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    ABSTRACT: 

BACKGROUND: 

Alpha adrenergic activation is known to produce vasoconstriction. It has been 

shown in our lab that phenylephrine (PE), an alpha-adrenergic agonist could 

cause vasorelaxation in conditions with high nitric oxide (NO) and it requires 

alpha adrenergic activation as phentolamine, an α receptor antagonist blocked the 

vasorelaxant effect of PE/NO. In subsequent MD thesis, it was shown that such 

vasorelaxant effect is through α1D receptor. These experiments were done in 

spiral strip preparation. However, in further experiments it was seen that PE 

under normal NO environment also induced vasorelaxation in spiral strip. 

Thus, in this study we have studied two different preparations made from a small 

artery: transverse cylinder and longitudinal strip to study the effect of PE on 

circular and longitudinal smooth muscle respectively. The α receptor subtype 

involved in such PE induced reduction in tension was delineated and the role of 

second messenger, cAMP in such scenario was also studied. 

AIM: 

To delineate the role of cyclic Adenosine Mono Phosphate (cAMP) in 

phenylephrine (PE) induced vasorelaxation 

OBJECTIVES: 

1) To induce vasorelaxation in isolated goat arterial strip by phenylephrine. 
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2) To test if inhibition of basal nitric oxide (NO) by L-NNA (Nϖ-Nitro-L-

arginine) could prevent phenylephrine induced vasorelaxation in longitudinal 

strip. 

3) To test if phenylephrine induced vasorelaxation in longitudinal strip is 

preventable by an alpha adrenoceptor blocker, phentolamine. 

4) To test if specific alpha receptor subtypes blockers such as RS 17053 (α1A 

blocker), chloroethylclonidine dihydrochloride (α1B blocker) and BMY 7378 

dihydrochloride (α1D blocker) could prevent phenylephrine induced 

vasorelaxation in longitudinal strip. 

5) To test if inhibition of adenylyl cyclase by MDL-12330A could prevent 

phenylephrine induced vasorelaxation in longitudinal strip. 

6) If phenylephrine induced vasorelaxation in longitudinal strip was 

prevented by adenylyl cyclase inhibitor MDL-12330A, then to delineate the 

downstream pathway of cAMP by using protein kinase A (PKA) blocker, H-89 

and exchange protein directly activated by cAMP (EPAC) blocker, ESI-09. 

METHODS: 

Isolated artery from fresh goat leg was made into two different preparations: 

transverse cylinder and longitudinal strip and one end was tied to organ bath of 

20ml capacity perfused with mammalian ECF solution (@ 37o Celsius and 

gassed with carbogen), other end was connected to a force transducer which in 

turn was connected to powerlab data acquisition system for recording tension. 
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Drugs were added to both organ bath and drug reservoir for continuous 

perfusion. The changes in tension were analysed using Igor pro software. 

RESULTS: 

Phenylephrine produces only contractile response on circular smooth muscle of 

blood vessels both under normal and high NO environment. However, it induced 

relaxation in longitudinal strip from small artery. Such PE induced relaxant 

response on longitudinal smooth muscle is dependent on NO and α-adrenergic 

activation. The relaxant response is mediated through α1D receptor and cAMP 

doesn’t have a role in such PE induced relaxant response on longitudinal smooth 

muscle. 

CONCLUSION: 

The effect of PE on circular smooth muscle of small artery is only contraction. 

However, its effect on longitudinal smooth muscle of small artery is relaxation. 

PE induced relaxation of longitudinal smooth muscle is mediated through α1D 

adrenoceptor and is independent of cAMP. The spiral strip preparation 

predominantly has the longitudinal smooth muscle component and therefore the 

results in the earlier thesis were similar to longitudinal strip preparation. 

KEYWORDS:  

Phenylephrine, Circular and longitudinal smooth muscle of blood vessel, Alpha 

adrenergic receptor, cAMP. 
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1. INTRODUCTION: 

Peripheral vascular resistance is determined by tone of resistance vessels namely 

small arteries and arterioles which in turn contribute to the regulation of arterial 

pressure and blood flow to tissues and organs (1).  The walls of the resistance 

vessels are made up of smooth muscle cells which act as primary effectors in 

regulation of peripheral vascular resistance by modulating their steady state 

contraction (1), (2). The balance between the vasoconstrictor and vasodilator 

signals acting on the vascular smooth muscle determines the tone of resistance 

vessels (3).  Contraction of circular smooth muscle increases the tone of the 

vessel and reduces size of lumen of the vessel. Longitudinal smooth muscle has 

been found in aorta (4). Function of longitudinal smooth muscle in aorta has not 

been clearly understood. Presence of longitudinal smooth muscle in small 

arteries and arterioles has not been reported.  

Sympathetic stimulation leads to constriction of blood vessels because of its 

action on alpha adrenergic receptors (5), (6).Adrenergic receptors are broadly 

classified as alpha adrenoceptors and beta adrenoceptors (7), (8). Alpha 

adrenoceptors are further classified as alpha 1 and alpha 2 adrenergic receptors 

(5). Alpha 1 adrenoceptors in turn has 3 subtypes namely alpha 1A, alpha1B and 

alpha 1D. Subtypes of alpha 2 adrenoceptors include alpha 2A, alpha 2B and 

alpha 2C (5). Beta adrenoceptor has 3 subtype namely beta 1, beta 2 and beta 3 

(9). Adrenergic receptors are G- protein coupled receptors (8). Alpha 1 and alpha 

2 adrenoceptors are coupled to Gq and Gi proteins respectively (10). All 3 
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subunits of beta adrenoceptor are coupled to Gs protein but beta 2 and beta 3 are 

also coupled to Gi protein (9). Alpha adrenoceptors are located on blood vessels. 

Beta 1 adrenoceptors are found in heart, beta 2 on bronchioles and vascular 

smooth muscle and beta 3 on adipose tissue (11). 

Vasoconstriction by alpha adrenergic stimulation occurs by: 

1)Stimulation of myosin light chain kinase (MLCK) by calcium/Calmodulin 

complex (12) 

2)Inhibition of myosin light chain phosphatase by (MLCP) by phosphorylated 

CPI-17 (13) (14) 

Phenylephrine (PE) is a selective alpha agonist (15). Phenylephrine acts on Gq 

coupled alpha 1 receptor which itself is an GTPase. The alpha subunit gets 

cleaved and activates phospholipase-C on the cell membrane(16). 

Phospholipase-C causes breakdown of phosphatidylinositol-4,5 bisphosphate 

(PIP2) on cell membrane to inositol 1,4,5-triphosphate (IP3) and 1,2 - 

diacylglycerol (DAG). IP3 then enters the cytoplasm acts on IP3 receptors on 

sarcoplasmic reticulum and causes release of calcium. The released Calcium then 

binds to calmodulin, a regulatory protein forming calcium/calmodulin complex 

(17). Calcium/Calmodulin complex causes stimulation of MLCK which causes 

phosphorylation of myosin light chain thereby causing contraction (12). Calcium 

released from sarcoplasmic reticulum also combines with DAG and stimulates 

protein kinase C (PKC). PKC causes phosphorylation of a smooth muscle 

phosphoprotein, CPI-17. CPI-17 inhibits MLCP, which prevents 
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dephosphorylation of myosin light chain thereby supporting contraction (13), 

(14). Activation of alpha 2 adrenoceptor stimulates Gi subunit which in turn 

inhibits adenylyl cyclase and decreases cAMP again favouring contraction (17). 

cAMP mediated vasorelaxation in smooth muscle is reported to occur by 

inhibition of Rhokinase (ROCK) by which results in disinhibition of MLCP. It 

occurs through one of the two following pathways: 

1) Inhibition of RhoA, a small GTPase by activated small G protein Rap 

 

(Rap GTP) by EPAC (Exchange protein directly activated by cAMP)(18), (19). 

 

2) Protein Kinase A activated by cAMP, inhibits RhoA and thereby its  

 

effector ROCK also gets inhibited (20),(21). 

 

A previous publication from our lab has shown that PE could cause 

vasorelaxation under high nitric oxide (NO) environment, using a spiral strip 

preparation (22). In a subsequent MD thesis using the same preparation, it was 

shown that such PE induced vasorelaxation under high NO is through alpha - 1D 

adrenergic receptor. Further experiments showed that PE causes vasorelaxation 

of spiral strips under normal NO environment. It was then realised that the 

number of turns of the spiral in making a spiral strip mattered. If there were 

many spirals, PE caused vasoconstriction and if there were fewer spirals, PE 

caused vasorelaxation. To clarify this paradox the study focuses on PE’s effect 

upon two different preparations - transverse cylindrical arterial strip (circular 

smooth muscle) and longitudinal strip (longitudinal muscle) respectively. Here 

we demonstrate that there is a component of longitudinal muscle in small arteries 
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which is capable of constriction but relaxes on adrenergic stimulation. In this 

study we have also identified the receptor subtype responsible for PE induced 

vasorelaxation. Also experiments aimed at identifying the role of cyclic AMP in 

PE induced vasorelaxation were done. 
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2. AIM & OBJECTIVES: 

 2.1. AIM: 

 To delineate the role of cyclic Adenosine Mono Phosphate (cAMP) in 

phenylephrine (PE) induced vasorelaxation 

2.2. OBJECTIVES: 

1) To induce vasorelaxation in isolated goat arterial strip by phenylephrine. 

