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I I 

Generall  Introductio n 

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 
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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. 
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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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ChapterChapter 1: General Introduction 

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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Pulsation-inducedd dilation of 
sub-endocardiall  and 

sub-epicardiall  resistance arteries: 
Quantitation,Quantitation, mechanism of 

action,action, interference with 
vasodilatorvasodilator sensitivity. 

Coronaryy vessels are squeezed by the surrounding myocardium during sys-
tole,, impeding blood flow specifically in the sub-endocardium. To study the 
myocardiall  compression effect, we applied pulsatile transvascular pressure to 
isolated,, cannulated sub-endocardial (ENDO) and sub-epicardial (EPI) resis-
tancee arteries. Pressure pulsation at 0.5 to 2.5 Hz, between 20 and 100 mmHg 
inducedd dilation of preconstricted vessels which was somewhat larger in EPI 
arterioles.. In 4 EPI and 5 ENDO arterioles loaded with Fura-2, pulsation led 
too a small increase in intracellular calcium. Pulsation induced a significant de-
creasee in IC50 for bradykinin (BRAD), (5.9  0.6 nM versus 27.3  3.2 nM in 
EPII  vessels and 7.6  0.3 nM versus 302  9 nM in ENDO vessels), compared 
too steady pressure. The adenosine (ADO) sensitivity was not significantly af-
fectedd (2.21 8 //M versus 3.76 4 fjM) in EPI arteries, but was enhanced 
duringg pulsations in ENDO vessels (3.1  0.3 fjM versus 10.1  0.6 ^M). When 
pulsation-inducedd dilation was compensated by a higher concentration of the 
preconstrictorr (U46619), a significantly larger dilation to BRAD or ADO was 
foundd during pulsations. In conclusion, pulsation-induced dilation occurs at 
physiologicallyy relevant frequencies and amplitudes in ENDO vessels. The pro-
cesss does not involve intracellular calcium reduction, and increases vasodilator 
sensitivity. . 

Oanaa Sorop, Jos A.E. Spaan, and Ed VanBavel 
AmericanAmerican Journal of Physiology, Heart and Circulatory Physiology, January 
2002,2002, Vol 282(1), pag. H311-9 

33 3 



ChapterChapter 2: Pulsation-induced dilation of coronary arterioles 

2.11 Introductio n 

I tt is well known that cardiac contraction impedes coronary blood flow. In 
systole,, intramyocardial vessels are squeezed due to either the stiffening of the 
activatedd cardiac muscle [1, 2, 3] or the development of an interstitial pres-
suree surrounding the vessels [4]. The compressive effect is dominant in sub-
endocardiall  (ENDO) vessels, as evidenced by measurements of microsphere dis-
tributionn in beating versus arrested hearts and scarce direct observations of 
ENDOO arterioles in the beating heart [5, 6, 7]. Systolic sub-endocardial flow 
impedimentt is thought to contribute to the vulnerability of this layer. Com-
pressionn as mimicked by a pulsatile transmural pressure was recently shown 
too cause direct dilation of isolated resistance vessels. Using isolated porcine 
sub-epicardiall  (EPI) arterioles, we found a substantial dilation upon applying 
pulsatilee pressure at 1 Hz while keeping mean pressure constant at 60 mmHg. 
Thee effect was endothelium-independent [8]. Recchia et al. [9] observed a simi-
larr dilation in freshly isolated porcine carotid artery segments also shown to be 
endothelium-independent. . 

Sincee myocardial interstitial pressure near the endocardium reflects left ven-
tricularr pressure [10, 11, 7], extravascular pressure excursions in the order of 
1000 mmHg are to be expected for left ventricular ENDO arterioles. At the 
onsett of systole, such pressure is immediately transmitted to the intravascular 
compartment,, preventing acute compression. However, in the course of systole 
thee vessels empty through retrograde flow back to the main coronaries, and 
transvascularr pressure (inside-outside) gradually falls. In the presence of steno-
sis,, however, systolic backflow is hampered and consequently the amplitude 
off  transvascular pressure oscillations is reduced. Based on the above studies 
onn EPI and non-coronary vessels, one could argue that pulsation-induced dila-
tionn is present also in ENDO vessels and provides a continuous state of partial 
dilation,, supporting perfusion in this area. This mechanism would then be 
impairedd in the presence of a stenosis, aggravating the consequences for the 
sub-endocardium.. Alternatively, one could argue that these vessels, being the 
onlyy ones in the body experiencing such large pulsation, might have developed 
compensatingg mechanisms desensitizing them to the pulsation. However, a di-
rectt study of the behavior of isolated ENDO arterioles under pulsation has not 
yett been performed and it is therefore unknown if these vessels are sensitive to 
pulsatilee transvascular pressure. 

Thee aim of the present study was to compare the effect of pulse pressure on 
tonee of ENDO versus EPI resistance vessels in vitro. We tested to what extent 
amplitude,, frequency and waveform of the applied pressure pulses, resembling 
differentt conditions to which the coronary vasculature may be subjected in the 
beatingg heart, affect pulsation-induced dilation. To follow one of the possible 
mechanismss involved, we also measured the intracellular calcium changes while 
subjectingg the vessel to pressure pulses. Finally we tested whether pulsation 
affectss the sensitivity to vasodilators. 
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FigureFigure 2.1: The amplitude of pressure oscillations, expressed as peak-peak and 
twicetwice root-mean-square value, and the contribution herein of the major har-
monic,monic, for all frequencies used in experiments. These amplitudes result from 
squaresquare command voltages to the pressure converter. The amplitudes decrease 
withwith increasing frequencies, while the major harmonic forms an increasing part 
ofof the signal. 

2.22 Materials and Methods 

2.2.11 Experimental preparation: 

300 Yorkshire pigs, female, 12 - 18 weeks, weighing 17 - 26 kg were anes-
thetizedd by ketamine (20 mg/kg), midazolam (1 mg/kg im) and atropine (0.05 
mg/kg).. After the animal was intubated and artificially ventilated (02 /N 20, 
11 : 2), the ear vein vas cannulated and midazolam (0.2 mg/kg) was admin-
istratedd intravenously. A midsternal thoracotomy was performed. The peri-
cardiumm was opened, and the heart was exposed. After heparinization (0.1 
ml/kg,, intravenously), the heart was fibrillated, excised and immediately placed 
inn cold (4°C) MOPS-buffered Ringer's solution, (mmol/L: NaCl 145.0, KC1 4.7, 
MgS04-7H200 1.17, CaCl2H 20 2.0, N a H2P 04H 20 1.2, glucose 5.0, and pyru-
vatee 2.0; the solution was equilibrated with air, pH 7.35  0.02). 

Thee coronary microcirculation was visualized by injecting an india ink/gelatin 
andd physiological saline solution into the left anterior descending and circum-
flexflex arteries. It was previously shown [12] that ink-gelatin perfusion does not 
alterr normal endothelial function. Dissection was performed in MOPS-buffered 
Ringer'ss solution containing 1% albumin at 4°C, using a dissection microscope 
withh epi-ilumination. Arterioles from the epicardial and endocardial layer were 
dissectedd and cleared as much as possible from the surrounding tissue, and then 
placedd in the cannulation chamber, in MOPS buffer. The vessel was cannu-
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latedd at both ends with glass micropipettes, using two nylon filaments, tested 
forr any leaks, and set to its in situ length. Each cannula was supplied by a 
reservoirr with MOPS buffer containing 1% bovine serum albumin. Both reser-
voirss were simultaneously pressurized by a single Venturi valve, (FAIRCHILD 
T52000 -50), driven by a command voltage generated by a computer program or 
aa pulse generator. Internal diameter of the vessels was continuously measured 
usingg a video technique. During the whole experiment the vessel was superfused 
withh MOPS buffer at a rate of 3 ml/minute using a peristaltic pump. The tem-
peraturee was controlled and maintained constant at 36.8 — 37°C All vascular 
agonistss used during the experiments were added to the superfusion medium. 
Internall  diameter of the vessels was between 100 and 200 ^m when fully dilated 
andd pressurized at 60 mmHg mean pressure. Unlike vessels below 100 /im, such 
vesselss do not always develop a substantial level of basal tone. In order to have 
aa consistent level of tone in all protocols, we preconstricted all vessels with 1 
fiMfiM  U46619, a thromboxane analog. 

2.2.22 Protocol 1: effect of pulse pressure on sub-endocardial 
versuss sub-epicardial arterioles 

Thee purpose of this set of experiments was to test the hypothesis that pulse 
pressure,, resembling systolic compression, causes dilation of vessels isolated from 
thee myocardium, and to test whether there exist any differences in the sensi-
tivit yy of EPI versus ENDO vessels to systolic compression. We simulated such 
compressionn by applying transvascular pressure variations with similar charac-
teristicss to the cannulated vessels. Since applying an extravascular pressure to 
thee vessels is not very practical considering that superfusion has to be main-
tainedd and drugs have to be added, this transvascular pressure waveform was 
obtainedd by reducing intravascular pressure from the diastolic value rather than 
increasingg extravascular pressure. It should be stressed here that the mechanical 
loadingg of the vessel depends primarily on the transvascular pressure gradient, 
andd hardly on the absolute pressure level. The Fairchild electrically driven Ven-
turii  valve used in the current study allowed for rhythmic pressure variations 
drivenn by a computer-generated command voltage. The use of a square com-
mandd voltage in combination with the low-pass transfer function of this valve 
fromm the command voltage to pressure resulted in pressure waveforms qualita-
tivelyy resembling in vivo transvascular pressure variations. Luminal pressure 
variationss were applied with frequencies between 0.5 and 2.5 Hz. The command 
forr the valve was varied between 100 and 20 mmHg, resulting in amplitudes of 
pressuree variations that fall with frequency and waveforms that become more 
sinusoidall  at higher heart rates, as would occur in vivo. The wave character-
isticss as measured by in-line pressure transducers are summarized in Fig. 2.1, 
whichh shows the amplitude of recorded pressure variations for the 5 frequencies, 
expressedd as actual peak-peak and root-mean-square (RMS) value. The latter 
representss the square root of the power contained in the pressure variations. 
Fig.. 2.1 also presents the RMS amplitude of the base harmonic for each of the 5 
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appliedd frequencies, as obtained from Fourier analysis of the recorded pressures. 
Actuall  waveforms at 1 and 2 Hz are also depicted in the example tracings of 
Fig.. 2.3. 

Thee applied pressures, as measured by the in-line transducers, may be damped 
byy the cannula resistances in combination with the compliance of the cannulated 
vessel.. Previous calculations [13] revealed a cut-off frequency of around 30 Hz 
forr such damping, indicating that this is not a concern. In a separate experi-
ment,, we tested whether indeed the intravascular pressure truly resembles the 
generatedd pressure. The intraluminal pressure of the cannulated arteriole was 
recordedd with a Servonull micropipette system, using a glass micropipette with 
aa tip diameter of 2 microns punctured through the vessel wall. 

Thee Servonull signal obtained was identical to that of the in-line transducers 
forr all applied frequencies. Tone in all vessels was induced by 1 fjM U46619 
andd maintained for 15 minutes at constant pressure before pulsation. Pulsatile 
pressuress were then applied for 15 seconds (see also Fig. 2.3). Baseline pressure 
beforee and immediately after pulsation was set to 100 mmHg to mimic long 
diastole.. In addition, the same pulsations were applied from a baseline pressure 
off  60 mmHg in order to study the degree of pulsation-induced dilation when 
averagee pressure remains the same. Finally, a baseline pressure of 20 mmHg 
wass applied in order to have a symmetric set of pressure protocols. For each 
pulsationn period, we analyzed the difference between the inner diameter just 
beforee applying the pulse and immediately (first 2 seconds) after the pulse was 
stopped,, both values thus being obtained at the baseline pressure. The 15 
pressuree protocols (5 frequencies x 3 baseline pressures) were applied in random 
sequence,, and separated by 3 minutes at constant pressure, allowing the vessel 
diameterr to return to the baseline value. ENDO and EPI vessels were studied 
inn random sequence. In a separate set of experiments, vessels were subjected 
too pulsatile pressure of 1.5 Hz and varying amplitude, using either the above 
waveformm or true sinusoidal pressure variations. Baseline pressure and average 
pressuree during pulsation were kept at 60 mmHg. 

2.2.33 Protocol 2: changes of intracellula r  Ca2+ in response 
t oo pressure pulses. 

Afterr cannulation, vessels were loaded with the calcium indicator fura-2 ac-
cordingg to procedures previously described in detail [14]. In short, 50 mg fura-2 
AMM was dissolved in 50 ml DMSO containing 2% pluronic and suspended in 5 
mll  PSS. This loading solution was superfused for 1 hour at 30°C, followed by 
aa 30 minutes washout period at 37°C. Using a photomultiplier tube, an inte-
grall  measurement of intracellular calcium was made over the full vessel wall. 
Thee calcium signal was measured simultaneously with diameter just prior to, 
duringg and after finishing a 30 second period of pulsation between 20 and 100 
mmHgg with frequency 1 Hz. These experiments were performed for baseline 
pressuress of 20, 60 and 100 mmHg in vessels that had developed basal tone 
orr were preconstricted by 1 fiM U46619. At the end of the experiment, 2 yM 
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FigureFigure 2.2: The initial level of constriction of 6 ENDO and 6 EPI arterioles 
inin response to 1 \xM U46619. The EPI arterioles have a deeper constriction at 
baselinebaseline pressures of 60 and 100 mmHg. (P < 0.05, t-test) 

ionomycinn was added and fura-2 emission was determined in the presence and 
absencee of extracellular calcium and after quenching with manganese. The in-
tracellularr calcium is expressed here as R - Rmi„ , where R is the ratio of 515 nm 
emissionn upon excitation with 340 and 380 nm, using the emission levels after 
quenchingg for background subtraction, and Rmi „  is the value in the presence of 
ionomycinn and absence of extracellular calcium. In addition, the dynamic range 
off  fura measurements was determined as Rma3: - Rmm, with Rmax the ratio in 
ionomycinn and high calcium. 

2.2.44 Protocol 3: the effect of pulsatile pressure on re-
sponsee to ADO and BRAD 

Thee vessels were pressurized alternatively with 60 mmHg constant pressure, 
andd with sinusoidal pressure variations at 1.5 Hz between 20 and 100 mmHg, 
usingg a sinusoidal Fairchild command voltage. To have a stable level of con-
striction,, 1 /xM U46619 was kept for at least 15 minutes in the vessel bath. 
Cumulativee concentration-response curve for adenosine (ADO) and bradykinin 
(BRAD)) were recorded in the presence and absence of pulsation. Al l concentra-
tionss were maintained in the superfusion for 3 minutes. The order of pulse or 
noo pulse was randomized. In further experiments we tested whether differences 
inn vasodilator sensitivity could be due to the lower level of preconstriction in 
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FigureFigure 2.3: Examples of pulsation-induced dilation for trains of pulsations with 
1Hz1Hz frequency, 100 mmHg baseline (A) and 60 mmHg baseline pressure (B) and 
22 Hz frequency, 60 mmHg baseline pressure (C). 

thee presence versus absence of pulsation. During pulsation the concentration of 
U466199 was increased to 4 /xM in order to obtain a level of preconstriction simi-
larr to that of 1 /xM of the thromboxane analogue in the absence of pulsation. A 
155 minutes stabilization period was then allowed for each condition, and single 
concentrationss of ADO or BRAD close to their IC50 values were applied. 

2.2.55 Drugs: 

Adenosine,, bradykinin and U46619 were purchased from Sigma Chemicals 
(St.. Louis, MO). Fura 2-AM was obtained from Molecular Probes (Eugene, 
Oregon). . 
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2.2.66 Data analysis 

Al ll  arteriolar diameters and all changes in diameter were normalized to the 
passivee diameter at 60 mmHg as obtained in the absence of preconstrictors and 
thee presence of 10- 7 M BRAD. Results are reported as mean  SD, unless other-
wisee indicated. We used SPSS to test in a general linear model whether dilation 
dependedd significantly on pressure, frequency and their product (interaction 
term).. This regression analysis was done separately for ENDO and EPI ves-
sels.. A simple binomial test was used for assessing whether an overall difference 
existedd between ENDO and EPI vessels over the 15 interventions, (3 baseline 
pressuress and 5 frequencies), followed by unpaired t-tests for each of these inter-
ventions.. ICÖO'S were determined using sigmoid curve fitting with variable Hil l 
slopee on individual vessels, followed by averaging per group. Where appropri-
ate,, paired or unpaired two-sided t-tests were applied. Results were considered 
statisticallyy significant at P < 0.05. 

2.33 Results 

2.3.11 Effect of pulse pressure on ENDO versus EPI arte-
rioles. . 

66 ENDO and 6 EPI arterioles of similar size 5 //m respectively 6 
fimfim passive inner diameter, P = N.S.) were cannulated and subjected to the 
pulsee pressure protocols, as described in Methods. Basal tone developed in some 
off  these vessels, but was rather variable. Therefore, 1 /JM U46619 was used to 
obtainn consistent and stable levels of preconstriction. Fig. 2.2 summarizes these 
levelss of preconstriction at the three pressure levels prior to pulsation. As can 
bee seen, EPI vessels compensated to some extent to the higher pressure i.e. 
hadd weak myogenic adaptation of the induced tone, while ENDO vessels had 
largerr diameters at higher pressures. The level of constriction was significantly 
deeperr in EPI versus ENDO vessels at 60 and 100 mmHg. Fig. 2.3 denotes 
typicall  responses of these preconstricted vessels to pulsatile pressure. As can 
bee seen, the vessels showed dilation in response to pulsation. The pulsation-
inducedd dilation started almost instantaneously, reaching a plateau value after 
approximatelyy 10 seconds. Such rapid dilation was found in EPI as well as 
ENDOO vessels, and this was the case for all frequencies and baseline pressures. 
Afterr arrest of the pulsation, vessels regained their initial levels of tone in the 
coursee of a few minutes. The peak-peak amplitude of diameter excursions during 
pulsationn ranged from 6% of the dilated diameter at 2.5 Hz to 13% at 0.5 Hz. 
Att 60 and 100 mmHg ENDO vessels had a somewhat higher amplitude, which 
wee attributed to the less deep preconstriction in this group (data not shown in 
detail).. Fig. 2.4 summarizes the degree of pulsation-induced dilation. In both 
EPII  and ENDO vessels, dilation became significantly less at higher frequencies 
(regressionn analysis: P — 0.007 respectively P — 0.02) and higher baseline 
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FigureFigure 2.4: The dependence of pulsation-induced dilation in 6 ENDO (open 
bars)bars) and 6 EPI (closed bars) vessels on frequency and baseline pressure. The 
dilationdilation in response to pressure pulses decreased with increasing baseline pressure 
forfor both vessel types. Increasing frequency also resulted in less dilation in both 
typestypes of vessels. (*:  significant differences ENDO versus EPI vessels, t-test) 

pressuress (P < 0.001 and P < 0.001), while interaction between the effects of 
pressuree and frequency was not significant in either group (regression analysis, 
seesee Methods). When comparing ENDO and EPI vessels, we noticed a larger 
dilationn in the EPI vessels for 13 out of the 15 interventions, indicating that 
thesee vessels are more sensitive to pulsation (P = 0.004, binomial test). The 
differencee is largest at baseline pressures of 60 and 100 mmHg, and significant 
forr 5 out of 10 interventions at these pressures (unpaired t-tests). Since EPI 
vesselss had a deeper tone at these pressures prior to pulsation, we considered 
thee possibility that the ENDO-EPI difference is caused by the initial tone rather 
thann by sensitivity to pulsation. However, when inspecting individual responses 
withinn the EPI as well as within the ENDO groups, no significant correlation 
norr tendency for correlation was found between initial level of tone and degree 
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off  dilation, and this was the case at both 60 and 100 mmHg (data not shown). 
Thee above data show that pulsation-induced dilation occurred in both vessel 

types,, although ENDO vessels had an intrinsically lower sensitivity to pulsation. 
Inn order to test the effect of amplitude and waveform of the pulse applied to 
thee vessel, 4 EPI arterioles kept at 60 mmHg were subjected to pressure pulses 
off  1.5 Hz and increasing amplitudes, using either harmonic-containing or sinu-
soidall  pressure variations. Fig. 2.5 illustrates that the responses to these two 
waveformss are similar (P = N.S. at any amplitude, paired t-test). In both cases, 
oscillationss with peak-peak amplitudes up to 25 — 30 mmHg remained without 
effect,, while 35 — 40 mmHg was sufficient to induce a dilation. 

2.3.22 Changes of intracellular Ca2+ in response to pressure 
pulses. . 

Thee dilation in response to pulsating pressure may result from intracellular 
signalingg events or from a direct mechanical effect on the contractile elements. 
Inn order to dissociate between these possibilities, the effect of pulsation on in-
tracellularr calcium was measured. A 30 s period of pulsation (1 Hz, 20 - 100 
mmHg)) resulted in substantial dilation in 4 EPI and 5 ENDO fura-loaded ves-
selss with basal tone (Fig. 2.6), and this was the case for baseline pressures of 
20,, 60 and 100 mmHg. This dilation was not associated with a reduction in 
intracellularr calcium. Rather, calcium expressed as R - Rmin rose somewhat 
inn both EPI and ENDO vessels in response to pulsation. While this rise was 
significantt for 3 out of 6 cases, the only substantial rise was found for ENDO 
vesselss at a baseline pressure of 20 mmHg. Baseline calcium before pulsation 
increasedd with pressure in ENDO but not EPI vessels. Similar results were 
foundd for vessels preconstricted with U46619 (data not shown). The sensitivity 
off  the fura emission ratio for changes in intracellular calcium was evident from 
thee dynamic range (Rmax - Rmin.) as recorded at the end of the experiments, 
whichh averaged 0.59  0.14 and 0.73  0.09, for EPI and respectively ENDO 
(P(P = N.S.), and from responses to vasoconstrictors (not shown). 

