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I I 

Generall Introduction 

Chestt pain, shortness of breath, exercise intolerance, palpitation, and syn-
copee are commonly known symptoms resulting from a deficient perfusion and 
functionn of the heart. This perfusion is established via the coronary arterial 
system.. The main supply vessels of this system are the left and the right main 
coronaryy arteries that branch from the aorta in the valve area. In this thesis we 
wil ll  mainly study vessels from the left coronary arterial system. The left main 
coronaryy artery divides in the left anterior descending (LAD) and left circumflex 
coronaryy artery (LCX). The LAD and LCX branch into a network of distribut-
ingg vessels at the surface. These vessels then giving rise to smaller arteries that 
penetratee the myocardium and form the start of a network of resistance ves-
selss perfusing the various regions of the heart muscle, including the outer heart 
musclee layers, the sub-epicardium, and the inner layers, the sub-endocardium. 

Bloodd flow through the vascular bed is determined by the pressure gradient 
betweenn the arterial and venous compartments and the hydraulic resistance 
off  the vascular network in between. According to the law of Poiseuille, the 
resistancee of a single vessel is directly proportional to its length and inversely 
proportionall  to the diameter to the fourth power. Therefore, a small change 
inn vascular diameter determined by a physiological regulatory mechanism or a 
pathologicall  factor has a large impact on the resistance. Measurements in the 
coronaryy beds from different animals show that pressure gradually decreases 
fromm the larger to the smaller arterioles. In this way Chilian et al. [1, 2] 
determinedd the distribution of the resistance during control conditions and after 
vasodilationn in the beating left ventricle of anesthetized open-chest cats. During 
controll  conditions, approximately 25% of the resistance resides proximal to 200 
limlim diameter arterioles, 68% in arterioles smaller than 200 ^m and 7% in veins. 
Thesee data suggest that under control conditions the primary sites of coronary 
vascularr resistance are the small arteries and arterioles varying in diameter from 
4000 to 15 fim (see Fig.1.1). 

1.11 Blood flow regulation 

Inn order to function properly and pump the blood through the body, the 
myocardiumm itself depends on the oxygen and nutrients delivered by the coro-
naryy system. Coronary flow is adjusted to these oxygen needs by control of tone 

5 5 



ChapterChapter 1: General Introduction 

inn the resistance vessels. This process is denoted as metabolic flow regulation. 
Att constant myocardial oxygen consumption, coronary flow is maintained rela-
tivelyy constant despite changes in arterial perfusion pressure, a process termed 
autoregulationn [4]. These are two aspects of an integrated mechanism of flow 
controll  involving vascular segments of different sizes. Both aspects are presented 
inn Fig. 1.2. 
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FigureFigure 1.1: Pressure measurements and resistance distribution in the left ven-
tricletricle of open-chest anesthetized cats. During control conditions approximately 
25%% of total resistance occurred in coronary arteries (proximal to 170 fim), ap-
prox.prox. 68% of total resistance was in coronary microvessels (distal to 170 jim) 
andand approx. 7% of resistance resided in veins (distal to 150 [im). There was 
aa significant redistribution of resistance in all vessel classes after vasodilation 
withwith dipyridamole: coronary arteries constituted approx. 42%, microvessels con-
tainedtained 27%, and veins had 31% of total coronary resistance. Data from Chilian 
etet al. [2]  redrawn by Spaan [3J. 

Coronaryy flow regulation is established by integration of various cellular and 
intercellularr processes. Many mechanisms contribute to the regulation of blood 
flow,flow, including the metabolic activity of the myocardium, myogenic activity 
off  the coronary blood vessels, neurogenic agonists and endothelium-dependent 
vasodilation.. The balance of all these regulatory mechanisms is ultimately re-
sponsiblee for determining the optimal diameter of the blood vessels in order to 
maintainn the blood flow matched to the myocardial demands at a given pressure. 
Thee regulatory mechanisms enumerated above are heterogeneously distributed 
inn the vascular network along longitudinal but also transmural gradients. 
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FigureFigure 1.2: Mosher et al. have measured in-vivo, in an open chest dog animal 
modelmodel the flow in the left circumflex artery at different perfusion pressures and 
differentdifferent levels of cardiac oxygen consumption. At both decreased cardiac effort 
andand when running, the flow was independent of perfusion pressure over the range 
ofof 60 —140 mmHg For the same perfusion pressure, flow was increased at higher 
cardiaccardiac effort. Redrawn from Mosher et al. [4]-

1.1.11 Metabolic factors in tone regulation 

Whenn the flow demand increases or perfusion pressure decreases, the heart 
cellss must send a signal to the vessels to induce dilation. It is not completely 
knownn how the myocytes are able to communicate changes in metabolic activity 
orr oxygen supply to the coronary vasculature. However, data support the fol-
lowingg hypothesis: when either reduced pressure or increased myocardial oxygen 
consumptionn causes a decrease in myocardial tissue oxygen tension, cardiac my-
ocytess produce vasodilators such as adenosine which dilate the microvasculature 
facilitatingg the blood flow. 