2) To test if inhibition of basal nitric oxide (NO) by L-NNA (Nϖ-Nitro-L-

arginine) could prevent phenylephrine induced vasorelaxation in longitudinal 

strip. 

3) To test if phenylephrine induced vasorelaxation in longitudinal strip is 

preventable by an alpha adrenoceptor blocker, phentolamine. 

4) To test if specific alpha receptor subtypes blockers such as RS 17053 (α1A 

blocker), chloroethylclonidine dihydrochloride (α1B blocker) and BMY 7378 

dihydrochloride (α1D blocker) could prevent phenylephrine induced 

vasorelaxation in longitudinal strip. 

5) To test if inhibition of adenylyl cyclase by MDL-12330A could prevent 

phenylephrine induced vasorelaxation in longitudinal strip. 

6) If phenylephrine induced vasorelaxation in longitudinal strip was prevented 

by adenylyl cyclase inhibitor MDL-12330A, then to delineate the downstream 

pathway of cAMP by using protein kinase A (PKA) blocker, H-89 and exchange 

protein directly activated by cAMP (EPAC) blocker, ESI-09. 
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3. LITERATURE REVIEW: 

3.1. RESISTANCE VESSELS: 

Systemic vascular resistance refers to the aggregate resistance to flow of blood in 

systemic circulation (23).  It is a major determinant of blood pressure and 

thereby perfusion to tissues and various organs (24). Small arteries and arterioles 

are the major site of generation of vascular resistance (25). According to 

Poiseuille’s law, the amount of resistance offered to flow is inversely 

proportional to the fourth power of vessel radius. Hence a small reduction in 

lumen diameter markedly increases resistance. The vessel diameter is under the 

control of sympathetic nervous system which alters the lumen diameter through 

variation of vasoconstrictor tone (23). 

3.2. LAYERS OF BLOOD VESSEL: 

Peripheral vascular system includes aorta and its branches, arterioles, capillaries, 

venules and veins. In general, blood vessels except capillaries are made up of 

three layers: 

1) Outer tunica adventitia: provides structural support and shape to the vessel 

2) Middle tunica media: made of elastic and muscular tissue which regulate the 

internal diameter of the vessel. 

3) Inner tunica intima: endothelial lining providing a frictionless pathway for 

blood (26). 

The amount of muscle and collagen fibrils varies within each layer based on the 

size and type of vessel (27). Arteries are mainly of two types: (i) Elastic arteries 
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(contain more elastic fibres in tunica media) (ii) Muscular arteries (contain more 

smooth muscle cells in tunica media). Arterioles are chiefly composed of smooth 

muscle. They play a significant role in systemic vascular resistance due to lack of 

significant elastic tissue (26). 

3.3. VASCULAR SMOOTH MUSCLE: 

The smooth muscle cells found in the wall of resistance vessels are of circular 

type and upon contraction they increase the tone of the vessel and reduce the 

lumen size. Presence of longitudinal smooth muscle component has been 

reported in  aorta (4). However, the physiological role of longitudinal smooth 

muscle in aorta has not been clearly understood. Presence of longitudinal smooth 

muscle is however not clearly documented in muscular arteries. The tone of the 

blood vessel depends on the balance between vasoconstrictor and vasodilator 

signals acting on vascular smooth muscle (3). Vascular smooth muscle tone is 

regulated by sympathetic nervous system. 

3.4. ROLE OF Ca2+ IN VASCULAR SMOOTH MUSCLE 

CONTRACTILITY: 

Initiation of vascular smooth muscle contraction depends on Ca2+ influx. 

Calcium acts as a major determinant of vascular tone by regulating the activity of 

myosin light chain kinase (MLCK) and the degree of 20-KD myosin light chain 

phosphorylation (1). Intracellular Ca2+ concentration also determines the activity 

of various Ca2+ dependent transcription factors thereby influencing vascular 

smooth muscle cell phenotype. In response to various stimuli, a large repertoire 
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of Ca2+ signal is produced through plasmalemmal and sarcoplasmic reticulum 

Ca2+ channels (28). The signals can be a cell wide change in Ca2+ concentration 

or highly localized Ca2+ release or entry events. Extracellular space or the 

intracellular sarcoplasmic reticulum (SR) serves as the source of Ca2+. Global 

intracellular Ca2+ is influenced by voltage dependent L-type Ca2+ channel, the 

activity of which determines the contractile state of vascular smooth muscle and 

thereby the vessel diameter (29), (30).  

3.5. ADRENOCEPTORS AND ITS SUBTYPES: 

John Newport Langley, in 1905 formulated the concept of receptive mechanism 

to explain the action of curare on skeletal muscle (31). It was Dale who first used 

the concept of receptor in relation to sympathetic nervous system. And in 1948, 

Raymond Ahlquist, classified adrenotropic receptors as alpha receptor with 

predominant excitatory function with exception on intestine and beta 

adrenotropic receptor with predominant inhibitory function with exception on 

myocardium (32). 

In 1978, Peroutka et al. classified alpha adrenoceptors as alpha1 and alpha 2 

based on their affinity to an alpha adrenergic receptor antagonist, 

phenoxybenzamine with alpha 1 receptor having higher affinity for 

phenoxybenzamine (11). Radioligand binding and functional studies led to the 

identification of 3 subtypes of alpha 1 adrenoceptors namely alpha 1A, alpha 1B 

and alpha 1D receptors showing high affinity to prazosin, an alpha 1 receptor 

antagonist (33). A subset of alpha 1 adrenoceptor with lower affinity for prazosin 
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namely alpha 1L has been found in prostatic tissue and are involved in 

contractile response to nor-adrenaline (34). Alpha 1 subtypes are located in 

various organs including brain, heart, blood vessels, kidney, liver, spleen and 

prostate mediating modulation of neurotransmission, vasoconstriction, ionotropic 

and chronotropic effect on heart and regulation of metabolism (35). In blood 

vessels it is found in smooth muscle layer and also in endothelial layer (36). 

Alpha 2 adrenoceptor has 3 subtypes namely alpha 2A, alpha 2B and alpha 2C. 

Presence of alpha 2D subtype has been reported in some non-human species 

(37). The subtypes alpha 2A and alpha 2C are located predominantly in central 

nervous system, stimulation of which leads to analgesia, sedation and 

sympatholytic effects. Alpha 2B receptors are located on vascular smooth muscle 

and is responsible for vasopressor effects (38).  

Beta (β) adrenergic receptors have 3 subtypes namely beta 1, beta 2 and   beta 3. 

β1 adrenoceptors are located in heart, β2 in bronchi, arteries to skeletal muscle, 

uterus and in smooth muscles of gastrointestinal system whereas β3 are found in 

adipose tissue. Stimulation of β1 and β2 receptors results in increase in heart rate 

and relaxation of smooth muscle respectively (39) 

3.6. SIGNAL TRANSDUCTION OF ADRENOCEPTORS: 

Adrenoceptors are G protein coupled receptors (GPCR) which are membrane 

glycoproteins with seven membrane spanning domains. Its intracellular face has 

heterotrimers composed of Gα, Gβ and Gγ subunits. GDP is bound to Gα which in 

turn is bound to Gβγ. On binding of ligand, Gα releases GDP and gets bound to 
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GTP. This binding causes conformational changes in Gα resulting in separation 

of Gα and Gβγ subunits which in turn lead to activation of downstream events. Gα 

subunit is further subdivided into four classes namely Gαq, Gαs, Gαi and Gα(12/13) 

each with their own cellular targets. Gαs stimulates adenylyl cyclase (AC) and 

Gαi inhibits AC thereby opposing the action of Gαs. Gαq activates phospholipase 

C (PLC), a membrane bound enzyme whereas Gα(12/13) are involved in the 

regulation of small G-protein RhoA. The free Gβγ were found to activate G-

protein-regulated inward rectifier K+ channels (GIRK or Kir3 channels). Gβγ 

subunit also regulates kinases such as JNK and p38 mitogen activated protein 

kinases (MAPKs) and small G-proteins (40). 

Phenylephrine a powerful vasoconstrictor is a specific agonist of alpha 1 

adrenoceptor (15). Alpha 1 adrenergic receptors are Gαq coupled. Binding of 

alpha 1 agonist such as PE causes activation of membrane bound enzyme 

phospholipase C (PLC) which in turn causes breakdown of phosphatidylinositol 

4,5 - bisphosphate (PiP2) into inositol 1,4,5 – triphosphate (IP3) and diacyl 

glycerol (DAG). IP3 increases cytosolic calcium by causing calcium release 

from sarcoplasmic reticulum via ryanodine receptor (RyR) (41). Calcium 

released then binds to Calmodulin (a regulatory protein), forming Ca/calmodulin 

complex which then stimulates myosin light chain kinase (MLCK) which in turn 

causes phosphorylation of myosin light chain thereby causing contraction (42). 

