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Abstract 

The mechanical forces acting on smooth muscle cells in the vascular wall are known to regulate 

processes such as vascular remodeling and contractile differentiation. However, investigations to 

elucidate the underlying mechanisms of mechanotransduction in smooth muscle have been hampered 

by technical limitations associated with mechanical studies on pressurized small arteries, due primarily 

to the small amount of available tissue. The murine portal vein is a relatively large vessel showing 

myogenic tone that in many respects recapitulates the properties of small resistance vessels. Studies on 

stretched portal veins to elucidate mechanisms of mechanotransduction in the vascular wall have shown 

that stretch-sensitive regulation of contractile differentiation is mediated via Rho-activation and actin 

polymerization, while stretch-induced growth is regulated by the MAP-kinase pathway. In this review, we 

have summarized findings on mechanotransduction in the portal vein with focus on stretch-induced 

contractile differentiation and the role of calcium, actin polymerization and microRNAs in this response. 
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Introduction 

The cells in the vascular wall are constantly subjected to mechanical forces exerted by the blood 

pressure and flow. While endothelial cells have the ability to sense changes in blood flow, smooth 

muscle cells are sensitive to changes in wall tension. The change in tension is detected by stretch-sensors 

in the plasma membrane such as stretch-sensitive ion channels, G-protein coupled receptors or integrins 

coupled to focal adhesion kinase, which then activate multiple signaling pathways in smooth muscle cells 

[38,39,46]. Mechanical stretch is one of several environmental cues that can regulate smooth muscle 

phenotype [51]. In contrast to striated muscle, smooth muscle cells have a remarkable ability to alter 

their phenotype, which is likely an important mechanism for the repair process following vascular injury 

and for the ability to develop new blood vessels to supply nutrients for growing tissues. However, 

phenotypic modulation of smooth muscle cells is also involved in the development and progression of 

vascular disease.  

Smooth muscle mechanotransduction and vascular disease 

An increase in blood pressure results in acute effects on smooth muscle function in small arteries as the 

cells contract in order to resist the increase in pressure and protect the capillary network from excessive 

and possibly damaging pressure levels. This intrinsic regulation of smooth muscle contraction in 

response to elevated pressure is termed the myogenic response, first described by the British 

physiologist William Bayliss in 1902 [11]. If the increase in blood pressure persists over a longer period of 

time, the smooth muscle cells and extracellular matrix will be rearranged as a thicker wall around a 

smaller lumen, a process that is referred to as inward vascular remodeling [1,37,44]. Similarly, prolonged 

stimulation with a contractile agonist results in inward vascular remodeling suggesting that smooth 

muscle tone is an important determinant for the remodeling response [43]. Like the acute myogenic 

response, the remodeling process may be an important mechanism to protect the capillaries from excess 
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pressure and flow. Narrowing the lumen of the vessel and increasing the wall thickness will, according to 

the law of Laplace, counteract the increased wall stress caused by the elevated intraluminal pressure. 

However, permanent inward remodeling of small arteries and arterioles will also result in elevated 

peripheral resistance and increased sensitivity to vasoconstrictors as analyzed in classical studies by 

Folkow (for reviews, see [27,49]). Recent studies have demonstrated the relevance of vascular 

remodeling as a predictor of future cardiovascular events [45,56]. 

Inward remodeling in essential hypertension is primarily eutrophic, i.e. showing a narrowed lumen and 

increased wall-to-lumen ratio with unaltered cross-sectional wall area. In secondary forms of 

hypertension, such as in renovascular disease and in diabetes mellitus, hypertrophic remodeling has also 

been reported [57,58]. Dilatation of the vessel wall causes increased strain and stimulates growth of the 

medial layer (outward remodeling). Both growth and remodeling depend on sensing of mechanical 

forces and knowledge regarding their signaling pathways is still far from complete. As shown in organ 

culture of pressurized arteries, inward remodeling can be elicited by active vasoconstriction [8], which is 

expected to activate multiple signal pathways related to trophic effects. In addition, recent studies 

suggest that the response may involve actin polymerization elicited by the Rho pathway as a key 

mechanism affecting cellular mechanical properties [48,55,64]. 

