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INTRODUCTION

Smooth muscle has an important role in 
regulating the function of a variety of hollow 
organ systems including the: vasculature, 
airways, gastrointestinal tract, uterus and 
reproductive tract, bladder and urethra and 
several other systems. Smooth muscle has 
two fundamental roles: 1) to alter the shape 
of an organ and 2) to withstand the force of 
an internal load presented to that organ. In 
order to achieve these fundamental objectives 
smooth muscles have developed mechanisms 
of mechanical coupling, which enable the 
development of powerful and coordinated 
contractions at a relatively low energy cost. For 
example, smooth muscle in the gastrointestinal 
tract must undergo intermittent but coordin
ated phasic contractions to propel the bolus 
of food through the alimentary canal. 
Whereas in the airways and vasculature the 
smooth muscle is more often in various states 
of tonic contraction, but can be dynamically 
regulated to relax or contract in response to 
specific neurohormonal and haemodynamic 
signals. In keeping with the aims of this 
text, this chapter will focus on the principle 
mechanisms through which vascular smooth 
muscle functions.

SMOOTH MUSCLE (VASCULAR) 
STRUCTURE

Vascular smooth muscle cells have classically 
been envisaged as fusiform cells, on average 
200 microns long × 5 microns in diameter, 
with a large central nucleus surrounded by 
an abundant array of endoplasmic reticulum 
and golgi apparatus, with the cytosol and 
plasma membrane tapering toward the poles. 
Although the dimensions of the vascular 
smooth muscle cell narrow toward their ends 
there is clear evidence that the endtoend 
junctions coupling smooth muscle cells are 
complex and contain a significant number 
of membrane invaginations to provide 
increased surface area for both mechanical 
tight junctions and electrical coupling via 
gap junctions (Figure 2.1). Vascular smooth 
muscle cells do not contain the complex 
ttubule/sarcoplasmic reticulum system 
common to striated muscles, but rather they 
contain a significant number of invaginations 
along the plasma membrane called caveolae, 
which serve a similar, albeit less developed role 
to increase the cellular surface: volume ratio. 
These specialized caveolae further provide 
a unique plasma membrane environment, 
which enables clustering of specific groups 

2  •   Vascular Smooth Muscle Structure and  
Function
DAVID P WILSON

Molecular Physiology of Vascular Function Research Group,  
Discipline of Physiology, University of Adelaide, South Australia



Mechanisms of Vascular Disease14

of ion channels and receptors important in 
cellular signal transduction.

In contractile vascular smooth muscle the 
endoplasmic reticulum has been modified 
to enable Ca2+ release and reuptake and has 
therefore been termed sarcoplasmic reticulum. 
In smooth muscle cells the sarcoplasmic 
reticulum/endoplasmic reticulum (SR/ER) 
complex comprises about 5% of the total 
cell volume, with a considerable amount 
of rough endoplasmic reticulum and golgi 
apparatus adjacent to the nucleus, which 
reflects the significant capacity that smooth 
muscle has for protein synthesis and secretion. 
The fact that vascular smooth muscle has a 
fundamental role in mediating pressure and 
flow in the vasculature is reflected in the 
abundance of cytoskeletal and contractile 
proteins expressed. 

CYTOSKELETON

As with all eukaryotic cells the cytoskeleton is 
comprised of a network of many and various 
filamentous proteins, often formed by the 
polymerization of monomeric subunits. 
For example, monomers of alpha and beta 
tubulin self assemble into microtubules 

that function to provide static support 
to the cell and to enable motor protein 
mediated transport of cytosolic cargo and 
for chromosomal segregation during mitosis. 
The actin cytoskeleton and elements of 
the actin contractile myofilament are also 
generated from the polymerization of 
globular monomeric actin to form polymeric 
actin filaments. This process is dynamically 
regulated even within the time scale of 
contractile processes, i.e., as the smooth 
muscle slowly shortens it can actually 
synthesise and extend the length of the actin 
filaments. 

