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Dose-response Relationships, Correlation with Circulating Catecholamines,
and Effect of Phosphodiesterase Inhibition

Wilson S. Colucci, A. Robert Denniss, George F. Leatherman, Rebecca J. Quigg, Paul L. Ludmer,
James D. Marsh, and Diane F. Gauthier
Cardiovascular Division, Department of Medicine, Brigham and Women's Hospital and
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Abstract

Weinfused dobutamine into the left main coronary artery of 24
patients with severe congestive heart failure (CHF) and 8 nor-
mal subjects without hemodynamic dysfunction. The maximal
+dP/dt response to intracoronary (IC) dobutamine in CHF
patients was only 37% of that in normals. This decrease in
maximal response was not associated with a rightshift in the
EC50 for dobutamine's effect on +dP/dt, or a decrease in the
affinity of myocardial beta adrenergic receptors for dobut-
amine determined in vitro. In nine of the CHF patients, IC
dobutamine infusion was followed by IC infusion of the phos-
phodiesterase inhibitor milrinone, and subsequently, by a sec-
ond IC infusion of dobutamine. After IC milrinone, the increase
in +dP/dt caused by IC dobutamine (74±10%) was signifi-
cantly greater than that caused by the first infusion of dobut-
amine (52±11%; P < 0.003) or milrinone (42±6%; P < 0.001).
Resting plasma norephinephrine was markedly elevated in
CHFpatients (837±208 ng/liter), but not in normal subjects
(142±32 ng/liter); and the increase in +dP/dt caused by IC
dobutamine was inversely related to resting plasma norepi-
nephrine levels (r = -0.653; P< 0.001). IC dobutamine caused
a dose-related decrease in plasma norepinephrine (maximal
effect, -160±31 ng/liter, P < 0.001). Thus, (a) the maximal
inotropic response to dobutamine is markedly depressed in
patients with severe CHF, and is significantly greater after
pretreatment with the phosphodiesterase inhibitor milrinone;
(b) the impairment in inotropic response to dobutamine is in-
versely related to circulating norepinephrine levels; and (c)
myocardial stimulation by dobutamine results in withdrawal of
sympathetic tone.

Introduction

Stimulation of myocardial beta adrenergic receptors causes
activation of adenylate cyclase, and consequently, increased
accumulation of adenosine 3',5'-monophosphate (cAMP),
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which is thought to augment myocardial contractility by in-
creasing the influx of calcium through voltage-dependent
channels (1). In myocardium from patients with severe con-
gestive heart failure (CHF),' Bristow et al. have shown that the
density of beta adrenergic receptors is decreased, as are the
activation of adenylate cyclase and the development of con-
tractile force in response to isoproterenol or dobutamine (2-4).
Nevertheless, there is evidence that myocardium from patients
with severe CHF responds normally to calcium and cAMP
(2-7). These important observations have implications re-
garding the pathophysiology and therapy of CHF, and raise
several relevant questions. (a) What is the in vivo functional
hemodynamic consequence of beta adrenergic desensitization
in patients with CHF? (b) Can the hemodynamic sequelae of
beta adrenergic desensitization be overcome at high levels of
receptor stimulation? (c) Can the myocardial response to beta
adrenergic stimulation be restored by inhibiting the degrada-
tion of cAMP? (d) Is there a relationship between the level of
basal sympathetic nervous system activation, as reflected by
plasma catecholamines, and the degree of beta adrenergic de-
sensitization?

Recently, we found that the positive inotropic and hemo-
dynamic effects caused by the myocardial actions of milri-
none, a phosphodiesterase inhibitor, could be quantitated by
direct intracoronary (IC) drug infusion (8). This approach
allows isolation of the myocardial actions of the infused agent,
the precise definition of dose-response relationships, fre-
quently at drug concentrations greater than those that can be
achieved during systemic infusion, and the use of left ventricu-
lar +dP/dt as a simple, quantifiable measure of the positive
inotropic response to the infused drug. In a prior report (9), we
described the differential positive inotropic responses to an IC
infusion of the beta adrenergic agonist dobutamine (10) to
patients with and without severe congestive heart failure. We
now report the detailed dose-response relationships for the
positive inotropic and hemodynamic effects of IC dobutamine
infusion to 24 patients with severe CHFand 8 subjects without
significant myocardial dysfunction; and the use of this meth-
odology as an approach to the aforementioned questions.

