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Abstract

Experiments were designed to determine whether a heterogene-
ity of endothelium-dependent relaxations in arteries from dif-
ferent vascular beds exists in experimental congestive heart
failure (CHF) and to determine the mediators of those re-
sponses. CHFwas produced in dogs by rapid ventricular pacing
for 15 d. Rings of coronary, femoral, and renal arteries with and
without endothelium from control and CHF dogs were sus-
pended in organ chambers for measurement of isometric force.
In arteries contracted with prostaglandin F2 alpha, endothe-
lium-dependent relaxations to BHT920 (an alpha2-adrenergic
agonist) were increased in coronary arteries from dogs with
CHF(maximal relaxation: control -15±9% vs CHF-92±5%;
n = 5-6; P < 0.05), with a modest enhancement in renal arter-
ies. Relaxations to adenosine diphosphate and the calcium ion-
ophore were unchanged. Relaxations to BHT920 in CHFwere
reduced by NGmonomethyl-L-arginine (L-NMMA) and per-
tussis toxin but not by indomethacin. These data suggest that
endothelium-dependent relaxations are affected heteroge-
neously in CHF. The enhanced response to alpha2-adrenergic
agonists in the coronary artery is mediated by nitric oxide
through a mechanism sensitive to inhibition by pertussis toxin.
This selective increase in endothelium-dependent relaxations
in the coronary artery may contribute to preserving coronary
blood flow during CHF. (J. Clin. Invest. 1994. 93:165-171.)
Key words: endothelium * vasodilatation * adrenergic function -

coronary blood flow * guanine nucleotide-binding regulatory
proteins

Introduction

While systemic vasoconstriction is a hallmark of severe chronic
congestive heart failure (CHF),' a preservation of coronary
blood flow has been reported both in human and in experimen-
tal CHF ( 1-4). The role of endothelium in contributing to
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1. Abbreviations used in this paper: ANF, atrial natriuretic factor; BHT
920, 6-allyl-2-amino-5,6,7,8-tetrahydro-4H-thiazolo-(4,5-d)azepin di-
hydrochloride; CHF, congestive heart failure; CO, cardiac output; G-
proteins, guanine nucleotide-binding regulatory proteins; Gi, G-pro-
teins that inhibit; L-NMMA, NGmonomethyl-L-arginine; MAP, mean
arterial pressure; NO, nitric oxide; PRA, plasma renin activity; RAP,
right arterial pressure; SVR, systemic vascular resistance.
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altered vascular responses in CHF, however, remains contro-
versial (5-9). Recent studies have suggested that enhanced en-
dothelium-dependent relaxations to alpha2-adrenergic agonists
in experimental CHFmay serve as an important protective
mechanism to maintain coronary blood flow (9). Specifically,
recent investigations which examined alpha-adrenergic re-
sponses in isolated coronary arterial rings from dogs with and
without pacing-induced CHFdemonstrated an augmentation
of endothelium-dependent relaxation to norepinephrine and
the alpha2-adrenoreceptor agonist 6-allyl-2-amino-5,6,7,8-
tetrahydro-4H-thiazolo-(4,5-d)azepin hydrochloride (BHT 920),
thus supporting a role for increased endothelium-dependent
vasodilatory mechanisms in regulating the coronary circula-
tion in CHF.

The current investigation was designed to extend these pre-
vious studies and to determine if enhancement of endothe-
lium-dependent relaxations in vitro in experimental CHF is
specific to the coronary circulation, and secondly, to determine
if endothelium-dependent relaxations in the coronary circula-
tion are altered to other agonists. Thirdly, we sought to eluci-
date the mechanism underlying the enhanced alpha2-adrener-
gic endothelium-dependent relaxations, testing the hypothesis
that this augmented coronary vascular response is mediated by
nitric oxide (NO) and involves a guanine nucleotide-binding
regulatory protein (G-protein) mechanism.

Methods

Experiments were performed in two groups of mongrel dogs (18-27
kg) that were fed standard diet and allowed free access to water. Dogs
that had not been operated on served as the control group. To produce
experimental CHF, dogs underwent rapid ventricular pacing for 15 d.
This time period of pacing consistently produces a hemodynamic and
neurohumoral state of severe CHF(10).