2.3.33 Vasodilator sensitivity during pulsation. 

AA further series of experiments was performed to determine whether pulsatile 
pressuree influences sensitivity to the vasodilators BRAD and ADO. 9 precon-
strictedd EPI (passive diameter 129  27 /zm) and 5 ENDO (passive diameter 
1699  61 /xm) arterioles were subjected to sinusoidal pressure waves, with am-
plitudee of 80 mmHg, frequency 1.5 Hz, and baseline pressure of 60 mmHg. The 
concentration-responsee curves for both agonists were recorded in presence of 
pulsess and at 60 mmHg steady pressure. Fig. 2.7 summarizes the results. Pre-
constrictionn by 1 //M U46619 was comparable in both vessel types, and for both 
vesselss was significantly less deep during pulsation (ENDO: 79.5 % in pres-
encee of pulsations versus 66.5 % at steady pressure, EPI: 77.8 % versus 
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entent for any amplitude. (P > 0.05 in all points, t-test) 

55.44  1.2%). Both vessels became significantly more sensitive to BRAD during 
pulsation:: IC50 was 7.60  0.27 nM versus 302  9 nM in ENDO and 5.9  0.6 
nMM versus 27.3  3.2 nM in EPI vessels in respectively the presence and absence 
off  pulsation (P < 0.05). Note that the sensitivity to BRAD is remarkably low 
underr static pressure in ENDO vessels while pulsation caused a 40times shift in 
sensitivity.. During these experiments, the initial U46619-induced constriction 
wass less deep in the presence of pressure pulses. Since the level of preconstric-
tionn rather than the pulsation might have affected the vasodilator sensitivity, 
wee performed a separate group of experiments where we tuned the constriction 
too similar values, using 4 /JM and 1 (JM U46619 in the presence respectively the 
absencee of pulsatile pressure, and then tested the effect of a single concentration 
off  BRAD, close to the above IC50 values. Fig. 2.8 presents the results: while 
precontractionn levels were identical (P = N.S., paired t-test), in the presence of 
BRADD diameter was larger during pulsation as compared to steady pressure (P 
<<  0.05) in ENDO as well as EPI arterioles. 

Figs.. 2.9 and 2.10 depict the results for ADO. EPI but not ENDO vessels 
fullyy dilated to the highest ADO concentrations. Pulsation caused sensitization 
too ADO which was significant for ENDO vessels, (IC50: 3.11  0.35 fiM versus 

88 fiM in ENDO, PjO.05, in presence respectively absence of pulsations, 
andd 2.21  0.08 fM versus 3.76  0.40 /xM, in EPI, P = N.S.). As with BRAD, 
aa single concentration of ADO caused larger dilation during pulsation in vessels 
withh tuned preconstriction, and this was the case in both ENDO and EPI vessels. 
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FigureFigure 2.6: Calcium measurements in 5 ENDO and 4 EPI vessels loaded with 
Fura-2Fura-2 before (open bars) and immediately after (closed bars) subjection to 30 
ss pulsation, 1 Hz frequency and 20 - 100 mmHg amplitude. The vessels dilated 
consistentlyconsistently in response to pulsations (Fig 2.6A, C) (P < 0.05, t-test). The 
intracellularintracellular calcium level (Fig 2.6B, D) rose somewhat with pulsation, especially 
inin ENDO vessels at 20 mmHg baseline pressure. 

2.44 Discussion 

Thee results of the current study show that isolated ENDO and EPI resis-
tancee arteries dilate in response to pulsatile pressure. In both vessel types, 
intracellularr calcium is essentially unaffected, while vasodilator sensitivity is in-
creasedd during pulsation. It is well established that cardiac contraction limits 
predominantlyy sub-endocardial flow, while sub-epicardial flow is less affected 
[6].. The flow limitation is thought to result from compression of the vessels 
throughh either development of high levels of intramyocardial pressure during 
systolee [4] or systolic myocardial elastance [1]. There are clear differences be-
tweenn both concepts, but these concern the nature of the extravascular force 
ratherr than the vascular consequences. The sequence of events during com-
pressionn is best explained on the basis of intramyocardial pressure. At the 
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arterioles.arterioles. The dilation in response to BRAD is normalized to the passive di-
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onsett of systole, extravascular pressure is immediately transmitted to the in-
travascularr compartment, since fluid is incompressible. Transvascular pressure 
(inside-outside)) consequently is initially unchanged. Subsequently, the raised 
intravascularr pressure results in a displacement of the fluid to regions of the 
coronaryy circulation where the compression is absent, i.e. back to the major 
coronaries.. During the displacement, the transvascular pressure and the diam-
eterr are simultaneously reduced. Thus, the effect of extravascular compression 
onn transvascular pressure is low-pass filtered due to coronary resistance and 
compliance.. We mimicked such compression by applying pulsatile transvascular 
pressuree of similar waveform to the cannulated segments. The amplitude of di-
ameterr oscillations during pulsation was found to be comparable to those seen 
inn a limited amount of in vivo observations in ENDO vessels. Thus, the average 
diameterr amplitude during our experiments was 11% of the active diameter in 
sub-endocardiall  vessels at 1.5 Hz and 60 mmHg baseline pressure, while Merkus 
[15]]  observed a diameter amplitude of 13% of the active diameter amplitude in 
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panel)panel) and 9 EPI (lower panel) arteries when starting at the same level of pre-
constrictionconstriction with and without pressure pulses. The vessel was constricted with 1 
fiMfiM U46619 at a constant pressure of 60 mmHg, and with 4 \iM U46619 during 
pressurepressure pulses. 

ENDOO arterioles in anesthetized open-chest dogs. In the beating porcine heart, 
Yadaa et al. [11, 16] observed a 20% decrease in diameter of ENDO vessels in sys-
tole,, while EPI vessels were compressed by only 2%. This comparison indicates 
thatt the pressure oscillations we applied (Fig 2.3, 2.4) are indeed realistic for the 
ENDOO vessels. They are too large for the EPI vessels. However, we wanted to 
bee able to compare the vessels under identical conditions. Lower amplitudes of 
pressuree variation, as would occur in the sub-epicardium, did not cause dilation 
(Figg 2.5). Thus, at an amplitude of 20 mmHg, a diameter pulsation was ob-
servedd of 2.2%, comparable to the 2% observed by Kajiya et al. [11] but dilation 
afterr onset of this pressure variation was absent. Our data thus indicate that 
pulsation-inducedd dilation occurs in the beating heart in the sub-endocardial 
regionss only. Pulsation-induced dilation was found for all tested frequencies, 
rangingg between 0.5 and 2.5 Hz and covering the resting heart rate of the pigs 
(1.55 — 2 Hz). We have not attempted to increase the frequency above 2.5 Hz, 
andd therefore can not make any conclusions on the effect of pulsation in heavily 
exercisingg animals where heart rate is elevated. Pulsation-induced dilation be-

46 6 



Discussion Discussion 

1.25 5 

SS 1.00 
«J J 

O) ) 
N N 

1öö 0.75 1 

0.50 0 

ENDO O 

Pulse e 

Noo pulse 

-111 -10 -9 -8 -7 -6 -5 -4 -3 

Logg [Adenosine, M] 

1.25 5 EPI I 

55 1.00 

£ £ 
'S S 
E E 
CD D 
'-a '-a 
-o o 
CD D 
N N 
755 0-75 
E E 
i— — 
o o 
ZZ 0.50 

-111 -10 -9 -8 -7 -6 -5 -4 -3 

Logg [Adenosine, M] 

FigureFigure 2.9: The concentration-response curves for ADO in the absence and 
presencepresence of pressure pulses in 5 ENDO (upper panel) and 9 EPI (lower panel) 
arterioles.arterioles. The dilation in response to ADO is normalized to the passive diam-
eter. eter. 

camee somewhat less over the range between 0.5 and 2.5 Hz. We attribute this 
too the reduced actual pressure amplitude at higher frequency (Fig 2.1), which 
wass applied to mimic the low-pass filtering effect of proximal resistance and 
intramyocardiall  compliance on transmural pressure excursions as seen in the 
beatingg heart. We believe this mimicking was not unrealistic, even though the 
branchingg coronary circulation is clearly not a linear first order system. Thus, 
thee estimated cut-off frequency for the pressure driver, 2 Hz, is in between ap-
parentt cut-off frequencies estimated from arterial inflow and myocardial blood 
volumee variations during heart contraction [17]. Hence, these data suggest that 
thee contribution of pulsation-induced dilation to tone of ENDO vessels may 
indeedd become less at higher heart rates. 

Wee previously considered the possibility that pulsation-induced dilation could 
activelyy contribute to autoregulation of blood flow [8]. Thus we suggested that 
ann increased heart rate or increased inotropic state could lead to extra vasodila-
tionn through this mechanism. Our current data leave littl e room for control of 

47 7 



ChapterChapter 2: Pulsation-induced dilation of coronary arterioles 

ENDO O 

Noo pulse 

Pulse e 

1.00 0 

$$ 0.75 

0.50 0 
Preconstrictionn Adenosine 10 \M 

EPI I 

1.00 0 

0.75 5 

0.50 0 
Preconstrictionn Adenosine 10 \xU 
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U46619U46619 at a constant pressure of 60 mmHg, and with 4 fiM V'466'19 during 
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tonee at changing heart rates, since an increased frequency did not result in more 
dilation.. Considering the inotropic state, we did observe an increased response 
att higher amplitudes over the range considered to be relevant for ENDO vessels 
(Figg 2.5). Thus, pulsation-induced dilation might indeed actively contribute to 
sub-endocardiall  autoregulation under conditions of varying inotropic state. In 
additionn to being a possible active control mechanism, pulsation-induced dila-
tionn appears to be an influence always present in the sub-endocardium but not 
inn the sub-epicardium. This influence forms an important contributor to tone 
especiallyy since the vasodilator sensitivity is increased. Moreover, in the pres-
encee of a severe coronary artery stenosis, sub-endocardial pulsatility is greatly 
reducedd due to the increased resistance for the systolic back flow. A reduction 
off  pulsation to less than 40 mmHg would result in absence of this response and 
thiss might contribute to the vulnerability of the sub-endocardial layer. The 
mechanismm of pulsation-induced dilation remains unclear. The effect could ei-
therr result from intracellular signaling in the smooth muscle cells or reflect a 
directt mechanical influence on the contractile elements. It was not the pur-
posee of the current study to fully unravel the mechanisms involved, but we did 
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wantt to discriminate between these two possibilities. Intracellular calcium was 
foundd not to be reduced by pulsation, strongly arguing for a direct effect on the 
contractilee elements. For several reasons, we do not believe that such a direct 
effectt would represent irreversible damage by rupturing during pulsation, as was 
suggestedd by Busse and Fleming [18]. First, the response to pulsation was re-
versiblee and vessel regained their original level of constriction after ending the 
pulsation.. This was the case for the preconstricted vessels as well as vessels that 
hadd substantial basal tone (data not shown). Second, pulsation-induced dilation 
occurredd also when pressure was switched from 100 mmHg steady to a pulsa-
tionn between 20 and 100 mmHg. It is hard to envision that such a reduction 
inn mean pressure would damage the vessel. Third, as explained above, pressure 
excursionss of these amplitudes are believed to occur under normal physiological 
conditionss in the beating heart. 

Wee found a threshold amplitude for pulsation-induced dilation of around 40 
mmHgg peak-peak, irrespective of the waveform of the pulsation. Using carotid 
arteryy segments, Recchia et al. [9] found a similar threshold. Also in vivo 
dataa provide support for enhanced coronary flow at pulsations of aortic pres-
suree above around 40 mmHg [19]. The coincidence of these thresholds suggests 
thatt a similar mechanism of dilation is present in these experiments. Recchia 
etet al. [9] argued that a plastic rearrangement of the vascular wall occurred 
withh sustained pulsatile pressure. A non-linear visco-elasticity, with more vis-
cosityy occurring during pressure decay, would indeed give the observed dilation. 
Howeverr it is unclear how viscoelastic effects can lead to the increased vasodila-
torr sensitivity that we observed during pulsation and to regional differences in 
pulsation-inducedd dilation. A possibility worth studying would be the contri-
butionn of the cytoskeleton to both mechanics and signaling during pulsation. 

EPII  and ENDO vessels differed in several respects. A first difference was 
thatt EPI vessels had more induced tone at 60 and 100 mmHg as compared to 
ENDOO vessels, while vasoconstriction was equal at 20 mmHg. Thus, the active 
pressure-diameterr relation was essentially flat in EPI vessels while ENDO ves-
selss were still distended when increasing pressure. Such a difference in pressure 
sensitivityy was previously also observed by Kuo et al. [20] who found myogenic 
vasoconstrictionn to be greater in EPI vessels. Interestingly, though, intracellular 
calciumm rose with baseline pressure in the ENDO but not the EPI vessels. It thus 
appearss that ENDO-EPI differences exist with respect to myogenic calcium han-
dling.. It was however not the purpose to study the myogenic behavior of these 
vesselss and these observations therefore need to be addressed in future work. 
Secondly,, pulsation-induced dilation was larger in the EPI vessels, especially 
att 60 and 100 mmHg baseline pressure. One could argue that this difference 
resultss from the above mentioned diverging preconstriction at these pressures. 
However,, within the groups no correlation was present between preconstriction 
andd the degree of dilation at all. It thus seems that intrinsic quantitative differ-
encess exist between these vessels also with respect to pulsation-induced dilation, 
evenn though the responses are qualitatively similar. Thirdly, under static pres-
suree ENDO vessels were remarkably insensitive to BRAD (Fig.2.7). Pulsation 
causedd a 40-fold leftward shift in IC50, and under these conditions ENDO and 
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EPII  vessels had comparable sensitivities to BRAD as well as ADO. The huge 
shiftt in BRAD sensitivity of ENDO vessels with pulsation underlines the im-
portancee of interaction between mechanical effects and vasodilator sensitivity 
inn determining sub-endocardial perfusion. The mechanisms responsible for this 
interactionn await further study. 

Evidencee exists for an endot helium-dependent component to pulsation-induced 
dilationn in isolated rabbit carotid artery [18]. Pulsation has also been shown to 
causee release of an endothelial cell hyperpolarizing factor from coronary vessels. 
Thee factor is believed to be a cytochrome P450 metabolite [18, 21]. Previ-
ously,, we showed that physical removal of the endothelial cells does not prevent 
pulsation-inducedd dilation in the current model [8]. Similarly, Recchia et al. 
[9]]  showed that pulsation-induced dilation of carotid arteries is endothelium-
independent.. These data therefore indicate that, if an endothelium-dependent 
contributionn to pulsation-induced dilation indeed exists, it is masked by a direct 
effectt on the smooth muscle cells in at least some models. Since in our exper-
imentss smooth muscle intracellular calcium did not decrease during pulsation, 
noo obvious role for EDHF could be identified. We also considered the possibility 
thatt the small increase in Fura ratio during pulsation might stem from possible 
endotheliall  Fura loading. Yet, the observed rise in calcium was slower than 
thee pulsation-induced dilation and thus seems not to be an initial event in the 
dilation. . 

Wee can not rule out that the increased BRAD sensitivity during pulsation is 
relatedd to endothelial mechanisms, especially since such a strong shift of sensitiv-
ityy to this endothelium-dependent dilator was found during pulsation. ADO sen-
sitivityy was also increased with pulsation. Reported values for ADO sensitivity 
remainn remarkably heterogeneous, but it has been established that vasodilation 
att lower concentrations (< 10- 8 M) is exclusively mediated by endothelial NO 
production,, while higher concentrations (> 10~7 M) of ADO act also directly on 
thee smooth muscle cells [22]. Since in our experiments the IC50 value for ADO 
wass in the range of 10~5 M, we believe that this reflects a direct effect on the 
SMC.. This does however not exclude the possibility that the increased sensitiv-
ityy during pulsation has an endothelial origin also for ADO, either through en-
dotheliall  ADO receptors or through interaction between endothelial factors and 
ADOO acting on the SMC. Experiments on de-endothelialized and fura-loaded 
vesselss will be required to further disclose the role of this layer in vasodilator 
sensitivityy and associated calcium handling. 

Inn conclusion, ENDO and EPI vessels dilated to pulsation. Even though the 
responsee was somewhat less in the ENDO vessels, the large difference in pulsatile 
transmurall  pressure regime indicates that in the beating heart ENDO vessels 
aree preferentially dilated by this effect. Moreover, during pulsation the vessels 
becamee more sensitive to vasodilators. It should be stressed that endothelium-
dependentt and -independent vasodilator influences form part of normal tone 
controll  in these vessels. Therefore, the sensitization to vasodilators during pul-
sation,, which we expect to occur continuously in the sub-endocardium, may 
providee a base for future vasodilator therapy aimed at improving specifically 
sub-endocardiall  flow. 
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I l l l 

Effectt of steady versus oscillating 
flowflow on porcine coronary 

arterioles:: involvement of NO 
andd superoxide anion. 

Coronaryy blood vessels are compressed by the contracting myocardium. This 
leadss to oscillations in flow in especially the sub-endocardium. We examined 
thee effects of steady and oscillating flow on isolated, cannulated sub-endocardial 
andd sub-epicardial porcine arterioles. Steady flow induced dilation in both ves-
sell  types, up to 12.9  0.8% of the passive diameter in sub-endocardials and 
9.66  1.4% in sub-epicardials at 40 dynes/cm2. Dilation was completely abol-
ishedd after treatment with 10 fjM L-NNA. Sinusoidal modulation of steady flow 
att 1.5 Hz and 50 — 200% amplitude did not affect dilation. Oscillating flow with-
outt a net forward component with peak-peak shear values up to 100 dynes/cm2 

causedd no dilation at all in these vessels. However, in the presence of 100 U/ml 
superoxidee dismutase (SOD), oscillating flow induced dilation up to 19.5 % 
inn sub-endocardial vessels and 11.5  4.3% in sub-epicardials. 10 juM LNNA 
blockedd this dilation by approximately 50%. SOD did not affect the magnitude 
off  steady flow-induced dilation, but the response time after onset of steady flow 
shortenedd from 23.4  1.5 s to 14.3 1 s. Diphenyleneiodinium, an inhibitor 
off  NAD(P)H oxidase, uncovered dilation to oscillating flow in subendocardial 
vesselss up to 9.5  1.6%. Flow causes production of both NO and O^". During 
steadyy flow, the bioavailability of NO is sufficient to cause vasodilation. During 
oscillatingg flow, NO is quenched by the O^", suppressing vasodilation. Consid-
eringg the pulsatile nature of sub-endocardial flow and the vulnerability of this 
layer,, pharmacological manipulation of the balance between NO and O^ may 
improvee sub-endocardial perfusion. 

Oanaa Sorop, Jos A.E. Spaan, Terrence E. Sweeney and Ed VanBavel 
CirculationCirculation Research 2003 Jun 27;92(12):13U-51. 
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3.11 Introduction 

Locall  coronary blood flow varies considerably during the cardiac cycle. This 
iss thought to be caused by the rhythmic generation of intramyocardial pressure 
[1]]  and myocardial elastance [2]. The resulting compression leads to an impedi-
mentt in perfusion mainly during systole, when even retrograde flow back to the 
mainn coronaries may appear. The systolic-diastolic variations in transvascular 
pressuree and flow are most pronounced in the sub-endocardium. The rhyth-
micc compression here contributes to the vulnerability of the sub-endocardial 
layerr for ischemia. The deleterious effects of this compression may be over-
comee by certain dilatory effects of pulsatile pressure and flow. We previously 
studiedd porcine coronary arterioles subjected to pulsatile transmural pressure 
[3]]  at zero flow. That study showed vasodilation and increased sensitivity to 
vasodilatorss in pulsating vessels compared to vessels subjected to steady pres-
sure.. Variations in flow also could affect regulation of vascular tone. Many small 
vesselss [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15], including epicardial resistance 
vesselss [8], show flow-dependent dilation to steady flow. Yet, littl e is known 
aboutt the effect of pulsatile flow on these blood vessels. In addition, effects 
off  steady or pulsatile flow on sub-endocardial vessels have not been studied at 
all.. Some evidence for contrasting responses to steady and pulsatile flow comes 
fromm studies on cultured endothelial cells [16]. When these cells are exposed to 
oscillatoryy flow as compared to steady unidirectional flow, lack of cell alignment 
inn the flow direction [17], increased expression of adhesion molecules [18], lack 
off  endothelial NO synthase (NOS III ) upregulation [19, 20], chronic increase in 
superoxidee anion production [21], and different intracellular calcium transients 
[22]]  are found. While these studies provide clues for differential effects of steady 
versuss oscillating flow on endothelial biology, the data cannot be extrapolated 
too vascular tone. Therefore, the aim of the present study was to directly assess 
thee effect of steady versus oscillating flow on cannulated resistance arteries from 
thee sub-endocardium (ENDO) and sub-epicardium (EPI). The results show that 
steadyy but not oscillating flow caused dilation of ENDO and EPI vessels. This 
dilationn fully depended on NO. Addition of superoxide dismutase (SOD) or 
thee NAD(P)H oxidase inhibitor diphenyleneiodinium (DPI), did not affect the 
responsee to steady flow but revealed a dilatory response to oscillating flow. 

3.22 Materials and Methods 

3.2.11 Surgery and vessel cannulation 

399 Yorkshire female pigs weighing 17 - 26 kg, 12 — 18 weeks old, were anes-
thetizedd by ketamine (20 mg/kg), midazolam (1 mg/kg im) and atropine (0.05 
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FigureFigure 3.1: Example of a coronary ENDO arteriole subjected to steady flow with 
initialinitial  shear of'20 dynes/cm2 (left panel), oscillating flow ofTO dynes/cm2 (mid-
dledle panel) and modulated flow with 10 dynes/cm2 and 100% amplitude (right 
panel).panel). The panels depict the applied left and right pressure levels, the measured 
innerinner diameter, and the calculated luminal pressure, flow and shear stress (see 
Methods).Methods). The gray boxes represent 2 second expansions of the time scale. 

mg/kg).. The animal was intubated and artificially ventilated (O2/N2O, 1 : 2), 
thee ear vein vas cannulated and midazolam (0.2 mg/kg) was administrated 
intravenously.. A midsternal thoracotomy was performed. The pericardium 
wass opened, and the heart was exposed. After heparinization (0.1 ml/kg, in-
travenously),, the heart was fibrillated, excised and immediately placed in cold 
(4°C)) MOPS-buffered Ringer's solution, (mmol/L: NaCl 145.0, KC1 4.7, MgS04 

1.17,, CaCl2 2.0, NaH2P04 1.2, glucose 5.0, and pyruvate 2.0; the solution was 
equilibratedd with air, pH 7.35  0.02). Dissection was performed in MOPS-
bufferedd Ringer's solution containing 1% albumin at 4°C, using a dissection 
microscopee with epi-illumination. 

