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Abstract 

It is well documented that the risk of vascular diseases increases with age. Furthermore, it 

is known that the myosin phosphatase and Rho kinase enzymes are integral in regulating Ca2
+

sensitivity in vascular smooth muscle. Therefore, the goals of this study were to evaluate the 

roles of myosin phosphatase and Rho kinase in regulating relaxation and to test whether these 

enzymes are involved in age-related changes in vascular smooth muscle. The aortas of male rats, 

ages 6 months and 2 years, were isolated, attached to a force transducer, and placed in water

jacketed bath chambers. All of the tissues were contracted with norepinephrine (NE) and then 

treated with either Calyculin A, a myosin phosphatase inhibitor, or Y-27632, a Rho kinase 

inhibitor. The tissues treated with Calyculin A were relaxed with sodium nitroprusside (SNP), 

whereas Y-27632 alone induced relaxation in that group. Total relaxation and the rate of 

relaxation were compared between aged and young tissues for each treatment group. Calyculin A 

significantly reduced the total percent relaxation in both young and aged tissues compared to 

their controls. In the control groups, the young tissue relaxed at a significantly greater rate than 

the aged tissue. Calyculin A treatment significantly reduced the relaxation rate in young tissue 

but not in aged tissue. Both young and aged tissues treated with Y-27632 relaxed completely, 

although the young tissue relaxed at a significantly greater rate than the aged tissue. Data 

indicate that as the tissue ages, the effectiveness of myosin phosphatase decreases. Furthermore, 

age-related changes in the Rho kinase pathway inhibited the rate of relaxation, without affecting 

total relaxation. Taken together, these results suggest that age-related changes in vascular smooth 

muscle may be linked to changes in specific enzyme pathways that regulate the activity of this 

muscle. Whether these changes are ultimately linked to the development of vascular diseases 

such as hypertension remains to be determined. 
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Introduction 

Smooth muscle is a diverse tissue found in the walls of blood vessels, the 

digestive tract, uterus, bladder, respiratory tract, penile and clitoral cavemosal sinuses 

and other internal organs. Control of this muscle is involuntary and is regulated by the 

autonomic nervous system. The sympathetic and parasympathetic systems regulate the 

tone of the smooth muscle in order to appropriately maintain daily function. The smooth 

muscle of focus here is that in the wall of blood vessels, particularly the aorta. 

There are many pathologies associated with vascular smooth muscle, particularly 

in the vasculature of the heart. Cardiovascular disease was ranked as the number 1 cause 

of death in 2002 causing 28.5% of the total deaths in the United States (Anderson and 

Smith, 2005). Cardiovascular disease was ranked 5 in those 20-24 years of age causing 

3.2% of deaths in 2002 (Anderson and Smith, 2005). This number increases to 7.7% for 

those 25-34, 15% for those 35-44, 21.8% for those 45-54 and 25.4% and ranked 2 for 

those 55-64. For those over the age of 65, cardiovascular disease is ranked number 1 and 

causes 31.8% of all deaths (Anderson and Smith, 2005). The percent jumps to 36.7 for 

those over the age of 85. More specifically, from 1999-2002 it was reported that 30.1% of 

all non-institutionalized adults over the age of20 in the United States had hypertension 

(Anderson and Smith, 2005). The prevalence of these diseases indicates the need for 

understanding the pathogenesis of these diseases. These statistics strongly imply that the 

pathways involved in regulating the tone of smooth muscle change with age. 

Although it is not striated, smooth muscle is composed ofthe myofilaments actin 

and myosin. The filaments are arranged as a network of fibers in contrast to the highly 

organized sarcomere found in striated muscles. The actin filaments are anchored at points 
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referred to as dense bodies due of their appearance in an electron micrograph. The dense 

bodies have been found to contain the protein alpha actinin thereby making the dense 

bodies analogous to the Z line in striated muscle. The myosin filament in smooth muscle 

consists of two heavy chains, which form the tail of the molecule and four light chains 

associated with the two globular heads of myosin. Two of the four light chains, referred 

to as myosin essential light chains, are 17 kDa chains that cannot be phosphorylated, and 

two are 20 kDa chains referred to as myosin regulatory light chains or MLC (reviewed by 

Babu et al., 2000). Upon phosphorylation of the MLC at Ser 19, myosin ATPase is 

activated by actin allowing for the cross-bridge cycling to occur between myosin and 

actin (reviewed by Pfitzer, 2001, reviewed by Kamrn and Stull, 1985). The state ofMLC 

phosphorylation is a process that is highly regulated by multiple signaling pathways. 

Two primary enzymes maintain the state of MLC phosphorylation: myosin light 

chain kinase (MLCK) and myosin light chain phosphatase (MLCP). MLCK is a 

Ca2+/Calmodulin-dependent protein kinase that phosphorylates MLC at Ser 19, thus 

activating MLC and promoting contraction (reviewed by Hartshorne, 1987). Conversely, 

MLCP is a highly regulated enzyme that dephosphorylates MLC, which prevents 

activation of the myosin A TPase, thereby promoting relaxation. Although MLC 

phosphorylation leads to contraction, there is not a linear correlation between strength of 

contraction and MLC phosphorylation (reviewed by Ogut and Brozovich, 2003). 

The MLCP holoenzyme is composed of 3 subunits: a regulatory subunit of 110-

130 kDa (referred to as myosin phosphatase target subunit, MYPT1, myosin binding 

subunit, MBS, or MJ 1o-1 30), a catalytic subunit of 37-38 kDa (referred to as PP-1 C), and a 

subunit of unknown function of 20 kDa (Shirazi et al., 1994, Shimizu et al., 1994, 
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reviewed by Hartshorne et al., 1998, reviewed by Brozovich, 2002). Upon 

phosphorylation ofthe large regulatory subunit, MYPT1, the MLCP holoenzyme is 

inactivated and cannot dephosphorylate MLC (Ichikawa et al., 1996). IfMYPT1 is not 

phosphorylated, it is in its active form and the catalytic subunit is able to dephosphorylate 

MLC, thereby promoting relaxation. Typically the regulation of MLCK is Ca+

dependent, while that of MLCP is Ca2+-independent. 