The released calcium also combines with DAG and stimulates protein kinase C 

(PKC). The activated PKC causes phosphorylation of a smooth muscle 

phosphoprotein, CPI-17. CPI-17 in turn inhibits myosin light chain phosphatase 
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(MLCP), thereby preventing dephosphorylation of myosin light chain leading to 

contraction (13). 

Activation of alpha 2 adrenoceptor stimulates pertussis toxin sensitive G protein, 

Gi which inhibits adenylyl cyclase (AC) thereby causing reduction in cAMP 

resulting in contraction of vascular smooth muscle. Reduction in cAMP also 

causes potassium efflux through calcium activated channels which prevents Ca2+ 

entry in nerve terminal causing hyperpolarization of noradrenergic (NA) neurons 

in medial dorsal pons. This leads to the suppression of neural firing by reducing 

NA release resulting in hypnosis and sedation. This negative feedback loop is 

also involved in reduction in heart rate, blood pressure and attenuation of 

sympathetic stress response. Similarly the alpha 2 neurons in dorsal horn of 

spinal cord reduce the release of substance P, thereby inhibiting the nociceptive 

neurons (38). 

All subtypes of beta adrenoceptors are coupled to Gs subunit but beta 2 and beta 

3 adrenoceptors are also coupled to Gi protein. Epinephrine and norepinephrine 

are primary agonists for all beta adrenoceptors. Upon agonistic activation, beta 

adrenoceptor bound to Gαs subunit activates adenylyl cyclase which converts 

adenosine di phosphate (ADP) to cyclic adenosine monophosphate (cAMP). The 

second messenger cAMP activates cAMP dependent protein kinase A (PKA). 

PKA in turn causes phosphorylation of various proteins leading to a variety of 

downstream process. In heart, PKA phosphorylates troponin I, L-type Ca2+ 

channel and phospholamban B thereby increasing myocardial contractility. In 
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blood vessels and bronchus it leads to vasodilation and bronchodilation 

respectively (43). 

3.7. ROLE OF SMALL G-PROTEIN IN MAINTANANCE OF VESSEL 

TONE: 

An agonist mediated Ca2+ sensitization which involves a GTP-binding protein is 

also involved in smooth muscle contraction. Also, the increased myosin light 

chain phosphorylation via GTP binding protein is mainly by inhibition of MLCP 

rather than by activation of MLCK. Rho, a small GTPase belonging to the 

subfamily of Ras superfamily of monomeric GTPase is responsible for agonist 

mediated Ca2+ sensitization. There are at least ten members of Rho family of 

GTPase in mammals: Rho (isoforms A-E & G), Rac 1, Rac 2, Cdc42 and TC10. 

Rho A, Rho B and Rho C have same amino acid sequence in their effector 

domain and have similar cellular functions. Rhokinase and myosin binding 

subunit (MBS) of myosin phosphatase act as effectors of Rho which are involved 

in smooth muscle contraction. Rho-kinase is a Ser/Thr protein kinase. The kinase 

domain of Rho-kinase has 72% homology of amino acid sequence to myotonic 

dystrophy kinase and is located in N-terminal domain of coiled-coil domain, 

whereas C-terminal portion has the Rho-binding (RB) domain. The activity of 

Rho-kinase (ROCK) is enhanced by the binding of Rho A-GTP.  

Simultaneous coupling of receptor to G12/13 leads to the activation of GEFs 

(Guanine nucleotide exchange factors) which in turn activates Rho A-GTP, 
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thereby stimulates ROCK. The activated ROCK is found to cause contraction by 

three pathways: 

1) By phosphorylating MBS of myosin phosphatase thereby its activity 

2) By direct myosin light chain phosphorylation 

3) By phosphorylating CPI-17, a smooth muscle phosphoprotein which in 

turn inhibits MLCP. 

Y27632, a specific inhibitor of ROCK was found to inhibit the agonist induced 

Ca2+ sensitization. Thus, ROCK plays a significant role in Ca2+ sensitization. 

Calcium sensitization is involved in diseases such as hypertension and coronary 

artery spasm; hence Rho-kinase could be a therapeutic target for these diseases 

(44), (45).  

3.8. NITRIC OXIDE (NO), A PHYSIOLOGIC MESSENGER: 

Endothelium derived relaxing factor was identified as nitric oxide (NO). During 

the past NO, a noxious, unstable gas was thought to be an unlikely molecule to 

act as a biological messenger. Later it was discovered in body, serving various 

functions such as neurotransmission, vasodilation and suppression of pathogens. 

NO is synthesized from L-Arginine and oxygen in the presence of the enzyme 

NO synthase (NOS). NOS exists in three different isoforms. They are the 

endothelial NOS (eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS). 

eNOS and nNOS are constitutive isoforms with low basal activity. nNOS is 

expressed in specific neurons of brain, spinal cord, sympathetic ganglion in 

peripheral nitrergic nerves, adrenal glands, macula densa of kidney, pancreatic 
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islets and vascular smooth muscle. eNOS is predominantly found in endothelial 

cells but it has also been found in other cells such as platelets, cardiac myocytes, 

syncytiotrophoblasts and tubular epithelial cells of kidney (46). 

eNOS and nNOS are activated by an increase in intracellular calcium level. 

Calmodulin, a calcium binding protein binds to calcium and the Ca/Calmodulin 

complex activates the NOS which then synthesizes small amounts of NO. 

Inducible NOS isoform on the other hand is normally not present in cells such as 

macrophages and hepatocytes. But these cells upon activation by specific 

cytokines produce iNOS which then synthesizes large amounts of NO, thereby 

inhibiting pathogens. NO produced by iNOS in glial cells is involved in 

inflammatory neurodegeneration and neuronal death. Excessive NO production 

by iNOS was also found to play an important role in septic shock resulting in 

massive arteriolar dilatation, hypotension and microvascular damage (31). 

3.9. SIGNAL TRANSDUCTION OF NO IN VASODILATION: 

NO diffuses from its cell of origin into the target cell and binds to iron 

containing enzymes thereby activating or inactivating it to exert its effects. 

Guanylyl cyclase enzyme is activated by binding of NO to the iron in the heme 

group of the enzyme which then leads to the increased production of cGMP from 

GTP. cGMP activates PKG which in turn stimulates MLCP resulting in 

vasodilation. NO can cause vasodilation by cGMP independent mechanism such 

as by activation of SERCA (SarcoEndoplasmic Reticulum Calcium transport 
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ATPase) thereby causing reuptake of Ca2+ into sarcoplasmic reticulum (SR) 

resulting in vasodilation (47), (48). 

NO also activates calcium dependent potassium channels in vascular smooth 

muscle which causes membrane hyperpolarization resulting in vasodilation (49). 

NO also causes ADP ribosylation of Gi subunit thereby attenuating α2 – 

adrenoceptor mediated inhibited inhibition of adenylyl cyclase. This causes the 

increase in intracellular levels of cAMP resulting in vasorelaxation (50). Hence, 

NO causes vasodilation by both cGMP dependent and independent mechanisms.  

3.10. ROLE OF SECOND MESSENGER CYCLIC AMP IN 

VASODILATION: 

Cell surface receptors receive various extracellular signals which are converted 

to intracellular signals by substances known as second messengers. Adenosine 

3’,5’- cyclic monophosphate (cAMP), cyclic guanosine monophosphate (cGMP), 

nucleotides, lipids and various other small molecules act as second messengers. 

Second messengers bring about the physiological effects by activating protein 

kinases or by its action on ligand gated channels that alter the membrane 

potential. Signal termination is brought about by degradation of second 

messenger. 

Adenylyl cyclase (AC) upon activation by agonist binding to receptors or 

directly by certain substances such as Forskolin converts adenosine tri phosphate 

(ATP) into cyclic AMP which in turn stimulates camp dependent protein kinase 

A (PK A). PK A brings about various cellular reactions by phosphorylating 
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specific proteins. Gene transcription is brought about by phosphorylation of a 

transcription factor, CREB (cAMP response – element binding protein) which 

results in various physiological functions. cAMP pathways are involved in 

various conditions and disease states such as inflammation, malignancy, 

myocardial atrophy, asynodia, depression, Alzheimer’s disease, etc... Hence, 

various molecules in cAMP signalling pathway had become target of research 

for treatment of various diseases. Forskolin (Fsk) activates AC and causes an 

increase in intra-cellular cAMP. Alzheimer’s disease has been reported to have 

altered AC activity. Hence Fsk may serve as a target in treatment of Alzheimer’s 

disease. In a study by Chen et al, they used Fsk and cholera toxin (CTX) to 

increase cAMP levels and showed that Fsk and CTX increased the expression of 

iNOS induced by lipopolysaccharide (LPS). 