Arterioless from the epicardial and endocardial layer were dissected and cleared 
ass much as possible from the surrounding tissue, and then placed in the cannu-
lationn chamber, in MOPS buffer. The vessel was cannulated at both ends with 
glasss micropipettes, using two nylon filaments, tested for any leaks, and set to its 
inn situ length. Each cannula was supplied by a reservoir with MOPS buffer con-
tainingg 1% bovine serum albumin. Each reservoir was separately pressurized by 

55 5 



ChapterChapter 3: Oscillating flow effects in coronary arterioles 

STEADYY SHEAR 

P<0.01P<0.01 vs zero shear 

-ENDO O 

-EPI I 

100 0 

Initiall shear (dynes/cm ) 

OSCILLATORYY SHEAR 

0.20 0 

0.15 5 

0.10 0 

0.05 5 

0.00 0 

-0.05 5 

-ENDO O 
-EPI I 

00 20 40 60 80 100 

Initiall peak-peak shear (dynes/cm2) 

FigureFigure 3.2: Steady and oscillating flow-induced responses. A: In 7 ENDO and 
66 EPI arterioles, steady flow induced dilation. The dilation was significantly 
largerlarger in ENDO than in EPI vessels (P < 0.01, ANOVA). B: Oscillating flow 
upup to 100 dynes/err? did not affect the vascular diameter in 5 ENDO and 6 EPI 
arteriolesarterioles (P = N.S. ANOVA). 

aa Venturi valve, (FAIRCHILD T5200-50), driven by a command voltage gener-
atedd by a computer program. Internal diameter of the vessels was continuously 
measuredd using a video technique. During the whole experiment the vessel was 
superfusedd with MOPS buffer at a rate of 3 ml/minute using a peristaltic pump. 
Thee temperature was maintained constant at 37° C. All drugs were added to the 
supervisionn medium. Internal diameter of the vessels was between 100 and 200 
fj,mfj,m when fully dilated and pressurized to 60 mmHg. Unlike vessels below 100 
ftm,, such vessels do not always develop a substantial level of basal tone. In order 
too have a consistent level of tone in all protocols, we preconstricted all vessels 
withh 1 ^M U46619. All the vessels developed a similar level of constriction. The 
variouss flow protocols were started once the level of tone reached steady state. 

3.2.22 Appl icat ion of flow profiles 

Al ll  flow profiles were applied at a constant intraluminal pressure of 60 mmHg. 
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Thee calculations of the cannula pressures needed to generate the desired shear 
stresss profiles, t(t), were performed in two steps: first, the required flow profiles, 
Q(t),, for these shear stresses were calculated as: 

0(00 = ^ r ( t ) (3.1) 

wheree r( t) is the shear stress, d is the internal diameter of the vessel after 
developmentt of constant tone and is the perfusion fluid viscosity, taken as 0.001 
N-ss / m2. Then, the left and right pressure profiles needed to obtain these values 
off  flow while keeping the vessel at a constant intraluminal pressure of 60 mmHg 
weree determined from: 

Pl(t)Pl(t) = 60 + Q(t)  Bl (3.2) 

Pr{t)Pr{t)  = 60 - Q(t)  Rr (3.3) 

withh Rl and Rr the left and right cannula resistances. These resistances were 
determinedd before start of the experiments. Care was taken to use pipettes with 
reasonablyy matched resistances, even though according to the above formulas 
aa strict balancing is not necessary for maintaining intraluminal pressure at 60 
mmHg.. Based on geometry, resistance of the cannulated vessel segment was 
negligiblee compared to that of the cannulas. 

3.2.33 Protocols 

ExperimentalExperimental group 1 (ENDO and EPI): Steady flow (see also the left traces 
inn Fig. 3.1), with shear values between 1 and 90 dynes/cm2, was achieved by 
applyingg a step change in pressure on both cannulas from 60 mmHg to the val-
uess calculated according to the above formulas. The different shear values were 
appliedd in random order, kept constant for 3 minutes, with no-flow for another 
33 minutes in between two consecutive flow steps to allow the vessel to regain 
thee initial level of tone. In some of the steady flow experiments, the pressure 
gradientt and consequently the flow through the vessels were reversed during the 
flowflow period. For purely sinusoidal oscillating flow without any net forward com-
ponentt ('oscillating flow', see Fig. 3.1 middle), computer-generated sinusoidal 
pressuree oscillations were applied to both cannulas. These oscillations were su-
perposedd on the 60 mmHg pressure level, were in anti-phase, had a frequency 
off  1.5 Hz, and amplitudes calculated according to the above formulas. Peak to 
peakk shear values between 1 and 100 dynes/cm2 were applied. Each oscillating 
shearr level was applied for 3 minutes, in random order, with 3 minutes no-flow 
inn between. Sinusoidal modulation of flow ('modulated flow') was achieved by 
applyingg flow oscillations with a sine waveform at 1.5 Hz, on top of a net steady 
forwardd flow (see right panels of Fig. 3.1). The flow modulation amplitudes 
weree 50%, 100%, 150% and 200% of the steady flow value. For 100% modu-
lation,, flow just reaches zero, and for 150 and 200% amplitude, there is back 
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FigureFigure 3.3: Effects of modulating flow at 10 (A) and 30(B) dynes/cm2 shear by 
500 - 200% on 7 ENDO and 6 EPI vessels. Modulation of flow did not affect the 
steadysteady flow effect, even for amplitudes where flow reversal was present in the 
vessel. vessel. 

flowflow in the vessel, such as may occur in vivo during systole. These modulations 
weree applied on top of steady shear values of 10, 30, 60 and 100 dynes/cm2. 
Eachh modulation was maintained for 3 minutes, with 3 minutes steady flow in 
between.. The modulations were applied in random order. 

ExperimentalExperimental group 2 (ENDO and EPI): to test the involvement of NO in 
flowflow mediated dilation, steady flow steps were applied prior to and 30 - 40 
minutess after the start of superfusion with 10 fjM L-NNA. 

GroupGroup 3 (ENDO and EPI): steady and oscillating flow were applied prior 
too and 30 minutes after the start of superfusion with 100 U/ml superoxide 
dismutasee (SOD). 

GroupGroup 4-5 (ENDO vessels): the mechanisms of oscillating flow-induced di-
lationn in the presence of SOD were tested. After preconstriction, vessels were 
incubatedd in 100 U/ml SOD. Oscillating flow was applied, followed by incuba-
tionn in either 10 /xM L-NNA as eNOS inhibitor or 80 U/ml catalase as H202 

scavengerr and subsequent flow oscillations were repeated. 
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Figuree 5. :̂ Incubation of 5 £WZ>0 f,4,) and 5 EPI (B) arterioles with 10 \iM 
L-NNAL-NNA completely inhibited steady flow-induced dilation in both types of vessels. 
(P(P < 0.01, ANOVA, with versus without L-NNA). 

GroupGroup 6 (ENDO vessels): the effect of diphenyleneiodinium (DPI), a blocker 
off  flavin containing enzymes such as NAD(P)H oxidase, was tested in order 
too disclose whether this enzyme is a source of free radical formation during 
oscillatingg flow. Vessels were incubated with 30 /JM DPI for 30 minutes, and 
bothh steady and oscillating flow protocols were applied before and during the 
incubation.. Vessels in group 3 - 6 were smaller than those in groups 1 -2 and 
weree found to be sensitive to lower shears. To establish that a graded dilation 
too flow occurs in these small vessels, 6 sub-endocardial arterioles, 123  12 /an 
ss were subjected to steady shear between 1 - 5 dynes/cm2. These data are 
presentedd in Fig 3.8. 

GroupGroup 7 (rat cremaster vessels): in order to test whether preconstricted 
bloodd vessels respond differently to flow as compared to vessels with basal tone, 
wee repeated the flow protocols of group 1 on first order resistance arteries iso-
latedd from the rat cremaster muscle. These vessels are known to develop a stable, 
constantt level of basal tone. Vessels comparable in size with the coronary ar-
terioless were isolated, cannulated using the same method as for coronaries, and 
subjectedd to identical experimental conditions and flow protocols. 
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3.2.44 Accuracy of flow velocity patterns 

Thee accuracy of the experimental set-up in generating the desired levels of 
flowflow and shear was evaluated in separate experiments using an optical Doppler 
intravitall  velocimeter (Texas A&M University System Health Science Center). 
Redd blood cell velocity was measured in two cannulated arterioles perfused with 
MOPSS buffer containing rat erythrocytes. The measured centerline velocity 
matchedd the value calculated on the basis of cannula resistances, left and right 
cannulaa pressures, vessel diameter and Poiseuille flow within 10%. This was the 
casee for steady flow as well as for oscillating and modulated flow with frequencies 
betweenn 0.5 and 2 Hz. A summary of these data are presented in Fig. 3.9. In 
orderr to estimate whether during oscillating flow the velocity profile in the 
vessell  is fully parabolic, we calculated the Womersley number (WO). When 
WOO exceeds unity, the velocity profiles are no longer parabolic, and the flow 
iss phase-shifted in time relative to the oscillating pressure gradient [23]. WO 
inn our experiments did not exceed 0.01, indicating quasi-steady behavior of the 
fluidfluid  with a parabolic flow profile during all protocols. 

3.2.55 Drugs 

Bradykinin,, U46619, L-NNA, SOD S-2515, Catalase and DPI were purchased 
fromm Sigma Chemicals (St. Louis, MO). 

3.2.66 Data analysis 

Al ll  vascular diameters as well as the degree of dilation were normalized 
too maximum dilated diameters of the vessels, as obtained in response to 0.1 
}iM}iM  bradykinin at 60 mmHg intraluminal pressure. For each 3-minute flow 
interventionn the time-averaged diameter was obtained after development of a 
stablee response. Data are presented as mean  SEM. Data were analyzed by 
One-Wayy and Two-Way ANOVA followed by Bonferroni post-hoc tests where 
appropriate.. Differences were considered significant for P < 0.05. 

3.33 Results 

3.3.11 Effect of steady, oscillating and modulated flow on 
ENDOO and EPI arterioles 

77 ENDO (159  15 fim inner diameter) and 6 EPI (163  18 ^m inner di-
ameter)) arterioles were tested. In response to a sudden onset of steady flow, all 
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FigureFigure 3.5: In 7 ENDO and 6 EPI arterioles, steady and oscillating flow with 
shearsshears up to 30 dynes/cm2 were tested prior to and following incubation with 100 
U/mlU/ml SOD. The treatment with SOD did not affect the magnitude of steady flow-
inducedinduced dilation (left panels, P = N.S., ANOVA). SOD completely uncovered an 
oscillatingoscillating flow-induced dilation in EPI vessels. ENDO vessels in the presence 
ofof SOD dilated even more during oscillating flow than during steady flow (right 
panels). panels). 

vesselss developed flow-induced dilation. Fig. 3.1 (left) depicts a typical exam-
ple.. Dilation developed gradually after a lag time of 15 - 25 seconds from the 
flowflow onset, and reached a plateau value in around 1 minute. This value of dila-
tionn remained constant for as long as flow was maintained. After stopping flow, 
thee vessel regained its initial level of tone within 2 minutes. The middle panels 
off  Fig. 3.1 depict the response of this vessel to oscillating flow. In this example, 
flow-dependentflow-dependent dilation did not occur in response to an oscillating shear stress 
off  10 dynes/cm2 at 1.5 Hz. The right panels indicate that 100% modulation of 
100 dynes/cm2 steady flow did not induce extra vasodilation. 

Figuress 3.2 — 3.3 summarize the effects of the various flow patterns on tone. 
Forr steady flow (Fig. 3.2A), flow-induced dilation in ENDO and EPI vessels 
becamee significant at 10 dynes/cm2. Dilation became larger with increasing 
shearr stress up to around 40 dynes/cm2 and tended to decrease again at still 
higherr shear values. Dilation was significantly larger in ENDO as compared 
too EPI vessels. {P < 0.05, Two-Way ANOVA). A lack of dilation in response 
too oscillating flow was found in all vessels; diameter of some vessels remained 
unchangedd while others (both ENDO and EPI) showed a small constriction. Fig. 
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FigureFigure 3.6: A: The delay time between onset of steady flow and 25 %, 50 % and 
755 % of the total dilation development was independent of shear. B: 5 individual 
experimentsexperiments showing the delay time to 25 % dilation. The delay time in response 
toto steady flow onset decreased significantly in the presence of SOD. 

3.2BB presents the average results of experiments performed on 5 ENDO and 6 
EPII  arterioles. Oscillating flow at peak-peak shear levels up to 100 dynes/cm2 

didd not significantly change the vessel tone. (P = N.S., Two-Way AN OVA). In 
22 tested vessels, oscillating flow profiles at lower (down to 0.1 Hz) and higher 
(22 Hz) frequencies and similar shear values also did not induce flow-dependent 
dilationn (data not shown). 

Thee effects of flow modulation on 7 ENDO and 6 EPI arterioles are depicted 
inn Fig. 3.3. Shown are the effects of modulating flow with corresponding aver-
agee shear stresses of 10 and 30 dynes/cm2 by sinusoidal oscillations at 1.5 Hz up 
too 200% amplitude. In none of these cases was a significant change in the level 
off  flow-induced dilation observed (P = N.S., Two-Way AN OVA). Even at am-
plitudess of 150% and 200%, when retrograde flow through the vessels occurred, 
andd the root-mean-square level of shear stress was increased by respectively 46 
andd 73% as compared to steady flow, the diameter remained constant during 
thee 3 minutes of flow modulation. This was the case for both ENDO and EPI 
arterioles.. Modulation of shear values of 60 and 100 dynes/cm2 up to 200% in 
thesee vessels also did not cause additional dilation (data not shown). 
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Inn the experiments described above, the order of the steady, oscillating and 
modulatedd flow protocols was randomized. Also in those cases where steady 
flowflow was applied after the other protocols, normal dilation occurred. Moreover, 
sensitivityy to bradykinin was tested in all vessels after finishing all protocols and 
foundd to be normal, indicating undamaged endothelial cells (data not shown). 

Inn 10 vessels (5 ENDO, 5 EPI), the effect of L-NNA was tested. Flow-induced 
dilationn prior to L-NNA was significant above 5 dynes/cm2. In ENDO and EPI 
vesselss incubation with 10 /iM L-NNA in the absence of flow for 30 minutes 
inducedd a 3 - 4% constriction. L-NNA completely abolished dilation over the 
wholee range of shear stresses in ENDO and EPI vessels (Fig. 3.4, P < 0.05, 
Two-WayTwo-Way ANOVA). 

3.3.22 Effect of SOD on steady and oscillating flow-induced 
responsess in ENDO and EPI arterioles 

Inn 7 ENDO (127  10 /mi inner diameter) and 6 EPI (132  12 fim inner 
diameter),, steady and oscillatory flow protocols with shears up to 30 dynes/cm2 

weree applied before and after incubation for 30 minutes with 100 U/ml super-
oxidee dismutase (SOD). SOD had no effect on the basal diameter of the vessels. 
Fig.. 3.5 A and B show that the response to steady flow remained unchanged 
(P(P = N.S., Two-Way ANOVA). While oscillating flow in the absence of SOD 
hadd no effect at all, after treatment with SOD such flow caused substantial 
dilationn in all vessels (P < 0.05, Two-Way ANOVA; e.g. at 30 dynes/cm2: 
0.00  1.2 % vs. 19.5  2.3 % in ENDO and 0.0  1.1 % vs. 11.5  4.3 % in EPI 
vessels,, before vs. after incubation). In ENDO vessels in the presence of SOD 
thee response to oscillating flow at 30 dynes/cm2 peak-peak even exceeded the 
dilationn to steady flow (P < 0.05, paired t-test, N = 7). 

Althoughh SOD did not affect the magnitude of dilation to steady shear, it 
didd affect the latency of the dilatory response (Fig. 3.6). We found a 21.8  2.7 
s.. delay to 25% of the dilatory response after onset of steady flow, which was 
independentt of the level of shear (Fig. 3.6A, P = N.S.; n = 7'ENDO + 6EPI). 
Afterr incubation with SOD, the delay time was reduced from 23.4  1.5 to 
14.33  2.1 seconds at 10 dynes/cm2 (Fig. 3.6B, n = 5, P < 0.05, One-Way 
ANOVA).ANOVA). In the presence of SOD the delay time for start of dilation after onset 
off  oscillating flow was slightly larger than for steady flow (16.3  1.8 second, P 
== 0.044). 

3.3.33 Effect of L-NNA and Catalase on oscillating flow-
inducedd dilation in presence of SOD on ENDO ves-
sels s 

Wee tested 4 ENDO vessels 2 /mi)to determine whether NO medi-
atess oscillating flow-induced dilation in presence of SOD. Oscillating flow with 
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FigureFigure 3.1: In 4 ENDO vessels, 10 fiM LNNA inhibited by approximately 50% 
thethe oscillating flow-induced dilation in the presence of SOD ( P < 0.01, ANOVA, 
L-NNAL-NNA versus SOD). B: In 5 ENDO vessels, catalase did not affect this dilation, 
(P(P = N.S., ANOVA, catalase versus SOD); C: in 5 ENDO, DPI also uncovered 
thethe dilation to oscillating flow, (P < 0.01, ANOVA, DPI versus control). 

peak-peakk shears up to 30 dynes/cm2 was applied. 10 fiM L-NNA reduced the 
dilationn in the presence of SOD by approximately 50% (Fig. 3.7A; P < 0.05, 
Two-Wayy ANOVA). The remaining dilation could not be attributed to an H2O2 
mediatedd mechanism, since in 5 ENDO vessels (134.3  12.1 ^m inner diameter), 
800 U/ml catalase did not significantly diminish the SOD effect during oscillat-
ingg flow. (Fig. 3.7B; P = N.S., SOD vs. SOD + catalase). In two vessels 
tested,, this concentration of catalase reduced the dilation to 10~5 M extrinsic 
H 2022 from 50.7  10.0 to 8.8  1.0%. In other experiments, raising the catalase 
concentrationn from 80 to 1000 U/ml only modestly impaired oscillating flow-
inducedd dilation: from 9.1  1.0% (SOD) to 7.3  1.0% (SOD + 1000 U/mL 
catalase)) at 10 dynes/cm2 (n = 2), and from 18.4% to 16.5% at 30 dynes/cm2 

( n = l ) . . 
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FigureFigure 3.8: Response to very low shear stress in 6 sub-endocardial arterioles. In 
orderorder to be able to apply this low shear stress to the small vessels with sufficient 
accuracy,accuracy, these vessels were cannulated with pipettes having higher resistances 
thanthan used in the main study. 

3.3.44 Effect of DPI on oscillating flow-induced dilation in 
ENDOO arterioles 

55 ENDO arterioles (129.7  6.8 /xm) were incubated with 30 fM. of the 
NAD(P)HH oxidase inhibitor DPI. The dilation to oscillating flow was recorded 
forr peak-peak shears of 5 to 30 dynes/cm2. Oscillating flow-induced dilation was 
absentt before incubation with DPI, but became significant at 10 dynes/cm in 
thee presence of DPI (Fig. 3.7C). The dilation was approximately 20 — 30% less 
inn the presence of DPI as compared to SOD, as seen in Figs. 3.5C, 3.7A and B. 
Indeed,, in 3 of these 5 vessels, we also tested the effect of SOD and found it to 
bee significantly larger. DPI did not affect steady flow-induced dilation. 

3.3.55 Effect of flow pat terns on rat cremaster arterioles 
wit hh basal tone 

Thee above effects on coronary vessels were obtained after preconstriction by 
U46619.. We tested 9 first order rat cremaster arterioles (159  19 /zm) to deter-
minee whether vessels with basal tone also lack responsiveness to oscillating flow. 
Basall  tone developed to approximately 65% of the maximal diameter. Fig. 3.10 
indicatess that steady flow caused dilation above 25 dynes/cm2. Furthermore, 
sinusoidall  modulation of flow at 100% did not affect the dilation in also these 
vessels.. However, also in these vessels, dilation to oscillating flow at 1.5 Hz 
wass absent up to peak-peak amplitudes of 90 dynes/cm2. (P = N.S., steady 
vs.. modulated flow; P < 0.01 steady vs. oscillating; P = N.S., oscillating 
flowflow vs. no flow, ANOVA's). The effect of SOD was not tested in these vessels 
withh basal tone. We were able to cannulate 3 ENDO vessels smaller than 100 
/xm,, which developed basal tone that averaged 56.6  0.9% from the maximal 
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FigureFigure 3.9: Experiments validating the estimation of shear stress. Top: valida-
tiontion for two vessels at steady shear. The x-axis shows shear stress as estimated 
fromfrom the applied pressure gradients, cannula resistances and vascular diameter; 
thethe y-axes indicate the shear stress based on the measured centerline velocity of 
aa few red blood cells in the perfusate, on the basis of a parabolic velocity profile. 
TheThe identity line (x = y) is shown. Middle: Estimated and measured peak-peak 
shearshear stress during sinusoidal (1.5 Hz) oscillating flow without a net forward 
component.component. This plot indicates that flow oscillations linearly follow pressure os-
cillations,cillations, without any damping at this frequency. Bottom: Effect of modulating 
flowflow up to 200% on the average shear stress as determined from centerline ve-
locity.locity. Pressure gradients were applied that should induce variations around an 
averageaverage level of 30 dynes/cm2. The time-averaged shear stress based on red blood 
cellcell velocity was close to this value. This figure indicates that large variations 
inin driving pressure do not cause unintended shifts in the average shear stress. 
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FigureFigure 3.10: Effects of steady, oscillating and modulated flow with 100% ampli-
tudetude on 9 rat cremaster arterioles with basal tone. Steady flow induced dilation 
whilewhile oscillating flow did not. 100% modulation of flow also did not affect the 
dilationdilation initially induced by steady flow. 

dilatedd diameter. In these vessels, SOD incubation also uncovered oscillating 
flow-inducedflow-induced dilation of 18.8  2.6% of maximal diameter at a peak-peak shear 
off  30 dynes/cm2. 