CONTRACTILE MYOFILAMENT

The structure of the smooth muscle acto
myosin array is similar to striated muscle 
with several important differences: 

1. there is no troponin complex in smooth 
muscle

2. contraction is regulated by Ca2+ 
calmodulindependent myosin light 
chain kinase (MLCK) mediated 
phosphorylation of the regulatory light 
chains of myosin, which enables actin 

Figure 2.1: Highlights the fusiform shape of typical smooth muscle cells and the patterned array of actin 
myosin myofilaments across the cell. Smooth muscle cells have invaginations along their length to provide 
increased surface area for mechanical coupling via tight junctions and electrical coupling through Gap 
junctions. Dense bodies are thought to be similar to Z-disks found in striated muscle.
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myosin interaction and cross bridge 
cycling

3. in the absence of Ca2+ and calmodulin 
(CaM), caldesmon interacts with 
actomyosin inhibiting the activity of 
myosin ATPase

4. the activity of myosin light chain 
phosphatase (MLCP) directly causes 
the dephosphorylation of myosin LC

20
 

leading to relaxation
5. the actin: myosin ratio is higher in 

smooth muscle averaging 15:1 in 
vascular smooth muscle in comparison 
to 6:1 in skeletal or cardiac muscle. 
There are no intercalated disks or 
zdisks, however, dense bodies in smooth 
muscle are thought to be analogous to 
zdisks (Figure 2.2). 

There are a variety of intermediate filament 
proteins but desmin and vimentin are 
particularly abundant in smooth muscle. In 
fact, desmin has been shown to be upregulated 
in several myopathies and during smooth 
muscle hypertrophy. As indicated once 
globular actin polymerizes into filaments 
they coil to form mature filamentous actin 
that then combines with tropomyosin to 
form a large actintropomyosin filament 
which together is arranged in side polar 
arrays with myosin II filaments (Figure 2.1). 
The myosin II thick filaments are composed 
of two 200kDa heavy chains, two 17kDa 
light chains and two phosphorylatable 
regulatory myosin light chains (LC

20
). The 

two heavy chains coil together forming a 
155nm rod, while the globular head contains 
the motor domain consisting of light chains 
and Mg2+ ATPase activity and the actin 
binding domain. The myosin is arranged in 
an anti parallel array that enables the myosin 
motors, on the heads of myosin molecules, 
to draw actin polymers along its length and 
effect shortening of the cell, socalled cross 
bridge cycling (Figure 2.2). MLCK, which is 

responsible for the Ca2+ calmodulin mediated 
phosphorylation of LC

20
 is actin associated 

while MLCP which removes the phosphoryl 
groups from LC

20
 is associated with myosin. 

(Figure 2.3)

FUNCTIONAL REGULATION OF 
VASCULAR SMOOTH MUSCLE: 
NEURONAL, HORMONAL, 
RECEPTOR MEDIATED

Smooth muscle from all hollow organs 
including blood vessels have been somewhat 
artificially categorized into either single 
unit smooth muscle or multiunit smooth 
muscle, when in reality they should likely be 
considered as a combination of both types. 
Nevertheless, historically, multiunit smooth 
muscle has been considered to be regulated 
primarily through autonomic sympathetic 
innervations, which release neurotransmitters 
from varicosities along the axon, rather than 
specifically coupling to individual cells. 
Consequently, neurotransmitters are required 
to diffuse anywhere from 5100 nm to the 
adjacent smooth muscle membrane in order 
to activate their receptors. The activation 
of sympathetic nerves therefore causes 
membrane depolarization and activation of 
voltage dependent ion channels, the most 
prominent of which are the clinically relevant 
voltage operated Ca2+ channels (VOCC) of 
the Cav

1.2 
family, also known as the long 

acting Ltype Ca2+ channels. Due to the 
mechanism of membrane depolarization, this 
form of cellular activation has been termed 
electromechanical coupling. In contrast, 
single unit smooth muscles have very little 
innervation and are primarily activated 
by autocrine and paracrine hormones, 
including noradrenalin, adrenalin, and 
angiotensin II, all of which function through 
Gprotein coupled membrane receptors. 
Receptor acti vation either triggers sarcoplasmic 
reticulummediated Ca2+ release or membrane 
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Figure 2.2: Illustrates the patterned array of actin and myosin in smooth muscle in both cross section 
and the longitudinal axis. Following phosphorylation of the light chains of myosin, actin and myosin interact 
followed by the synchronous sliding of actin across the myosin. The movement of actin filaments toward the 
center of the cell is driven by the Mg2+ ATPase activity in the myosin heads and results in cell shortening or 
development of tension.