Functions of cAMP are dependent on PKA. H89, a potent inhibitor of PKA 

blocks various inflammatory factors and also inhibits LPS induced inflammatory 

response through mitogen activated protein kinase (MAPK) pathway by 

inhibiting CREB- mediated mRNA and protein expression levels of MAPK 

phosphatase – I. 

Phosphodiesterases (PDEs) are group of enzymes which catalyse the hydrolysis 

of second messenger molecules such as cAMP and cGMP. Hence their 

inactivation results in increase in the levels of cAMP in cells. Rolipram, a 

commonly known PDE 4 inhibitor significantly increases cAMP levels, 

strengthens arginine enzyme activity, treats depression, ameliorates memory and 
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supresses inflammation. Pentoxifylline, a PDE inhibitor has anti-fibrotic activity 

and it also increases the production of NO. Pentoxifylline and rolipram are 

widely used in clinical setting (51). 

cAMP mediated vasorelaxation in smooth muscle is reported to occur through 

disinhibition of MLCP which in turn is brought about by inhibition of Rhokinase 

(ROCK) which can occur through one of the two following pathways: 

(i) down regulation of RhoA by activated small G protein Rap (Rap  

 

GTP) by EPAC (Exchange protein directly activated by cAMP) (18), (19). 

 

(ii) Protein Kinase A activated by cAMP, inhibits RhoA by  

 

phosphorylating it and thereby its effector ROCK also gets  

 

inhibited which in turn causes disinhibition of MLCP setting the  

 

stage for vasorelaxation(20), (21), (Fig:1). 
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Fig.1: Schematic diagram showing the pathways of cAMP mediated 

vasorelaxation 
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3.11. CYCLIC GMP AND VASODILATION: 

Guanosine tri phosphate is converted to cyclic GMP in the presence of an 

enzyme guanylate cyclase/guanylyl cyclase (GC). GC has 2 isoforms namely 

soluble (cytosolic) form and particulate (membrane bound) form. Particulate 

isoenzyme is predominantly found in retina and intestinal mucosa and soluble 

isoenzyme is found in platelets whereas vascular smooth muscle has both 

isoenzymes. Soluble GC gets activated by NO (NO sensitive) and certain 

porphyrins and particulate GC by Escherichia coli heat stable enterotoxin, 

atriopeptins and hemin (52). 

Schultz et al (1977) first reported that cGMP mediates vasorelaxation. Later 

Katsuk et al observed that vasodilator compounds with NO (Nitrovasodilators) 

caused elevation of cGMP levels. NO as discussed earlier binds to the heme 

group of sGC and increases the levels of cGMP which in turn activates PKG. 

PKG phosphorylates MLCP resulting in vasodilation (53). 

Natriuretic peptides such as atrial natriuretic peptide (ANP) and brain natriuretic 

peptide (BNP) secreted by cardiac myocytes I atrium and ventricles respectively 

activates membrane bound GC A receptors and increases cGMP levels. The 

increased levels of cGMP mediate vascular relaxation, endothelial permeability 

modulation, inhibition of aldosterone and renin secretion and it also mediates the 

renal handling of salt and water. It has been evident from recent studies that use 

of neprilysin inhibitor (neuropeptides degradation inhibitor) along with 
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angiotensin II (AT-II) receptor blocker has improved resistant hypertension and 

heart failure in humans and mice (54). 

3.12. PHOSPHODIESTERASES: KEY REGULATOR OF cGMP: 

Phosphodiesterases (PDEs) regulate the metabolism of cGMP into its inactive 

form 5’GMP thereby controlling cGMP signalling. PDEs comprise of 11 

different families of enzymes with one to four isoenzymes in each family. 

Among them PDE1, PDE2 and PDE11are sensitive for both cAMP and cGMP, 

PDE3 and PDE10 are cAMP selective but also sensitive to cGMP and PDE5, 

PDE6 and PDE9 are highly specific for cGMP. Any one cell may express three 

to four PDEs. In vascular smooth muscle PDE1, PDE3 and PDE5 are responsible 

for degradation of cGMP. Each enzyme is activated under specific situations 

leading to specified activation of downstream targets. 

Conditions which increased intracellular cGMP levels also increased PDE5 

activity. cGMP upon binding to the regulatory GAF domain of PDE5 increases 

the catalytic rate of the enzyme. Also, PDE5 gets phosphorylated by cGMP 

dependent PK (cGK I) which in turn prolongs its activation. This negative 

feedback mechanism regulates the NO/cGMP signalling. This mechanism has 

also been proposed to be responsible for decreased cGMP production after 

second stimulation with NO (NO-induced desensitization). Hence, the effects of 

NO generating compounds such as nitro glycerine are greatly potentiated by 

PDE inhibitors such as sildenafil (54).  
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3.13. CROSSTALK BETWEEN cAMP AND cGMP: 

The generation, metabolism and degradation of one type of nucleotide are 

prevented by a high concentration of other nucleotide. Isoproterenol for example 

enhances myocardial contractility by increasing the concentration of cAMP 

while simultaneously decreasing the concentration of cGMP (51). 

A special form of biochemical crosstalk is cross-activation in which a highly 

specific ligand of a receptor interacts with a different receptor. Richard et al 

demonstrates cross activation of PKG by cAMP in porcine coronary arteries 

using electrophysiological (patch-clamp technique), pharmacological and 

biochemical studies. They demonstrated that cAMP activated PKG stimulated 

BKCa (large conductance, calcium activated potassium channel) activity and this 

stimulation was independent of cGMP. Calcium activated potassium channels 

are very powerful means of relaxing smooth muscle. This is brought by 

repolarization induced closure of voltage dependent calcium channels thereby 

attenuating Ca2+ influx. Hence, cross-activation of PKG by cAMP can be one of 

the several mechanisms of cAMP induced vasodilation. 

Lincoln et al summarized that “there is no specific effect of a cyclic nucleotide 

analogue or a cyclic nucleotide-dependent kinase in cells”. Hence it is an on-

going challenge to elucidate the complicated signalling mechanisms of cyclic 

nucleotide-dependent vasodilation (55). 
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3.14. ALPHA ADRENOCEPTOR AND VASORELAXATION: 

Filippi et al in 2001 have demonstrated that PE in nanomolar concentration was 

able to produce vasorelaxation in preconstructed vessels through alpha 1D 

receptor activation. However, micromolar concentration of PE produced a 

contractile response by stimulation of alpha 1A adrenoceptors. PE in nanomolar 

concentration activates phospholipase C (PLC) through alpha 1D receptor 

resulting in the generation of IP3. IP3 thus released increases the intracellular 

Ca2+ level which results in the activation of eNOS and iNOS thereby causing 

generation of NO and thus vasorelaxation. Such PE induced vasorelaxation was 

found to be prevented by PLC inhibitor U73122 and endoplasmic reticulumCa2+ 

ATPase inhibitor thapsigargin. Similarly nanomolar concentration of PE failed to 

produce vasorelaxation in the presence of an alpha 1D blocker BMY 7378 and 

also in the presence of 100uM  N(omega) – NITRO – L – Arginine methyl ester 

(L-NAME), a nitric oxide synthase inhibitor thereby demonstrating the role of 

alpha 1D receptor and NO in PE induced vasorelaxation (56).  

Renu et al have shown that PE was able to reduce the vessel tone from baseline 

under from baseline under high NO levels in spiral strips of goat arteries. This 

PE induced vasorelaxation under high N environment was dependent on NO but 

independent on cGMP, as blockade of cGMP formation by 1H-[1,2,4] oxidiazolo 

[4,3-a] quinoxaline-1-one, (ODQ) or methylene blue still resulted in 

vasorelaxation. Also, substances which increase cGMP such as sildenafil didn’t 

increase the degree of relaxation by PE. It was also shown that prior treatment 
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with phorbol myristate acetate (PMA), a protein kinase C agonist failed to 

produce reduction in vessel tension with PE in a high NO environment. Further it 

was shown that this PE induced vasorelaxation is alpha adrenoceptor dependent 

as this phenomenon was prevented by phentolamine, an alpha blocker whereas 

propranolol, a beta blocker failed to do the same (22). 
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Fig: 2 Flowchart representing the alpha adrenoceptor mediated 

vasoconstriction pathway and the hypothesised vasorelaxation pathway. 

 



 

31 
 

3.15. VASOMOTION, AN OSCILLATORY PHENOMENON: 

Jones in 1852, based on his studies on bat wing circulation described the 

phenomenon of vasomotion. Vasomotion is the oscillation in the blood vessel 

tone which causes periodic oscillation of flow in an organ which in turn is 

termed as flowmotion. Vasomotion has been reported to occur both in vivo and 

in vitro. In vivo vasomotion causes rhythmic oscillations in vessel diameter 

which in turn modifies flow in an organ and maintains optimal tissue perfusion. 

In vivo vasomotion is observed by intravital microscopy, which is not readily 

applicable. Flowmotion on the other hand is easily assessed by Laser – Doppler 

Flow (LDF) measurements and other methods such as blood pressure and 

oxygen tension measurements, though the later methods might not be accurate. 