3.44 Discussion 

Thiss study presents several novel findings. First, dilation in response to 
steadyy flow occurred not only in epicardial arterioles but also in endocardial 
vessels,, which responded to a greater degree than did the epicardial vessels. 
Thee dilation was NO dependent, being completely blocked by L-NNA. Second, 
oscillatingg flow without a net forward component did not cause flow-dependent 
dilation.. However, in both EPI and ENDO vessels, dilation to oscillating flow 
didd occur after incubation with superoxide dismutase. In fact, in the presence 
off  SOD, ENDO vessels dilated to a greater degree in response to oscillating 
flowflow than to steady flow. This dilation was partially mediated by NO; the 
remainingg dilation occurred via a mechanism not related to H202, since catalase 
wass without effect. Third, DPI, an NAD(P)H oxidase inhibitor, also uncovered 
aa dilation to oscillating flow in ENDO vessels. Fourth, the delay time for steady 
flow-inducedflow-induced dilation decreased in the presence of SOD in both ENDO and EPI 
vessels. . 

3.4.11 Methodology 

Thee current in vitro approach allowed for systematic evaluation of vascular 
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responsess to various well-defined flow profiles, covering those that are likely to 
occurr in the beating heart. The possibility to independently manipulate left and 
rightt cannula pressure by computers allowed us to apply these flow wave-forms 
att constant intraluminal pressure. We are confident that luminal pressure was 
constant,, capacitive flow was absent, and flow was accurately predicted from 
cannulaa pressures and cannula resistances in the current study, for the following 
reasons:: first, a sudden or oscillating change in luminal pressure would have 
resultedd in simultaneous distension of the vessel. Previous studies [3] demon-
stratedd that pressure variations of less than 5 mmHg can be detected in this way. 
Noo such changes in diameter were observed even though gradients in cannula 
pressuress in the order of 100 mmHg were required to generate the highest shear 
stresses.. Second, in previous experiments at zero flow, intraluminal pressure 
ass measured by servo-null pipettes penetrated through the vessel wall matched 
thee cannula pressures, also for fast oscillations at high amplitudes [3]. Third, 
thee low estimated Womersley number (see Methods) indicates a fully developed 
parabolicc velocity profile that instantaneously followed the applied pressure gra-
dient.. Fourth, we found the predicted center line velocity to match the velocity 
off  red blood cells in separate experiments. 

Basall  tone in porcine coronary vessels of the size we studied is variable and 
generallyy quite shallow. Therefore we preconstricted vessels by U46619. We 
doo not believe that this choice of the preconstrictor is involved in the diverging 
effectss of steady and oscillating flow, since the cremaster arterioles, which did 
havee basal tone, as well as the few arterioles below 100 fim that we were able 
too cannulate, responded in the same way to the various flow patterns. The 
appliedd shears included clearly superphysiological levels, in order to demon-
stratee absence of oscillating flow-induced dilation over a wide range. We do 
nott believe that the lower shear responsiveness of EPI vessels relates to damage 
duringg dissection since similar levels of preconstriction were obtained by 1 fiM 
U466199 in END O and EPI vessels and our previous studies [3] showed similar 
concentration-responsee curves to adenosine and bradykinin in both vessel types. 

Inn the first experimental group of vessels studied, having diameter around 
1500 — 180 /zm, we found a half-maximal effect of shear at approximately 20 
dynes/cm22 (Fig. 3.2). Smaller arterioles (110 - 150 /im) were used in most of 
thee other experiments. In these vessels the dilation reached a plateau at shears 
off  10 dynes/cm2. The observation is in accordance with data of Kuo et al. [9] 
onn epicardial arterioles, showing that shear sensitivity is the largest in 89 fim 
vessels. . 

3.4.22 NO and O^ production 

I tt is now accepted that NO bioavailability within the vascular wall is nega-
tivelyy influenced by O^ production [24]. Both radicals react extremely rapidly 
too form the ONOO" (peroxynitrite) anion. The balance between NO and O^ 
productionn therefore is of major importance in vascular function. Our experi-
mentss support the hypothesis that steady and oscillating flow differentially affect 
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thiss balance. We suggest that steady flow induced production of NO that over-
whelmedd any possible concomitant O^ production, resulting in NO-dependent 
dilation.. In contrast, during oscillating flow, O^ production fully inhibited 
bioavailabilityy of the simultaneously produced NO to the smooth muscle cells. 
Inn the presence of extrinsic SOD or DPI, this inhibition was reversed, resulting 
inn oscillating flow-induced dilation. It is not clear whether the negative bal-
ancee during oscillating flow is due to a higher O "̂ production or a lower NO 
production. . 

Modulationn of steady flow up to 200% (Fig. 3.3) neither reversed nor aug-
mentedd the dilation. There are alternative explanations for this finding. Thus, 
thee effects of any putative extra NO and OJ production during such modu-
lationn could have just cancelled. While this may seem far-fetched, individual 
vesselss did show either small constrictions or small dilations upon onset of mod-
ulation.. Alternatively, the effect of dynamic flow components may be different, 
dependingg upon the presence or absence of a net forward flow. Thus, superoxide 
productionn by rhythmic flow may have been suppressed by the presence of a net 
forwardd flow. However, it is not clear then why even a 200% modulation of low 
shearr (e.g. changing from a steady 10 dynes/cm2 to shear oscillations between 
—— 10 and 30 dynes/cm2, Fig. 3.3A) did not augment the initial dilation (which 
wass not yet saturated, compare fig. 3B) while oscillations with such amplitudes 
hadd clear effects after removal of the superoxide (Fig. 3.5 right). 

Inn ENDO vessels at 30 dynes/cm2, the response to oscillating flow in the 
presencee of SOD was even larger than that to steady flow. In addition, part of 
thee former response could not be inhibited by L-NNA or catalase. This suggests 
thee existence of still another factor produced by oscillating but not steady flow. 
Whateverr the nature of this factor, it is sensitive to 0 ~̂ since no oscillating 
flow-inducedflow-induced dilation at all was observed in the absence of SOD. Recently, it was 
shownn that H2O2 is a possible EDHF in human coronary microvessels [25]. One 
couldd thus argue that the uncovered dilation to oscillating flow in the presence 
off  SOD relates to H2O2. However, catalase at the commonly used concentration 
off  80 U/mL was without effect, while this same dose almost fully suppressed 
thee dilation to extrinsic H2O2. In addition, raising the catalase concentration 
too 1000 U/mL, as was done recently, seemed to make no difference. 

Wee do not believe that steady flow, once developed, caused large amounts of 
O^^ production, since SOD was without any effect on the magnitude of steady 
flow-inducedflow-induced dilation. However, the onset of steady flow represents a transient 
byy itself, and this might induce 0 ~̂ production. There is a very consistent 
lagg time that precedes the initiation of vasodilation upon onset of flow. The 
durationn of the delay ranges between 5 seconds in arterioles smaller than 100 
fimfim [8] to 40 seconds in large conduit arteries [26, 27]. In the present study, we 
foundd a 20 s delay. Upon application of SOD a 40% reduction in delay time 
wass observed, supporting the view that the onset caused O J production. The 
remainingg delay was similar for onset of steady and oscillating flow, suggesting 
thatt similar mechanisms caused the dilation. Indeed, L-NNA also substantially 
inhibitedd the oscillating flow-induced dilation in the presence of SOD, indicating 
thee involvement of NO also here. 
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I tt was beyond the scope of this paper to unambiguously identify the source 
off  O^ production during oscillating flow or quantify its production. Experi-
mentss on cultured endothelial cells that demonstrate superoxide production in 
responsee to oscillating shear [21] support our SOD and DPI data, which to-
getherr implicate NAD(P)H oxidase as a shear-induced O^ source. Alternative 
sourcess may include xantine oxidase, cytocrome P450, or eNOS itself. In addi-
tionn to its effect on NAD(P)H oxidase, DPI may inhibit other flavin-containing 
oxidases,, including eNOS. Therefore we can not fully rule out that eNOS could 
havee contributed as an additional source of oxygen free radicals. However, this 
doess not affect our main thesis that superoxide production during oscillating 
flowflow inactivates nitric oxide. 

Usingg dihydroethidine (DHE), we attempted to generate a dynamic mea-
surementt of O^ production in our cannulated vessels during acute episodes of 
shear.. We now believe that this approach was unsuccessful because of a num-
berr of complicating factors, including the effect of flow on the transport rate 
off  the dye to the cells of interest. Tyrosine nitrosilation neither seemed a way 
too directly demonstrate O^ and subsequent ONOO~ since these nitrosilation 
reactionss require chronic models or at least substantial stimulus periods and 
aree therefore not applicable to acute interventions such as studied here. Cy-
tochromee c reduction has been applied for the measurement of O^. However, 
thiss absorbance technique seems not sensitive enough for the use on perfused ar-
terioles.. Clearly, although our data strongly suggest a role for O^ in the effects 
wee observed, future studies must be directed at online, localized quantification 
off  ÔT production during episodes of acute shear. 

3.4.33 Implications for coronary physiology 

Thiss study demonstrates that not only EPI [8] but also ENDO arterioles 
showw steady flow-induced dilation. Moreover we found such dilation to fully 
dependd on NO-dependent pathways. Whether these responses are relevant for 
coronaryy flow regulation depends on in vivo shear stress levels in the coronary 
circulation.. These are poorly defined especially in the sub-endocardium. Stepp 
etet al. [5] measured microvascular diameters and velocities in canine epicardial 
vessels.. Basal shear stress averaged 10 dynes/cm2 in small arteries and ranged 
betweenn 15 and 23 dynes/cm2 in vessels of 100 — 150 j^m. This coincides with 
thee range of values causing sub-maximal dilation in EPI vessels of this size. A 
concernn however is that smaller vessels respond to lower shears, as demonstrated 
byy Kuo et al. [9] and confirmed in the current study, while based on coronary 
branchingg patterns [28], the in vivo shear stress on average actually increases 
inn smaller vessels. 

Thee dynamic profiles of flow and shear along the coronary microcirculation 
aree not extensively quantitated. However, based on the retrograde coronary flow 
inn systole [29] and sub-endocardial velocity [30] and diameter patterns [31], the 
highlyy pulsatile nature of sub-endocardial flow is beyond doubt. Our modulated 
floww data (Fig. 3.3) make clear that in vitro such pulsatility does not add an 
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extraa component to flow-dependent dilation. In that sense, the pulsatility seems 
irrelevantt for sub-endocardial flow regulation. However, the activity in vivo of 
eNOS,, O^ producing enzymes and also intrinsic SODs (notably extracellular 
SOD33 [24]) may differ from that observed in vitro. Moreover their activity is 
influencedd by coronary artery disease. The diverging actions of purely oscillating 
andd steady flow on the NO-O "̂ balance therefore leave room for quite substantial 
effectss of flow modulation under such conditions. 

Inn conclusion, our data show that steady and oscillating flow differentially 
modulatee coronary vascular tone via mechanisms that determine the balance 
betweenn NO and O^ production in the coronary circulation. Considering the 
pulsatilee nature of sub-endocardial flow and the vulnerability of this layer, inter-
feringg with this balance may provide future means for improving sub-endocardial 
perfusion. . 
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I V V 

NOO and flow increase 
distensibilityy and enhance 

pulsation-inducedd dilation in 
sub-endocardiall  arterioles 

Coronaryy blood flow is controlled by metabolic, myogenic and flow-dependent 
mechanisms.. Interactions exist between these factors, modulating their individ-
uall  effects on arteriolar tone. In the sub-endocardium, arterioles are compressed 
byy the contracting myocardium, resulting in large transvascular pressure pul-
sationss and vasodilation. The present paper studies whether interaction exists 
betweenn pulsating pressure and NO-dependent vasodilator effects on tone. 22 
femalee Yorkshire pigs were anesthetized by ketamine (20 mg/kg), midazolam (1 
mg/kgg im) and atropine (0.05 mg/kg) and artificially ventilated. After removal 
off  the heart, sub-endocardial arterioles were isolated and cannulated. First, the 
individuall  effects of steady flow with shears of 5 — 40 dyne/cm2 at steady pres-
suree (60 mmHg) and responses to pulsating pressure with amplitudes of 10 — 80 
mmHgg during no flow were assessed. Then, vessels were subjected to combi-
nationss of steady flow and pulsating pressure. Arterioles dilated to steady flow 
(i.e.. 10 dyne/cm2 induced dilation by 11.1  1.9% of the maximal dilated diam-
eterr {Dmax), n = 11). The vessels dilated to pulsating pressure with amplitudes 
largerr than 40 mmHg (0.4  0.1% of Dmax at 30 mmHg peak-peak pulsations 
amplitudee and 4.8  1.5% of Dmax at 40 mmHg). In the presence of flow, the re-
sponsess to pulsating pressure were strongly augmented (to 14.2 % of Dmax 

att 30 mmHg and 13.6  3.1% at 40 mmHg during 30 dyne/cm2). This effect 
off  flow could be blocked by 10 fiM L-NNA. 1 and 3 nM SNP did not affect 
basall  tone but mimicked the augmenting effect of flow on pulsating pressure, 
increasingg dilation to 30 mmHg pulsation from 1.5  0.9% to 12.9  1.5% in 
thee presence of 3 nM SNP, n = 5. These data indicate that NO facilitates the 
dilationn to pulsating pressure. This facilitation contributes to the regulation of 
sub-endocardiall  blood flow. 

Oanaa Sorop, Jos A.E. Spaan, and Ed VanBavel 
Submitted Submitted 
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4.11 Introduction 

Myocardiall  ischemia during reduced coronary oxygen supply or increased de-
mandd occurs predominantly in the sub-endocardium. This is believed to result 
fromfrom impediment of sub-endocardial blood flow due to compression of blood 
vesselss in this layer by the contracting myocardium. However, these blood 
vesselss may have developed compensating dilatory mechanisms. In particular, 
thee rhythmic compression itself could induce vasodilation.Indeed, we previously 
foundd [1], that pulsating transvascular pressure, reflecting rhythmic myocardial 
contraction,, causes vasodilation of isolated, cannulated porcine sub-endocardial 
arterioles.. Such dilation occurred above 40 mmHg peak-peak amplitude. How-
ever,, as is the case in the majority of isolated vessel studies, these studies were 
donee in the absence of flow. Flow-induced dilation is observed in many ar-
terioless and is believed to contribute to the level of tone in vivo. We found 
flow-inducedflow-induced dilation in porcine sub-endocardial vessels, which was fully depen-
dentt on NO production [2]. Considering the broad array of effects of NO on 
vascularr function, the presence of flow could well affect pulsation-induced dila-
tion.. Such interference could occur in two opposite directions, making vessels 
eitherr less responsive or more responsive to pulse pressure in the continuous 
presencee of flow. No data are currently available supporting either view. Yet, 
thee presence and direction of such interference is of importance for understand-
ingg sub-endocardial tone control in the healthy circulation and in the presence 
off  flow-limitin g stenoses or microvascular endothelial dysfunction. 

Thee purpose of this study is to test if and how flow affects pulsation-induced 
dilationn in isolated sub-endocardial arterioles. The results show that these ves-
selss become remarkably more sensitive to pulse pressure under physiologically 
relevantt shear stress. This effect was mimicked by sodium nitroprusside at 
concentrationss that are too low to directly affect tone. The sensitization was 
relatedd to an increase in distensibility in the presence of this NO donor. These 
dataa indicate that NO facilitates the dilation to pulsating pressure and thereby 
contributess to the regulation of sub-endocardial blood flow. 

4.22 Materials and Methods 

4.2.11 Experimental preparation 

Al ll  experiments were done in accordance with the guide-lines on animal ex-
perimentss of our institution. Twenty-two female Yorkshire pigs weighing 19-26 
kg,, 12 - 18 weeks old, were anesthetized by ketamine (20 mg/kg), midazolam 
(11 mg/kg im) and atropine (0.05 mg/kg). Each animal was intubated and arti-
ficiallyficially  ventilated (O2/N2O, 1 : 2), the ear vein vas cannulated and midazolam 
(0.22 mg/kg) was administrated intravenously. After the midsternal thoraco-
tomyy was performed, the pericardium was opened, and the heart was exposed. 
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FigureFigure ^.1: Example result showing the protocol for interactive effects of 
flowflow and pulsatile pressure. A: tone development; B: flow-induced dilation to 
3030 dyne/cm2 (5 shears between 5-40 dyne/cm2 were tested); C,D: pulsating 
pressure-inducedpressure-induced dilation to 30 and 40 mmHg peak-peak in no flow conditions (6 
pulsationpulsation patterns with peak-peak amplitude of 10-80 mmHg were tested); E, F: 
pulsatingpulsating pressure was applied in the presence of 30 dyne /cm2; G: recovery of 
tonetone after all pulsating amplitudes were tested for a given flow, before the next 
flowflow step was applied. 4% combinations of flow and pulse pressure were tested 
inin this fashion. 

AfterAfter heparine (0.1 ml/kg), was injected intravenously the heart was fibrillated, 
excisedd and immediately placed in cold (4°C) MOPS-buffered Ringer's solution, 
(mmol/L:: NaCl 145.0, KC1 4.7, MgSOA 1.17, CaCl2 2.0, NaH2P04 1.2, glucose 
5.0,, and pyruvate 2.0; the solution was equilibrated with air, pH 7.35  0.01). 
Dissectionn was performed at 4°C in MOPS-buffered Ringer's solution containing 
1%% albumin, using a dissection microscope with epi-illumination. Left ventri-
clee sub-endocardial arterioles, around 150 fim inner diameter, dissected from 
thee area surrounding papillary muscles were cannulated at both ends with glass 
micropipettess matched for resistance, tested for leaks, and set to their in situ 
length. . 

Too each cannula a reservoir containing MOPS buffer with 1% albumin was 
connected.. The vessels were pressurized via both cannulas using two voltage 
drivenn Venturi valves, (FAIRCHILD T5200-50). The command voltage for the 
valvesvalves was generated by a computer program. Internal diameter of the vessels 
wass continuously measured using a video technique. The cannulated vessels 
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weree supervised with MOPS buffer at 37° C. Al l drugs were added in the super-
fusionn medium. Viability and reactivity of all vessels was confirmed from the 
developmentt of basal tone and dilation to flow at the start of the experiments. 
0.11 fjM bradykinin was added at the end of experiment to determine the passive 
diameterr {Dmax) in all vessels. This value was used to normalize the responses. 

4.2.22 Generation of flow and pulsating pressure profiles 

Inn the present study we assessed the effects of pulsating pressure and its 
modificationn by flow on cannulated coronary arterioles. We generated profiles 
off  pulsating pressure and steady flow with different amplitudes in the vessels by 
controllingg the left and right cannula pressures. 

Forr generating pulsating pressure in no-flow conditions we modulated the 
leftt and right cannula pressures according to the following equations: 

Pl{t)Pl{t)  = MP+- sin(27r/i), (4.1) 

A A 

Pr(t)Pr(t) = MP + - sin(27r/t), (4.2) 

wheree MP is the mean pressure of 60 mmHg, A is the peak-peak amplitude 
off  pulsations and ƒ is the frequency of 1.5 Hz. 

Steadyy flow at constant mean pressure was achieved following a similar pro-
ceduree as previously described [2]. Briefly, based on the recorded diameter, flows 
weree chosen equivalent to shear stresses between 5 and 40 dyne/cm2. This flow 
wass generated by applying a pressure gradient between the left and right can-
nulaa while keeping the mean pressure in the vessel constant at 60 mmHg. The 
requiredd left and right cannula pressures were calculated from the equations 
below,, where MP is the mean pressure, Q is the desired flow and Rr and Rl 
aree the cannulas resistances. 

Pl=MPPl=MP + Q- Rl, (4.3) 

PrPr = MP -Q-Rr, (4.4) 

Thesee formulas ignore the resistance of the vessel itself. We previously es-
tablishedd that this is reasonable, based on dimensions of pipettes and the vessel 
[3]. . 

Too study the effect of flow on pulsating pressure-induced dilation, we gener-
atedd left and right cannula pressures profiles described by the following equations 

Pl{t)Pl{t)  =MP + Q- i t f+-s in(27r /£), (4.5) 

A A 

Pr(t)Pr(t) = MP-Q-Rr+-sm{2irft), (4.6) 
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FigureFigure 4-2: A .-Normalized diameters just before the various flow periods and 
afterafter onset of flow (illustrated in Fig. 4- IE and F); B: the dilation to pulsating 
pressurepressure as a function of pulsation amplitude under simultaneous application of 
variousvarious shears (n = \\). 

4.2.33 Experimental groups 

ExperimentalExperimental group 1: Effect of flow on pulsating pressure-induced dilation: 
111 arterioles were tested after tone development. Fig. 4.1 presents a part of an 
examplee result that we will  use to describe the protocol. First, development of 
tonee was awaited (A). Then a shear-diameter curve at 60 mmHg mean pressure 
wass performed for shear stresses ranging between 5 and 40 dyne /cm2 (B). 5 
differentt shear levels were applied in random order. Each level was maintained 
forr 3 minutes, with 3 minutes no flow periods in between. After completion 
off  these tests, flow was stopped and vascular dilation in response to pulsating 
pressuree profiles with 1.5 Hz frequency, sine waveform and peak-peak amplitudes 
betweenn 10 and 80 mmHg at mean pressure of 60 mmHg was assessed (C + 
D,, total 6 pressure amplitudes). Pulsating pressure of these amplitudes was 
appliedd in random order, maintained for 3 minutes with 3 minutes no pulsations 
inn between. Then trains of pressure pulsation with different amplitudes were 
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FigureFigure 4.3: A: Effect of 10 fiM L-NNA on flow-induced dilation. B: pulsating 
pressure-inducedpressure-induced dilation at various shear levels in the presence of L-NNA (n = 
6). 6). 

appliedd in the presence of flow with shear values ranging from 5 to 40 dyne/cm2 

(EE + F, total 42 combinations of shear stress and pulsatile pressure, including 
againn zero flow and zero pulsation). As shown in Fig. 4.IE, first, flow was 
appliedd to the vessels. After 3 minutes, when the dilation to shear achieved 
steadyy state, pressure pulsations were also started. The pressure pulsations 
weree maintained for another 3 minutes. After these 3 minutes the pulsations 
weree stopped and the vessel was allowed to regain the diameter before pulsations 
att steady pressure without stopping the flow. Then, the next pulsating pressure 
protocoll  was started. After all pressure protocols were performed, flow was 
stoppedd and vessels were allowed to regain their initial diameter (G), before the 
nextt flow value was applied. For each shear, the order of pressure pulsation 
protocolss was randomized. The shear values were also applied in random order. 
Inn two experiments after the completion of the protocol, the order of flow and 
pressuree application was also reversed. In this case, the vessels were kept under 
continuouss pressure pulsations, and responses to 3 minutes flow episodes with 
differentt shears were recorded. Also here, different flow levels were applied in 
randomm order. 

