial blood pressure was normal in KO mice compared to WT, as was also shown in a previous study (22). Following nitric oxide synthase inhibition, blood pressure was greater in KO than in WT, indicating the presence of blood pressure elevating changes masked by increased NO-mediated dilatation. 
	Remodeling was present in the splanchnic circulation (present study), and possibly in the hind limb (17, 23). Increased media thickness thus correlated with increased 1-adrenergic contraction in resistance arteries. In contrast, the aorta exhibited an increase in circumference but not in media thickness or force development. Although the precise mechanisms of remodeling are debatable, some predictions can be made from the architectural reorganization. As pointed out by Folkow (8), an increased wall-to-lumen ratio is of advantage for controlling vascular diameter and resistance. Indeed, a 30 % shortening of the outer muscle layer would increase resistance 7-fold using the geometry in WT mesenteric arteries (media thickness: 11 m, radius: 103 m), whereas resistance would increase 11-fold in KO arteries (media thickness: 17 m, radius: 103 m), as calculated using Poiseuille’s law. Thus, a more efficient control of vascular resistance conferred on small arteries by increased wall-to-lumen ratio may contribute to a greater blood pressure response to vasoconstrictor stimuli in KO than in WT.
	We noted slightly higher rates of thymidine incorporation in KO compared to WT small mesenteric arteries in organ culture. This is consistent with the negative regulatory role of Cav-1 in cellular growth and proliferation (9-12, 15, 19, 27). This effect may contribute to medial hypertrophy. However, other possible mechanisms may play a role. Arterial dilatation at unaltered blood pressure will lead to increased arterial wall tension, which is a powerful stimulus for growth signaling in smooth muscle (13). Aorta, in contrast to small mesenteric arteries, did not show significant media hypertrophy despite increased diameter in the KO. This may be related to the fact that the aorta is a conduit vessel essentially without resistance function, and that elastic fibers rather than smooth muscle cells carry the major part of its wall tension.  
	Myogenic tone stimulated by increased intraluminal pressure (the Bayliss effect) was reduced in small mesenteric arteries from Cav-1 deficient mice, which is in keeping with previous studies (1, 5, 7). Our data reveal that myogenic tone partly recovered after L-NAME. This indicates that increased basal NO release plays a considerable role in the impairment of this hemodynamic autoregulatory mechanism in small mesenteric arteries. The impairment of myogenic tone remaining after L-NAME may involve reduced RhoA/Rho-kinase activation as suggested by Dubroca et al (7), and functional activation of KCa channels as proposed by Adebiyi et al (1). Addition of L-NAME in the presence of 1-agonist at 95 mmHg (combined tone) increased KO tone to the same level as that in identically treated WT arteries. This indicates a greater contribution to tone of 1-adrenergic as compared to myogenic mechanisms in KO vs. WT arteries in an integrated setting, such that the entire difference in tone between KO and WT is eliminated in the presence of L-NAME.
	The endothelium responds acutely to shear stress by increasing eNOS activity and NO production through a process involving caveolae (21). Accordingly, flow-mediated dilatation in adrenergically stimulated carotid arteries, which in part depends on NO, was recently shown to be impaired in Cav-1 deficient mice (30). In SMA, we found that flow-induced dilatation of myogenic tone is reduced in Cav-1 deficient mice. However, flow-induced dilatation recovered when eNOS was inhibited and tone increased. Furthermore, no difference in flow-mediated dilatation was found when vessels were constricted by activation of1-adrenergic receptors and pressure. Thus the level of tone is an important determinant of the ability to dilate in response to flow, and this dilatation in the SMA seems to be largely independent of NO production, in accordance with earlier findings of NO-independent endothelium-mediated dilatation of resistance vessels in mice (3). 
	Using the plasma volumes and hematocrit values determined in the present study to calculate blood volume in a 25 g mouse yields 2.5 ml in KO vs. 2.2 ml in WT. This represents a 14% greater blood volume in the caveolin-1 deficient mice. Plasma volume expansion may be secondary to heart failure (14), and is expected to increase ventricular diastolic filling pressure, which indeed has been reported to be increased in KO (29). Importantly, increased ventricular filling would compensate reduced cardiac contractility, and thus improve cardiac output. 
