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INTRODUCTION

Left ventricular hypertrophy (LVH) is an adaptive increase in myocardial mass in response to work overload and over time confers a major increase in morbidity and mortality [START_REF] Gordon | Premature mortality from coronary heart disease. The Framingham study[END_REF]. In particular, LVH is a major precursor for heart failure [START_REF] Cooper | Left ventricular hypertrophy is associated with worse survival independent of ventricular function and number of coronary arteries severely narrowed[END_REF], although the mechanisms for progression to heart failure are poorly understood. Previous studies have demonstrated reduced coronary vascular reserve [14;17] in LVH and this is likely to be a major contributing factor to development of failure [START_REF] Vatner | Coronary vascular mechanisms involved in decompensation from hypertrophy to heart failure[END_REF].

Several mechanisms have been suggested to account for the adverse effect of LVH on cardiac function and impaired coronary flow reserve. These include a reduced density of arterioles in hypertrophied hearts [3;11;14;19]; increased perivascular compression due to changes in myocardial structure [START_REF] O'gorman | Investigation of impaired coronary vasodilator reserve in the guinea pig heart with pressure induced hypertrophy[END_REF], and a greater compressive effect of systole [START_REF] O'gorman | Investigation of impaired coronary vasodilator reserve in the guinea pig heart with pressure induced hypertrophy[END_REF]. However there is also evidence suggesting a reduction in active coronary artery vasodilator function in hypertrophied hearts [START_REF] Kingsbury | Endogenous and exogenous coronary vasodilatation are attenuated in cardiac hypertrophy: a morphological defect?[END_REF]. However, these studies have been conducted in intact hearts and therefore do not allow a distinction to be made between increases in vascular impedance arising from passive or structural changes or impairment of active vasodilator function.

The object of these studies therefore was to examine vasodilator function directly in isolated coronary arteries using a guinea-pig pressure-overload model of LVH, and to compare them with mesenteric small arteries in order to understand to what extent a primary defect in active vasodilation may contribute to the impairment of coronary flow reserve.

METHODS & MATERIALS

Proximal aortic stenosis was induced by banding the aorta of male Dunkin-Hartley guinea pigs (600-800 g) as previously described [START_REF] Kingsbury | Investigation of distal aortic compliance and vasodilator responsiveness in heart failure due to proximal aortic stenosis in the guinea pig[END_REF]. In brief, animals were anaesthetized and a small high-density plastic clip with an internal diameter of 1.99 mm placed on the upper portion of the ascending aorta. 

Haemodynamic measurements, morphology, myography

After 168±3 days animals were anaesthetized with a bolus intra-peritoneal dose (60 mg/kg) of pentobarbitone (Animal Care Ltd., York, UK). Electrocardiograms (ECG), left atrial (LA), right ventricular (RV) and left ventricular (LV) pressures and aortic flow were measured [START_REF] Kingsbury | Investigation of distal aortic compliance and vasodilator responsiveness in heart failure due to proximal aortic stenosis in the guinea pig[END_REF]. Subsequently, animals were killed by cervical dislocation and the heart, lung and mesentery removed. Small branches of the left epicardial coronary artery and 3 rd order branches of the superior mesenteric artery were dissected and mounted as ring segments in an isometric microvascular myograph [START_REF] Mulvany | Contractile properties of small arterial resistance vessels in spontaneously hypertensive and normotensive rats[END_REF]. The myograph contained 12 mL physiological saline solution (PSS) containing NaCl 118 mmol/L, KCl 4.69mmol/L, MgSO 4 .7H 2 O 1.18 mmol/L, KH 2 PO 4 1.18 mmol/L, NaHCO 3 25 mmol/L, Glucose 5.5 mmol/L, CaCl 2 .6H 2 O 2.5 mmol/L, Na 2 EDTA 0.03 mmol/L aerated with 95% O 2 and 5% CO 2 . Arteries were allowed to equilibrate for 1 hour and then were set at a "normalized" internal circumference of 0.9.L 100 , estimated to be 90% of the circumference they would maintain if relaxed and exposed to 100 mm Hg transmural pressure. This was calculated for each individual artery on the basis of the passive lengthtension characteristics of the artery and the LaPlace relationship [START_REF] Mulvany | Contractile properties of small arterial resistance vessels in spontaneously hypertensive and normotensive rats[END_REF]. Before the start of the studies, vessels were tested for viability with a depolarizing potassium solution (KPSS: PSS with equimolar substitution of 118 mmol/L KCl for NaCl), all vessels studied produced a tension equivalent to ≥10kPa and were considered viable. Relaxation was examined by precontracting vessels to near maximal tone using the thromboxane mimetic, U46619 (1μmol/L), and adding the relaxant cumulatively once stable tone was achieved. Responses were calculated as % inhibition of precontracted tone and the degree of pre-contraction (measured as active media stress) did not differ between banded and sham animals (data not shown). At the end of each experiment, arterial wall morphology was assessed at six positions with the artery mounted in the myograph under minimal tension using a optical microscope as previously described [START_REF] Mulvany | Contractile properties of small arterial resistance vessels in spontaneously hypertensive and normotensive rats[END_REF]. After removal of the coronary artery the heart was cleaned, dried at 70°C for 72 hours and weighed.