EffectEffect of L-NNA: In 6 of the 11 vessels, the effect of flow on pulsating 
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pressure-inducedd dilation was also studied in the presence of 10 /xM L-NNA. Af-
terr the flow and pulsating pressure protocols were performed, flow was stopped 
andd the eNOS inhibitor was applied to the vessels at steady mean pressure of 
600 mmHg. After incubating for 30 minutes, the efficacy of eNOS blockade was 
testedd by recording the flow-dependent dilation curve. Then the shear and pres-
suree pulsations protocols were started following the same procedure as described 
above. . 

ExperimentalExperimental group 2: Effect of SNP on pulsating pressure-induced dilation: 
55 arterioles were tested. We examined the vessel viability by testing the basal 
tonee development and endothelial response to flow. Then the dilation in re-
sponsee to pulsating pressure profiles with 1.5 Hz frequency, sine waveform and 
peak-peakk amplitudes between 10 and 80 mmHg at mean pressure of 60 mmHg 
wass assessed. Pulsating pressure with each amplitude was applied for 3 minutes 
withh 3 minutes no pulsations in between. The order of pulsations of the various 
amplitudess was randomized. Vessels were then incubated for 20 minutes with 1 
nMM sodium nitroprusside (SNP). With the NO donor still present in the organ 
bath,, pulsating pressure-induced dilation for all amplitudes was again recorded. 
Thee same procedure was performed in the presence of 3 nM SNP. 
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FigureFigure 4-4: A: Tone in arterioles before and after treatment with 1 and 3 nM 
SNPSNP (n = 5); B: augmentation of pulsating pressure-induced dilation by 1 and 
33 nM SNP (n = 5). 
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ExperimentalExperimental group 3: Effect of SOD: In order to test whether pulsating 
pressuree is an oxidant stimulus in the cannulated coronary arterioles, in 4 sepa-
ratee vessels, the dilation to various pulsating pressure protocols in the absence 
off  flow was recorded after 40 minutes incubation with 100 U/ml SOD. The SOD 
wass present in the superfusion medium during all interventions. The pressure 
protocolss were applied in random order. 
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FigureFigure 4-5: Diameter excursions, reflecting dynamic distensibility, averaged over 
thethe first two pressure oscillations (A) and at steady state (B) in the absence and 
presencepresence of SNP 

4.2.44 Drug s 

SNP,, L-NNA, bradykinin and SOD S-2515 were purchased from Sigma Chem-
icalss (St. Louis, MO). 

4.2.55 Data analysis 
Al ll  vascular diameters as well as the degree of dilation were normalized to 

maximumm dilated diameters of the vessels, as obtained in response to 0.1 /uM 
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bradykininn at 60 mmHg intraluminal pressure at the end of the experiment. 
Dataa are presented as mean  SEM. For each 3-minute intervention the time-
averagedd diameter was obtained after development of a stable response. For 
eachh experimental group we used SPSS to test in a mixed linear model whether 
dilationn depends significantly on pulsations amplitude, intervention (i.e. pres-
encee of absence of flow or SNP) and their product (interaction term). Results 
weree considered statistically significant for P < 0.05. 

4.33 Results 

4.3.11 Experimental group 1: Effect of flow on pulsating 
pressure-inducedd dilation 

111 vessels (145.7  9.1 ^m passive inner diameter) were included in this 
group.. A typical example describing the experiment is presented in Fig. 4.1. 
Afterr development of basal tone at constant mean pressure (Fig. 4.1A), vessels 
dilatedd to increasing levels of flow (Fig. 4.IB). In the subsequent test of pulsating 
pressuree without flow, dilation occurred at 40 mmHg pulsation (Fig. 4.1C, 40 
mmHgg induced 5 jum dilation), but not at 30 mmHg (Fig. 4.ID). The presence 
off  flow augmented the dilation to pulsating pressure (Fig. 4.1 E and F). Thus, 
300 mmHg caused a 15 fim dilation in the presence of 30 dyne/cm2, while the 
samee pulsation was without effect in the absence of flow. 

Thee average data are summarized in Fig. 4.2. Fig. 4.2A presents the 
diameterr just before the various flow periods and after onset of flow (illustrated 
inn Fig. 4.1 E and F). In these randomized protocols, average basal tone before 
onsett of flow was the same for all shears. Flow induced vasodilation in all 
experiments.. The flow-induced dilation was 11.1 % of Dmax at 10 dyne/cm2 

andd 12.9  2.0% at 30 dyne/cm2. Fig. 4.2B depicts the dilation to pulsating 
pressuree as a function of pulsation amplitude under simultaneous application of 
variouss shears. In the absence of shear stress, significant dilation was only found 
att amplitudes above 40 mmHg peak-peak. However, when flow was present, 
dilationn became evident at lower pulse pressures and was larger. As an example, 
300 mmHg pulsation did not cause any dilation without flow, but at 10 dyne/cm2 

suchh pulsation induced an extra dilation by 7.4  3.8% of Dmax on top of the 
initiall  flow-induced dilation. Pulsation-induced dilation above 40 mmHg, which 
alreadyy occurred in the absence of flow, was enhanced at 10 and 30 dyne/cm2. 

Dilationn to pulsating pressures of 10-80 mmHg was significantly augmented 
byy 10 dyne/cm2 shear stress (P < 0.001, 10 dyne/cm2 versus no shear, Mixed 
linearlinear model). When the flow was increased to 30 dyne/cm2 the extra dilation 
too pulsating pressure became even larger, (P = 0.05 in the presence of 30 
dyne/cmdyne/cm22 versus 10 dyne/cm2, Mixed linear model). A shear of 5 dyne/cm2 

inducedd an augmentation comparable to that of 10 dyne/cm2, while shear above 
300 dyne/cm2 did not further augment pulsating pressure-induced dilation (data 
nott shown). 
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FigureFigure 1^.6: Pulsating pressure-induced dilation in the presence and absence of 
1000 U/ml SOD (n = 4). 

Wee considered the possibility that the increased sensitivity to pulsating pres-
suree in the presence of flow relates to lower tone rather than to specific effects 
off  flow. However, when comparing responses of individual vessels to pulsating 
pressuree we found no relation between initial level of tone and dilation. Thus at 
neitherr 0 nor 30 dyne/cm2 the response to 40 mmHg was correlated with the 
initiall  level of tone (regression analyses, data not shown). 

66 of the above 11 vessels were subsequently incubated with 10 /J,M L-NNA, 
andd the flow and pulsating pressure protocols were repeated. L-NNA almost 
completelyy inhibited flow-induced dilation at steady pressure (Fig. 4.3^4). In 
thee presence of the endothelial NO synthase inhibitor, flow with shears of 10 
andd 30 dyne/cm2 did not have any effect on pulsating pressure-induced dilation. 
Thuss augmentation of pulsating pressure-induced dilation in the presence of flow 
wass fully absent over the whole range of pulse amplitudes tested, (P = N.S. in 
thee presence versus absence of L-NNA, Mixed Linear model), Fig. 4.3B. 

4.3.22 Experimental group 2: Effect of SNP on pulsating 
pressure-inducedd dilation 

Thee 5 arterioles (151.6  2.6 am passive inner diameter) developed basal 
tonee to 73.2  1.0% of their passive inner diameter at 60 mmHg steady pressure 
(Fig.. 4.4A) in the absence of SNP. Addition of 1 nM or 3 nM SNP did not 
affectt the basal level of constriction, indicating that 3 nM SNP is still a sub-
thresholdd concentration (P = N.S. during SNP superfusion versus basal tone, 
MixedMixed Linear model). 

Whilee these doses of SNP did not affect basal tone at all, they did cause 
augmentationn of pressure-induced dilation. Thus, without SNP, vessels dilated 
uponn onset of pulsating pressures above 40 mmHg. Pressure pulsations with 
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thiss amplitude induced a dilation of 5.3  1.6% of Dmax, (Fig. 4.4B). The 
additionn of 1 nM SNP to the supervision medium induced a significant increase 
inn pulsation-dilation over the whole range of pulsation amplitudes (Fig. 4AB, P 
<<  0.001 after versus before 1 nM SNP, Mixed linear model). Moreover, vessels 
becamee sensitive to lower amplitudes of pulsating pressure, dilation becoming 
significantt for pulsations with amplitudes of 30 mmHg peak-peak. 3 nM SNP 
inducedd significantly larger dilation than 1 nM SNP over the whole range of 
pulsationn amplitudes (P < 0.001, 3 nM versus 1 nM SNP, Mixed linear model). 
Furthermore,, at 3 nM SNP, dilation became already significant for pulsations of 
100 mmHg peak-peak amplitude (7.3  1.7% of Dmax, P < 0.05 diameter after 
pressuree pulsations versus basal diameter, Mixed linear model). Responses to 
pulsatingg pressure did not depend on the initial level of tone (data not shown). 

Whilee addition of SNP did not affect the basal tone in the vessels, we have 
noticedd that the diameter excursions during pulsations became larger in the 
presencee of SNP. Fig. 4.5 shows the averaged diameter excursions during first 
twoo pressure oscillations and at steady state. At 30 mmHg pulsation, the ampli-
tudee of the diameter excursions during the first two pressure pulsations doubled 
inn the presence of 3 nM SNP as compared to control, while the steady state 
diameterr pulsations increased from 2.9  0.3 to 8.1  0.2 fim. An increase in 
initiall  and steady state diameter pulsation was found at all pressure pulsation 
amplitudes.. The difference in diameter amplitudes between control and 3 nM 
SNP,, was significant both for the initial pulsations (P < 0.005) and in steady 
statee (P < 0.001 , Mixed linear model). 

4.3.33 Experimental group 3: Effect of SOD on pulsating 
pressure-inducedd dilatio n 

44 arterioles were tested in order to assess the SOD effect on pulsation-induced 
dilationn in the absence of flow. Incubation with 100 U/ml SOD did not signif-
icantlyy affect the dilation to pulsating pressure (P — N.S. with versus without 
SOD,, Mixed Linear model), Fig. 4.6. 

4.44 Discussion 

Thiss study presents several new findings: flow at physiological shear values 
enhancedd dilation to pulsating pressure in cannulated sub-endocardial arterioles 
andd sensitized the vessels to low amplitudes of pulsation. This effect was mim-
ickedd by concentrations of SNP that do not affect the basal diameter and was 
blockedd by L-NNA, indicating the involvement of NO in such enhancement. The 
enhancedd dilation to pulse pressure in the presence of SNP was related to an 
increasedd dynamic distensibility. This increase in distensibility occurred despite 
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thee lack of an effect of SNP on basal tone. Finally, pulsating pressure-induced 
dilationn was not augmented in the presence of SOD. 

Thee large variations in transvascular pressure that we applied occur in vivo in 
thee sub-endocardial microvessels. Thus, at systole, a high extravascular pressure 
iss generated by the contracting surrounding myocardium. This reduces the 
transvascularr pressure gradient and causes systolic collapse and backflow in the 
sub-endocardiall  arterioles. Such collapse has been observed directly [4] as well as 
predictedd by non-linear models of the coronary circulation [5]. Since interstitial 
pressuree at the sub-endocardium resembles the left ventricular pressure [6], [7], 
transvascularr pressure variations with peak-peak amplitudes as large as 60 — 80 
mmHgg can be expected in vessels from this area. Studies by our group and 
byy others [3], [8], [1] showed a substantial vasodilator effect of such pulsating 
pressuree on isolated, cannulated coronary arterioles. 

InIn vivo, coronary arterioles are subjected to a combination of dilator influ-
ences,, including pulsatile pressure. Such dilator effects do not necessarily sum 
up.. Thus, for any two dilators the combined effect could be less than the in-
dividuall  responses (competition), equal (independency), or larger (facilitation). 
Floww and pulsating pressure are simultaneously present in sub-endocardial ar-
terioles.. Furthermore, they both dilate coronary arterioles at physiologically 
relevantt levels. The current paper shows facilitation of pulsation-induced di-
lationn by flow and NO. This facilitation was substantial. As an example, 30 
mmHgg pulsation caused no dilation in the absence of flow, while in the presence 
off  30 dyne/cm2 the pulsation-induced dilation was 14.2  4.1%. Moreover, in 
thee presence of flow vessels dilated already at 10 mmHg peak-peak amplitude 
off  pressure pulsation, in contrast to the threshold of 40 mmHg found under no-
flow.flow. This indicates sensitization of vessels to also low amplitudes of pulsating 
pressuree by flow. 

Wee tested whether NO mediates the enhancement of pulsating pressure-
inducedd dilation in the presence of flow. In the healthy porcine coronary circu-
lation,, flow-induced dilation has been shown to be fully NO-dependent [9], [2], 
Thiss was also the case in the current study (Fig. 4.3). A priori this does not 
necessarilyy mean that the augmentation is also NO-dependent. Yet, as shown 
inn Fig. 4.3, the involvement of NO in the enhancement of pulsation-induced 
dilationn by flow was clear from the total block of this effect by L-NNA. Further-
more,, the augmenting effect of flow could be mimicked by the exogenous NO 
donorr SNP. SNP induced a significant increase in dilation to pulsating pressure 
overr the whole range of amplitudes without affecting the vascular initial active 
diameter.. Furthermore, vessels became sensitive to pulsations with amplitudes 
ass low as 10 mmHg in the presence of not only flow but also SNP. The SNP 
resultss suggest that facilitation occurred at the level of the smooth muscle cells 
ratherr than by combined effects of pulsation and flow on endothelial cells. This 
iss supported by observations in a single de-endothelialized vessel. In this vessel, 
pulsation-inducedd dilation before and after removal of the endothelium was sim-
ilar.. Subsequent addition of SNP markedly improved the dilation to pulsating 
pressure. . 

Recchiaa et al. [10] showed that in isolated porcine carotid segments, pulsatile 
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pressure-inducedd dilation is endothelium-independent. The pulsation-induced 
dilationn that we observe in the coronary arterioles was previously also shown 
too be endothelium-independent [3]. In addition, it was not accompanied by a 
falll  in intracellular calcium [1]. However, studies on other vessels have shown 
thee presence of an endothelial component. Thus, Popp et al. [11] showed that 
inn isolated porcine epicardial coronary arteries of 2 mm in diameter, pulsatile 
pressuree of 40 mmHg peak-peak amplitude induces dilation and releases a trans-
ferablee endothelium-derived factor believed to be an EDHF. In vivo, Recchia 
etet al. [12] showed that enhanced pulsatile perfusion increases coronary flow. 
Thiss effect was blocked by L-NNA. Based on our results, these data may still be 
consistentt with a direct effect of pulsations on the coronary SMC. Thus, in that 
inn vivo setting, flow and therefore NO are likely to continuously potentiate the 
pulsatingg pressure effect. It could be this potentiation rather than the direct 
effectt of pulse pressure that was blocked by L-NNA. 

Thee effect of nanomolar concentrations of SNP on distensibility of the vessels 
iss intriguing, especially since this occurred in the absence of any effects on tone. 
I tt was not the purpose of this study to unravel the mechanisms of this effect, nor 
too extensively quantitate the vascular wall elasticity and viscosity. Future work 
wil ll  have to address the possible involvement of modifications of the contractile 
elementss and cytoskeleton in this. In any case, the increased distensibility is 
likelyy to be causal to the enhanced pulsation-induced dilation in the presence 
off  NO. 

Wee showed that very small amounts of extrinsic NO (1 — 3 nM) sensitize 
thee vessel to low amplitudes of pulsation. Based on this effect these concentra-
tionss still have to be substantial in comparison to bioavailability of intrinsically 
producedd NO under no-flow. Oxygen radicals are known to reduce such bioavail-
ability.. In particular, it has been shown that pulsatile stretch is a stimulus for 
superoxidee production by NADPH oxidase and eNOS in human aortic endothe-
liall  and smooth muscle cells [13], [14]. One could therefore speculate that the 
absencee of low-amplitude pulsation-induced dilation under no-flow is caused by 
thee quenching of the intrinsically produced NO by the generated superoxide 
anions.. In order to test this, we incubated the arterioles with SOD. However, 
thee response to pulsating pressure was unchanged in the presence of the super-
oxidee anion scavenger, excluding the possibility that NO quenching occurs and 
suggestingg that production of NO in this preparation under no-flow conditions 
iss too low to sensitize the vessels to pulsation. 

Thee current study employed sub-endocardial arterioles because these vessels 
normallyy experience the high pressure pulsations inducing dilation. However, 
itt is now clear that in the presence of flow, dilation already occurs at pulsa-
tionn amplitudes of 10 mmHg. Thus, conductance arteries and larger resistance 
arteriess may well experience a tonic dilatory influence of pulse pressure under 
thesee conditions. In addition, the NO produced in the presence of flow could 
welll  increase distensibility also in the major arteries and thereby reduce pulse 
pressure.. Considering the relevance of pulse pressure for cardiovascular disease, 
thesee issues justify further investigation. 

Sincee pulsation in this layer is large, the sensitization to low amplitudes of 
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pulsationn in the presence of NO or flow seems not very relevant for the sub-
endocardiall  vessels. However, in the presence of a proximal coronary stenosis, 
pulsationn amplitude is greatly reduced. This is concluded from modeling work 
andd a few direct observations of sub-endocardial diameter pulsation [4]. Under 
suchh low-pulsating regime, healthy sub-endocardial vessels would maintain a 
substantiall  dilation. However, in the presence of a dysfunctional endothelium 
bothh the direct effect of flow and the sensitivity to the remaining pulsation would 
disappear,, aggravating sub-endocardial perfusion in the already compromised 
coronaryy bed. 

Inn conclusion, in the coronary circulation flow strongly enhances the dilation 
byy pulsating pressure via a NO-dependent effect, possibly through enhanced dis-
tensibility.. The combined effect of flow and pressure pulsation would strongly 
improvee sub-endocardial perfusion under healthy conditions. This mechanism 
off  vasodilation would be affected in the presence of proximal stenoses or mi-
crovascularr endothelial dysfunction 
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V V 

Calciumm blockade prevents 
pressure-dependentt inward 

remodelingg in isolated 
sub-endocardiall  resistance vessels 

Background:: In sub-endocardial arterioles, large variations of transvascular 
pressuree exist due to the contracting surrounding myocardium. In obstruc-
tivee coronary disease, these conditions change. We hypothesized that altered 
transvascularr pressure profiles affect tone and structure of sub-endocardial ar-
terioles,, and that maintained pharmacological vasodilation induces outward re-
modelingg under these conditions. Methods and Results: 36 isolated porcine 
sub-endocardiall  vessels (around 160 ^tm) were cannulated and cultured for 3 
days.. Vessels were subjected to different transvascular pressure profiles: Osc 
80:80: mean 80 mmHg, 60 mmHg peak-peak sine wave pulsation amplitude at 1.5 
Hz;; St 80: steady 80 mmHg; Osc 40: mean 40 mmHg, 30 mmHg amplitude; 
StSt 40: steady 40 mmHg. Under the Osc 80 profile, modest tone developed, 
reducingg the diameter to 69.5  13.6% of the maximal, passive diameter. No 
inwardd remodeling was found here, as judged from the passive pressure-diameter 
relationn after 3 days of culture. Under all other profiles, much deeper tone de-
velopedd (e.g. Osc 40: . In addition, these vessels showed eutrophic 
inwardd remodeling (e.g. Osc 40: passive diameter reduction by 26.3  1.6%). 
Thee calcium blocker, amlodipine induced maintained dilation in St 40 vessels, 
andd reversed the 23.4  2.5% inward remodeling to 13.4  3.6% outward remod-
elingg towards day 3. Conclusions: During obstructive coronary artery disease, 
microvascularr mean pressure and pulsation amplitude may both be reduced. 
Ourr data indicate that either condition leads to microvascular constriction fol-
lowedd by inward remodeling. These effects could be reversed by amlodipine. 
Vasodilatorr therapy could improve microvascular function and structure, sup-
portingg sub-endocardial perfusion in coronary artery disease. 

Oanaa Sorop, Erik N.T.P. Bakker, Jos A.E. Spaan, and Ed VanBavel 
Submitted Submitted 
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5.11 Introduction 

Locall  coronary perfusion depends on both the structure of the microvascu-
larr bed and the tone of the small arteries and arterioles. Among other factors 
suchh as shear stress [1], the local pressure forms an important determinant of 
arteriolarr tone [2]. Thus, in acute experiments on isolated coronary arterioles, 
myogenicc dilation is observed when pressure is reduced. In addition, pulsating 
pressuree induces acute vasodilation [3]. This is of relevance for the vessels in the 
vulnerablee sub-endocardium that in systole are compressed by the surrounding 
myocardium.. However, in such isolated vessel experiments the pressure profiles 
aree typically maintained only for a few minutes to hours. Very littl e is known 
onn the long-term effects of pressure on coronary microvascular tone and on pos-
siblee remodeling of these vessels. Such long-term changes occur in the coronary 
circulationn as a result of hemodynamically significant stenoses. A microvascular 
componentt to myocardial underperfusion in the presence of coronary stenosis 
hass been suggested. Thus, using histology, Hong et al. observed luminal narrow-
ingg of microvessels distal to a stenosis [4]. Others have observed a compensatory 
decreasee in microvascular resistance after balloon dilation [5]. However, it is not 
clearr to what extent the local pressure profile is involved in such changes. In-
dividuall  resistance vessels are difficult to observe in vivo, since these vessels 
aree located deep in the contracting myocardium. We have recently developed 
techniquess for the organoid culture of cannulated, pressurized arterioles. In a 
studyy on rat cremaster arterioles, a causal link was found between maintained 
deepp tone and inward remodeling [6]. Based on that study, we hypothesize 
thatt sustained effects of pressure profiles on tone of cultured coronary arteri-
oless are followed by pressure-dependent remodeling of these vessels, and that 
long-lastingg pharmacological vasodilation leads to a structural enlargement. We 
culturedd porcine sub-endocardial arterioles for 3 days. We found that these ves-
selss develop a deep tone either in the presence of low mean pressure or in the 
absencee of pulsatile pressure. Such tone was associated with substantial inward 
remodeling.. The L-type calcium channel blocker amlodipine, frequently pre-
scribedd in stable angina pectoris, inhibited the sustained deep tone and induced 
outwardd remodeling of these vessels. 