In contrast to skeletal muscle, which contracts in response to plasma membrane 

depolarization, smooth muscle contraction is stimulated by either electrical depolarization 

of the cell, or by a ligand binding to a plasma membrane receptor. Depolarization, 

referred to as electromechanical coupling (reviewed by Somlyo and Somlyo, 1968), 

activates multiple ion channels leading to Ca2+ influx. This increase in cytosolic Ca2+ 

promotes Ca2+-dependent contraction. 

Ligand binding, referred to as pharmacomechanical stimulation (reviewed by 

Somlyo and Somlyo, 1968), activates the G protein coupled to the receptor, subsequently 

leading to a relatively more complex series of pathways. These pathways following 

pharmacomechanical stimulation may be Ca2+-dependent or Ca2+-independent. 

Ca2+-dependent contraction occurs as a result of either depolarization or agonist

induced stimulation. Depolarization causes voltage-gated Ca2+ channels to open. 

Although there are six subtypes of these channels, the L-type Ca2+ channel is the major 

source of Ca2+ influx through the plasma membrane in smooth muscle (reviewed by 

Karaki, et al., 1997). Upon depolarization of the cell, the L-type Ca2+ channels open and 

Ca2+ influx occurs, thereby leading to Ca2+-dependent contraction. 
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Agonists (norepinephrine, angiotensin II, endothelin-1, etc.) promote Ca2+

dependent contraction by activating the Gq receptor coupled protein (reviewed in Somlyo 

and Somlyo, 2000). The activated G protein activates phospholipase C (PLC), which 

hydrolyzes phosphatidylinositol-bis-phosphate (PIP2) into inositol-1 ,4,5-trisphosphate 

(IP3) and diacylglycerol (DAG). 

IP3 binds to its receptor on the sarcoplasmic reticulum causing Ca2+ channels to 

open, thus increasing the cytosolic Ca2+ concentration. DAG activates PKC, which 

further acts to promote contraction without the concurrent increase in cytosolic Ca2+, 

thus implying a mechanism of Ca2+ sensitization (reviewed by Horowitz et al., 1996). 

This large increase in intracellular Ca2+ concentration leads to the binding of Ca2+ to 

calmodulin, and this complex activates MLCK. Activated MLCK phosphorylates MLC at 

Ser 19, thereby promoting the association between actin and myosin resulting in 

contraction (reviewed by Kamm and Stull, 1985). Overall, activation of the PLC pathway 

directly promotes contraction by increasing Ca2+ using IP3, while simultaneously 

increasing Ca2+-sensitivity by activating PKC with DAG (Masuo et al., 1994). Agonist 

binding may also directly, or indirectly, activate the L-type Ca2+ channels, further 

increasing the cytosolic Ca2+ concentration promoting MLC phosphorylation and 

contraction (reviewed in Karaki et al., 1997). 

There are several methods by which smooth muscle can increase its force while 

maintaining a constant cytosolic Ca2+ concentration. Each method of increasing force 

acts by inhibiting MLCP. MLCP can be inactivated by Rho kinase phosphorylating 

MYPT1, activation ofCPI-17, or by dissociation of the MLCP holoenzyme by 

arachidonic acid. 
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Trimeric G proteins, including Gaq and Ga12113, are coupled to agonist receptors. 

Upon agonist binding, the respective G protein is activated, leading to an increase in 

Ca2+-independent contraction as well as the previously discussed Ca2+-dependent 

contraction. GTPyS as well as a-adrenergic stimulation are known to increase contraction 

in a Ca2+-independent manner, further indicating that the same G proteins that activate 

the Ca2+-dependent pathway mediate the Ca2+-independent pathway (Kitazawa et al., 

1989, Noda et al., 1995). The trimeric G protein activated is dependent on the receptor 

with which it is coupled. Agonists binding the Gq coupled receptor activate both the PLC 

(Ca2+-dependent pathway) as well as the RhoA/Rho kinase pathway (Ca2+-independent) 

(reviewed in Somlyo and Somlyo, 2000). Alternatively, agonists activating the G 12;13 

coupled receptor (i.e. U-46619, a thromboxane agonist) only activate the RhoA/Rho 

kinase pathway, and not the PLC pathway. Therefore, stimulation of this receptor 

produces a significant increase in force without an increase in cytosolic Ca2+ (reviewed 

in Somlyo and Somlyo, 2000). Some other G protein coupled receptors that increase 

sensitivity to Ca2+ include: muscarinic, prostanoid, purinergic, endothelin, thrombin, 

vasopressin, oxytocin and angiotensin (reviewed by Somlyo and Somlyo, 2003). 

One pathway by which Ca2+-independent contraction is promoted involves the 

small, monomeric G protein RhoA. This protein, when inactive, is found in the cytosol 

bound to a GDP and this state is maintained by a GDP-dissociation inhibitor (GDI), 

which prevents repeated cycling ofGDP and GTP (Gong et al., 2001). Stimulation of the 

Gq or G12113 protein coupled receptors activate RhoA by activating a RhoA guanine 

nucleotide exchange factor (RhoGEF), which facilitates the exchange of a GDP bound to 

RhoA for a GTP (reviewed by Schmidt et al., 2002, and reviewed by Seasholtz et al., 
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1999). RhoA is in its active form when bound to a GTP and subsequently translocates to 

the membrane where it activates a serine/threonine kinase referred to as Rho kinase 

(Gong et al., 1997). The amount ofRhoA-GTP is agonist dependent, meaning that 

agonists promoting more tonic contraction produce more sustained levels ofRhoA-GTP 

(Sakurada et al., 2001 ). Activated Rho kinase phosphorylates the human isoform of 

MYPT1 at Thr 696 (Wooldridge et al., 2004), and in so doing inactivates the MLCP 

holoenzyme (Sward et al., 2000). The activation ofRhoA and the effects thereafter have 

been shown to have slow kinetic values indicating the complexity of the pathway (Gong 

et al., 1996). With MLCP unable to dephosphorylate MLC, contraction may increase at a 

maintained Ca2+ concentration. This ability to increase force at a constant Ca2+ 

concentration is referred to as Ca2+ sensitization. 