Model of experimental CHF. Dogs in the CHFgroup underwent
implantation of a permanent pacemaker 5 d before the onset of pacing.
Under pentobarbital anesthesia (30 mg/kg intravenously [iv]), a left
thoracotomy incision was made at the fourth intercostal space, the
heart was exposed, the pericardium was opened, and a screw-in epicar-
dial pacemaker lead was attached to the right ventricular myocardium.
The pacemaker lead was connected to a generator implanted subcuta-
neously (5320; Medtronic Inc., Minneapolis, MN). The incision was

closed and the dogs were allowed to recover for 5 d, during the first 3 d
of which they received prophylactic clindamycin (Upjohn, Barcelo-
neta, PR) and CombioticR (Pfizer Inc., NewYork, NY). All protocols
were reviewed and approved by the Animal Care and Use Committee
of the Mayo Clinic and Foundation. All animals were under the care of
the Department of Veterinary Medicine throughout the course of the
study.

On the fifth postoperative day, each pacemaker was programmed to
250 beats per minute (bpm) and continued at this rate for 15 d.

Hemodynamic measurements. Dogs in the CHFgroup were anes-

thetized with pentobarbital sodium (5-10 mg/kg iv) and fentanyl
(Janssen, Piscataway, NJ) (0.007-0.008 mg/kg iv), intubated, and ar-

tificially ventilated with supplemental oxygen at 4 liters/min on a respi-
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rator (Harvard Apparatus Inc., South Natick, MA). The right femoral
artery was cannulated for measurement of systemic pressure and sam-
pling of arterial blood. The right external jugular vein was cannulated
with a flow-directed, balloon-tipped thermodilution pulmonary artery
catheter (model 93-121 A 7-French; American Edwards Laboratories,
Santa Ana, CA) and was advanced into the pulmonary artery for mea-
surement of cardiac filling pressures and determination of cardiac out-
put. Hemodynamic data were collected and included mean arterial
pressure (MAP), right atrial pressure (RAP), pulmonary capillary
wedge pressure, and cardiac output (CO). COwas measured by ther-
modilution technique and was determined by the average of four mea-
surements. Systemic vascular resistance (SVR) was calculated from the
formula: SVR= (MAP - RAP)/CO. Arterial blood for hormone as-
say was collected into EDTAtubes and was placed on ice immediately.
After centrifugation at 2,500 rpm at 4VC for 10 min, the plasma was
separated and stored at -20'C until assay. Atrial natriuretic factor
(ANF) was determined after extraction by RIA as previously described
(11). Plasma renin activity (PRA) was determined by RIA as reported
previously (12). At this point, the dogs were exsanguinated through the
carotid artery. Control dogs received pentobarbital sodium (30 mg/kg
iv) and were exsanguinated through the carotid artery.

In vitro experiment. The heart, renal, and femoral arteries were
removed and placed in a chilled, modified Krebs-Ringer bicarbonate
solution (control solution) of the following composition (mM): NaCl
118.3, KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2, NaHCO325.0,
CaEDTA0.026, and glucose 11.1. The left circumflex coronary artery
was dissected from the heart. Then the arteries were cleaned of connec-
tive tissue, with care taken not to touch the luminal surface, and were
cut into rings 5 mmin length. Some rings were denuded of endothe-
lium by inserting a pair of fine forceps into the lumen and gently rolling
the ring back and forth on Krebs-Ringer-wetted paper. Rings of coro-
nary, femoral, and renal arteries, with and without endothelium, from
a single dog were studied in parallel. Each ring was mounted between a
fixed point and a force transducer (UC-2; Gould Inc., Glen Bournie,
MD) for measurement of isometric force (model 7418A recorder;
Hewlett-Packard Co., Palo Alto, CA) in an organ bath filled with 25 ml
of the buffered salt solution at 370C and was gassed with 95% 02-5%
CO2. Each ring was progressively stretched to the optimal point on its
length-tension curve, as determined by the active tension developed to
potassium chloride 20 mM.