Thee role of adenosine in regulation of coronary blood flow was suggested by 
Bernee et al. [6] but remains controversial [7, 8, 9]. In some studies, adeno-
sinee was proposed to be released by the myocytes improving perfusion during 
increasedd myocardial oxygen consumption [10, 11, 12, 13, 14, 15]. Other stud-
iess [16, 17, 18] showed that adenosine receptor blockade did not alter coronary 
bloodd flow at rest or during exercise. 

Althoughh adenosine may not be involved in flow regulation under physi-
ologicall  conditions, investigators agree on the production of adenosine during 
ischemiaa [20, 21, 22, 23, 24]. In isolated, cannulated porcine sub-epicardial coro-
naryy arterioles Kuo et al. [5] showed adenosine to preferentially act on small 
coronaryy arterioles less than 100 /xm in diameter, vessels around 40 fim. being 
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FigureFigure 1.3: Flow-induced dilation in coronary small arterioles (~ 40 fxm inner 
diameterdiameter at basal tone), intermediate arterioles f~ 60 fim), large arterioles f~ 
1066 nm) and small arteries f~ 179 am). Redrawn from, Kuo et al. [5]. 

thee most sensitive. In vivo studies in dogs [25, 26, 27] also indicate that adeno-
sinee dilates coronary microvessels smaller than 150 /um and that the magnitude 
off  dilation increases with decreasing vessel size. 

1.1.22 Flow-induced dilation 

Thee vasodilation due to an augmentation in blood flow was first observed in 
femorall  arteries by Schretzenmayr in 1933 [28]. Changes in blood flow appear to 
modulatee the vascular diameter in both arteries and veins from various organs 
off  different species, including humans. While many studies report flow-induced 
dilation,, a few cases of flow-induced constriction were documented [29, 30]. In 
1986,, Hull et al. [31] observed dilation in an in vivo preparation of canine 
femorall  and saphenous arteries following a 10-fold increase in flow. The dilation 
wass abolished after endothelial denudation. These experiments indicated the 
importancee of the endothelial layer in flow-mediated responses. These authors 
alsoo show the existence of a significant difference in the magnitude of the re-
sponsee to flow between vessels of different sizes. The dilation recorded in the 
experimentss of Hull et al. was 9% in the femoral artery (5 mm in diameter) and 
15%% in the saphenous artery (2.6 mm in diameter). Pohl et al. [32] showed that 
ann increase in flow induced dilation in small rabbit mesenteric arteries in situ 
perfusedd with saline. This dilation was augmented when the perfusate viscosity 
wass increased with dextran solutions, indicating that the rise in shear stress was 
thee stimulus for flow-induced dilation. This hypothesis is now largely accepted 
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FigureFigure 1.4: The myogenic responses of isolated small coronary arterioles are 
endothelialendothelial independent. Redrawn from Kuo et al. [19]. 

andd flow-induced dilation is believed to be due to the increase of endothelial 
shearr stress that triggers release of endothelial relaxing factors acting on the 
vascularr smooth muscle cells. These factors have been proposed to be nitric 
oxidee (NO), prostanoids, and various endothelium-dependent hyperpolarizing 
factorss (EDHF's), including Ü202- The individual contribution of each of these 
factorss to the flow-induced responses depends on the vascular bed, the size of 
thee vessels and possible pathological conditions. 

RatsRats and mice: in rat isolated coronary arteries [34], [35], dilation to flow is 
NOO mediated, and no apparent involvement of prostanoids can be seen. In iso-
latedd sub-epicardial arterioles [36], flow induced dilation was partially mediated 
byy NO and a prostanoid, since L-NNA and indomethacin could both partially 
blockk the dilation. The dilation to flow was also studied at different levels of 
tonee or constriction in the vessels since more factors than only flow determine 
vascularr diameter. Rat epicardial [37] and gracilis [38] arterioles showed dilation 
too flow at pressures around 60 mmHg, but constriction or transient constriction 
followedd by dilation was recorded at very high pressures. In pathological condi-
tions,, in hyperhomocysteinemic or hypertensive rats the dilatory responses to 
flowflow were either absent [39] (but could be recovered by the superoxide dysmu-
tasee mimetic, tiron), impaired [40] or even turned into constriction [41]. Such 
constrictionn could be abolished by blockage of the thromboxane receptors. 