Figure 2.3: Illustrates the major pathways by which Ca2+ enters the cytosol, areas highlighted in blue 
indicate mechanisms by which Ca2+ exits that cell. Ca2+ entry activates Ca2+ CaM-dependent myosin light 
chain kinase leading to phosphorylation of myosin, leading to actin myosin interaction and contraction. 
Myosin phosphatase dephosphorylates myosin uncoupling actin-myosin favouring vasorelaxation. Various 
G-protein coupled receptors are capable of activating PKC/CPI-17 or RhoA/Rho kinases pathways which are 
capable of inhibiting myosin phosphatase further favouring vasoconstriction.
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depolarization through the activation of 
ion channels which may include VOCC. 
Consequently this form of activation has 
been termed pharmacomechanical coupling. 
Experimental evidence also exists to suggest 
that like striated muscle, extracellular Ca2+ 
entry in smooth muscle can also activate SR 
Ca2+ release into the cytosol, so called Ca2+ 
induced Ca2+ release, although this appears 
to be a less common mechanism of Ca2+ 
entry. Once activated, single unit smooth 
muscle cells tends to contract in synchrony 
with neighbouring smooth cells, which are 
coupled through gap junctions. Gap junctions 
are composed of 6 connexin proteins, which 
are transmembrane spanning proteins which 
assemble to form a barrelshaped connexon 
or hemichannel in the plasma membrane. 
When two hemichannels from adjacent 
cells assemble they form a functional gap 
junction that enables the movement of ions 
(electrical coupling) and small molecules 
between adjacent cells (Figure 2.1). Evidence 
indicates that at least some of the vascular 
smooth muscle cells in most vascular beds 
are electrically coupled via gap junctions and 
may even be coupled to the endothelium in 
a similar manner. 

SMOOTH MUSCLE FUNCTION

As with other muscle types smooth muscle 
functions best when at its optimal resting 
length L

0
, which provides the ideal balance 

of actinmyosin interaction and muscle 
shortening. Vascular smooth muscle cells 
that are stretched beyond L

0
 have less than 

optimal overlap of actomyosin crossbridges 
and thus are unable to maintain or generate 
maximum force. In contrast, smooth 
muscle that is over shortened experiences 
increased internal resistance due to internal 
friction generated from having too many 
slowly cycling cross bridges. However, in 
smooth muscle the optimal length tension 

relationship is considerably more variable 
than that for skeletal or cardiac muscle, but 
appears to be directly related to the degree 
of phosphorylation of the regulatory light 
chains of myosin. The broader range of 
optimal resting length amongst smooth 
muscle may reflect the dynamic changes in 
load that exist within the vasculature and of 
the high actin:myosin ratio in smooth muscle 
relative to striated muscle. Interestingly, at 
the onset of stretch or pressurization smooth 
muscle responds via activation of stretch 
receptors (TREK and TRAK) that induce 
Ca2+ entry and consequent smooth muscle 
shortening, which directly offsets increased 
vascular wall stress. This is the important 
mechanism governing the phenomenon of 
autoregulation. It is important to note that 
although gastrointestinal smooth muscle 
appears relatively unaffected by significant 
stretch, more that 25% stretch often destroys 
the contractile properties of vascular smooth 
muscle.