Statistical analysis

All data are means ±SEM. Concentration response data were fitted to a logistic function using Prism 2.01 (GraphPad Software Inc, San Diego, USA) and compared using analysis of variance (ANOVA).

In addition -log(EC 50 ) values were calculated and maximum responses (E max ) were determined from measured values. Since inhibition of relaxation may be manifested either as an reduction in -log(EC 50 ) or E max depending on efficacy and receptor reserve, statistical comparisons between these parameters were also made using a two way unpaired Student's t-test if ANOVA was significant. p < 0.05 was considered significant.

Drugs and reagents

Reagents were prepared immediately prior to use. Acetylcholine (ACH), forskolin (FSK) haemoglobin (Hb), indomethacin, isoprenaline (ISO), NG-monomethyl-L-arginine (LNMMA), noradrenaline, sodium nitroprusside (SNP), U46619 and all other reagents were purchased from Sigma-Aldrich (Dorset UK).

RESULTS

Effect of banding on Cardiac Morphology

Changes in gross heart morphology following aortic banding are illustrated in Table 1. Aortic banding for 168±3 days increased heart weight:body weight ratio by 79% (p < 0.01) compared with sham controls. This reflected marked increases in the LV (52%), RV (100%) and atrial (170%) mass (p < 0.01 in each case). In addition, lung weight:body weight ratio increased by 96% (p < 0.01) suggesting a degree of heart failure in association with the hypertrophy. These changes represent an increase in organ weight as the body weight of banded and sham control groups was similar (Table 1).

Effect of banding on systemic haemodynamics

Haemodynamic data in sham operated and aortic banded animals are shown in Table 2. The data are similar to those reported previously in this model [12;13], and although blood pressure is low in both banded and sham animals these values are typical for the anaesthetized guinea pig [START_REF] Hauser | Cardiovascular parameters in anaesthetized guinea pigs: a safety pharmacology screening model[END_REF] and only slightly lower than measurements in conscious animals [START_REF] Provan | Development of a surgical approach for telemetering guinea pigs as a model for screening QT interval effects[END_REF]. As expected aortic banding resulted in an increased systolic pressure gradient between the LV and the carotid artery. This was accompanied by a 37% (p < 0.001) reduction in aortic flow and a 47% (p < 0.05) increase in systemic vascular resistance. ECG-derived heart rate was unchanged, but banding increased QRS R wave voltage by 94% (p < 0.01), QRS duration by 32% (p < 0.05) and QTc interval duration by 15% (p < 0.05).

Effect of banding on arterial structure

The effects of aortic banding on coronary and mesenteric artery morphology are shown in Table 3.

Aortic banding resulted in significant increases in adventitial (52%; p<0.05), medial (59%; p<0.01) and total wall (52%; p<0.001) thickness of coronary arteries, but mesenteric arterial structure was unaffected (Table 3). The internal diameters of coronary and mesenteric arteries were not significantly changed by banding.

Effect of banding on vasodilator responses of coronary and mesenteric arteries

Relaxation in response to ACH was reduced in coronary arteries from banded animals (figure 1 & Table 4), but relaxation to ACH in mesenteric arteries was similar in banded and sham animals (figure 1 &table 4). In view of the inhibition of ACH-induced relaxation in the coronary artery, the role of cyclooxygenase products and NO was investigated in this tissue. Preincubation with the cyclooxygenase inhibitor, indomethacin (3µmol/L) did not alter responses to ACH, and responses to ACH remained inhibited in coronary arteries from banded animals exposed to indomethacin (table 4).