Flowmotion analysis by LDF showed a broad spectrum of oscillation frequencies 

ranging from 0.05 to 0.2Hz.  

In vitro measurements of vasomotion has been recorded as change in wall 

tension under isometric and under isobaric conditions. The vasomotion 

frequency obtained by these methods ranges from 0.01 to 0.3Hz which correlate 

well with the frequencies obtained by in vivo methods. 

Vasomotion is strongly under the influence of sympathetic nervous system. 

Vasomotion with a frequency of 0.1Hz which is mainly under the influence of 

sympathetic innervation gets affected predominantly during diabetic neuropathy. 

Reduction in arterial vasomotion has also been considered as an early marker of 

sympathetic dysfunction. 
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The presence of cellular oscillators is necessary for the generation of 

vasomotion. Cellular oscillators are divided as cytosolic and membrane 

oscillators based on their mechanism. Ca2+ released from intracellular Ca2+ stores 

such as sarcoplasmic reticulum represents the cytosolic oscillator. The released 

Ca2+ generate intracellular Ca2+ transients ([Ca2+] i) giving the appearance of Ca2+ 

waves which are asynchronized. These Ca2+ waves are regenerated by Ca2+ -

induced Ca2+ release from sarcoplasmic reticulum through IP3 and ryanodine – 

sensitive channels. Upon synchronization of Ca2+ waves there is appearance of 

oscillatory vasomotion and there is an uniform rise in [Ca2+]i throughout the cell.  

The next type of cellular oscillator is membrane oscillator. Vasomotion is 

voltage dependent (i.e.) oscillation in membrane potential leads to vasomotion. 

There exists an interplay between cytosolic and membrane oscillator. 

Asynchronous Ca2+ waves produced by a cytosolic oscillator causes periodic 

activation of depolarising current (membrane oscillator) which in turn results in 

oscillations in membrane potential. This depolarizing current spreads to nearby 

smooth muscle cells via gap junctions and causes opening of voltage gated 

calcium channels resulting in Ca2+ influx in adjacent cells. This synchronised 

Ca2+ influx triggers the Ca2+ - induced Ca2+ release further amplifying the 

depolarization. Ca2+ influx through voltage gated Ca2+ channels occur throughout 

the membrane because of the global nature of membrane depolarisation (57).  
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Vasomotion is seen in various vascular beds and under normal conditions the 

prevalence and quality of it varies among vascular beds. Vasomotion is thus 

necessary for proper tissue perfusion during constant blood flow (58). 

3.16. ADRENERGIC SUPPORT IN SEPTIC SHOCK: 

Septic shock is characterised by sepsis induced hypotension besides adequate 

fluid resuscitation and is associated with abnormalities of organ perfusion and 

cellular dysfunction. About 9% of admissions is attributed to septic shock and is 

the leading cause of death in ICUs. It has a higher mortality rate of about 40 – 

60% (59). 

Early hemodynamic goals to be achieved in sepsis management were set from 

which emerged the concept of “early goal directed therapy”. The goals of the 

therapy include achieving the following within 6 hours of initiation of therapy: 

mean arterial pressure (MAP) ≥ 65mm Hg, central venous saturation (ScvO2) > 

70%, central venous pressure (CVP) > 8 – 12mm Hg and urine output > 

0.5ml/Kg/hr. Lactate clearance was later added to the goals. 

According to the Surviving Sepsis Campaign, norepinephrine (NE) or dopamine 

(DA) are the first line of drugs in the management of septic shock, followed by 

epinephrine in patients whose response is inadequate to NE (or) DA. There has 

been a long-standing debate regarding the superiority of one catecholamine 

vasopressor over the other. This is because of their different affinity on α and β 

adrenoceptors. Stimulation of α1 and α2 adrenoceptors cause peripheral 

vasoconstriction, β1 adrenoceptor increases heart rate and β2 causes peripheral 
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vasodilation. Recent studies have shown that early administration of NE is 

beneficial for septic shock in restoring organ perfusion. Norepinephrine’s 

receptor affinity in descending order is as follows: α1, α2, β1 and β3. It acts as a 

powerful vasopressor and has a positive ionotropic and chronotropic effect on 

heart. Hence early administration of NE was found to improve microcirculation, 

cardiac output and prevented fluid overload. Meta-analysis by Anvi et al showed 

that NE has a 11% absolute reduction in 28 days all-cause mortality compared 

with dopamine in septic shock patients (60), (61). 

Phenylephrine, a selective α1 agonist on the other hand was found to increase 

blood pressure by vasoconstriction at a dose of 0.5 – 8μg/Kg/min in 

normotensive hyperdynamic septic shock patients. However, there are only 

limited studies regarding the role of PE in septic shock. A study by Renu et al 

showed that use of adrenergic agonists such as PE in a high nitric oxide 

environment result in vasorelaxation. According to the observation in this study, 

use of adrenergic agents in treatment of septic shock which has a high level of 

circulating NO could worsen the shock by further reducing the blood pressure. 

As a support for this observation, a study by Bond et al showed tiodazosin, a 

specific α1 antagonist beneficial in decompensatory haemorrhagic shock (62), 

(22), (63).   
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3.17. ORGAN BATH STUDIES FOR ISOLATED TISSUE / ORGAN     

PREPARATION: 

Isolated organ / tissue preparation serves as a convenient model for the study of 

physiological process and to study efficacy and potency of a drug at a defined 

target. This type of study model has been in practice for the past 100 years and 

they have a high throughput as they can be run in groups. The advantages of 

these studies are that they have an easy experimental setup, ease in preparation, 

reproducibility and the ability to make controlled changes in O2 delivery, 

temperature, perfusate and drug administration. 

Tissues which are generally studied by organ bath setup include: blood vessels, 

uterine tissue, vas deferens, ileum, colon, skeletal / smooth muscle, atria, 

ventricle and diaphragm. The tissue of interest is isolated and cleaned. The tissue 

is then threaded on both sides. One of the threads is attached to the organ bath 

while the other is attached to the force transducer which in turn is connected to 

computer through data acquisition system to record the change in tension.  The 

organ bath is double jacketed which is connected to circulating water bath which 

is set at 37oC. The organ bath is perfused with physiological salt solution and is 

aerated with carbogen (95% O2 and 5% CO2). The length of the tissue at which 

there is an optimal response from smooth muscle cells is known as passive 

tension which varies among tissues. So, the passive tension for the tissue under 

study should be identified through preliminary experiments and adequate passive 

tension for the tissue is given and the tension is allowed to stabilise. Adequate 
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volume of drug from stock solution is added to the organ bath to attain the 

desired concentration and change in tension is recorded. The effect of various 

concentration of drug can be recorded by adding the drug in series with adequate 

time interval for the drug to act. Data  is then saved and analysis can be done 

offline using various software like Graph pad prism, Igor pro or MATLAB (64), 

(22).  

3.18. TECHNIQUES OF VESSEL PREPARATION: 

There are various techniques of vessel preparation to study drug response on 

isolated blood vessels, but each technique has its own advantages and 

disadvantages. The common method to record tension is to record isometric 

tension. Most commonly used preparations are spiral strip. They are easy to 

prepare but are less physiological as endothelium and muscles are cut and equal 

contribution to the tension developed are made by both circular and longitudinal 

muscle components. Spiral strip preparation has been used in various studies to 

study the effect of different concentration of drugs and they have also been used 

as bioassay tissues. 

Ring preparations are the second most commonly used preparation in in-vitro 

studies. They are more physiological as there are no disruption of circular 

smooth muscle cells. Aorta and cerebral vessels are the vessels generally studied 

by this preparation. The need for accurate micrometres, sensitive transducers and 

difficulty in studying smaller vessels are the main disadvantages of this 

preparation. 
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Intraluminal perfusion pressure is another method in which both ends of the 

blood vessel are cannulated and is perfused by a perfusion pump at a constant 

rate. The vessel is kept immersed in physiological salt solution. This is the most 

physiological method but is not often used. The main disadvantage is that there is 

a time delay between the administration of drug to the time it begins to perfuse 

the vessel. Hence there is an inaccuracy in determining the concentration – effect 

of the drug (65), (66). 
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4. MATERIALS REQUIRED: 

This study was approved by Institutional review board (IRB) of Christian 

medical college (IRB no: 10959, dated 07/11/2017). Study was done in the 

department of physiology, Christian medical college during the period of June, 

2018 to June, 2019. 