Inn isolated gracilis arterioles from normal mice, flow-induced dilation was 
equallyy mediated by NO and prostaglandins while in eNOS-KO mice dilation 
too flow was completely mediated by prostaglandins [42]. In coronary arteri-
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FigureFigure 1.5: In vivo observations of myocardial contraction effect on small sub-
endocardialendocardial and sub-epicardial arterioles. The diameter of sub-endocardial ves-
selssels decreased on average by 24% between diastole and systole, while the diameter 
changechange was only 2% in the sub-epicardial arterioles. Redrawn from Yada et al. 
[33]. [33]. 

oless from eNOS-KO mice [43] dilation to flow was quantitatively similar to wild 
typee animals, being mediated on average 60% by prostaglandins and 40% by NO 
generatedd by nNOS that was expressed in vascular endothelial cells. These ex-
perimentss support the role of NO and prostaglandins in flow-induced responses 
inn rats and mice and the ability of the vascular cells to compensate for the lack 
off  one mediator by generating others in larger amounts, in order to keep tissue 
perfusionn intact. 

LargeLarge animals: flow-induced responses were also studied in large animals, 
includingg dogs and pigs. In in vivo experiments in large coronary arteries from 
dogss [45], [46] an increase in flow induced dilation that was fully NO medi-
ated.. A broad description of flow-induced dilation in isolated porcine epicardial 
arterioless and venules was provided by the group of Kuo [47], [48], [49], [50], 
[51].. Dilation to flow in these vessels was proved to be endothelium-dependent, 
fullyy mediated by NO, modulated by changes in mean pressure and potentiated 
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FigureFigure 1.6: The dependence of sub-endocardial/sub-epicardial flow ratio on di-
astolicastolic time fraction. Redrawn from Spaan [3].  The data are from Bache et al. 
[44]-[44]-

byy adenosine through activation of KATP channels in the endothelium. Flow-
inducedd dilation is heterogenous in the porcine coronary microcirculation [52], 
(seee Fig. 1.3). In contrast to adenosine, which preferentially dilates the smaller 
microvessels,, flow-induced dilation is more prominent in upstream larger mi-
crovessels.. Thus a shear of 10 dyne/cm? induced dilation of approximately 20% 
inn small arterioles (~ 40 /xm inner diameter), approximately 30% dilation in 
arterioless around 60 /xm and 50% in large arterioles (> 100 /xm). 

Humans:Humans: more recently, flow effects were studied in coronary arteries from 
patientss with coronary artery disease. Large coronary arteries [53] dilated to 
ann increase in flow. In large coronary and systemic conductance arteries from 
hypertensivee patients, no or very reduced flow-induced dilation was recorded 
[54],, [55]. However, after ACE inhibition, dilation to flow was restored. Flow 
alsoo induced dilation in arterioles isolated from normal subjects and patients 
withh coronary artery disease [56]. NO blockade could partially abolish the dila-
tionn in the arterioles isolated from healthy subjects but not from CAD patients. 
Inn these vessels, shear induced hyperpolarization of the smooth muscle cells 
throughh opening of Ca2+ - mediated K+ channels, suggesting a role for EDHF 
inn the human microcirculation. Furthermore, the same authors identified the 
EDHFF involved in this dilation to be H2C>2 [57] derived from mitochondrial 
respirationn [58]. 

Al ll  these data show a large heterogeneity in flow-induced responses in the 
coronaryy vascular bed. This heterogeneity is largely determined by location in 
thee vascular network, the tonic state of the vasculature at that site, the vascular 
integrityy and the physiological or pathological conditions. 

11 1 



ChapterChapter 1: General Introduction 

1.1.33 Myogenic regulation 

Myogenicc reactions to fluctuations in intraluminal pressure may also con-
tributee to adaptation of coronary tone. The myogenic theory of autoregulation 
statess that blood vessels have the intrinsic property to regulate their diameter 
againstt changes in the transmural pressure gradient. Blood vessels respond to 
transmurall  pressure elevation with constriction and to pressure reduction with 
dilation.. A distinction has to be made between the basal tone and the myo-
genicc response. Basal tone is a physiological state of constriction in the absence 
off  any exogenous vasoconstrictor but in the continuous presence of pressure. 
Thee myogenic response is the immediate reaction of vessels to modifications in 
pressuree with either basal or induced tone. Since their recognition more than 
1000 years ago (Bayliss, 1902), basal tone and myogenic responses were widely 
demonstratedd and quantified in vivo and in vitro in arteries of different sizes 
andd different vascular beds [59, 60, 61, 62, 63, 64, 65, 19]. These responses ap-
pearr to reside in the smooth muscle cells in the vessel wall. Indeed, basal tone 
andd myogenic responsiveness of skeletal muscle arterioles without flow were not 
affectedd by endothelial denudation [66]. This was also the case for basal tone 
andd myogenic responses in isolated coronary arterioles [67]. 