5.22 Materials and Methods 

5.2.11 Experimental preparation: 

Al ll  experiments were done in accordance with the guide-lines on animal ex-
perimentss of our institution. The experimental preparation of the blood vessels 
iss described in detail elsewhere [3]. Briefly, eighteen female Yorkshire pigs weigh-
ingg 18 - 23 kg, 12 — 18 weeks old, were anesthetized, intubated and artificially 
ventilatedd and hearts were excised. Prom each heart two sub-endocardial arteri-
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FigureFigure 5.1: Basal tone development during 12 hours in culture in vessels sub-
jectedjected to various pressure profiles (n=6 in each group). 

oless were dissected free of surrounding tissue, and cannulated at both ends with 
glasss micropipettes under sterile conditions. Cannulated sub-endocardial arte-
rioless were cultured for three days (72 hours) using the technique for organoid 
culturee of cannulated cremaster muscle arterioles developed by Bakker et al. 
[6].. Briefly, after cannulation, the arterioles were perfused with Leibovitz cul-
turee medium supplemented with penicillin 100 IU/ml, streptomycin 0.1 mg/ml, 
ciprofloxacinn 0.2 mg/ml and 10% heat-inactivated FCS. Each cannula was inde-
pendentlyy pressurized by a Venturi valve, (FAIRCHILD T5200-50), driven by a 
commandd voltage. We simulated the extravascular compression exerted by the 
contractingg myocardium on sub-endocardial arterioles by applying transvascu-
larr pressure variations to the cannulated vessels. This transvascular pressure 
waveformm was obtained by reducing intravascular pressure rather than increas-
ingg extravascular pressure. A small pressure gradient was established between 
cannulass in order to ensure the refreshment of the intraluminal fluid ( shear 
stresss < 1 dyne/cm2). The vessels were superfused with Leibovitz medium with 
thee same composition, but without the FCS. Internal and external diameters of 
thee vessels were continuously measured using a video technique. The tempera-
turee was maintained constant at 37°C. All drugs were added to the superfusion 
medium. . 

5.2.22 Protocols 

ExperimentalExperimental group 1: Effect of pressure profiles: 24 sub-endocardial arte-
rioless (internal diameters around 160 zmi) were successfully isolated and can-
nulated.. During the culture period, vessels were subjected to four different 
pressuree profiles: 

OscOsc 80 group: 6 vessels were subjected to a mean pressure of 80 mmHg and 
pressuree pulsations of 60 mmHg peak-peak amplitude with sinusoidal wave-
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formm and 1.5 Hz frequency. This pressure profile combines values of steady and 
pulsatingg pressure thought to be physiological for the sub-endocardial arterioles. 

StSt 80 group: 6 vessels were kept at 80 mmHg steady mean pressure without 
transvascularr pressure pulsations. 

Bradykinin-inducedd dilation 
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FigureFigure 5.2: Bradykin-induced dilation on day 0 and 3 of culture in vessels sub-
jectedjected to different pressure profiles. The dilation is normalized to the maximal 
responseresponse to papaverine recorded on the same day (n = 6 in each group). 

OscOsc 40 group: 6 vessels were subjected to a low mean pressure of 40 mmHg, 
andd 30 mmHg peak-peak pressure pulsations. This maintains the pulsation 
amplitudee to 3/4 of the mean pressure, as in the Osc 80 group. 

StSt 40 group: 6 arterioles were kept at 40 mmHg mean pressure and no 
pressuree pulsations. 

Afterr cannulation, vessels were heated to 37° C and 10~4 M papaverine 
wass added. 30 minutes later, when the vessels were fully dilated, the passive 
pressure-diameterr curve for pressure values ranging between 10 and 120 mmHg 
wass constructed (day 0 of culture). This was repeated on the last day of culture 
(dayy 3). Remodeling was assessed from the differences in passive pressure-
diameterr curves on day 0 and 3. Basal tone development was recorded during 
thee whole experiment. Endothelial-dependent dilation to 10~6 M bradykinin 
wass recorded on day 0 and 3. 

ExperimentalExperimental group 2: Effect of amlodipine: 12 vessels (6 amlodipine, 6 
control)) were cultured at 40 mmHg steady pressure and no pressure pulsations 
(St(St 40 conditions). 10~7 M amlodipine was added to the superfusion medium 
duringg the whole experiment. Amlodipine was washed out daily for 1 hour and 
thee response to endothelin was tested. Contractility to endothelin and dilation 
too bradykinin in the presence of the preconstrictor at 40 mmHg were tested. On 
thee last day of culture, reactivity to endothelin and bradykinin were also tested 
att 10 mmHg mean pressure. 
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FigureFigure 5.3: No inward remodeling was recorded in vessels cultured under Osc 
8080 pressure profiles (n = 6, 3A). The other three groups developed significant 
inwardinward remodeling. In Osc 40 and St 40, three extra days of culture in the 
presencepresence of papaverine only partly reversed the remodeling. 

5.2.33 Electron microscopy 

Onee fresh vessel, two vessels cultured under St 40 conditions and two vessels 
culturedd in presence of amlodipine under St 40 conditions were processed for 
transmissionn electron microscopy (TEM). Vessels were fixed in 4% formaldehyde 
andd 1% glutaraldehyde in 0.1 M sodium phosphate buffer at 40 mmHg when fully 
dilatedd by papaverine. The fresh vessel was fixated shortly after cannulation 
whilee all other vessels were fixated at the end of the culture period. Vessels were 
postfixedd with 1% osmium tetroxide and 1% lanthanum nitrate and embedded 
inn LX112. Ultra-thin cross sections were made of the middle part of the vessels. 
Digitall  TEM pictures were obtained with a built-in CCD camera and analyzed 
usingg CorelDraw 9 software. 

5.2.44 Drugs 

Bradykinin,, endothelin and papaverine were purchased from Sigma Chem-
icalss (St. Louis, MO). FCS was obtained from Bio-Wittaker (Bio-Wittaker 
Europe,, Verviers, Belgium). Penicillin and streptomycin were purchased from 
GIBCOO (GIBCO, Invitrogen BV, Breda, The Netherlands). Amlodipine was 
obtainedd from Pfizer (Pfizer, USA). 
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FigureFigure 5-4: A: CSAw in any experimental condition did not change during 
cultureculture (n = 6 in each group). B: Wall/lumen diameter ratio under all pressure 
profiles.profiles. *:  P < 0.05, paired t-tests. 

5.2.55 Data analysis 

Dataa are presented as mean  SEM. Diameters were normalized to the pas-
sivee values recorded on day 0 at 80 mmHg, (dmax). Wall cross sectional area 
(CSAvy)) and wall thickness/lumen diameter ratio were calculated from the in-
nerr and outer diameters of the vessels measured from the digitized video images 
att 40 mmHg mean pressure. To test for the statistical significance of differences 
inn the vascular remodeling and tone under the various conditions we used a 
linearr mixed model approach (SPSS version 11.5.0, SPSS Inc. Chicago, Illinoi s 
USA).. Differences between days 0 and 3 in dilatory and constrictor responses to 
bradykininn and endothelin, wall cross-sectional area and wall/lumen ratio were 
testedd with Student paired t-test. Significance was accepted for P < 0.05. 
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5.33 Results 

5.3.11 Experimental group 1 

BasalBasal tone: Vessels under the Osc 80 profile developed less deep basal tone 
ass compared to all other pressure profiles. In the Osc 80 group (n = 6, dmax— 
1755  11 /im) basal tone started to develop 12 hours after the beginning of the 
experiment.. Tone developed progressively during the culture period, diameters 
decreasingg on day three of culture to 69.5  13.6% of dmax (Fig. 5.1). In the St 
8080 group (n = 6, dmax= 162 0 /mi) the active tone development followed a 
similarr time course, but was much deeper. Thus these vessels constricted on the 
lastt day to 35.7  4.8% of dmax (Fig. 5.1). The vessels maintained at low mean 
pressuree (Osc 40 group, n = 6, dmax— 172  19 /im, and St 40 group, n = 6, 
ddmamax=x= 5 /mi) remained dilated for approximately 24 hours, but then also 
developedd a deep tone. Diameters decreased to 21.4  3.4% of dmax in Osc 40 
andd 36.8 % of dmax in St 40 arterioles. At day 3 the active diameters were 
similarr (P = N.S.) in St 80, Osc 40 and St 40 groups but significantly smaller 
ass compared to the Osc 80 group (P < 0.01, Linear mixed model (LMM)). 

EndothelialEndothelial function: Endothelial dilation to bradykinin was tested. On 
dayy 0, vessels were preconstricted with 10~8 M endothelin at 80 mmHg steady 
pressure.. All vessels dilated fully to 10- 6 M bradykinin as compared to the 
responsess to papaverine on the same day (Fig. 5.2). On day 3, vessels from all 
groupss were again set to 80 mmHg steady pressure and allowed to stabilize for 
11 hour. On this day all vessels were responsive to bradykinin. No significant 
differencess in responsiveness were observed between the groups (Fig. 5.2). 

Remodeling:Remodeling: Inward remodeling occurred in the vessels from St 80, Osc 40 
andd St 40 profiles, but not in the Osc 80 group. Thus, in the vessels from the 
OscOsc 80 group, the passive pressure-diameter curves on day 0 and 3 were not 
significantlyy different (P — N.S. day 0 versus day 3, LMM). For example, on 
dayy 3 the passive diameter at 80 mmHg was reduced by only 1.2  4% of dmaa: 

(Fig.. 5.3A). In contrast in the St 80 group the passive pressure-diameter curve 
shiftedd downward significantly (P < 0.001, day 0 versus day 3). Thus the passive 
diameterr at 80 mmHg was reduced by 15.2  1.4% at day 3 (Fig. 5.3C). Still 
largerr remodeling was present in vessels kept al low pressure in the presence 
orr absence of pulsations, (Fig 5.3B, D P < 0.001, day 3 compared to day 0 
bothh in Osc 40 and St 40 groups). At 80 mmHg Osc 40 and St 40 arterioles 
remodeledd by respectively 26.3  1.6% and 19.6 . The inward remodeling 
seenn under these pressure profiles was not readily reversible by maintaining 
vasodilation.. Thus, in the low pressure groups three extra days of incubation in 
10- 44 M papaverine could not reverse the diameter reduction (20.1  1.1% versus 
26.33  1.6% day 6 versus day 3 in Osc 40 and 12.5  1.1% versus 19.6  0.9% 
inn St 40 group), (Fig. 5.3B, D). 

CSAwCSAw and wall/lumen ratio: In all vessels, irrespective of the culture con-
ditions,, CSAw was not significantly changed at the end of the culture period 
(inn all groups, P = N.S., day 0 versus day 3, paired t-test, Fig. 5.4). The 

97 7 



ChapterChapter 5: Pressure, amlodipine and coronary arteriolar remodeling 

Tonee development 

Amlodipine e 
^^ Amlodipine 

255 50 75 

Hourss in culture 

100 0 

Endothelin-inducedd constriction 

255 50 75 

Hourss in culture 

100 0 

FigureFigure 5.5: A: 6 arterioles cultured in the presence of amlodipine showed pro-
gressivegressive increase in diameter during culture. Control St 40 vessels developed 
basalbasal tone beginning at the second day of culture. B: Amlodipine treatment im-
pairedpaired the response to endothelin. 

inwardd remodeling found in vessels from St 80, Osc 40 and St 40 groups was 
associatedd with an increase in wall/lumen ratio (P < 0.05, paired t-test for these 
threee groups, Fig. 5.4). In contrast, in the Osc 80 group, wall/lumen diameter 
ratioo was not changed (P = N.S., paired t-test) on day 3 compared to day 0. 

5.3.22 Experimental group 2 

10~77 M amlodipine induced maintained vasodilation in vessels cultured under 
StSt 40 conditions. The diameter on day 3 was % of dmax (Fig. 5.5A). 
Inn contrast, the control vessels developed a significant amount of basal tone 
duringg the culture period. The diameter on day 3 decreased to 31.9  3.7% of 
dmax,dmax, (P < 0.001 with versus without amlodipine). Amlodipine reduced the 
responsivenesss to endothelin, tested after washout, towards the third day in 
culturee (Fig. 5.5B). On day 0, constriction to endothelin was similar in both 
vessell  groups. Thus the diameter decreased to % in control vessels and 
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35.55  0.8% in treated vessels (P = N.S., paired t-test). On day 3 in the vessels 
thatt had received amlodipine,the responsiveness to endothelin after washout 
off  the calcium blocker was strongly reduced, the constrictor inducing only a 
decreasee in diameter to 97.1  1.6% of dmax. In contrast untreated vessels 
obtainedd increasingly smaller diameters upon endothelin stimulation, causing 
almostt full closure (4.3  1.0% of dmax) at day 3. When the mean pressure 
wass lowered to 10 mmHg, the constriction induced by endothelin in the vessels 
thatt received amlodipine was similar to that on day 0 (diameter reduction to 
38.33  1.3% of dmax). Responsiveness to bradykinin tested at 10 mmHg was not 
affectedd by amlodipine treatment. In all vessels, dilation to bradykinin on day 
33 was not significantly different from day 0 (data not shown). 
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FigureFigure 5.6: A: Amlodipine treatment induced outward remodeling during 3 days 
inin culture, while control arterioles show inward remodeling. 

Amlodipinee prevented the inward remodeling. In amlodipine treated vessels 
thee maintained dilation was paralleled by a substantial outward remodeling. 
Thus,, at 80 mmHg diameter had increased at day 3 to 113.4  3.6% of dmax (P 
<<  0.001 day 0 compared to day 3, LMM), Fig. 5.6. In the control arterioles 
significantt inward remodeling (23.4  2.5% of dmax, P < 0.001 day 0 compared 
too day 3, LMM) was recorded. While the outward remodeling was significant 
overr the whole pressure range, it was particularly large at 10 mmHg % 
off  dmax increase day 3 versus day 0). In both sets of vessels, the CSAW was 
nott significantly changed during culture (Fig. 5.7A). Amlodipine treatment 
preventedd the increase in wall/lumen ratio observed under St 40 conditions. 
Thus,, there was no significant change in wall/lumen ratio in the treated vessels 
butt a significant increase in this parameter on day 3 in the control vessels (P < 
0.05,0.05, t-test), (Fig. 5.7B). 
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group.group. *:  P < 0.05, paired t-tests. 

5.3.33 Electron microscopy 

Thee total intima-media (I+M) thickness was measured in 15 - 20 different 
spotss along the vessel circumference and the values averaged. The I+M cross 
sectionall  area (CSAJM) was then calculated from the thickness measured from 
thee TEM pictures and the inner diameter recorded during fixation. CSAIM 

wass 3250 jim2 for the fresh vessel, and averaged 3117 fim2 for the control St 
4040 vessels and 3136 /zm2 for the amlodipine treated vessels. All vessels showed 
goodd endothelial coverage and no neo-intima formation. 

5.44 Discussion 

Thiss study is the first to show the ability of coronary arterioles to remodel 
inn a pressurized in vitro setting. Inward remodeling following continuous deep 
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activee tone was found in vessels cultured in the absence of pulsatile pressure 
orr at reduced (40 mmHg) mean pressure. In contrast, vessels kept under a 
pulsatingg regime at 80 mmHg did not remodel. Maintained calcium channel 
blockadee by amlodipine significantly increased the vascular diameter during the 
culturee period and reversed the inward remodeling to outward remodeling. 

Whenn a coronary stenosis develops, the hemodynamic conditions in the mi-
crovasculaturee change. The stenosis resistance is known to induce a drop in per-
fusionn pressure. Additionally the transvascular pressure pulsations in the sub-
endocardiall  arterioles resulting from the contracting surrounding myocardium 
mayy also change. One can envision that the resistance of the stenosis and the 
compliancee of the microvasculature, together form a low pass filter system that 
preventss the distal vasculature from emptying in a retrograde fashion during 
systole.. This would limi t the blood flow movement in the vessels and dampen 
thee transvascular pressure pulsations. While this view is supported by direct 
observationss on sub-endocardial diameter pulsations [7], no real time interstitial 
andd intravascular pressure measurements in the subendocardium are available. 
Thereforee we designed different pressure profiles covering a range of pressure 
changess that may occur in the presence of a stenosis by changing the mean 
pressuree and pulsation amplitudes in various combinations (St 80, Osc 40 and 
StSt 40)- The choice of Osc 80 as the 'non-stenotic' profile was based on mea-
suredd mean pressure [8] and predicted pulsation amplitude in sub-endocardial 
resistancee vessels [9]. 

Thee impact of coronary stenosis on microvascular function and structure is 
poorlyy defined. Mill s et al. found an increase in microvascular resistance distal 
too a coronary stenosis [10]. The increase in resistance could reflect deep tone 
[11].. However, it was not clear to what extent this depends on the pressure 
profile.. We chose the cultured vessel setup in order to isolate the pressure pro-
fil ee as a factor influencing arteriolar function and structure and to be able to 
directlyy observe these effects. It is well understood that other factors, including 
alterationss in the flow pattern and microvascular endothelial dysfunction [12], 
aree likely to interact with these pressure effects. Also, the increase in microvas-
cularr resistance might partly stem from platelet aggregation [13] due to release 
off  serotonin and thromboxane. 

Effectss of steady and pulsating pressure on isolated coronary arterioles have 
beenn studied before in acute settings. We extend these observations to longer 
timee periods. We found remarkable differences in acute and chronic effects. 
Thus,, the myogenic dilation seen at lower pressure was not sustained for the 
culturee period. Rather, vessels had smaller active diameters by day 3 at the 
lowerr pressure. In addition, acute vasodilation to pulse pressure was observed 
beforee [3] but was only approximately 6 — 7%. Maintaining such pulsation in 
ourr experiments led to approximately 45% differences in active diameter by day 
3.. These long-term effects on tone were not related to endothelial dysfunction: 
underr all profiles, the responsiveness to bradykinin was not changed. 

Thee current study shows that coronary arterioles are able to remodel either 
inwardlyy or outwardly within a very short time frame. Fast inward remodel-
ingg has been demonstrated previously in isolated rat cremaster arterioles [6]. 
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However,, those vessels did not show outward remodeling but rather kept their 
initiall  pressure-diameter relation in the presence of verapamil. Apparently, the 
coronaryy vessels adapt their structure more easily. Bakker et al. [6] suggested 
thatt long term maintained constriction triggers inward remodeling in isolated 
ratt cremaster arterioles. Our data are consistent with this hypothesis. Thus, 
profiless inducing deep tone (St 80, Osc 40 and St 40 groups) also led to inward 
remodeling,, while the Osc 80 vessels developed limited constriction in time and 
didd not remodel. Additionally, in arterioles treated with amlodipine, maintained 
vasodilationn was followed by outward remodeling. Thus, the capacity of coro-
naryy arterioles to show rapid outward remodeling in combination with the link 
betweenn tone and remodeling provides a rationale for using vasodilator therapy 
too improve coronary perfusion by changing microvascular structure. Amlodip-
inee may not be a unique vasodilator in this aspect. In fact, treating the already 
inwardlyy remodeled vessels with papaverine for an additional 3 days also caused 
vessell  enlargement towards the original diameter. 

Bothh the wall CSAw and the intima-media CSAJM were unchanged in re-
modeledd vessels. This reflects re-arrangement of the vascular structure rather 
thann proliferative and synthetic processes. Such eutrophic remodeling has been 
documentedd for the microvasculature in hypertension [14]. Limited informa-
tionn is available on adaptation of the coronary microvascular structure distal 
too experimental stenoses. Hong et al. [4] reported inward remodeling with in-
timaa hyperplasia of small intramyocardial coronary porcine arteries distal to a 
severee epicardial coronary artery stenosis. Saitoh et al. [11] reported medial 
thickeningg of microvessels situated in area perfused by LAD in a porcine exper-
imentall  model of LAD endothelial injury. These in vivo studies indicate lumen 
reductionn by also proliferative processes. We did not test whether media hy-
pertrophyy and neo-intima formation would also occur in our in vitro setting if 
vesselss were maintained for much longer times. In a study on cultured porcine 
carotidd arteries, initial neo-intima formation was found after 8 days [15]. 

Inn trials on patients with coronary artery disease, amlodipine induced di-
lationn of the coronary arteries and blood pressure reduction, decreasing the 
occurrencee of symptomatic angina and silent ischemia [16], [17], [18]. Addition-
ally,, prevention of vasospasm by amlodipine prevented restenosis after percuta-
neouss coronary intervention [19]. Our data now suggest that vasodilator therapy 
causess outward remodeling of vessels distal to coronary stenosis. Possibly, such 
remodelingg adds to the beneficial effects of calcium blocker treatment. Fully 
understandingg the causes and mechanisms of vascular remodeling, and the pos-
sibilitiess to pharmacologically modulate these processes by vasodilators could 
providee new therapeutic options in coronary artery disease. 
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VI I 

Generall  discussion 

Inn a healthy heart, the oxygen consumption is rather similar in the inner 
andd outer layers of the heart muscle. During autoregulation, this is reflected 
byy comparable flows in sub-endocardial and sub-epicardial regions. However, 
theree are differences in the driving pressure and impediment to perfusion in 
bothh layers. Thus, the perfusion of the sub-endocardium is strongly impeded 
byy cardiac contractions, while also a lower perfusion pressure exists here due 
too the pressure drop along the transmural vessels. These impediments must be 
compensatedd by structural and functional adaptations of the microvasculature. 
Furtherr adaptations in the vulnerable sub-endocardium are required in the case 
off  development of coronary stenoses. In order to understand the control of sub-
endocardiall  perfusion under normal conditions and during progression of the 
conduitt vessel disease, the mechanisms for vasodilation and remodeling in the 
resistancee vessels need to be identified. In this thesis, we have addressed this 
onn the basis of isolated vessel experiments. We show that biophysical factors 
suchh as shear stress and pressure play a key role in this adaptation, providing 
mechanismss for vasodilation and control of structure. This thesis also shows 
thatt changes in the microvascular hemodynamics as would occur in stenosis 
formm a drive for deeper tone and also inward remodeling of the larger resistance 
vessels.. In this general discussion we will consider the applied methodology, the 
interactingg effects of biomechanical factors on vascular tone and structure and 
thee clinical relevance of these data. We end the discussion with suggestions for 
futuree research. 