	Blood pressure was stated to be reduced in KO mice in one previous study (29), but no data were presented. Moreover, blood pressure was reported to be increased in the lung (31) in KO mice. The present study, and our previous work (22), reveals no effect of Cav-1 ablation on mean systemic blood pressure. The effect of L-NAME, however, was doubled in KO vs. WT indicating a much greater influence of NO on blood pressure. This likely reflects alleviated Cav-1 inhibition of NOS activity (4, 5, 16, 19, 31). Heart rate was slightly increased in the absence of L-NAME, but not in its presence, suggesting baroreceptor reflex activation in the former situation. We also observed increased blood pressure variability in KO mice. According to one model, a sudden rise in blood pressure increases shear stress, resulting in reduced resistance via flow-mediated dilatation, and hence, normalization of pressure (26). This blood pressure buffer operates in the same frequency domain as the baroreceptor reflex (26). The findings of decreased myogenic tone but increased responsiveness to adrenergic stimulation, as well as a largely maintained flow-dependent relaxation in hemodynamically important small arteries, suggest that this feedback loop may have reduced stability in KO and hence lead to fluctuation in blood pressure. 
	In conclusion, the present study has shown that arteries are remodeled in Cav-1 deficient mice, and that increased media thickness correlates with increased 1-adrenergic contraction. This compensates for a reduced myogenic tone. Moreover, enhanced NO release caused by loss of Cav-1 impairs myogenic reactivity, and plays a greater role for blood pressure as revealed by L-NAME. Finally, Cav-1 deficient mice have a greater plasma volume. It may be speculated that remodeling and plasma volume expansion counterbalance increased NO-mediated dilatation and heart failure, resulting in a largely normal, albeit fluctuating, central blood pressure in the systemic circulation in the absence of Cav-1. However, a wide variety of caveolae-associated mechanisms involving additional cells and tissues may play a role, and blood pressure could be reduced earlier or later in life. Whether changes in arterial geometry and plasma volume are compensatory or reflect a primary regulatory role of Cav-1 is not presently known. Plasma volume expansion occurs in heart failure (14), which develops in KO mice (4, 29, 31). Vascular remodeling, on the other hand, may reflect the role of Cav-1 in regulation of growth and proliferation (9-12, 15, 19, 27). 
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	INTEGRATION OF SIGNAL PATHWAYS FOR STRETCH-DEPENDENT GROWTH AND DIFFERENTIATION IN VASCULAR SMOOTH MUSCLE
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	Vascular smooth muscle phenotype is regulated by environmental factors such as mechanical forces, which affect the organization of the actin cytoskeleton and thereby exert effects on signaling to differentiation and growth. We used the mouse portal vein in organ culture to investigate stretch-dependent activation of Akt, extracellular regulated protein kinase (ERK) and focal adhesion kinase (FAK), which have been suggested to be involved in the regulation of stretch-dependent protein synthesis. The role of actin polymerization in these signaling events was examined using the actin stabilizing agent jasplakinolide. Stretch caused a biphasic activation of FAK at 5-15 minutes and 24-72 hours, which may reflect first a direct phosphorylation of preexisting focal adhesions followed by a rearrangement of focal adhesions to accommodate for the increased mechanical load. Phosphorylation of ERK was increased by acute stretch but then decreased, and Akt did not have a distinct peak in stretch-induced phosphorylation. Inhibition of ERK, phosphatidylinositol 3-kinase (PI3K) or mammalian target of rapamycin (mTOR) reduced global but not contractile protein synthesis with maintained  stretch sensitivity. Stabilization of actin filaments with jasplakinolide in unstretched portal veins resulted in increased ERK phosphorylation, global protein synthesis, contractile differentiation  and contractile force. This effect did not require FAK activation. In conclusion, we show that growth and contractile differentiation in vascular smooth muscle subjected to mechanical stretch can be can be maintained in the unstretched vascular wall by stabilization of the actin cytoskeleton.