In contrast, preincubation with a combination of the NO inhibitors, LNMMA (10µmol/L) + oxyhaemoglobin (10µmol/L), reduced responses to ACH and there was no longer a significant difference in ACH-induced relaxation in coronary arteries from banded and sham animals following inhibition of NO (table 4). Relaxation to ISO was reduced in banded animals in both coronary and mesenteric arteries (figure 2), while responses to FSK (figure 3) and SNP (figure 4) were reduced in coronary arteries from banded animals, but not in mesenteric arteries (figures 3 & 4).
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DISCUSSION

We have shown that cardiac hypertrophy due to aortic banding is associated with impaired relaxation of coronary arteries in response to endothelium-dependent and endothelium-independent agents.

Previous studies have demonstrated impaired coronary flow reserve in cardiac hypertrophy [7;10;12] and the present studies show that this is due, at least in part, to impaired vasodilation of coronary arterial smooth muscle. Aortic banding-induced also caused impaired β-adrenoceptor mediated relaxation in both coronary and mesenteric resistance arteries. This is likely to be due to downregulation of β-adrenoceptors secondary to the sympathetic overactivity and enhanced levels of plasma catecholamines, previously observed in this model [START_REF] Kingsbury | Investigation of distal aortic compliance and vasodilator responsiveness in heart failure due to proximal aortic stenosis in the guinea pig[END_REF]. In addition as has been previously described [START_REF] Kingsbury | Endogenous and exogenous coronary vasodilatation are attenuated in cardiac hypertrophy: a morphological defect?[END_REF], there was an increased adventitial and medial thickness of coronary arteries probably as adaptive response to the elevated coronary arterial pressures resulting from aortic banding. Whether the changes in relaxation responses are a direct consequence of coronary artery smooth muscle hypertrophy is not known, but Boonen et al., [START_REF] Boonen | Mesenteric small artery changes after vasoconstrictor infusion in young rats[END_REF] found no difference in vasodilation in response to ISO and SNP in hypertrophied mesenteric small arteries from spontaneously hypertensive rats and Wistar Kyoto rats infused chronically with angiotensin II compared with arteries from normotensive Wistar Kyoto rats, suggesting that hypertrophy per se may not affect vasodilator responsiveness.

Aortic banding causes a number of neuroendocrine changes including elevated levels of catecholamines [START_REF] Kingsbury | Investigation of distal aortic compliance and vasodilator responsiveness in heart failure due to proximal aortic stenosis in the guinea pig[END_REF], natriuretic peptides [START_REF] Kingsbury | Investigation of distal aortic compliance and vasodilator responsiveness in heart failure due to proximal aortic stenosis in the guinea pig[END_REF], endothelin-1 [START_REF] Bell | Vitamin C and quinapril abrogate LVH and endothelial dysfunction in aortic-banded guinea pigs[END_REF], tumor necrosis factor-α [START_REF] Bell | Vitamin C and quinapril abrogate LVH and endothelial dysfunction in aortic-banded guinea pigs[END_REF] and, inconsistently, activation of the renin-angiotensin system [1;12]. It is also associated with increased coronary endothelial cell NAD(P)H-dependent superoxide production [START_REF] Bell | Vitamin C and quinapril abrogate LVH and endothelial dysfunction in aortic-banded guinea pigs[END_REF]. The extent to which these changes are responsible for the effects seen is unknown, but the reduction in both endotheliumdependent and endothelium-independent relaxation clearly indicates that the vasodilator responsiveness of coronary arterial smooth muscle is abnormal. Our observations do not exclude concomitant abnormalities in coronary endothelial function, since changes in endothelial function and / or NO release could be obscured by the alteration in vasorelaxant properties of the smooth muscle in our studies. Nevertheless, a previous study in this animal model [START_REF] Kingsbury | Endogenous and exogenous coronary vasodilatation are attenuated in cardiac hypertrophy: a morphological defect?[END_REF] did not observe differences in coronary artery NO release under basal conditions or during reactive hyperaemia in an isolated perfused Langendorf preparation. While the mechanism responsible for the impaired vasorelaxant function following aortic banding is uncertain it is notable that ACH, FSK, and SNP all cause vasodilation via increases in cyclic nucleotides. Additional studies investigating levels of cyclic nucleotides, activity of phosphodiesterases and activity of myosin light chain phosphatase (the major mediator of the relaxant action of cyclic nucleotides) would therefore be of interest. After inhibition of NO synthase, responses to ACH were reduced, but did not differ significantly between sham and banded animals. This observation suggests that relaxation to other factors released by ACH, such as EDHF [START_REF] Busse | EDHF: bringing the concepts together[END_REF], may be unaffected by banding, but in view of the reduced responses to ACH after inhibition of NO synthase, further studies are required to confirm this interpretation.