Models for studying mechanotransduction in smooth muscle 

In order to study the isolated effects of mechanical stretch on smooth muscle phenotype and function, it 

is in some respects advantageous to use ex vivo or in vitro models. The primary reason for this is that an 

increase in blood pressure in vivo involves the activation of a number of homeostatic mechanisms that 

may influence smooth muscle phenotype. The most common method to evaluate long term effects of 

stretch in smooth muscle is to use cultured cells on flexible membranes. This technique has several 

advantages, including the possibility to precisely regulate the frequency and degree of stretch and the 
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possibility to transfect the cells in order to overexpress or silence proteins of interest. However, the 

effects of stretch are highly dependent on the 3D-environvent as well as on the differentiation state of 

the smooth muscle cells. The cell-cell and cell-matrix interactions as well as the phenotype of smooth 

muscle cells are fundamentally altered during culture of isolated cells. It is thus important to confirm 

findings in cell culture by using in vivo or ex vivo models with intact vascular tissue.  

To study the effect of increased wall tension in intact vessels several laboratories have used models of 

pressurized rodent arteries in ex vivo organ culture. Seminal studies in this field were performed in large 

conduit vessels during the mid- to late-1990s showing that increased pressure causes hypertrophy as 

well as contractile differentiation of the vascular wall [12,13]. In small arteries and arterioles pressure 

myography has been extensively used to reveal mechanisms of contraction, myogenic reactivity and 

remodeling in combination with electrophysiological, imaging and molecular biological techniques as 

well as organ culture [8,22,35,72]. However, although, pressurization of small arteries is a relevant 

model for studying the effects of wall tension on the regulation of smooth muscle phenotype, the 

technical difficulty and the limited amount of material that can be obtained from small resistance 

arteries represent considerable challenges.   

The relevance of the portal vein model for the study of vascular mechanotransduction 

Both pre- and postcapillary small vessels develop myogenic tone, and although this is much less studied 

in the venous system, the main characteristics seem to be similar as recently shown in the rat mesenteric 

circulation [25]. Large conduit arteries and capacitance veins, on the other hand, are primarily regulated 

by neurogenic mechanisms and lack myogenic tone. A large vessel showing prominent myogenic tone is 

however the portal vein, which anatomically is interposed between two exchange vascular beds, the 

splanchnic capillaries and the liver sinusoids. The myogenic activity of the portal vein consists of phasic 

contractions triggered by bursts of action potentials, and this vessel has been extensively studied in 
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investigations fundamental for present-day understanding of structural, electrophysiological and 

mechanical properties of vascular smooth muscle [65].  

The wall of the portal vein comprises a thin inner circular muscle layer and a thicker outer longitudinal 

layer. In the rat, these muscle layers are weakly developed at birth but the longitudinal muscle layer 

develops well organized contractile and cytoskeletal filaments as well as spontaneous activity in the first 

three postnatal weeks, whereas the circular layer is less filamentous, lacks spontaneous activity and is 

fully developed approximately one week later [67]. These differences may reflect stretch-regulated 

development primarily of the longitudinal muscle layer for propelling blood and maintaining the integrity 

of the vessel in the anatomical absence of major longitudinal supporting structures. 

The contractile pattern of the portal vein resembles the vasomotion typical of small resistance vessels, 

and even though the portal vein may be at the extreme end in showing a phasic rather than a tonic 

(sustained) contractile pattern, it in several respects reproduces properties of myogenically active vessels 

in the microcirculation [26,65]. The portal venous pressure is around 7 mmHg in the rat, and following a 

partial obstruction by a loose ligature around the entrance to the liver hilus the pressure increases, 

accompanied within a few days by a rapid hypertrophy of the vessel wall [33,71]. The hypertrophy is 

associated with increased contractile force and expression of smooth muscle proteins after one week of 

obstruction [41,42,71]. Since the dominant muscle layer of the portal vein is longitudinal, the effects of 

intraluminal pressure may be approximated in vitro by distension of the vessel in the longitudinal 

direction. This allows investigation of long-term effects of stretch in organ culture of strips or whole 

vessels without a need for cannulation and pressurization. Due to the myogenic tone the vessels 

maintain contractile activity without addition of vasoconstrictors. In comparison with unloaded veins, 

larger cell size, ERK activation and increased DNA and protein synthesis, as well as longitudinal 

remodeling, were observed when the vein was loaded by a gold weight corresponding to the optimal 
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preload for active force production [80]. It should be noted that in this model the wall stress of the 

loaded veins is kept at the physiological level, whereas the absence of stress in the unloaded veins is 

unphysiological. The model is thus not one of hypertrophy but rather resembles a knock-down model to 

reveal the physiological role of a factor, wall stress in this case. In subsequent work we have extensively 

used this model to investigate signaling mechanisms associated with mechanical distension of the 

vascular wall. For up to five days of organ culture the spontaneous contraction of the portal vein is 

clearly visible as it moves the weight up and down in the culture tube (Suppl video 1). The myogenic 

activity increases with stretch [34] and it is likely that the active contraction in the portal vein (and in 

small resistance arteries) in response to an increased wall stress is an important factor for the effects 

observed following mechanical stimulation of smooth muscle cells.     