Thee cellular mechanisms of the myogenic response include depolarization of 
thee smooth muscle cells, and opening of voltage-gated calcium channels [68, 69]. 
Thiss leads to an increase in intracellular Ca2+. VanBavel et al. [68] showed 
thatt pressurization of rat mesenteric small arteries induces myogenic tone due 
too a slight elevation in the intracellular calcium via voltage operated Ca2+ 

channelss in SMC in combination with an increase in sensitivity of the contractile 
machineryy for this pressure-induced calcium influx. Furthermore other studies, 
reviewedd by Schubert and Mulvany, [69] provided data for the participation 
off  other parallel mechanisms and second messenger systems, including protein 
kinasee C [70, 71, 72], 20-HETE [73] and the Rho-Rho kinase pathway [74]. 

Myogenicc arteriolar constriction is affected by pathological conditions. Small 
arterioless isolated from hypertensive rats showed increased constriction over the 
rangee from 60 — 160 mmHg as compared to normal rats [75, 76, 77], which 
appearedd to be due to the production of endothelin. In diabetic rats skeletal 
musclee arterioles showed an enhanced myogenic response likely due to increased 
activityy of voltage-gated Ca2+ channels [78]. 

Inn the last 15 years, more data on myogenic responsiveness in coronary ar-
terioless became available. Nakayama et al. [79] found only passive effects in 
isolatedd vessels between 200 and 300 /Ltm diameter when pressure was elevated. 
Inn contrast, data published by Kuo et al. [80] in the same year indicated stable 
myogenicc responses in coronary vessels of 80 — 100 fim in response to pressure 
stepss from 20 to 140 mmHg. The most robust response was recorded in ves-
selss of 50 - 80 ^m diameter. Also other studies show heterogeneous myogenic 
responsivenesss with the stronger myogenic reactivity in the smaller arterioles 
[81,, 82]. Kuo et al. [19] also showed that pressure-dependent responses ob-
servedd in small coronary arterioles were not endothelium-dependent but true 
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myogenicc responses originating from smooth muscle cells (see Fig. 1.4). 

Similarr to the in vitro studies, in vivo dilation in response to a reduction in 
coronaryy intraluminal pressure occurs primarily in coronary arterioles smaller 
thann 100 - 150 fim in diameter [25]. Kanatsuka et al. [27] observed active 
changess in diameter in epicardial microvessels in response to reduction in pres-
suree as created by a graded coronary stenosis. The most effective dilation was 
seenn in arterioles smaller than 100 fim in diameter. Still, these data are difficult 
too interpret because of the interaction of different autoregulatory mechanisms. 
Alsoo the local pressure values are not known. 

Inn isolated human coronary resistance vessels Miller et al. [83] examined 
responsess to stepwise increases in pressure. The dependence on vessel size seen 
inn animal models was also recorded here. Thus there was an inverse relation-
shipp between vessel diameter and myogenic responsiveness over the physiological 
rangee of 40 — 60 mmHg. 

1.1.44 Integrated control of coronary flow 

Onn the basis of the in vivo and in vitro studies on coronary microvessels, 
thee conclusion is that many different regulatory processes affect microvascular 
resistance.. Even though each of the processes has its preferential site of action, 
thee diameter of a microvessel reflects the interactive effect of these factors. The 
interactionn may occur either directly (locally) or through the transmitted action 
off  pressure and flow. Thus the local responses to pressure, flow and metabo-
litess can be integrated into a model predicting regulation of coronary blood 
flowflow in response to changes in myocardial metabolic demands [84]. When the 
smallestt arterioles dilate during increased metabolic demand, the microvascu-
larr resistance drops, inducing an increase in flow. As the upstream arteriolar 
pressuree falls, myogenic dilation of slightly larger arterioles occurs inducing a 
furtherr decrease in resistance. Increased flow in larger upstream arterioles leads 
too flow-induced dilation, decreasing the resistance even more. In accordance to 
this,, arterioles with diameter below 30 //m are the most sensitive to metabolic 
stimulii  [5], those smaller than 80—100 ^m exhibited the largest myogenic respon-
siveness,, while arterioles with diameters around 100 — 150 ^m diameter are the 
segmentss most sensitive to flow. Based on the experimental data and hypothe-
siss described above, Cornelissen et al. [85] developed a mathematical model to 
studyy the possible interactions of these control mechanisms during flow control. 
Thee authors concluded that, indeed, control of coronary blood flow requires a 
balancee between flow-dependent properties of the upstream larger coronary mi-
crovesselss and constriction of the small vessels downstream. Furthermore, the 
myogenicc control mechanism plays a significant role both in autoregulatory flow 
controll  and in metabolic flow control. 
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1.22 Determinants of vascular tone in the sub-
endocardium m 