Methods

Study population. The study population consisted of 32 subjects and
was divided into two groups. One group ("normals," n = 8) had no
evidence of significant CHF. These patients (three males, five females;

1. Abbreviations used in this paper: CHF, congestive heart failure;
D5W, 5%dextrose in water; dP/dt, derivative of pressure with respect
to time; IC, intracoronary; IPIN, iodopindolol; LV, left ventricular.
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mean age±SEM, 52±2 yr) had normal baseline hemodynamic func-
tion at the time of study (Figs. 3 and 4). None had a history of conges-
tive heart failure symptoms, exhibited cardiomegaly on chest x-ray, or
had been treated for congestive heart failure. Seven were receiving no
cardiac medications before the time of study, and one received a beta
adrenergic blocking drug until the night before study for a chest pain
syndrome. The other group ("CHF," n = 24) corn;lsted of patients with
idiopathic (n = 8) or ischemic (n = 16) dilated cardiomyopathy who
were referred because of severe New York Heart Association func-
tional class III or IV CHFdespite treatment with digitalis, diuretics,
and vasodilators in all cases. There were 20 males and 4 females (mean
age, 59±2 yr). The mean left and right ventricular ejection fractions by
radionuclide angiography were 0.15±0.02 and 0.31±0.03, respec-
tively. All CHF patients received digitalis and diuretics up to and
including the day before study, whereas vasodilators were withheld for
at least 48 h before study. No subject had symptomatic coronary artery
disease, documented myocardial infarction within the previous 3 mo
or uncorrected valvular heart disease. The study protocol was ap-
proved by the Committee for the Protection of HumanSubjects from
Research Risks at the Brigham and Women's Hospital, and written
informed consent was obtained in all cases.

Hemodynamic measurements. Under local anesthesia, the follow-
ing catheters were placed: (a) a 7Fr triple-lumen Swan-Ganz catheter
with a right atrial port was placed in the right or left main pulmonary
artery; (b) an 8Fr micromanometer-tipped catheter (Millar Industries,
Houston, TX) was placed in the left ventricle; (c) a 7Fr L4 Judkins
catheter was placed in the ostium of the left main coronary artery as
would be done for routine contrast injection; and (d) a side-arm sheath
(Cordis Laboratories, Miami, FL) in the right femoral artery was used
to monitor arterial pressure. Left ventricular (LV) +dP/dt was mea-
sured and hemodynamic calculations were performed as previously
described in detail (I 1).

Plasma catecholamines and dobutamine. Plasma norepinephrine,
epinephrine, and dobutamine concentrations were determined in
blood drawn from the femoral artery. All patients were supine and
resting for at least 30 min after placement of catheters. Plasma cate-
cholamines and dobutamine were determined by radioenzymatic
assay (12). Dobutamine coseparates with dopamine. Since even the
lowest pharmacologic concentrations of dobutamine (17-40 gg/liter)
(reference 15 and see Fig. I B) are severalfold higher than the highest
endogenous dopamine levels in our patients (range in this study, 0.021
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Figure 1. Relative peripheral and coronary artery concentrations of
dobutamine during intravenous and IC infusion to patients with
NewYork Heart Association functional class III and IV CHF. (A)
Concentration of dobutamine measured in plasma (-) and estimated
in the left main coronary artery (o) during IC infusion. The left main
coronary artery concentration of dobutamine was calculated based
on an assumed blood flow of 125 ml/min (13). (B) Measured plasma
dobutamine concentration in 17 patients with NewYork Heart As-
sociation functional class III and IV CHFduring intravenous drug
infusion.

to 0.831 jsg/liter; mean = 0.132±0.059 ag/liter), the contribution of
dopamine to the overall dobutamine determination is minimal. The
dobutamine standard curve using this method was linear from 2.5 to
250 ug/liter.

Intracoronary dobutamine infusion. After placement of catheters,
baseline hemodynamic conditions were taken as the means of two
consecutive sets of hemodynamic measurements separated by at least
10 min and differing by < 10%. Subsequently, 5% dextrose in water
(DSW), the vehicle for IC drug infusion, was infused into the left main
coronary artery for 5 min. At an infusion rate (4 ml/min) that exceeded
the maximum infusion rate used for the subsequent drug infusions,
D5Whad no effect on +dP/dt (Fig. 2) or any of the hemodynamic
measurements. Dobutamine diluted in D5Wwas then infused with
upward titration of the infusion rate at 5-min intervals according to the
following schedule: 2.5, 5, 12.5, 25, 50, 100, and 200 sg/min. Hemody-
namic measurements were made during the fifth minute of each infu-
sion period, and the upward titration was continued until the 200-,ug/
min infusion rate was achieved or there was evidence of an adverse
effect such as excessive tachycardia, increased ventricular ectopic ac-
tivity, or unpleasant palpitations.