Much ofthe research done to demonstrate the contribution of the RhoA/Rho 

kinase pathway under different circumstances involved use of the selective Rho kinase 

inhibitor Y-27632. Y-27632 inhibits agonist-induced contraction including GTPyS 

induced contraction at a constant Ca2+ concentration (Sward, et al., 2000). It is known to 

inhibit Rho kinase by competing with ATP for the catalytic site (Ishizaki, et al., 2000). 

Using this selective inhibitor, Rho kinase cannot phosphorylate MLCP thereby leaving 

MLCP active and able to dephosphorylate MLC, thus inhibiting contraction and 

promoting relaxation (Tian and Kaufman, 2005). 

Another useful pharmacological inhibitor is Calyculin A, which inhibits MLCP. 

This has the reverse effect ofY-27632 and therefore increases contraction by preventing 

dephosphorylation of MLC by MLCP (Tian and Kaufman, 2005). Another experiment 
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showed that the inhibition of contraction by Y-27632 was restored by Calyculin A, 

indicating the reverse effects these inhibitors have on MLCP activity (Parizi, et al. 2000). 

Arachidonic acid (AA) increases Ca2+ sensitization by inhibiting MLCP (Gong et 

al., 1992) possibly via several different pathways (reviewed by Somlyo and Somlyo, 

2003 ). Arachidonic acid is released upon activation of phospholipase A2 following 

agonist stimulation. One target of AA is to directly dissociate the MLCP holoenzyme, 

thus inhibiting relaxation and promoting Ca2+ sensitization (Gong et al., 1992, reviewed 

by Pfitzer, 2001, reviewed by Hartshorne et al., 1998). Without a functional holoenzyme, 

MLCP cannot be activated and Ca2+ sensitization occurs. It is also thought that AA may 

act as a GEF and promote the activation of Rho A by facilitating the dissociation of the 

RhoA-GDI complex (Fu et al., 1998). Lastly, AA activates PKC, which functions to 

increase Ca2+ sensitivity (Fu et al., 1998 and reviewed in Somlyo and Somlyo, 2003). 

PKC's role in increasing Ca2+ sensitivity does not include the RhoA/Rho kinase 

pathway, indicated by lack of inhibition ofPKC induced contraction using typical 

concentrations ofY-27632 (Fu et al., 1998). Gong, et al., also indicated that the increase 

in Ca2+ sensitivity as a result ofPKC activation is independent of the Rho kinase (2001). 

Conflicting evidence has shown that the Rho kinase inhibitor fasudil inhibits phorbol 

ester induced contraction, implying that Rho kinase does play a role in mediating the 

effects ofPKC (Shimomura, et al., 2004). 

PKC has been shown to increase Ca2+ sensitivity by activating the protein CPI-

17, which acts to inhibit the catalytic site ofMLCP (reviewed in Pfitzer, 2001). CPI-17 (a 

PKC-potentiated MLCP inhibitory protein of 17 kDa) mRNA expression has been found 

only in smooth muscle (Eto et al., 1997). Phosphorylation of CPI-17 by PKC occurs at 
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Thr 38 and Ser 12, and this increases its affinity for MLCP (Kitazawa et al., 1999, Eto et 

al., 1997, MacDonald et al., 2001). Nevertheless, it has been demonstrated that CPI-17 in 

its unphosphorylated state still strongly inhibits MLCP activity (Eto et al. 1997). The 

increase in Ca2+ sensitivity by PKC activation correlates with the ratio of CPI-17 to 

MLCP (Woodsome et al., 2001). A greater ratio ofCPI-17 to MLCP results in a greater 

tonic contraction relative to the tonic contraction with a lesser ratio of CPI -17 to MLCP, 

implying the importance of CPI-17 in regulating the tone of smooth muscle (Woodsome 

et al., 2001 ). Further indicating its importance in tone, it has been found that CPI-17 is 

required for the increase in Ca2+ sensitivity mediated by PKC (Kitazawa et al., 2004). 

The abundance and level of activation of CPI -17 is tissue-specific (Kitazawa et al. , 2003, 

Kitazawa et al., 2000). 

The two mechanisms by which relaxation of smooth muscle occurs are passive 

and active relaxation. Passive relaxation occurs by the removal of the contractile stimulus 

from its respective receptor. Without an agonist bound to its receptor on the smooth 

muscle cell, the G protein no longer activates the PLC pathway, Rho kinase pathway, nor 

are the L-type Ca2+ channels opened. Without the PLC activation, IP3 is not available to 

release Ca2+ from intracellular stores, PKC is not available to increase Ca2+ sensitivity, 

and Rho kinase is not available to increase Ca2+ sensitivity. With a low cytosolic Ca2+ 

concentration, less Ca2+ is available to complex with calmodulin, which is necessary to 

activate MLCK. Also, the pathways that increase Ca2+ sensitivity are also inactive. 

Without MLCK activation, MLC phosphorylation decreases, thereby resulting in 

relaxation. 
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The alternative method of relaxation is active relaxation in which a ligand 

promoting the relaxation pathway binds to its receptor. There are a multitude of 

relaxation pathways and all have the same ultimate effect: to decrease MLC 

phosphorylation and/or decrease Ca2+ sensitivity, although as described previously, 

contraction does not correlate with MLC phosphorylation (reviewed by Ogut and 

Brozovich, 2003). This goal is reached by inhibiting MLCK activity, while promoting 

MLCP activity. The ligand that promotes relaxation binds to its receptor and immediately 

produces its effects by acting on MLCP, MLCK or other intracellular signals that affect 

contraction and relaxation. Passive relaxation takes more time than active relaxation 

because nothing is acting directly in the cell, but rather it is the lack of the agonist that 

allows relaxation to ensue. 