Thee above regulatory functions are effective until coronary flow reserve in 
thee heart is exhausted. At this stage, ischemia occurs. This happens first at the 
sub-endocardium,, whereas the sub-epicardium is less affected. Measurements of 
flowflow during autoregulation and full dilation in both layers indeed showed a lower 
flowflow reserve, thus a reduced increase in flow at maximal vasodilatation in the 
sub-endocardiumm as compared to the sub-epicardium [86, 87]. These observa-
tionss suggest that positional differences must be considered when pressure-flow 
relationshipss and control of resistance of the coronary microvasculature are in-
vestigated.. Therefore, one must be cautious when extrapolating observations 
fromm the behavior of the isolated or in vivo observed sub-epicardial arterioles to 
thee sub-endocardial ones. Why is the coronary flow reserve in the endocardium 
lowerr than in the sub-epicardium? To answer this question, the hemodynamic 
conditionss as well as the resistance of transmural vessels must be taken into 
account. . 

1.2.11 Cardiac contraction 

Thee impeding effect of cardiac contraction on coronary inflow has been 
knownn for several decades (see [3]). In 1993, Yada et al. [33] produced the first 
directt observations of the effects of cardiac compression on the sub-endocardial 
microvasculature.. These authors developed a needle-probe videomicroscope 
withh a CCD camera that allowed for the visualization of the sub-endocardial mi-
crovessels.. In open-chest anesthetized pigs, sub-epicardial and sub-endocardial 
arterioless and venules were observed and phasic changes in diameter from end-
systolee to end-diastole were recorded (see Fig. 1.5). The diameter changes 
inn arterioles from the two layers were significantly different. Sub-endocardial 
arteriolarr diameter decreased by 24% during development of systole while the 
sub-epicardiall  arterioles showed a reduction in diameter of only 2%. These data 
clearlyy show the strong effect that the contraction of surrounding tissue during 
systolee has on the specifically sub-endocardial vessels. The effect of compression 
onn flow can be appreciated from measurements of the endocardial/epicardial flow 
ratioo at various DTF. Bache et al. [44] injected microspheres in a fully dilated 
coronaryy vascular bed at different heart rates. Fig. 1.6, redrawn by Spaan [3] 
usingg the data of Bache et al shows the changes in endo/epi flow ratio as a func-
tionn of DTF. While in the arrested heart the endocardial/epicardial flow ratio 
wass larger than unity, indicating more flow to the sub-endocardium, reduction 
inn diastolic time fraction resulted in decrease of the endo/epi flow ratio. The 
decreasee resulted from a large impediment of the sub-endocardial flow while the 
sub-epicardiall  flow remained almost unaffected. 

Inn the last 20 years, the impediment of flow by contracting myocardium has 
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beenn explained by the coupling of the time-varying differences between arterial 
andd venous flow to changes in volume of the intramural vessels by the intramy-
ocardiall  compliance. Two different mechanisms were proposed to be responsible 
forr the coronary volume variations. These are described by the intramyocardial 
pressuree pump model of Spaan [88] and the time-varying elastance model of 
Kramss [89]. 

TheThe intramyocardial pressure pump model assumes that blood flow in the 
heartt is impeded by the transmission of the left ventricular pressure (LVP) 
acrosss the myocardium. In systole, this transmission leads to the development 
off  extravascular pressure around the compliant microvessels embedded in the 
tissue.. The extravascular pressure becomes progressively less towards the outer 
layers,, equaling the LVP at the sub-endocardium and the atmospheric pressure 
att the epicardium. When at the beginning of systole the LVP increases, ex-
travascularr pressure increases, vessels are compressed and blood is squeezed to 
regionss with lower compression, as illustrated in Fig.1.7. However, this model 
cann not explain the flow variations that are observed in the empty beating heart 
sincee left ventricular pressure is absent. 

Earlyy Systole 

m' m' 

FigureFigure 1.7: The flow impediment by cardiac contraction explained by the in-
tramyocardialtramyocardial pump model. 