4.1. MATERIALS REQUIRED FOR ISOLATED VESSEL 

EXPERIMENT: 

1) Circulating water bath @ 37oC 

2) Double jacketed organ bath of 20ml capacity 

3) Force transducer 

4) Power lab  

5) Laptop with lab author software 

6) Dissection board 

7) Surgical blade (size 15) 

8) Surgical scissors – 1 

9) Iris scissors – 1 

10) Toothed forceps – 1 

11) Pointed forceps – 1 

12) Thread 

13) Needle 

14) Petridish dish – 2 

15) Glass Beaker – 2 
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16) Double jacketed drug reservoir  

17) 1ml pipette with tips 

18) 100ul pipette with tips 

19) Stock solution of drugs 

20) Mammalian ECF 

21) Plastic thread 

22) Carbogen cylinder 

4.2. STOCK SOLUTIONS: 

                Stock solution was prepared for the following drugs: 

  

 

 

 

S.No 

                   Drug 

 

         Molarity 

    1 Phenylephrine 

 

          10mM 

    2 Phentolamine 

 

          10mM 

    3 L-Arginine 

 

          10mM 

    4 MDL – 12330A, 

(Adenylyl Cyclase inhibitor) 

 

          10mM 

    5 RS-17053 hydrochloride,  

(α-1A blocker) 

 

          10mM 

    6 Chloroethylclonidine 

dihydrochloride (CEC), 

( α-1B blocker) 

          10mM 

    7 BMY 7378 dihydrochloride, 

(α-1D blocker) 

          10mM 

    8 Potassium chloride 

 

          4M 
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 Stock solution for the drugs such as phenylephrine, phentolamine,    L-Arginine 

and potassium chloride were prepared on the day of experiment whereas stock 

solutions of MDL-12330A, RS-17053, CEC, BMY 7378 were aliquoted and 

stored at -20oC and was used when required. 

4.3. COMPOSITION OF MAMMALIAN EXTRACELLULAR 

SOLUTION: 

 

   

S.NO 

                     SALT         MOLARITY 

         (mmol/L) 

     1 Sodium chloride  

 

             100 

     2  Potassium chloride 

 

               3 

     3 Calcium chloride 

 

              1.3 

     4 Sodium dihydrogen phosphate 

 

              0.5 

     5 Disodium hydrogen phosphate 

 

               2 

     6 Sodium bicarbonate 

 

              25 

     7  Magnesium chloride 

 

               2 

     8 HEPES buffer 

 

              10 

     9 Glucose 

 

               5 

 

pH of 7.4 was obtained by adding 1M sodium hydroxide.  

3-5 litres of ECF solution was prepared at a time and was stored at 4oC. 
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5. METHODS: 

5.1. SOLUTIONS REQUIRED FOR THE EXPERIMENT: 

All salts for mammalian ECF solution were purchased from SIGMA. 

Phenylephrine hydrochloride, phentolamine, L-NNA, MDL-12330A were also 

purchased from SIGMA. 

10mM Stock solution was prepared for phenylephrine, phentolamine and 4M 

stock solution was prepared for potassium chloride (KCl). Stock solution for 

phenylephrine, KCl was prepared in distilled water whereas ethanol was used for 

phentolamine and dimethyl sulfoxide (DMSO) was used for MDL-12330A. 

Appropriate amount of the drug was added both to the organ bath to obtain the 

final concentration. 

5.2. PREPARATION OF STOCK SOLUTION: 

1) Phenylephrine (PE):  

Molecular weight of PE is 203.67 g/mol 

0.02g of phenylephrine was added in 10ml distilled water to prepare 10mM stock 

solution. 

Needed bath concentration of 100uM was obtained by adding 200ul of 10mM 

stock solution into organ bath  

 

2) Phentolamine: 

           Molecular weight of phentolamine is 317.81 g/mol 
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0.015g of phentolamine was added in 5ml ethanol to prepare 10mM stock 

solution. 

Needed bath concentration of 10uM was obtained by adding 20ul of 10mM stock 

solution into organ bath.  

3) L-NNA (Nϖ-Nitro-L-arginine): 

Molecular weight of L-NNA is 219.20 g/mol 

Needed bath concentration of 100uM was obtained by adding 0.02g of L-NNA 

dissolved in 500μl of hydrochloric acid and 700ul of 1M sodium hydroxide. 

4) Yohimbine hydrochloride: 

Molecular weight of yohimbine is 390.90 g/mol 

10mM stock solution was prepared by adding 10mg of yohimbine to 2.6ml of 

distilled water. 250μl aliquots were made and were stored at       – 20oC. Final 

bath concentration of 50μM was obtained by adding 50μl of the stock solution. 

    

5) RS – 17053 hydrochloride: 

Molecular weight of RS-17053 is 449.42 g/mol 

10mM stock solution was prepared by adding 10mg of RS – 17053 to 2.2ml of 

ethanol. Aliquots of 250μl were made and were stored at -20oC.     Needed bath 

concentration of 10μM was obtained by adding 20μl of the stock solution into 

organ bath. 
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6) Chloroethyl clonidine dihydrochloride (CEC): 

Molecular weight of CEC is 408.58 g/mol. 

Stock solution of 10mM was prepared by adding 10mg of CEC to 2.5ml of 

distilled water. Aliquots of 250μl were made and were stored at -20oC. 

20μl of the stock solution was added to organ bath to obtain the final 

concentration of 10μM. 

 

7) BMY 7378 dihydrochloride: 

Molecular weight of BMY 7378 is 458.42 g/mol. 

Stock solution of 10mM was prepared by adding 10mg of BMY 7378 to 2.18ml 

of distilled water. 250μl aliquots were made and were stored at      -20oC. 

20μl of stock solution was added to organ bath to obtain the final bath 

concentration of 10μM. 

 

8) MDL – 12330A: 

Molecular weight of MDL-12330A is 377.01 g/mol. 

0.005g of MDL-12330A was added to 1.32ml of dimethyl sulfoxide (DMSO) to 

prepare 10mM stock solution. Aliquots of 100ul of 10mM stock solution were 

made and stored at -20oC. Needed bath concentration of 10uM was obtained by 
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adding 20ul of 10mM stock solution into organ bath and 50ul into drug reservoir 

for continuous perfusion. 

 

9) Potassium chloride (KCl) : 

Molecular weight of KCl is 74.55 g/mol 

2.98g of KCl was added in 10ml distilled water to prepare 4M stock solution. 

Needed bath concentration of 80mM was obtained by adding 400ul of 4M stock 

solution into organ bath. 

5.3. ISOLATION OF SMALL ARTERY: 

Fresh goat leg from a registered slaughterhouse was procured on the day of 

experiment. Stock solution of drugs required for the experiment was prepared 

before beginning the vessel isolation. The following procedure was started 

immediately after obtaining goat legs. Goat leg was washed under running tap 

water to remove dirt and blood. Goat leg was then placed on the dissection board 

and skin was removed superficially using surgical blade. Care was taken while 

removing the skin to prevent damage to the underlying vessel. A vascular bundle 

close to the muscle was identified. The artery was confirmed by patency of its 

lumen. Considerable length of the artery was dissected with minimal handling 

using surgical scissors. Dissected artery was then transferred to a petri dish 

containing cold ECF solution, as cold solution will reduce the metabolic rate of 

the tissue thereby prolonging its viability. Adventitious tissue attached to the 

artery was removed carefully using iris scissors. The artery was kept immersed 
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in ECF solution throughout the procedure. After removing the extraneous tissue, 

artery was then transferred to another petridish containing ECF solution and was 

continuously aerated. The artery was then cut into 2-3 small strips, each of 1.5 – 

2 cm length. The arterial strip should be devoid of side branches. Two different 

arterial preparations were made: 

(i) Transverse cylinder 

(ii) Longitudinal strip 

1) Transverse cylinder preparation: 

       Two fine plastic threads were inserted through the lumen of the artery. Loop 

was made on both sides. A long thread was tied to one loop in order to connect it 

to the force transducer. Other loop was attached to a hook in organ bath such that 

the tissue was suspended transversely. (Fig.3) 

Fig.3: Transverse cylinder preparation mounted in an organ bath 
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2) Longitudinal strip preparation: 

 An artery of length 1.5 – 2 cm was selected and cut open longitudinally using an 

iris scissors thereby exposing the endothelium.    2 to 3 bites were taken on one 

end of the vessel using a fine needle and a small loop was made. Similarly, 2 to 3 

bites were taken at the other end to include more muscle fibres, which was then 

tied together to a long thread to connect to the force transducer. (Fig.4) 

 

   

 

      Fig.4: Longitudinal strip preparation mounted in an organ bath 
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Both preparations were subjected to the following procedure: 

 One end of the specimen was mounted on an organ bath of 20ml capacity 

perfused with mammalian ECF solution at 37oC continuously aerated with 

carbogen (95% oxygen and 5% carbon dioxide). Other end of the strip was 

connected to force transducer which in turn was connected to powerlab data 

acquisition system for recording vessel tension. 

