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Abstract

 

The objective of this study was to evaluate the effect of mus-

 

carinic receptor modulation on basal and 

 

b

 

-adrenergic stim-

ulated left ventricular function in patients with heart fail-

ure. 21 heart failure patients and 14 subjects with normal

ventricular function were studied. In Protocol 1 intracoro-

nary acetylcholine resulted in a 60

 

6

 

8% inhibition of the left

ventricular 

 

1

 

dP/dt response to intracoronary dobutamine

in the normal group, and a similar 70

 

6

 

13% inhibition in the

heart failure group. Acetylcholine also attenuated the dobuta-

mine-mediated acceleration of isovolumic relaxation (Tau)

in both groups. Acetylcholine alone had no effect on Tau in

the normal group, while it prolonged Tau in the heart fail-

ure group. In Protocol 2 intracoronary atropine resulted in

a 35

 

6

 

10% augmentation of the inotropic response to dobu-

tamine in the normal group, versus a non-significant

12

 

6

 

15% augmentation of the dobutamine response in the

heart failure group. In Protocol 3, in 6 heart failure patients,

both effects of acetylcholine, the slowing of ventricular re-

laxation and the inhibition of 

 

b

 

-adrenergic responses, were

reversed by the addition of atropine. Therefore, in the fail-

ing human left ventricle muscarinic stimulation has an in-

dependent negative lusitropic effect and antagonizes the

 

effects of 

 

b

 

-adrenergic stimulation. (

 

J. Clin. Invest. 

 

1996.

 

98:2756–2763.) Key words: acetylcholine 

 

• 

 

atropine 

 

• 

 

dias-

tole 

 

• 

 

dobutamine 

 

• 

 

heart failure, congestive

 

Introduction

 

Parasympathetic outflow to the heart is reduced in patients
with heart failure (1, 2). The importance of this abnormality in
the pathogenesis of life-threatening rhythm disturbances has
been observed (3), and the possible utility of pharmacological
augmentation of parasympathetic tone in patients with heart
failure has been suggested (4). However, the effect of myocar-
dial muscarinic receptor modulation on ventricular function in
the setting of heart failure is poorly understood. This question
is important because stimulation of myocardial muscarinic re-

ceptors has potential negative effects on contractile perfor-

 

mance (5) and can attenuate 

 

b

 

-adrenergic receptor mediated
increases in contractility (6–9).

In various animal models of heart failure muscarinic recep-
tor density in ventricular myocardium has been reported to be
either reduced (10, 11) or increased (5, 12), while receptor
density in cardiac tissue from patients with heart failure has
been shown to be unchanged (13–15). Muscarinic receptors

 

couple to the inhibitory G protein, G

 

i

 

, which has increased ac-
tivity in the failing heart (5, 15–18). Vatner et al. (5) have re-
cently confirmed that heart failure, induced by rapid ventricu-
lar pacing in dogs, is associated with an increase in muscarinic
receptor density and G

 

i

 

 in ventricular myocardium. The func-
tional significance of this receptor pathway upregulation was
also demonstrated in that muscarinic stimulation in animals
with heart failure resulted in greater inhibition of adenylate cy-
clase activity and myocardial contractility than was observed in
normal animals. This important study confirms that muscarinic
receptor pathways are at least intact and appear to be upregu-
lated in the setting of heart failure. Of note, muscarinic stim-
ulation can also modify ventricular performance through its ef-
fects on 

 

b

 

-adrenergic receptor-mediated responses. Previous
studies in normal animals have demonstrated that vagal stimu-
lation attenuates 

 

b

 

-adrenergic-mediated increases in contrac-
tility (6–8). Similarly, in humans with normal ventricular
function, we have demonstrated that muscarinic stimulation
attenuates 

 

b

 

-adrenergic-mediated inotropic responses, while
having no effect on basal contractility (9). The effect of musca-
rinic stimulation on ventricular diastolic function has not been
studied in humans. In animals with normal ventricular function
muscarinic stimulation has been reported to either slow (7, 19)
or have no effect (20) on ventricular relaxation.

