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SMOOTH MUSCLE PHYSIOLOGY 

 

 

Reference: Physiology, Berne & Levy, 7th Ed., Ch. 14  

 

Learning Objectives:   

 

You should be able to: 

1. Contrast the functional characteristics of striated (actin linked) and smooth muscle (myosin 

linked) E-C coupling mechanisms. 

2. Diagram the smooth muscle E-C coupling mechanisms involving voltage-gated, ligand-gated 

and IP3-gated Ca2+ channels. 

3. Contrast electro-mechanical and pharmaco-mechanical coupling in smooth muscle. 

4. Identify mechanisms that can give rise to Ca2+ elevations, leading to smooth muscle 

contraction. 

5. Explain how nitric oxide causes smooth muscle relaxation. 

6. Explain the interaction between endothelial cells and smooth muscle cells in the response to 

parasympathetic nerve activity in the vasculature. 
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There is tremendous variation in smooth muscle physiological and pharmacological regulation, 

making it harder to generalize than for striated muscle.  You will learn specifically about 

vascular and G.I. smooth muscle regulation during later parts of the course. 

  

 

1. SMOOTH MUSCLE MYOFILAMENT REGULATION 

 

• No striations or t-tubules, but plenty of actin and myosin (not as rigidly organized). 

• No troponin (or thin filament regulation). 

• Does contain tropomyosin. 

• Thick filament is regulated via myosin light chain kinase (MLCK) 

• MLCK is activated by calcium-activated calmodulin (Ca-CaM), a soluble protein with 

similarities to TnC. 

• Activated MLCK mediates phosphorylation of the regulatory light chain on myosin, 

which causes activation and subsequent formation of crossbridges. 

• Thus, Ca2+ is still central for activation, but the pathways are different from striated 

muscle. 

• Smooth muscle can exhibit phasic and tonic contractions.  

• Force is often maintained long after Ca2+ has declined to baseline (formation of latch 

crossbridges; low energetic state, allows for maintained contraction without consuming 

much ATP: e.g. vascular tone) 

• These contractions can be energetically efficient because crossbridges are not cycling 

(i.e. not using ATP) but stay latched for long times.  If MLC is dephosphorylated while 

attached, detachment is very slow, accounting for this “latch-state”. 

 

 

Apparent organization of cell-to-cell contacts, cytoskeleton, 

and myofilaments in smooth muscle cells. Small contractile 

elements functionally equivalent to a sarcomere underlie the 

similarities in mechanics between smooth and skeletal muscle. 

Linkages consisting of specialized junctions or interstitial 

fibrillar material functionally couple the contractile apparatus 

of adjacent cells. 

 

Scanning electron micrographs of smooth muscle. A, 

Muscular arteriole with fusiform smooth muscle cells in a 

circular orientation (bar, 20 μm). B, Superimposed images of 

circular (below) and longitudinal (above) layers of intestinal 

smooth muscle sandwiching neural components of the 

myenteric plexus (asterisk) (bar, 50 mm). C, Rectangular 

smooth muscle cells with thin projections to adjacent cells in a 

small testicular duct (bar, 5 μm). 
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Sequence of molecular events in 

contraction of smooth muscle. When 

myosin~P and actin bind, cross-bridges 

form and produce tension. When 

nonphosphorylated myosin and actin 

bind, latch-bridges form but do not 

cycle; a tonic level of tension is then 

produced. ADP, Adenosine diphosphate; 

ATP, adenosine triphosphate; 

Myosin~P, phosphorylated myosin; Pi, 

inorganic phosphate. 

Ca2+ is the signal molecule responsible for the activation of the contractile 

proteins in smooth muscle, just as in striated muscle; however, the 

mechanism of activation is fundamentally different, as shown in the figure 

on the left (i.e. does not involve troponin!). There are three fundamental 

pathways that affect the Ca2+ level in the cytosol of smooth muscle: 1) 

hormone or neurotransmitter receptor activation leads to formation of 

inositol-trisphosphate (IP3) that triggers release of Ca2+ from the 

sarcoplasmic reticulum (SR); 2) opening of a voltage controlled Ca2+ 

channel (L-Type) results in influx of Ca2+ through the plasma membrane (i.e. 

controlled by membrane potential; 3) hormone or neurotransmitter receptor 

activation results in the opening of a ligand coupled Ca2+ channel resulting in 

the influx of Ca2+ through the plasma membrane. Note that pathways 1) and 

3) can take place without any change in membrane potential. 
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II.  ELECTRICAL ACTIVITY  

• Resting membrane potential is relatively positive (EM= -70 to -50 mV). 