Nitric oxide is a ligand that promotes relaxation. Nitric oxide synthase (NOS), of 

which there are three isoforms, produces NO by reacting L-arginine with oxygen to 

produce L-citruline and NO (reviewed by Carvajal et al. , 2000). NO diffuses from its site 

of production (endothelium) and binds soluble guanylyl cyclase (sGC). It is sGC that 

mediates the conversion ofGTP to cGMP, and this activates the cGMP-dependent 

protein kinase (PKG). Many substances promote smooth muscle relaxation via the NO

cGMP pathway including: nitrovasaodilators, histamine, acetylcholine, estrogens, insulin 

and corticotropin releasing hormone (reviewed by Carvajal et al. , 2000). 

PKG has been shown to have multiple intracellular targets, thus providing a 

variety of methods by which the cell can relax. Several of the targets discussed here act to 

directly decrease cytosolic Ca2+ either by acting on the plasma membrane or the 

sarcoplasmic reticulum. Another target of this pathway directly interferes with the 
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crossbridge cycling between myosin and actin. Lastly, there are several pathways by 

which this pathway acts to decrease Ca2+ sensitivity, which induces relaxation without 

decreasing cytosolic Ca2+. Aside from the direct interference of cross bridge cycling, 

these different targets of PKG and cGMP induce relaxation by decreasing MLC 

phosphorylation, despite the fact that there is not a direct correlation between MLC 

phosphorylation and strength of contraction (reviewed by Ogut and Brozovich, 2003). 

Overall, MLC phosphorylation is decreased by decreasing MLCK activity and increasing 

MLCP activity. To begin, there are three known targets ofPKG and cGMP on the plasma 

membrane: the Ca2+-activated potassium channel (BK Channel), a voltage-gated calcium 

channel, and a plasma membrane Ca2+ A TPase pump. PKG and cGMP act at each of 

these in different ways to lower the cytosolic Ca2+ concentration, thereby promoting 

relaxation. 

The plasma membrane Ca2+-activated K + channel, or BK channel, is activated by 

PKG (Price et al. , 1997, Lee and Kang, 2001, Bychkov et al. , 1998). The BK channel is 

activated by Ca2+, and promotes relaxation by hyperpolarizing the cell via K +efflux. By 

furthering the cell from threshold, which otherwise would lead to Ca2+ influx, 

contraction is less likely to occur. Iberiotoxin is a BK channel blocker that prevents K + 

efflux in response to activation of the channel. Using this toxin in rat coronary arteries, 

the relaxation in response to cGMP was eliminated (Price et al. , 1997). This implies an 

important role for the BK channel in cGMP-mediated relaxation. Further, Lee, et a!. , 

showed that NO indirectly activates the BK channel, meaning that the relaxation in 

response to NO is mediated via the soluble guanylyl cyclase, cGMP, PKG pathway rather 

than NO acting directly on the BK channel (2001). Another study in human coronary 
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arteries used the BK channel blocker tetraethylammonium (TEA) as well as iberiotoxin. 

Using this inhibitor, sodium nitroprusside (SNP), which is a NO donor, induced 

relaxation was significantly inhibited (Bychkov et al, 1998). This further implies the role 

of the BK cl)annel in mediating the NO-induced relaxation. 

The voltage-gated Ca2+ channels, also referred to as L-type Ca2+ channels, are 

inhibited by PKG (Tewari and Simard, 1997). Depolarization causes these plasma 

membrane channels to open, therefore allowing Ca2+ to follow its concentration gradient 

into the cell. Increasing cytosolic Ca2+ leads to contraction by activating MLCK 

following Ca2+ binding calmodulin. The inhibition of this channel by PKG prevents the 

voltage-gated channels from opening, thus preventing depolarization. 

The Ca2+-ATPase pump operates as an active transport channel to pump Ca2+ 

out of the cell. Activation ofthis pump lowers cytosolic Ca2+ levels, thus limiting its 

association with calmodulin and reducing subsequent MLCK activity and MLC 

phosphorylation. It has been demonstrated that the plasma membrane Ca2+ ATPase 

pump is activated by PKG (Yoshida et al., 1999). This pump has also been found to be 

activated by SNP and cGMP, indicating that this pump is one method by which NO acts 

to induce relaxation (reviewed by Karaki et al. , 1997 and Carvajal et al., 2000). 

In addition to the three plasma membrane targets of the nitric oxide pathway, 

there are three targets of regulation involving the intracellular Ca2+ storage site, the 

sarcoplasmic reticulum. 

The Ca2+-ATPase pump in the sarcoplasmic reticulum (SR) functions to decrease 

cytosolic Ca2+ by pumping Ca2+ from the cytosol into the SR. Activation of this pump 

lowers cytosolic Ca2+ decreasing its availability to bind calmodulin. This decreases 
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MLCK activation and the subsequent MLC phosphorylation. Evidence using rat aortic 

endothelial cells shows that this Ca2+-ATPase pump is activated by cGMP, perhaps via 

PKG (Lau et al. , 2003). As reviewed by Carvajal et al., the increase in this pump activity 

is mediated by the phosphorylation of the protein phospho lam bin by PKG (2000). 

As previously described, agonist stimulation causes an eventual release of IP3 , 

which binds to the SR and opens Ca2+ channels, thus increasing cytosolic Ca2+. The 

receptor on the SR to which IP3 binds can be phosphorylated by PKG thus attenuating 

the effects of IP3, consequently promoting relaxation (reviewed by Carvajal et al. , 2000). 

In addition to acting at the IP3 receptor, PKG has also been found to inhibit the formation 

ofiP3, thus inducing the same effect (reviewed by Carvajal et al., 2000). 

As described above, PKC activation leads to contraction by increasing Ca2+ 

sensitivity via CPI-17. PKG is known to decrease Ca2+ sensitivity by inhibiting this 

pathway (reviewed by Carvajal et al., 2000). 