The effect of muscarinic stimulation and blockade on left
ventricular function has not been described in the setting of
human congestive heart failure. Given normal receptor density
(13–15), increased G

 

i

 

 activity (5, 15–18), and the negative ino-
tropic effects of muscarinic stimulation in an animal model of
heart failure (5), muscarinic receptor modulation may have
important effects on ventricular function in human congestive
heart failure. Therefore, this study was performed to deter-
mine the effect of myocardial muscarinic receptor modulation
on basal and dobutamine stimulated left ventricular systolic
and diastolic function in patients with heart failure, and to con-
trast these effects with observations made in subjects with nor-
mal ventricular function.

 

Methods

 

Study population.

 

The study population consisted of 35 subjects re-
ferred for diagnostic catheterization. The subjects in the normal ven-

 

tricular function group (

 

n

 

 

 

5

 

 14; 7 males and 7 females) were free of
significant coronary artery stenosis by angiography, had normal base-
line hemodynamics and a normal left ventricular ejection fraction.
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4 subjects with normal ventricular function were included in a previ-
ous study of the effects of muscarinic pathways on left ventricular
contractile function (9). These subjects were included in the present
study because they had undergone an identical protocol and had left
ventricular pressure recordings that allowed for calculation of the
rate of ventricular relaxation (which was neither analyzed or reported
in the previous study). Medical treatment in the normal group, for ei-
ther hypertension or a chest pain syndrome, consisted of calcium
channel blockers (3 subjects), 

 

b

 

-blockers (4 subjects), and angio-
tensin-converting enzyme inhibitors (3 subjects). These medications
were withheld for at least 24 hours before this investigation.

The patients with heart failure (

 

n

 

 

 

5

 

 21; 15 males and 6 females)
all suffered from dilated cardiomyopathy with normal coronary arter-
ies. 1 heart failure patient was in atrial fibrillation and the heart rate
responses from this patient were not included in the analysis. The
etiology of dilated cardiomyopathy was idiopathic in 16 patients,
ethanol related in 4 patients, and chemotherapy in 1 patient. All had
significant left ventricular systolic dysfunction. Medical therapy con-
sisted of furosemide, (18 patients), digoxin (13 patients), angiotensin-
converting enzyme inhibitors (17 patients), and nitrates (3 patients).
In the heart failure group medical therapy was withheld on the morn-
ing of the investigation.

The investigation was begun at the Brigham and Women’s Hospi-
tal (Boston, MA) and completed at the Mount Sinai Hospital (Tor-
onto, Ontario). At both centers the protocol was approved by the
ethical review committee for experimentation involving human sub-
jects. Written informed consent was obtained in all cases.

 

Hemodynamic measurements.

 

Following a diagnostic heart cath-
eterization 20 min elapsed before beginning this investigation. A 7Fr
micromanometer-tipped catheter (Millar Industries, Houston, TX)
was placed in the left ventricle. A 7Fr left Judkins catheter (Cordis
Laboratories, Miami, FL), placed from the opposite femoral artery,
was advanced to the ostium of the left main coronary artery for intra-
coronary drug infusions. Femoral artery pressure was monitored via
an 8Fr side-arm sheath (Cordis Laboratories, Miami, FL). The elec-
trocardiogram, left ventricular pressure, and its first derivative (dP/dt,
continuous electronic differentiation) were recorded on a strip chart
recorder at a paper speed of 100 mm/s. Measurements for heart rate,
left ventricular peak 

 

1

 

dP/dt and peak 

 

2

 

dP/dt, and left ventricular
systolic and end-diastolic pressure were made by averaging at least 15
beats under each experimental condition.

 

Experimental approach.

 

The effect of muscarinic receptor stimu-
lation and blockade on basal and dobutamine stimulated left ventric-
ular function was assessed in three drug infusion protocols. In all
parts of this experiment intracoronary drugs were administered into
the left main coronary artery via the Judkins catheter using a Harvard
pump (South Natick, MA) for 4–5 min with hemodynamic measure-
ments made in the final minute. After completion of drug infusions,
radiographic contrast was injected to confirm the continued position
of the catheter in the left main coronary ostium.