After a 30-min equilibration period, a cumulative concentration-
response curve to PGF2alpha (I0-8-I0-5 M) was obtained. To study
endothelium-dependent relaxations, the vessels were then contracted
with PGF2alpha (2 x 10-6 M). Relaxations were studied in one of two
separate sequences: acetylcholine, calcium ionophore A23187, and ni-
tric oxide; or BHT920 (13), and ADP. After each cumulative concen-
tration-response curve, the tissues were washed at least three times
with the control solution, and at least 30 min were allowed to elapse
before the next drug was used.

To study the mechanism of enhanced endothelium-dependent re-
laxation to alpha2-adrenergic stimulation in coronary arteries, relax-
ations to BHT 920 and A23187 were tested in either the absence or
presence of indomethacin (l0-' M, 60 min) alone, indomethacin
(l0-5 M, 60 min) plus pertussis toxin (100 mg/ml, 120 min), or indo-
methacin (10-' M, 60 min) plus NG monomethyl-L-arginine (L-
NMMA,l0-4 M, 60 min).

Drugs. The following drugs were used: acetylcholine, adenosine
diphosphate, calcium ionophore A23187, indomethacin, pertussis
toxin, PGF2alpha (Sigma Chemical Co., St. Louis, MO), BHT 920
(Boehringer Ingelheim Pharmaceuticals, Inc., Ridgefield, CT), and L-
NMMA(Calbiochem-Novabiochem Corp., La Jolla, CA). Drugs were
prepared daily in distilled water and were kept refrigerated at 40C until
use. Concentrations of the drugs are reported as the final molar concen-
tration in the organ bath.

Preparation of nitric oxide. A gas bulb fitted with a silicon rubber
injection septum was filled with NOfrom a cylinder (Union Carbide,
Chicago, IL). An appropriate volume (10- 1,000 ,l) was removed with
a syringe and was injected into another gas bulb filled with 100 ml of

distilled water, which had been gassed with helium for 3 h, giving stock
solutions of NOof 4 X IO -5 Mand 4 X 10-4 M.

Statistical analysis. In the in vitro experiments, n equals the num-
ber of rings taken from different dogs. The results are expressed as
means±SEM. Whenrings with and without endothelium from a single
dog were tested in parallel, Student's t test for paired observations was
used. When responses from different dogs were compared, an analysis
of variance for one-way classification was used. Where appropriate, the
effective concentration required to produce 10 or 50% of a maximal
response (ED10, ED50) was calculated for the individual concentra-
tion-response curves, and the mean of these values is reported as the
negative log of the molar concentration. Values were considered to be
statistically significant when P < 0.05.

Results

HEMODYNAMICANDHORMONALPARAMETERS
The hemodynamic parameters and hormonal values from the
CHFgroup are compared to a control group in Table I. MAP
and COwere significantly reduced in CHFin association with
characteristic elevations in left and right atrial filling pressures.
Calculated SVRwas increased in CHFand elevation of circu-
lating ANFand PRAoccurred.

GENERALRESPONSIVENESSOF VESSELS
There were no differences between groups in the resting tension
of coronary or renal arteries, with or without endothelium, at
the optimal point on their length-tension curve (Table II).
However, femoral arteries with endothelium had a lower rest-
ing tension in CHFcompared with control. In CHF, ED50 for
PGF2alpha of arteries with endothelium were similar to control
values for that artery (Table III); removal of the endothelium
resulted in a small but statistically significant increase in sensi-
tivity to this agonist. Maximal tension developed to PGF2alpha
(Table III) did not differ in CHFcompared with control.

Endothelium-dependent responses
ACETYLCHOLINE
In all arteries, acetylcholine produced concentration-depen-
dent relaxations of rings with endothelium (Fig. 1, A-C). In
coronary arteries (Fig. 1 A), the threshold for relaxation oc-
curred at significantly lower concentrations during CHFcom-
pared with control (-log ED-10: control 8.3±0.1 vs CHF
8.7±0.1; n = 6, P < 0.05). CHFdid not significantly alter the
responses of femoral or renal arteries (Fig. 1, B and C) from
those seen in control vessels.