6.11 Methodological considerations and study lim-
itations s 

6.1.11 I n vitr o approach 

Inn order to investigate the contributions of dynamic pressure-induced and 
flow-inducedflow-induced responses to the tone control under well-defined conditions, we have 
chosenn the in vitro cannulation set-up. This system allowed for a good control of 
hemodynamicc profiles and the biochemical environment of the vessel. Moreover, 
thee diameter changes could be continuously followed. However, there are some 
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limitations.. Thus, for a good diameter recording, the vessel has to be isolated 
andd cleaned from all surrounding tissue. Such intervention places the vessels in 
ann artificial environment, where the possible restrictive effects of the myocardial 
tissuee on vessel compliance disappear. Recent data provided by Hamza et al. [1] 
suggestt that the myocardium restricts the compliance of the epicardial arteries. 
Whenn negative pressure was applied, the LAD collapsed in vitro but not in situ. 
Thee effects of myocardial tissue on compliance could be even more substantial 
inn sub-endocardial arterioles since these arterioles are fully embedded in the 
tissuee rather than running along the surface of the heart muscle. A further 
concernn of the in vitro technique is the altered biochemical environment. Thus, 
variouss tone agonists such as endothelin, metabolites, etc., are present in vivo. 
Also,, vessels are perfused with blood and such circulating elements may affect 
vascularr responsiveness. However, the presence of albumin in the intraluminal 
solutionn in our experiments provided good endothelial function in the isolated 
vessels. . 

Thee in vitro approach forces the choice for a given vessel size rather than 
ann integrated measurement over the whole branching network. In the present 
study,, arterioles with a rather narrow size range, of about 150 /im inner diame-
ter,, were employed. However, the regulatory mechanisms have a heterogeneous 
distributionn along the microvascular network. We did not specifically study the 
size-dependentt sensitivity to the pulsating pressure or flow-dependent effects. 

6.1.22 Control of hemodynamics 

Thee in vitro set-up allowed accurate and independent control of pressure 
andd flow in the vessels. By modulating the cannula pressures we generated 
variouss combinations of intraluminal pressure and flow patterns in our vessels, 
accordingg to the equations 4.1 — 4.6 in Chapter 4. The accuracy by which we 
couldd control intraluminal pressure and flow was shown as follows: as mentioned 
inn Chapter 2, using the servo-null technique we measured the intravascular 
pressuree profile in a small cannulated arteriole during application of pulsating 
pressure.. The measured intravascular pressure precisely matched the calculated 
pressure.. Also, using an optical Doppler intravital velocimeter we measured 
thee intravascular flow centerline velocities. As shown in Chapter 3, Fig. 3.9. 
thee measured flow velocity profiles were within 10% of the applied flow for 
frequenciess up to 2 Hz. 

Ourr experiments in cultured vessels were done in the absence of flow. The 
experimentss were designed to specifically address the role of pressure profiles 
onn arterial remodeling. However, flow clearly is an important component of 
vascularr tone and structure control. Technically, controlling the shear in arte-
rioless cultured under pressure for 3 days is less straight-forward than in acute 
experiments.. This is because the pressure gradient necessary to generate a cer-
tainn shear on a cannulated vessel must vary as the vessel diameter changes. 
Feedbackk regulation of the pressure gradient in order to maintain shear stress 
constantt despite changes in diameter might theoretically be possible. However, 
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FigureFigure 6.1: Example of free radical detection over time, by fluorescence, during 
steadysteady and oscillating flow. 

suchh regulation would depend on continuous accurate measurements of vascular 
diameter.. Such diameter tracking systems are sensitive to artifacts. Currently 
inn our laboratory an experimental set-up similar to the one used in Chapter 5 
hass been adapted to control flow in cultured vessels, and experiments on flow 
effectss on vascular remodeling are conducted. 

6.1.33 Free radical measurements 

Thee production of oxygen radicals during dynamic flow was indirectly demon-
stratedd in Chapter 3 by the effects of SOD and DPI on the vessels. However, 
directt measurements of the oxygen radicals and nitric oxide produced during 
applicationn of oscillating or steady flow are desired. We have attempted to 
applyy the dihydroethidium technique for the continuous measurements of O^ 
generationn in the cannulated vessels. This technique is based on the oxidation 
too ethidium and the subsequent binding of ethidium bromide to the DNA, which 
resultss in fluorescence. Fig 6.1. shows an example of fluorescence detection over 
time,, during steady and oscillating flow. While this figure suggests that both 
flowsflows induce O  ̂ generation, we are still uncertain about the interpretation of 
thesee results and therefore have not included them in Chapter 3. Several prob-
lemss occurred when trying to use this technique. In particular, in several cases 
wee observed the fluorescence signal to drop after cessation of flow, which is 
inn disagreement with the concept that binding of the ethidium to the DNA is 
irreversible.. Reproducibility of this technique was low. Attempts to derive a 
reliablee protocol based on incubation with the dye either before, during or after 
thee flow stimulus failed. We suggest that this technique, frequently used as 
staticc measurements on frozen tissue, should be re-evaluated. 
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6.22 Behavior of sub-endocardial arterioles 

AA scheme summarizing the most important effects of cardiac contraction on 
sub-endocardiall  arterial tone is presented in Fig 6.2. It has been shown that 
cardiacc contraction affects flow in the sub-endocardium. This effect has two 
components,, an increased resistance and capacitive flow movement. However, 
experimentss described in this thesis as well as previous studies [2, 3] show that 
suchh dynamic regime could also provide compensatory dilatory mechanisms for 
thee vessels lowering the microvascular resistance. In the next section, on the 
basiss of the current findings we will discuss these effects of cardiac contraction 
onn vascular resistance. 

Cardiacc inotropic state influences the amplitude of the local transvascular 
pressuree pulsations in the embedded microvessels. Higher extravascular tissue 
compressionn results in larger transvascular pressure amplitudes. As shown in 
Chapterr 2, such pressure pulsations induced dilation of isolated coronary arte-
rioless when the amplitude exceeds 40 mmHg. Moreover, the amount of dilation 
increasedd with increasing amplitude of the pulsations (Figs. 2.5 and 4.2). How-
ever,, an increase in pulsation frequency, reflecting an increase in heart rate, did 
nott lead to extra dilation (Fig. 2.4). These observations leave littl e room for a 
rolee of pulsation-induced dilation in the control of vascular tone in response to 
changingg heart rates but it may play an active role during variations in inotropic 
state. . 

Thee effect of cardiac contraction on the flow profile was explained by differ-
entt models [4, 5] and visualized using light-reflecting microspheres [6]. However, 
thee role of such a dynamic flow pattern on the tone control of small coronary 
vesselss was not studied. In Chapter 3 we found that a dynamic flow profile 
inducess dilation of small sub-endocardial arterioles only when a net forward 
flowflow component is present. Dynamic modulations in amplitude or frequency 
off  steady flow did not add to this response. During normal autoregulation in 
aa healthy heart, time-averaged flow seems comparable in the sub-endocardium 
andd sub-epicardium. Under these conditions, a similar role for flow-induced di-
lationn as a proximal amplifier of metabolic dilation in distal vessels may exist in 
bothh layers, irrespective of the pulsatile nature of sub-endocardial flow. How-
ever,, since autoregulation is easier exhausted in the sub-endocardium, also the 
contributionn of flow-dependent dilation could be less here under conditions of 
increasedd demand or enhanced flow impediment such as at high heart rates. 

Thesee mechanisms of tone control do not act independently. Our results de-
scribedd in Chapters 2 and 4 of this thesis, as well as previous data [7, 8] indicate 
thatt interactions exist between such mechanisms. A complete description of the 
interactivee effects of mean pressure, pressure pulsations, flow and metabolic va-
sodilatorss is difficult to distill from in vivo experiments, since their variations are 
soo closely linked. It would also be difficult to apply all the possible combinations 
off  these stimuli in vitro. However, a scenario of an interactive compensatory va-
sodilationn in the subendocardium can be imagined from the currently available 
data.. In a normal situation, a perfusion pressure of approximately 60 mmHg 
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FigureFigure 6.2: Scheme summarizing the most important effects of cardiac contrac-
tiontion on sub-endocardial arterial tone. 

couldd in the absence of any other factors induce an active diameter reduction 
inn resistance arteries of 25 — 35% of their maximal dilated value. At this level 
off  tone, a net forward component to the flow profile of 15 — 20 dyne/'cm2 to-
getherr with transvascular pressure pulsations in the order of 60 — 80 mmHg 
peak-peakk would induce a dilation of approximately 25%, due to their mutual 
potentiationn effect shown in Chapter 4. These factors would reduce the 25 — 35% 
tonee of sub-endocardial arterioles to less than 10%. This suggests that in vivo 
sub-endocardiall  arterioles are almost fully dilated in normal conditions. Such 
loww tone and consequently lower dilatory reserve, would offer a possible expla-
nationn for the increased vulnerability of the endocardium to ischemia. Such a 
shalloww level of basal tone under resting conditions seems unrealistic, though. 
Thus,, even though it is well established that coronary flow reserve is limited in 
thee sub-endocardium, it is larger than the approximately 32% that is predicted 
byy this level of tone on the basis of Poiseuille's law and 70% of the coronary 
resistancee located in the arterioles. In vivo, more factors including metabolic 
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andd neurogenic agonists may contribute to the level of vascular tone. Merkus et 
al.al. [9] indeed showed that endothelin had a constrictor effect on coronary arte-
rioless at low metabolic demand, while its influence decreased during increased 
metabolism. . 

Inn the presence of a coronary stenosis, the hemodynamic factors determining 
thee vascular tone change (see Fig. 6.2, dotted lines). First, the perfusion pres-
suree to the sub-endocardium is strongly decreased. The behavior expected to 
suchh decrease in pressure is compensatory myogenic vasodilation. However, the 
dilatoryy reserve in the sub-endocardium may be limited by the reduced amount 
off  tone in the microvessels. Moreover, Kuo et al. [10] have shown that dur-
ingg a decrease in pressure, sub-endocardial arterioles of similar size showed a 
passivee decrease in diameter rather than a myogenic dilatation. Furthermore, 
ourr results on the cultured arterioles (Chapter 5) show that the myogenic re-
sponsee is not stable over time. Rather, constant low pressure resulted in deep 
constriction.. As hypothesized by Bakker et al. [11], such chronic constriction 
cann lead to inward remodeling limiting the dilatory capacity of the arterioles. 
Altogether,, this seems littl e reason to believe that the reduced mean pressure 
itselff  could lead to compensating dilation and outward remodeling. 

Second,, the maximal possible flow decreases. This could have limited the 
contributionn of flow-induced dilation to autoregulation. However, in Chapter 4 
wee showed that shear as low as 5 dyne/cm2 potentiates the dilation to pulsating 
transvascularr pressure and lowers the threshold amplitude for pulsation-induced 
dilation.. The observation that the most important augmenting effect of flow on 
pulsatingg pressure appears below 40 mmHg becomes of relevance for flow control 
distall  to a stenosis. We speculate that this aspect of pulsating pressure-flow 
interactionn acts as a compensatory mechanism to support vasodilation in the 
sub-endocardiumm in very restrictive situations. 

Third,, the possible drop in tissue oxygen tension induced by the decreased 
perfusionn induces release of metabolites such as adenosine. The concentration of 
circulatingg adenosine seen by vessels of 150 — 200 /im in diameter is not known. 
I tt is also not known whether in vivo adenosine plays a role in tone control of 
vesselss of this size. However, our data indicate that pulsating pressure, occurring 
inn the normal heart, sensitizes vessels of such caliber to lower concentrations of 
adenosine.. Whether this sensitization of arterioles to adenosine by pulsating 
pressuree also takes place at the low pulsation amplitudes occurring distal to a 
stenosiss remains to be established. 

Myocardiall  perfusion depends not only on control of tone, but at a larger 
timee scale also on regulation of coronary structure. Such regulation is deter-
minedd by the complicated interaction of the factors described above, and of 
manyy others acting in vivo. In vivo and in vitro experiments have shown that 
changess in flow induce vascular remodeling in large arteries [12] and systemic 
arterioless [13] as an adaptation process to maintain a physiological level of shear 
inn the vessels. Pressure-induced remodeling in systemic resistance vessels is also 
documentedd in patients with essential hypertension [14] and in hypertensive 
animall  models [15]. The arterioles showed eutrophic inward remodeling upon 
chronicc increase in pressure. This process is believed to be a mechanism to re-
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storee the mean circumferential wall stress to its normal value [16, 17]. However, 
limitedd data were available on coronary microvasculature adaptive responses to 
hemodynamicc changes as occur distal to a stenosis. Inward remodeling with 
intimaa hyperplasia was observed in small intramyocardial porcine coronary ar-
terioless distal to a severe coronary stenosis [18]. We now find, in vitro, that a 
decreasee in either mean pressure or amplitude of transvascular pressure pulsa-
tionss induces deep tone associated with inward remodeling within three days in 
isolated,, cannulated sub-endocardial arterioles. No intima hyperplasia was seen 
inn the remodeled vessels. However, it is far from clear how the structure of the 
coronaryy microcirculation adapts in coronary artery disease (CAD). 

6.33 Coronary microvascular resistance 

Recently,, Chamuleau et al. [19] measured the minimal microvascular resis-
tancee (MMR) in patients with coronary stenosis, before and after angioplasty. 
Thee MMR was calculated from pressure and flow velocity measurements distal 
too the stenosis at maximal vasodilation with adenosine. The minimal resistance 
beforee treatment was higher in the diseased area than distal to a non-stenotic 
branch.. After treatment, the MMR was actually lower in the diseased area 
thann in the remote area. The severity of the stenosis appeared to be correlated 
withh the degree of decrease in minimal resistance after treatment. Such results 
couldd be interpreted as outward remodeling in the microvessels from the area 
perfusedd by the stenotic vessel, even though these authors do not provide direct 
dataa on structural remodeling. This would be in disagreement with the inward 
remodelingg that we found and that was observed by Hong et al.. One of the 
differencess could be the antianginal vasodilator medication with nitrates and 
CaCa2+2+ blockers received by the patients, treatment which was not administered 
too the experimental animals. Our in vitro experiments indeed show outward 
remodelingg in small arterioles cultured in the presence of amlodipine under 
"stenotic""  pressure profile. An alternative explanation may stem from the nor-
malizationn procedure in such clinical studies. During intervention cardiology, 
myocardiall  volume perfused by a diseased vessel is unknown. However, it is as-
sumedd that large vessels perfuse larger volumes, such that velocity as measured 
byy the Doppler probe reflects flow per gram tissue. This assumption may not 
holdd in CAD. In particular, inward remodeling of the main vessel would give 
aa high velocity and thereby an underestimation of microvascular resistance. In 
anyy case, it is clear that future work should aim at better understanding the 
microvascularr structure in CAD. 

6.44 Future experiments 

Inn order to better understand the difference in microvascular functional and 
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structurall  adaptation to chronic hypoperfusion seen in patients and animal mod-
els,, a good experimental animal model truly reproducing the human pathology 
needss to be created. An interesting animal model showing many characteristics 
off  the human diseased myocardium is the pig model of hibernating myocardium 
[20].. The development of myocardial hibernation after creation of a stenosis 
occurss through different phases. In the first 1 -2 months, chronic myocardial 
stunningg occurs, representing a reduction in wall motion without reduction in 
basall  flow. This is followed by the real hibernation (3 — 4 months) when the 
restingg flow decreases as well, with a larger decrease in the sub-endocardium. 
Inn such a model one could independently study the effects of the cardiac con-
tractionn on microvascular remodeling during normal flow as well as during flow 
reduction. . 

Inn the present study sub-endocardial microvessels were studied. However, 
littl ee is known about the sub-endocardial microvascular anatomy. While his-
tologicall  data suggested no difference in microvascular density between sub-
endocardiumm and sub-epicardium [21, 22], no data on the branching patterns 
aree available. One way to study this is using the cryo-microtome technique. In 
ourr group, the cryo-microtome is used for the reconstruction of the coronary 
arteriall  tree. After the coronary vessels are filled with a fluorescent dye, the 
heartt is frozen, mounted in the cryo-microtome and sliced. From each slice, 
digitall  images are taken. In this way a reconstruction of the arterial tree can 
bee made and these data can be used to study the branching patterns in the 
sub-endocardium.. Furthermore, by using different colors and filters, the same 
systemm could be used to detect fluorescent microspheres injected in normal and 
diseasedd hearts. By superimposing the microspheres distribution images with 
thee reconstructed arterial tree, one could get information on the local coronary 
perfusionn under different conditions and the role the branching pattern plays in 
thiss distribution. 

Inn this thesis we have addressed the behavior of healthy vessels, in some 
casess subjected to hemodynamic conditions reflecting coronary artery disease. 
Thus,, in Chapter 5 we studied the functional and structural adaptations of 
arterioless to "diseased" pressure profile. The vessels used in that study were, 
however,, healthy vessels, with normal endothelial and smooth muscle function. 
Ourr motivation for using only healthy vessels is that the behavior of such vessels 
underr different hemodynamic conditions was not known yet. Now that we have 
obtainedd more data on this, such studies could be extended with truly diseased 
vessels,, isolated from a hypoperfused myocardium. The evaluation of responses 
off  such vessels to both "diseased" and "healthy" conditions would give valu-
ablee information on in vivo changes induced by coronary artery disease in the 
microvasculature. . 

Thee very complicated interaction of mechanical, metabolic and neurogenic 
factorss on tone control in the sub-endocardium is very difficult to study, both 
inin vivo and in vitro. Such studies are limited in vivo, by the contracting my-
ocardiumm surrounding the vessels, and in vitro by the limited amount of inter-
ventionss that could be performed on one vessel at the time. In Chapter 4, we 
combinedd pressure and flow profiles on cannulated vessels. The results empha-
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sizee that the effects of individual stimuli are far from additive. However, a full 
systematicc evaluation of all possible combinations seems not feasible, certainly 
nott if the combined control of functional and structural responses is studied. 
Thereforee the development of new methods combining live experiments and 
computerr simulations is required for such a purpose. 

6.55 Clinical relevance 

Thee studies presented in this thesis were aimed at understanding some of 
thee tone control mechanisms in the sub-endocardium. We could show that car-
diacc contraction does not only impede flow in the sub-endocardium but also 
providess mechanisms for vasodilation in this layer. In Chapter 2 we show that 
pulsatingg pressure induces dilation, but also sensitizes vessels to low concentra-
tionss of vasodilators such as adenosine and bradykinin. Such observations could 
providee means for pharmacological vasodilation of specifically vessels from the 
sub-endocardium,, where pressure pulsations are greatest. 

Inn Chapter 4, we show that in the presence of steady flow, the dilation to 
pulsatingg pressure becomes larger, and occurs also at very low pulsation ampli-
tudes.. Since NO was the mediator of this interaction and SNP could reproduce 
thee augmenting effect of flow on pulsating pressure-induced dilation, extrinsic 
applicationn of very low doses of NO donors that would not affect vascular tone, 
couldd provide a pharmacological tool for specific sub-endocardial vasodilation 
inn conditions of reduced NO bioavailability. 

Inn Chapter 5, significant inward remodeling in response to low mean pressure 
orr low transvascular pressure pulsations was seen in cultured sub-endocardial 
arterioles.. Such strong remodeling was reversed to outward remodeling in the 
presencee of a calcium blocker, amlodipine. Amlodipine also reduced the sensi-
tivit yy of the arterioles to endothelin, a very potent vasoconstrictor which was 
shownn to increase in concentration during pathological situations. These data 
supportt the possibility of a beneficial effect of such vasodilator therapies in im-
provingg sub-endocardial vasodilation and perfusion in conditions of reduced flow 
too the sub-endocardium. 

6.66 Conclusion 

Inn conclusion, multiple factors interact to control vascular tone and structure 
inn the sub-endocardial microvasculature in healthy hearts and CAD. Using iso-
latedd vessels, we demonstrated the importance of hemodynamic profiles in this 
adaptation.. The new insights in this work provide a more complete understand-
ingg of sub-endocardial flow control under physiological and pathophysiological 
conditions.. Thereby it offers suggestions for new therapies aimed at improving 
sub-endocardiall  perfusion and cardiac function. 
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Summary y 

Inn order for the heart to stay healthy and function properly, the oxygen 
andd nutrients demand of the cardiac muscle must be met by the blood per-
fusionn in all situations. Coronary flow is adjusted to these oxygen needs by 
thee control of vascular tone in the resistance vessels (15 — 400 /xm diameter). 
Clinicall  data indicate that, when the perfusion is impaired by a pathological 
condition,, the first affected area is the sub-endocardium, the inner layer of the 
heart.. This may be due to the extra resistance formed by the long transmu-
rall  vessels and by the compression of vessels in this layer during each systole. 
Thus,, during systole, when the heart contracts, the extravascular myocardial 
pressuree causes compression of the sub-endocardial vessels and impairment of 
thee blood flow. At diastole, the transvascular (intravascular-extravascular) pres-
suree increases again and blood is able to flow in the forward direction. Under 
normall  conditions, the sub-endocardial vessels are able to compensate for such 
flowflow impediment by vasodilation, while also differences in sub-endocardial and 
sub-epicardiall  branching structure appear to exist. The factors determining the 
diameterr of sub-endocardial arterioles need to be understood. Many stimuli 
contributee to the regulation of the vascular diameter under different conditions. 
Thesee factors include mechanical determinants (such as intravascular pressure, 
flow,flow, extravascular compression), metabolic vasodilators, and neurogenic fac-
tors.. In addition, the rhythmically contracting cardiac muscle induces a highly 
dynamicc pattern for both flow and transvascular pressure in these vessels. The 
effectss of pulsating pressure and flow on sub-endocardial arterioles were not 
evaluatedd before. Therefore in this thesis we studied the effects of these factors 
onn small isolated porcine sub-endocardial arterioles. In this study we employed 
thee in-vitro cannulation technique for the study of isolated coronary arterioles. 
Thiss technique allows for the independent control of pressure and flow without 
thee interference of metabolic and neurogenic factors. 

ChapterChapter 1 contains a general introduction on the mechanisms of blood flow 
regulationn in the heart. A section was dedicated to the tone determinants and 
thee perfusion conditions in especially the sub-endocardium. The mechanical 
loadingg of the arterioles from this layer and the limited knowledge on the effects 
off  these factors on the vascular tone were also described in this chapter. 

