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ABSTRACT 

Autoregulation is the tendency for blood flow to remain constant despite a change 

in arterial perfusion pressure. Flow regulation is achieved by adjustment of arteriolar 

cali.ber to the pressure change. The responses of arterioles are most commonly explained 

by either the metabolic or myogenic hypothesis. According to the metabolic hypothesis, 

the initial decrease in blood flow that accompanies a reduction in arterial pressure would 

reduce oxygen delivery and decrease tissue oxygen tension. We reasoned that the 

contribution of this mechanism to autoregulation of flow would be increased during 

sympathetic nerve stimulation because the latter causes arteriolar constriction and 

decreases tissue oxygen tension. However, the elevated vascular tone might also 

influence the myogenic response (Le., arteriolar constriction to elevated intravascular 

pressure). In these experiments, we examined flow and diameter changes in arterioles of 

the exteriorized cat sartorius muscle during sympathetic nerve stimulation and tested the 

contribution of both metabolic and myogenic factors. 

Without sympathetic nerve stimulation, autoregulation was weak, flow fell 

coincident with reduced perfusion pressure. Sympathetic nerve stimulation caused 

significant constriction of arterioles, enhancing autoregulation, and increasing flow about 

20% to 60% during perfusion pressure reduction from 110 to 80, 60, and 40 mmHg. 

With sympathetic nerve stimulation, arteriolar dilation to arterial pressure 

reduction was enhanced. This enhanced dilation was not abolished by 20% oxygen in a 

suffusate over the muscle, suggesting that it was not due to an enhanced metabolic 

response. On the other hand, arteriolar constriction to venous pressure elevation (which 

raises arteriolar intravascular pressure), was increased during sympathetic nerve 

stimulation, indicating an enhanced myogenic response. 
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Arteriolar dilation to pressure reduction was also enhanced during norepinephrine 

infusion, showing that prejunctional inhibition of neurotransmitter release was not 

involved. Vasopressin and BayK8644 had similar effects, indicating the enhanced 

myogenic response did not require adrenergic or receptor mediated vasoconstriction. 

The autoregulatory response was also examined for all the orders of arterioles in 

the network. Third and fourth order arterioles showed significantly more dilation during 

pressure reduction under both with and without sympathetic nerve stimulation. With 

sympathetic nerve stimulation, arteriolar dilation during pressure reduction was 

significantly enhanced in fust through fourth order arterioles and also appeared to be 

enhanced in fifth and sixth orders. Enhanced autoregulation appears due to generalized 

increase in dilation in all orders. 



CHAPTER ONE INTRODUCTION AND BACKGROUND 

INTRODUCTION 

Autoregulation of blood flow is the tendency for blood flow to remain constant 

despite a change in arterial perfusion pressure and is a widely studied phenomenon in a 

variety of organs. To date autoregulation has been described in kidney, skeletal muscle, 

brain, intestine, myocardium, and liver (Johnson 1964 and 1980). In certain vascular 

beds, such as brain, kidney, and myocardium, blood flow is regulated in the perfusion 

pressure range of 40-80mmHg to 160-180mmHg (Johnson 1980). This autoregulatory 

phenomenon has important physiological significance in blood flow regulation of those 

organs. The underlying physiological mechanism of this phenomenon is the major 

interest of this dissertation. 

To understand the physiological mechanism underlying blood flow regulation, let 

us first look at factors which govern the flow in a blood vessel. If we simplify the blood 

vessel into a rigid tube, the blood flow rate (having the unit of volume per unit time) of 

the vessel should obey Poiseuille's law, which can be expressed as the following 

equation: 

Flow rate Q = Pressure gradient AP / Resistance R 

and: R = 128L11 /1tD4 

D = diameter of the tube 

L = length of the tube 

11 = viscosity of the fluid 
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Notice that the Resistance R is inversely proportional to the fourth power of the diameter 

of that tube (D), as R DC 1/D4. In the case of blood pressure reduction, if the resistance 

remained constant, then the reduction of the pressure gradient would cause a proportional 

reduction of the flow rate. In the case of pressure elevation, flow rate would increase if 

the resistance remained constant. However in the living system a change in perfusion 

pressure to an organ often fails to cause a proportional change in flow to that organ. Flow 

is somehow regulated by that organ to remain constant despite changes in perfusion 

pressure, this phenomenon is termed autoregulation of blood flow in that organ. 

In 1902 Bayliss inferred the existence of this phenomenon from his studies of 

hind limb blood pressure-volume relationships where he found that arterial pressure 

elevation caused a decrease of blood volume in that organ. However it was not until 1931 

that Rein and in 1946 that Selkurt actually observed the autoregulatory phenomenon in 

studying the relation between renal blood flow and arterial pressure. Studies in other 

organs in the 1950's and early 60's revealed that autoregulation was a normal property of 

almost all organs and tissues. As Johnson pointed out in his review in 1964, evidence for 

the existence of autoregulation at that time was obtained mainly from the studies of whole 

organ pressure-flow relationships. With the development of the new experimental 

techniques the autoregulatory phenomenon has been demonstrated at the microcirculatory 

level in recent years. The autoregulatory response of arterioles has been a target of 

interest (Johnson 1968, Johnson and Intaglietta 1976). In these studies it was shown that 

arterioles change their diameter in response to a change of perfusion pressure, in such a 

manner as to maintain constant blood flow. With elevation of perfusion pressure the 

arterioles constrict, thus the resistance, which is inversely proportional to the fourth 

power of the vessel diameter, would rise, and the flow, which is the ratio of pressure to 

resistance, would be maintained, while with the reduction of the perfusion pressure the 
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arterioles dilate, so the resistance would fall, thus would maintain the flow as well. These 

active responses of arterioles to change in perfusion pressure could be explained by either 

metabolic or myogenic hypotheses. These hypotheses will now be discussed 

METABOLIC HYPOTIlESIS 

This hypothesis states that with the reduction of perfusion pressure the blood 

flow will initially fall, and this flow reduction will cause arteriolar dilation. This is 

because the initial fall in flow could bring about a change in the tissue metabolic state via 

presumably in two ways. First, a decrease in the nutrient supply to the tissue (mainly 

oxygen), this could lead to a decrease in tissue oxygen content, thus causing a shift to 

anaerobic metabolism in that tissue; the anaerobic metabolites produced are thought to be 

vasodilators. Second, a decrease in the washout rate of the waste products, which could 

lead to an increase in the concentration of tissue metabolites which are mainly vasodilator 

substances as well. Thus in both cases, arterioles would dilate in response to pressure 

reduction (namely an autoregulatory response of arterioles would occur). This dilation of 

the arterioles decreases the resistance of the vessel, which then in turn brings the flow 

back towards its nonnal value. Notice that the cause of arteriolar dilation in pressure 

reduction according to the metabolic mechanism, is due to the initial fall in flow, thus 

once the flow is restored to its nonnal value by the arteriolar dilation, the metabolic dilator 

effect should be diminished. 

Apparently tissue oxygen content is one of the most important parameters for 

tissue metabolism, a change in tissue oxygen content could result in a change in tissue 

metabolic state. Tissue oxygen tension measurement could reflect the value of tissue 

oxygen content. Before we discuss the metabolic hypothesis, let's fIrst review some 

tissue oxygen tension measurements made on skeletal muscle using the Whalen oxygen 
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microelectrode. Some reported values of tissue oxygen tension under normal pressure 

were: 19.9 mmHg in cat soleus muscle (Whalen 1971), 16.8 mmHg in cat gracilis 

muscle (Whalen 1974), 19.1 mmHg on rat cremaster muscle (Prewitt 1976), 14.9mmHg 

in hamster cremaster muscle (Klitzman 1982), and 22.8mmHg in cat sartorius muscle 

(Boegehold 1986). As we know that one atmosphere equals 760mmHg, and there is 

approximately twenty-one percent of oxygen in the air, so the oxygen tension in the air is 

about 150mmHg. If we convert these tissue oxygen tension measurements into 

percentage of atmospheric oxygen, we can see that tissue oxygen of skeletal muscle is 

about 2 to 3%. Thus if we give more than 2 to 3% oxygen in the suffusion solution of the 

muscle preparation, the muscle would pick up oxygen from the solution, tissue oxygen 

tension would be raised or prevented from falling. According to the metabolic 

hypothesis, decreases in both oxygen supply and washout rate happen simultaneously 

with the initial fall in flow in response to perfusion pressure reduction. In order to clarify 

which factor has the key role in the metabolic control of flow, these two are decoupled by 

giving the tissue a source of oxygen supply other than blood flow. Thus when perfusion 

pressure is reduced, the decreased washout rate is the only factor left. Experimentally this 

can be done by adding high oxygen content in the suffusion solution of the tissue 

preparation; thus the tissue would have sufficient oxygen supply from the suffusate 

despite an initial fall in flow with pressure reduction. Therefore if decreased washout rate 

is the key factor, you would expect autoregulation of flow to occur when there is 

sufficient oxygen supply but a decreased washout rate. On cat sartorius muscle it was 

shown that 21 % oxygen content in the suffusion solution, which gave a sufficient 

oxygen supply, totally abolished the dilation of arterioles in responding to pressure 

reduction (Sullivan and Johnson 1981). It was then concluded that decreased washout 

rate does not playa role in autoregulation of flow on cat sartorius muscle. Decreased 
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washout rate is probably not a significant factor in other preparations as well (Reviewed 

by Johnson 1986). The other part of the metabolic hypothesis relates to the lack of 

oxygen supply during the initial fall in flow with pressure reduction. The idea is that the 

initial fall in flow would decrease the oxygen supply to the tissue, and the tissue may 

shift to an anaerobic metabolism. The production of anaerobic metabolites would cause 

arteriolar dilation to restore the flow. The concept that a decreased oxygen supply to the 

tissue is the key issue in mediating the metabolic response of flow regulation was first 

suggested in whole organ studies. Venous oxygen content was viewed as an overall 

indicator of tissue oxygen tension. It was found that the coronary venous blood oxygen 

content showed the best correlation with coronary resistance (Reviewed by Berne 1964). 

The coronary venous blood oxygen level was stable at any given arterial blood oxygen 

conten.t over a wide range of coronary blood flow induced by altering aortic pressure. 

These studies suggested that the flow was regulated as if to maintain a constant tissue 

oxygen tension. 

Many researchers have taken another approach to test this part of the metabolic 

hypothesis. The basic idea is that since the amount of oxygen supply should always meet 

the metabolic demand of the tissue, an increased oxygen consumption is equivalent to a 

decreased supply, the former would also bring an imbalance into the system. Thus if 

metabolic hypothesis is true, then an increased oxygen consumption would enhance 

blood flow autoregulation. The tight coupling between the regulation of blood flow and 

the tissue oxygen consumption has been demonstrated on whole organ studies by Holm

Rutili et al (1981) in dog stomach, where blood flow, oxygen uptake, and oxygen 

consumption increased significantly in denervated dog stomach. In denervated dog 

stomach, autoregulation of blood flow, which was assessed by the pressure-flow 

relationship, increased significantly as well. Similar studies were conducted by Stainsby 
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(1964) in skeletal muscle of dog, where muscle contraction increased the degree of blood 

flow regulation and by Norris et al (1979) in intestine, where fed dogs showed stronger 

blood flow autoregulation in superior mesenteric arteries than fasted dogs. This 

relationship was also reported by Eckenhoff et al (1947) in myocardium and Eklof et al 

(1973) in brain, where regulation of blood flow highly dependent on the oxygen 

metabolism. In summary, increased tissue oxygen consumption enhances blood flow 

autoregulation of that organ. 

The above evidence fully supports the metabolic mechanism as underlying 

regulation of blood flow in these organs. However it may be worthwhile to reexamine the 

assumption that "an increased oxygen consumption is equivalent to a decreased oxygen 

supply" in terms of tissue metabolism. The critical tissue oxygen tension for oxidative 

phosphorylation is thought to be less than 1 mmHg in the isolated mitochondria, this 

critical value may be adjusted to about 6 mmHg for the extracellular tissue oxygen tension 

(Reviewed by Johnson 1986). Thus to cause a shift to anaerobic metabolism the tissue 

oxygen tension has to be lowered substantially. First, in the case of reduced oxygen 

supply, where the tissue oxygen tension would decrease, there might be an increased 

concentration of anaerobic metabolites due to the increased metabolic rate, unless the 

blood flow has increased high enough to wash out the metabolites. Second, an increased 

oxygen consumption in the above experiments would cause a decreased tissue oxygen 

content only if the increased blood flow can not bring about a sufficient increase in 

oxygen content to meet the increased metabolic demand. Further, even though there is a 

decreased tissue oxygen tension, we do not know how much it has been lowered, so an 

anaerobic metabolism mayor may not increase during increased oxygen consumption. 

In summary, there are two subtle but probably critical differences in tissue 

metabolism between "an increased oxygen consumption" and "a decreased oxygen 
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supply", which are, I).Increased aerobic metabolism in the case of an increased oxygen 

consumption rate and constant or decreased aerobic metabolism in the case of a decreased 

oxygen supply. 2).In the case of increased oxygen consumption, a shift to anaerobic 

metabolism does not necessarily occur. In the case of decreased oxygen supply, a shift to 

anaerobic metabolism is more likely to happen if there is any metabolic control of the 

flow under normal tissue metabolic rate. Thus from the few pieces of evidence that 

enhanced blood flow autoregulation occurred when oxygen consumption increased, it is 

not clear whether the flow autoregulation is associated with an increased aerobic 

metabolites or anaerobic metabolites, or both. Therefore it remains questionable whether 

the enhanced autoregulation of flow is due to a decreased tissue oxygen tension, in other 

words, whether the tissue oxygen tension is the controlled variable in these studies as 

Berne suggested. To answer these questions, one should first establish how the 

metabolic factors regulate the flow under normal tissue metabolism, i.e., whether the 

tissue truly shifts to an anaerobic metabolism with pressure reduction, and what is the 

controlled variable(s) in the metabolic regulation of flow. Measurement of tissue oxygen 

tension directly would be most helpful. Measurement of tissue metabolic index (such as 

NADH) during pressure reduction under normal tissue metabolic rate will also give a clue 

to whether the tissue has shifted its metabolic state from aerobic to anaerobic during 

pressure reduction, and the correlations hip between NADH and tissue oxygen tension 

would also give information about tissue oxygen during that condition. 

The metabolic hypothesis states that the initial fall in flow with pressure reduction 

causes a change in the metabolic processes of the tissue, and production of metabolic 

vasodilators responsible for arteriolar dilation which in turn restores the flow. To identify 

the possible candidates mediating the metabolic response, let's first briefly review the 

metabolic process of the tissue (taking skeletal muscle as an example). Skeletal muscle 
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cells utilize A TP as their energy source to maintain a nonnal cellular function. A TP is 

produced from glucose through a complex cascade of biochemical reactions. Briefly, in 

the presence of sufficient oxygen supply, breakdown of one mole glucose via glycolysis 

and the citric acid cycle would produce four moles of AlP and twenty-four moles ofH+, 

and further ionization of these H+ via the electron transport chain would produce another 

thirty-four moles of ATP. The fonnation of these thirty-four moles of AlP is also called 

oxidative phosphorylation due to the requirement of oxygen in its biochemical process. In 

the absence of sufficient oxygen supply, oxidative phosphorylation cannot occur. Thus 

there would be only four moles of AlP produced from each mole of glucose, and the end 

product of glycolysis would be converted to lactic acid under this anaerobic situation 

(Montgomery et alI983). 

In the case of both aerobic and anaerobic metabolism, AlP is used as the energy 

source for tissue functions (Le. muscle contraction, and maintaining nonnal tissue 

function). Thus the ATP derivatives and its metabolic products are apparently suspect as 

the metabolic dilators. Adenosine and its adenine nucleotide derivatives, which are 

metabolic products of ATP, have been thought to be the substances for mediating the 

vasodilation in autoregulation of blood flow for some time. Berne (Berne 1964) 

originated this hypothesis in coronary blood flow regulation based on the fact that 

adenosine is able to traverse myocardium cell membranes, it is a potent vasodilator and 

has a large potential source in the form of muscle adenine nucleotides. In support of this 

hypothesis, Schrader (Schrader et alI977) found that the decrease in coronary resistance 

during autoregulation was associated with a considerable increase in the release of 

adenosine, inosine and hypoxnthine measured in the venous blood samples taken from 

guinea pig heart. This idea has also been supported by a number of investigators (Rubio 

et al 1972 and Wiedmeier et al1972). However experiments carried out by Dole et al ( 
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Dole et al 1985 ) showed that adenosine deaminase did not alter the time course for 

coronary autoregulation or the steady state autoregulatory response in the dog. 'This study 

was supported by work done recently by Hanley (Hanley et alI986). Hanley's re~ults 

sharply challenged the role of adenosine in coronary blood flow regulation. They infused 

adenosine deaminase into the dog coronary arteries, which converts AMP into IMP 

(inosinate). They measured the adenosine concentration in the interstitial myocardium, 

and also the blood flow pressure relationship was obtained to assess the autoregulation of 

flow. They found that there was no loss of blood flow autoregulation in the presence of 

adenosine deaminase where the adenosine concentration was significantly reduced, and 

the cardiac interstitial adenosine concentration remained constant during flow 

autoregulation. They concluded that cardiac interstitial adenosine concentration is not an 

important component in coronary autoregulation in dog myocardium. However neither 

inosinate nor hypoxathine themselves possess significant vasodilator properties, thus 

their roles along are apparently not significant in the autoregulation of flow. So Doles' 

and Hanley's results provide arguments against a role for adenosine and its adenine 

nucleotide derivatives in autoregulation of blood flow in myocardium. Morff (Morff and 

Granger 1983) reported theophylline (a competitive adenosine antagonist) partially 

blocked blood flow autoregulation in rat cremaster muscle but substantial flow 

autoregulation remained, which indicates that adenosine may play some role in flow 

autoregulation in their preparation. However in rabbit skeletal muscle adenosine was not 

found in both normal and anoxia situations (Berne 1964). Stronger evidence which 

would support the role of adenosine as the mediator in blood flow regulation in the 

skeletal muscle has not been reported. 

Unlike adenosine, the other metabolites, such as lactic acid under anaerobic 

metabolism, carbon dioxide under both aerobic and anaerobic metabolism, failed to 
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produce the vasodilation of the magnitude observed with physiological degrees of muscle 

work or hypoxia (Berne 1964). Potassium, histamine, and bradykinin have also been 

investigated, but their roles in mediating the autoregulation of flow do not appear to be 

significant. 

Besides the metabolic products of the tissue, oxygen tension itself is also 

postulated as the mediator to vasodilation in autoregulation of flow. This idea states that 

oxygen tension might act directly on vascular smooth muscle cells to cause a smooth 

muscle contraction or relaxation, or indirectly by acting on other components of the 

vascular wall (i.e. endothelium), to cause an arteriolar response. This concept is based on 

the common experimental observations that high oxygen causes arterioles to constrict, 

and low oxygen results in arteriolar dilation. Pittman and Duling (1972) reported that 

isolated arterial smooth muscle stripes in vitro were not affected by the changes in oxygen 

tension at levels above 2±6 mmHg. This was supported by Duling (1974) who found 

that elevation of the periarteriolar oxygen tension by a local oxygen pipette did not cause 

significant arteriolar constriction in the hamster cheek pouch. However further study by 

Jackson and Duling (1983) showed a somewhat different result. They isolated the 

arteriole in situ by removing the surrounding parenchyma tissue. The arteriolar segments 

in situ with or without parenchyma had similar response to oxygen content change in the 

suffusate. In other words arterioles were constricted to the same degree by the high 

oxygen content. This observation led them to the conclusion that a locally parenchymally 

derived mediator was not essential for hamster cheek pouch arterioles to respond to 

oxygen. They also emphasized that the oxygen sensor need not reside in vascular smooth 

muscle; the other components of the vascular wall may be responsible for the oxygen 

action. 

22 



In vitro studies from Busse and his coworkers (Busse et al1983) suggested an 

endothelium dependent oxygen sensitivity of the arterial segments of rat and dog. But a 

very recent study by Jackson (1987) showed that both local and intraluminal increased 

oxygen tension in an isolated segment of arteriole in situ failed to elicit any arteriolar 

response. This result did not support the hypothesis that arteriolar wall is intrinsically 

sensitive to oxygen in hamster cheek pouch. The contradictory results between Jackson 

(1987) and Jackson and Duling (1983) was explained as that the oxygen sensor could be 

very labile and easily damaged with surgery, or the sensor might be located downstream 

in the network or parenchyma (Jackson 1987). A study performed by Boegehold 

(Boegehold and Johnson 1988) found that it was not the periarteriolar but tissue oxygen 

tension which was associated with the arteriolar dilation under sympathetic nerve 

stimulation. Their data refuted the possibility of direct oxygen effect on the arteriolar wall 

in cat sartorius muscle, and supported the idea that the oxygen sensor must be located in 

the parenchyma of cat sartorius muscle, although the possibility of a sensor in the 

capillary endothelium was not considered. In summary, l)there is 1W strong evidence that 

arteriolar smooth muscle cells are affected by oxygen tension directly, 2)whether other 

components of the arteriolar wall besides smooth muscle cells, are intrinsically sensitive 

to oxygen and release a vasoactivator substance in response to oxygen, remains unclear. 