 

Protocol 1. Intracoronary dobutamine and acetylcholine.

 

In this pro-
tocol the effect of acetylcholine on dobutamine-mediated increases in
systolic and diastolic left ventricular function was assessed. 10 sub-
jects with normal ventricular function and 11 patients with heart fail-
ure were studied. The sequence of infusions was as follows: (

 

a

 

) Con-
trol 5% dextrose in water (D

 

5

 

W), the vehicle for intracoronary drug
infusion, at 2 ml/min. (

 

b

 

) Intracoronary dobutamine with upward ti-
tration (12.5, 25, 37.5, and 50 

 

m

 

g/min) until at least a 25% increase in

 

1

 

dP/dt was achieved, or until the patient experienced tachycardia
or increasing extrasystoles. The mean dobutamine infusion rate was
19

 

6

 

4 

 

m

 

g/min in the normal ventricular function group, and 23

 

6

 

2 

 

m

 

g/
min in the heart failure group. (

 

c

 

) Recontrol D

 

5

 

W until 

 

1

 

dP/dt had
returned to within 10% of its control value. (

 

d

 

) Intracoronary acetyl-
choline, at concentrations of 10

 

2

 

6

 

, 10

 

2

 

5

 

, and 10

 

2

 

4

 

 mol/L consecutively,
at 1.25 ml/min to achieve estimated intracoronary concentrations of
10

 

2

 

8

 

, 10

 

2

 

7

 

, and 10

 

2

 

6

 

 mol/L, assuming left main coronary blood flow of
125 ml/min. (

 

e

 

) Simultaneous infusions of acetylcholine and dob-
utamine at the same infusion rates as were used initially.

 

Protocol 2. Intracoronary dobutamine and atropine.

 

In this pro-
tocol, the effect of muscarinic receptor blockade on dobutamine re-
sponses was assessed. Infusions were identical to those in Protocol 1,
except that intracoronary atropine (12 

 

m

 

g/min) was substituted for
acetylcholine. The mean dobutamine infusion rate was 16

 

6

 

3 

 

m

 

g/min
in the normal ventricular function group and 24

 

6

 

1 

 

m

 

g/min in the
heart failure group. In total 7 subjects with normal ventricular func-
tion and 9 heart failure patients were studied. This included 3 subjects
with normal ventricular function and 5 heart failure patients who par-
ticipated in Protocol 1. In the latter group the order of intracoronary
drug infusions was (

 

a

 

) Control D

 

5

 

W, (

 

b

 

) dobutamine, (

 

c

 

) recontrol
D

 

5

 

W, (

 

d

 

) acetylcholine, (

 

e

 

) acetylcholine and dobutamine, (

 

f

 

) second
recontrol D

 

5

 

W, (

 

g

 

) atropine, and finally, (

 

h

 

) atropine and dobu-
tamine. In this group of patients the second recontrol was used as the
recontrol period for Protocol 2. Of note, there were no changes in

 

1

 

dP/dt when the initial control period and the second recontrol pe-
riod before the infusion of atropine were compared in these patients.

 

Protocol 3. Intravenous dobutamine and combined intracoronary

acetylcholine and atropine.

 

Six heart failure patients were studied in
this protocol which was designed to explore whether the acetylcho-
line responses could be reversed by a concurrent infusion of atropine.
This would confirm that the acetylcholine responses resulted from
muscarinic receptor stimulation, and that the dose of atropine used in
Protocol 2 was sufficient to antagonize the effects of a muscarinic re-
ceptor agonist in the setting of heart failure. An additional rationale
for Protocol 3 was to demonstrate that the modulation of the dobu-
tamine response by acetylcholine was not simply the result of altered
coronary blood flow with resultant changes in the intracoronary con-
centration of dobutamine. This was accomplished by using an intrave-
nous infusion of dobutamine (mean infusion rate 5.8

 

6

 

0.5 

 

m

 

g/kg/min).
In this protocol the sequence of drug infusions was, (

 

a

 