Assuming a left main coronary artery blood flow of 125 ml/min
(13), the approximate concentration of dobutamine in the coronary
artery would range from 0.066 to 5.30 uMover infusion rates ranging
from 2.5 to 200 ,ug/min. Peripheral arterial dobutamine concentration
was measured in 11 patients during IC dobutamine infusion (Fig. 1 a),
and compared to that in 17 previously reported patients with a similar
degree of CHF(14) during intravenous dobutamine (Fig. 1 B). During
intravenous dobutamine infusion, peripheral dobutamine concentra-
tions ranged from 17±1 to 162±27 ug/liter at intravenous infusion
rates of 2 to 14 pg/kg per min (Fig. 1 B), in good agreement with the
previous report of Leier et al. (15). At an IC infusion rate of 25 ,g/min,
the estimated IC dobutamine concentration is 200 ,ug/liter, a level
similar to or greater than that achieved during intravenous drug infu-
sion at the maximum approved rate of 14 ;tg/kg per min (Fig. 1 B). At
this IC infusion rate (i.e., 25 ;tg/min) peripheral dobutamine was
barely detectable (6±2 ug/liter), and was substantially less (P < 0.001)
than the concentration of drug achieved with a 2-,ug/kg per min intra-
venous drug infusion ( 17±1 IAg/liter). A plateau in the +dP/dt response
generally occurred by the end of the second minute, and in all cases by
the end of the fourth minute of IC dobutamine infusion; and was stable
for the remainder of each 5-min infusion period. After discontinuing

Figure 2. Dose-response relationship for the effects of IC dobutamine
infusion on left ventricular +dP/dt in patients with (o) and without
(.) CHF. (A) Absolute change in +dP/dt compared to the D5W-I
baseline. Baseline +dP/dt was 1,446±87 and 886±97 mmHg/s in pa-
tients without and with CHF, respectively. The increase in +dP/dt
over baseline was significant at all infusion rates in both groups. At 5
,ug/min and all higher infusion rates, the increase was greater in pa-
tients without CHF. *P < 0.01 for normal vs. CHF. (B) Data from
A presented as the percentage increase in +dP/dt over the D5W-1
baseline. *P < 0.01 for normals vs. CHF.
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IC dobutamine, +dP/dt and hemodynamics returned to baseline gen-

erally within 2 min, and in all cases within 5 min.

Intracoronary milrinone. In nine of the subjects with CHF, the

recontrol period after dobutamine infusion was followed by the

infusion of milrinone according to an upward titration at 5-min inter-

vals as follows: 1.5, 3, 6, 12.5, 25, 50, 100, 200, and 400 'gg/min.
During IC milrinone infusion, hemodynamic measurements

made at the end of each 5-min infusion, and the upward titration

continued until +dP/dt increased by at least 30% over the D5Wbase-

line, the 400-Ag/min infusion rate was reached, or there was evidence

of an adverse effect such as excessive tachycardia or increased ventricu-

lar ectopic activity, as previously described in detail (8). In these

subjects, the mean IC dobutamine infusion rate was 61±16 Ag/min,

and the mean IC milrinone infusion rate was 250±38 gg/min. Imme-

diately after discontinuation of IC milrinone, IC dobutamine was

fused for a second time at the same rate as before IC milrinone,

+dP/dt and hemodynamics were measured between 3.5 and min

later. In our previous study (8) we monitored +dP/dt after the

tinuation of IC milrinone infusion, and found that the +dP/dt

sponse was maintained without significant decrease for at least 5, and

generally 10-20 min, after discontinuing IC milrinone (unpublished

observation). To control for the possibility that the first dobutamine

infusion might have induced a degree of beta adrenergic receptor

sensitization, IC dobutamine was infused for a second time after

initial IC dobutamine infusion in five other CHF subjects.

patients, recontrol conditions were obtained after the initial IC

tamine infusion, and subsequently, IC dobutamine was infused

second time, at a rate equal to the last rate infused during the

dobutamine titration.
Receptor binding studies. Beta adrenergic receptor affinity

butamine was determined from competition binding curves

['25I]iodopindolol (IPIN) binding site essentially as described

and Smith (16). Cardiac membranes (average weight, 500 mg) from

left ventricle were obtained at the time of transplantation (CHF

tients) or noncardiac organ donation (non-CHF patients), and

placed immediately in liquid N2. Just before assay, specimens

warmed to4°C, minced in mMNaHCO3, mMhistidine,

and homogenized by three bursts (10 s each) at full speed of a homoge-

nizer (Polytron; Brinkmann Instruments, Westbury, NY).

mogenate was centrifuged at 40,000 g for 30 min, and the pellet

resuspended in assay buffer (10 mMTris, 150 mMNaCI) by

of a tight-fitting Dounce homogenizer. The membrane preparation

(300 Ml) was added to tubes containing IPIN (20-40 pM) and

concentrations of dl-dobutamine (l0-4-l0-9 M), followed

tion for 120 min at 37°C. The assay (performed in duplicate)

terminated by adding 3 ml of ice-cold buffer, followed by rapid

tion through a Whatman GF/B glass fiber filter presoaked

aqueous polyethylenimine solution. Filters were washed

ice-cold buffer, dried, and trapped radioactivity determined

lation spectrometry. Dobutamine competition curves were

by computer-assisted nonlinear curve-fitting using a modification

the LIGHIT program (17) as previously described (16).