Table I. Hemodynamic and Hormonal Measurements
in Control and CHFDogs

Control CHF

MAP(mmHg) 120±2 69±6*
RAP(mmHg) 1.7±0.5 8.5±1.0*
LAP (mmHg) 7.8±0.7 15.2±1.0*
CO(liter/min) 3.3±0.21 1.3±0.2*
SVR(resistance units) 35.0±3.0 52.2±5.4*
PRA(ng/ml per h) 2.5±1.4 8.5±1.1*
ANF(pg/ml) 62±7 508±52*

Values are means±SEM.
LAP, left atrial pressure; Control, n = 5; CHF, n = 4.
* P < 0.05 CHFvs control.
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Table II. Tension of Coronary, Femoral, and Renal Arteries
at Optimal Point on Length-Tension Curve

Artery With endothelium Without endothelium

g g

Coronary
Control 11.0±1.7 9.3±1.1
CHF 11.8±1.0 10.4±0.7

Femoral
Control 15.3±1.2 16.3±1.4
CHF 11.6±0.8* 13.5± 1.2

Renal
Control 15.7±1.2 13.2±1.2
CHF 12.6±1.7 12.1±1.8

Values are means±SEM.
n = 6 in all groups.
* P < 0.05 CHFvs control.

BHT 920
With endothelium. BHT 920 produced concentration-depen-
dent relaxations of coronary arteries. In CHF, there was a
marked increase in endothelium-dependent relaxation of coro-
nary arteries as compared with control (maximal relaxation:
control [ n = 6 ] - 15±9% vs CHF[ n = 5 ] -92±5%; P < 0.05)
(Fig. 2). In contrast, in rings of femoral artery contracted to
equivalent levels of tension by PGF2alpha, BHT920 produced
only slight relaxation which was not different in CHFcom-
pared with control (maximal relaxation: control [ n = 3 ]
-5±1% vs CHF [n = 5] -6±7%). In renal arteries (Fig. 3),
while a small contraction of control vessels occurred, there was
a relaxation of CHFvessels; the maximal change in tension in
CHF(-13±5%) was not different from control (9±10%) (P
= NS). However, an analysis of the area under the curve re-
vealed a significant difference between the CHFand control
arteries (area under the curve: control 28±19 vs CHF-36±15;
P < 0.05).

Table III. Response to Prostaglandin F2 alpha in Coronary,
Femoral, and Renal Arteries

ED50
-log M Maximal tension*

With Without With Without
Group endothelium endothelium endothelium endothelium

Coronary
Control 6.0±0.1 6.3±O.It 13.8±1.6 15.6±1.7
CHF 6.1±0.1 6.3±0.1t 9.7±1.8 11.4±0.9

Femoral
Control 5.8±0.1 6.1±0.1 18.4±2.8 23.6±2.0
CHF 5.8±0.1 5.9±0.1 16.0±3.1 22.0±3.4

Renal
Control 5.9±0.1 6.1±0.1 31.7±2.6 30.0±3.1
CHF 5.9±0.2 5.9±0.1 21.3±5.6 28.8±7.0

Values are means±SEM.
n = 6 in all groups.
* Grams of tension evoked by PGF2 alpha I0-' M.
* P < 0.05 arteries without compared to with endothelium.
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Without endothelium. In each artery studied, when the en-
dothelium was removed BHT produced a contraction which
did not differ in CHFfrom control (Figs. 2 and 3; femoral data
not shown).