Mechanical stretch of the portal vein recapitulates many of the effects that are observed in hypertensive 

animal models in vivo. The acute effects of stretch (<10 min) in the portal vein include activation of the 

ERK/MAPK and PI3K/Akt pathways [2,30,70]. Inhibition of these pathways prevents the stretch-induced 

increase in growth and protein synthesis in the portal vein. The Rho/ROCK pathway is also activated by 

stretch of the portal vein but with a slower time course (>6h) [3]. Thus, the signaling mechanisms that 

are activated in vascular smooth muscle during hypertension in vivo can at least in part be attributed to 

mechanical tension of the vascular wall. In the following we summarize our findings regarding the effects 

of mechanical stretch on smooth muscle differentiation, suggesting important roles of actin 

polymerization, calcium signaling and microRNAs in this process. 

Role of actin polymerization for stretch-dependent contractile differentiation 

Differentiation of smooth muscle cells is often characterized by contractile function and the expression 

of markers such as myosin heavy chain, α-actin, tropomyosin, calponin and SM22α. In mouse portal 

veins, the expression of all of these markers is induced by stretch, both at the mRNA and protein level. 

The gene expression of smooth muscle markers is regulated by the transcription factor serum response 
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factor (SRF) together with its co-factors myocardin and myocardin related transcription factors (MRTFs) 

[51]. The expression of myocardin is restricted to smooth muscle cells and cardiomyocytes whereas 

MRTF is ubiquitously expressed. Another interesting difference is that myocardin is predominantly found 

in the nucleus of the cell while MRTF shuttles between the nucleus and the cytoplasm depending on the 

level of actin polymerization [50,52]. Seminal work by Treisman and co-workers demonstrated that 

MRTF binds to globular actin (G-actin) in the cytosol and this binding prevents its nuclear translocation 

[47,63]. When actin is polymerized into filamentous actin (F-actin), MRTF is released from G-actin and 

translocated to the nucleus via the importin α/β1 heterodimer where it, like myocardin, potentiates the 

activity of SRF [50,52,75] (Figure 1).  

Actin polymerization is regulated by multiple signaling mechanisms, including several pathways 

controlled by the small GTPase Rho. The most well-known downstream signaling pathway of Rho 

involves activation of Rho-kinase, which leads to phosphorylation of LIM-kinase and Cofilin as well as 

inhibition of myosin phosphatase resulting in calcium sensitization [66]. Cofilin is an actin depolymerizing 

factor, which is inactivated by phosphorylation at Ser3 by LIM-kinase. Rho is also involved in actin 

polymerization by promoting the activation of mDia and profilin, which facilitates actin filament 

assembly. By using a rhotekin pull-down assay, we found that mechanical stretch increases the level of 

GTP-bound, activated, Rho [3]. This activation subsequently results in an increased phosphorylation of 

cofilin, which is evident after 6h of stretch stimulation. Furthermore, stretch-induced inactivation of 

cofilin also stabilizes actin filaments and reduces the G-actin pool [3]. By measuring the stretch-induced 

protein synthesis of specific smooth muscle markers, identified by 2D-gel electrophoresis and MALDI-

TOF, we could demonstrate that the increased Rho-activation and actin polymerization in response to 

stretch is associated with an increased expression of smooth muscle markers.  
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To investigate the importance of Rho signaling and actin polymerization for stretch-induced responses in 

the portal vein we used inhibitors of Rho (C2/C3 toxin) and Rho-kinase (Y-27632) as well as actin binding 

molecules such as Latrunculin B and Jasplakinolide. Latrunculin B binds to actin monomers and prevents 

them from polymerizing into actin filaments. Jasplakinolide, on the other hand, binds to actin filaments 

and prevents their dissociation into monomers. Jasplakinolide also enhances the rate of actin filament 

nucleation and both of these mechanisms result in a reduced pool of monomeric G-actin [15]. In portal 

veins, inhibition of Rho by C2/C3 and actin polymerization by Latrunculin B prevents the acute stretch-

induced Erk1/2 phosphorylation, suggesting that an intact cytoskeleton is required for 

mechanotransduction in smooth muscle cells [79]. Furthermore, both C2/C3 and Latrunculin B inhibit 

stretch-induced synthesis of contractile smooth muscle proteins to the level of unstretched vessels 

demonstrating that actin polymerization plays a critical role for stretch-induced contractile 

differentiation [79]. In unstretched portal veins, stabilization of actin filaments by Jasplakinolide 

increases the synthesis of smooth muscle markers to the level of stretched portal veins [2].  