Statistical methods. All data are presented as the mean±standard

error of the mean. Significant changes among multiple observations

for each variable were detected by two-tailed paired t tests using

ferroni's method for multiple simultaneous comparisons

statistical significance was assumed if the null hypothesis

rejected at the 0.05/n probability level (where n the

comparisons). Changes among two observations for

within the same group were determined by two-tailed

and were considered significant if the null hypothesis could

at the 0.05 probability level ( 18).

Results

Effect of IC dobutamine infusion on +dP/dt (Fig. 2). Baseline

+dP/dt was 1,446±87 and 886±97 mmHg/s in normals and

CHF patients, respectively (P < 0.001; normal vs. CHF). In
both normal individuals and CHFpatients, +dP/dt was signif-
icantly increased by IC dobutamine infusion at 2.5 ,g/min, the
lowest infusion rate studied. In normals, IC dobutamine infu-
sion rates up to 50 /g/min resulted in further increases in
+dP/dt, the peak increase for the group averaging 1,437±404
mmHg/s (+ 104±14%). In CHF patients, the IC dobutamine

infusion was continued to a maximum infusion rate of 200

Mg/min, and caused a 528±73 mmHg/s (+56±6%) increase in

+dP/dt over baseline. At every infusion rate > 2.5 ,ug/min, the
increase in +dP/dt was significantly greater in normals than in

CHF patients; and despite the fourfold higher peak infusion
rate in CHF patients, the peak increase in +dP/dt was still

higher in normals.
Intracoronary dobutamine was not associated with adverse

effects. However, in normal subjects IC dobutamine infusion

at rates > 50 Mg/min was often associated with palpitations

and an increase in heart rate; whereas in CHFpatients, infu-

sion rates up to 200 Mg/min were well tolerated and not asso-

ciated with an increased heart rate. Consequently, the routine
titration in normals seldom exceeded 50 Ag/min. In CHFpa-
tients, the 200-ytg/min infusion rate was frequently achieved,

and was associated with a clear plateau in the +dP/dt response,

suggesting that a maximal physiologic effect had been

achieved. By contrast, there was little evidence of a plateauing

of the +dP/dt response at the peak infusion rates generally

achieved in normals.
Dobutamine binding affinity. Dobutamine competition

curves for the IPIN binding site were steep and fit best in all

cases by a .-site model. The dissociation constant (Kd) for

dobutamine in five patients with severe end-stage CHF

(1.9±0.3 MM) was not different from that in five subjects with-

out evidence of cardiac dysfunction (1.6±0.3 gM; P NS).

Likewise, the Kd for IPIN binding was identical in the two

groups (normals, 24±4 pM; CHF, 20±2 pM; P NS).

Hemodynamic effects of IC dobutamine infusion (Fig. 3).
In normal subjects, IC dobutamine infusion at 25 Mtg/min

caused no change in heart rate, mean arterial pressure or sys-

temic vascular resistance. In CHFpatients, IC dobutamine at

25,ug/min caused no change in heart rate, mean arterial pres-
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Figure 3. Hemody-
namic effects of IC do-
butamine infusion to
normal subjects (n = 8)
and patients with CHF
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sure, or systemic vascular resistance; and at the peak infusion
rate evaluated, there was a small increase in mean arterial
pressure (+4±1 mmHg, P < 0.02 vs. D5W) and a small de-
crease in systemic vascular resistance (-287±76 dyn-s-cm-5; P
< 0.01).

The 25-gg/min infusion rate caused -4±1 and -5±1
mmHgdecreases in left ventricular end-diastolic pressure in
normals and CHFpatients, respectively (P < 0.0025 for both).
By contrast, stroke volume index (+6+1 ml/m2; P < 0.001)
and stroke work index (+6±1 g.m/M2; P < 0.001) were in-
creased by IC dobutamine (25 ,ug/min) in CHFpatients, but
not in normal subjects (P = NS for both) (Figs. 3 and 4). All
hemodynamic effects returned to control values during repeat
D5Winfusion.