) Control intra-
coronary D

 

5

 

W, (

 

b

 

) intravenous dobutamine to achieve at least a 25%
increase in 

 

1

 

dP/dt, (

 

c

 

) recontrol D

 

5

 

W, (

 

d

 

) intracoronary acetylcho-
line (10

 

2

 

6

 

 to 10

 

2

 

4

 

 mol/L), (

 

e

 

) intravenous dobutamine and intracoro-
nary acetylcholine, (

 

f

 

) intravenous dobutamine, plus intracoronary
acetylcholine and atropine (12 

 

m

 

g/min), and finally, (

 

g

 

) acetylcholine
and atropine.

 

Left ventricular isovolumic relaxation.

 

The time constant of left
ventricular relaxation, Tau, was calculated in two different ways. The
first method is a modification of that described by Weiss et al., such
that Tau (T

 

L

 

) 

 

5

 

 

 

2

 

1/slope of the regression line for the natural loga-
rithm of left ventricular pressure versus time for the period from peak

 

2

 

dP/dt to 5 mm Hg above left ventricular end-diastolic pressure (21).
The second method is the direct measurement of the pressure half-
time (T

 

1/2

 

), as described by Mirsky (22). With this method, Tau is di-
rectly measured from the pressure tracing as the time required for left
ventricular pressure to fall to one-half of its value at peak 

 

2

 

dP/dt. In
Protocol 1 and 2 left ventricular pressure recordings were digitized by
hand at 2- to 4-ms intervals using a digitizing tablet (Summagraphics,
Summagraphics Corporation, Fairfield, CT) interfaced with a Macin-
tosh personal computer. In Protocol 3, left ventricular pressure and
the electrocardiogram were digitally recorded at 300 Hz using a Mac-
intosh personal computer equipped with a multichannel analogue to
digital converter. Data files were stored to disc for later analysis. Us-
ing customized software developed in Labview (Version 3.0; National
Instruments Corporation, Austin, TX) Tau was calculated off-line us-
ing identical methods to those described above. In all cases values for
Tau represent the mean calculated from 8 cardiac cycles during each
experimental condition.

The reproducibility of the manual method for calculation of Tau
was assessed according to the method of Bland and Altman (23).
Both T

 

L

 

 and T

 

1/2

 

 were measured from pressure tracings of 14 patients
in duplicate by the same observer on two occasions at least 2 d apart.
For T

 

L

 

, the mean of the differences of 14 pairs of measurements was
0.41

 

6

 

1.95 ms (mean

 

6

 

standard deviation). Therefore, the coefficient
of repeatability (two standard deviations) for T

 

L

 

 is 3.90 ms. For T

 

1/2

 

,
the mean of the differences was 0.08

 

6

 

1.47 ms. Therefore, the coeffi-
cient of repeatability for T

 

1/2

 

 is 2.94 ms.
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Statistical analysis.

 

All data sets were tested for normality by
means of the Shapiro-Wilk test and found to be normally distributed.
Baseline characteristics were compared using unpaired two-tailed 

 

t

 

tests. For Protocols 1 and 2 comparisons of the means at each experi-
mental step between groups were done using repeated measures
MANOVA, with appropriate contrast statements and adjusting for
multiple comparisons. Comparisons within groups were done in the
same manner but fitting the model without the intercept. For Proto-
col 3 a repeated measures MANOVA was used to compare the
means at each experimental step, contrasting the comparison of inter-
est and adjusting for multiple comparisons. All data are presented as
mean

 

6

 

SEM. Statistical analysis was performed in SAS (release 6.10;
SAS Institute Inc., Cary, NC).

 

Results

 

Baseline hemodynamics.

 

Baseline hemodynamics and indices
of left ventricular contractility and isovolumic relaxation (Tau)
for all subjects with normal ventricular function, and all pa-
tients with heart failure are summarized in Table I. The corre-
lation coefficients for the linear regression of the logarithm of
left ventricular pressure versus time during isovolumic relax-
ation was 0.992

 

6

 

0.001 in the normal ventricular function
group, and 0.991

 

6

 

0.001 in the heart failure group.