	INTRODUCTION
	Stretch of the blood vessel wall by the intraluminal pressure stimulates growth and remodeling to compensate for the increased wall tension, such that the tissue stress (force per cross-sectional area) is essentially normalized (19). Growth under these conditions occurs with the smooth muscle cells maintained in a contractile phenotype, which differs from the growth pattern seen in vascular lesions, where smooth muscle cells migrate and proliferate after modulation to a synthetic phenotype (4). 
	The portal vein is a low-pressure vessel with predominantly longitudinal musculature, which rapidly hypertrophies under increased transmural pressure, as shown in rat portal hypertension in vivo (21). This response can be mimicked in organ culture in vitro, where hypertrophy and increased contractile force are seen in portal veins cultured under mechanical stress as compared with unstretched vessels (39). Further studies revealed that stretch causes endogenous release of angiotensin II and of endothelin-1 and promotes the synthesis of smooth muscle-specific proteins by a mechanism requiring an intact cytoskeleton (36, 37). We then directly demonstrated that stretch causes Rho activation and increased actin polymerization and that this effect mediates stretch-dependent protein synthesis of smooth muscle specific proteins, including -actin, SM22, tropomyosin, desmin and calponin (2). Using jasplakinolide, an agent that stabilizes actin filaments, synthesis of SM-specific proteins can be increased in unstretched portal veins (2), supporting the role of actin polymerization for differentiation in intact vascular smooth muscle tissue. This effect is likely mediated via activation of transcription by serum response factor (SRF), in concert with tissue-specific cofactors such as myocardin and MAL/MKL1  (6, 7, 20, 24, 32).
	Translation, and thus global protein synthesis, is initiated by recruitment of mRNA to ribosomes under control of eukaryotic initiation factors 4 (eIF4, reviewed in (8)). These are regulated in several ways, including transcriptional control, activation via phosphorylation of the subunit eIF4E by mitogen activated protein (MAP) kinase-interacting protein 1 (MNK1), and inhibition by binding to 4E-binding repressor proteins (4E-BPs). MNK1 is a target of extracellular-signal regulated kinase (ERK) and 4E-BPs are phosphorylated by Akt and mammalian target of rapamycin (mTOR), members of the phosphatidylinositol-3-kinase (PI3K) pathway, which inhibits their binding to eIF4E. Thus, both MAPK and PI3K pathways are essential in the regulation of global protein synthesis. 
	Stretch-induced regulation of signal pathways is likely to involve integrin activation. Integrins connect the cell interior to the extracellular matrix and are closely linked to the cytoskeleton. In cultured airway smooth muscle cells, mechanical stretch induces focal adhesion formation (31). Focal adhesions involve clustering of integrin complexes as well as recruitment and auto-phosphorylation of focal adhesion kinase (FAK) at Tyr397 (27). Phosphorylation of FAK has been shown to regulate MAPK activity and protein synthesis in response to Angiotensin-II and to steady, but not pulsatile, stretch of vascular smooth muscle cells (10, 18). FAK phospho rylation has also been implicated in the regulation of other signaling events involved in growth and differentiation of smooth muscle, such as the PI3K and Rho pathways (5, 27). Stretch-induced FAK activation is dependent on an intact cyto skeleton (33) and it thus seems possible that stretch-dependent global protein synthesis is regulated by actin dynamics. We have previously shown that the actin depolymerizing agent latrunculin B prevents acute stretch-dependent ERK phosphorylation, and that inhibition of the Rho-Rho-kinase (ROCK) pathway prevents stretch-dependent global protein synthesis in organ-cultured rat portal vein (37). We hypothesized that preservation of a polymerized actin cytoskeleton is important for stretch-dependent growth and differentiation in vascular smooth muscle. If this is true, the effects of stretch on contractility and growth of the smooth muscle would be reproduced by stabilization of actin polymerization in unstretched portal veins 
	In this study we have used the intact mouse portal vein to investigate acute and long-term effects of stretch on MAPK, PI3K and FAK signaling. The specific roles of these signaling pathways in stretch-dependent global and contractile protein synthesis were evaluated and the influence of actin polymerization was studied by stabilization of actin filaments with jasplakinolide. 
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