Adenosine diphosphate
ADPproduced concentration-dependent relaxations of all ar-
teries, which were greater in rings with endothelium than in
rings without endothelium. Whenrelaxations to ADPof arter-
ies with endothelium (Table IV) and without endothelium
(data not shown) in CHFwere compared with control, no

20

01

-20-

-40

tR -60
With Without \

Control
-8- CHF { o

-100
-9 -8 -7 -6

BHT920, log M

Figure 2. Cumulative concentration-response curves to BHT920 in
coronary arteries from control and CHFgroups. With, with endothe-
lium; Without, without endothelium. Data are presented as percent
change in tension (means±SEM) from a contraction to prostaglandin
F2alpha (2 X 10-6 M); vessels with endothelium: control (n = 6)
11.4±1.3 g vs CHF(n = 5) 8.8±1.8 g; P = NS. *P < 0.05 change in
tension to 10-6 Min CHFvs control.
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The area under the curve for CHFrings with endothelium was statis-
tically different from that of control rings with endothelium, P < 0.05.

differences among coronary, femoral, or renal arteries were

found.

A23187
The calcium ionophore A23187 produced concentration-de-
pendent relaxations of arteries with endothelium, but no re-

sponse in rings without endothelium. In response to A23 187,
there were no differences in endothelium-dependent relax-
ations in coronary, femoral, or renal arteries (Table IV).
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Figure 4. Cumulative
concentration-response

-5.0 curves to the endothe-

lium-derived relaxing
factor, nitric oxide, in
coronary (A), femoral
(B), and renal (C) ar-

teries from which the
endothelium was re-

moved (control n = 6,
CHFn = 5). Values

-s.0 represent percent relax-
ation (means±SEM)
from a contraction to
prostaglandin F2alpha
(2 X 10-6 M). Coro-
nary: control, 9.4+0.9
g; CHF, 6.9±1.1 g; fem-
oral: control, 13.0±2.0
g; CHF, 14.6±3.7 g;
renal: control, 19.7±2.0

-s.o g; CHF, 20.9±7.6 g; P
= NS.

Nitric oxide
Relaxations to the endothelium-derived relaxing factor nitric
oxide were tested in rings from which the endothelium had
been removed (Fig. 4, A-C). Responses in CHFwere not dif-
ferent from control for coronary or renal arteries; there was a

tendency to decreased sensitivity of femoral arteries to NOin
CHF(Ed-50: control 7.0±0.1 vs CHF6.4±0.3; P = NS).

Mechanism of Enhanced BHT920 Response
in Coronary Arteries
RESTING TENSION
In both control (Fig. 5 A) and CHF(Fig. 5 B) rings, resting
tension of coronary arteries with endothelium increased
slightly after indomethacin. In control rings (Fig. 5 A), the
addition of L-NMMAproduced a further increase in resting

Table IV. Endothelium-dependent Relaxations to ADPand
A23187 Expressed as ED150 (-log M)

Coronary Femoral Renal

ADP
Control 7.0±0.1 (n = 6) 6.1±0.1 (n = 6) 6.2±0.1 (n = 6)
CHF 7.1±0.1 (n = 5) 6.1±0.2 (n = 3) 6.3±0.0 (n = 3)

A23 187
Control 7.8±0.1 (n = 6) 7.6±0.1 (n = 6) 7.7±0.1 (n = 5)
CHF 7.8±0.0 (n = 6) 7.2±0.2 (n = 6) 7.4±0.1 (n = 5)

Values are ED-50 (means±SEM) for ADPand A23 187 from a con-

traction to prostaglandin F2 alpha (2 x 10-6 M) of arteries with
endothelium. For each artery, maximal contractions to PGF2 alpha
did not differ in CHFcompared with control. Relaxations of vessels
without endothelium did not differ in CHFcompared with control
and are not shown.

tension to a level not significantly greater than after indometh-
acin alone. In CHF(Fig. 5 B), however, resting tension after
L-NMMAand indomethacin significantly exceeded that seen

with indomethacin alone. Indomethacin significantly in-
creased the resting tension of both control (Fig. 6 A) and CHF
(Fig. 6 B) coronary arteries without endothelium. After L-
NMMA,there was a further slight increase in tension in both
groups which did not approach significance. Incubation of
rings with indomethacin and pertussis toxin did not change
resting tension of any artery when compared with indometha-
cin alone (data not shown).