 

Protocol 1. Intracoronary dobutamine and acetylcholine.

 

Intracoronary dobutamine increased left ventricular systolic
pressure in both groups, and reduced left ventricular end-dias-
tolic pressure in the normal ventricular function group (Table
II). There were no hemodynamic changes in the normal group
in response to intracoronary acetylcholine. In contrast, in the
heart failure group acetylcholine increased left ventricular
end-diastolic pressure, a change which was significantly differ-
ent compared to the response in the normal group. The combi-

 

Table I. Baseline Characteristics

 

Normal LV function Heart failure

 

n

 

14 21

Age (yr) 54

 

6

 

3 54

 

6

 

2

LVEF (%) 67

 

6

 

5 26

 

6

 

3*

HR (bpm) 76

 

6

 

4 90

 

6

 

4*

Mean PAP (mmHg) 12

 

6

 

1 26

 

6

 

3*

LVSP (mmHg) 124

 

6

 

5 114

 

6

 

5

LVEDP (mmHg) 10

 

6

 

1 20

 

6

 

2*

 

1

 

dP/dt (mmHg/s) 1487

 

6

 

77 869

 

6

 

70*

TL (ms) 4162 5663*

T1/2 (ms) 3062 3962*

LVEF, left ventricular ejection fraction; HR, heart rate; mean PAP,

mean pulmonary artery pressure; LVSP, left ventricular systolic pres-

sure; LVEDP, left ventricular end-diastolic pressure; 1 dP/dt, peak pos-

itive left ventricular dP/dt; TL, Tau, logarithmic method; T1/2, Tau, direct

pressure half-time method. *P , 0.05 versus normal left ventricular

(LV) function group.

Table II. Responses to Dobutamine, Acetylcholine, and Their 
Combination (Protocol 1)

C DDob RC DAch DDob 1 Ach

Normal  

HR 8164 1262 7864 2162 1163

LVEDP 1162 2361* 1061 061 061

LVSP 12466 11362* 12666 2163 1765

1dP/dt 15026104 1631698* 15036103 18631 1221648*‡

TL 4063 2662* 3963 2161 2162‡

T1/2 2862 2462* 2862 1161 061

CHF

HR 8964 2162 8765 1261 1362

LVEDP 2062 2261 2062 1361*§ 1261

LVSP 12269 1563*§ 12469 1262 1464

1dP/dt 10356101 1261637*§ 10726105 219614 181630*‡§

TL 5163 2761* 5263 1661*§ 061‡

T1/2 3462 2461* 3461 1361* 2261

Normal, normal ventricular function group; CHF, congestive heart fail-

ure group; C and RC, absolute values at control and recontrol; DDob,

DAch, ahd DDob 1 Ach, change from preceding control period in re-

sponse to dobutamine, acetylcholine, and their combination. See Table I

for remainder of abbreviations. *P , 0.05 for within group responses,
§P , 0.05 versus response in the normal ventricular function group, ‡P ,

0.05 for comparison of dobutamine plus acetylcholine response versus

dobutamine response.

Figure 1. Left ventricular 1dP/dt (A) and TL (B) in the normal ven-
tricular function group (solid triangles) and the heart failure group 
(open squares) in Protocol 1. Control (C), intracoronary dobutamine 
(Dob), recontrol (RC), acetylcholine (Ach). Data are presented as 
mean6SEM. *P , 0.05 versus the preceding control period, †P , 
0.05 versus the normal ventricular function group, ‡P , 0.05 for the 
comparison of dobutamine plus acetylcholine versus dobutamine 
alone.
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nation of dobutamine and acetylcholine did not cause any he-
modynamic changes in either group.

Dobutamine increased 1dP/dt in both groups (Table II,
Fig. 1), although the inotropic response was significantly
greater in the normal ventricular function group. Acetylcho-
line alone did not change 1dP/dt in either group. In both
groups the combination of dobutamine and acetylcholine was
associated with a significant increase in 1dP/dt, although the
inotropic response to this combination was significantly less
than the response to dobutamine alone. In the normal group
acetylcholine resulted in a 6068% inhibition of the inotropic
response to dobutamine. Similarly, in the heart failure group
acetylcholine caused a 70613% inhibition of the inotropic re-
sponse to dobutamine.

