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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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ChapterChapter 4-' Flow, pulsating pressure and coronary arteriolar dilation 

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. 

76 6 



Methods Methods 

Innerr diameter (/jm) 

/"X X 
Stiear=300 dyne/cml 

Innerr diameter (pm) 

110 0 
^hniiiiLai i i 

" \ \ 

Shear=300 dyne/cm' Shear=300 dyne/cm' 3 3 
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). 

81 1 



ChapterChapter 4: Flow, pulsating pressure and coronary arteriolar dilation 

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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