A B

No inhibitor
2 Indornethacin

Indornethacin/LNMMA

Figure 5. Change in resting tension (grams) of rings of coronary ar-

tery with endothelium from control (A) and CHF(B) dogs in the
absence of inhibitors or in the presence of indomethacin or indo-
methacin plus L-NMMA. Incubation time was 60 min. *P < 0.05
indomethacin plus L-NMMAvs indomethacin.
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A B

* No inhibitor
0 Indomtthacin
* IndomtthacimALNMMA

Figure 6. Change in resting tension (grams) of rings of coronary ar-
tery without endothelium from control (A) and CHF(B) dogs in the
absence of inhibitors or in the presence of indomethacin or indo-
methacin plus L-NMMA. Incubation time was 60 min. t p < 0.05
indomethacin vs no inhibitor.

BHT920
In control arteries, indomethacin did not significantly reduce
relaxations to BHT920. However, indomethacin in combina-
tion with either pertussis toxin or L-NMMAeliminated the
relaxations to this agonist (Fig. 7 A). During CHF, indometha-
cin did not significantly reduce endothelium-dependent relax-
ations of coronary arteries to BHT920 (Fig. 7 B). The addition
of L-NMMA, however, reduced the maximal relaxation from
-86±7% (no inhibitor) to - 15±4% (indomethacin plus L-
NMMA)(P < 0.05). Similarly, the addition of pertussis toxin
almost abolished the response: -86±7% (no inhibitor) vs
-7±5% (indomethacin plus pertussis toxin, P < 0.05). Re-

A B

-20 -20

o~~~~0n o loii

-40 .5 -40-

Q UFu-60 7 -60

-8o -80

-100 -100

*No Inhibitor
EJ Indomethain
M Indomethacin~a'etssl toxin

Figure 7. Maximal relaxation to BHT 920 ( 10-6 M) in coronary ar-
teries with endothelium from control (A) and CHF(B) in four ex-
perimental groups: no inhibitor, indomethacin (I 0-5 M), indometh-
acin ( 10-5 M) plus pertussis toxin ( 100 mg/ml), and indomethacin
( 10-5 M) plus L-NMMA( l0-4 M). Values represent percent change
in tension (means±SEM) from a contraction to PGF2alpha (2 X 10-6
M). For each artery, contractions to PGF2alpha did not differ be-
tween experimental groups; n = 6 in all groups. t p < 0.05 vs no in-
hibitor; ' P < 0.05 vs indomethacin.

Table V. Endothelium-dependent Relaxations to A23187
in Coronary Expressed as ED_50 (-log M)

Control CHF

No inhibitor 7.8±0.0 7.8±0.0
Indomethacin 7.7±0.1 7.8±0.1
Indomethacin/pertussis toxin 7.7±0.1 7.8±0.1
Indomethacin/L-NMMA 7.3±0.0*#§ 7.5±0. 1*§II

Values are ED-m (means±SEM) for A23 187 of coronary arteries with
endothelium in control and CHFfrom the four experimental groups:
no inhibitor, indomethacin (10-5 M), indomethacin (l0-5 M) plus
pertussis toxin, (100 mg/ml), and indomethacin (IO-' M) plus L-
NMMA(l-4 M). Vessels were contracted with PGF2alpha (2 x 106;
for each artery, contractions to PGF2 alpha did not differ between
experimental groups).
* P < 0.05 vs no inhibitor; t P < 0.05 vs indomethacin; § P < 0.05 vs
indomethacin/pertussis toxin; 11 P< 0.05 vs control. n = 6 in all groups.

sponses to BHT920 in arteries without endothelium were not
altered (data not shown).

A23187
Non-receptor-mediated endothelium-dependent relaxations
in control and CHFcoronary arteries are shown in Table V.
Within both groups, the addition of indomethacin with or
without pertussis toxin did not alter the sensitivity of coronary
arteries to A23 187. L-NMMAproduced a significant shift to
the right in the concentration-response curve to the calcium
ionophore in both groups which, however, was less in CHF
than in control.

Discussion

The major finding of this study is that endothelium-dependent
relaxations are affected heterogeneously in CHF. Specifically,
alpha2-adrenergic pathways of endothelium-dependent relax-
ation are enhanced in the coronary circulation, and to a lesser
magnitude in the renal circulation, while other mechanisms
are essentially unchanged. This enhancement is mediated by
increased production of nitric oxide through a pertussis toxin-
sensitive pathway.