Inn Chapter 2, the effect of pulsating transvascular pressure profiles with 
differentt amplitudes and frequencies on tone of isolated sub-endocardial and 
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sub-epicardiall  arterioles was studied. The experiments were performed under 
no-floww conditions. Pulsating pressure applied acutely, and maintained for 3 
minutes,, induced dilation in the arterioles. Sub-endocardial and sub-epicardial 
arterioless responded similarly to this stimulus. The dilation was not associated 
withh a decrease in intracellular calcium. An increase in frequency of the pressure 
pulse,, mimicking variations in the heart rate, did not significantly affect the level 
off  dilation. However, simulating changes in inotropic state, by variation of the 
amplitudee of the pressure pulsations, revealed a positive correlation between 
thee amplitude and the level of dilation. Moreover, pulsating vessels showed 
ann increased sensitivity to vasodilators such as bradykinin and adenosine as 
comparedd to vessels under static pressure. Cardiac contraction induces not only 
aa pulsating transvascular pressure, but also a dynamic pattern for flow in the 
sub-endocardiall  vessels. However, the responses of these arterioles to steady or 
dynamicc shear had not been evaluated before. 

Inn Chapter 3 we studied the effects of different flow patterns on isolated sub-
endocardiall  and sub-epicardial arterioles kept at steady mean pressure. Steady 
floww with increasing shear values induced shear-dependent vasodilation. The 
dilationn was significantly larger in the sub-endocardial vessels. In both types of 
vessels,, blocking the NO production by L-NNA fully abolished dilation to flow 
overr the whole range of shears. Addition of flow oscillations on the top of steady 
flowflow did not augment the dilation observed to the steady component. Purely 
oscillatingg flow without a net forward component did not induce any dilation in 
thee vessels. However, after the free radicals scavengers SOD or DPI were added 
too the vessels, significant dilation to oscillating flow was unmasked. In the sub-
endocardiall  arterioles, the dilation to oscillating flow with 30 dyne/cm2 shear 
wass even larger that the dilation to steady flow with the same value of shear. 
Wee concluded that the balance of NO and 0 ~̂ produced by the endothelial cells 
iss affected by the different flow profiles and that this balance determines the 
vascularr responses to these stimuli. 

Thee interaction of the pulsating pressure and flow was studied in Chapter 
4-4- Here we found that in the presence of flow, the arterioles showed an en-
hancedd dilation to pulsating pressure. Moreover, dilation occurred for pulsating 
pressuress with much lower amplitudes. These effects were mediated by nitric 
oxide,, since SNP could mimic the effect of flow on pulsation-induced dilation 
ann L-NNA could abolish the dilation completely. Moreover, in the presence 
off  very low concentrations of SNP, which do not affect the basal tone of the 
vessel,, the dynamic distensibility of the vessels increased. This result could be 
explainedd by a decrease in the vascular wall viscosity induced by the NO. The 
exactt mechanisms underlying this behavior remain to be investigated. Devel-
opmentt of a coronary stenosis in one of the large arteries affects hemodynamic 
conditionss especially in the sub-endocardium. Microvascular perfusion pressure 
ass well as transvascular pressure pulsations associated with systolic compression 
aree reduced. 

Inn Chapter 5 we hypothesized that such alterations affect tone and structure 
off  sub-endocardial arterioles, and that maintained vasodilation induces outward 
remodelingg under these conditions. Indeed vessels cultured for 3 days under 
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normall  physiological profiles of transvascular pressure maintained a moderate 
levell  of tone and did not show any structural remodeling. However, reduction in 
eitherr mean or amplitude of the pressure pulsations, reflecting stenosis, resulted 
inn development of strong basal tone at the end of the third day in culture 
andd rearrangement of the vascular wall components around a smaller lumen. 
Thiss rearrangement is called inward remodeling. The inward remodeling could 
bee reversed to outward remodeling by culturing the vessels in the presence of 
amlodipine,, a calcium blocker prescribed as vasodilator to patients with stable 
angina. . 

Inn Chapter 6 we discussed the implications of our findings for regulation 
off  sub-endocardial perfusion under normal conditions and in the presence of 
proximall  stenosis. We suggest the use of low dose NO donors and calcium 
blockerss for the improvement of sub-endocardial microvascular function and 
structuree in coronary artery disease. Future experiments extrapolating the in 
vitroo data on isolated vessels to in vivo animal models are needed in order to 
furtherr understand the complicated mechanisms that govern the coronary blood 
floww control in health and disease. 
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Eenn gezond hart en een goede hartspierwerking vereisen dat het aanbod van 
zuurstoff  en voedingsstoffen aan de hartspier in evenwicht is met de vraag. De 
coronairee doorbloeding is aangepast aan deze zuurstofvraag door middel van 
regelingg van vasculaire tonus in de weerstandsvaten (15 — 400 /zm in diame-
ter).. Klinische data laten zien dat, als de perfusie belemmerd word door ver-
nauwingg van de grote kransslagaderen, het sub-endocardium, de binnenste laag 
vann het myocardium, als eerste getroffen wordt. Dit kan veroorzaakt worden 
doorr de extra weerstand in de lange transmurale vaten, en/of door de compressie 
vann de sub-endocardiale arteriolen tijdens de systole: Tijdens deze hartcon-
tractiee worden de vaten die in het sub-endocardium liggen samengedrukt door 
dee extravasculaire, myocardiale druk, waardoor de doorbloeding wordt belem-
merd.. Tijdens de relaxatie van de hartspier (diastole) neemt het transvascu-
lairee (intravasculaire-extravasculaire) drukverschil weer toe, waardoor de vaten 
openenn en het bloed weer vooruit kan stromen. Onder normale omstandighe-
denn kunnen de sub-endocardiale vaatjes voor deze belemmering compenseren 
doorr middel van vasodilatatie. Bovendien bestaan er verschillen tussen de sub-
endocardialee en sub-epicardiale vertakkingspatronen. De factoren die de dia-
meterr van de sub-endocardiale arteriolen bepalen zijn echter niet goed begrepen. 
Veell  stimuli dragen bij aan de regulatie van deze diameter onder verschillende 
omstandigheden.. Deze factoren omvatten mechanische stimuli (intravasculaire 
druk,, stroming, en extravasculaire compressie), metabole en neurogene factoren. 
Doorr de ritmische contractie van het myocardium ontstaan grote schommelingen 
inn de druk en stroming in de sub-endocardiale arteriolen. Hoe deze pulsatiliteit 
inn druk en flow de diameter benvloedt is nog niet bekend. Daarom hebben 
wee in dit proefschrift de effecten van deze mechanische factoren bestudeerd op 
geisoleerdee sub-endocardiale arteriolen uit het varkenshart. 

Inn deze studie hebben we de in vitro canulatietechniek gebruikt. Met deze 
techniekk kunnen de effecten van druk en stroming onafhankelijk van metabole 
enn neurogene factoren worden bepaald. 

HoofdstukHoofdstuk 1 geeft een algemene inleiding in de mechanismen van bloed-
stroomregulatiee in het hart. Ook beschrijven we de factoren die de tonus van 
dee sub-endocardiale vaatjes bepalen. We concentreren ons daarbij op de mecha-
nischee omstandigheden in dit deel van de hartspier en de effecten van de mecha-
nischee belasting op de samentrekking van deze vaatjes. 

121 1 



NederlandseNederlandse Samenvatting 

HoofdstukHoofdstuk 2 beschrijft het effect van pulsatiele transvasculaire drukpatronen 
mett verschillende amplitudes en frequenties op geisoleerde sub-epicardiale en 
sub-endocardialee arteriolen. Deze proeven werden uitgevoerd in de afwezigheid 
vann stroming. Toepassing van pulsatiele druk gedurende 3 minuten veroor-
zaaktee dilatatie. Deze dilatatie was even groot in beide type arteriolen en werd 
niett vergezeld door een afname in de intracellulaire calcium concentratie. Een 
hogeree frequentie van deze drukschommelingen, zoals zou optreden bij toename 
vann de hartfrequentie, leidde niet tot een significant verschil in dilatatie. Tijdens 
simulerenn van veranderingen in de inotropische toestand van de hartspier, door 
middell  van verandering van de amplitude, vonden we dat een sterker contra-
herendee hartspier meer vasodilatatie veroorzaakt. Verder bleek dat arteriolen 
onderr pulserende druk veel gevoeliger werden voor adenosine en bradykinine. 

Dee hartcontractie veroorzaakt variaties in niet alleen de druk in de sub-
endocardialee vaten, maar ook in de stroomsnelheid in deze arteriolen. Het 
wass onbekend hoe de vaten hierop reageren. In Hoofdstuk 3 worden de effecten 
vann dynamische flow patronen op sub-endocardiale en sub-epicardiale arteriolen 
bestudeerd.. We vonden dat de diameter van de arteriolen toeneemt als gevolg 
vann een stationaire stroming en afschuifspanning. Deze dilatatie was groter in 
dee sub-endocardiale arteriolen. In beide vaten kon de vaat verwij ding volledig 
wordenn geblokkeerd door middel van inhibitie van stikstofoxide- (NO-) productie 
mett L-NNA. Schommelingen van stroming bovenop een stationaire component 
vergroottenn de dilatatie van de vaten niet. 

Wanneerr de vaten werden blootgesteld aan een zuiver oscillerende stroming, 
zonderr een stationaire component, werd geen enkele dilatatie gevonden. Echter, 
hett wegvangen van de vrije zuurstofradicalen met SOD of DPI leidde tot her-
stell  van een significante dilatatie in respons op deze oscillerende flow. In sub-
endocardialee arteriolen was de dilatatie op oscillerende flow met een piek-piek 
variatiee in afschuifspanning van 30 dyne/cm2 groter dan de reactie op constante 
floww met dezelfde afschuifspanning. We concluderen hieruit dat verschillende 
stromingspatronenn een grote invloed hebben op het evenwicht tussen de vrije 
radicalenn en de NO afkomstig uit de endotheelcellen. 

HoofdstukHoofdstuk 4 beschrijft de interactie tussen pulsatiele druk en constante stroom. 
Hierinn wordt aangetoond dat in de aanwezigheid van flow, de arteriolen een 
groteree dilatatie op pulsatiele druk vertonen. Bovendien treedt dan deze di-
latatiee al op bij drukvariaties met veel kleinere amplitudes. Deze effecten werden 
doorr NO productie veroorzaakt. SNP, een NO donor, verhoogde de dynamische 
distensibiliteitt van de vaten bij concentraties die te laag waren om de tonus 
vann de vaten te beinvloeden. Het lijk t erop dat dit veroorzaakt wordt door een 
afnamee van de viscositeit van de vaat wand. De mechanismen die hieraan ten 
grondslagg liggen dienen nog te worden onderzocht. 

Eenn stenose in een van de grotere coronairen beinvloedt de hemodynamische 
omstandighedenn in het sub-endocardium sterk. Zo nemen de microvasculaire 
perfusiedrukk en de transvasculaire drukpulsaties af. Onze hypothese in Hoofd-
stukstuk 5 was dat dit soort veranderingen van invloed kunnen zijn op zowel de tonus 
alss de structuur van sub-endocardiale arteriolen. Bovendien vermoedden we dat 
voortdurendee farmacologische vasodilatatie een uitwaartse remodellering kan be-
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werkstelligen.. We vonden inderdaad dat sub-endocardiale arteriolen, gekweekt 
gedurendee drie dagen onder fysiologische omstandigheden, niet remodelleren en 
eenn normale tonus en structuur behouden, terwijl een afname in gemiddelde 
drukk of in amplitude van het transvasculaire drukverschil een diepere tonus en 
inwaartsee remodellering veroorzaakt. Dit krimpen van de vaten kon worden 
omgezett in een uitwaartse remodellering door amlodipine, een calciumkanaal 
blokker. . 

HoofdstukHoofdstuk 6 bevat een algemene discussie waarin de resultaten van de studies 
inn dit proefschrift worden bekeken in relatie tot de regulatie van sub-endocardiale 
perfusiee onder normale en pathologische omstandigheden. We suggereren het 
gebruikk van lage NO concentraties en calcium blokkers om sub-endocardiale 
structuurr en functie te verbeteren. 
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Pentruu ca inima sa fie sanatoasa si sa functioneze corect, aportul de oxigen 
sii  nutrienti catre tesutul cardiac trebuie sa fie in orice situatie balansat de can-
titateaa de sange ca perfuzeaza tesutul. Fluxul de sange coronarian este adaptat 
laa nevoia de oxigen prin controlul tonusului vascular al arterelor de rezistenta 
(155 — 400 ^m diametru). Date clinice au indicat faptul ca atunci cand per-
fuzareaa muschiului cardiac este impiedicata de factori biologici, zona ce este 
primaa afectata este subendocardul, stratul interior al inimii . Aceasta se poate 
datoraa rezistentei suplimentare compusa din vasele transmurale si compresiei ex-
ercitatee in sistola de muschiul cardiac asupra vaselor subendocardial. Asadar, 
inn sistola, atunci cand inima se contracta, presiunea miocardial extravasculara 
cauzeazaa compresia vaselor endocardiale si impiedica fluxul de sange. In dias-
tola,, presiunea trans vascular a (intravasculara-extravasculara) creste din nou, si 
sangelee poate curge normal. 

Inn conditii normale, vasele subendocardial sunt capabile sa compenseze 
scadereaa fluxului de sange prin vasodilatare. De asemenea, aparent, intre suben-
docardd si subepicard exista si diferente in patternul de ramificare a retelei vas-
culare.. Factorii ce determina diametrul arteriolelor subendocardiale trebuie sa 
fiefie bine intelesi. Printre acesti factori se numara factori mecanici, cum ar fi 
presiuneaa intravascular, fluxul de sange si compresia extravasculara de catre 
tesutull  miocardial, factori metabolici si factori neuronali. In plus, contracti-
ilee ritmice ale miocardului determina o comportare dynamica atat a presiunii 
transvascularee cat si a fluxului in aceste vase. Efectele presiunii si fluxului pul-
satill  asupra diametrului arteriolelor subendocardiale nu au fost evaluate inca. 
Dee aceea, in aceasta teza am studiat efectele acestor factori asupra arterelor de 
rezistentaa izolate din inima de porc. 

Inn studiul de fata, tehnica folosita a fost technica de canulare in vitro pentru 
studiull  arterelor izolate. Aceasta tehnica permite controlul presiunii si fluxului 
independentt de contributia factorilor metabolici si neuronali. 

CapitolulCapitolul 1 contine o introducere generala asupua mecanismelor responsabile 
pentruu controlul fluxului de sange in inima. O sectiune aparte a fost dedicata 
determinantilorr tonusului vascular si conditiilor de perfuzie din subendocard. 
Regimull  mecanic al arteriolelor din aceasta zona precum si conostintele limitate 
dee care dispunem la momentul actual asupra efectelor acestui regim asupra 
tonusuluii  vascular sunt de asemenea descrise aici. 
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Inn Capitolul 2, efectul diverselor profile de presiune transvasculara pulsatila 
asupraa arteriolelor subendocardial si subepicardiale a fost studiat. In aceste 
experimente,, fluxul prin vasele canulate a fost 0. Presiunea pulsatila aplicata in 
modd acut si mentinuta pentru 3 minute a condus la dilatarea arteriolelor studi-
ate.. Arteriolele subepicardiale si cele subendocardiale au raspuns in mod similar 
stimulilorr aplicati. Dilatarea nu a fost asociata cu o scadere a concentratiei in-
tracelularee de calciu. Modificari in frecventa semnalului de presiune pulsatila, 
mimandd modificari in frecventa cardiaca nu au condus la modificari semnifica-
tivee in raspunsul vascular. Totusi, simularea unor variatii in contractilitatea 
cardiacaa prin modificarea amplitudinii semnalului a dezvalui o corelatie pozi-
tivaa intre amplitudine si valoarea dilatarii. In puls, arteriolele supuse regimu-
luii  pulsatil au dovedit o senzitivitate crescuta pentru vasodilatator! cum ar fi 
bradikininaa si adenozina fata de vasele aflata sub regim de presiune constanta. 

Inn afar a de un regim pulsatil pentru presiunea transvasculara, contract ia 
cardiacaa determina si un pattern dinamic al fluxului de sange in arteriolele 
subendocardiale.. Totusi, comportamentul acestor vase ca raspuns la aplicarea 
diverselorr tipuri de flux nu a fost inca studiat. Asadar, Capitolul 3 am stu-
diatt efectele a diferite patternuri de flux aplicate arteriolelor subendocardiale 
sii  subepicardiale izolate si mentinute la presiune constanta. Fluxul cu valori 
crescatoaree de shear a determinat o dilatare shear-dependenta a arteriolelor. 
Dilatareaa inregistrata a fost semnificativ mai consistenta in arteriolele subendo-
cardialee decat in cele subepicardiale. In amandoua tipurile de vase, prin blocarea 
productieii  endoteliale de oxid nitric (NO), cu L-NNA, dilatarea a fost complet 
blocata.. Superpozitia de oscilatii in flux peste componenta constanta a fluxului 
nuu a determinat o crestere a dilatarii. 

Fluxx pur oscilatoriu, fara o componenta neta intr-o anumita directie nu a 
conduss la dilatare. Totusi, atunci cand vasele au fost incubate cu un chelator de 
radicalii  liberi, SOD, o dilatare consistenta la flux oscilator a fost observata. In 
arteriolelee sub-endocardiale, aceasta dilatare in urma aplicarii unui flux cu shear 
dee 30 dyne/'cm2 a fost chiar mai mare decat in urma aplicarii unui flux constant 
cuu aceeasi valoare. Din acest studiu, am putut concluziona faptul ca balanta 
intree NO si radicalii liberi produsi de endoteliu este determinata de patternul 
fluxuluii  aplicat. 

Interactiaa dintre presiunea pulsatila si fluxul constant a fost investigata in 
CapitolulCapitolul 4- In acest studiu am aratat ca in prezenta fluxului, dilatarea la pre-
siunee pulsatila este mai mare. In plus, dilatarea e fost observata pentru presiune 
pulsatilaa cu amplitudini foarte miei. Acest effect este aparent mediat de NO, 
deoarecee a putut fi inhibat complet de catre L-NNA si reprodus prin incubarea 
cuu SNP, un donator de NO. In prezenta unor concentratii foarte scazute de SNP, 
cee nu au afectat tonusul vasului, distensibilitatea dinamica a vaselor a crescut. 
Aceastaa observatie se poate explica printr-o scadere a viscozitatii peretelui vas-
cularr indusa de catre NO. Mecanismele aflate in spatele acestui efect vor trebui 
investigatee in detaliu in viitor. 

Inn situatia in care o stenoza este formata intr-unul din vasele mare, condi-
tiil ee hemodinamice mai ales in sub-endocard sunt afectate. Presiunea perfuziei 
microvasculare,, ca si presiunea transvasculara pulsatila indusa de contractia 
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cardiacaa sunt scazute. Ipoteza testata in Capitolul 5 a fost ca asemenea al-
terarii  descrise anterior conduc la modificari in tonusul si structura arteriolelor 
subendocardiale.. In plus in conditiile in care vasele sunt mentinute dilatate, ar-
teriolelee se vor remodela pozitiv. Intr-adevar, vasele cultivate pentru 3 zile sub 
presiunee fiziologica au dezvoltat un tonus moderat, si nu au demonstrat remod-
elaree structurala. In contrast, o reducere in valoarea medie sau in amplitudinea 
presiuniii  pulsatile transvasculare a condus la o valoare crescuta a tonusului si la 
oo rearanjare a elementelor de matrice extracelulara in jurul unui lumen vascular 
maii  redus. Aceasta remodelare este denumita remodelare negativa. Remode-
lareaa negativa a putut fi transformata (reversata) in remodelare pozitiva prin 
incubaree cu amplodipina, un blocant de Ca prescris foarte des pacientilor cu 
simptomee de angina stabila. 

Inn Capitolul 6 sunt discutate implicatiile rezultatelor descrise in aceasta teza 
asupraa conceptelor prezente despre regularea perfuziei subendocardiale in con-
diti ii  normale si patologice. Am sugerat de asemenea folosirea unor doze scazute 
dee donatori de NO si blocanti de Ca ce pot imbunatati functia si structura 
microvaselorr subendocardiale in pacienti cu boli cardiovasculare. In final, ex-
perimentee ce pot extrapola datele obtinute in vitro la modele animale in vivo 
suntt necesare pentru a intelege mai in detaliu mecanismele complicate ce gu-
verneazaa controlul circulatiei coronariene in conditii fiziologice si patologice. 
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Stellingenn behorend bij het proefschrift 

Mechanosensitivityy of isolated coronary arterioles 

1.. Heterogeneity of vascular responsiveness over the cardiac wall must be 
consideredd when the control of resistance in the coronary microvasculature is 
investigatedd (this thesis). 

2.. The balance between NO and O2* production in response to different flow patterns 
iss of major importance in coronary vascular function (this thesis). 

3.. NO enhances coronary arteriolar dilation to pulsating transvascular pressure by 
increasingg the dynamic distensibility of the blood vessel wall (this thesis). 

4.. Myogenic responses of isolated coronary arterioles are maintained over a limited 
timee period (this thesis). 

5.. The outward remodeling of isolated coronary arterioles subjected to maintained 
vasodilationn provides a rationale for vasodilator therapy to change microvascular 
structuree and improve coronary perfusion (this thesis). 

6.. The microvascular component to coronary artery disease has been given 
insufficientt attention in research and therapy. 

7.. A heparan sulfate component of the endothelial cell glycocalyx participates in 
mechanosensingg that mediates NO production in response to shear stress (J. F. 
Floriann et al, Circ. Res. 2003). 

8.. Reactive oxygen species are not just the bad molecules that contribute to the 
developmentt of cardiovascular diseases. They should also be considered as 
physiologicall  second messengers, based on the observation that receptor 
stimulationn triggers the generation of these entities. 

9.. The most exciting phrase to hear in science, the one that heralds new discoveries, 
iss not Eureka! (I found it!), but rather "hmm....that's funny...." (Isaac Asimov). 

10.. Statistics show that in the university canteens, people spend about 70% of their 
lunchh break gossiping which suggests that gossip is one of the central elements of 
scientist'ss social health. 

Oanaa Sorop, maart 2004 
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