 

Fig.5: Diagrammatic representation of transverse cylinder 

preparation and longitudinal strip preparation of goat artery 
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Fig.6: Experimental Setup 
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5.4. HISTOLOGICAL EXAMINATION OF VESSEL PREPARATIONS: 

The tissues (Transverse cylinder and longitudinal strip preparation of small 

artery) were fixed by immersing in 10% buffered formalin for 2-3 days. The 

tissues were then dehydrated by immersing in ascending grades of alcohol and 

were cleared with xylene. Liquid paraffin was used to impregnate the tissues to 

make paraffin block. Thin sections of 5µm thickness were made using 

microtome. Sections were the subjected to dewaxination followed by hydration 

with descending grades of alcohol and were washed in distilled water. Tissue 

sections were observed under light microscope after staining with hematoxylin 

and eosin. 
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     STATISTICAL 
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6. STATISTICAL ANALYSIS: 

SPSS software (ver.16.0) was used for statistical analysis. Comparison of change 

in vascular tension before and after intervention within a group was done using 

Wilcoxon signed rank (WSR) test. Comparison of difference of percentage 

Change in vascular tension between the intervention group and control group 

was done using Mann- Whitney U test. P value ≤ 0.05 was considered 

statistically significant. The results were expressed as scatter plots with median. 
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            RESULTS 

 

  



 

55 
 

7. RESULTS: 

Change in vascular tension was recorded using Powerlab data acquisition system 

at 1000Hz sampling rate and the acquired data was analysed using MATLAB ® 

software. 

  

Fig.7: Raw tracing in Powerlab data acquisition system 
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PE induces contraction of circular smooth muscle of small artery under NO 

environment: 

Fig.8: (a) Raw tracing showing an increase in vascular tension with PE in 

transverse cylinder preparation of small artery. (B) Scatter plots of 

results from all five experiments demonstrating increase in vascular 

tension with PE. (C) Quantum of change in vascular tension with PE 

from baseline (* P < 0.05) 
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Phenylephrine (PE) increased the tension of circular smooth muscle of small 

artery under normal NO environment from 0.09g to 0.54g. (Median, n=5, P value 

< 0.028 with Wilcoxon Signed Rank (WSR) test when tension before and after 

PE was compared), (Fig: 8). 

PE increased the tension of circular smooth muscle even under high NO 

environment: 

While no change in basal tension was observed when L-Arginine 100uM was 

added, subsequent addition of PE 100uM increased the tension from 0.07g to 

0.79g (median, n=5, P value < 0.05 with WSR test), (Fig: 9). 

A significant difference in percentage change in vascular tension between the 

groups: PE with and without L-Arginine was not observed (P value = 0.273 with 

Mann-Whitney U (MWU) test). 
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Fig.9: (A) Raw tracing demonstrating the increase in vascular tension by 

PE in the presence of L-Arginine in transverse cylinder preparation (B) 

Vascular tension profiles due to serial additions of L-Arginine and PE. (C) 

Quantum of change in vascular tension with PE in the presence of L-

Arginine. 
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L-NNA inhibited PE induced contraction of circular smooth muscle: 

In the presence of L-NNA, a competitive inhibitor of NO synthase, PE failed to 

produce contraction of circular smooth muscle and L-NNA itself produced a 

transient contraction. The vessel tension before and after addition of PE in the 

presence of L-NNA were 0.09 and 0.08g (median, n=5, P value = 0.08 with 

WSR test), (Fig: 10). 

There was a statistically significant difference in percentage of change in tension 

among the experimental group of PE alone and PE in presence of L-NNA. 

(median, n=5, P value < 0.05 with MWU test)   
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Fig.10: (A) Raw tracing demonstrating lack of change in vascular 

tension by PE in the presence of L-NNA in transverse cylinder 

preparation (B) Vascular tension profiles due to serial additions of L-

NNA and PE. (C) Quantum of change in vascular tension with PE in the 

presence of L-NNA. 
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PE induces relaxation of longitudinal smooth muscle of small artery both 

under normal NO environment and under high NO environment: 

Fig.11: (a) Raw representative tracing showing a decrease in vascular 

tension with PE under normal NO environment in longitudinal strip. (b) 

Scatter plots of results from all five experiments demonstrating decrease 

in vascular tension with PE. (c) Quantum of change in vascular tension 

with PE from baseline (* P < 0.05) 



 

62 
 

PE 100uM reduced the tension of longitudinal smooth muscle even under normal 

NO environment from 0.25g to 0.09g (Median, n=5, P value < 0.05, WSR), (Fig: 

11). 

PE induces relaxation of longitudinal smooth muscle of small artery under 

high NO environment also: 

While L-Arginine 100uM did not reduce the basal tension by itself, subsequent 

addition of PE 100uM reduced the tension from 0.28 to 0.07g (median, n=5, P 

value < 0.05, WSR), (Fig: 12) 

There was no significant difference in percentage change in tension between the 

groups: PE under normal NO environment and PE in presence of L-Arginine (P 

value = 0.08, MWU test). 
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Fig.12: (A) Raw representative tracing showing a decrease in vascular 

tension with PE under high NO environment in longitudinal strip. (B) 

Scatter plots of results from all five experiments demonstrating decrease 

in vascular tension with PE in the presence of L-Arginine. (C) Quantum 

of change in vascular tension with PE under high NO environment from 

baseline (* p< 0.05) 
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PE induced relaxation of longitudinal smooth muscle was prevented by L-

NNA: 

L-NNA itself increased the basal tension of the vessel. PE failed to cause 

relaxation of longitudinal smooth muscle in the presence of L-NNA, an 

endothelial NO synthase eNOS inhibitor. The vessel tension before and after 

addition of PE in the presence of L-NNA were 0.29g and 0.31g. (Median, n=5, P 

value = 0.13 with WSR test), (Fig: 13). 

A significant difference in percentage change in tension was observed when the 

control group (PE alone) and L-NNA/PE group were compared (P value < 0.05, 

MWU test).  
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Fig.13: (A) Raw tracing showing an increase in vascular tension with L-

NNA and inability of PE to cause reduction in tension on subsequent 

addition in longitudinal strip preparation of small artery. (B) Scatter plots 

of results from all five experiments demonstrating inability of PE to cause 

reduction in vascular tension in presence of L-NNA. (C) Quantum of 

change in vascular tension with PE in the presence of L-NNA from 

baseline 
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PE induced relaxation of longitudinal smooth muscle is alpha adrenoceptor 

mediated: 

PE failed to produce relaxation of longitudinal smooth muscle in the presence of 

phentolamine 50uM, an alpha adrenoceptor blocker. The vascular tension before 

and after the addition of PE (in the presence of phentolamine 50uM) were 0.24g 

and 0.24g respectively (median, n=5, P value > 0.05, WSR test), (Fig: 14). 

A significant difference in percentage change of vascular tension was observed 

when the control group (PE alone) and PE in the presence of phentolamine 50uM 

was compared (P value < 0.05, MWU test). 
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Fig.14: (A) Raw tracing showing inability of PE to cause reduction in 

tension in the presence of an alpha blocker phentolamine in longitudinal 

strip preparation of small artery. (B) Scatter plots of results from all five 

experiments demonstrating inability of PE to cause reduction in vascular 

tension in presence of phentolamine 50uM. (C) Quantum of change in 

vascular tension with PE in the presence of L-NNA from baseline. 
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PE induced relaxation of longitudinal smooth muscle is not mediated 

through alpha-2 receptor: 

 To identify if PE induced vasorelaxation in longitudinal strip of small 

artery is mediated through alpha-2 adrenergic receptor, yohimbine 50uM, an 

alpha-2 antagonist was used. Tension in the longitudinal strip prior to the 

addition of PE (in the presence of Yohimbine 50uM) was 0.39g and after 

addition of PE was 0.21g (median, n =5, P value < 0.05 with WSR test). (Fig:15) 

A significant difference in percentage change of vascular tension was not 

observed when the control group (PE alone) and PE in the presence of 

yohimbine 50uM was compared (P value = 0.117, MWU test) 
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Fig.15: (A) Raw tracing showing inability of Yohimbine 50uM to 

prevent PE induced reduction in tension in longitudinal strip 

preparation of small artery. (B) Scatter plots of results from all five 

experiments demonstrating PE induced reduction in vascular tension 

in presence of alpha-2 blocker. (C) Quantum of change in vascular 

tension with PE in the presence of Yohimbine 50uM from baseline. 
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PE induced relaxation of longitudinal smooth muscle is not mediated 

through alpha-1A receptor subtype: 

Delineation of specific subtype of alpha-1 adrenergic receptor responsible for PE 

induced vasorelaxation was done by addition of specific subtype receptor 

blocker. Alpha 1A receptor blocker, RS17053 (10uM) and alpha 1B receptor 

blocker, CEC (10uM) were not able to prevent the PE induced reduction in 

tension in longitudinal strip. However, an alpha 1D receptor blocker, BMY 7378 

(10uM) prevented PE induced reduction in tension in longitudinal strip. 