Effect of IC milrinone on the response to IC dobutamine. In
nine CHF patients, the initial IC dobutamine infusion was
followed by the IC infusion of milrinone, and subsequently, by
a second infusion of dobutamine. The initial IC dobutamine
infusion (mean infusion rate, 61±16 gg/min) resulted in an
increase in +dP/dt in all subjects (mean increase, 52±11%; P
< 0.002 vs. D5W) (Fig. 5). There was no significant change in
heart rate, mean arterial pressure, or systemic vascular resis-
tance, but left ventricular function was improved as indicated
by an increase in stroke work index and a decrease in left
ventricular end-diastolic pressure (P < 0.01 vs. D5Wfor both)
(Fig. 6). After discontinuation of dobutamine, +dP/dt, stroke
work index and left ventricular end-diastolic pressure all re-
turned to within 5%of the initial D5Wbaseline values (Figs. 5
and 6).

Intracoronary milrinone infusion resulted in a 42±6% in-
crease in +dP/dt (Fig. 5) which was associated with significant
improvement in left ventricular function as evidenced by an
increase in stroke work index and a decrease in left ventricular
end-diastolic pressure (P < 0.01 for both) (Fig. 6), but no
significant change in heart rate, mean arterial pressure or sys-
temic vascular resistance. Immediately following discontinua-
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Figure 5. The effect of the phosphodiesterase inhibitor, milrinone, on
the +dP/dt response to IC dobutamine infusion in 9 patients with
CHF. (A) Individual patient responses to IC dobutamine (DOB- 1),
IC milrinone (MIL), and a second IC dobutamine infusion (DOB-2)
immediately after IC milrinone. (B) Group mean data for the +dP/
dt responses of the nine patients depicted in A (.), and five other pa-
tients with CHF(o) who received two successive IC infusions of do-
butamine (DOB- I and DOB-2) without an intervening infusion of
milrinone. *P < 0.01 vs. D5W- 1 and D5W-2; and *P < 0.01.

tion of IC milrinone, IC dobutamine was infused again at the
same rate as before IC milrinone, and +dP/dt and hemody-
namics were measured between 3.5 and 5.0 min later. In every
patient, the increase in +dP/dt during the second dobutamine
infusion was greater than during the first infusion (mean in-
crease, 74±10%; P < 0.003 vs. first dobutamine infusion), and
also, was greater than during the immediately preceding IC
milrinone infusion (P < 0.001) (Fig. 5). Heart rate, mean arte-
rial pressure and systemic vascular resistance were not signifi-
cantly different than during the first dobutamine or milrinone
infusions (P = NS for all). Compared with the hemodynamic
effects of the immediately preceding IC milrinone infusion,
left ventricular end-diastolic pressure was lower (P < 0.05) and
stroke work index was higher (P < 0.05), indicating a further
improvement in left ventricular function (Fig. 6).

In five other CHFpatients, the effect of a second IC dobu-
tamine infusion was evaluated without an intervening IC mil-
rinone infusion (Fig. 5). Left ventricular +dP/dt increased
from 643±98 to 895±129 mmHg/s (P < 0.003) during the first
dobutamine infusion (mean infusion rate, 65±15 Ag/min),

,20
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10lFigure 4. Effects of IC dobutamine infusion on left ventricular pump

function in patients with (o) and without (o) CHF. As in Fig. 3, the
effects of the 25-gg/min (25) and peak (pk) infusion rates are de-
picted. *, ** and *** = P < 0.01, 0.001, and 0.0001 vs. D5W, respec-

tively.
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Figure 6. The effect of the
phosphodiesterase inhibitor
milrinone on the change in
left ventricular pump func-
tion caused by IC dobut-
amine infusion in the nine
patients with CHFde-
picted in Fig. 5. After IC
milrinone infusion, IC do-
butamine (DOB-2) caused
a significantly greater de-
crease in left ventricular
end-diastolic pressure and
increase in stroke work
index (P < 0.05 for both)
than did milrinone (MIL)
or dobutamine alone
(DOB-1).
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and returned to 641±96 mmHg/s after the infusion was
stopped. The +dP/dt increased to 926± 148 mmHg/s (P = NS
vs. first dobutamine infusion) in response to a second IC do-
butamine infusion at the same infusion rate as the first infu-
sion.

Relationship between plasma catecholamines and the re-
sponse to IC dobutamine. Supine resting plasma norepineph-
rine and epinephrine concentration sampled during the initial
D5Wcontrol period were 142±32 and 54±19 ng/liter in nor-
mal subjects. In CHFpatients, norepinephrine (837±208 ng/
liter; range 136-3972 ng/liter) and epinephrine (139±29 ng/
liter; range, 31-309 ng/liter) were markedly elevated at rest
and significantly higher than in normals (P < 0.001 for norepi-
nephrine; P < 0.03 for epinephrine). In CHFpatients, neither
norepinephrine nor epinephrine correlated significantly with
heart rate, mean arterial pressure, left ventricular end-diastolic
pressure, stroke volume index, cardiac index, or stroke work
index (P > 0.10 for all).