Dobutamine accelerated left ventricular isovolumic relax-
ation in both groups (Table II, Fig. 1), consistent with our pre-
vious report (24). Similar to its effect on dobutamine-mediated
inotropic responses, acetylcholine attenuated the dobutamine-
mediated reduction in Tau in both groups. Acetylcholine alone
had no effect on Tau in the normal group. In contrast, in the
heart failure group acetylcholine alone significantly slowed
ventricular relaxation. The prolongation of Tau in the heart
failure group in response to acetylcholine was significantly dif-
ferent from the response in the normal group.

Protocol 2. Intracoronary dobutamine and atropine. In the
normal ventricular function group there was a significant fall in
left ventricular end-diastolic pressure in response to both do-
butamine and the combination of dobutamine and atropine
(Table III). The combination of dobutamine and atropine also
increased heart rate in the normal group. There were no he-
modynamic changes in the heart failure group.

In the normal ventricular function group the addition of
atropine significantly augmented the inotropic response to
dobutamine (Table III, Fig. 2), consistent with our previous re-
port (9). The combined infusion of atropine and dobutamine
resulted in a 35610% greater increase in 1dP/dt as compared
to dobutamine alone. In contrast, in the heart failure group the
addition of atropine did not significantly enhance the inotropic
response to dobutamine (12615%).

Table III. Responses to Dobutamine, Atropine, and Their Combination (Protocol 2)

C DDob RC DAtr DDob 1 Atr

Normal

HR 7367 1563 7667 1563 11468*

LVEDP 1362 2461* 1262 2161 2361*

LVSP 12769 1962 12668 1265 11062

1dP/dt 14606140 18146104* 14746116 1107666 111006171*‡

TL 4663 2662 4563 2262 2962*

T1/2 3563 2462 3363 2161 2761*

CHF

HR 9566 2265 9367 1161 1464

LVEDP 2063 2161 2162 1161 2362

LVSP 10969 1661 11269 061 1362

1dP/dt 885694 1247669*§ 888699 216610 1282683§

TL 5666 21064* 5665 2161 2761*

T1/2 3862 2762* 3862 2261 2662*

Atr, Atropine. See Tables I and II for remainder of abbreviations. *P , 0.05 for within group responses, §P , 0.05 versus response in the normal ven-

tricular function group, ‡P , 0.05 for comparison of dobutamine plus acetylcholine response versus dobutamine response.

Figure 2. Left ventricular 1dP/dt (A) and TL (B) in the normal ven-
tricular function group (solid triangles) and the heart failure group 
(open squares) in Protocol 2. Control (C), intracoronary dobutamine 
(Dob), recontrol (RC), atropine (Atr). Data are presented as 
mean6SEM. *P , 0.05 versus the preceding control period, †P , 
0.05 versus the normal ventricular function group, ‡P , 0.05 for the 
comparison of dobutamine plus atropine versus dobutamine alone.
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Intracoronary dobutamine caused a reduction in Tau which
was of borderline statistical significance in the normal ventric-
ular function group and achieved significance in the heart fail-
ure group (Table III, Fig. 2). Atropine alone did not change
Tau in either group. With the combination of dobutamine and
atropine the increase in the rate of isovolumic relaxation in the
normal group was now highly significant. In the heart failure
group atropine caused no change in the isovolumic relaxation
response to dobutamine.

Protocol 3. Intravenous dobutamine and intracoronary atro-

pine and acetylcholine. Six patients with heart failure were
studied in Protocol 3. In these patients intravenous dobutamine,
alone and combined with intracoronary acetylcholine and at-
ropine, significantly reduced left ventricular end-diastolic
pressure and increased left ventricular systolic pressure. The
combination of intravenous dobutamine with intracoronary
acetylcholine and atropine also caused a significant increase in
heart rate. There were no hemodynamic changes in response
to intracoronary acetylcholine alone, or combined with atro-
pine.