MYOFILAMENT BASIS OF  
SMOOTH MUSCLE 
CONTRACTION AND 
RELAXATION

Motility studies using isolated actin and 
myosin proteins have identified that the duty 
cycle of the myosin head power stroke is 
711 nm. Perhaps more important than the 
stroke length of the myosin is the activity of 
the myosin ATPase, which along with Ca2+/
CaM and the activation state of myosin 
light chain kinase and myosin light chain 
phosphatase, determines the extent and the 
rate of contraction of the vascular smooth 
muscle (Figure 2.3). Smooth muscle myosin 
ATPase hydrolyses ATP at a rate of ~0.16 
moles ATP/mol myosin/second, which is 
several orders of magnitude slower than 
the skeletal muscle myosin ATPase which 
hydrolyses ~1020 moles ATP/mol myosin/
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second. In part the slower ATPase rate of 
the myosin head accounts for the vastly 
slower contraction rates of vascular smooth 
muscle compared with striated muscles. 
In addition, there are a variety of different 
isoforms of smooth muscle myosin II which 
when differentially expressed will increase 
or decrease the maximum rate of smooth 
muscle contraction. For example, so called 
foetal isoforms of smooth muscle myosin II 
have a slower rate of contraction. In addition, 
these “foetal” isoforms have been shown to be 
upregulated during extended hypoxia, and 
during phenotypic remodelling of smooth 
muscle from a contractile to synthetic or 
proliferative phenotype.

Smooth muscle contraction and 
relaxation

As mentioned, unlike cardiac and skeletal 
muscle, smooth muscle does not contain 
troponin and therefore is not subject to 
troponin mediated regulation of contraction. 
Smooth muscle contraction makes use 
of another Ca2+ binding protein called 
calmodulin (CaM), which when bound 
with Ca2+ mediates the activation of the 
actin bound myofilament enzyme, myosin 
light chain kinase (MLCK), which in turn 
phosphorylates the regulatory light chains 
of myosin (LC

20
). Phosphorylation of the 

myosin LC
20

 is a critical step in smooth muscle 
contraction which causes a conformational 
change in the myosin head enabling the 
interaction of myosin with actin, cross bridge 
cycling, and contraction. Removal of cytosolic 
Ca2+ occurs through the activation of energy 
dependent plasma membrane Ca2+ ATPases 
(PMCA), Na+/Ca2+ exchangers and sarco/
endoplasmic reticulum CaATPases (SERCA) 
(Figure 2.3). However, since MLCK
mediated phosphorylation of the serine 19 
of myosin LC

20
 generates a covalent bond, 

simply removing Ca2+ does not directly cause 

vasodilatation. However, myosin associated, 
myosin light chain phosphatase (MLCP), 
is responsible for the dephosphorylation 
of myosin LC

20
 and the consequent loss 

of smooth muscle actomyosin interaction 
and the attenuation of cross bridge cycling 
(Figure 2.3). It is important to recognize that, 
simple removal of extracellular Ca2+ only 
stops the phosphorylation of LC

20
 and does 

not provide an explanation for subsequent 
smooth muscle relaxation since the LC

20
 

remains phosphorylated. This also partially 
explains why Ca2+ channel blockers are less 
effective in attenuating preexisting vascular 
spasm as opposed to preventing spasm. 

ION CHANNELS IMPORTANT IN 
THE REGULATION OF SMOOTH 
MUSCLE FUNCTION 

Regulation of cellular Ca2+

There are vast arrays of ion channels, 
pumps, transporters and exchangers that are 
important in regulating ionic balance and 
smooth muscle membrane potential. Perhaps 
the best know are the electrogenic 3Na+/2K+ 
ATPase and the voltage gated Ltype Ca2+ 
channels but includes: Na+/Ca2+ exchangers, 
plasma membrane Ca2+ ATPases (PMCA), 
which provide routes to extrude Ca2+ from 
the cytosol into the extracellular space, 
whereas the sarcoplasmic reticulum Ca2+ 

ATPases (SERCA) are important in removing 
Ca2+ from the cytosol back into the SR. In 
contrast, when the SR becomes depleted of 
Ca2+, Ca2+ sensor proteins in the SR termed 
stromal interacting molecule 1 (STIM1) 
translocate to the plasma membrane and 
activate an ion channel called Orai1 which 
enables refilling of SR Ca2+ stores. In addition, 
a great deal of recent research has focused 
on the nonselective cation channels of the 
transmembrane receptor potential canonical 
(TRPC) family that are thought be involved 
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in regulating Na+ and Ca2+ entry. Finally a 
series of potassium channels are involved in 
either re or hyperpolarisation of the plasma 
membrane and thereby have therapeutic 
potential in limiting extracellular Ca2+ entry 
through voltage operated Ca2+ channels and 
thereby limiting vasoconstriction.