Until recently the importance of the vascular tone of coronary arteries in the maintenance of coronary resistance was largely ignored, as it was believed that ischaemia caused maximal vasodilatation of the coronary microvasculature. However, more recent studies have demonstrated that even during ischaemia, coronary resistance vessels retain vasomotor tone and can respond to vasoconstrictor stimuli [START_REF] Duncker | Regulation of coronary vasomotor tone under normal conditions and during acute myocardial hypoperfusion[END_REF]. Consequently the impairment of relaxation seen in coronary arteries in this study is likely to contribute to reduced cardiac perfusion and progressive deterioration of ventricular function as hypertrophy evolves. However, since the current studies were performed on hypertrophic hearts with concurrent evidence of heart failure, it is not possible to determine whether the vascular dysfunction precedes or merely potentiates cardiac dysfunction.

In conclusion, left ventricular hypertrophy secondary to aortic banding causes reduced relaxation of systemic resistance arteries to β-adrenoceptor activation and an impaired relaxation of coronary small arteries to endothelium-dependent and endothelium-independent vasodilators. 

TABLES

  Sham-operated animals underwent identical operative procedures but the plastic clip was not placed on the aorta. All animal work and surgery was performed in accordance with the Home Office Guidance on the Operation of Animals (Scientific Procedures) Act 1986, HMSO, London and the investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).

Figure 1 .

 1 Figure 1. Effect of aortic banding on acetylcholine (ACH) relaxation of A) coronary resistance arteries,

Figure 2 .

 2 Figure 2. Effect of aortic banding on isoprenaline (ISO) relaxation of A) coronary resistance arteries,

Figure 3 .

 3 Figure 3. Effect of aortic banding on forskolin (FSK) relaxation of A) coronary resistance arteries, B)

Figure 4 .

 4 Figure 4. Effect of aortic banding on sodium nitroprusside (SNP) relaxation of A) coronary resistance
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Table 1 .

 1 Effect of aortic banding on cardiac structure. BW = body weight, HW = heart weight, LV = left ventricular weight, RV = right ventricular weight, A = atrial weight. Data are means ±SEM. ** = p <0.01 compared with sham.

	Clinical		
		Sham	Banded
	BW (g)	1358±35	1313±28
	HW:BW (%)	0.049±0.001	0.088±0.010**
	LV:BW (%)	0.038±0.002	0.058±0.005**
	RV:BW (%)	0.006±0.001	0.012±0.002**
	A:BW (%)	0.007±0.001	0.019±0.004**
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Table 2 .

 2 Effect of aortic banding on cardiac and systemic haemodynamics.

	Sham	Banded

Clinical Science

Immediate Publication. Published on 18 Jul 2007 as manuscript CS20070136

  

Table 3 .

 3 Effect of aortic banding on coronary and mesenteric resistance artery structure.

		Coronary	Mesenteric
		Sham	Banded	Sham	Banded
	Diameter (µm)	292±31	321±21	331±25	310±31
	Adventitia (µm)	17±3	26±4*	21±4	19±2
	Media (µm)	22±7	35±2**	28±3	30±5
	Wall (µm)	40±8	61±5**	49±5	49±3
	Data are means ±SEM of 6-7 observations. * = p < 0.05 and ** = p < 0.01 compared with sham.

Table 4 .

 4 Effect of aortic banding on relaxation of coronary and mesenteric arteries.

		Sham		Banded	
	Coronary arteries	-logEC 50 (M) E max (%)	-logEC 50 (M) E max (%)
	ACH †	7.4±0.1	95±3	6.8±0.1	76±5
	ACH + indomethacin †	7.2±0.1	92±5	6.8±0.2	77±4
	ACH + Hb + LNMMA	5.7±0.2	36±6	5.1±0.4	43±13
	Mesenteric arteries				
	ACH	6.7±0.2	95±4	6.4±0.2	91±4
	ACH + indomethacin	6.7±0.1	82±4	6.8±0.1	87±3
	ACH + Hb + LNMMA	6.0±0.3	28±6	5.7±0.1	25±4
	Acetylcholine (ACH), haemoglobin (Hb), NG-monomethyl-L-arginine (LNMMA), Data are means
	±SEM of 6-7 observations, † = p <0.01 compared with sham by ANOVA.	
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