Intravenous dobutamine increased 1dP/dt and accelerated
isovolumic relaxation (Table IV, Fig. 3). The effect of the com-
bination of intracoronary acetylcholine and intravenous do-
butamine was consistent with the results of Protocol 1. In this
case acetylcholine caused a 52611% inhibition of the inotropic
response to dobutamine and there were no longer significant
changes in 1dP/dt, or Tau. The addition of intracoronary atro-
pine to dobutamine and acetylcholine completely restored
both the 1dP/dt and Tau responses to dobutamine, demon-
strating that the acetylcholine-mediated suppression of do-
butamine responses resulted from stimulation of ventricular
muscarinic receptors. Although atropine restored the effects
of dobutamine in the presence of acetylcholine, the combina-
tion of dobutamine and atropine was not different from the ef-
fects of dobutamine alone. The 1dP/dt response to the combi-
nation of intravenous dobutamine and intracoronary atropine
and acetylcholine was only 4612% larger than the 1dP/dt re-
sponse seen with dobutamine alone.

In Protocol 3 intracoronary acetylcholine slowed left ven-
tricular isovolumic relaxation (Table IV, Fig. 3). Importantly,

Table IV. Responses to Intravenous Dobutamine, Intracoronary Acetylcholine and Atropine, and Their Combination in Patients 
with Heart Failure (Protocol 3)

C DDob (i.v.) RC DAch DDob 1 Ach DDob 1 Ach 1 Atr DAch 1 Atr

HR 8668 11066 8268 1161 1662 11266* 1768

LVEDP 1864 2461* 1864 1261 2161 2461* 2362

LVSP 11066 11668* 11468 1264 11565* 11966* 2366

1dP/dt 657679 13806131* 685682 22168 1179669 13906128* 114614

TL 6167 21263* 5868 1962* 21641 2963* 061

T1/2 4664 2962* 4564 1462 2361 2762* 2364

*P , 0.05 for within group comparisons. See Tables I–III for remainder of abbreviations.

Figure 3. Left ventricular 1dP/
dt (A) and TL (B) in the heart 
failure group studied in Proto-
col 3. Control (C), intravenous 
dobutamine (D), recontrol 
(RC), acetylcholine (Ach), atro-
pine (Atr). Data are presented 
as mean6SEM. *P , 0.05 ver-
sus the preceding control 
period.
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the addition of atropine to acetylcholine completely abolished
the prolongation in Tau seen with acetylcholine. This confirms
the similar observation in Protocol 1 of a negative lusitropic ef-
fect of intracoronary acetylcholine in the heart failure group,
and demonstrates that this effect resulted from stimulation of
ventricular muscarinic receptors.

Discussion

The results of this study demonstrate that modulation of car-
diac muscarinic receptors affects both basal and b-adrenergic
stimulated left ventricular function in patients with heart fail-
ure. The data demonstrate that muscarinic stimulation attenu-
ates b-adrenergic responses in patients with heart failure, a re-
sponse similar to that observed in subjects with normal
ventricular function. Muscarinic stimulation also slows left
ventricular isovolumic relaxation in heart failure patients, an
effect not seen in subjects with normal ventricular function.
Furthermore, in patients with heart failure these responses to
acetylcholine were shown to be mediated by muscarinic recep-
tors since they were completely inhibited by the addition of at-
ropine. Finally, muscarinic blockade with atropine enhanced
b-adrenergic responses in patients with normal ventricular
function, a response not observed in those with heart failure.