Thee Time varying elastance model is also an intramyocardial pump model. 
Thee difference with the previous model is that it assumes that impediment of 
coronaryy arterial flow is related to changes in the elastic properties of the my-
ocardiumm rather than LVP. This model considers that the myocardial stiffness 
variess during the heart cycle, these changes in stiffness being similar in the epi-
cardiumm and endocardium. During systole, part of the vascular wall tension 
associatedd with the luminal pressure is carried by the stiff myocardium, caus-
ingg reduction of vascular diameter. However, this model does not explain the 
differencess in diameter and flow variations between the two layers. Integrating 
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thee two concepts, Kouwenhoven and Spaan [90] discussed the possibility that 
timee varying elastance modulates the transmission of the LVP across the my-
ocardium,, protecting the microcirculation from being squeezed during systole. 

Evenn though the complex interaction of cardiac contraction and coronary 
floww remains under discussion, the compressive effect of the myocardium on the 
vesselss is beyond doubt. In this thesis, for simplicity we base our explanations of 
cardiacc contraction effects on the embedded microvessels on the intramyocardial 
pumpp model. 

1.2.22 Transmural vessels 

Chiliann et al. [91] performed microvascular pressure measurements in an 
arrestedd fully dilated heart preparation, during variations in coronary perfusion 
pressure.. The microvascular pressures measured in the sub-endocardial arteri-
oless were lower than in epicardial vessels of similar size, as seen in Fig. 1.8. 
Also,, the pressures in the endocardial venules were higher than those in the 
epicardiall  venules. These results suggest that a substantial pressure drop oc-
curss along transmural arterioles running through the ventricular wall, reducing 
thee endocardial perfusion pressure. Littl e is known on the behavior of these 
vesselss in the beating heart. Unfortunately, measurements of flow and pressure 
inn transmural and sub-endocardial vessels in intact preparations are not easy 
too achieve due to the difficulty of placing the flow and pressure sensors in the 
tissuee without interfering with the local hemodynamic conditions. 

Strongg myocardial compression and reduced perfusion pressure are factors 
impedingg the sub-endocardial perfusion. Still, when local autoregulation is in-
tact,, the flow distribution over the myocardial wall is quite homogenous [92]. 
Thiss means that there are compensations in the endocardium for the perfusion 
impediment.. These compensations relate to both the anatomy of the endocar-
diall  circulation and the control of tone. 

1.2.33 Microvascular resistance - epicardium versus endo-
cardium m 

Inn the experiment described above, Chilian et al. [91] observed a smaller pres-
suree drop in the sub-endocardium as compared to the sub-epicardium during 
dilationn and cardiac arrest. Bache et al. [93] used radio-labeled microspheres 
too measure the transmural myocardial perfusion under the same conditions. 
Sub-endocardiall  flow exceeded the sub-epicardial flow (endo/epi = 1.16). Com-
biningg the measurements of Chilian et al, with the data of Bache et al. one 
cann conclude that at full dilation and arrest there is a reduced resistance in the 
sub-endocardiall  microvasculature that might facilitate perfusion of this layer 
andd form an adaptation to compensate for the resistance factors specific for the 
sub-endocardium.. This decreased resistance is bound to stem from differences 
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FigureFigure 1.8: The microvascular pressure gradient measured during cardiac arrest 
andand full dilation in the sub-epicardium and sub-endocardium of porcine hearts. 
AtAt all coronary perfusion pressures the microvascular pressure gradient in the 
sub-endocardiumsub-endocardium was less than in the sub-epicardium (*:  P < 0.05). Redrawn 
fromfrom Chilian et al. flj. 

inn vascular anatomy. The question is whether this is due to an increased mi-
crovascularr density for a certain diameter class or to possible branching pattern 
differencess in the two layers. Morphometric studies of capillary density found 
equall  values in the sub-endocardial and sub-epicardial regions of pigs and dogs 
[94],, [95]. Also arteriolar density has been reported to be similar in the left ven-
triclee sub-endocardium and sub-epicardium in rabbits and dogs [96], [97]. Such 
studiess leave the possibility that the branching patterns in the endocardium and 
epicardiumm differ. If the length of a vascular segment between two branching 
pointss is smaller in the endocardium than in the epicardium, this could offer an 
explanationn for the lower resistance. However detailed data are lacking. 

Thee above data were obtained in the arrested heart. However, in the beating 
heartt the anatomical differences between the endocardial and epicardial vascu-
laturee are not enough to compensate for the impeding factors, as demonstrated 
fromm the effect on DTF on local flow (see Fig. 1.6). Based on the gradi-
entss in compression and perfusion pressure, blood vessels from the epicardium 
andd endocardium must differentially have adjusted their tone. Both myogenic 
andd metabolic influences would provide mechanisms for such differential adap-
tations,, even if vessels in both layers would have equal sensitivity for these 
stimuli.. However there is evidence [80] for differential sensitivities. Also the 
pulsatilee nature of sub-endocardial mechanical loading of the vessels provides a 
basiss for such differential adaptations. The factors determining vascular diam-
eterss of sub-endocardial arterioles are not fully understood. In the next section 
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wee wil l discuss data available on the effects of the established determinants of 
vascularr tone on specifically small sub-endocardial arterioles. 