The vascular tension before addition of PE (in the presence of 10uM RS 17053) 

was 0.32g and after addition of PE was 0.24g (median, n =5, p value < 0.05 with 

WSR test). (Fig: 16) 

A statistically significant difference was not observed (P value = 0.347, MWU 

test) when percentage change of vascular tension of the control group (PE alone) 

and percentage change of vascular tension of PE in the presence of RS 17053 

10uM was compared. 
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Fig.16: (A) Raw tracing showing inability of RS 17053 10uM to prevent 

PE induced reduction in tension in longitudinal strip preparation of small 

artery. (B) Scatter plots of results from all five experiments 

demonstrating PE induced reduction in vascular tension in presence of 

alpha 1A blocker. (C) Quantum of change in vascular tension with PE in 

the presence of RS 17053 10uM from baseline. 
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PE induced relaxation of longitudinal smooth muscle is not mediated 

through alpha-1B receptor subtype: 

Tension in the longitudinal strip prior to the addition of PE (in the presence of 

CEC 10uM) was 0.30g and after addition of PE was 0.18g (median, n =5, P 

value < 0.05 with WSR test). (Fig: 17) 

There was a 37% reduction of baseline tension by PE in the control group (in the 

absence of CEC 10uM), (Median, n=5) whereas the reduction of baseline tension 

in the presence of CEC 10uM was about 56% (Median, n=5). However, for this 

sample size there was no significant difference when percentage change in 

tension between the control group and CEC/PE group was compared (P value = 

0.056 with MWU test). 
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Fig.17: (A) Raw tracing showing inability of CEC 10uM to prevent PE 

induced reduction in tension in longitudinal strip preparation of small 

artery. (B) Scatter plots of results from all five experiments 

demonstrating PE induced reduction in vascular tension in presence of 

alpha 1B blocker. (C) Quantum of change in vascular tension with PE in 

the presence of CEC 10uM from baseline. 
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PE induced relaxation of longitudinal smooth muscle is mediated through 

alpha-1D receptor subtype: 

 

  

Fig.18: (A) Raw tracing showing inability of PE to cause reduction in 

tension in the presence of an alpha 1D blocker BMY 7378 10uM in 

longitudinal strip preparation of small artery. (B) Scatter plots of 

results from all five experiments demonstrating inability of PE to 

cause reduction in vascular tension in presence of an alpha 1D 

blocker (C) Quantum of change in vascular tension with PE in the 

presence of BMY 7378 from baseline. 
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The tension in longitudinal strip before addition of PE (in the presence of BMY 

7378 10uM) was 0.26g and after addition of PE was 0.24g (median, n=5, P value 

= 0.08 with WSR test). (Fig: 18) 

There was a significant difference between the control group and BMY 7378/PE 

group when the percentage change in tension was compared (P value < 0.05 with 

MWU test). 

Forskolin failed to cause relaxation of longitudinal strip of small artery: 

 Forskolin (FSK), an adenylyl cyclase stimulator failed to bring about 

reduction in tension in longitudinal strips of small artery by itself. Tension in the 

longitudinal strip prior to the addition of FSK was 0.24g and after addition of 

FSK was 0.23g (median, n =5, P value = 0.08, with WSR test). (Fig: 19) 
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Fig.19: (A) Raw tracing showing inability of FSK to cause reduction in 

tension in longitudinal strip preparation of small artery. (B) Scatter 

plots of results from all five experiments demonstrating inability of 

FSK, an adenylyl cyclase stimulator to cause reduction in vascular 

tension. (C) Quantum of change in vascular tension with FSK from 

baseline. 
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PE induced relaxation of longitudinal smooth muscle is not mediated 

through cAMP: 

 To delineate the role of cAMP in PE induced vasorelaxation in 

longitudinal strips of small artery, MDL 12330A, an adenylyl cyclase inhibitor 

was used. Tension in the longitudinal strip prior to the addition of PE (in the 

presence of MDL 50uM) was 0.22g and after addition of PE was 0.05g (median, 

n =5, P value < 0.05 with WSR test). (Fig: 20) 

There was no significant difference between the control group (PE alone) and 

MDL 12330A 50uM group when the percentage change in tension was 

compared (P value = 1.00, with MWU test). 
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Fig.20: (A) Raw tracing showing inability of MDL-12330A 50uM to 

prevent PE induced reduction in tension in longitudinal strip 

preparation of small artery. (B) Scatter plots of results from all five 

experiments demonstrating PE induced reduction in vascular tension in 

presence of adenylyl cyclase blocker. (C) Quantum of change in vascular 

tension with PE in the presence of MDL-12330A 50uM from baseline. 
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SUMMARY OF TENSION CHANGE IN SMALL ARTERY: 

Fig.21A & 21B shows the percentage change in tension after PE under normal 

and high NO environment from baseline tension in transverse cylinder and 

longitudinal strip preparation respectively. 

 

 

  

Fig.21: Bar diagrams (Mean ± SD, * - P<0.05, WSR) representing 

percentage change in tension from baseline in, (A) Transverse 

cylinder preparation & (B) Longitudinal strip preparation. 
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Fig.22 shows the percentage change in tension after PE under various blockers 

from baseline tension in longitudinal strip preparation. 

 

  

Fig.22: Bar diagram representing percentage 

change in tension from baseline after intervention in 

longitudinal strip preparation. 
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HISTOLOGICAL EXAMINATION: 

Histological examination was performed to look for anatomical evidence for 

presence of longitudinal smooth muscle in small artery. Transverse cylinder 

preparation exhibited elliptical/oval shaped nucleus of circular smooth muscle 

under light microscope predominantly. The same slide also showed a few round 

nuclei representing a different arrangement of muscle fibres (Fig.23A). Light 

microscopic images of longitudinal strip showed nuclei of circular smooth 

muscle round and that of longitudinal smooth muscle fibres were seen 

elliptical/oval (Fig.23B). The integrity of the endothelium in both preparations 

were also confirmed by H&E stained sections.   



 

82 
 

  

Fig.23: Hematoxylin & eosin stained light microscopic view of small 

artery (20X Magnification), (A) Transverse cylinder preparation 

showing elliptical nuclei of circular smooth muscle fibres and circular 

nuclei of longitudinal muscle fibres, (B) Longitudinal strip 

preparation showing elliptical nuclei of longitudinal smooth muscle 

fibres and circular nuclei of circular smooth muscle fibres. 
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8. DISCUSSION: 

Renu et al., have demonstrated in spiral strip preparation of goat arteries, 

scenarios in which phenylephrine (PE), a selective alpha agonist could cause 

vasorelaxation from basal tone, one being high NO environment. It was shown 

that PE/NO induced vasorelaxation is cGMP independent and requires alpha 

adrenergic activation. However, further experiments showed that contractile or 

relaxant response depends on the manner of spiral strip preparation rather than 

on the level of NO. 

In this study, two different preparations were made in order to study the function 

of two components: circular (Transverse cylinder) and longitudinal (Longitudinal 

strip) smooth muscle separately. The results show that PE produces only 

contraction of circular smooth muscle both under normal NO and high NO 

environment as known earlier. However, the effect of PE on longitudinal 

component of smooth muscle is only relaxation both under normal NO and high 

NO environment. L-Arginine is reported to produce relaxant response by 

increasing NO levels (67). However, we observed that L-Arginine by itself did 

not induce relaxation in both small artery and aorta. It is not as if the preparation 

was not capable of relaxation because in the case of longitudinal strip of small 

artery PE could induce vasorelaxation. The earlier observations of L-Arginine 

induced relaxation in vascular smooth muscle were all made in pre-constricted 

strips (68).  
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It was also found that such PE induced vasorelaxation in longitudinal smooth 

muscle is alpha adrenergic dependent as phentolamine, an alpha adrenoceptor 

antagonist prevented such response. In order to delineate the receptor subtype 

involved in PE induced vasorelaxation, four alpha adrenoceptor α1A, α1B, α1D and 

α2 subtype blockers were used. Among them only α1D blocker, BMY 7378 was 

successful in preventing PE induced vasorelaxation. This shows that PE induces 

relaxation of longitudinal smooth muscle of small artery through α1D 

adrenoceptor. 

The role of second messenger, cAMP in PE induced vasorelaxation was also 

studied. To decipher this forskolin, adenylyl cyclase activator and MDL 12330A, 

adenylyl cyclase inhibitor were used. Forskolin by itself failed to produce 

vasorelaxation in longitudinal strip and MDL 12330A also failed to prevent PE 

induced vasorelaxation showing that PE induced vasorelaxation in longitudinal 

strip is not mediated through cAMP. 

It is also shown that L-NNA, a competitive inhibitor of NO synthase inhibited 

both PE induced contraction and relaxation in small artery. The probability of L-

NNA being a blocker of alpha-adrenergic receptors rather than being just an NO 

synthase blocker has to be evaluated further. 

Further, anatomical evidence for the existence of longitudinal smooth muscle in 

small arteries has been demonstrated through histology. 
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9. CONCLUSION 

This is the first time, within our knowledge; the existence of longitudinal smooth 

muscle in small arteries has been reported. It is also shown here that the 

longitudinal smooth muscle of small artery relaxes in response to α1D adrenergic 

stimulation and such relaxant response is independent of cAMP. However, the 

physiological significance for the existence of such longitudinal component of 

smooth muscle in small arteries and their relaxant response to alpha adrenergic 

stimulation needs to be ascertained. 
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