• Activation by autonomic nerve fibers is via transmitter release (e.g. ACh or 

norepinephrine), but note that smooth muscle can respond to numerous other humoral 

agents released by other cells (e.g. endothelin, angiotensin-2, nitric oxide (NO), 

vasopressin, bradykinin, histamine, and many more). Some affect or induce membrane 

currents, while others do not require membrane events to exert contractile effects on 

smooth muscle (i.e. pharmaco-mechanical coupling) 

• Action potentials are usually due to calcium channel activity rather than sodium channel 

activity 

• Action potentials vary widely, from spike to broad plateau with superimposed spikes. 

• Some cells are electrically coupled via gap junctions and function as a single unit 

(syncytium). 

• Some cells are electrically isolated (multiunit smooth muscle) and individually activated 

(it sort of behaves like skeletal muscle fibers activated by motor neurons). 

• Some smooth muscle cells show spontaneous pacemaker activity, modulated by external 

influences. 

 

 

 

 

 

Relationships between membrane potential (Em) and generation of force (F) in different types of smooth muscle. A, 

Action potentials may be generated and lead to a twitch or larger summed mechanical responses. Action potentials are 

characteristic of single-unit smooth muscles (many viscera). Gap junctions permit the spread of action potentials 

throughout the tissue. B, Rhythmic activity produced by slow waves that trigger action potentials. The contractions are 

generally associated with a burst of action potentials. Slow oscillations in membrane potential usually reflect the activity 

of electrogenic pumps in the cell membrane. C, Tonic contractile activity may be related to the value of the membrane 

potential in the absence of action potentials. Graded changes in Em are common in multiunit smooth muscles (e.g., 

vascular), where action potentials are not generated and propagated from cell to cell. D, Pharmaco-mechanical coupling; 

changes in force produced by the addition or removal (arrows) of drugs or hormones that have no significant effect on 

membrane potential. 
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III.  BASAL TONE VARIES IN DIFFERENT SMOOTH MUSCLES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV.   SMOOTH MUSCLE E-C 

COUPLING   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Some contractile activity patterns exhibited by smooth muscles. Tonic smooth muscles are normally 

contracted and generate a variable steady-state force. Examples are sphincters, blood vessels, and airways. 

Phasic smooth muscles commonly exhibit rhythmic contractions (e.g., peristalsis in the gastrointestinal tract) 

but may contract intermittently during physiological activities under voluntary control (e.g., voiding of urine 

and swallowing). 
 

Control systems of smooth muscle. Contraction (or inhibition of contraction) of smooth muscles can be initiated by (1) the 

intrinsic activity of pacemaker cells, (2) neurally released transmitters, or (3) circulating or locally generated hormones or 

signaling molecules. The combination of a neurotransmitter, hormone, or drug with specific receptors activates contraction 

by increasing cell Ca2+. The response of the cells depends on the concentration of the transmitters or hormones at the cell 

membrane and the nature of the receptors present. Hormone concentrations depend on diffusion distance, release, reuptake, 

and catabolism. Consequently, cells lacking close neuromuscular contacts will have a limited response to neural activity 

unless they are electrically coupled so that depolarization is transmitted from cell to cell. A, Multiunit smooth muscles 

resemble striated muscles in that there is no electrical coupling between cells and neural regulation is important. B, Single-

unit smooth muscles are like cardiac muscle, and electrical activity is propagated throughout the tissue. Most smooth muscles 

probably lie between the two ends of the single unit-multiunit spectrum. 
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Pathways that do not require membrane depolarization. 

o Hormone receptor stimulation of receptors leads to the formation of cAMP, IP3, or 

cGMP, or the activation of a ligand operated Ca2+ channel. 

o IP3 triggers Ca2+ release from the SR (via the IP3 receptor) leading to Ca2+-dependent 

activation: causes contraction of smooth muscle. 