In human and experimental congestive heart failure, opti-
mal circulatory homeostasis is achieved by a delicate balance of
vasoconstrictor and vasodilator mechanisms. Activation of cat-
echolamines ( 14), the renin-angiotensin-aldosterone system
( 15), vasopressin ( 16), and endothelin ( 17) promote vasocon-
striction which is balanced by endogenous vasodilator forces
such as prostaglandin ( 18) and atrial and brain natriuretic pep-
tides ( 1 1, 19). In severe CHF, vasoconstrictor mechanisms pre-
dominate with elevation of systemic vascular resistance in asso-
ciation with renal, splanchnic, and cutaneous vasoconstriction
(1, 20) and impaired peripheral vasodilation (21). However,
coronary blood flow is preserved ( 1-4) and coronary vascular
resistance may be reduced (2, 4). The results of our study dem-
onstrate that enhancement of a local vasodilator mechanism,
namely alpha2-adrenergic receptor-mediated endothelium-de-
pendent relaxation, occurs in the coronary but not femoral
artery in experimental CHF. Thus, this alteration of local en-
dogenous vasodilator forces may, in a milieu of elevated circu-
lating catecholamines ( 14), contribute to the preservation of
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coronary blood flow in CHF, as suggested by Main and co-
workers (9). In addition, such vasodilatory mechanisms may
also serve to preserve renal blood flow in CHF.

In this investigation and in that of Main et al. (9), endothe-
lial responses were studied only in large epicardial conduit arter-
ies and not resistance vessels. Therefore, caution should be ex-
ercised in extrapolating the results to the regulation of coronary
blood flow by the coronary microcirculation. Secondly, differ-
ential regulation of large conduit arteries as compared with the
microcirculation may occur in CHF, as noted in the prelimi-
nary studies of Bank et al. (22), which demonstrated an intact
endothelial response in large arteries of the human forearm as
compared with an impaired response in the microcirculation.
Differences in endothelium-dependent relaxations between ar-
teries from control and CHFanimals are probably not due to
differences in contractions to PGF2alpha as these were similar
from both groups of dogs. Decreased sensitivity to the prostan-
oid in coronary arteries with endothelium may be due to basal
release of endothelium-derived relaxing factor.

Using acetylcholine, a depression of endothelium-depen-
dent relaxation in CHFhas been demonstrated in both human
and animal models of CHF(5-8, 23-25). The present study
examined responses to acetylcholine after 2 wk of experimental
CHFand found that the threshold for relaxation to acetylcho-
line was decreased significantly in coronary arteries but was
unchanged in femoral and renal arteries. Increases in blood
flow in canine systemic arteries result in augmented endothe-
lium-dependent relaxations to acetylcholine (26) and studies,
while controversial (2,27), have demonstrated increased myo-
cardial blood flow in CHF. A similar mechanism may operate
to produce the augmented response to acetylcholine reported
in this study. Additionally, an endothelium-derived hyperpo-
larizing factor (28) maybe altered during CHF, but this mecha-
nism was not evaluated in our study.

In contrast to the enhancement of responses to alpha2-
adrenergic and muscarinic receptor stimulation seen in coro-
nary arteries, endothelium-dependent relaxations to adenosine
diphosphate, mediated by endothelial purinergic (P2) receptors
(29, 30) and the calcium ionophore A23187, which increases
endothelial cytosolic calcium independently of receptors, were
unchanged in CHF. In addition, responses of femoral and renal
arteries to these agonists did not differ in CHFfrom control.
Thus, the enhancement of endothelial vasodilator function ap-
pears to occur in association with specific pathways while
others are unchanged. It is a significant negative finding that
these responses were not impaired and provides further evi-
dence against a generalized dysfunction of endothelium-de-
pendent responses in experimental CHF.