3).Much current evidence supports the idea that the 'oxygen sensor' is located in the 

parenchymal cell and causes release of a vasodilator with reduction of tissue oxygen 

tension. 

Another possible mechansim is that the vasoactive action of oxygen is mediated 

by vasoconstrictor agents released by oxygen. The idea that leukotrienes may serve as 

such a mediator was suggested by Jackson (1988) based on studies on hamster cheek 

pouch, where he provided two pieces of evidence in support of this idea. First, he 
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demonstrated that with the presence ofU.piriprost, a lipoxygenase inhibitor which blocks 

the pathway of leukotrienes production, arterioles did not show constriction with 20% 

oxygen content in the suffusion solution, while the arteriolar constriction caused by 

phenylephrine (PHE) was not impaired. Secondly, competitive leukotrienes receptor 

antagonists SKF and FPL could block the arteriolar constriction response to 20% 

oxygen content in the suffusion solution (Jackson 1988). Concerning the source of 

leukotrienes in response to increased oxygen content in the suffusate, Jackson proposes 

tllat they could come from any of the following sources: White blood cells, platelets, 

Mast cells in the capillaries, or parenchmal tissue (Personal communication, 1988). 

H:owever recently he found that leukotrienes do not playa role in the oxygen response in 

hamster cremaster muscle (Personal communication, 1989). Nevertheless Jackson's 

study on hamster cheek pouch displayed a clear clue, that the mediator of vascular 

response to oxygen does not have to be associated with releasing of a vasodilator due to 

impaired tissue oxygen metabolism. The sensor of oxygen could respond to a rise in 

oxygen with release of a vasoconstrictor. Such a sensor could reside in parenchyma, 

endothelium, or other components of the tissue. In addition, Jackson has demonstrated 

that the arteriolar constriction caused by high oxygen could be abolished by the 

leukotriene receptor antagonists while the constriction by PHE is not affected. This 

implies that the mechanism constriction of arterioles by oxygen and PHE is different at 

the cellular level in hamster cheek pouch. 

MYOGENIC HYPOTHESIS 

Autoregulation of blood flow can also be explained by a totally separate 

mechanism --- the myogenic response. The myogenic hypothesis states that the 

vascular wall, principally that of arterioles, is intrinsically sensitive to intravascular 
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pressure, constricting with elevation of pressure and dilating with· reduction of 

pressure. The caliber of the vessel is governed only by the pressure and not flow. 

Based on this hypothesis, with the reduction of arterial pressure the arterioles would 

dilate, the resistance of the vessel would decrease, thus the flow would be brought 

back toward its control value. The myogenic hypothesis has been tested in in vivo 

and in situ studies, the basic idea being to change the intravascular pressure, and elicit 

a constriction or a dilation of the vessel respectively. In the intact vascular bed this 

change of pressure can be brought about by changing the arterial (arteriolar) or 

venous pressures. In the case of venous pressure elevation, the pressure gradient 

between the artery and the vein would fall, thus the flow to that organ would 

decrease, while the intravascular pressure of the arterioles should be increased due to 

the elevation of venous pressure. The arterioles would then dilate due to the decreased 

flow (the metabolic mechanism), or constrict by means of the myogenic mechanism. 

Thus the arteriolar response to the elevation of venous pressure would enable us to 

determine which mechanism is predominant in flow regulation in that organ. The only 

possible complication in the use of venous pressure elevation to distinguish these two 

mechanisms is the evidence of a venous-arteriolar reflex, where elevation of venous 

pressure causes distension of the vein, which in turn activates the reflex, and results 

in arteriolar constriction (Gaskell et al 1953, Haddy et al 1956, Henriksen et al 

1977.). This venous arteriolar reflex is thought to be local in origin and involves 

adrenergic fibers (Henriksen 1976). 

The myogenic response first was demonstrated in whole organ studies. The 

typical work can be expressed as in the study carried out on dog intestine (Johnson 

1964) where this mechanism was examined in a great amount of detail. He found that 

with the elevation of venous pressure, total vascular resistance increased which 
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implied constriction of the vessels, thus excluded the possibility of a metabolic 

response. By further fractionalizing the total resistance, it was concluded that the 

small arteries and arterioles were the sites of vessel constriction, thus the sites of 

myogenic response in that organ. He also reported that the increased vascular 

resistance with elevation of venous pressure was not abolished after the blockade of 

the sympathetic nerves with intra-arterial procaine, nor was it altered by chronic 

denervation. He then concluded that the response was not mediated by either an 

extrinsic or intrinsic sympathetic reflex. Therefore, by excluding other possibilities 

Johnson concluded that the increased vascular resistance with elevation of venous 

pressure in dog intestine was due to a myogenic mechanism. 

More recent studies on the microcirculatory level have fully supported the 

myogenic mechanism. An increase in the static intravascular pressure of arterioles in 

the cat mesentery (Johnson and Intaglietta 1976) causes arteriolar constriction and an 

elevation of venous pressure in rat mesoappendix (Baez et al1974), and rat cremaster 

muscle (Morff and Granger 1982) also causes arteriolar constriction. A study carried 

out by Burrows and Johnson (Burrow and Johnson 1983) showed arteriolar 

constriction with elevation of venous pressure and based on their data it was 

concluded that the myogenic mechanism, along with a metabolic mechanism, appears 

to be responsible for flow regulation in cat mesentery. With elevation of venous 

pressure or arterial pressure, the pressure gradient for flow is changed, which may 

cause a metabolic change in that tissue. Another technique which could allow the 

change of transmural pressure to be dissociated from the change in flow, is the so 

called pressure box technique, where the experimental animal is enclosed in an 

airtight box which has an intrabox pressure control, and the tissue preparation being 

studied is extended outside the box. By raising or lowing the intrabox pressure both 
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the intraluminal pressures of the feed artery and the draining vein of that tissue would 

be changed identically, thus the pressure gradient for flow to that tissue would be 

unaffected. Using the box method myogenic sensitivity of arterioles has been shown 

in the intact unanesthetized bat wing (Bouskela and Wiederhielm 1979), where the 

investigators found that all the arterioles studied showed a progressive increase in 

mean diameter with reduced transmural pressure and a vasoconstriction with elevation 

of transmural pressure. With the elevation of the intrabox pressure significant 

arteriolar constriction was also demonstrated on arterioles in rat cremaster muscle 

(Meininger et alI987). In these studies, the investigators elevated the box pressure to 

+10, +20, and +30mmHg, and found that the degree of arteriolar constriction 

correlated with the change in pressure, i.e. the greater the change in transluminal 

pressure the greater the constriction. This response again can not be blocked by 

phentolamine, an alpha-receptor antagonist, suggesting that the local sympathetic 

reflex was not involved. The myogenic response can also be demonstrated in vitro 

using the isolated arteriole technique. Kou et al (1988) showed graded constriction of 

arterioles isolated from pig heart, when intraluminal pressure of the arterioles was 

elevated in a stepwise fashion. This graded constriction could be interpreted as 

showing that, the degree to which the arterioles respond is dependent upon the 

strength of the stimulus, i.e. the amplitude of the pressure change. 

Can this intrinsic sensitivity possessed by certain vessels to intravascular 

pressure be modified? Several pieces of evidence suggested that it is. An in vitro 

study done by Hwa and Bevan (1986) showed that the magnitUde of the stretch

dependent myogenic tone is a function of the extracellular calcium concentration. 

They used ring segments of rabbit ear resistance arteries and found that when the ring 

was exposed to 25 ~M calcium in the bath solution it relaxed and failed to develop 
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myogenic tone (tension did not develop when stretch was applied). With increased 

calcium concentration (from 0.4 to 1.6mM), myogenic tone increased immediately; 

the magnitude of the myogenic tone developed was proportional to the calcium 

concentration in the bath solution. Their data suggested that myogenic tone not only 

can be modified but also could be "generated" under certain conditions. The change 

of myogenic sensitivity observed by Hwa and Bevan is very interesting although the 

underlying mechanism is not resolved. 

Gore (1972) reported that frog mesenteric arterioles showed the maximum 

response to NE stimulation only if their initial tangential stress was in an optimum 

range. This might also be stated as that the initial mechanical state of the arteriole, 

which relates to the initial diameter of the arteriole, would determine the response of 

that arteriole to an external stimulus. The arteriole gives a maximum constriction to 

NE stimulation only if its initial diameter is at the optimum point on its length-tension 

curve; either a smaller or larger initial diameter would shift the response away from 

the optimum point. Gore's study could be applicable here if the initial diameter was 

changed by a change in the environment (i.e. change in the calcium concentration in 

Hwa and Bevan's study), and subsequently the response of the arteriole (artery) to an 

external stimulus was also changed. This might explain Hwa's data in that the 

change in extracellular calcium concentration could have changed the initial 

mechanical state of the artery ring segments they studied, thus changed its stretch

dependent myogenic response. However a more recent study (Meininger and Faber 

1989) refuted this explanation since it demonstrated that constriction of the arterioles 

by agonists would enhance the degree of arteriolar constriction to box pressure 

elevation on rat cremaster muscle, while constriction of the arterioles to the same 

degree by KCL failed to change the myogenic response. This study suggested that the 
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constriction of the arterioles could enhance their myogenic response, and the agonist 

responsible rather than the constriction itself is important. This specificity of the 

arteriolar constriction in enhancing the myogenic response can not be attributed to 

length-tension relationships of the vascular smooth muscle. In summary, the above 

evidence suggests that the myogenic sensitivity of vascular smooth muscle can be 

modified by certain agonists and conditions. 

SUPERREGULATION OF BLOOD FLOW 

Superregulation of blood flow is the phenomenon whereby blood flow increases 

above its control value with pressure reduction, or blood flow decreases below its control 

value with pressure elevation. Superregulation of blood flow has been reported by 

Johnson and Intaglietta (1976) in cat mesentery where in nine of fifteen vessels studied 

blood flow increased above control with arterial pressure reduction to 80 and 60mmHg. 

This was also shown by Norris (Norris et al 1979) in their study of autoregulation of 

blood flow, where in 30% of the fed dogs superior mesenteric flow actually increased 

about 10 to 15% as perfusion pressure was reduced in the pressure range of 85-

125mmHg. In another study by Morff (Morff and Granger 1983) on rat cremaster muscle 

blood flow in third order arterioles increased 10% above control value when perfusion 

pressure reduced from 93 to 72 mmHg. We have previously discussed the mechanisms 

underlying autoregulation of blood flow, namely metabolic and myogenic hypotheses. 

The following section is devoted to the discussion of possible mechanism(s) responsible 

for superregulation. If we consider first that a metabolic mechanism may underlie blood 

flow superregulation, one would expect that the arteriolar dilation is correlated with the 

initial fall in flow. Based on this concept, once the flow is restored to its control value 

due to arteriolar dilation, then the concentration of the metabolites should be restored to 
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its control value as well, so there should be no dilation of the arterioles. At best the flow 

should return close to its control value. Because of this rationale, superregulation, which 

is the phenomenon of increased flow above its normal value with pressure reduction, 

could apparently not be explained by a metabolic mechanism. The increased blood flow 

above normal value could hardly be caused by arteriolar dilation due to an increased 

metabolite concentration since the increased flow should have reduced the metabolite 

concentration below control levels. However the above conclusion is based on the 

assumption that the flow is evenly distributed in the entire preparation. There has been 

report on tissue oxygen tension during pressure reduction in the myocardium (Schubert et 

al1978), where it has been shown that during reduced perfusion pressure the number of 

the hypoxic (P02<5mmHg) sites was increased, but the overall tissue oxygen tension 

histogram is unaffected. This heterogeneous oxygen distribution in the tissue could lead 

to localized regions where oxygen supply is inadequate for normal oxidative metabolism 

(Reviewed by Johnson 1986), thus producing anaerobic metabolites to cause vessel 

dilation. Possibly an increased number of hypoxic sites could exist during 

superregulation of flow. Flow distribution through the arteriolar network is very 

complicated. The feeding artery to the tissue usually branches into four to six orders of 

arterioles before reaching the capillary network. The arteriole and its perfusing capillary 

bed(s) may be physically remote from each other. Let us consider the following model as 

shown in the diagram. 
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Fig. 1.1 Illustration of vasculaf bed. 
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We know from network studies in the sartorius muscle that the capillary bed A is 

usually far from its feeding arteriole A, while arteriole B adjacent to capillary A, feeds 

another capillary bed B. In this case if there is a hypoxic site in the capillary bed A 

produced by pressure reduction, the tissue will produce vasodilator metabolites, causing 

dilation of arteriole B. Dilation of arteriole B would lead to an increased flow in this 

vessel, thus increased oxygen delivery to capillary bed B. However the oxygen delivery 

by arteriole A to capillary bed A can not be improved by the increased flow in arteriole B. 

Thus hypoxia in capillary A will be sustained. The production of vasodilator metabolites 

in capillary bed A will continue and so will the dilation of arteriole B. This uncoupling 

between the arteriole and its perfusing capillary bed, plus the increased number of 

hypoxic sites during pressure reduction, could produce superregulation of flow in some 

arterioles (such as arteriole B), while flow in other arterioles are regulated poorly. To 

what extent this model could explain the overall superregulation of flow in the tissue is 

unclear. A necessary condition of this model is that superregulation could only be 

observed in certain percentage of the arterioles. Nevertheless, this model suggests a 

possibility by which a metabolic mechanism may cause superregulation of flow. 

In the myogenic mechanism of flow autoregulation, blood flow is not the 

controlled variable, the cause of a change in arteriolar diameter is purely a matter of a 

change in pressure stimulus. The underlying mechLusm of the vascular response to 

intramural pressure is still unclear. It has been proposed that the smooth muscle cell 

membrane permeability or other factors important to activity of the contractile machinery 

are influenced by stretching the cell membrane (Johnson 1980). This idea has received 

strong support from the recent reports of stretch activated ion channels in vascular 

endothelium and microvascular smooth muscle cells (Lansman et al. 1987 and Davis 

1989). The regulated variable in myogenic mechanism has been suggested as the 
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circumferential wall tension (Reviewed by Johnson 1981). The circumferential wall 

tension is a function of transmural pressure (P) and vessel radius (R) according to the 

LaPlace relationship, T=(p)x(R). In order to maintain the tension, the vessel radius has to 

change with change in transmural pressure. Johnson (Johnson 1981) explained this 

concept as shown in the following figure. 
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Fig. 1.2 Model of myogenic mechanism. 
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A model of the myogenic mechanism for the arteriole. The vascular smooth muscle 
cell is considered to be composed of a passively dislensible sensor element in series wilh a 
contraclile element. Electrical activity or membrane permeability change as the sensor element 
is strelched, causing excitation of the contractile element. The deformation of the sensor element 
is proportional to the circumferential wall tension as determined by the LaPlace relationship. 
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In this model, the vascular wall consists of a sensor element arranged in series 

with the contractile machinery. The sensor is elongated with elevation of intravascular 

pressure, this leads to a change in the membrane electrical activity or in membrane 

pemleability of certain ions, thus causing contraction of the smooth muscle cells. Notice 

that in the above model during pressure elevation, the radius did not decrease in the same 

proportion as the pressure increase. This resulted in some increase in tension. This 

increased tension may provide the error signal which act as a continuous stimulus for the 

constriction of the vessel. This idea has been supported by experimental results in bat 

wing (Bouskela and Wiederhielm 1979) and cat mesentery (Burrows and Johnson 1981 

and 1983), where they found increased transmural pressure led to arteriolar constriction 

which tended to maintain a constant tension. 

As we discussed, the arteriolar myogenic response probably acts to maintain the 

wall tension. Although this myogenic response would result in a change in the flow 

opposing to that caused by intramural pressure change, the restored flow could not send a 

feedback signal to the arteriole. Thus it is reasonable to postulate that the myogenic 

response may playa role in superregulation of blood flow. 

AUTOREGULATION OF BLOOD FLOW IN CAT SARTORIUS MUSCLE. 

The first autoregulatory study on cat sartorius muscle was performed by Sullivan 

and Johnson (1981). They studied the arteriolar response to perfusion pressure reduction 

from 110mmHg to 60 and 40mmHg. Wiedeman's method was used to classify the order 

of arterioles, where the flrst order arterioles are defmed as the large arterioles arising from 

the femoral and circumflex femoral arteries, and successively higher orders are assigned 

up to sixth order arterioles at the entrance to the capillary network. Signiflcant dilation of 

arterioles occurred with pressure reduction in all orders of vessels except the flrst order. 
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Autoregulation of flow was significant, that is flow was greater than the predicted values 

in a rigid tube. After equilibrating the suffusion solution over the preparation with a gas 

mixture containing 20% oxygen, first order arterioles constricted about 20% and flow 

was reduced about 50 to 60%. Significant dilation of the arterioles to the pressure 

reduction was abolished in all orders of arterioles as was flow autoregulation. Sullivan's 

study demonstrated that the autoregulatory response of the arterioles in sartorius muscle 

is fully dependent on oxygen supply in the resting state, since increased oxygen content 

in the suffusion solution totally abolished the autoregulatory response. With 20% oxygen 

in the suffusion solution tissue oxygen tension was very likely raised. Boegehold and 

Johnson (1988) found that elevating oxygen in the suffusate from 0 to 10% significantly 

increased tissue oxygen tension (from 22.8±3.3mmHg to 33.4±2.5mmHg) in cat 

sartorius muscle. Thus Sullivan's data together with Boegehold's data suggest that tissue 

oxygen tension might be the controlled variable during flow regulation in sartorius 

muscle. Because autoregulation was completely abolished with 20% oxygen in the 

suffusate there may be no myogenic response involved in regulation of blood flow in 

resting state of sartorius muscle. Conceivably the high oxygen content could have 

abolished the myogenic response, but evidence from other experiments seems to argue 

against this possibility. In cat mesentery where myogenic response contributes 

importantly to autoregulation of flow, elevated oxygen content in the suffusate (10% and 

20%) did not affect the degree of flow autoregulation, showing that the myogenic 

component of flow autoregulation is not abolished by high oxygen (Lang and Johnson 

1988). Another study which supports this idea was done by Morff and Granger (1982) 

who found that arteriolar constriction with elevation of venous pressure was more 

pronounced under higher oxygen bath solution than that of lower oxygen in rat cremaster 
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muscle. In summary, in resting cat sartorius muscle mechanisms dependent upon tissue 

oxygen tension may be responsible/or the autoregulation offlow. 

We have discussed the autoregulatory phenomenon and the mechanisms which 

are possibly responsible for this phenomenon, this phenomenon demonstrated the ability 

of the tissue to regulate its blood flow supply through its local factors. This phenomenon 

is influenced by other regulatory systems which control blood flow. One system which 

significantly influenced flow regulation is the sympathetic nerve system. First, I will 

present an overview of nervous control. 

SYMPATHETIC NERVOUS SYSTEM CONlROL OF SKELETAL MUSCLE BLOOD 

FLOW 

The peripheral circulation receives central nervous system control through the 

autonomic nerves, namely the sympathetic and parasympathetic innervation. The fibers of 

the sympathetic nervous system, which supply the arterioles and the venules, arteries and 

veins, originates from the oblongate of the brain stem. Because the arterioles possess the 

biggest percentage of the total peripheral resistance, the neural influence on these vessels 

is of far greater importance than is on that of the large vessels (Berne and Levy 1981). 

Sympathetic nerves carry both vasoconstrictor and vasodilator fibers, although the 

vasodilator fibers are viewed as less important. The density of sympathetic innervation 

varies in different organs. This discussion will focus on sympathetic innervation of 

skeletal muscle. 

The structure of the postganglionic sympathetic nerve supply to the skeletal 

muscle vasculature was characterized using histochemical techniques for fluorescent 

staining of catecholamines (Reviewed by Shepherd 1983), in which the noradrenaline 
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combines with formalin and becomes fluorescent. From these histochemical studies, it 

was concluded that 1).The arterioles of skeletal muscle receive a rich supply from the 

adrenergic nerves. 2)The axons of the nerve cells form plexuses in the adventitial layer of 

the vascular wall, especially in the region of the internal elastic lamina where the highest 

fluorescent density was observed. 3)There was no fluorescence in the other regions of 

the wall, suggested that the inner part of the media (smooth muscle cells) and intima 

(endothelial cells) of the arteriole do not receive innervation directly. The outer layer(s) of 

the smooth muscle cells have contact with the internal elastic lamina, thus they are directly 

innervated. Sympathetic preterminal axons are smooth but terminal regions are varicose. 