Sources of cytosolic Ca2+ entry

Within the smooth muscle cell, Ca2+ enters 
the cytosol from the extracellular space 
or from the intracellular endoplasmic 
reticulum, which in muscle cells is termed 
the sarcoplasmic reticulum (SR). Within 
muscle the sarcoplasmic reticulum has 
become variously modified to affect Ca2+ 
release into the cytoplasm. Typically agents 
that activate the ryanodyne receptor such as 
caffeine or phospholipase C (PLC) derived 
inositol 1, 4, 5 tris phosphate (IP3) which 
activates the IP3 receptors (which are ion 
channels) in the SR cause Ca2+ to be released 
into the cytosol. Ca2+ entering the smooth 
muscle cell from the extracellular space does 
so through nonselective cation channels or 
selective Ca2+ channels, which may or may 
not be gated by voltage. To date the most 
important source of extracellular Ca2+ entry 
in vascular smooth muscle is mediated by the 
voltage dependent Ca2+ channels (VDCC). 
The primary VDCC are the long lasting Ca2+ 
channel, so called Ltype or Ca

v
1.2 channels, 

which are the clinical targets of the Ltype 
channel blockers the dihydropryidines, 
phenylalkamines, benzothiazapenes. More 
recent evidence indicates that a second class 
of VDCC, the transient or Ttype Ca2+ 
channels also known as the Ca

v
3.X family 

may be important in mediating Ca2+ entry in 
the microvasculature. As the name suggests 
VDCC are activated by a depolarization 
of the plasma membrane, which increases 
the open probability and overall Ca2+ 
conductance into the cell. In addition, a 

variety of nonselective cation channels have 
the capacity to conduct a variety of ions 
including Ca2+ and Na+ into the smooth 
muscle cell but due to their low conductance 
are currently thought to be more important 
in regulating membrane potential and 
subsequent activation of plasma membrane 
VDCC (Figure 2.3).

Potassium channels

The insulindependent electrogenic 3Na+/ 
2K+ ATPase is important in establishing 
the resting membrane potential (E

M
) of the  

vascular smooth muscle cell. However, 
the activation states of several types of K+ 

channels in smooth muscle are also important 
in effecting membrane depolarization and 
hyperpolarisation and consequent smooth 
muscle contraction and relaxation, respectively. 
The inward rectifier K

IR
 channels become 

activated when the membrane becomes 
hyper polarized and beyond the equilibrium 
potential for potassium (E

K
) they transport 

more K+ ions from the extracellular space into 
the cell thereby offsetting or rectifying the 
hyperpolarizing stimulus. However, there are 
few if any physiological conditions in which 
E

M
 is more negative than E

K
, consequently, 

even the K
IR 

channels conduct a small outward 
hyperpolarizing K+ current, and therefore 
along with the 3Na+/2K+ ATPase may be 
important in mediating smooth muscle tone. 

The K
V
 family of potassium channels as the 

name suggests are activated by depolarization 
and thus are thought to be an important 
control mechanism to hyperpolarize the 
smooth muscle cell following neural or 
hormonalmediated depolarization. Agonists 
including histamine acting through the 
H1 receptor have been shown to block the 
4aminopyridine sensitive K

V
 channels in 

coronary arteries.
Physiologically K

ATP
 channels are activated 

by agents including, adenosine, calcitonin gene 
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regulated peptide (CGRP) and vasoactive 
intestinal peptide (VIP). The activation of  
K

ATP
 channels and hyperpolarization medi

ated vasodilatation is thought to be due in 
part to activation of adenylyl cyclase and 
subsequent cAMP dependent activation of 
protein kinase A. More recent evidence has 
also indicated that K

ATP
 channels become 

activated in a protein kinase Cdependent 
manner. However, perhaps more important is 
the fact that cytosolic ATP and ADP function 
to close and open K

ATP 
channels, respectively. 