Role of calcium signaling in contractile differentiation  

Stretch of myogenically active smooth muscle depolarizes the cells and promotes calcium influx trough 

voltage-gated calcium channels [22,34,36]. The increase in intracellular calcium plays a fundamental role 

for contraction by activating the calcium-calmodulin dependent myosin light chain kinase (MLCK), which 

initiates smooth muscle contraction by phosphorylation of the myosin light chains. However, calcium 

influx via voltage-gated calcium channels can also promote activation of the Rho/ROCK pathway and 

subsequent activation of smooth muscle gene expression, although the molecular link is not known 

[53,61,73] In the specific case of Ang II-induced Rho activation, calcium-sensitive Rho-GEF activation 

involving janus kinase 2 (JAK2) or protein tyrosine kinase 2 (PYK2 have been suggested to play a role 

[29,78].  The source of calcium influx appears to be crucial for determining the effects on gene 
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expression. While calcium influx via L-type calcium channels can activate transcription of both smooth 

muscle markers and early response genes such as c-fos, influx via non-voltage-dependent, e.g. store 

operated calcium channels primarily drives the expression of genes associated with hypertrophy and 

proliferation [74]. The effect of calcium on growth response gene expression is dependent on calcium-

sensitive signaling molecules and transcription factors such as calmodulin-dependent protein kinase II 

(CamKII) and  cAMP response element-binding protein (CREB) [9]. 

Stretch of the portal vein results in simultaneous growth and contractile differentiation and we have 

shown that the stretch-induced growth response, measured as total protein synthesis, is reduced by 2-

APB, an inhibitor of SOCE [54]. On the other hand, verapamil, an inhibitor of L-type calcium channels, 

reduces or prevents stretch-induced smooth muscle differentiation in the portal vein. This effect is likely 

mediated via inhibition of stretch-induced activation of the Rho pathway. The effect of stretch on 

smooth muscle differentiation and rho-activation is reproduced in the portal vein by depolarization using 

potassium chloride, which activates the L-type calcium channels [54]. This further strengthens the 

hypothesis that stretch-induced contractile differentiation involves activation of the Rho signaling 

pathway by an increased L-type calcium channel influx. The regulation of calcium signaling via L-type 

channels could thus be an essential component in mediating the effects of increased pressure on 

phenotype modulation and remodeling of vascular smooth muscle. 

Role of miRNAs in stretch-induced contractile differentiation 

MicroRNAs (miRNAs) are small non-coding RNAs that can regulate gene expression by binding to the 3’ 

untranslated region (UTR) of their target mRNA [10]. Over a thousand miRNAs have been identified and 

each of these miRNAs can have hundreds of mRNA targets. Thus miRNAs are thought to play a role in the 

control of most if not all cellular processes. Furthermore, miRNAs have been shown to be dysregulated in 

several vascular disease states and are promising targets for therapeutic intervention [7]. The biogenesis 
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of most miRNAs is dependent on the endoribonuclease Dicer, which cleaves the pre-miRNA into the 

short (~22nt) mature miRNA, which is incorporated into the RNA-induced silencing complex (RISC) [10]. 

To decipher the role of miRNAs for smooth muscle development and function we have used conditional 

Dicer knock-out (KO) mice. These were bred by crossing mice with a floxed Dicer allele [18] with mice 

that constitutively express SM22α-Cre at the early embryonic stage [31]. We found that deletion of Dicer 

in smooth muscle during embryonic development causes severe hemorrhage and 100% lethality of the 

embryos at E16.5-E17.5, which demonstrates that miRNAs play an essential role for smooth muscle 

development [6]. Furthermore, deletion of Dicer in smooth muscle results in reduced contractile 

function and differentiation and reduced wall thickness of the aorta. By crossing floxed Dicer mice with a 

tamoxifen inducible and smooth muscle specific Cre mouse [76] we were also able to clarify the role of 

miRNAs for smooth muscle function in adult mice. Similar to the effect in embryos, loss of Dicer in adult 

mice results in reduced smooth muscle function and reduced contractile differentiation at 10 weeks post 

tamoxifen treatment [5]. Since nearly all of the miRNAs in smooth muscle are down regulated following 

Dicer KO [60] it is likely that multiple pathways involved in the regulation of smooth muscle 

differentiation may be affected in these animals. Several studies have demonstrated the importance of 

specific miRNAs for the regulation of smooth muscle contractile differentiation including, but not limited 

to, miR-21, miR-221/222 and miR-143/145 [4,14,19-21,24,32,40,77].  