The terminal branches of each individual fiber bear several hundred varicosities. Counts 

of varicosity density in submucosal arterioles of the guinea pig indicate that vessels of 50-

80 ~ in diameter are very densely innervated with some 50 varicosities each l00~ length 

of arteriole, about one varicosity per individual smooth muscle cell (Reviewed by Hirst 

and Edwards 1989). The synaptic junction which formed between the varicosities of the 

axons and its innervated smooth muscle cell are thought to be fairly small, although a 

minimal distance of about 800 angstrom persists between the axon proflle and the smooth 

muscle cells (Reviewed by Shepherd 1983). The neurotransmitter released from the nerve 

varicosities is thought to be mainly norepinephrine (NE), which is synthesized from its 

precursor L-tyrosine inside the sympathetic nerve terminal. Briefly L-tyrosine is 

converted to L-DOPA by tyrosine hydroxylase, decarboxylation of L-DOPA to Dopamine 

is catalyzed by a nonspecific enzyme, L-DOPA decarboxylase, convert of dopamine to 

NE by dopamine-p-hydroxylase completes the final step of the synthesis. It is thought 

that sympathetic nerve stimulation could alter the activity of tyrosine hydroxylase, thus 

increasing the synthesis of NE (Reviewed by J.Bevan et al 1980). Besides NE, other 

contents of the vesicle such as A TP, dopamine-p-hydroxylase, and chromogranin A are 
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released. Those cotransmitters could modulate the NE release and its effect on smooth 

muscle cells. A TP itself could act on smooth muscle cell as well. Neuropeptide Y (NPY) 

may be also coreleased with NE in skeletal muscle arterioles (pernow 1987 and Lundberg 

et al1989). NPY is thought to have both a direct vasoconstrictor effect and the ability to 

modulate the release of NE. Sympathetic nerve discharge causes release of the 

transmitters, and released NE binds to alpha 1 (and possibly alpha 2) receptors on 

smooth muscle cells, causing arteriolar constriction. The released NE can be removed 

from the synaptic junction by several mechanisms, including neuronal uptake, diffusion, 

and breakdown by enzymes such as catechol O-methyltransferase and monoamine 

oxidase. Local metabolic factors, such as adenosine, K+, H+, etc. also could modulate 

the adrenergic transmission through prejunctional inhibition of the release of NE in 

arteries of some species (Shepherd and Vanhoutte 1985). A recent study (unpublished 

data) by Dodd and Johnson showed that, during muscle contraction, there was no 

prejunctional inhibition in the arterioles of cat sartorius muscle. 

Resting sympathetic discharge rate was estimated to be 1 to 2 pulses per second 

(pps) in cat hindlimb (Folkow 1952), since stimulation at this frequency restored the 

resting resistance of denervated muscle. The maximal resistance increase during 

baroreceptor activation could be mimicked by a 6 to 8 pps stimulation. However the 

reported frequency has a large variation, resting sympathetic activity ranging from 0.2 to 

4 pps in the hindlimb muscles of the cat. Stimulation of the sympathetic nerve, causes 

constriction of skeletal muscle arterioles, and decreases blood flow (Folkow 1964, 

Andersson 1983 and Boegehold 1988). However this response is often followed by a 

secondary dilation of the arterioles during continuous sympathetic stimulation (Folkow 

1964 and Boegehold 1988). This behavior, commonly referred to as sympathetic escape, 
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is apparently due to a decreased tissue oxygen tension secondary to decreased flow 

(Boegehold and Johnson 1988). This will be discussed further in the following section. 

RESPONSE OF ARTERIOLES OF CAT SARTORIUS MUSCLE TO SYMPATHETIC 

NERVE STIMULATION 

A study by Boegehold and Johnson (1988) showed that with stimulus of 8pps, 

5ms duration, and supermaximum intensity on the sympathetic chain, vasoconstriction 

occurred in all six orders of vessels in the arteriolar network of cat sartorius muscle. 

However, all orders showed secondary relaxation during continuous stimulation 

(sympathetic escape), with the greatest escape at the smallest arterioles (sixth order 

vessels), where the diameter became larger during escape than it was during control. All 

except the sixth order arterioles retained a certain degree of constriction. The volume flow 

of the first order arterioles decreased to 45% of control, then returned to about 59% of 

control at the end of escape. This secondary relaxation was complete in all orders of 

vessels after two minutes of stimulation. This escape was significantly attenuated (about 

73%) when a gas mixture containing 10% oxygen content was equilibrated with the 

suffusate. During sympathetic nerve stimulation, both peri arteriolar and tissue oxygen 

tension dropped significantly; peri arteriolar oxygen tension fell from 52 to 25mmHg at 

second order arterioles, from 40 to 20mmHg at fifth order vessels, and oxygen tension in 

parenchymal tissue fell from 22.8 to 9.2mmHg. However after adding 10% oxygen to 

the suffusion solution, periarteriolar oxygen tension of both second and fifth order 

arterioles did not change significantly from the level under 0% oxygen during control and 

sympathetic stimulation, while tissue oxygen tension increased from 22.8 to 34.2mmHg 

during control, and from 9.2 to 22.4 near the end of the stimulation period. This tight 

correlation between the increased oxygen content in the suffusate and the significant 
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increase in tissue oxygen tension suggests that the escape phenomenon is due to a fall in 

tissue oxygen tension. In summary, tissue oxygen tension fell significantly during 

sympathetic stimulation, and this also appears to be the cause of sympathetic escape in the 

sartorius muscle. 

INTRACELLULAR RESPONSE OF VASCULAR SMOOTH MUSCLE TO 

ADRENERGIC STIMULATION 

In order for a pharmacological agent to elicit a physiological response from its 

target cell, the cell has to transduce a signal across the cell membrane. Recent research 

has demonstrated that for a variety of agents, this transmembrane signal pathway is 

composed of a cell membrane receptor, membrane bound transducer (G proteins), second 

messenger system, orland ion channels. The typical action is that agonist occupancy of 

the receptor leads to receptor activation of a G protein, which then modulates the activity 

of an effector enzyme, thus activating or inhibiting a secondary messenger, and/or 

opening or closing of ion channels, which in tum elicits a physiological response. 

Adrenergic receptors and their signal transduction mechanims are among the best studied 

pathways today. This section will discuss the different pathways connected to these 

receptors and the different physiological responses generated by them. 

RECEPTORS In 1948 Ahlquist first classified the adrenergic receptors into alpha 

and beta types. Subsequently each was then divided into two subtypes, namely alpha-I, 

alpha-2, beta-l and beta-2 according to their different pharmacological specificity and 

also anatomical location. Three of those receptors: alpha-I, alpha-2, and beta-2 have been 

found in vascular and microvascular smooth muscle cells. Application of biochemical 

techniques has made the identification of receptors possible. In the fall of 1978 
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RJ.Lefkowitz and his colleagues successfully cloned alpha-2 and beta-2 receptors. A year 

later alphal and betal receptors were cloned (Frielle et al 1988; Cotecchia et al 1988). 

The following figure shows a common structure of a cloned receptor (Lefkowitz and 

Caron 1988). 

Fig. 1.3 Structure of cloned adrenergic receptor. 
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The most striking feature of the receptors coupled to G proteins is that each 

contains seven hydrophobic amino acid domains that probably represent membrane 

spanning regions. Recent evidence suggests the following structurel function relationship 

of adrenergic receptors: the membrane spanning domains may contribute to fonning a 

ligand binding site or pocket while the cytoplasmic domains (C m loop) are thought to be 

coupled to guanine nucleotide regulatory proteins (G protein) and domains related to 

some other pharmacologi . .::al function are also being suggested. This special organization 

of the membrane receptor is well suited for transmitting an extracellular signal to the G 

protein at the interior surface of the cell membrane via ligand induced confonnational 

changes. 

G PROTEINS Guanine nucleotide binding proteins are a family of proteins that 

serve as membrane bound transducers of chemically and physically coded infonnation 

(Gilman 1987). G proteins are composed of three subunits: an alpha unit, which is 

unique for each G protein; a beta unit and a gamma unit.The latter are commonly shared 

by a unique alpha unit to fonn a specific G protein. Once an agonist binds to a receptor, it 

catalyzes the Ga~y.GDP to GaGTP + ~y. Then Ga.GTP modulates the effector enzyme 

(ie. cAMP), while ~y units serve as an attenuator of a subunit (ER.Weiss 1988). So far 9 

different kinds of gene sequence and 12 kinds of polypeptides for alpha unit, and 2 kinds 

of gene sequence for both beta and gamma units have been reported (Gilman 1989 ). 

Functionally alpha units are classified into cholera toxin sensitive (crx), Gs, which is 

for activation of adenyly cyclase; pertussis toxin (PTX) sensitive, Gil, Gi2, Gi3, which 

are for inhibition of adenyly cyclase; both CTX and PTX sensitive, Gt1, G12, which are 

for modulation of cGMP-PDE (cGMP stimulated phosphodieasterase); and PTX 

sensitive, Go, possibly responsible for opening of ion channels. 
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Adrenergic receptors are coupled to different G proteins and thus elicit their 

physiological effects through different intracellular pathways. The alpha-! receptor may 

be coupled to a Gp protein. The nature of this Gp protein is still unclear. Activation of Gp 

activates a PDE, most likely phospholipase C like enzyme (precisely 

phosphatidylinositide-specific-phosphodiesterase), which can hydrolyze the membrane 

inositol phospholipids to diacylglycerol and inositol phosphates, leading to the 

mobilization of intracellular calcium by causing IP3 induced calcium release from the 

sarcoplasmic reticulum (SR) of smooth muscle cells. The alpha-2 receptors in the central 

nervous system and platelets are proposed to be coupled to Gi protein, which inhibits the 

activity of adenyly cyclase, and decreases cAMP level. The alpha-2 receptors on vascular 

smooth muscle cells (postjunctional receptor), are coupled to a Go protein, proposed by 

Ruffolo and his colleagues. Go protein activates the calcium channels and triggers 

calcium influx, thus causes contraction of smooth muscle cells (Nichols et al. 1988). The 

beta-2 receptor is coupled to Gs protein, which activates adenyly cyclase, and causes an 

increased cAMP level, which will lead to the relaxation of smooth muscle cells as 

discussed above. 

CALCIUM MOBILIZATION Vascular smooth muscle contraction requires 

calcium mobilization. The intracellular calcium concentration of resting smooth muscle is 

about 10-7 M, and the necessary calcium concentration for smooth muscle to contract is 

10-6 M. Three ways have been demonstrated which could be important for intracellular 

calcium mobilization. The first mechanism is calcium release from intracellular space, 

mainly from sarcoplasmic reticulum (SR) in the smooth muscle cell. A great amount of 

evidence (Summarized by A.Johns.et al 1987) has suggested that IP3 induced calcium 

release from SR is the main mechanism underlying vascular smooth muscle contraction, 

while calcium induced calcium release from SR only functions to a lesser extent because 
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of its slower rate and is not efficient for mobilizing intracellular calcium of smooth muscle 

cell. The second mechanism is extracellular calcium influx from voltage-dependent 

calcium channels. Opening of these calcium channels requires depolarization of plasma 

membrane. Those calcium channels could be classified into subtypes according to their 

opening time, L type, stands for longer opening time, T type, stands for transient 

opening time, and N type stands for Neither long nor transient opening time. They are all 

verapamil sensitive calcium channels. Only L and T type exist on smooth muscle cells. 

The calcium agonist BayK8644 acts on the L type through prolonging the opening time 

of the channel. The third mechanism is extracellular calcium influx from receptor operated 

calcium channels. Recent research has suggested a fourth way of calcium entry, namely 

direct G protein gating of calcium channels (AM. Brown and L.Birnbaumer 1988). 

Strong evidence suggests the existence of this calcium channel in skeletal muscle and 

myocardium, while less work has been reported on vascular smooth muscle cells. 

However the above calcium mobilizing mechanisms exist to different degrees in different 

smooth muscles and in different species (GB Weiss 1987), and they also vary with 

different stimulation. Alpha-2 adrenoceptor stimulation has been found to be extremely 

sensitive to calcium entry blockade evoked by voltage dependent calcium antagonists 

under both in vivo and in vitro conditions (Medgett and Ruffolo 1988, Faber 1989), 

whereas the vasoconstriction brought about by alpha-1 receptor stimulation is much less 

likely to be impaired by calcium antagonistic drugs (Zwieten et al1985). This evidence 

suggests that the alpha-1 adrenoceptor stimulation relies more on mobilization of 

intracellular calcium while alpha-2 adrenoceptor stimulation is more dependent upon 

extracellular calcium source. Calcium influx into the cell is critical for the alpha2 receptor 

mediated contraction. 
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In the next section we shall discuss how calcium functions in inducing smooth 

muscle contraction. 

CALCIUM INVOLVEMENT IN SMOOTH MUSCLE CELL CONTRACTION. 

EVIDENCE FROM IN VITRO STIJDIES. 

The sliding filament model of skeletal muscle contraction is widely accepted. This 

hypothesis states that the fonnation of cycling cross-bridges between actin and myosin is 

the engine that drives force development. Excitation causes release of calcium from the 

sarcoplasmic reticulum and therefore increases the intracellular calcium concentration, 

which leads to binding of calcium to troponin C. Troponin C is a component of the 

troponin complex that interacts in tum with tropomyosin. Binding of calcium to troponin 

C releases the inhibition between the tropomyosin and actin, activates the actin dependent 

myosin A 1Pase, thus initiates the contraction. This sliding filament idea is also used for 

developing the model for smooth muscle contraction. Due to the fact that the smooth and 

skeletal muscle contain different contractile proteins, and also the biphasic pattern 

contraction properties of the smooth muscle cell, the model of smooth muscle contraction 

is more complicated and involves more controversy. 

In contrast to skeletal muscle, smooth muscle cells lack troponin. The biphasic 

pattern of smooth muscle cell contraction consists of the initial phase in which the 

contraction is initiated with the association of increased hydrolysis of ATP and the 

sustained phase in which the tension is maintained but the hydrolysis of A 1P is reduced. 

It is the second phase, the sustained phase, that puzzles people and causes the most 

controversy. The major models are reviewed as the follows. Among a number of 

postulated mechanisms involved in initiation of the smooth muscle contraction, myosin 

phosphorylation is the one with the most extensive experimental support(Reviewed by 
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Kamm KE. and Stull IT. 1985; Sommerville LE. and Hartshorne DJ. 1986). In this 

model, excitation or honnonal agents trigger(s) the release of calcium from the SR and/or 

activates the influx of calcium from the extracellular spaces, thus increases the 

intercellular calcium concentration. Calcium binds to calmodulin and the CaM-Calcium 

complex subsequently binds to and activates the myosin light chain kinase(MLCK). 

MLCK is a calmodulin dependent protein kinase and its activation results in 

1).phosphorylation of the 20,OOO-dalton light chains of myosin. 2).stimulation of actin

activated Mg-A TPase activity. Thus the cross-bridge cycling, which is the interaction 

between the myosin and the actin, and the hydrolysis of A TP which provides the 

contraction with utilization of energy, occur in association with the generation of the 

tension until the initial phase ends and the sustained phase starts. During the sustained 

phase the tension developed in the initial phase is maintained, while both the levels of 

intracellular calcium concentration and phosphorylation of the myosin light chain are 

decreased but still above the basal level (shown as the following figure). 
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Fig. 1.4 Intracellular calcium level and myosin light chain 
phosphorylation during smooth muscle contraction. 
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The dephosphorylation of myosin with the maintained tension led to the latch 

bridge hypothesis proposed by Murphy and his colleagues (Dillon et al, 1981). Murphy 

and his colleagues suggest that the slow detachment rate of dephosphorylation during 

cross bridge cycle generates another type of long lasting myosin-actin interaction--the 

latch bridge. This latch bridge is able to maintain the tension while consuming less 

energy. Myosin light chain phosphorylation is believed both necessary and sufficient for 

the development of the latch state (Hai and Murphy 1988). A change in the intracellular 

calcium concentration could change the latch state. It is suggested that a secondary high 

calcium sensitive mechanism is may be involved in tension maintaining (Reviewed by 

Sommerville and Hartshorne 1986, Hartshorne 1987). 

There are many other possibilities (e.g caldesmon phosphorylation, protein kinase 

C induced phosphorylation of some intermediate proteins, etc.) being suggested to 

explain the tension maintaining during the sustained phase of smooth muscle contraction. 

But regardless of the model, an increase in [Ca++]i is accepted as the key regulatory 

element in smooth muscle contraction. 
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CHAPTER TWO SUPERREGULATION OF BLOOD FLOW IN 
CA T SARTORIUS 'MUSCLE ••• ENHANCED MYOGENIC RESPONSE 

DURING SYMPATHETIC NERVE STIMULATION. 

INTRODUCTION 

50 

Autoregulation is the tendency fm blood flow to remain constant despite a change 

in arterial perfusion pressure (Johnson, P.C.1964). Flow regulation is achieved by 

adjustment of arteriolar caliber to the pressure change. These active responses of 

arterioles to change in perfusion pressure are most commonly explained by either the 

metabolic or myogenic hypothesis. 

The metabolic hypothesis postulates that with arterial pressure reduction, flow 

initially falls, causing a reduction in oxygen supply to the tissue. The decreased oxygen 

supply to the tissue in turn causes tissue oxygen tension to fall, causing some areas of the 

tissue to become hypoxic and metabolism to shift from aerobic to anaerobic with 

production of vasodilator metabolites. This would in turn cause arteriolar dilation and a 

return of blood flow towards initial value. The degree of flow autoregulation is judged 

upon how close flow returns to its normal value. 

It has been suggested that the flow is regulated to maintain a constant tissue 

oxygen tension (Reviewed by Berne 1964). A number of studies in a variety of organs 

have demonstrated that the degree of blood flow regulation is related to oxygen 

consumption (Holm-Rutili et al 1981, Stainsby 1964, Norris et al 1979, Johnson 

P.C.1986), where increased oxygen consumption--presumbly correlated with a lowered 

tissue oxygen tension, enhances blood flow autoregulation of that organ. 

The myogenic hypothesis states that the arterial vessels, principally arterioles, are 

intrinsically sensitive to intravascular pressure, such that when pressure rises, the vessels 

constrict and remain constricted for as long as the pressure is elevated. This constriction 
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increases vascular resistance and thus balances the increase in flow brought about by 

pressure elevation. Vice versa, when pressure falls, the vessels would dilate to restore the 

flow. It has been suggested. that arterioles may adjust their caliber to maintain a constant 

wall tension (Johnson 1980, Bouskela and Wied.erhielm 1979, Burrows and Johnson 

1981) during intramural pressure change. According to the LaPlace relationship, wall 

tension equals the product of vessel radius and intramural pressure. Thus a pressure 

change would always induce a change of vessel radius in the opposite direction, in order 

to return wall tension to its initial level. 

The myogenic mechanism is probably responsible for flow autoregulation in a 

variety of organs, such as kidney, intestine, and mesentery (Reviewed by Johnson 

1980). Recent studies have also demonstrated its existence in the arterioles of skeletal 

muscle (Faber and Meininger 1989) and myocardium (Kuo L., et al 1988). Since 

according to myogenic hypothesis, the caliber of the vessel is governed only by the 

pressure and not flow, the restored. flow could not send a negative feedback signal to the 

arteriole. As a result of this, perfect autoregulation or even superregulation (an increase in 

flow when arterial pressure is reduced) could occur. This has been reported occasionally 

in the organs where the myogenic mechanism predominates (Reviewed by Johnson PC 

1986). 

Earlier studies suggested that the autoregulatory response in cat sartorius muscle 

was mediated by a metabolic mechanism, since arteriolar dilation during pressure 

reduction was abolished by suffusate equilibrated with 20% oxygen gas mixture over the 

muscle (Sullivan and Johnson 1981b). A subsequent study showed that the suffusion 

solution equilibrated with 10% oxygen gas mixture, increased tissue oxygen tension 

significantly in this muscle from 22.8 ± 3.3 to 34.2±2.5 mmHg (Boegehold and Johnson 

1988b). Thus in Sullivan and Johnson's study the tissue oxygen tension must have been 
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elevated significantly by the high oxygen suffusate. At the same time, the periarteriolar 

oxygen tension was not elevated (Boegehold and Johnson 1988b). This evidence 

suggested that elevation of tissue oxygen tension abolished autoregulation. If this is 

correct, then decreased tissue oxygen tension should enhance the autoregulatory response 

in the cat sartorius muscle. We chose to test this hypothesis by examine the 

autoregulatory response during sympathetic nerve stimulation. It has been shown by 

Boegehold and Johnson (l988b) that during sympathetic nerve stimulation, tissue 

oxygen tension was significantly decreased and remained at that level while the 

stimulation continued. 

Granger and coworkers (Granger HJ, et al 1976) previously reported that 

autoregulation of blood flow in dog ~h.dlimb muscles was enhanced when vascular tone 

was elevated by norepinephrine infusion, which the authors attributed to an enhanced 

metabolic response. However it is also conceivable that the myogenic response is also 

affected when vascular tone is increased. The myogenic component of of reactive 

hyperemia appears to be enhanced in cat sartorius muscle with high vascular tone 

(Johnson and Henrich 1975). A recent preliminary report by Meininger and Faber (1989 

FASEB) found that elevated vascular tone by norepinephrine suffusion enhanced 

arteriolar constriction to transmural pressure elevation. Their data suggested an enhanced 

myogenic response during norepinephrine constriction. Thus there is also reason to 

expect that autoregulation in the sartorius muscle may be enhanced during sympathetic 

nerve stimulation because of a greater myogenic response. 