Relaxation may also be induced without the dephosphorylation ofMLC or a 

reduction in Ca2+ sensitivity. Relaxation of swine carotid artery in response to 

nitroglycerin, in which MLC was not dephosphorylated, may be due to the 

phosphorylation ofHSP20 (Rembold and O'Connor, 2000). It has been found that a 

correlation exists between NO release and the level of phosphorylation of the HSP 

(reviewed by Carvajal et al. , 2000). Phosphorylation of the small protein promotes 

disassembly of the filaments, thus inducing relaxation directly via structural changes 

rather than indirectly by affecting individual pathways. 

Lastly, PKG has been found to induce relaxation by a pathway that does not 

require a decrease in the cytosolic Ca2+ concentration (Bolz et al., 2003). As discussed 
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previously, the Rho kinase pathway allows for contraction in the presence of low 

cytosolic Ca2+ by inhibiting MLCP. Using NO as the agonist, this process of Ca2+ 

sensitization may be reversed by activating MLCP in a process referred to as Ca2+ 

desensitization (reviewed by Somlyo and Somlyo, 1994, Lee et al. , 1997). Therefore, by 

activating MLCP, relaxation can occur in the presence of a cytosolic Ca2+ concentration 

that might have otherwise induced contraction. This reduction of Ca2+ sensitivity by NO 

occurs by directly activating MLCP, indirectly by preventing the activation of Rho A, or 

by inhibiting Rho kinase (Bolz et al., 2003 , Sawada et al., 2001 , Lau et al. , 2003, Chitaley 

and Webb, 2002). 

One method of Ca2+ desensitization is to directly increase MLCP activity (Wu et 

al. , 1996). Therefore, not only does PKG act on a variety of intracellular targets to 

indirectly decrease Ca2+ sensitivity, but also acts to directly affect MLCP, which is a 

primary mechanism of Ca2+ desensitization. It is possible that PKG phosphorylates an 

activating site on MLCP, or there is an inhibitor phosphatase that is inhibited when 

phosphorylated by PKG (Wu et al. , 1996). 

The Rho A/Rho kinase pathway antagonizes the Ca2+ desensitization induced by 

NO (Bolz et al. , 2003). Therefore, inhibiting the Rho A/Rho kinase pathway is another 

method of reducing Ca2+ sensitivity. This results in an indirect increase in MLCP 

activity by inhibiting the enzyme that would otherwise inhibit MLCP. PKG has been 

found to phosphorylate RhoA, thereby inactivating it (Sawada et al. , 2001 , Sauzeau et al. , 

2000). PKG inactivates Rho by preventing its translocation from the cytosol to the 

membrane, which is necessary for its activation (Sawada et al. , 2001). By preventing the 

activation of Rho A, the Rho kinase pathway does not proceed and MLCP remains 
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dephosphorylated, and therefore active. In its active form, MLCP proceeds to 

dephosphorylate MLC thus causing relaxation. 

Although the role of the Rho A, Rho Kinase pathway is typically one of Ca2+ 

sensitization, there is also evidence that Rho stimulation may be partially Ca2+ 

dependent (Sakurada et al., 2003). This further demonstrates the complexity of these 

pathways and that much work needs to be done to fully elucidate the intricacies of each 

of these pathways. 

Statistics previously mentioned regarding increased risk of hypertension and 

cardiovascular disease with age suggests potential changes in smooth muscle with age. 

By doing an age study, more information can be known regarding any change that may 

occur in aortic smooth muscle as the tissue ages, specifically changes in the regulation of 

contraction, and perhaps suggesting this change being involved in hypertension 

pathogenesis. The goal of this study was to evaluate the roles of myosin phosphatase and 

Rho kinase in regulating relaxation and whether these enzymes are involved in age

related changes in vascular smooth muscle. 
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Materials and Methods 

Animals. Male Long/Evans rats were used at ages of2 years (n=6) and 6 months (n=6). 

The rats had free access to standardized laboratory pellets and tap water and were kept on 

a reversed 12-hour light-dark cycle with lights on at 1800 hours. 

Tissue Preparation. On the day of the experiment, rats were quickly euthanized with an 

overdose of halothane and approximately 1.5cm of the thoracic aorta was removed and 

immediately placed in modified Krebs solution, see composition below. Remaining 

adventitia was carefully removed using scissors and forceps and the aorta was then 

sectioned into 4, 3mm rings. The rings were gently denuded using pairs of forceps to 

scrape the inner surface of the rings in order to remove the endothelium, thereby 

eliminating an endogenous source of nitric oxide production (Furchgott and Zawadzki, 

1980). The removal was confirmed in preliminary studies by testing for the ability of 

acetylcholine to induce relaxation. ACh induced relaxation in intact rings but did not in 

the denuded rings (data not shown). One end of the ring was looped over a fixed mount 

and the other was looped over a wire connected to a Force Displacement Transducer 

(Astro-Med, Inc.). The assembly was placed in a water-jacketed tissue chamber and 

maintained at 37°C, filled with 10 mL of Krebs solution. The modified Krebs was 

continuously bubbled with 95% 0 2, 5% C02 to maintain oxygen availability and pH. 

Experimental Protocol. The transducer signal output was amplified by Grass Instruments 

model P122 strain gage amplifier. The signal was then received by a Grass Instruments 

Polyview version 2.5, 4-channel recorder software program according to methods 

modified from Alcorn et al., 1999. The transducer was calibrated to measure the force in 

grams. A resting tension of approximately 1 g was placed on the aortic rings and 
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maintained using hand turned tension adjusters. The rings equilibrated for 1 hour with 

temperature and tension monitored and adjusted as necessary. After equilibration, the 

chambers were drained and 10 mL of fresh Krebs solution was added to the chambers 

and baseline tension was readjusted to 1 g. Upon readjustment of the baseline tension, 

tissues were contracted by adding 1 mL ofNE for a final concentration of 1o-4 M. 