The miR-143/145 cluster is by far the most widely studied since it is highly expressed in smooth muscle 

and has been shown to regulate smooth muscle fate and plasticity [19] and to play a role in vascular 

disease [17]. Knockout of miR-143/145 results in phenotypic modulation of vascular smooth muscle cells 

to a more synthetic and less contractile state as well as to reduced blood pressure [14,77]. In the work by 

Xin et al, miR-145 was shown to regulate the expression of genes that are involved in actin 

polymerization [77]. Furthermore, we demonstrated that deletion of Dicer causes a reduced actin 

polymerization in smooth muscle cells and that this effect is rescued by overexpression of miR-145 in 
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Dicer KO cells [6]. Inhibition of actin polymerization by Latrunculin B prevents this effect of miR-145, 

suggesting that actin polymerization is crucial for mir-145-induced contractile differentiation.  

Mechanical stretch is an important stimulus in the regulation of smooth muscle phenotype and we thus 

set out to determine the role of miRNAs in the process of mechanotransduction by using Dicer KO portal 

veins in organ culture as described above. Although overall protein synthesis is increased in the Dicer KO 

portal veins, the stretch-induced expression of contractile smooth muscle markers is nearly abolished in 

the absence of miRNAs [70]. However, stretch-sensing per se is not affected since ERK phosphorylation 

in response to stretch is maintained in Dicer KO portal veins. The effect of Dicer KO is similar to what is 

observed in portal veins after inhibition of L-type calcium channels and we also found that L-type 

channel expression and function is decreased in Dicer KO portal veins. Multiple miRNAs may be 

responsible for the downregulation of L-type channels in Dicer KO portal veins but inhibition of miR-145 

alone, in cultured cells, could reproduce the effect of Dicer KO on L-type calcium channel gene 

expression [70]. Like most miRNAs, miR-145 have multiple targets and several of these are known to 

regulate smooth muscle differentiation and function such as myocardin, Krüppel-like transcription 

factors, CamKIIδ and angiotensin converting enzyme (ACE) [4,14,17,19]. Interestingly, CamKIIδ was 

recently found to negatively regulate L-type calcium channel expression [59] and we found that the 

expression of CamKIIδ is significantly increased in Dicer KO portal veins [70]. Furthermore, inhibition of 

CamKII prevents the effect of miR-145 on L-type calcium channel expression and we suggest this as one 

possible mechanism for the effect of Dicer KO on stretch-induced contractile differentiation [69,70]. A 

role for increased expression of CamKIIδ in phenotype shift of vascular smooth muscle has been 

proposed [62]. The presently found miRNA-dependent mechanism for regulation of L-type channel 

expression is a novel mechanism that might fit into this scheme. Some of the pathways for stretch-

dependent effects discussed here are shown schematically in Figure 1.  

Page 13 of 26

URL: http://mc.manuscriptcentral.com/tandf/tandf/umic  Email: microcir@msu.edu

Microcirculation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

Stretch-induced expression of miRNAs in the portal vein 

Although we demonstrated that miRNAs are essential for stretch-induced contractile differentiation and 

calcium signaling in the vascular wall, the effects of stretch on miRNA expression in the intact vascular 

smooth muscle had not been studied at the time. We thus used the portal vein model to investigate 

stretch-induced miRNA expression following 24 hours of organ culture [68]. Our experience is that many 

miRNAs have a quite slow turnover, and 24 hours may therefore be considered an early time point of the 

effect of stretch on miRNA expression. Different results may be obtained after longer periods of stretch. 

However, in our study we were interested in the possible relation between early, stretch-dependent, 

changes in miRNA expression at 24 hours and stretch-induced intracellular signaling and phenotype 

regulation after 5 days of stretch. A qPCR-based miRNA array, which includes 552 miRNAs, revealed a 

dramatic down regulation of the miR-144/451 cluster by 24 hours of stretch [68]. However, none of the 

more well-known smooth muscle enriched miRNAs were affected by mechanical stretch in our model at 

this time point.  