The purpose of this study was first to establish that sympathetic nerve stimulation 

would enhance autoregulation in cat sartorius muscle, and second to examine the 

contribution of both metabolic and myogenic factors. 



MATERIAL AND METHODS 

ANIMAL PREPARATION Twenty five cats of either sex weighing between 0.87 to 

1.0Skg were anesthetized with alpha-chloralose (38mglkg, iv.) after tranquilizing with 

ketamine hydrochloride (1Smglkg im.). A supplemental dose (10mglkg) of alpha

chloralose was given as needed. The exteriorized cat sartorius muscle preparation as 

described previously in detail by House and Johnson (1986) was used. Briefly the 

muscle was isolated from its adjacent muscles with the exception of the muscle origin at 

the crest of the ilium. The major arteries feeding and veins draining the sartorius muscle 

were left intact, while the arteries to and veins from other surrounding muscles were 

tied. The nerve supply of both the muscle and its circulation originating from the femoral 

nerve trunk, was preserved. During the surgical period, the muscle was bathed by 

plasmalyte R solution (Travenol Laboratories Inc. The solution was composed of (in 

mEq/L.) Sodium-140, Potassium-lO, Calcium-S, Magnesium-3, Chloride-103, Acetate-

47, Lactate-8. The solution was adjusted to pH 7.4 before use and warmed to 36°C-

37°C. The exteriorized muscle was then mounted flat on a warmed plastic chamber with 

dorsal side up. The muscle was surrounded by moist gauze and covered with a 

polyvinyl film (Saran Wrap), which is virtually impermeable to oxygen (1.Sm1.100 sq 

in.-1.24 h-1.per ATM at 7SoC. ). 

SYMPATHETIC NERVE STIMULATION The ipsilateral sympathetic ganglionic 

trunk was exposed with an abdominal incision and a bipolar electrode (silver wire, 

O.OOS inch o.d., A-M Systems, Inc.) was placed around the nerve at the level U-LS. 

Nerves arising at LS and L6 contribute to the formation of the femoral nerve which 

innervates the blood vessels of the sartorius muscle. We used a Grass SD9D stimulator 
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set at 8 Hz., 5-ms pulse duration to stimulate the sympathetic nerve trunk. The intensity 

of the stimulation was determined for each cat by a test on first order venule and was 

sufficient to produce a maintained reduction in flow (meaning no additional blood flow 

escape after the fIrst three minutes) for nine minutes with the above stimulus parameters. 

The stimulus intensity required ranged between 2 and 13 volts, and was typically about 

4 volts. Since the diameter of the fIrst order venules did not change with sympathetic 

nerve stimulation in our preparation, the red blood cell velocity indicated the quantitative 

change in volume flow in the vessel. As these vessels were large (average 185~m in 

diameter), they represented a substantial fraction of blood flow in the thin portion of the 

muscle. After each stimulation period at least thirty minutes (extended if necessary) was 

allowed to insure the vessel had recovered fully before the next protocol was begun. 

ARTERIAL AND VENOUS PRESSURE ALTERATION For reduction of arterial 

pressure, tension was applied manually to a snare of Silatube placed around the sacral 

artery just above the iliac bifurcation. The femoral artery contralateral to the muscle was 

cannulated and the arterial pressure of the hindlimbs was monitored throughout the 

period of surgery and the experiment. In three experiments, we also cannulated the 

ipsilateral femoral artery distal to the sartorius muscle and verifIed that the pressure in 

the two legs during arterial pressure reduction was identical. In certain experiments, 

venous pressure was monitored by cannulating the femoral vein at the distal end of the 

sartorius muscle studied. A snare was placed around the ipsilateral external iliac vein. 

The venous pressure was elevated by controlling the snare manUally. Arterial and 

venous pressures were measured continuously during the experiments with Statham 

pressure transducers (P23BB for venous pressure transducer and P23Gb for arterial 

pressure transducer). 
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MICROCIRCULATION MEASUREMENTS The diameter and red blood cell velocity 

of arterioles and venules were measured with a dual slit video microscope (Johnson and 

Intaglietta 1976). We used Leitz UMlO (N.A.= 0.15), UM20 (0.22), and UM32 (0.20) 

long working-distance objectives. They give a final video magnification of X400, X800, 

and X1230 respectively. Red blood cell velocity was measured with the dual-slit 

technique on line and displayed along with both the arterial and venous pressure 

continuously on a strip chart recorder. These data were also digitized and stored along 

with the video image of the arteriole on video tape with a system described previously 

(Elman and Johnson ?), using a Zenith VR9775PT tape recorder. The inner diameter of 

the vessel was then measured during video tape replay using a device which generated 

two lines that were manually aligned along the inner margin of the vascular wall. The 

distance between the two lines was transduced as an electric signal which was calibrated 

to produce a readout proportional to diameter. The blood flow rate was then calculated 

using the equation: volume flow (Q nl/sec) = (dual-slit velocity/1.6) • (1t) • (diam2/4). 

Where the value 1.6 represents the ratio of dual-slit velocity (mm/sec) to whole blood 

velocity based on data in glass tubes down to 17 11m internal diameter (Lipowsky et al 

1978). 

EXPERIMENTAL PROTOCOL We designed three sets of experiments for this study. 

In the first set, autoregulation of blood flow was examined in first order venules. 

Arterial pressure reduction was performed under two conditions, namely with and 

without sympathetic nerve stimulation (S.N.S.). Experiments were performed in a 

repeated fashion for both conditions on any vessel chosen for study. Experiments 

without S.N.S. began with a two minute control period at normal arterial pressure. In 



subsequent data presentation many of the measurements will be expressed as a 

percentage of control value, that is the mean value during this control period. The 

experiment was followed by arterial pressure reduction to either 80, or 60, or 40mmHg 

for three minutes. Preliminary experiments showed that a three minute period of 

pressure reduction was sufficient for the local regulatory changes to reach completion. 

Normal pressure was restored and adequate recovery time was allowed before the next 

protocol was begun. 

Sympathetic nerve stimulation ( S.N.S.) experiments were begun by recording a 

two minute control period at normal arterial pressure, followed by sympathetic nerve 

stimulation for eight minutes. Three minutes after sympathetic stimulation began, arterial 

pressure was reduced for three minutes, and then was restored to normal level. 

Sympathetic nerve stimulation continued for another two minutes after arterial pressure 

was restored. After the end of sympathetic nerve stimulation, sufficient recovery time 

(thirty to sixty minutes) was allowed for flow to return to normal. Arterial pressure was 

reduced to 80, or 60, or 40mmHg for all venules studied. 

In the second set of experiments we studied the autoregulatory response of 

second order arterioles with and without S.N.S. and the effect of oxygen on 

autoregulation of blood flow under these conditions. We chose second order arterioles, 

because they are known to contribute significantly to flow regulation and their 

autoregulatory behavior is similar to the other orders (see chapter four). Also because of 

their size, their image is clearly visible under the microscope. 

The behavior of each second order arteriole to pressure reduction with and 

without S.N.S., was first examined under Saran Wrap, which is the condition on which 

our other studies were performed (normal oxygen supply). The experimental protocol 

was similar to that of first series except arterial pressure was reduced only to 60 mmHg 
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both with and without sympathetic nerve stimulation. The muscle was then covere.d with 

a 1-2 mm layer of dimethylpolysilicone fluid (200 Fluid, Dow Corning) which has a 

high oxygen solubility and permeability (Sullivan and Johnson 1981, Lang and Johnson 

1988). The entire microscope stage, muscle, and microscope objectives were enclosed 

in a polyvinyl tent (Saran Wrap, Dow Corning) in order to maintain the oxygen gas 

composition over the muscle at the desired level (Sullivan and Johnson 1981). A gas 

mixture, with initial composition of 95% N2 and 5% C02, was circulated through the 

tent at about 4 L/min (Boegehold and Johnson 1988b). Arteriolar diameter was 

measured. The study was discontinued if the arteriolar diameter changed more than 5% 

under dimethylpolysilicone fluid comparied to that under saran wrap. The gas mixture, 

was then switched to 20% oxygen, 5% C02 and balance nitrogen, and circulated 

through the tent at about 4 L/min. A forty-five minute period of equilibration was 

allowed (Sullivan and Johnson 1981a, Boegehold and Johnson 1988b, Lang and 

Johnson 1988) and arteriolar responses to pressure reduction were examined with and 

without sympathetic nerve stimulation. 

In the third set of experiments we examined the effect of venous pressure 

elevation on the diameter of arterioles with and without sympathetic nerve stimulation. 

Since elevation of venous pressure would cause a greater change of intramural pressure 

in distal arterioles than proximal ones, we chose third order arterioles to carry out this 

study. The experiment began with a two minute period at normal venous pressure, 

followed by venous pressure elevation to 10 mmHg above the normal level for two 

minutes and then return to normal venous pressure. The experiment was repeated during 

sympathetic nerve stimulation. It began with a two minute period at normal venous 

pressure, followed by sympathetic nerve stimulation for total of seven minutes; after 

three minutes of sympathetic nerve stimulation venous pressure was elevated 10 mmHg 
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for two minutes and then returned to normal levels. Sympathetic nerve stimulation was 

discontinued two minutes later. The experiment was discarded if the control venous 

pressure was above 15mmHg, if the elevation of venous pressure caused flow stasis or 

hemorrhage in the muscle preparation or a visible increase in the number of white cells 

rolling along the vessel walls. 

To evaluate the possible role of a local venous-arteriolar reflex in enhanced 

arteriolar constriction to venous pressure elevation, a separate set of experiments was 

performed on four cats in which a local anesthetic, Lidocaine (Veterinary Company 

America) was used (Johnson 1964). Four ml of Lidocaine (20mg/ml), was applied on the 

surface of the cat sartorius muscle. Sympathetic nerve stimulation caused arteriolar 

constriction before the application of Lidocaine and was without effect on the arterioles 

thirty minutes after application. To induce an equivalent degree of constriction to that 

produced by S.N.S., another vasoconstrictor BayKS644 was used. BayKS644 

(Calbiochem, ranged from 0.2cc/min to O.3cc/min of lO~M solution per cat) was infused 

(Razel Scientific instrumentation, syringe pump) into a side artery of femoral artery 

upstream of cat sartorius muscle over a period of eight minutes. The exact dose required 

to mimic the sympathetic vasoconstriction was tested on the third order arterioles studied. 

After four minutes BayK infusion venous pressure was elevated lOmmHg for two 

minutes. BayK infusion was discontinued two minutes later. 

STATISTICS In the study of arterial pressure reduction with and without sympathetic 

nerve stimulation (S.N.S.), two independent variables were evaluated. One was the 

stimulation treatment which had two levels (with and without), the other was the arterial 

pressure which had four levels ( 110, SO, 60, and 40mmHg). A self controlled, and 

repeated experimental protocol was used. Based on the above experimental condition, 
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MAN OVA (Multi-analysis of variance) test was chosen to evaluate the overall 

significance of volume flow change in first order venules. The paired student t test was 

also used for comparisons within factors and levels. Increased volume flow with 

pressure reduction was determined from the MANOV A test. In the studies of oxygen 

effect on the autoregulatory response of second order arterioles and the response of third 

order arterioles to venous pressure elevation, the paired student t test was used to assess 

the significance of diameter and volume flow changes. In all statistical tests significant 

difference was accepted at the P<O.05 level. All data are expressed as Mean±SEM unless 

stated otherwise. 

RESULTS 

(I). Arterial and venous pressure. Arterial pressure during the control period 

averaged at 110±3.8 mmHg for twenty-five cats studied. Sympathetic nerve stimulation 

caused a transient change in arterial blood pressure, it increased significantly to 124±2.9 

mmHg by the end of first minute of stimulation and declined to 112±3.4 mmHg after 

three minutes stimulation. This value was not significantly different from the control 

value. Venous pressure was measured for the third set of experiments only. Venous 

pressure from eight cats averaged at 11.1±O.65 mmHg during the control period. It 

decreased significantly to 9.2±O.62 mmHg during sympathetic nerve stimulation. 
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(2). Effect of sympathetic nerve stimulation (S.N.S.) on autoregulation of 

blood flow. First order venules (N=6) had an average diameter of 185±4.6 Jlm, 

volume flow of 91±44.0 nl/sec under control conditions. Without S.N.S., volume flow 

fell to 60%, 39%, and 34% during pressure reduction from 110 mmHg to 80, 60, and 

40mmHg respectively, indicating autoregulation was very weak or absent (Fig. 2.1). 

Sympathetic nerve stimulation caused significant reduction in volume flow, which fell to 

21 % of control value at normal arterial pressure. During sustained sympathetic nerve 

stimulation, autoregulation was not only significantly enhanced, volume flow actually 

increased significantly from 21 % of control value, to 27%, 31 %, and 29% during 

pressure reduction to 80, 60, and 40mmHg respectively (Fig. 2.1). Thus we observed 

superregulation of flow in the cat sartorius muscle during sympathetic nerve stimulation 

at all levels of arterial pressure tested. 

(3).The effect of sympathetic nerve stimulation (S.N.S.) on arteriolar 

dilation during pressure reduction. To study the means by which S.N.S. 

produces superregulation, the diameter changes of second order arterioles were examined 

during arterial pressure reduction. Fig. 2.2 shows a sample tracing from a second order 

arteriole. 

Second order arterioles (N=12) had an average diameter of 40±1.8 Jlm, and a 

volume flow of 17±5.4 nl/sec under control conditions. Second order arterioles did not 

dilate significantly, mean diameter rose only 3±1.6% during arterial pressure reduction to 

60 mmHg without S.N.S. as shown in Fig. 2.3. Sympathetic nerve stimulation caused 

significant (P<0.05) constriction of second order arterioles to 75±2.5% of control 

diameter. Arteriolar dilation was enhanced significantly during arterial pressure reduction 

to 60 mmHg (from 75±2.5% to 92±1.9% of the control value). 
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(4)The effect of elevated ambient oxygen on arteriolar dilation to pressure 

reduction during sympathetic nerve stimulation. The experimental protocol of 

arterial pressure reduction carried out in the above experiment was repeated for each 

second, order arteriole with dimethylpolysilicone fluid suffusate equilibrated with a gas 

mixture containing 20% oxygen. 

As summarized in Table 2.1, elevated ambient oxygen caused arterioles to 

constrict significantly (P<O.OS) to 76±1.7% of their control diameter. Vasoconstriction 

was seen in ten out of twelve arterioles studied. Due to the vasoconstriction, calculated 

volume flow fell to 40±4.9% of its control value. Under elevated ambient oxygen, 

arterioles did not dilate during pressure reduction, their diameters were 7S±1.7% of 

control when arterial pressure was reduced, which was not significantly different from 

that at normal arterial pressure. 

Sympathetic nerve stimulation constricted the arterioles further to 60±3.S% 

(P<O.OS) of their control diameter (Table 2.1). However, arterioles dilated significantly 

(P<O.OS) to 72±3.9% during pressure reduction with S.N.S. under elevated ambient 

oxygen (Fig.2.4). We compared the arteriolar dilation during pressure reduction with 

sympathetic nerve stimulation under normal and elevated oxygen level. With S.N.S., 

arterioles dilated by 24±2.8% under normal oxygen level, which is not significantly 

different from 22%±1.9% under elevated oxygen level. Thus the elevated ambient 

oxygen did not abolish enhanced arteriolar dilation to pressure reduction under 

sympathetic nerve stimulation. However, the degree of flow superregulation was 

impaired by elevated ambient oxygen (Table 2.1). With sympathetic nerve stimulation 

under elevated ambient oxygen, volume flow was 21±9.7% of control level during 

pressure reduction to 60 mmHg and 22±5.9% of control level at normal arterial pressure 



of 11 OmmHg. There is no statistical difference betweer. these two values, indicating 

essentially perfect autoregulation of blood flow but an absence of superregulation. In one 

arteriole flow stopped during pressure reduction under 20% ambient oxygen under both 

control and sympathetic nerve stimulation. 

(S)The effect of sympathetic nerve stimulation on arteriolar constriction to 

venous pressure elevation. Third order arterioles (N=8), had an average 

control diameter of 21±1.3Ilm, and dilated slightly to 22±1.4J.1ffi during venous pressure 

elevation without S.N.S .. They constricted to 16±O.81lm during sympathetic stimulation. 

Elevation of venous pressure during sympathetic nerve stimulation caused further, 

significant constriction to 13±O.7Ilm as shown in Fig. 2.5 and Fig. 2.6. 

To evaluate the possible role of a local venous-arteriolar reflexes in enhanced 

arteriolar constriction to venous pressure elevation, a separate set of experiments was 

performed in which a local anesthetic, Lidocaine, was used to block local reflex. Third 

order arterioles (N=4) from four cats were studied. They dilated slightly from 

19.4±1.3Ilm to 19.8±1.5Ilm when venous pressure was elevated by lOmmHg. 

BayK8644 was used to induce an equivalent degree of constriction to that produced by 

S.N.S. in the above experiment. BayK8644 caused significant (P<0.05) constriction of 

third order arterioles to 15±1.1Ilm, They constricted further (p<0.05) to venous pressure 

elevation during BayK8644 constriction to 12.3±1.0Ilm. We therefore concluded that the 

myogenic response we observed during sympathetic nerve stimulation was not due to a 

local nerve reflex. 
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Fig. 2.1 Volume flow during arterial pressure reduction in flrst order venules 

with and without sympathetic nerve stimulation (S.N.S.). Without sympathetic 

nerve stimulation volume flow decreased significantly (*p<0.05) during pressure 

reduction. With sympathetic nerve stimulation volume flow increased 

signiflcantly (*p<0.05) during pressure reduction. In the lower panel volume 

flow is enlarged to better show the changes 
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pressure reduction to 60mmHg without sympathetic nerve stimulation in a second order 
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Fig. 2.2b Diameter, red cell velocity, and calculated volume flow changes during 
pressure reduction to 60mmHg with sympathetic nerve stimulation (S.N.S.) in a second 
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Fig. 2.3 The effect of sympathetic nerve stimulation (S.N.S.) on arteriolar dilation 
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Table.2.1 Diameter and volume flow change ( % of control ) during 

arterial pressure reduction to 60 mmHg in second order arteriole with 

and without sympathetic nerve stimulation (S.N.S.) 

Diameter llOmmHg 60mmHg 11OmmHglO2 6OmmHglO2 
Without 
S.N.S. 100.00 102.5±1.60 76.40±1.70# 74.60±1.70 

With 
S.N.S. 74.60±2.50# 92.0±1.90* 59.60±3.50 72.20±3.90* 

Volume 
Flow 11 OmmHg 60mmHg 11OmmHglO2 6OmmHglO2 

Without 
S.N.S. 100.00 64.90±4.90 40.0±4.90 14.80±2.90 

With 
S.N.S. 36.70±5.30 53.20±1O.80* 22.10±5.90 20.90±9.70* 

Table.2.1 summarizes the diameter and flow change (% of control) during arterial 

pressure reduction to 60 mmHg in second order arterioles (N=12). Second order 

arterioles had an average diameter of 40±1.8 Ilm, and a volume flow of 17±5.4 nl/sec 

under control conditions without sympathetic nerve stimulation. They constricted 

significantly to sympathetic nerve stimulation (#) and 20% ambient oxygen in suffusate 

(#). Arteriolar dilation to pressure reduction was significantly enhanced during 

sympathetic nerve stimulation with or without 20% ambient oxygen in suffusate (*). This 

enhanced dilation caused significant increase in flow (*) during pressure reduction under 

norm oxic conditions. Flow regulation was significantly enhanced during sympathetic 

nerve stimulation in the presence of high ambient oxygen (*), but did not rise above flow 

at normal arterial pressure. 
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Fig. 2.4 The effect of elevated ambient oxygen (20%) on arteriolar diameter during 

pressure reduction with and without sympathetic nerve stimulation (S.N.S.). Without 

sympathetic nerve stimulation, arterioles did not show significant dilation during 

pressure reduction under both normal and high ambient oxygen. With sympathetic nerve 

stimulation, arterioles dilated significantly (*p<0.05) during pressure reduction under 

both normal and high ambient oxygen conditions. There was no significant difference in 

the percentage dilation between between these two conditions. Arteriolar dilations during 

pressure reduction were taken as the diameter at 60mmHg S.N.S. vs. 1l0mmHg 

S.N.S. for both normal and high ambient o~ygen conditions. 
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pressure) during venous pressure elevation with and without sympathetic nerve 
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Discussion 

Superregulation of blood flow phenomena has been reported by other 

investigators. Johnson and Intaglietta (1976) found that in cat mesentery nine of fifteen 

arterioles studied volume flow increased above control value with arterial pressure 

reduction to 80 and 60mmHg. Norris and coworkers (Norris et al1979) reported that in 

the fed dogs blood flow increased significantly compared to fasted dogs at normal 

perfusion pressure. Autoregulation of flow was significantly improved in fed dogs and in 

30% of the fed dogs superior mesenteric flow actually increased about 10 to 15% as 

perfusion pressure was reduced from 125mmHg to 85mmHg. In another study by Morff 

and Granger (1982) on rat cremaster muscle averaged volume flow in third order 

arterioles increased 10% above control value when perfusion pressure was reduced from 

93 to 72 mmHg. In comparison, the magnitude of increased flow during pressure 

reduction reported in our study during sympathetic nerve stimulation was higher, it 

ranged from 20% to 60% above the control value. The calculated volume flow of first, 

second and third order arterioles in chapter four also showed a similar change. Overall, 

90% of the vessels studied demonstrated superregulation of flow during sympathetic 

nerve stimulation. Increased flow occurred at all three levels of pressure reduction 

ranging from 40 to 80 mmHg during sympathetic nerve stimulation. 