1.2.44 Tone determinants 

SteadySteady and dynamic transvascular pressure - induced responses in the sub-
endocardialendocardial arterioles 

Kuoo et al. [80] studied the myogenic responses of isolated porcine sub-
epicardiall  and sub-endocardial arterioles (80 — 100 fim diameter) within phys-
iologicall  ranges of intraluminal pressure. At 60 cmi^O, both types of vessels 
developedd myogenic tone within 30 minutes up to 77% from their maximal diam-
eter.. However, the myogenic responses in the vessels were not similar over the 
rangee of 20 — 140 CÏÏ1H2O. When reducing the pressure from 60 to 20 c m ^ O) 
sub-endocardiall  arterioles decreased passively in diameter while sub-epicardial 
arterioless maintained their diameter. At high pressures (100 — 140 cm/f20) 
bothh sub-epicardial and sub-endocardial arterioles showed myogenic responses, 
withh higher levels in the sub-epicardial vessels, Fig. 1.9. This study suggests 
thatt not only in the epicardium, but also in the endocardial region the myogenic 
responsee contributes to the autoregulation. However, the myogenic capacity is 
reducedd in the sub-endocardial arterioles and the range of pressures inducing 
myogenicc responses is also narrower. 

Ass argued above on the basis of intramyocardial pump model, the transvas-
cularr pressure in the coronary microvessels is not steady but varies during the 
heartt cycle. These variations are the largest in the sub-endocardial arterioles, 
wheree the extravascular tissue pressure resembles LVP, impeding perfusion in 
thiss layer. The effect of pulsating transvascular pressure on the behavior of the 
coronaryy sub-endocardial vessels resistance has not been evaluated yet. Some 
studies,, however have been published on effects of pressure pulsations on epi-
cardiall  and systemic vessels. 

Gotoo et al. [98] examined the effect of large transmural pressure variations 
(peak-peakk amplitude of 80 mmHg) in isolated, cannulated sub-epicardial resis-
tancee vessels. Pressure pulsations induced dilation of arterioles. The magnitude 
off  dilation was positively correlated with the pulsation amplitude and not depen-
dentt on endothelial integrity. Also, myogenic responsiveness remained present 
duringg pressure pulsations. Thus the vessels dilated when mean pressure was de-
creased,, (see Fig. 1.10). Popp et al. [99] studied the effect of pulsating pressure 
onn large arteries. Transvascular pressure pulsations of 40 — 50 mmHg amplitude 
inducedd biphasic dilation that was markedly reduced after Kca channels were 
blockedd with iberiotoxin and apamin. Endothelial denudation abolished the 
peakk dilation and reduced the amplitude of diameter pulsations. These data in-
dicatee that rhythmic distension of the arteries by pulsating pressure elicites the 
releasee of an EDHF that mediates the dilation. To prove the release of EDHF 
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FigureFigure 1.9: Active and passive changes in vascular diameter of isolated small 
sub-endocardialsub-endocardial and sub-epicardial porcine coronary arterioles in response to 
changeschanges in pressure. (*:  P < 0.05). Redrawn from Kuo et al. [80]. 

thee hyperpolarization of detector cells exposed to intraluminal solution from 
arterioless subjected to pulsating pressure was measured. The hyperpolarization 
wass proportional to the amplitude of pressure oscillations applied to the donor 
vessel,, suggesting that the amount of EDHF produced by pulsating pressure 
dependss on the pulsation amplitude. Recchia et al. [100] observed dilation to 
sustainedd pulsatile pressure in isolated porcine carotid artery segments, for pres-
suree pulsations exceeding 40 mmHg peak-peak amplitude, but the dilation was 
endothelium-independent.. These studies indicate similar responses (dilation) in 
coronaryy arteries and arterioles to pulsating transvascular pressure. However, 
differentt mechanisms appear to mediate the dilation. Therefore, one should be 
carefull  in extrapolating these results to the sub-endocardial arterioles. 