o cAMP stimulates PKA to 1) phosphorylate MLCK (decreasing its Ca2+-sensitivity) 

and 2) stimulate SR Ca2+ uptake; this is the mechanism by which beta-2 adrenergic 

stimulation leads to smooth muscle relaxation. 

o cGMP stimulates MLC phosphatase, decreasing myofilament activation; this is the 

mechanism by which nitric oxide (NO) leads to smooth muscle relaxation, which is 

important in vascular smooth muscle. (Note: in the vascular system NO is released by 

endothelial cells, e.g. in response to ACh, which subsequently affects smooth muscle 

cells. In the absence of endothelial cells (i.e. absence of NO) ACh has the opposite 

effect. It leads to smooth muscle contraction by the direct effect of ACh on smooth 

muscle cells). 

o Similar downstream effects can also be accomplished by agents that reduce the rate of 

cAMP or cGMP breakdown, thereby increasing their levels in the cell (good 

examples are caffeine and Viagra). 

 

Pathways that do require alterations in membrane potential. 

o Receptor activated channels can be relatively non-selective (including Ca2+) and can 

depolarize cells sufficiently to activate voltage-gated Ca2+ channels to cause an action 

potential or train of action potentials. 

o Moderate depolarizations of resting membrane potential activate small tonic amounts 

of calcium current that can keep intracellular [Ca2+] in the smooth muscle cell 

tonically high. 

o Ca2+ entry can lead to activation of Ca-CaM and MLCK, but can also be amplified by 

Ca2+-induced Ca2+-release (via RyR as in heart). 

o Spread of the depolarization via gap junctions is important in single unit smooth 

muscle activation. 

 

Final note: Smooth muscle is very Plastic: In contrast to the relatively rigid, standard 

regulation of skeletal (and even cardiac) muscle contraction, smooth muscle has multiple 

pathways of activation and modulation, allowing more cellular integration of influences from the 

CNS, transmitters, hormones and local environmental conditions (e.g. stretch, O2, CO2, pH and 

other metabolites). 

 

Different cells have different numbers & types of receptors and are also "programmed" to 

respond to receptor activation differently.  

 

Bottom line: generalizations about smooth muscle function and regulation cannot be made! 

These issues will be clarified as you discuss different smooth muscle in different systems 

(cardiovascular, GI, renal). 
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Figure 14.10 

Principal mechanisms determining 

myoplasmic [Ca2+] in smooth muscle. 

Release of calcium from the sarcoplasmic 

reticulum (SR) is a rapid initial event in 

activation, whereas both the SR and the 

sarcolemma participate in the subsequent 

stimulus-dependent regulation of 

myoplasmic [Ca2+]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14.13 

Myogenic response in vascular smooth muscle is an 

autoregulatory response to maintain constant flow to a tissue. An 

increase in transmural pressure (TMP; top panel) elevates 

intracellular [Ca++] (middle panel), resulting in a 

vasoconstriction (bottom panel). Note that the increase in 

transmural pressure initially stretches the skeletal muscle 

resistance artery (bottom panel), but this is quickly followed by 

vasoconstriction. 
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Figure 14.15 

Length dependence of contraction of smooth 

muscle shows a bell-shaped response similar to 

that seen in skeletal muscle. The smooth muscle 

strips were obtained from hog carotid artery. 

Contraction was induced by potassium 

depolarization. Optimal muscle length (Lo) was 

graphically determined as the length at which 

maximal tension (Po) was developed. Red 

circles, passive tension; blue circles, active 

tension, triangles, total tension; 

 

 

 

 
Figure 14.16 

A, Force-velocity curves for fast and slow human skeletal muscle cells and smooth muscle. B, 

Smooth muscles have variable force-velocity relationships that are determined by the level of 

Ca++-stimulated cross-bridge phosphorylation. C, Maximal shortening velocities with no load 

(Vo, which represents the intercepts on the ordinate in B) are directly dependent on cross-bridge 

phosphorylation by MLCK. D, Active force/stress (abscissa intercepts in B) rises rapidly with 

phosphorylation; near maximal stress, it may be generated with only 20% to 30% of the cross-

bridges in the phosphorylated state. 

 