It has been found previously in this laboratory (Sullivan and Johnson 1981, 

Boegehold and Johnson 1988b) that the arteriolar network of the denervated cat sartorius 

muscle was very sensitive to a change in oxygen supply, presumably because of an effect 

on tissue oxygen tension. A reduction in oxygen supply was apparently the reason for 

arterioles to dilate during arterial pressure reduction (Sullivan and Johnson 1981). Their 

data strongly supported the idea that blood flow autoregulation of this muscle in the 

resting state is predominantly of metabolic origin. Our data indicate that the enhanced 
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arteriolar dilation, brought about by sympathetic nerve stimulation during pressure 

reduction, can not be abolished by elevated ambient oxygen. The most important finding 

of this study is that during sustained sympathetic nerve stimulation blood flow 

autoregulation appears to shift from a metabolic mechanism to myogenic mechanism. 

This finding is contrary to the findings of Sullivan and Johnson in the resting muscle of 

isolated, denervated preparation. 

Metabolic response is initiated by the fall in flow during pressure reduction. As 

we have discussed in chapter one, the flow might not be evenly distributed in the entire 

tissue preparation. There has been report on tissue oxygen tension during pressure 

reduction in the myocardium (Schubert et al 1978), where it has been shown that during 

perfusion pressure reduction the number of the hypoxic (P02<5mmHg) sites was 

increased, but the overall tissue oxygen tension histogram was unaffected. This 

heterogeneous oxygen distribution in the tissue could lead to localized regions where 

oxygen supply is inadequate for normal oxidative metabolism, thus producing anaerobic 

metabolites to cause arteriolar dilation. 

Tissue oxygen tension measurements in cat sartorius muscle have been reported 

by Boegehold and Johnson (1988b). Without sympathetic nerve stimulation, the tissue 

oxygen tension in the cat sartorius muscle averaged 22.8±3.3mmHg; there was only one 

hypoxic site (P02<5mmHg) out of twelve measurements. When the oxygen in the 

suffusate was elevated from 0% to 10%, tissue oxygen tension rose to 34.2±2.5mmHg 

and there were no hypoxic sites in the muscle. With sympathetic nerve stimulation, flow 

fell to about 40% of its control value, tissue oxygen tension decreased to 9.2±2.2mmHg 

and hypoxic sites increased from one to six out of total twelve measurements. When the 

oxygen in the suffusate was elevated from 0% to 10% with sympathetic nerve 

stimulation, tissue oxygen tension rose to 22.3±3.2mmHg, and hypoxic sites decreased 



from six to two out of twelve measurements. Thus during sympathetic nerve stim;.4lation 

there were more hypoxic sites under 0% oxygen suffusate than 10% oxygen suffusate in 

their studies. 
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The hypoxic sites might have played a role in autoregulation of flow in the resting 

muscle of denervated preparation, since the elevated ambient oxygen (20%) had 

abolished arteriolar dilation during pressure reduction (Sullivan and Johnson 1981a). In 

the current study, during pressure reduction with sympathetic nerve stimulation, the 

number of hypoxic sites might also be increased. But it is very likely that the number of 

hypoxic sites would have decreased under elevated ambient oxygen (20%) based on the 

above tissue oxygen tension information in this muscle (Boegehold and Johnson 1988b). 

The fact that elevated ambient oxygen did not abolish the enhanced arteriolar dilation 

during pressure reduction with sympathetic nerve stimulation, argues against a role for 

hypoxic sites in superregulation of flow. 

We did not measure tissue oxygen tension in our current study. Also instead of 

Krebs-Henseleit solution (used primarily in the study by Boegehold and Johnson 

1988b), DMPS fluid was used as the suffusate. However there was no difference found 

in the vascular tone and vessel behavior under 0% oxygen Krebs-Henseleit solution or 

under 0% oxygen DMPS fluid (Boegehold and Johnson 1988a). We thus believe that the 

arteriolar response to pressure reduction would be an equivalent in these two suffusates. 

Since sympathetic nerve stimulation caused equivalent change in volume flow rate of first 

order arterioles in our study (chapter four) and the study by Boegehold and Johnson 

(1988a), we think the tissue oxygen tension information during sympathetic nerve 

stimulation provided by Boegehold and Johnson (l988b) should be suitable in our study 

as well. 
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The lack of an effect of oxygen on the enhanced arteriolar dilation during pressure 

reduction favors the notion that the dilation is due to a non-metabolic dependent 

mechanism. The fact that flow increased during pressure reduction also suggested the 

existence of a non-flow sensitive mechanism such as a myogenic response.~ The 

myogenic response at the arteriolar level has been demonstrated by numerous studies 

during arterial pressure or/and venous pressure alterations (Reviewed by P.Johnson, 

1980 and 1986). In a study reported by Kuo and coworkers (Lib, K. et at 1988) the 

myogenic response was active through the pressure range of 15 to l00mmHg. In their 

study, during stepwise intramural pressure elevation, isolated coronary arterioles showed 

constriction, and dilated when stepwise pressure reduction was applied. Regardless of 

the direction of pressure change applied, arterioles had a very similar diameter at any 

given intramural pressure. In the current study, superregulation occurred during arterial 

pressure reduction with sympathetic nerve stimulation. We assumed that at a given 

physiological pressure range, the arteriolar intrinsic sensitivity to pressure change would 

be similar during pressure reduction and elevation. We therefore tested the myogenic 

mechanism during superregulation of flow using the well accepted approach--elevation of 

venous pressure. 

Elevation of venous pressure has long been used to differentiate the metabolic and 

myogenic response of the arterioles (Johnson 1964). Since flow would decrease during 

venous pressure elevation due to a reduction in the pressure gradient across the vascular 

bed, reduction in oxygen delivery or buildup of metabolites would cause arteriolar 

dilation. At the same time elevation of venous pressure would cause an increase in 

arteriolar pressure, and should cause arterioles to constrict if a myogenic response was 

present. During sympathetic nerve stimulation flow fell to 21 % of its control value in first 

order venules and 37% of its control value in second order arterioles, tissue oxygen 
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tension was also significantly decreased (Boegehold and Johnson 1988b). Thus under 

this condition, venous pressure elevation should have caused the oxygen level to fall even 

lower than it did during venous pressure elevation without sympathetic nerve stimulation. 

Our data showed however, that third order arterioles dilated slightly during venous 

pressure elevation without sympathetic nerve stimulation, which might have been due to 

elevated intravascular pressure, elevated vasodilator metabolites, or both. The arterioles, 

however constricted significantly under sustained sympathetic nerve stimulation. This 

result strongly favors an enhanced myogenic response under sympathetic 

vasoconstriction, which is apparently sufficient to overcome any elevation of vasodilator 

metabolites. 

A possible complication in the use of venous pressure elevation to distinguish 

between metabolic and myogenic mechanisms is the possible contribution of a venous

arteriolar reflex, where elevation of venous pressure causes distension of the vein, which 

in turn activates the reflex and results in arteriolar constriction (Gaskell et al1953, Haddy 

et al 1956, Henriksen et al 1977.). This venous arteriolar reflex is thought to be local in 

origin and involves adrenergic fibers (Henriksen 1976). In the current study we used 

lidocaine (Johnson 1964), a local anaesthetic drug, to block the local reflex. 

Vasoconstriction to sympathetic nerve stimulation was abolished thirty minutes after the 

drug application. Arterioles still showed constriction to venous pressure elevation when 

BayK8644 was used to induce basal vasoconstriction to the same degree as with 

sympathetic nerve stimulation. Our data did not support the idea that the arteriolar 

constriction to venous pressure elevation was due to a local reflex. 

The myogenic response seems to be affected little by elevated ambient oxygen. In 

cat mesentery where myogenic response contributes importantly to autoregulation of 

flow, elevated oxygen in the suffusate (10% and 20%) did not affect the degree of flow 



76 

,autoregulation, showing that the myogenic component of flow autoregulation is not 

abolished by high oxygen (Lang and Johnson 1988). Another study which supports this 

idea was done by Morff and Granger (1982) who found that arteriolar constriction with 

elevation of venous pressure was more pronounced under higher oxygen bath solution 

than that of lower oxygen in rat cremaster muscle. In the current study, we have 

demonstrated that enhanced arteriolar dilation was not abolished by elevated ambient 

oxygen, this has provided more evidence regarding this issue. 

Without sympathetic nerve stimulation under elevated ambient oxygen, second 

order arterioles constricted to 76% of its control diameter and volume flow fell to 37% of 

control value. When pressure was reduced volume flow fell further from 37% to about 

15% (Table 2.1), indicating autoregulation was completely absent with elevated ambient 

oxygen. 

With sympathetic nerve stimulation under elevated ambient oxygen, second order 

arterioles constricted further to 60% of its control diameter and volume flow fell to 22% 

of control value. Arteriolar dilation was enhanced during pressure reduction and this 

dilation was able to bring volume flow back to 21 % of its control value (Table 2.1), 

indicating an enhanced blood flow autoregulation compared to the condition without 

sympathetic nerve stimulation. 

However superregulation was not observed with sympathetic nerve stimulation 

under elevated ambient oxygen. The possible reason for this is that arteriolar constriction 

by both elevated ambient oxygen and sympathetic nerve stimulation may have attenuated 

their ability to dilate during pressure reduction compared to constriction by sympathetic 

nerve stimulation alone. The greater constriction by both factors might have shifted the 

arteriolar position on the length tension curve away from the optimal point, which is 

thought the position where arterioles would show the biggest response (Gore 1972). 



Considering this length tension effect, arteriolar myogenic response under sympathetic 

nerve stimulation might be reduced by elevated ambient oxygen because of its 

constriction effect. Since there is no significant difference in arteriolar dilation on a 

percentage basis (Fig. 2.4) between sympathetic nerve constriction alone and that 

combined with elevated ambient oxygen constriction together, indicating that the arteriolar 

myogenic response with sympathetic nerve stimulation might have been greater if there 

were no elevated ambient oxygen constriction. 

Sympathetic nerve stimulation caused about 25% constriction of second order 

arterioles under normal oxygen. With 20% oxygen in the suffusate, ten out of twelve 

vessels showed significant constriction, averaging about 23%. Since arteriolar dilation to 

pressure reduction was enhanced in the first case but abolished in the latter case, this 

disagrees with the idea that enhanced dilation was simply due to a nonspecific elevation 

of vascular tone. 

In those studies where superregulation was also reponed (Johnson and 

Intaglietta, 1976. Norris et a1l979. Morff and Granger, 1982), the myogenic response is 

believed to be fully (cat mesentery, dog mesentery) or partially (rat cremaster muscle) 

responsible for autoregulation of flow. In both the studies by Johnson and Intaglietta 

(1976) and Morff and Granger (1982) superregulation of flow occurred in resting tissue, 

while in the study by Norris et al superregulation occurred in fed dogs where blood flow 

rate was higher than fasted dogs. In our study, sympathetic nerve stimulation 

significantly increased vascular tone in second order arterioles and also significantly 

reduced volume flow in the cat sartorius muscle, at the same time tissue oxygen tension 

was also significantly reduced (Boegehold and Johnson 1988b). Thus when flow was 

initially lowered during pressure reduction, the metabolic response must have also been 

stimulated together with the myogenic response. But when arteriolar dilation brought 
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flow above the control level, the concentration of vasodilator metabolites would then be 

reduced by this increase in flow. Thus overall it appears that the myogenic response and 

not the metabolic response produced superregulation of flow. 

In summary, arteriolar dilation during pressure reduction was enhanced under 

sympathetic nerve stimulation The fact that this enhanced dilation was not abolished by 

rich oxygen in the suffusate indicated that this dilation was not metabolic dependent. On 

the other hand, since arteriolar constriction to venous pressure elevation was enhanced, it 

suggested that this enhanced arteriolar dilation was myogenic in origin. Finally, the fact 

that flow rose as arterial pressure was reduced also indicate that the response was not 

dependent on metabolic factors. 
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CHAPTER THREE MECHANISM OF THE ENHANCED MYOGENIC 

RESPONSE DURING ARTERIOLAR CONSTRICTION. 

INTRODUCTION 

We have shown in chapter two that arteriolar dilation to pressure reduction was 

increased during sustained sympathetic nerve stimulation. We also showed that this 

increase could be attributed to an enhanced myogenic response. Sympathetic stimulation 

leads to vasoconstriction by several steps: First, neurotransmitters are released from the 

nerve terminal upon the stimulation. Second, released neurotransmitters bind to their 

receptors on vascular smooth muscle cell membrane and trigger the second messenger 

intracellular pathway. Third, intracellular calcium concentration increases, causing 

phosphorylation of myosin light chain kinase and leading to contraction of the smooth 

muscle cells. The enhanced myogenic response we have observed during sympathetic 

nerve stimulation could be associated with one or more of these steps. 

A number of studies (Reviewed by Shepherd and Vanhoutte 1985) have suggested 

that the release of neurotransmitter during nerve stimulation is subject to prejunctional 

modulation. Prejunctional modulation involves the contributions from both neurogenic and 

metabolic factors. Accumulation of local metabolic factors, such as adenosine, K+, H+, 

etc. could inhibit neurotransmitter release. Thus during arterial pressure reduction under 

sustained sympathetic nerve stimulation, the release of neurotral1lsmitters might be 

attenuated by the accumulated local metabolic factors, leading to a decreased 

vasoconstriction or enhanced dilation. To examine the possible role of prejunctional 

inhibition in superregulation of blood flow is one of the two purposes of this study. 

The other goal of this study related to the cellular mechanism underlying enhanced 

myogenic response during sympathetic vasoconstriction of the arterioles. We have tested 
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the role of two specific steps during sympathetic vasoconstriction, namely membrane 

receptors and increased intracellular calcium concentration, in facilitating the arteriolar 

response to pressure reduction. 

MATERIAL AND METHODS 

ANIMAL PREPARATION Twenty five cats of either sex weighing between 0.87 

to 1.05kg were anesthetized with alpha-chloralose (38mg/kg, iv.) after tranquilizing with 

ketamine hydrochloride (15mg/kg im.). A supplemental dose (lOmg/kg) of alpha

chloralose was given as needed. The exteriorized cat sartorius muscle preparation as 

described previously in detail by House and Johnson (1986) was used. The muscle 

preparation, blood pressure reduction, sympathetic nerve stimulation, and microcirculation 

measurements were described in detail in chapter two. 

EXPERIMENTAL PROTOCOL. (1). To examine the possible role of 

prejunctional inhibition in the enhanced autoregulatory dilation of arterioles during S.N.S., 

norepinephrine was infused intraarterially at a rate which caused arterioles to constrict to a 

similar degree as with sympathetic nerve stimulation. (2). To test if this enhanced myogenic 

response was exclusively due to sympathetically-mediated vasoconstriction, two other 

agonists, vasopressin and BayK8644, were used to cause arteriolar constriction to the 

similar degree as sympathetic nerve stimulation. 

Norepinephrine (Winthrop pharmaceuticals, ranged from 101lg/min to 301lg/min), 

Arginine Vasopressin (Parke-Davis pharmaceuticals inc. Pitressin, 0.2cc/min to 0.5cc/min 

of 5IlM), and BayK8644 (Calbiochem, ranged from O.2cc/min to O.3cc/min of 101lM) 

were infused (Razel Scientific instrumentation, syringe pump) into a side branch of the 

femoral artery upstream of cat sartorius muscle over a period of twelve minutes. The exact 
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dose required for each agonist to mimic the degree of sympathetic vasoconstriction was 

determined by trial and error for each second order arteriole studied. Agonists chosen for 

study were randomized for each cat. In preliminary tests, physiological Plasmalyte solution 

without agonist was infused into the artery at the same rate. No significant arteriolar 

response was observed during physiological solution infusion. During drug infusion 

arteriolar constriction usually reached steady state, in four to five minutes. At this time 

arterial pressure was reduced to 60 mmHg for three minutes. Arteriolar response to three 

minutes pressure reduction was studied under control conditions where no vasoconstrictor 

was infused, during sustained sympathetic nerve stimulation, and sustained agonist (NE, 

vasopressin, or Bayk8644) infusion. 

STATISTICS In comparing arteriolar dilation and flow change to pressure 

reduction with different agonists, paired student t test was used to assess the significance. 

In comparing magnitude of arteriolar constriction between different agonists and arteriolar 

dilation to pressure reduction during different agonists induced vasoconstriction, one way 

factorial ANOVA test was used. In all statistical tests significant difference was accepted at 

the P<0.05 level. All data are expressed as Mean±SEM unless stated otherwise. 

RESULTS 

1. Autoregulatory dilation during norepinephrine infusion. 

To determine whether prejunctional inhibition contributed to the enhanced dilation 

during S.N.S., autoregulatory studies were performed on second order arterioles (N=lO) 

during norepinephrine (NE) infusion. Arterioles with an average diameter of 39±2.81l, 

constricted to 60±3.3% of their control diameter with norepinephrine infusion, and then 

dilated to 79±2.7% of their control diameter during pressure reduction to 60 mmHg. The 

dilation to pressure reduction under norepinephrine constriction, about 32±4.8% 



82 

{[(79±2.7)-(60±3.3)]/(60±3.3)}, was significant ahd was significantly more than the 

dilation (4±1.6%) without agonist infusion, the latter was not significant. Fig. 3.1 shows 

the arteriolar diameter changes under these two conditions. As during sympathetic nerve 

stimulation, the enhanced dilation during norepinephrine infusion brought about a 

significant increase in blood flow during pressure reduction (Table 3.1). 

Fig. 3.2 shows the arteriolar dilation during pressure reduction under both NE 

vasoconstriction and sympathetic vasoconstriction. Arterioles (N=II) with an average 

diameter of 48±4.21l was constricted to 67±2.7% of their control diameter with 

sympathetic nerve stimulation, and then dilated to 88±2.7% during pressure reduction to 

60mmHg. The dilation to pressure reduction with sympathetic vasoconstriction, about 

39±5.9% {[(88±2.7)-(67±2.7)]/(67±2.7)}, was not significantly differently from the 

dilation to pressure reduction 32±4.8% with norepinephrine constriction. Since there was 

no significant difference between these two conditions, we rejected the hypothesis that the 

enhanced autoregulatory dilation was due to prejunctional inhibition. 

2. Autoregulatory dilation during vasopressin infusion. 

To test the hypothesis that enhanced arteriolar dilation during arterial pressure 

reduction is due exclusively to adrenergic receptor stimulation, we infused vasopressin 

which binds to the VI receptors on the smooth muscle cell membrane. 

Arteriolar response to pressure reduction was examined in eight second order 

arterioles during vasopressin infusion. Arterioles with an average diameter of 48±3.7Il, 

constricted to 7I±5.1 % of their control diameter with vasopressin infusion, and then 

dilated to 94±5.0% of their control diameter during pressure reduction to 6OmmHg. The 

dilation to pressure reduction under vasopressin constriction, about 36±I1.4% {[(94±5.0)

(71±5.1)]/(71±5.1)}, was significant and was significantly more than the dilation of 
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7±1.7% without agonist infusion. Fig. 3.3 shows the arteriolar dillmeter changes under 

these two conditions. 

With vasopressin infusion, volume flow fell to 32±4.4% of control value , and 

came back to 35±7.7% during pressure reduction to 60mmHg (Table 3.1). However there 

was no significant difference between these two values, indicating perfect autoregulation, 

but not superregulation. 

3. The effect of BayK8644 constriction on autoregulatory dilation. 

To test the hypothesis that the intracellular mechanisms activated by alpha receptors 

and VI receptors are responsible for the enhanced autoregulatory dilation, BayK8644, a 

calcium channel agonist, was infused to induce arteriolar constriction. Eight second order 

arterioles with an average diameter of 43±2.21l were studied. Arterioles constricted to 

64±3.3% of their control diameter with BayK8644 infusion, and then dilated to 96±7.1 % 

of their control diameter during pressure reduction to 60mmHg. The dilation to pressure 

reduction under BayK8644 constriction, about 49±8.9% {[(96±7.1)-(64±3.3)]/(64±3.3)}. 

was significant and was significantly more than the dilation (5±1.0%) without agonist 

infusion. Fig. 3.4 shows the arteriolar diameter changes under these two conditions. 

With BayK8644 infusion, volume flow fell to 38±6.9% of control value, and 

increased significantly to 66±9.9% of control value during pressure reduction to 60mmHg 

(Table 3.1). 

4. Comparison of arteriolar dilation during pressure reduction and arteriolar constriction by 

different vasoconstrictors. 

