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II I 

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 
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ChapterChapter 2: Pulsation-induced dilation of coronary arterioles 

2.11 Introduction 

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 intracellular Ca2+ in response 
too 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 
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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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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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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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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-
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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 
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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. 

50 0 



Acknowledgments Acknowledgments 

2.55 Acknowledgments 

Oanaa Sorop was supported by grant 98.180 of the Netherlands Heart Founda-
tion. . 

References s 

[1]]  R. Krams, P. Sipkema, and N. Westerhof. Varying elastance concept may 
explainn coronary systolic flow impediment. Am.J.Physiol, 257:H1471-
H1479,, 1989. 

[2]]  R. Krams, P. Sipkema, J. Zegers, and N. Westerhof. Contractility is the 
mainn determinant of coronary systolic flow impediment. Am. J.Physiol., 
257:H1936-H1944,, 1989. 

[3]]  R. Krams, H.A. van, P. Sipkema, and N. Westerhof. Can coronary systolic-
diastolicc flow differences be predicted by left ventricular pressure or time-
varyingg intramyocardial elastance? Basic.Res. Cardiol, 84:149-159, 1989. 

[4]]  J.A. Spaan. Mechanical determinants of myocardial perfusion. Ba-
sic.sic. Res. Cardiol, 90:89-102, 1995. 

[5]]  A.E. Flynn, D.L. Coggins, M. Goto, G.S. Aldea, R.E. Austin, J.W. 
Doucette,, W. Husseini, and J.I. Hoffman. Does systolic subepicardial perfu-
sionn come from retrograde subendocardial flow. Am.J.Physiol, 262:H1759-
H1769,, 1992. 

[6]]  M. Goto, A.E. Flynn, J.W. Doucette, C.M. Jansen, M.M. Stork, D.L. Cog-
gins,, D.D. Muehrcke, W.K. Husseini, and J.I. Hoffman. Cardiac contraction 
affectss deep myocardial vessels predominantly. Am. J.Physiol, 261:H1417~ 
H1429,, 1991. 

[7]]  T. Yada, O. Hiramatsu, A. Kimura, M. Goto, Y. Ogasawara, K. Tsujioka, 
S.. Yamamori, K. Ohno, H. Hosaka, and F. Kajiya. In vivo observation of 
subendocardiall  microvessels of the beating porcine heart using a needle-
probee videomicroscope with a ccd camera. Circ.Res., 72:939-946, 1993. 

[8]]  M. Goto, E. VanBavel, M.J. Giezeman, and J.A. Spaan. Vasodilatory 
effectt of pulsatile pressure on coronary resistance vessels. Circ.Res., 79: 
1039-1045,, 1996. 

[9]]  F.A. Recchia, B.J. Byrne, and D.A. Kass. Sustained vessel dilation induced 
byy increased pulsatile perfusion of porcine carotid arteries in vitro. Acta 
Physiol.Physiol. Scand., 166:15-21, 1999. 

[10]]  F.W. Heineman and J. Grayson. Transmural distribution of intramyocar-
diall  pressure measured by micropipette technique. Am.J.Physiol, 249: 
H12i6-H1223,, 1985. 

51 1 



ChapterChapter 2: Pulsation-induced dilation of coronary arterioles 

[11]]  F. Kajiya, T. Yada, A. Kimura, O. Hiramatsu, M. Goto, Y. Ogasawara, 
andd K. Tsujioka. Endocardial coronary microcirculation of the beating 
heart.. Adv.Exp.Med.Biol, 346:173-180, 1993. 

[12]]  L. Kuo, W.M. Chilian, and M.J. Davis. Interaction of pressure- and flow-
inducedd responses in porcine coronary resistance vessels. Am. J.Physiol, 
261:H17066 H1715, 1991. 

[13]]  M.J. Giezeman, E. VanBavel, CA. Grimbergen, and J.A. Spaan. Compli-
ancee of isolated porcine coronary small arteries and coronary pressure-flow 
relations.. Am.J.Physiol, 267:H1190-H1198, 1994. 

[14]]  E. VanBavel, J.P. Wesselman, and J.A. Spaan. Myogenic activation and 
calciumm sensitivity of cannulated rat mesenteric small arteries. Circ.Res., 
82:210-220,, 1998. 

[15]]  D. Merkus. Determinants of coronary blood flow at low coronary arterial 
pressure.pressure. PhD thesis, University of Amsterdam, 1998. 

[16]]  T. Yada, O. Hiramatsu, H. Tachibana, E. Toyota, and F. Kajiya. Role 
off  no and k(+)(atp) channels in adenosine-induced vasodilation on in vivo 
caninee subendocardial arterioles. Am.J.Physiol, 277:H1931 H1939, 1999. 

[17]]  J.I. Hoffman and J.A. Spaan. Pressure-flow relations in coronary circula-
tion.. PhysiolRev., 70:331 390, 1990. 

[18]]  R. Busse and I. Fleming. Pulsatile stretch and shear stress: physical 
stimulii  determining the productionof endothelium-derived relaxing factors. 
J.J. Vasc.Res., 35:73-84, 1998. 

[19]]  F.A. Recchia, H. Senzaki, A. Saeki, B.J. Byrne, and D.A. Kass. Pulse 
pressure-relatedd changes in coronary flow in vivo are modulated by nitric 
oxidee and adenosine. Circ.Res., 79:849-856, 1996. 

[20]]  L. Kuo, M.J. Davis, and W.M. Chilian. Myogenic activity in isolated 
subepicardiall  and subendocardial coronary arterioles. Am.J.Physiol, 255: 
H1558-H1562,, 1988. 

[21]]  B. Fisslthaler, R. Popp, L. Kiss, M. Potente, D.R. Harder, I. Fleming, and 
R.. Busse. Cytochrome p450 2c is an edhf synthase in coronary arteries. 
Nature,Nature, 401:493-497, 1999. 

[22]]  T.W. Hein and L. Kuo. camp-independent dilation of coronary arterioles 
too adenosine., journal=. 

52 2 