The sensitivity of coronary and renal vascular smooth mus-
cle to the major chemical form of endothelium-derived relax-
ing factor, namely NO(31 ), was unchanged during CHF. How-
ever, the tendency for a reduced sensitivity to NOseen in femo-
ral arterial smooth muscle may play a role in regional vascular
tone favoring the maintenance of coronary as opposed to pe-
ripheral blood flow. Such an impaired femoral vasodilator re-
sponse in CHFis at variance with the observations of Kaiser et
al. (25), which may, in part, be explained by differences in
experimental preparation. It should also be noted that a de-
creased resting tension was noted in the femoral arteries in
CHF. The mechanism of this is unclear but, in part, could be
explained by the use of the anesthetic agents.

Neither maximal relaxation to BHT920 nor resting tension

were altered in the presence of indomethacin. While many sub-
stances stimulate the production and release of endothelial va-
sodilator prostanoids ( 18), it does not appear from this study
that such a pathway is involved in the exaggerated response to
alpha2 stimulation of coronary arteries seen in CHF. The addi-
tion of L-NMMAto coronary arteries with endothelium re-
sulted in increased resting tension, a difference which was
greater in CHFthan in control. This suggests that tonic release
of NOmay be increased in CHF. In contrast, while the data
support basal production of inhibitory prostanoids in denuded
smooth muscle, they do not support the induction of NOsyn-
thesis in coronary smooth muscle during CHF.

In the presence of L-NMMA, the enhanced endothelium-
dependent relaxations to BHT920 seen in CHFwere markedly
reduced. Since the sensitivity to exogenously administered NO
is not altered, these data demonstrate that enhanced stimulated
release of NOis central to the mechanism of enhanced endothe-
lium-dependent relaxations to alpha2-adrenergic stimulation
in coronary arteries in CHF.

Alpha2 and beta adrenoreceptors are closely coupled to ade-
nylate cyclase (32, 33) by G-proteins which inhibit (Gi) or
stimulate (Gs) the catalytic unit, respectively. Responses to
beta-adrenergic agonists are diminished in human CHF(34),
and while receptor downregulation occurs (35, 36), a defect in
receptor-adenylate cyclase production of cAMP also occurs
(37). Feldman et al. (38) found an increased level and func-
tional activity of Gi in failing myocardium and suggested that
receptor traffic through beta receptors coupled to Gi may be
inhibited during CHF.

Alpha2 receptor activation is closely coupled to Gi (32) and
produces endothelium-dependent relaxation of canine coro-
nary arteries to epinephrine and norepinephrine (39, 40). The
exotoxin pertussis toxin produces ADPribosylation and inacti-
vation of Gi. Previous studies have demonstrated that pertussis
toxin inhibits endothelium-dependent relaxation to alpha2-
adrenergic stimulation in porcine coronary arteries (41). In
this study, the markedly enhanced endothelium-dependent re-
laxations of coronary arteries produced by the alpha2-agonist
BHT920 in CHFwere completely lost in the presence of per-
tussis toxin. In contrast, non-receptor-mediated, endothelium-
dependent relaxations, as assessed by the response to A23 187,
were unchanged. These findings are analagous to those of Feld-
man et al. (38) with beta receptor-coupled Gi activity and
suggest that a parallel increase in Gi functional activity coupled
to alpha2 receptors may occur in canine coronary endothelium
in CHF.

In conclusion, these studies demonstrate a selective en-
hancement of endothelium-dependent relaxations to alpha2-
adrenergic receptor stimulation in canine coronary arteries in
experimental CHF. This is not observed in femoral arteries and
is only modestly seen in renal arteries. Significant changes in
other mechanisms of endothelium-dependent relaxation were
not observed, and vascular smooth muscle sensitivity to NO
was not altered. The mechanism of this uniquely enhanced
response may involve increased stimulated production of nitric
oxide. Furthermore, it may operate through a pertussis toxin-
sensitive pathway and may reflect increased functional activity
of endothelial alpha2 receptor-associated Gi. These alterations
of endothelial vasodilator function may represent an impor-
tant homeostatic mechanism which, in the face of falling car-
diac output, selectively contributes to the preservation of coro-
nary blood flow.
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