Arteriolar vasoconstriction by sympathetic nerve stimulation, norepinephrine, 

vasopressin, and BayK8644 infusion were compared using one way factorial ANOV A test 



84 

(Fig. 3.5). There is no significant difference between the vasoconstriction caused by 

sympathetic nerve stimulation and each of the other vasoconstrictors (NE, AVP, 

BayK8644). However subsequent t test showed that there is a significant difference 

between norepinephrine and vasopressin constriction. 

Arteriolar dilations during pressure reduction during sympathetic stimulation and 

other agonists infusion were also compared using one way factorial ANOV A. There is no 

significant difference between the arteriolar dilation to pressure reduction with sympathetic 

vasoconstriction and each of the other agonists induced vasoconstrictions (Fig. 3.6). 
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Fig. 3.1. The effect of norepinephrine constriction on arteriolar response to pressure 

reduction. Norepinephrine caused significant (p<0.05) constriction of arterioles under 

normal arterial pressure (#). Arteriolar dilation to pressure reduction was enhanced 

significantly (p<0.05) during norepinephrine vasoconstriction (*). Data is expressed as 

Mean±SEM. 
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Table 3.1 Volume flow change during pressure reduction 

under control and different vasoconstrictors 

Volume flow 110mmHg 60mmHg 

(% of control) 

Control@ l00@ 68.S0±4.13 

Norepinephrine 34.28±8.82 69.3S±4.69 * 
Vaso~ressin 32.38±4.43 34.S0±7.71 

BayK8644 37.64±6.89 66.3S±9.91 * 
S.N.S. 2S.7S±3.49 38.76±4.36 * 

Table-3.1 shows the calculated volume flow change during pressure reduction under 

control and different vasoconstrictors. The data for control was 'taken from all the controls 

(N=37) in different vasoconstrictor experiments (@). Volume flow was significantly 

increased (*p<O.OS) during pressure reduction under norepinephrine, Bayk8644, and 

sympathetic nerve stimulation (S.N.S.). Data is expressed as Mean±SEM. 
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Fig. 3.2 Arteriolar dilation during pressure reduction to 60 mmHg was not significantly 

(p>0.05) different with NE or S.N.S.vasoconstriction. Data is expressed as Mean±SEM. 
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Fig. 3.3 The effect of vasopressin on arteriolar response to pressure reduction. 

Vasopressin caused significant (p<0.05) constriction of arterioles under normal arterial 

pressure (#). Arteriolar dilation to pressure reduction was enhanced significantly (p<0.05) 

during vasopressin vasoconstriction (*). Data is expressed as Mean±SEM. 
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Fig. 3.4 The effect of Bayk8644 on arteriolar response to pressure reduction. 

Bayk8644 caused significant (p<0.05) constriction of arterioles under normal arterial 

pressure (#). Arteriolar dilation to pressure reduction was enhanced significantly 

(p<0.05) during Bayk8644 vasoconstriction (*). Data is expressed as Mean±SEM. 
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Fig. 3.5 Arteriolar dilation during pressure reduction to 60 mmHg with different 

vasoconstrictor agents. The arteriolar diameter during pressure reduction is expressed as a 

percentage of the diameter at normal pressure for that agonist. No significant difference in 

arteriolar dilation was found among the different vasoconstrictors. All data are expressed as 

Mean±SEM. 
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Fig. 3.6 Steady state arteriolar constriction achieved with different agonists. There was 

no significant difference in the degree of arteriolar constriction caused by different 

vasoconstrictors (p>O.05). All data are expressed as Mean±SEM. 
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DISCUSSION 

Neurotransmitter release from the nerve endings during sympathetic nerve 

stimulation is subject to metabolic modulation (Shepherd and Vanhoutte 1985). The 

degree of prejunctional inhibition can be judged by the difference in vascular responses 

between nerve stimulation and exogenously applied neurotransmitters. In the current 

study, if the enhanced arteriolar dilation to pressure reduction with S.N.S. were due to the 

prejunctional inhibition of neurotransmitter release, then arteriolar dilation to pressure 

reduction during NE vasoconstriction would not be as pronounced as that during 

sympathetic vasoconstriction. Our data showed that arteriolar dilation to pressure 

reduction during norepinephrine (NE) constriction was not significantly different from that 

during sympathetic nerve stimulation, thus refuting the hypothesis that the enhanced 

arteriolar dilation we observed during S.N.S. was due to prejunctional inhibition of 

neurotransmitter release. Our data agree with the result of a previous study in this lab 

(Dodd, Dissertation 1988) that arteriolar dilation during sartorius muscle contraction with 

S.N.S. was not related to prejunctional inhibition. 

During sympathetic nerve stimulation, more than one type of transmitter might be 

released (Burnstock 1986, Lundberg 1989.). Studies by OhIen and coworkers (Ohlen et al 

1990) and others (reviewed by Hirst and Edwards 1989) have provided evidence for 

corelease of ATP, and at a higher frequency of stimulation neuropeptide Y (NPY), in the 

arterioles along with NE during sympathetic nerve stimulation. They found that 10 Hz 

stimulus was the necessary frequency, at which considerable amount of NPY would be 

released during sympathetic stimulation. In cat sartorius muscle vasculature, it was 

possible that ATP and NPY were also coreleased with NE. Dodd's study showed that an 

alpha-l blocker blocked only 50% of sympathetic constriction in second order arterioles 

(Dodd Dissertation 1988). However the amount of NPY released might not be tangible (or 
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the effect by NPY was not considerable ), since we used 8 Hz as the frequency for 

S.N.S., which is below the frequency necessary for substantial NPY release. 

It was possible that the enhanced arteriolar dilation to pressure reduction we 

observed was due to constriction of the arterioles by not only norepinephrine but also 

other transmitters. The fact that infused norepinephrine had the same effect in enhancing 

the myogenic response as sympathetic nerve stimulation, supports a role for that 

transmitter in superregulation of flow during sympathetic nerve stimulation. However it 

did not rule out the possibility that the other transmitters (most likely ATP only), were/was 

also involved. The likehood of the involvment of ATP is supported by the findings with 

other agonists as discussed below. 

A second key finding in this study is that the enhanced myogenic response was not 

exclusively related to adrenergic vasoconstriction. Vasopressin and BayK8644 

vasoconstriction had similar effects. 

Vasopressin acts on VI receptors (Michell et at 1979, Vanner et al 1990) while 

norepinephrine acts on alpha-adrenoceptors of smooth muscle cells. The fact that 

vasopressin has an effect quantitatively similar to that of sympathetic nerve stimulation and 

NE infusion in enhancement of the myogenic response indicates that adrenoceptors per se 

are not required for this enhancement. Further, BayK8644 causes opening of L type 

calcium channels on the smooth muscle cell membrane, yet its constriction of arterioles 

also enhanced myogenic respoase in our experiments. Therefore, the mechanism for 

enhanced myogenic response might be at a post-receptor binding level, i.e. related to some 

intracellular events which were shared by sympathetic nerve, NE, vasopressin, and 

BayK8644 stimulation. 

The intracellular events caused by these agonists stimulation have been well 

documented by in vitro studies. NE binds to the alpha adrenoceptors which have two 
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different subtypes, namely alphal and alpha2 receptors. Binding of alphal receptors 

causes increased IP3 level, which then induces calcium release from the sarcoplasmic 

reticulum (SR) and thus increases intracellular calcium concentration. Binding of alpha2 

recetpors causes opening of receptor-operated calcium channels and thus increases 

intracellular calcium concentration by increasing calcium influx. Sympathetc nerve 

stimulation might release both NE and ATP, the latter was reported to induce receptor

operated calcium channels (Benham and Tsien 1987) on vascular smooth muscle cells as 

well. Vasopressin binds to the VI receptors which also cause increased IP3 level, and 

subsequent calcium release from the SR. BayK8644 opens L type calcium channels and 

causes calcium influx which results in an increased intracullar calcium concentration. Fig. 

3.7 summarizes the intracellular pathways which these agonists stimulate. It seems that 

they all act to increase intracellular calcium concentration. 

Modulation of stretch-dependent myogenic response by extracellular calcium 

concentration has been reported by Hwa and Bevan (1986). They showed that the 

magnitude of the stretch-dependent myogenic tone is a function of the extracellular calcium 

concentration. They used ring segments of rabbit ear resistance arteries and found that 

when the ring was exposed to 251lM calcium in the bath solution, it relaxed, and failed to 

develop myogenic tone (tension did not develop when stretch was applied). With 

increased calcium concentration (from 0.4 to 1.6mM), myogenic tone increased 

immediately; the magnitude of the myogenic tone developed was proportional to the 

calcium concentration in the bath solution. 

The cellular mechanism of the myogenic response is still unclear. It has been 

proposed that the smooth muscle cell membrane permeability or other factors important to 

activity of the contractile machinery are influenced by stretching the cell membrane 

(Johnson 1980). This idea has received strong support from the recent reports of stretch 
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activated ion channels In vascular endothelium (Lansman et al. 1987) and microvascular 

smooth muscle cells (Davis 1989). If the myogenic response were due to the stretch 

activated calcium channels, the intracellular calcium concentration would have been 

increased with the elevation of extracellular calcium concentration in Hwa and Bevan's 

(1986) studies. 

Our data together with Hwa's results suggested that during vasoconstriction, the 

step of increased intracellular calcium concentration in the smooth muscle cells and 

subsequent events occurred thereafter (i.e. myosin phosphorylation), might be important 

in modulation of arteriolar myogenic response. 

However studies reported by Meininger and Faber (1989) and Faber and 

Meininger (1989, 1990) found that arteriolar constriction to box pressure elevation was 

enhanced during adrenergic vasoconstriction, while arteriolar response to box pressure 

change was unaffected by potassium vasoconstriction (Meininger and Faber 1989). 

Elevated potassium concentration would depolarize smooth muscle cell membrane and 

probably cause opening of voltage dependent calcium channels. This would increase 

intracellular calcium concentration as well. However it has been reported (Rembold and 

Murphy 1988, 1989) that the relation between intracellular calcium level and myosin 

phosphorylation differs between agonist-induced (histamine and phenylephrine) and 

depolarization-induced (potassium) contraction in swine carotid artery strips. Studies from 

Karaki (Karaki et al1988, Karaki 1989) in rat aorta strips also showed that NE induced 

greater smooth muscle contraction than KCI at the same intracellular calcium concentration 

detected by fura2 method. Thus it is very possible that when arterioles are constricted to 

the same degree by norepinephrine and KCI, the changes in the intracellular calcium 

conentrations are different under these two conditions. It is also possible that beyond 
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increasing calcium concentration, depolarization by KCI also induced other changes that 

affected the myogenic response. 

In chapter two we showed that when second order arterioles were constricted by 

high oxygen in the suffusate, they did not dilate to arterial pressure reduction, indicating 

that like potassium, vasoconstriction by oxygen does not enhance the myogenic response 

neither. The cellular mechanism of oxygen induced vasoconstriction remains unknown. 

The question regarding the location of the 'oxygen sensor' has long been debated. In cat 

sartorius muscle, it was unlikely that the oxygen had direct effect on the arteriolar wall 

cells (Boegehold and Johnson 1988), the oxygen sensor might reside in parenchymal cells 

or capillary endothelium. The direct effect of oxygen on vascular endothelium has been 

demonstrated by in vitro studies in rat tail artery (Busse et al1983) and in dog femoral 

artery (De May and Vanhoutte 1983), where they found that decreased oxygen content in 

the suffusate caused relaxation of the arteries and the effects were abolished if the 

endothelium were removed. These evidence suggested that the arteriolar constriction by 

increased oxygen content was at least partially attributed to decreased release ofEDRF. 

Since the cellular mechanism of myogenic response and the way high oxygen 

causes vasoconstriction remain unclear, further studies would be required to identify the 

exact mechanism by which norepinephrine, vasopressin, and BayK8644 enhanced 

myogenic response. 

In the current study, arterioles were constricted to a similar degree by these 

different constrictors. Conceivably that the increased vascular tone had contributed to the 

enhanced dilation through shifting the arteriolar positions on their length-tension curve 

(Gore 1972). However, these data on vasoconstriction by rich oxygen suffusate (chapter 

two) and by potassium (Meininger and Faber 1989) argue against a role of nonspecific 

elevated tone. 
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Our finding of enhanced myogenic response during sympathetic stimulation, 

norepinephrine, and vasopressin infusion indicate that these agonists exert their constrictor 

effect partly by enhancing the myogenic response. It is known that during a number of 

emergency states such as hemorrhagic hypotension (Chien 1967, Frank et al 1956, 

Cowley 1982), sympathetic nerve discharge, circulating norepinephrine and vasopressin 

are increased. At the microcirculatory level, arteriolar constriction by these stimuli would 

also enhance the myogenic response. However, during hemorrhagic hypotension the 

component of constriction due to the myogenic response would be abolished, 

automatically providing a means for partial relaxation of the arterioles. Thus blood flow 

could be well regulated and automatically adjusted to the degree of pressure reduction 

during hemorrhagic hypotension. In other emergency situations when blood pressure did 

not fall, the full vasoconstrictor effect of these agonists would be manifest. 

In summary, our results demonstrated that the enhanced arteriolar myogenic 

response during sympathetic nerve stimulation was not due to prejunctional inhibition of 

neurotransmitter release. Vasopressin and BayK8644 had similar effects as sympathetic 

nerve stimulation, suggesting that the modulation sites for the enhanced myogenic 

response was not at the adrenergic receptor, but rather at post-receptor sites in the smooth 

muscle cell. 
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Fig. 3.7 The intracellular pathways triggered by different agonists stimulation. S.N.S.: 

sympathetic nerve stimulation. NE: norepinephrine. A VP: vasopressin. SR: sarcoplasmic 

reticulum. [Ca2+]i : intracellular calcium concentration. MLC·P: myosin light chain 

phosphorylation. 
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CHAPTER FOUR ARTERIOLAR AUTOREGULATORY RESPONSE 

IN THE NETWORK DURING PRESSURE REDUCTION WITH AND 

WITHOUT SYMPATHETIC NERVE STIMULATION. 

INTRODUCTION 

Arterioles in virtually all vascular beds dilate in response to arterial perfusion 

pressure reduction (Reviewed by Johnson p.e. 1986). This dilation causes a decrease in 

vascular resistance and thus brings flow back toward its control level. We have shown in 

previous chapters that autoregulation of flow in the exteriorized cat sartorius muscle was 

weak under control conditions and was significantly enhanced during sustained sympathetic 

nerve stimulation (S.N.S.). In fact, volume flow increased significantly with pressure 

reduction, a phenomenon that has been termed superregulation of blood flow. As also 

described in the previous chapters, dilation of second order arterioles to pressure reduction 

was enhanced during S.N.S .. However, the degree of dilation in the other orders of the 

arteriolar network and their contribution to the enhanced autoregulation was not determined. 

The arteriolar network in cat sartorius muscle is formed by numerous segments of 

arterioles. It has been classified into six orders according to the Wiedeman centrifugal 

method (Sullivan and Johnson 1981a). First order arterioles arise from femoral artery or 

circumflex femoral and serve as feeding arterioles to the muscle. Second order arterioles 

branch out from the first order arterioles and with the former, make up the arcading 

network. Second order arterioles give rise to smaller tree type networks, that include third to 

sixth order arterioles, the latter feed the capillary network. Sullivan and Johnson (Sullivan 

and Johnson 1981) reported in the denervated and autoperfused cat sartorius muscle that all 

except the first order arterioles dilated to pressure reduction under control conditions. 

Differences in response of various orders of arterioles to pressure reduction were also found 
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in rat cremaster muscle (Morff and Granger 1982) where third order arterioles (the smallest 

vessels they studied) dilated more than first and second order arterioles to pressure 

reduction. In cat mesentery Gannon et al (1983) found that on a percentage basis the small 

distal arterioles located dilated more than the proximal arterioles located. These findings 

together show that the arteriolar response to pressure reduction is heterogeneous in the 

arteriolar network. 

An earlier study by Boegehold and Johnson (1988) provides evidence that 

sympathetic nerve stimulation also caused a differential constriction in cat sartorius muscle 

arteriolar network. The distal arterioles showed a faster and more pronounced constriction 

initially and they also showed greater secondary dilation (escape) than larger arterioles 

during sustained stimulation. Dodd and Johnson (in press) concluded that the distribution of 

arteriolar network resistance among different orders was altered significantly during 

sympathetic nerve stimulation. 

We reasoned that such a differential constriction in the arteriolar network might in 

turn lead to differential dilation and cause the superregulation we observed during 

sympathetic nerve stimulation. To test this hypothesis we obtained detailed information on 

diameter changes in all orders of arterioles during pressure reduction with and without 

sympathetic nerve stimulation. We used the data to estimate changes in vascular resistance in 

each order using a model described in appendix I. Since recent studies (Smiesko and 

Johnson 1989, Koller et al1990) have shown that changes in wall shear stress in arterioles 

alter vascular tone by endothelial-mediated vasodilation, we also elvaluated the possible 

contribution of this factor to the observed changes. 
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MATERIAL AND METHODS 

ANIMAL PREPARATION Twenty six cats of either sex weighing between 0.87 to 1.05kg 

were anesthetized with alpha-chloralose (38mg/kg, iv.) after tranquilizing with ketamine 

hydrochloride (15mg/kg im.). A supplemental dose (10mg/kg) of alpha-chloralose was 

given as needed. The cat sartorius muscle preparation by House and Johnson (1986) was 

used. The muscle preparation, sympathetic nerve stimulation, blood pressure measurements 

were described in detail in chapter two. 

MICROCIRCULATION MEASUREMENTS The diameter and red blood cell velocity of 

arterioles were measured with a dual slit video microscope (Johnson and Intaglietta 1976). 

The method was described in detail in chapter two. In this study we measured diameter 

during pressure reduction for all six order arterioles studied. The volume rate was then 

calculated using the equation: volume flow (Q) = (dual-slit velocity/1.6) • (n) • (diam2/4). 

Where the value 1.6 represents the ratio of dual-slit velocity to whole blood velocity based 

on data in glass tubes down to 17 11m internal diameter (Lipowsky et al 1978). A recent 

report by Lee et al ( Lee 1.S., T.C.Skalak, and S.H.Nellis 1990) suggested a conversion 

factor of 1.3 rather than 1.6 in a 72l1m tube. The actual value of the conversion factor did 

not affect the flow change (% of control) upon pressure reduction in our autoregulatory 

studies, however it would affect the calculation of absolute flow value. For vessels smaller 

than 17flm, a factor of 1.1 to 1.3 was used due to the fact that dual slit velocity measured 

approaches the red blood cell velocity under these conditions (Alerecht, KH et al 1979). To 

avoid t~e possible error created by dual slit method in smaller vessels, we did not apply the 

method to fourth, fifth and sixth order arterioles in the vascular network. 
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CLASSIFICATION OF ARTERIOLES IN THE NETWORK Arteriolar network of cat 

sartorius muscle was classified into six orders according to their anatomical features. First 

order arterioles are those rising from femoral artery or circumflex femoral serving as feeding 

arterioles to the muscle. Second order arterioles branch out from fIrst order arterioles, they 

reach out to each other and fonn the arcading network in the muscle. Second order arterioles 

then give rise to third order arterioles which starts the tree type network, that includes third 

to six order arterioles. Sixth order arterioles feed the capillary network of sartorius muscle. 

According to previous examination (Boegehold M. Dissertation 1986), the Wiedman's 

classifIcation agreed well with Strahler's centripetal method in cat sartorius muscle vascular 

bed. In our study arterioles were initially picked due to their visibility under the microscope, 

their orders were then traced and identified due to their anatomical locations. 

EXPERIMENTAL PROTOCOL Diameter changes were examined in all six order of 

arterioles in the microvascular network of cat sartorius muscle. Arterial pressure reduction 

was perfonned with and without sympathetic nerve stimulation (S.N.S.). Experiments were 

perfonned in a repeated fashion for both conditions on any vessel chosen for study. 

Experiments without S.N.S. began with a two minute control period at nonnal 

arterial pressure. In subsequent data presentation many of the measurements will be 

expressed as a percentage of the control value, that is the mean value during this control 

period. The experiment was then followed by arterial pressure reduction to either 80, or 60, 

or 40mmHg for three minutes. Preliminary experiments showed that a three minute period 

of pressure reduction was suffIcient for the local regulatory changes to reach completion. 

Nonnal pressure was restored and adequate recovery time was allowed before the next 

protocol was begun. 
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Sympathetic nerve stimulation ( S.N.S.) experiments were begun by recording a 

two minute period at normal arterial pressure without S.N.S., followed by sympathetic 

nerve stimulation for eight minutes. Three minutes after sympathetic stimulation began, 

arterial pressure was reduced for three minutes, and then was restored to normal levels. 

Sympathetic nerve stimulation continued for another two minutes after arterial pressure was 

restored. After the end of sympathetic nerve stimulation, sufficient recovery time (thirty to 

sixty minutes) was allowed for flow to return to normal. Arterial pressure was reduced to 

80, or 60, or 40mmHg for all arterioles studied. 

DATA ANALYSIS Data collected were analyzed and the results were grouped into two 

steps. First, arteriolar autoregulatory responses to pressure reduction with and without 

sympathetic nerve stimulation were analyzed for each individual order. Second, to assess 

the arteriolar network response during pressure reduction, the diameter changes during 

arterial pressure reduction from all six orders arterioles in the arteriolar network were 

compared. 