The increase in +dP/dt in response to IC dobutamine (25
Ag/min) ranged from 49 to 148% in normals, and from 0 to
73% in CHF patients; and was inversely related to resting
plasma norepinephrine (r = -0.653, P< 0.001 for all patients;
r = 0.615, P< 0.001 for CHFpatients only) (Fig. 7). There was
no significant relationship between resting epinephrine and
the +dP/dt response to IC dobutamine (r = -0.300; P = 0.260
for all patients; r = -0.378; P = 0.230 for CHFpatients only).

In 11 of the patients with CHF, plasma norepinephrine was
determined at each IC dobutamine infusion rate. Baseline
plasma norepinephrine (518±97 ng/liter) was stable over the
30-min control period (c- 1, c-2, and D5W), but decreased pro-
gressively during IC dobutamine infusion, with a maximum
decrease of 160±31 ng/liter (P < 0.001 vs. D5W) at the peak
dobutamine infusion rate (Fig. 8). Norepinephrine returned to
within 5%of the initial baseline value 10 min after discontin-
uation of IC dobutamine infusion (P < 0.001 vs. peak dobuta-
mine) (Fig. 8).

Discussion

The density of beta adrenergic receptors is decreased in the
myocardium of patients with severe CHF(2-4). However, the
physiologic consequence of this decrease in total beta adrener-
gic receptor number is not evident a priori since regulation of
the beta adrenergic pathway can also involve alterations in the
affinity of beta adrenergic receptors for agonist and the degree
of coupling to adenylate cyclase (19, 20), and may be in-
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fluenced importantly by such factors as the presence of spare
beta adrenergic receptors in excess of the number required for
a maximal response and by the efficiency of the coupling of
beta adrenergic receptors to contraction (21). The use of the
intracoronary infusion method allowed an examination of the
positive inotropic effect of dobutamine over an almost 100-
fold concentration range, and achievement of a steady state
myocardial drug concentration at least 10-fold greater than
that achievable during intravenous drug infusion. In CHFpa-
tients, a clear plateau in the dose-response curve was achieved
over a fourfold dose range, and therefore, we were able to
estimate the EC0 for dobutamine's positive inotropic effect.
Whereas maximal concentrations generally can be achieved
during in vitro studies, we are unaware of previous studies that
have been able to assess maximal or near-maximal responses
to positive inotropic agents in vivo in man. In normal subjects,
we were not able routinely to achieve maximal infusion rates
of dobutamine due to the development of marked palpitations
and tachycardia at infusion rates higher than 50 ,g/min. Since
tachycardia, per se, can influence +dP/dt, we restricted our
infusion rates to doses that did not significantly increase heart
rate. From inspection of Fig. 2 A, it can be seen that the EC50's
for dobutamine's effect on +dP/dt are very similar in CHF
patients and normal subjects. This apparent lack of a rightshift
in CHFpatients is strengthened by the fact that a maximal
effect was not achieved in normal individuals, and therefore
the true ECQ0in normal subjects is probably further to the right
that that estimated from Fig. 2 A. Only one prior in vivo study
has compared the positive inotropic responses to dobutamine
in patients with and without CHF(3). Our data confirm the
finding in that study of a substantial decrease in the inotropic
response to dobutamine in CHF patients, and in addition,
provide new information regarding the relative importance of
a decrease in the maximal amplitude of response versus a shift
in EC50. The radioligand binding data further suggest that the
decreased efficacy of dobutamine is not due to a decrease in
beta adrenergic receptor affinity for dobutamine in CHFpa-
tients. Our findings are also consistent with in vitro observa-
tions by Bristow et al. in myocardium from CHF patients
showing that the dose-response curves for isoproterenol-stimu-
lated adenylate cyclase activation and contraction were shifted
downward, without a rightward shift in EC5o (2).

A decrease in the maximal physiologic response to dobuta-
mine (i.e., decreased efficacy) without a change in EC50 (i.e.,
potency) may be due to a decrease in beta adrenergic receptor
number, other abnormalities of the beta adrenergic receptor
pathway, such as a decreased quantity and/or function of the
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guanine nucleotide regulatory protein (N5) (22-24), or an ab-
solute reduction in the ability of contractile elements to re-
spond to cyclic AMPor calcium. The latter possibility is un-
likely to explain our data, since (a) pretreatment with the
phosphodiestase inhibitor milirinone substantially increased
the positive inotropic response to dobutamine in CHF pa-
tients, thus indicating that a further positive inotropic response
is possible; and (b) in vitro and in vivo studies have shown a
selective loss of the biochemical and contractile responses to
beta adrenergic receptor stimulation without a reduction in
the responses to digitalis, calcium or cyclic AMP(3, 5-7).
Although it is not necessary to postulate a defect other than a
decrease in beta adrenergic receptor density, we can not ex-
clude the role of an abnormality in the quantity and/or func-
tion of N, or the catalytic unit of adenylate cyclase. However,
in vitro data indicate that the contractile responses to hista-
mine and forskolin are normal in myocardium from CHF
patients (2, 6, 7).