This explains part of the mechanism 
underlying the finding that vasculature in 
ischemic tissue, containing high ADP: ATP 
levels extrude K+ in an effort to hyperpolarize 
the membrane and effect vasodilatation. 
Both experimentally and clinically the 
socalled vasodilatory K+ channel openers 
including pinacidil, cromakalim, diazoxide, 
and minoxidil activate K

ATP
 channels. 

Interestingly the antidiabetic sulfonylurea 
drugs, including glibenclamide actually 
inhibit K

ATP
 channels, enabling membrane 

depolarization and activation of VOCC in 
pancreatic beta cells enabling insulin release. 
Consequently overuse of sulfonourea drugs 
may therefore interfere with the efficacy 
of vascular K+ channel openers or directly 
contribute to vasoconstriction. 

The large conductance Ca2+ activated 
potassium channels (BK

Ca
) channels are also 

voltage sensitive but the smaller conductance 
smK

Ca
 channels are less sensitive to voltage. 

This family of K+ channels are activated by 
increases in cytosolic Ca2+ which occurs after 
agonist stimulation, membrane depolarization 
or stretch/pressuredependent activation of 
Ca2+ entry and therefore is involved in that 
arm of the myogenic mechanism involved in 
hyperpolarization.

G protein coupled receptors (GPCRs)  
trans duce signals from the autonomic nervous 
system and hormonal stimuli including brady
kinin, noradrenalin, adrenaline, angiotensin II,  

endothelin1, serotonin and thromboxane A
2
. 

Many GPCRs exhibit divergent subcellular 
signalling mechanisms and there is increasing 
evidence for diversity of subcellular signalling 
amongst vascular beds (Figure 2.3). For 
example, angiotensin II can be generated 
both locally within smooth muscle cells and 
systemically through the renin angiotensin 
system (RAS). In smooth muscle the 
type I AngII receptors are prototypical 
Gprotein coupled receptors which couple 
through G

q11. 
Similarly endothelin1 can 

be generated locally via endothelial cells, 
inflammatory cells or renal sources. Like 
Ang II, endothelin1 makes use of G

q11
 in 

smooth muscle to activate PLC, releasing 
diacylglycerol (DAG) activating non selective 
cation channels which facilitates membrane 
depolarization and subsequent extracellular 
Ca2+ entry through VGCC. In addition, 
the activation of PLC generates IP3 causing 
SRmediated Ca2+ release. DAG can also 
activate PKC leading to the phosphorylation 
of CPI17 which specifically inhibits myosin 
phosphatase, favouring phosphorylation of 
the LC

20
 of myosin and vasoconstriction 

(Figure 2.3). However, in contrast to AngII, 
endothelin1 also activates G

13
 coupled 

receptors activating the RhoA/ Rho associated 
kinase which leads to a direct inhibitory 
phosphorylation of myosin phosphatase, 
again favouring contraction (Figure 2.3). 

ENDOTHELIAL REGULATION 
OF SMOOTH MUSCLE 
VASODILATATION

Nitric oxide is a potent vasodilator generated 
in the endothelium which has many and 
varied effects in the vasculature including  
attenuating: platelet adhesion and aggre
gation, cellular proliferation, and vaso
constriction. A common theme underlying 
the influence of nitric oxide is activation 
of guanylyl cyclase, formation of cGMP, 
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activation of protein kinase G and con
sequent activation of K+ channels effect
ing K+ removal from the cell leading to 
membrane hyperpolarization and con
sequent inactivation of VDCC favoring 
low intracellular Ca2+ and vasorelaxation. 
Cyclooxygenase activation in endothelial 
cells also leads to generation of prostaglandin 
PGI

2
 which leads to receptor mediated 

activation of adenylyl cyclase, generation of 
cAMP, subsequent activation of PKA and 
inhibition of K+ channels (Figure 2.4). 