Experimental Design. In experiment 1 in which Calyculin A was used, the tissue was left 

to contract for 5 minutes. A 30 flL delivery of Calyculin A was added for a final 

concentration of 25 nM. This concentration was determined based on preliminary 

experiments (data not shown). The vehicle, DMSO, was added to the control chambers in 

a 30 flL delivery. After 20 minutes, all of the rings were relaxed by adding 1 mL of 

sodium nitroprusside (SNP), a nitric oxide donor, at a final concentration of 1 o-3 M. The 

concentrations ofNE and SNP were determined based on previous experiments in this 

laboratory (Alcorn et al. , 1999). The tension was recorded for approximately 25 minutes 

after the addition of the SNP. In experiment 2, 30 flL ofY-27632 was delivered at a final 

concentration of 1 o-s M, 5 minutes after the tissue was contracted with NE. The 

concentration of 1 o-s M was used in experiments using the same animal model by 

Sauzeau et al. , 2000 and Ghisdal et al. , 2003. The vehicle in this experiment, DI water, 

was added to control chambers in a 30 flL delivery. The response ofY-27632 or the 

vehicle was recorded for 25 minutes. At the end of the recordings, the tension values in 

grams were converted to percent relaxations of total contraction at the point of induced 

relaxation. 

Drugs and Solutions. The modified Krebs solution contained solutions of the following 

concentrations: 119mM NaCl, 4.6mM KCl, 1.5mM CaCb, 1.2mM MgCb, 15mM 
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NaHC03, 1.2mM NaH2P04 and 1.2mM glucose. The solution was adjusted to a pH of 

7.4. To prevent the possible synthesis of vasoactive prostaglandins, Indomethacin was 

added to the chambers each time they were refilled in a 30 !J.L delivery at a final 

concentration of 1 o-s M. This concentration was used in a previous experiment by 

Fujimoto and Itoh, 1997 and Ghisdal et al. , 2003. NE salt, SNP, and indomethacin were 

obtained from Sigma, (St. Louis, Missouri), Y-27632 from Calbiochem (La Jolla, 

California), and Calyculin A from Tocris. 

Statistical analysis. Percent relaxation calculations were converted to arcsin values and 

analysis was performed using SigmaStats program, version 3.1 (Systat Software, Inc.). 

One-way ANOVA was performed on data with p < 0.05 to determine significance. To 

test differences among aged and young groups, Student-Newman-Keuls multiple 

comparison test was used with p < 0.05 used to determine significance. Graphical 

representations of data were constructed using SigmaPlot, version 9.0 (Systat Software, 

Inc.). 
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Results 

Throughout the duration of the experiment the tension was measured, recorded, 

and then used for data analysis. Representative tracings of data collected in the Calyculin 

experiment are shown in figure 1 (control tissue) and figure 2 (treated tissue). Figure 1 

shows the tension produced in an aortic ring contracted with NE (final concentration of 

10-4M), followed by a 30 J..LL delivery ofthe vehicle DMSO, and then relaxed with SNP 

(final concentration of 1 o·3M). The tension in the control tissues decreased throughout the 

experiment, before and after DMSO was added, following the peak contraction induced 

by NE (Figure 1 ). Figure 2 displays an aortic ring administered the same protocol with 

the addition of Calyculin added with the vehicle for a final concentration of 25 nM. 

The tension recorded was used to calculate the percent relaxation and the rate of 

relaxation. The data collected from the Calyculin experiment is summarized in Figure 3 

(percent relaxation) and Figure 4 (relaxation rate). A comparison ofthe percent of 

relaxation between the control and Calyculin treated tissue for both young and aged 

groups is displayed in figure 3. A significant difference was found in the percent of 

relaxation between the young tissues treated with Calyculin and the control, thus 

implying the significance of myosin phosphatase in NO-mediated relaxation (p < 0.0 12). 

A significant difference was also found between the control and Calyculin treated tissues 

in the aged group (p < 0.02). Lastly, there was significance in the Calyculin treated 

tissues between the young and aged groups (p < 0.013). 

The rate at which the tissue relaxed was calculated for the control and Calyculin 

treated tissues in both the young and aged groups was calculated, and is displayed in 

figure 4. The relaxation rate was the greatest in the young tissue not treated with 
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Calyculin, with a significance difference found between the control and Calyculin treated 

tissue (p < 0.001). There was no significant difference between the relaxation rates of the 

treated and untreated aged group, although significance was found between the untreated 

aged tissue and the untreated young tissue (p < 0.001). 
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Figure 1: Representative tracing of control tissue in Calyculin experiment. NE induced 
contraction (final concentration of 10-4 M), 30 f..iL DMSO was added as the vehicle, then 
the tissue was relaxed with sodium nitroprusside (final concentration of 10-3 M). 
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Figure 1: Representative tracing of control tissue in Calyculin experiment. NE induced 
contraction (final concentration of 10-4 M), 30 )lL DMSO was added as the vehicle, then 
the tissue was relaxed with sodium nitroprusside (final concentration of 10-3 M). 

20 

Figure 1: 

2.0.-------------------------------, 
Calyculin Control 

1.8 

en E 1.6 

~ 
SNP Added lj) -!:1.4 

0 
If) 
!: 

{!!. 1.2 

NE Added 
1.0 / 

0.8 0 
5 10 15 20 25 30 

Time (minutes) 