The observation that a decrease in maximal response to
dobutamine is not associated with a rightshift in the dose-re-
sponse relationship suggests that operationally there is little or
no receptor reserve in the beta adrenergic response to dobuta-
mine. As stressed by Kenakin (21), this observation does not
necessarily indicate the absence of "spare" beta adrenergic re-
ceptors, and may not be generalized for other agonists. How-
ever, this conclusion is consistent with that of Bristow et al.,
which was based on the agreement between the magnitudes of
decrease in beta adrenergic receptor density and maximum
isoproterenol-stimulated contraction and adenylate cyclase
activation in vitro in CHFmyocardium (2). Taken together,
these observations indicate that the reduced inotropic response
to beta adrenergic stimulation can not be overcome fully even
by high concentrations of dobutamine.

Radioligand binding and physiologic data suggest that do-
butamine may interact not only with beta- 1 adrenergic recep-
tors, but also with alpha-l and beta-2 adrenergic receptors
(25-27). However, in rat myocardium the interaction with
beta-2 adrenergic receptors is of low affinity and not in-
fluenced by guanine nucleotides (25). Thus, although physio-
logically coupled beta-2 adrenergic receptors are present in
human myocardium (4), it is uncertain whether dobutamine
acts as an agonist at these receptors. The role of alpha- 1
adrenergic receptors in mediating a positive inotropic response
in human myocardium is also unresolved (28, 29). However,
preliminary data from our laboratory fail to show a significant
effect of the alpha adrenergic antagonist phentolamine on the
+dP/dt response to IC dobutamine infusion in CHFpatients
(30). Thus, we feel that the action of dobutamine in this study
is primarily due to stimulation of myocardial beta adrenergic
receptors. In view of the recent demonstration of a significant
beta-2 adrenergic receptor-mediated contractile response in
human myocardium, particularly in the presence of beta-l
adrenergic receptor desensitization due to CHF(4), it is possi-
ble that the effect of dobutamine does not reflect the full beta
adrenergic potential (i.e., beta- 1 plus beta-2) of the myocar-
dium in such patients.

These data provide evidence that the positive inotropic
action of the phosphodiesterase inhibitor milrinone in patients
with severe CHFis complementary to that of the beta adren-
ergic agonist, dobutamine, and that the combined effects of
milrinone and dobutamine result in a significantly greater im-
provement in hemodynamic performance than either alone.

Thus, in every subject the increase in +dP/dt with IC dobut-
amine immediately following IC milrinone was greater than
that caused by either dobutamine or milrinone alone. Milri-
none acts primarily by inhibition by phosphodiesterase (31,
32), thereby causing an increase in the accumulation of myo-
cardial cyclic AMP. It is probable that milrinone potentiated
the positive inotropic response to dobutamine by causing a
greater accumulation of cyclic AMPin response to any given
degree of beta adrenergic receptor stimulation by dobutamine.
Our findings are consistent with in vitro data. For instance, the
positive inotropic effect of norepinephrine on rabbit papillary
muscle is potentiated by the phosphodiesterase inhibitor the-
ophylline (33). Likewise, the positive inotropic response of
guinea pig papillary muscle to isoproterenol is potentiated
when isoproterenol is given at the peak of a minimally effec-
tive concentration of milrinone or after prolonged incubation
with milrinone (34). Only one other study has addressed this
important issue in vivo in patients with CHF(35). Our data
and conclusion are consistent with those of Gage et al. (35)
who showed that the +dP/dt response to intravenous dobuta-
mine was greater in the presence of intravenous amrinone. In
addition, the IC infusion method allows two further conclu-
sions. First, the effect of milrinone is due to an increase the
maximal amplitude of response to dobutamine, since the 74%
increase in +dP/dt to dobutamine after milrinone was sub-
stantially and consistently greater than the 52% maximal re-
sponse to dobutamine alone. Second, due to the design of our
study, the further improvement in left ventricular pump func-
tion caused by IC dobutamine following IC milrinone, as re-
flected by the relationship between stroke work index and left
ventricular end-diastolic pressure, can be attributed entirely to
the direct actions of the two agents on myocardial systolic
and/or diastolic (36) function. Although Gage et al. (35) dem-
onstrated that the +dP/dt response to dobutamine was greater
in the presence of intravenously administered amrinone, the
actual contribution of this positive inotropic action to the
overall hemodynamic effect of the combination of systemic
dobutamine and amrinone could not be determined, since
systemic amrinone also exerts a substantial vasodilator action
which, in and of itself, could cause a significant hemodynamic
improvement (37).