The miR-144/451 cluster is known to play an important role in erythropoiesis [23] and recent studies 

have demonstrated that miR-451 is involved in the regulation of AMP-kinase in glioma cells and 

cardiomyocytes [16,28]. AMP-kinase is an important regulator of cell metabolism in most cell types and 

miR-451 regulates AMP-kinase activation by targeting MO25α, a scaffolding protein required for full 

activity of the upstream AMPK kinase, LKB1. Stretch of the portal vein induces AMP-kinase 

phosphorylation and an increased expression of the total level of AMP-kinase. In cultured smooth muscle 

cells, we found that miR-144 and miR-451 target AMPK and MO25, respectively. Although AMPK is most 

known for its regulation of cell metabolism, we could demonstrate that activation of AMPK by AICAR 

could promote smooth muscle differentiation in the portal vein. Thus, it is possible that stretch-
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dependent down-regulation of the miR-144/451 cluster is involved in the regulation of stretch-

dependent AMP-kinase activation and contractile differentiation of smooth muscle cells.         

Perspectives 

Although some underlying mechanisms of mechanotransduction in smooth muscle have now been 

elucidated, it is clear that many questions still remain to be answered. For example, multiple stretch 

sensors have been suggested, including integrins, ion channels and G-protein coupled receptors, but it is 

not clear how these sensors regulate stretch-induced contractile differentiation and remodeling in 

smooth muscle. Furthermore, the link between stretch-induced calcium influx and Rho-activation is not 

well defined and requires further investigation, as does the compartmentation of calcium signaling to 

support growth and differentiation, respectively, via different influx pathways. Most importantly 

however, we need to clarify if the mechanisms that are presented herein can also regulate remodeling 

and contractile differentiation in human arteries and veins. In a larger perspective, we need to 

understand in which situations contractile differentiation of smooth muscle cells is beneficial or 

detrimental for vascular disease. An increased contractility of smooth muscle may be negative if the 

therapeutic goal is to reduce blood pressure. On the other hand, maintaining smooth muscle cells in a 

contractile and quiescent state may confer protection against neointima formation. In the 

atherosclerotic plaque, smooth muscle migration and proliferation contribute to the occlusion of the 

vessel but also protect against plaque rupture by forming a fibrous cap. Thus, one future goal should be 

to identify specific mechanisms that are involved in separate vascular disease states in order to 

therapeutically target these mechanisms. The newly identified regulation of smooth muscle phenotype 

by non-coding RNAs is a promising approach in this regard. 
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Figure legend 

Figure 1. Simplified scheme showing some of the stretch- and calcium-dependent pathways for smooth 

muscle cell (SMC) differentiation and growth discussed in this review. Stretch activates integrins (α/β) 

and associated focal adhesion proteins, such as focal adhesion kinase (FAK), Src and proline-rich tyrosine 

kinase-2 (PYK2) with downstream effects on Rho-dependent actin polymerization as well as on MAPK-

ERK-dependent growth/proliferation. In addition, stretch causes membrane depolarization, possibly via 

stretch-dependent ion channels (not shown), which in turn activates voltage-dependent L-type calcium 

channels (LTCC). This also activates the Rho/Rho-kinase (ROCK) pathway, possibly (dotted line) via 

indirectly calcium-sensitive Rho- Guanine nucleotide exchange factor (GEF). Another calcium entry 

pathway is via non-voltage-dependent channels, here exemplified by store-operated channels (SOC), 

although several different classes of channel proteins may be involved. The resultant calcium inflow 

shows selectivity for regulating activity of the MAP-kinase (MAPK) cascade, possibly (dotted line) via 

interaction with PYK2 and/or multifunctional calcium-calmodulin dependent kinases (CamK). Rho/ROCK 

promotes polymerization of globular actin (G-actin) into filamentous actin (F-actin), partly via Lim-kinase 

(LIMK) mediated inhibition of the actin depolymerizing factor cofilin. This then drives the expression of 

smooth muscle proteins by promoting nuclear import of myocardin related transcription factor (MRTF), a 

co-activator of serum response factor (SRF)-dependent gene expression in synergy with myocardin 

(Myocd). MAPK-ERK activity stimulates nuclear import of ternary complex factors (TCF), acting as 

cofactors of SRF for expression of immediate-early genes, driving growth/proliferation. MicroRNAs may 

influence this scheme at several levels. Illustrated here is the effect of miR-145 to increase myocardin as 

well as LTCC expression, both of which effects contribute to increased smooth muscle gene expression 

and contractile differentiation. The figure is modified from [30,69]. 
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