21 



Figure 2: Representative tracing of experimental tissue in Calyculin experiment. NE 
induced contraction (final concentration of 1 o-4 M), 30 J.lL delivery of Calyculin A (final 
concentration of25 nM), then the tissue was relaxed with sodium nitroprusside (final 
concentration of 1 o-3 M). 
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Figure 2: Representative tracing of experimental tissue in Calyculin experiment. NE 

induced contraction (final concentration of 1 o-4 M), 30 j..tL delivery of Calyculin A (final 
concentration of 25 nM), then the tissue was relaxed with sodium nitroprusside (final 

concentration of 1 o-3 M). 
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Figure 3: Display of calculated percent relaxations in control and experimental tissues for 
young and aged groups. Significant decrease found between control and experimental 
tissues in young (p < 0.012) and aged (p < 0.02). Significant decrease found between the 
young and aged Calyculin treated groups (p < 0.013). Values given are mean± SEM for 
each treatment group. 
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Figure 3: Display of calculated percent relaxations in control and experimental tissues for 
young and aged groups. Significant decrease found between control and experimental 
tissues in young (p < 0.012) and aged (p < 0.02). Significant decrease found between the 
young and aged Calyculin treated groups (p < 0.013). Values given are mean± SEM for 
each treatment group. 
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Figure 4: Displays calculated relaxation rates in control and experimental tissues for 
young and aged groups. The relaxation rate was the greatest in the untreated young tissue, 
with a significant decrease in the young Calyculin treated tissue (p < 0.001). In contrast, 
no significance was found between treated and untreated aged tissues. Significance was 
found between the aged and young control tissues (p < 0.001). Values given are mean± 
SEM for each treatment group. 
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Figure 4: Displays calculated relaxation rates in control and experimental tissues for 
young and aged groups. The relaxation rate was the greatest in the untreated young tissue, 
with a significant decrease in the young Calyculin treated tissue (p < 0.001 ). In contrast, 
no significance was found between treated and untreated aged tissues. Significance was 
found between the aged and young control tissues (p < 0.001). Values given are mean± 
SEM for each treatment group. 
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The protocol for the Y-27632 experiment was different than the Calyculin 

experiment because it induced relaxation, therefore eliminating the need for the addition 

of SNP. Representative traces showing tension (grams) versus time (minutes) in the 

Y-27632 protocol are shown in figure 5 (control) and figure 6 (treated). Figure 5 

illustrates tension produced upon contraction induced by NE (final concentration 1o-4 M), 

followed by a 30 J.!L delivery ofthe vehicle, deionized water. Figure 6 represents theY-

27632 experimental protocol in which the aortic rings were contracted with NE (final 

concentration 10-4 M) then treated with a 30 J.!L delivery of the vehicle plus Y -27632 

(final concentration 1 o-5 M). 

The calculated percent relaxation in the aged and young tissues treated with the 

Rho kinase inhibitor Y-27632 is displayed in figure 7. This figure demonstrates no 

significant difference was found between the percent relaxation in the aged and young 

treated tissues. Both the treated and untreated groups relaxed almost completely, 

returning to their baseline tension. No percent relaxation values were calculated for the 

control tissues because the aortic rings do not relax when given only the vehicle, 

deionized water. 

The rate of relaxation for the young and aged tissues treated with Y-2 7 63 2 

experiment was calculated and this data is displayed in figure 8. A significant difference 

was found between the rates of relaxation in these groups (p < 0.05) in contrast to there 

being no significant difference in the percent relaxation between the same two groups. 

Thus the treated tissues both fully relax, however the rate at which they achieve total 

relaxation differs significantly. 

28 



Figure 5: Representative tracing of control tissue in Y-27632 experiment. Contraction 
was induced with NE (final concentration 10-4M) followed by a 30 IlL delivery of the 
vehicle, deionized water. 
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Figure 5: Representative tracing of control tissue in Y-27632 experiment. Contraction 
was induced with NE (final concentration 10-4 M) followed by a 30 IlL delivery of the 
vehicle, deionized water. 
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Figure 6: Representative tracing of experimental tissue in Y-27632 experiment. NE 
induced contraction, then 30 11L Y-27632 was delivered for a final concentration of 
10-s M . 
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Figure 6: Representative tracing of experimental tissue in Y-27632 experiment. NE 
induced contraction, then 30 11L Y -27632 was delivered for a final concentration of 
10-s M. 
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Figure 7: Displays percent relaxation of the aged and young tissues treated with the Rho 
kinase inhibitor Y-27632. No significant difference was found between aged and young 
treated tissues. (No control data calculations available because tissues did not relaxation 
with DI water. Values given are mean± SEM for each treatment group. 
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Figure 7: Displays percent relaxation of the aged and young tissues treated with the Rho 
kinase inhibitor Y-27632. No significant difference was found between aged and young 
treated tissues. (No control data calculations available because tissues did not relaxation 
with DI water. Values given are mean± SEM for each treatment group. 
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Figure 8: Comparison of the rate of relaxation between the young and aged tissues treated 
with Y-27632. Aged tissue relaxed at a significantly lesser rate than the young tissue 
(p < 0.05). Values given are mean± SEM for each treatment group. 
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Figure 8: Comparison of the rate of relaxation between the young and aged tissues treated 
with Y-27632. Aged tissue relaxed at a significantly lesser rate than the young tissue 
(p < 0.05). Values given are mean± SEM for each treatment group. 
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Discussion 

It has been well documented that the prevalence of vascular diseases, such as 

hypertension, increases with age, although the actual pathogenesis of these diseases is not 

well understood (Anderson and Smith, 2005). Vascular tone is known to increase with 

age due to anatomical changes, but it is not well known whether the tissue changes 

functionally as a direct result of aging. With regards to functional change, studies have 

implicated Rho kinase in the pathogenesis of hypertension (Masumoto et al. , 2001). 

Increased Rho kinase expression and activity has been found to be increased preceding 

hypertension development (Mukai et al. , 2001). Nevertheless, a correlation between the 

increased Rho kinase activity and aging has not yet been described. This study explored 

whether the enzymatic pathways that regulate tone, including myosin phosphatase and 

Rho kinase, undergo change as a result of aging, thus contributing to the disease process. 

Myosin phosphatase dephosphorylates the myosin light chain, which leads to 

relaxation and Ca2+ desensitization (reviewed by Somlyo and Somlyo, 1994). The first 

experiment demonstrated the important role of myosin phosphatase in NO-induced, 

active relaxation, as described previously (Lee et al. , 1997). Figure 3 indicates that in 

both young and aged tissue, myosin phosphatase activity is necessary for the tissue to 

achieve the level of relaxation reached with the enzyme intact. Furthermore, Figure 3 

illustrates that with MLCP inhibition, the aged tissue did not relax as completely as the 

young tissue, thus indicating some change in this pathway as the tissue aged. 