Since flowrate is determined by pressure change over vascular resistance, 

comparison of arteriolar diameter response in the network alone could not reflect the 

contribution of each order of arterioles to total flow change in the muscle. Thus in the third 

step (in the discussion section), we developed a simple mathematical model (See Appendix I 

) to calculate resistance decrease during pressure reduction for each order. The arteriolar 

diameter response in step two was converted to resistance decrease for each order. The 

contribution of each order to total arteriolar network resistance decrease during pressure 

reduction was calculated as its own resistance decrease vs.total arteriolar network resistance 

decrease. The distribution of resistance decrease in the arteriolar network was then 

constructed based on the contribution from each order. We compared the distributions of 
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resistance decrease in the arteriolar network to evaluate the site responsible for flow 

regulation during control and sympathetic nerve stimulation. 

STATISTICS In the study of the response of each arteriolar order to pressure reduction 

with and without sympathetic nerve stimulation, two independent variables were evaluated. 

One was the treatment which had two levels (with and without S.N.S.), the other was the 

arterial pressure which had four levels (110, 80,.60, and 40 mmHg). A self-controlled, and 

repeated experimental protocol was used in our experiments. Based on the above 

experimental condition, MANOVA (Multilevel analysis of variance) test was chosen to 

evaluate the overall significance of diameter and volume flow change (superregulation of 

blood flow) for each order vessels. The paired student t test was also used for comparisons 

within levels. In the comparison of the response of each arteriolar order during pressure 

reduction with and without sympathetic nerve stimulation in the arteriolar network, we used 

one way ANOVA (Analysis of variance) test. In evaluating the contribution of each 

arteriolar order to total flow change in the muscle, we used the Kolmogorov-Smirnov two 

sample test to examine the difference of resistance decrease distributions under pressure 

reduction during control condition and sympathetic nerve stimulation. In all statistical tests 

significant difference was accepted at the P<0.05 level. All data are expressed as 

Mean±SEM unless it stated otherwise. 

RESULTS 

(1 ) Diameter change in each order of arterioles to pressure reduction. 

The control diameters for all six orders of arterioles, and volume flow for first 

through third order arterioles are listed in Table 4.1. 
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First order arterioles (N=S) showed no significant dilation to pressure reduction 

without sympathetic nerve stimulation. Sympathetic nerve stimulation caused significant 

(p<0.05) constriction (an average of 27%). First order arterioles dilated significantly by 

17%, 17% and 30% during pressure reduction to SO, 60 and 40mmHg with sympathetic 

nerve stimulation. The arteriolar dilation was enhanced significantly at all levels of pressure 

reduction during sympathetic nerve stimulation (Fig. 4.1). 

Second order arterioles (N=II) did not dilate during pressure reduction to SOmmHg, 

but dilated significantly (p<0.05) by 7% and 10% of their diameter at control pressure 

during pressure reduction to 60 and 40mmHg without S.N.S .. Sympathetic nerve 

stimulation caused significant constriction (an average of 32%). Second order arterioles then 

dilated significantly by 39% and 4S% during pressure reduction to 60 and 40mmHg with 

sympathetic nerve stimulation. The arteriolar dilation was enhanced significantly at all levels 

of pressure reduction during sympathetic nerve stimulation (Fig. 4.1). 

Third order arterioles (N=S) showed significant dilation at all levels of pressure 

reduction without sympathetic nerve stimulation, dilating by 22%, 29% and 3S% during 

pressure reduction to SO, 60 and 40mmHg respectively. Sympathetic nerve stimulation 

caused significant constriction (an average of 34%). Third order arterioles dilated 

significantly by 45%, 61 % and S3% during pressure reduction to SO, 60 and 40mmHg with 

sympathetic nerve stimulation. The arteriolar dilation was enhanced significanlty at all levels 

of pressure reduction during sympathetic nerve stimulation (Fig. 4.2). 

Fourth order arterioles (N=7) also showed significant dilation by 12%,22% and 

43% at SO, 60 and 40mmHg without S.N.S .. Sympathetic nerve stimulation caused 

significant constriction (an average of 24%). Fourth order arterioles dilated significantly by 

4S%, 66% and S3% during pressure reduction to SO, 60 and 40mmHg with sympathetic 
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nerve stimulation respectively. The arteriolar dilation was enhanced significantly at all levels 

of pressure reduction during sympathetic nerve stimulation (Fig.4.2). 

Like third and fourth order vessels, fifth order arterioles (N=6) also showed 

significant dilation by 13%, 23% and 46% at 80, 60 and 40mmHg respectively without 

S.N.S .. Sympathetic nerve stimulation caused transient constriction of these arterioles, they 

then fully escaped and showed no residual constriction after two minutes sympathetic nerve 

stimulation. With S.N.S., they dilated significantly by 18%, 46% and 56% during pressure 

reduction to 80, 60 and 40mmHg respectively; the dilation was not significantly (P>0.05) 

different from that without S.N.S. (Fig. 4.3). 

Sixth order arterioles (N=8) did not dilate at 80 and 60 mmHg, but dilated 

significantly by 10% during pressure reduction to 40mmHg without S.N.S .. As fifth order 

arterioles, sixth order arterioles also showed sympathetic escape, and no residual 

constriction to sympathetic nerve stimulation was appearant after two minutes stimulation. 

With S.N.S. they dilated significantly by 4%, 7% and 14% at 80, 60 and 40mmHg 

respectively; the dilation was not significantly different from that without S.N.S .. (Fig. 

4.3). 

(2).Comparison of arteriolar diameter changes in the arteriolar network. 

We compared the dilation of the different orders of arterioles to pressure reduction 

both with and without sympathetic nerve stimulation. Without S.N.S., when arterial 

pressure was reduced to 80mmHg, third order arterioles showed significantly more dilation 

on a proportional basis than the other orders in the arteriolar network (Fig. 4.4). When 

arterial pressure was reduced to 60mmHg or 4OmmHg, third, fourth, and fifth order 

arterioles dilated significantly more than the rest of orders in the network. There was no 

significant difference in the degree of dilation among third, fourth and fifth order vessels. 
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When the sympathetic nerve was stimulated, fIrst through fourth order arterioles 

constricted significantly, while fIfth and sixth orders only showed a transient response and 

then escaped fully (Fig. 4.5). During subsequent arterial pressure reduction as stimulation 

continued, third and fourth order arterioles showed significantly (P<0.05) more dilation 

than other orders at all levels of pressure reduction (Fig. 4.6). There was no signifIcant 

difference in the degree of dilation between third and fourth order vessels. 

(3) Volwneflow in first through third order arterioles during pressure reduction. 

We calculated the volume flow in fIrst, second and third order arterioles during 

pressure reduction using the measurements of diameter and red blood cell velocity (Fig. 

4.7). ·Without S.N.S., flow in all orders decreased in proportion to arterial pressure 

reduction. Volume flow increased during pressure reduction with S.N.S. The flow increase 

was statistically signifIcant by the MANOV A test for all three orders of arterioles. The 

student t test showed that the flow increase was signifIcant at pressure reduction to 80 and 

60 mmHg for fIrst order, 60 and 40 mmHg for second order, and 80 mmHg for third order 

arterioles. These changes are similar, although quantitatively not identical to the changes 

observed in fIrst order venules reported in chapter two. 

Without S.N.S., the proportional volume flow change upon pressure reduction 

agreed quite well among three orders of arterioles, except the flow change upon pressure 

reduction to 40 mmHg in third order arterioles was less than in the other orders. With 

sympathetic nerve stimulation, calculated flow change upon pressure reduction showed a 

similar trend among three order of arterioles, but the initial flow reduction upon sympathetic 

nerve stimulation was signifIcantly more in second order arwrioles (78%) compared to fIrst 

and third order arterioles (about 60%). This discrepancy in calculated flow change among 
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three orders of arterioles could be due to the accuracy of dual slit velocity and diameter 

measurements and the factor used to calculate mean flow velocity from dual slit velocity. 
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Table 4.1 Diameter (/lm) and Volume flow (nl/sec) in the arteriolar network 
at normal arterial pressure without sympathetic nerve stimulation. 

Diameter Flow 

(/lm) (nI/sec) 

lA 79.66±7.35 73.57±21.20 

2A. 48.71±4.16 14.48±4.24 

3A 24.29±2.76 2.20±O.44 

4A 15.59±1.79 -

5A 1O.37±O.47 -

6A 7.99±O.28 -

All data expressed as Mean±SEM. 
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Fig. 4.1 Arteriolar diameter change during pressure reduction with and without 

sympathetic nerve stimulation (S.N.S.). Arteriolar dilation (calculated as diameter at reduced 

pressure vs. normal pressure ) was significantly higher with S.N.S. than without 

(*p<0.05). All data expressed as Mean±SEM. 
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Fig. 4.2 Arteriolar diameter change during pressure reduction with and without 

sympathetic nerve stimulation (S.N.S.). Arteriolar dilation (calculated as diameter at reduced 

pressure vs. normal pressure ) was significantly higher with S.N.S. than without 

(*p<0.05). All data expressed as Mean±SEM. 
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sympathetic nerve stimulation (S.N.S.). Arteriolar dilation (calculated as diameter at reduced 
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Fig. 4.4 Arteriolar dilation in the network during pressure reduction without S.N.S .. 

Figure continued on the next page. 
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Fig. 4.4 Arteriolar dilation in the network during pressure reduction without S.N.S .. 

Third order arterioles showed significantly (*p<0.05) more dilation at all pressure 

reduction, fourth and fifth orders showed significantly (*p<O.05) more dilation at pressure 

reduction to 60 and 40 mmHg than the rest of the orders in the network..All data expressed 

as Mean±SEM. 
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Fig. 4.5 Sympathetic vasoconstriction in the arteriolar network. After sympathetic escape, 

first through fourth order arterioles remained significant (#p<0.05) constriction. All data 

expressed as Mean±SEM. 
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Fig. 4.6 Comparison of arteriolar dilation in the network during pressure reduction with 

and without S.N.S. With S.N.S., third and fourth order arterioles dilated significantly 

(*p<O.05) more than the rest of the orders in the network. The autoregulatory pattern in the 

network was similar under both without and with S.N.S. All data expressed as 

Mean±SEM. 
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S.N.S. Volume flow increased significantly during pressure reduction with sympathetic 

nerve stimulation (*p<0.05). All data expressed as Mean±SEM. 
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DISCUSSION 

There are several primary fmdings of this study: 

With sympathetic nerve stimulation, we observed superregulation of flow. 

Sympathetic nerve stimulation significantly enhanced arteriolar dilation to pressure reduction 

in first through founh order arterioles. Sympathetic nerve stimulation also appeared to 

increase the dilator response in flith and sixth order arterioles but the change was not 

statistically significant. Third and fourth order arterioles showed significantly more dilation 

than other orders in the network. 

Without sympathetic nerve stimulation, flow regulation was weak. First order 

arterioles did not dilate to pressure reduction, but all other orders dilated significantly at one 

or more reduced pressure levels. Third order arterioles showed more dilation than other 

orders at all levels of pressure reduction, while fourth and fifth order vessels showed greater 

dilation at certain levels of pressure reduction than the rest of the orders. 

Differential response to pressure reduction among different order of 

arterioles. 

Our finding of a heterogeneous response to pressure reduction among various orders 

of the arteriolar network without sympathetic nerve stimulation, agrees with reports by 

Sullivan and Johnson (1981b) in the isolated, denervated cat sartorius muscle, as well as the 

report by Morff and Granger (1982) in the innervated rat cremaster muscle, and by Gannon 

et al in cat mesentery (1983). As suggested by Granger (Granger et al 1976), a 

heterogeneous response would be expected if the distal arterioles were more sensitive than 

proximal vessels to oxygen or locally produced metabolites. 

With sympathetic nerve stimulation, arteriolar dilation during arterial pressure 

reduction is due to a myogenic response as described in detail in the previous chapters. 
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Since intramural pressure is the stimulus for the myogenic response, the actual pressure 

change in each order of arterioles would determine the response of that order. When arterial 

pressure is reduced rapidly, the pressure change initially is proportionally about the same in 

all orders of arterioles (Johnson 1964). The pressure profile in the network would then 

change according to the magnitude of autoregulatory dilation in each order. It was proposed 

by Johnson (1980) that in a myogenically active network the proximal arterioles would 

dilate more than the distal arterioles with a small pressure reduction such as from 110 to 

80mmHg. We saw little evidence of such an effect in this study, the greatest diameter 

change was in third and fourth order arterioles. That hypothesis also postulated that with 

progressively greater pressure reduction, the dilation should move to the mid-region then to 

the distal arterioles. The present findings also do not confirm that postulate. Thus it appears 

that the arterioles do not behave as independent effectors in this arteriolar network. 

Since the greatest dilation occurred in third and fourth order arterioles, this should 

cause pressure in first and second arterioles to fall even further, and further reduce the 

myogenic stimulus and enhancing their dilation. Conversely, the dilation in third and fourth 

order arterioles should tend to return pressure in sixth order arterioles toward normal. Since 

flow rose with pressure reduction during sympathetic nerve stimulation, it would be 

expected that intravascular pressure would rise above control level at the distal end of the 

arteriolar network. If these vessels were capable of an independent myogenic response, one 

would expect to see constriction rather than the dilation observed in sixth order arterioles. 

This observation further supports the suggestion that these arterioles do not respond 

independently to the pressure changes within. Perhaps the myogenic activity arising in 

individual arterioles is conducted to the neighboring vessels as has been reported for other 

contractile acti vity in arterioles (Segal and Duling 1989). 
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There are several possible mechanisms which could explain the non-uniform 

response of the various orders of the arteriolar network to pressure reduction, namely, 

different mechanical properties, different biochemical and receptor properties, and different 

regulatory mechanisms across the arteriolar network. 

Different mechanical properties o/vessel wall in the arteriolar network. 

Differences in the response of arterioles and arteries to exogenously applied agonists 

have been documented in numerous studies, beginning with Zweifach et al in the 50's 

(1955). In 1972 Gore provided the first evidence that the regional differences in response of 

frog microvessels to norepinephrine (NE) were determined by wall stress, a mechanical 

property of vessel wall (Gore 1972). Those arterioles which showed the most vigorous 

constriction to NE were situated at a point close to the optimum length on their length-stress 

curve. This idea was developed further by Price et al (Price, et al 1981) who demonstrated 

that the radius of dog anterior tibial artery which yielded the lowest ED50 (the dose for half 

maximal response) to norepinephrine was also the radius at which the maximum active 

stress was developed. This study also suggested that there might be an interaction between 

mechanical and the pharmacological properties of the vascular wall. Subsequently this 

length-stress relationship concept has been accepted as the generalized characteristic for 

arteriolar response to other stimuli, including different vasoconstrictors or pressure change. 

If the third and fourth order arterioles in our study were sitting closer to the optimal 

stress point on their length-stress curve than the other orders, that might explain their greater 

response to pressure change without sympathetic nerve stimulation. With sympathetic nerve 

stimulation, first through fourth order arterioles constricted significantly. Thus their position 

on the length-stress curve should be shifted to the left. But to be able to explain our data 

with the length-stress relationship the curve has to have a very broad peak, so that after 
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shifting of their position to the left, third and fourth order anerioles would still fit into the 

optimal range of wall stress. Davis and Gore (1989) suggested that during arteriolar 

constriction, the peak of length-stress could be broadened due to the wall buckling 

phenomenon (Green smith and Duling 1984, Sleek and Duling 1986). Wall buckling 

phenomenon may also exist in our first through fourth order anerioles during sympathetic 

nerve stimulation since these vessels maintained their constriction after escape. Thus it is 

possible that third and fourth order arterioles were close to the optimal stress during 

sustained sympathetic nerve stimulation. Without direct information on the length stress 

curve of these arterioles, it is premature to conclude that this differential response in the 

arteriolar network we observed could be explained by the mechanical properties of vessel 

wall. 

Differential biochemical and receptor properties across the aneriolar network. 

Microvascular tone is also a subject for neuro and hormonal regulation. A study by 

Faber (1988) has clearly demonstrated a differential distribution of adrenergic receptors 

across the microvascular bed of rat cremaster muscle. The large arterioles (first and second 

orders) host both alphal and alpha2 receptors while the small arterioles (third orders) host 

mainly alpha2 receptors. Furthermore, the constriction of these arterioles upon alpha2 

agonist stimulation were affected more by tissue acidosis (McGillivray-Anderson and Faber 

1990) and flow reduction (Muldowney and Faber 1990) than that of alphal agonist 

simulation. Since third order arterioles host mainly alpha2 receptors, they are more likely 

than first or second order arterioles to be affected by flow reduction resulting from pressure 

reduction. These studies provide an alternative explanation of why third order arterioles in 

the same preparation dilated more than first and second orders during pressure reduction as 

reported earlier by others (Morff and Granger 1982). 
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Different mechanisms o/vascular tone regulation in the arteriolar network. 

Arterioles are subject to changes in many physiological stimuli during arterial 

pressure reduction The steady state diameter during our experiments were the result of 

integrated multiple-stimuli. During arterial pressure reduction, the myogenic stimulus is 

reduced while the simultaneous fall in flow decreased oxygen delivery and altered the 

metabolic state of the tissue as well as the shear stress acting on the endothelial cells. It has 

been suggested that shear stress, a consequence of blood flow in the lumen, could cause the 

release of endothelium dependent relaxing factors (Reviewed by Furchgott and Vanhoutte 

1989). Flow dependent arteriolar dilation phenomena has been demonstrated by Smiesko 

(Smiesko et a11989) in the mesenteric arcading arterioles of the rat in vivo. Kuo (Kuo et al 

1990 F ASEB) also reported the existence of flow dependent phenomena in isolated 

coronary arterioles and its dependence on intact endothelium. 

If a flow dependent response does exist in cat sartorius muscle vascular bed, a 

differential change in shear stress among the different orders of arterioles might have 

contributed to the differences in response we observed with pressure reduction. To evaluate 

if shear stress change played a role, we used velocity and diameter measurements to 

calculate shear rate for frrst through third order arterioles ( shear rate = velocity / diameter) 

and multiplied these values by the blood viscosity (Appendix IT). 

Without sympathetic nerve stimulation, arterial pressure reduction to 80, 60 and 40 

mmHg caused a significant (p<0.05) decrease in shear stress for all three orders of 

arterioles. Shear stress also fell significantly (p<0.05) during pressure reduction with 

sympathetic nerve stimulation for all three orders of arterioles. We compared the shear stress 

decrease during pressure reduction using a one way ANOV A test. No significant (p>0.05) 

difference was found among the three orders arterioles during pressure reduction at all levels 
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with and without sympathetic nerve stimulation (Fig.4.8a, 4.Sb, 4.8c). However a 

subsequent student t test showed that with S.N.S., shear stress reduction in second order 

arterioles during pressure reduction to SOmmHg was significantly (p<O.05) less than third 

order arterioles (Fig.4.8a). During pressure reduction third order arterioles dilated 

significantly more than first and second order arterioles, while shear stress reduction was 

greater than in first and second order arterioies. This greater reduction should have led to a 

larger drop in EDRF release in third order arterioles. Thus we reject the hypothesis that flow 

dependent dilation contributes to the differences in dilation observed. The shear stress 

changes are described in detail in appendix ll. 
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Fig.4.8a Comparison of arteriolar dilation and shear stress reduction during pressure 

reduction to 80mmHg for fIrst through third order arterioles with and without sympathetic 

nerve stimulation (S.N.S.). The upper panel shows the arteriolar dilation during pressure 

reduction The lower panel shows the shear stress reduction during pressure reduction. 
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Fig.4.8b Comparison of arteriolar dilation and shear stress reduction during pressure 

reduction to 60mmHg for first through third order arterioles with and without sympathetic 

nerve stimulation (S.N.S.). The upper panel shows the arteriolar dilation during pressure 

reduction The lower panel shows the shear stress reduction during pressure reduction. 



,-..., ...... 
8 200 ..... 
~ 
0 160 u 

4-< 
0 120 
~ ......., 

80 I-t 

B 
Q) 

40 E 
CI:! 

0 0 

,-..., 

~o 0 
~E 
V,l 0 -20 
I-t U 
Cl:!4-< 

] 0 -40 
V,l~ 

'"C:l ......., 
~ '"C:l -60 
.- Q) 

"; ~ -80 E ~ o U 
Z ~ -100 

Pressure reduction 40mmHg I'i2I Without S.N.S. a With S.N.S. 