SMOOTH MUSCLE 
PROLIFERATION AND VASCULAR 
REMODELLING

In the normal adult vascular wall most 
vascular smooth muscle cells subserve a 
contractile function to directly modulate 
vaso constriction and vasodilatation. However, 
during development, following injury or in 
the presence of growth factors and mitogens, 
including inflammatory cytokines and 
oxidized lipids, vascular smooth muscle can 
undergo phenotypic modulation. Vascular 
smooth muscle phenotypic modulation 
involves a partial down regulation of the  
proteins that activate the contractile apparatus  
in favour of the synthetic and proliferative 
cellular machinery i.e., the cell increases 
the abundance of; endoplasmic reticulum, 
ribosomes for protein synthesis and the 

density of the Golgi apparatus. So called 
synthetic vascular smooth muscle cells are 
therefore able to undergo very active protein 
and DNA synthesis, cell division, and in 
pathological settings are capable of taking up 
large amounts of oxidized and nonoxidized 
lipids which can contribute to lipid loading of 
vascular smooth muscle cells and the formation 
of socalled foam cells in the vascular wall. As 
the name foam cell suggests, under microscopic 
examination lipid laden smooth muscle cells 
appear much like foam. Synthetic vascular 
smooth muscle cells also secrete, external to 
the cell, a great deal of extracellular matrix 
including the proteins; collagen I, III, IV, 
and the proteoglycans, perlican, hyaluronan, 
laminin. Proliferative smooth muscle cells also 
secrete or associate with the membrane surface 
several, matrix metalloproteinases (MMPs) 
and their corres ponding tissue inhibitors of 
matrix metalloproteases (TIMPs) to enable 
correct repair and remodelling of growing or 
damaged vessels. Evidence exists that a chronic 
excess of inflammatory cytokines and growth 
factors can cause dysregulation of both 
MMPs and TIMPs which can contribute 
to inappropriate vascular remodelling. This 
remodelling plays a significant role in the 
progression of vascular stenosis, restenosis 
following mechanical interventions, the 
progression of unstable atheroma, and 
aneurysmal dissection and rupture.

Figure 2.4: outlines the major influences of prostaglandin I
2
 and nitric oxide (NO) in regulating the 

activation state of various K+ channels leading to hyperpolarization of smooth muscle cells and vasodilatation.
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At this point it is worth noting that 
proliferative smooth muscle cells have an 
attenuated response to vasoconstrictors and 
vasodilators, probably due to the down 
regulation of the contractile apparatus and 
certain elements of the subcellular signalling 
machinery that is involved in vasoconstriction. 
However, many of the ligands that normally 
lead to vasoconstriction, for example, 
noradrenalin, angiotensin II and endothelin 
also function to promote smooth muscle 
proliferation both in the context of cellular 
hypertrophy and hyperplasia. Platelet derived 
growth factor (PDGF), is a potent smooth 
muscle cell mitogen and growth stimulant 
and contributes to normal vessel repair while 
chronically elevated levels, for example, 
generated from unstable thrombus, can 
contribute to proliferative vascular disorders. 
Interestingly nitric oxide, in addition to 
functioning as a potent vasodilator also 
limits smooth muscle hyperplasia and hyper
trophy, probably by limiting intracellular 
Ca2+ and associated Ca2+dependent vascular 
proliferation.

SUMMARY

It is clear from the preceding that there is a 
dynamic interplay between cellular Ca2+ entry 
from the extracellular space mediated by 
membrane depolarization and the activation 
of voltage dependent Ca2+ channels. 
Extracellular Ca2+ entry can be offset by the 
activation of K+ channels through either 
endothelial nitric oxidecGMP/PKG or 
PGI2cAMP/PKAdependent mechanisms, 
both of which function to limit smooth 
muscle contraction and proliferation. 
However, the simple fact that Ltype Ca2+ 
channel blockers and nitric oxide treatment 
are limited in their ability to effectively 
manage several disorders of hypercontractility 
suggests that the additional mechanisms 
including; SR Ca2+ release and regulation 

of myosin phosphatase are also important 
targets for future therapeutic development.
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