We used +dP/dt as a measure of the positive inotropic
effect of dobutamine. This measurement can also be in-
fluenced by changes in preload, afterload, and heart rate. How-
ever, by using the direct intracoronary infusion method, we
were able to avoid significant changes in heart rate or mean
arterial pressure. Interestingly, left ventricular end-diastolic
pressure decreased during intracoronary infusion of both do-
butamine and milrinone. Since, as shown in Fig. 1 A, the
intracoronary infusion method avoids significant peripheral
levels of the infused drug, this effect may be due to a direct
drug-induced improvement in myocardial relaxation (36),
possibly due to increased cAMP levels, and/or to improved
forward pump function. A drug-induced decrease in left ven-
tricular end-diastolic pressure theoretically could have atten-
uated the apparent magnitude of the positive inotropic re-
sponse. However, it is unlikely that this change in left ventricu-
lar end-diastolic pressure significantly affected the
measurement of +dP/dt in this study, since in a prior study of
CHF patients with a comparable degree of hemodynamic
compromise, we found that lowering left ventricular end-dia-
stolic pressure to a similar degree with nitroprusside had no
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significant effect on +dP/dt (11). Alternatively, it has been
shown that at least one class of positive inotropic agents, the
phosphodiesterase inhibitors, can increase left ventricular vol-
ume despite lowering end-diastolic pressure (38). Since we did
not assess the effect of dobutamine on left ventricular volume,
we cannot exclude the possibility that drug-induced changes in
preload contributed to the observed changes in +dP/dt.

The mechanism responsible for a decrease in myocardial
beta adrenergic receptors and responsiveness in CHF is not
known. By analogy to a large number of in vitro studies, it has
been suggested that beta adrenergic desensitization in heart
failure is a result of increased sympathetic nervous system ac-
tivity (39). This hypothesis, however, has not been tested di-
rectly in patients. Fowler et al. noted an inverse correlation
between beta adrenergic receptor density and the concentra-
tion of catecholamines in the coronary sinus of CHFpatients
(3). We previously observed that the positive inotropic re-
sponse to intravenous dobutamine was attenuated relative to
the effect of milrinone, and that the attenuation was most
marked in the CHFpatients in whomhemodynamic dysfunc-
tion and plasma norepinephrine elevation were more marked
( 14). In a small group of CHFpatients we previously observed
a weak inverse relationship between circulating norepineph-
rine and the +dP/dt response to IC dobutamine in CHFpa-
tients (9). In the present, larger population this correlation
continues to be significant, and therefore further supports a
role of sympathetic nervous system activation in determining
the physiologic beta adrenergic responsiveness of CHF pa-
tients. The relatively weak correlation may reflect the indirect
relationship between circulating catecholamines and sympa-
thetic nervous system activity, or may be due to the participa-
tion of other factors in the regulation of beta adrenergic recep-
tor responsiveness.

In contrast to some prior studies, we did not find a signifi-
cant correlation between circulating catecholamines and sev-
eral measures of hemodynamic function. This is most likely a
result of the relatively homogeneous hemodynamic status of
our CHFpatients. However, a novel observation in this study
is that IC dobutamine caused a significant and rapid decrease
in circulating plasma norepinephrine. Since the hemodynamic
effects of IC dobutamine can only be attributed to improved
myocardial function, this finding strongly suggests that despite
the poor correlation between catecholamines and hemody-
namic measures for the whole group, there is an important
relationship between acute changes in hemodynamic function
and sympathetic nervous system tone in individual patients.

The findings of this study have potential clinical impor-
tance. First, they indicate that in patients with severe CHF, the
hemodynamic consequences of myocardial beta adrenergic
receptor desensitization can not be overcome fully by high
doses of dobutamine. Second, the ability of milrinone to in-
crease the maximal amplitude of response to dobutamine sug-
gests that an important action of phosphodiesterase inhibitors
such as milrinone may be to ameliorate, partially, the conse-
quences of beta adrenergic receptor desensitization; and pro-
vides a rationale for the combined administration of a beta
adrenergic agonist and a phosphodiesterase inhibitor to pa-
tients with severe CHF. Finally, since there is an inverse rela-
tionship between circulating catecholamines and the severity
of the physiologic desensitization to dobutamine's positive
inotropic effect, the data support the notion that therapies that
reduce sympathetic nervous system activity and/or reduce

beta adrenergic receptor stimulation could lead to a decrease
in beta adrenergic desensitization (40).
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