First order Second order Third order 

First Order Second Order Third Order 

128 

Fig.4.8c Comparison of arteriolar dilation and shear stress reduction during pressure 

reduction to 40mmHg for fIrst through third order arterioles with and without sympathetic 

nerve stimulation (S.N.S.). The upper panel shows the arteriolar dilation during pressure 

reduction The lower panel shows the shear stress reduction during pressure reduction. 
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However the above conclusion was drawn based on the assumption that all orders of 

arterioles are equally sensitive to shear stress. There is indirect evidence provided by several 

investigators that this might not be the case. Hill et al (Hill, Davis and Meininger 1990) 

reported that indomethacin (cyclooxygenase inhibitor) caused significant constriction on 

both second and third order arterioles in rat cremaster muscle, but it only enhanced arteriolar 

constriction to increased box pressure in second order arterioles. A study by Griffith and 

Edwards (Griffith and Edwards 1990) showed that the larger arterioles (branch Gland G2) 

constricted more than the small arterioles (branch G4) in response to L-NMMA and 

hemoglobin (both are inhibitors of NO, a potential EDRF ) in isolated ear preparation of 

rabbit. At the same time, however Boegehold and Johnson (1988) demonstrated that small 

arterioles were apparently more sensitive to metabolic stimuli than larger arterioles in cat 

sartorius muscle, based on sympathetic escape data. Thus in the study of Griffith and 

Edwards, constriction of large arterioles by EDRF blockers must have caused a reduction in 

flow, so that small arterioles in their study were facing both increased metabolic stimulus 

(dilator effect) and decreased EDRF response (constrictor effect), and appeared to be 

affected less by EDRF inhibitors. Since Griffith and Edwards used a perfusion solution 

equilibrated with high oxygen (P02=500mmHg), the arteriolar response should not be 

metabolic dependent. 

The contribution of arteriolar orders to blood flow autoregulation. 

Autoregulation and superregulation seen in our study is attributable to diameter 

changes to pressure reduction in the arteriolar network. Without S.N.S., all arterioles except 

the fIrst order dilated with pressure reduction, but the effect on flow was modest; flow fell 

almost as much as the perfusion pressure over most of the pressure range. With S.N.S., 

arteriolar dilation to pressure reduction appeared to be enhanced through all orders of 
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arterioles, but was only significant (p<O.05) in flrst through fourth order arterioles. 

Apparently this enhancement was sufficient to completely change the nature of the flow 

response to pressure reduction and produce superregulation of blood flow. To better 

understand how this change in the flow pattern could come about, we used a network model 

described in appendix I to examine the contribution of each order in the arteriolar network to 

the vascular resistance change during pressure reduction. This model is based on measured 

pressure drops and calculated network hindrances for each order of the arteriolar network as 

well as data on capillary and venular networks. 

Without sympathetic nerve stimulation, the dilation of each order of arterioles during 

pressure reduction resulted in significant reduction in vascular resistance. Arteriolar network 

resistance decrease during pressure reduction predicted by the model is shown in Fig. 4.9. 

With sympathetic nerve stimulation, first through fourth order arterioles constricted 

significantly and their resistance also increased significantly. Arteriolar dilation to pressure 

reduction was enhanced during S.N.S., the model predicted more resistance decrease with 

S.N.S. than without S.N.S .. Fig.4. 10 shows the model predicted resistance change to 

pressure reduction with sympathetic nerve stimulation. 

The contribution of each order in the arteriolar network to total network resistance 

change during pressure reduction was evaluated by the resistance decrease in each order vs. 

the all six orders in the network. The distribution of decrease in arteriolar network resistance 

curves were then plotted based on the contribution from each order. Comparison of 

distributions of arteriolar resistance decrease during pressure reduction with and without 

sympathetic nerve stimulation is shown in Fig.4. 11. There was no significant difference 

between these two distributions (Kolmogorov-Smirnov test. p>O.I). The result from this 

test suggested that sympathetic nerve stimulation did not cause a shift of autoregulatory 
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adjusnnent in the arteriolar network during pressure reduction. Superregulation of flow was 

due to an enhanced autoregulatory response in all orders of arterioles in the network. 

In summary, our data showed a heterogeneous response in the arteriolar network 

during pressure reduction. Sympathetic nerve stimulation significantly enhanced 

autoregulatory response in the arteriolar network, and changed weak flow regulation to 

superregulation of flow. 
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Fig.4.9 Model predicted arteriolar resistance decrease in the network during pressure 

reduction without S.N.S .. 
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Fig.4.10 Model predicted arteriolar resistance decrease in the network during pressure 

reduction with S.N.S .. 
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Fig. 4.11 Distribution of decrease in arteriolar network resistance during pressure 

reduction with or without sympathetic nerve stimulation. Resistance decrease in each order 

vs. the decrease in total network resistance was plotted. K-Smirnov test showed that there 

was no significant difference between with and without sympathetic nerve stimulation 

(S.N.S.). 
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APPENDIX I.···CALCULA TION OF ARTERIOLAR NETWORK 

RESISTANCE DURING PRESSURE REDUCTION USING A SIMPLE 

MATHEMATICAL MODEL. 

The arteriolar network of cat sartorius muscle contains six orders of arterioles. 

The classification of the arterioles in the network is based on their anatomical 

characteristics (described in detail in chapter four). Information on arteriolar resistance 

distribution in the network during pressure reduction is important for understanding the 

role of each order arterioles in autoregulation of flow. We therefore decided to utilize a 

mathematical model of arteriolar network to calculate the resistance and flow change 

during pressure reduction. 

The intravascular pressure proflle in the arteriolar network is a direct reflection of 

the resistance distribution. If pressure measurement were available for all orders of 

arterioles, the resistance could be derived directly from pressure gradient across each 

order of arterioles. Another way to assess the resistance distribution in the network is to 

use the morphometric information on each order of arteriole, since hindrance is 

determined by the length, diameter, and numbers of vessels in that order. Resistance can 

then be derived by multiplying the hindrance by viscosity. Dodd and Johnson (Dodd and 

Johnson in press) have calculated the normal distribution of vascular resistance in the 

network based partially on the information of arteriolar pressure measurements (House 

and Johnson 1986) and morphometric data provided by (Koller et. al 1987). In their 

calculation they assumed that the resistance from all orders of vessels are additive and the 

summation of them is one hundred percent This assumption views the different orders of 

vessels in the network as simply series coupled resistors (Table 1.1). We tested this idea 
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by comparing the measured values of blood flow during arterial pressure reduction with 

those predicted by using the simple model of arteriolar network. 

The concept of the arteriolar network model is illustrated in Fig.I1. A limitation of 

this model is that a tree type pattern of branching was assumed throughout. The arcading 

network fonned by the second and first order arterioles was neglected. Also, we assumed 

that all six orders of arterioles are connected to each other in series and also that all 

segments in anyone order of arterioles are parallel and identical. In addition, we did not 

consider the fact that there are both short and long loop networks in the vascular bed, 

assumed that the summation of resistance in each loop (from fIrst order to sixth order) is 

identical for all the loops. These simplifying assumptions made it possible to use mean 

diameter from all segments of vessels in anyone order to compute the change in 

resistance of that order. We used morphometric infonnation on the arteriolar network of 

sartorius muscle obtained from twenty four cats. The diameter changes in all six orders of 

arterioles during pressure reduction, were used to compute the resistance change. Since 

resistance is inversely proportional to the fourth power of the diameter, the resistance 

change during pressure reduction can be deduced from the ratio of fourth power of the 

diameter at nonnal vs. reduced pressure. 

We have calculated the resistance change for all six orders of arterioles in the 

network during pressure reduction with and without sympathetic nerve stimulation 

(S.N.S.), the results are presented in Fig.I.2a and Fig.l.2b. The resistance is expressed 

in resistance units, where one hundred units equal to the pressure drop between the 

femoral artery and vein. Without sympathetic nerve stimulation, total arteriolar network 

resistance adds up to 78.1 units at nonnal ~erial pressure. Arteriolar dilation during 

pressure reduction caused significant reduction in vascular resistance (FigJ.2a). 

Sympathetic nerve stimulation caused constriction of fIrst through fourth arterioles and 
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thus increase resistance in these vessels (Fig. I.2b). Aneriolar dilation to pressure 

reduction was enhanced with S.N.S., resistance also decreased more during pressure 

reduction compared to without S.N.S. (Fig. I.2b). 

The resistance decreases during pressure reduction in each order of arterioles 

were then added together to calculate the change of total resistance in the arteriolar 

network. The total resistance change was then converted into flow change by using the 

equation: 

Flowl/Flow2=[Pressurel{Pressure2]/[Resistancel/Resistance2]. 

where Flow 1 is the flow at reduced pressure, Flow2 is the flow at normal pressure. 

Pressurel is the reduced pressure (80, 60, or 40 mmHg) minus venous pressure (8 

mmHg), Pressure2 is the normal pressure (110 mmHg) minus venous pressure, 

Resistancel/Resistance2 is the resistance change computed from diameter change. The 

flow change predicted by the model is plotted along with the actual change of blood flow 

in Fig. I.3a. The actual change of volume flow with pressure reduction in sartorius 

muscle was calculated from dual-slit velocity measurement and diameter for the first order 

arterioles. With the consideration of the change of relative apparent viscosity with 

diameter in calculating the resistance change, the model predicted flow value is even more 

close to the actual flow change (Fig. I.3b). Without sympathetic nerve stimulation, 

autoregulation in the muscle was weak, blood flow in flrst order arterioles fell to 78, 67, 

and 57 % of its control value when pressure reduced to 80, 60, and 40 mmHg 

respectively. The model also showed weak autoregulation, model predicted a fall in flow 

of 88, 72, and 52 % without consideration of viscosity adjustment, and 88, 74, 52 % 

with viscosity adjustment when pressure was reduced to 80, 60, and 40 mmHg 
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respectively. During sympathetic nerve stimulation we observed increased flow 

(superregulation) with arterial pressure reduction, flow in fIrst order arterioles increased 

from 40% at nonnal pressure to 52, 48, and 51 % when pressure was reduced to 80, 60, 

and 40 mmHg respectively. The model also predicted superregulation of flow during 

sympathetic nerve stimulation, flow increased from 30% at nonnal pressure to 44, 47, 

and 38% with the viscosity adjustment during the sequential pressure reduction. The 

model without considering viscosity adjustment predicted similar trend of flow change 

during pressure reduction. We used one group t test to examine the value predicted by 

the model and the actual volume flow of fIrst order arterioles and found that the mean 

from the measurements is not signifIcantly (p>O.05) different from the value predicted by 

the model. 

To verify the necessity of classifying the arteriolar network into six orders of 

arterioles, we averaged the diameter from all six order arterioles and treated them as a 

single one order of arterioles. We then used this one resistor model to predict the flow 

change during arterial pressure reduction (Fig. 1.4). Obviously, the one resistor model 

oversimplified the network and did not give as good a fIt to the data as the six resistor 

model did. 

We conclude from our test that the six resistor model, although simple, can reflect 

the actual change flow during pressure reduction in cat sartorius muscle. Thus it is valid 

to use the model in predicting the distribution of resistance decrease in the network during 

pressure reduction. 



Table 1.1 Networl{ Resistance distribution 

Total Vascular Network Resistance (TVNR) is Composed of 

I.Total Arteriolar Resistance 78.1 % 

2.Capillary and Venular Resistance 21.9% 

Arteriolar Orders % of TVNR 

First order 12% 

Second order 16.5% 

Third order 28% 

Fourth order 18.2% 

Fifth order 2.4% 

Sixth order 1.0% 

(Dodd and Johnson, 1990, in press) 
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Fig. 1.1 Illustration of arteriolar network model. The arteriolar network is composed of 

six series coupled resistors. 
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Fig. I.2b Model predicted arteriolar resistance decrease in the network during pressure 

reduction with S.N.S .. 
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Fig. I.3a Comparison of volume flow between measured data from first order arterioles 

and value predicted from the model with and without sympathetic nerve stimulation 

(S.N.S.). Open and closed circles represent the volume flow from first order arterioles; 

open and closed triangles represent the value predicted by model. 



-.. -- --0- Measured 0 .... 140 without S.N.S . -0- Model-V .... 
I:: ~ Model 0 120 to) 

Co!-< 100 ill 0 

~ 80 
'-" 

~ 60 
0 40 t;:: 
cu 20 8 

.E 0 
0 20 40 60 80 100 120 > 

-.. • Measured -- with S.N.S. 0 II Model-V .... 140 .... .. Model I:: 
0 120 to) 

Co!-< 100 
0 

~ 80 
'-" 60 ; I ~ 40 Ii I 0 
t;:: 20 cu 
8 0 
::s 20 40 60 80 100 120 --0 

> Pressure CmmHg) 

~"ig. I.3b Comparison between the volume flow measured from flrst order arterioles 

and the value predicted by the model without sympathetic nerve stimulation (S.N.S.) 

(open symbol) and with S.N.S.(closed symbol). Open and closed circles represent data 

from fIrst order arterioles; open and closed squares represent the model predicted value 

with considering the apparent viscosity change; open and closed triangles represent the 

model predicted value without considering the apparent viscosity change. 

144 



145 

-0- M?ed .- without S.N.S . -D-....... 
8 ~ Ml ..... 120 s:: 
0 

100 

~ 
6 u 

~ 
0 80 
~ 

60 ........, 
~ 
0 40 r;:: 
Q) 20 
8 = 0 ....... 
0 20 40 60 80 100 120 :> 

II Measured .- with S.N.S . ....... II M6 0 
I-< 100 A Ml ..... 
s:: 
0 
u 
~ 
0 

80 

~ ........, 60 
~ 
0 r;:: 40 
Q) 

8 
.E 20 
0 
~ 20 40 60 80 100 120 

Pressure (mmHg) 
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and value predicted from the model with and without sympathetic nerve stimulation 

(S.N.S.). Open and closed circles represent the volume flow from first order arterioles; 

open and closed square represent the value predicted by model with six resistors; open 

and closed triangles represent the value predicted by model with one resistor. 
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APPENDIX II. SHEAR STRESS CALCULATION DURING ARTERIAL' 

PRESSURE REDUCTION. 

We calculated the change of shear stress during arterial pressure reduction to 

evaluate the possible role that flow dependent vasodilation might play in two phenomena 

we have observed during our study: (I).The differential response we have observed 

across the arteriolar network during pressure reduction, (2).The enhanced arteriolar 

dilation we have observed during sympathetic nerve stimulation. It should be noted that 

the existence of flow dependent dilation has not jet been demonstrated in cat sartorius 

muscle. 

We have calculated shear rate for first through third order arterioles using our 

velocity and diameter measurements ( shear rate = velocity / diameter). The shear rate 

calculations were converted into shear stress by multiplying by the blood viscosity in 

each order arterioles. Viscosity was calculated as the product of viscosity in the large 

tubes (0.04 dyn/cm.sec) and the relative viscosity (Gaehtgens P., 1980) which is 

dependent upon the vessel diameter. We calculated shear stress at three time points. The 

first point we chose was at normal arterial pressure (rI). The second point we chose was 

fifteen to thirty seconds after pressure reduction (r2), where velocity was lowest. The 

change in shear stress obtained between first and second point is an indication of stimulus 

change during pressure reduction. The third point was when the arteriolar response to 

pressure reduction has reached its steady state, which was usually two minutes after 

pressure reduction (r3). Shear stress at the third point provides information on shear 

stress adjustment during arteriolar dilation to pressure reduction. 

Shear stress data are summarized in Table 11.1. Shear stress ranged from 0.5 to 

21 dyn/cm2, which is similar to the range reported by others ( reviewed by Davis, 
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P.1989 ). Arterial pressure reduction to 80, 60, and 40mmHg caused a significant 

decrease in shear stress for all three orders of arterioles without sympathetic nerve 

stimulation. Shear stress was also reduced significantly during pressure reduction with 

sympathetic nerve stimulation for all orders arterioles. Overall, shear stress reduction was 

greater at greater pressure reduction. The biggest reduction of shear stress reduction 

occurred at pressure of 40 mmHg; the reduction was much smaller at pressure of 80 

mmHg. 

We compared the shear stress decrease among orders during pressure reduction 

using a one way ANOV A test. No significant (p>O.05) difference was found among the 

three orders during pressure reduction at all levels with and without sympathetic nerve 

stimulation (FigA.8a, 4.Sb, 4.Sc). However subsequent student t test showed that with 

S.N.S., shear stress reduction in second order arterioles during pressure reduction to 

SOmmHg was significantly (p<0.05) less than third order arterioles (FigA.Sa). Since 

during pressure reduction third order arterioles dilated significantly more than first and 

second order arterioles, while shear stress reduction in third order arterioles was not less 

in any circumstance than first and second order arterioles. In fact, if anything, third order 

arterioles showed more reduction in shear stress than first order arterioles at all pressure 

reduction levels. Thus our data did not support the possibility of a differential change in 

shear stress of first through third order arterioles during pressure reduction, and these 

results do not support a role for flow dependent dilation in the differential dilation we 

have observed. If anything shear stress change should have opposed the differential 

dilation we have observed. 

To evaluate if shear stress has played a role in enhanced arteriolar dilation to 

pressure reduction during sympathetic nerve stimulation we have compared the shear 

stress change during pressure reduction with and without sympathetic nerve stimulation 
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within all three orders of arterioles. We have done the comparison in two ways. First, we 

compared the absolute decrease in shear stress during each level of pressure reduction. 

We found no significant difference in shear stress change with and without sympathetic 

nerve stimulation for first and third order arterioles. In second order arterioles, shear 

stress reduction was not significantly different under both conditions for pressure 

reduction to 60 and 40 mmHg. However, the reduction was significantly less with 

sympathetic nerve stimulation than that without at pressure reduction to 80 mmHg. 

Second, we have normalized the shear stress decrease during pressure reduction at each 

level using the following calculation: Normalized shear stress decrease = (r2-rl)/r1. First 

order arterioles showed no significant difference in their normalized shear stress decrease 

with and without sympathetic nerve stimulation during all levels of pressure reduction. 

Second order arterioles showed significantly less decrease in shear stress with 

sympathetic nerve stimulation during pressure reduction to 80 and 60 mmHg. However 

there were no differences with and without sympathetic nerve stimulation during pressure 

reduction to 40 mmHg. Third order arterioles showed no significant difference in 

normalized shear stress between with and without sympathetic nerve stimulation at all 

pressure reductions. According to flow dependent dilation theory, arterioles would tend 

to dilate when shear stress is increased, constrict when shear stress is reduced. In our 

study shear stress did not decrease less during sympathetic nerve stimulation for both 

first and third order. The only positive correlation in this regard was found in second 

order arterioles. Since second order arterioles did not dilate more than third order 

arterioles during pressure reduction with sympathetic nerve stimulation, we concluded 

that shear stress change might have contributed to the enhanced dilation to second order 

arterioles under sympathetic nerve stimulation, but it could not, itself, account for the 
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dilation. The enhanced dilation during pressure reduction in first and third order arterioles 

could not be attributed to the change in shear stress. 
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pressure reduction. 



Table n.l SHEAR STRESS (dyn/cm2) CALCULATION DURING 

PRESSURE REDUCTION 

p d ressure re uctIon to 80mrnH 19 

Control llOmmHg (rl) 80mmHg (r2) 80mmHg (r3) 

First order 10.38 ± 1.91 7.77 ± 1.97 7.71 ± 1.84 

Second order 12.72 ± 2.64 8.59 ± 2.34 10.38 ± 1.87 

Third order 9.50 ± 2.22 5.42 ± 1.34 5.49 ± 1.53 

S.N.S. llOmmHg (rl) 80mmHg (r2) 80mmHg (r3) 

First order 9.83 ± 1.24 5.91 ± 1.37 8.07 ± 1.51 

Second order 10.40 ± 3.09 9.36 ± 2.73 13.0 ± 3.25 

Thira order 13.78 ± 3.82 6.49 ± 1.89 6.37 ± 1.92 

p d ressure re uctlOn to 60mmH 19 

Control llOmmHg (rt) 60mmHg (r2) 60mmHg (r3) 

First order 10.38 ± 1.91 5.56 ± 1.03 6.25 ± 1.14 

Second order 9.24 ± 1.63 2.69 ± 0.57 4.32 ± 0.78 

Third order 9.50 ± 2.22 3.46 ± 0.69 3.61 ± 0.78 

S.N.S. 110mmHg (rl) 60mmHg (r2) 60mmHg (r3) 

First order 9.83 ± 1.24 4.95 ± 0.98 6.97 ± 1.18 

Second order 6.70 ± 1.75 3.65 ± 0.93 4.60 ± 0.98 

Third order 13.78 ± 3.82 4.96 ± 1.65 4.23 ± 1.48 

Table IT. 1 continuted on the next page. 
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Table 11.1 SHEAR STRESS (dyn/cm2) CALCULATION DURING 

PRESSURE REDIJCTION 

p d ressure re uctlOD to 40mmH Lg 

Control 110mmHg (r1) 40mmHg (r2) 40mmHg (r3) 

First order 10.38 ± 1.91 2.83 ± 0.70 4.74 ± 0.68 

Second order 9.24 ± 1.63 1.84 ± 0.36 3.11 ± 0.45 

Third order 9.50 ± 2.22 2.57 ± 0.49 2.87 ± 0.58 

S.N.S. 110mmHg (rl) 40mmHg (r2) 40mmHg (r3) 

First order 9.83 ± 1.24 3.58 ± 0.90 5.20 ± 0.61 

Second order 6.70 ± 1.75 2.10 ± 0.55 2.86 ± 0.42 

Third order 13.78 ± 3.82 3.74 ± 1.24 3.34 ± 0.97 
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