SteadySteady and dynamic flow - induced responses in sub-endocardial arterioles 

Thee effect of steady and pulsatile flow on tone of sub-endocardial arterioles 
hass not been evaluated yet. Flow in these vessels oscillates in phase opposition 
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FigureFigure 1.10: Myogenic dilation in response to decrease in the mean pressure in 
anan isolated sub-epicardial arteriole at a fixed pressure pulse. From Goto et al. 
[98][98]  with permission. 

too the aortic pressure and LVP, as a result of the flow impediment during systole. 
Usingg radiolabeled microspheres and a Doppler flow velocimeter, Flynn et al. 
[101]]  measured the regional flow in the endocardium and in epicardial large and 
terminall  arteries during long diastole and in the beating heart. They concluded 
thatt retrograde blood flow from the sub-endocardium accounts for a substantial 
portionn of total sub-epicardial blood flow during the cardiac cycle. However, the 
exactt flow profile, especially in the small sub-endocardial arteries is not known. 
Usingg the in vivo microscopy technique described above, Kajiya et al. [102] could 
observee the movement of light reflecting microspheres in the sub-endocardium 
duringg the heart beat (see Fig. 1.11). Further data on the effect of such dynamic 
floww patterns on tone of sub-endocardial arterioles are not available. However, 
studiess on endothelial cells cultured under an oscillating flow profile indicate 
lackk of cell alignment in the direction of flow [103], increased expression of 
adhesionn molecules [104], increased production of O "̂ [105, 106], lack of eNOS 
upregulationn [107] and different Ca2+ responses [108, 109] as compared to steady 
laminarr flow. These data suggest different endothelial responses to the two flow 
profiles,, but the results cannot predict the whole blood vessel behavior. 

MetabolicMetabolic responses in the sub-endocardial arterioles 

Veryy limited data is available on the contribution of metabolic factors to flow 
controll  in the sub-endocardium. Zhang et al. [110] examined the responsive-
nesss of isolated, cannulated porcine sub-endocardial and sub-epicardial arteri-
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FigureFigure 1.11: Flow pulsatility in sub-endocardial arterioles determined by car-
diacdiac contraction as shown by the movements of light-reflecting microspheres. 
CourtesyCourtesy of Prof. F .Kajiya. 

oless to adenosine at different perfusion pressures. At all pressures (20, 40, 60, 
800 mmHg), both types of vessels responded similarly. However, the adenosine 
sensitivityy was increased at reduced intraluminal pressure. Given the fact that 
intraluminall  pressure is higher at the epicardium than at the endocardium, due 
too the pressure drop across the transmural vessels, it is possible that a gradi-
entt in responsiveness to adenosine exists between the sub-endocardial and sub-
epicardiall  arterioles. This might explain previous in vivo data showing greater 
dilationn to sub-maximal doses of adenosine in the sub-endocardium [111, 112]. 
Suchh difference in response may help the perfusion of the sub-endocardium 
duringg ischemia. However the effects of pulsating transvascular pressure on 
sensitivityy to metabolic dilators has not been evaluated yet. 

1.33 Objectives and outline of this thesis 

Ass reviewed above, especially in the vulnerable sub-endocardium, the me-
chanicall  loading of the vessels plays an important role in determining the vascu-
larr resistance. Still the effects of dynamic profiles of flow and pressure on tone of 
sub-endocardiall  arterioles have not been described yet. Moreover, when a steno-
siss develops in one of the proximal coronary arteries, the endocardium is the 
firstt layer to become ischemic. This can be due to the different hemodynamic 
conditionss imposed by the presence of the stenosis on the microvasculature. 
Thiss thesis will be focused on the effects of mechanical factors on tone of small 
sub-endocardiall  coronary arterioles. We will use the in-vitro cannulation tech-
niquee that allows for the independent control of pressure and flow without the 
interferencee of metabolic and neurogenic factors. 

Thee effect of pulsating transvascular pressure on tone of sub-endocardial 
arterioless will be evaluated in Chapter 2. Here we will also examine the interfer-
encee of this dynamic regime with the sensitivity to vasodilators. In Chapter 3 
wee will describe the effects of steady flow and different dynamically modulated 
floww profiles likely to develop in the sub-endocardium during the heart beat. 
Sincee in vivo pulsating transvascular pressure and flow act simultaneously on 
thee vascular tone, in Chapter 4 we will address the combined effect of pulsating 
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pressuree and flow on the vessels. 
Thee acute responses to pressure and flow cannot predict the chronic effects. 

I tt is not known yet whether myogenic tone, flow-induced dilation, or the effects 
off  dynamically modulated pressure and flow are stable in time. Also the effects 
off  these factors on the structure of arterioles kept for days under such regime 
aree not known yet. Therefore, in Chapter 5 the long-time effects of steady 
andd pulsating pressure on function and structure of cultured arterioles will be 
studied. . 

Al ll  findings will be combined in Chapter 6 to give a more complete view of 
thee determinants of vascular tone in sub-endocardial arterioles. 
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