Regarding the rate of relaxation, the young tissue with MLCP intact relaxed at a 

significantly greater rate than young tissue treated with Calyculin (Figure 4). This implies 

a significant role for MLCP in regulating the rate of relaxation. Aged tissue with MLCP 
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intact had relaxation rates comparable to that of the young tissue treated with Calyculin, 

thus indicating that the aged tissue has decreased MLCP activity. Further data indicating 

that MLCP activity has decreased include the lack of significance in relaxation rates 

between treated and untreated aged tissue. Inhibiting the MLCP enzyme in this tissue had 

essentially no effect on relaxation rate, thus indicating the lack of activity in the myosin 

phosphatase enzyme in aged tissue as demonstrated by the control. Together, the 

comparable rates of relaxation between the aged control, the young treated and the aged 

treated tissues, implies that the reduced rate of relaxation in the aged tissue is due to an 

attenuation ofMLCP activity. The reason for this attenuation could be the result of a 

decreased quantity of the enzyme or some structural change rendering it less active. 

During neonatal development of the Wistar rat portal vein, a subunit of the MLCP 

enzyme undergoes a programmed isoform change (Payne et al., 2006). This isoform 

change is thought to be responsible for the decreased responsiveness to the NO/cGMP 

pathway in the adult compared to the fetal portal vein (Payne et al., 2006). Perhaps the 

attenuation of MLCP activity indicated by our results is due to a similarly programmed 

isoform change, instead occurring later in the aging process. PKC is another enzyme 

present in many different isoforms, and overexpression of certain isoforms is known to 

contribute to hypertension through a variety of mechanisms (Salamanca and Khalil, 

2005). It could be speculated that a similar situation exists with the MLCP enzyme in that 

a change in the amount or type of different isoforms of MLCP as the tissue ages may 

contribute to the age-related changes indicated by our results. Further studies are needed 

to investigate what specific changes are occurring as the tissue ages, whether quantitative 
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or qualitative, in order to fully understand the mechanism behind the apparent decrease in 

MLCP activity. 

In the experiment in which Rho kinase was inhibited by Y-27632, complete 

relaxation occurred in both the young and aged tissues (Figure 7). Rho kinase functions 

to phosphorylate MLCP thereby inactivating it (Sward et al. , 2000). With the inhibition 

of Rho kinase, MLCP retained its activity and therefore, as expected, induced complete 

relaxation in the tissue. It is possible that MLCP activity decreases in aged tissue, yet 

total relaxation occurs as a result of the remaining MLCP activity in combination with 

passive relaxation. In contrast, the rate at which relaxation occurred, as in the Calyculin 

experiment, decreased in the aged tissue compared to the young when the Rho kinase 

inhibitor was used. Therefore, by inhibiting Rho kinase and allowing MLCP to be 

completely active, the tissue relaxed to its baseline value, but the rate at which it occurred 

significantly decreased. This reinforces the data from the Calyculin experiment, which 

indicated that as vascular smooth muscle aged, there was an attenuation of MLCP activity 

that resulted in a decreased relaxation rate. 

Decreased activity in the myosin phosphatase enzyme would prevent the aged 

tissue from relaxing as rapidly as young tissue, therefore disrupting the daily maintenance 

of tone in vascular smooth muscle. The increased contractility would lead to increased 

vascular resistance, thereby facilitating the development of diseases such as hypertension. 

Studies have demonstrated the role of increased Rho kinase activity in the development 

of hypertension with the Rho kinase inhibitor, fasudil , as therapeutic (Masumoto et al. , 

2001, Mukai et al. , 2001 , Ishikura, et al. , 2006). Taken together, it is conceivable that 

aging tissue may suffer both a decrease in myosin phosphatase and increase in Rho 
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kinase activity. Both would contribute to symptoms of increased vascular resistance, with 

Rho kinase enhancing contraction while myosin phosphatase is less available to promote 

relaxation, the latter supported by our data. Whether the increase in Rho kinase is 

correlated with aging has not yet been described. 

In addition to comparing the rate of relaxation in aged and young tissue, it is also 

of significance to note the magnitude of difference in the relaxation rates between SNP

induced relaxation in the Calyculin experiment and the Y-27632-induced relaxation 

(Figure 4 and Figure 8). The young control tissue relaxed with SNP (Figure 4) relaxed at 

a rate nearly ten times the young tissue relaxed with Y-27632 (Figure 8). Y-27632 

induces relaxation by specifically inhibiting Rho kinase thus allowing MLCP to remain 

active and promote relaxation. In contrast, SNP promotes relaxation not only by 

increasing MLCP activity, but also by acting at a variety of intracellular targets of the 

NO/cGMP pathway previously described. This greater number of intracellular targets by 

the NO pathway compared to the specific Rho kinase target ofY-27632 may account for 

the much greater relaxation rate in SNP-induced relaxation. 

Our results indicate that there are changes in vascular smooth muscle as the tissue 

ages, which involve the myosin phosphatase and Rho kinase enzyme pathways. Principal 

findings are that aged tissue has a decreased ability to relax when MLCP is inhibited, and 

untreated aged tissue has a decreased rate of relaxation compared to the young untreated 

tissue. Data indicate that these changes as the tissue ages are due to a decreased 

effectiveness of myosin phosphatase. Taken together, these results suggest that age

related changes in vascular smooth muscle may be linked to specific enzyme pathways 

that regulate the activity of this muscle. Further research must be done to determine 



whether these changes could ultimately be linked to the development of vascular diseases 

such as hypertension. Additional studies are necessary to develop a greater understanding 

of the role of other cellular mechanisms involved in relaxation of vascular smooth muscle 

and the effects of aging. 
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