Intracoronary acetylcholine attenuated the dobutamine-
mediated inotropic and lusitropic responses in subjects with
normal ventricular function and patients with heart failure.
The mechanism of this effect of acetylcholine is uncertain,
although several possibilities have been suggested. Muscarinic
stimulation may have activated the inhibitory G protein, Gi,
leading to reduced adenylate cyclase production of cAMP
(25). This may be relevant in the setting of heart failure, where
Gi activity is increased (5, 15–18). The effects of acetylcholine
may have been secondary to stimulation of inhibitory muscar-
inic receptors on adrenergic nerve terminals (6, 26). This
mechanism may be particularly relevant in heart failure, since
prejunctional modulation of norepinephrine release is most
pronounced in the setting of increased sympathetic nerve fir-
ing rate (26), as occurs in heart failure (27). Another potential
mechanism relates to cardiac production of cGMP in response
to muscarinic stimulation, possibly related to increased nitric
oxide activity (8). Increases in cyclic GMP, resulting from mus-
carinic stimulation, may counteract cAMP mediated increases
in contractility (28). In support of this mechanism, Hare et al.
demonstrated that nitric oxide mediates part of the muscarinic
attenuation of b-adrenergic mediated increases in contractility
in dogs (8).

Intracoronary acetylcholine had a direct negative lusitropic
effect in patients with heart failure but not in those with nor-
mal ventricular function. In animal models vagal stimulation
has been shown to attenuate the increase in 2dP/dt seen with
sympathetic nerve stimulation (7) and to either slow (19), or
have no effect (20) on isovolumic relaxation. In patients with
heart failure, acetylcholine may have slowed relaxation due to
accentuated antagonism (29), a phenomenon whereby the in-
hibitory effects of muscarinic stimulation are greater as sympa-
thetic activity is increased. Thus, a negative lusitropic effect
may have only occurred in those with heart failure because of
increased underlying sympathetic activity (27). Alternatively,
the negative lusitropic response to acetylcholine may be ex-
plained by increased sensitivity to muscarinic stimulation in
the setting of heart failure (5). This might occur because of in-

creased muscarinic receptor density (5, 12), or because of an
increase in Gi activity in the setting of heart failure (5, 15–18).
The negative lusitropic effect of acetylcholine may also have
resulted from non cAMP-dependent mechanisms including ef-
fects on phospholamban phosphorylation (30), and phospholi-
pase C (13), which could stress an already impaired calcium
handling system in heart failure (31). Nitric oxide, produced by
muscarinic stimulation, may also effect diastolic function. In a
recent human study (32), intracoronary nitroprusside, a nitric
oxide donor, had no effect on Tau. In contrast, we observed a
prolongation of Tau, suggesting that acetylcholine had effects
independent of the nitric oxide pathway.

Previous studies have shown that muscarinic receptor den-
sity in myocardium from patients with end-stage heart failure
is unchanged as compared to receptor density in normal myo-
cardium (13–15), but that Gi activity is increased (15–17). The
results of the present study provide insight into the function of
muscarinic pathways in the setting of human congestive heart
failure. The suppression of b-adrenergic responses by acetyl-
choline in the heart failure group suggests that muscarinic
function is intact in the failing human left ventricle. Further-
more, the finding that acetylcholine resulted in a negative lusi-
tropic effect only in the heart failure group suggests that mus-
carinic responses may actually be increased in the setting of
human heart failure, as has recently been demonstrated in an
animal model of heart failure (5).

Intracoronary atropine did not augment b-adrenergic re-
sponses in patients with heart failure. There are several possi-
ble explanations for this observation. First, the intracoronary
concentration of atropine may have been insufficient to antag-
onize the stimulation of muscarinic receptors by endogenous
acetylcholine. However, in the normal ventricular function
group the same infusion of atropine augmented dobutamine
responses, and the concentration of acetylcholine within ven-
tricular myocardium is likely to have been higher in this group
as compared to the heart failure group (1, 2). Furthermore, at-
ropine was able to antagonize the effects of exogenous acetyl-
choline in heart failure patients studied in Protocol 3. Second,
the blunted atropine effect may have occurred if muscarinic
pathway function is impaired in the setting of heart failure. As
discussed above, the results of this study suggest the opposite;
the response to muscarinic stimulation is intact, and possibly
enhanced in the setting of heart failure. Third, dobutamine
may have exhausted the contractile reserve in the heart failure
group, thus allowing for no further increase in 1dP/dt in re-
sponse to the addition of atropine. In the present study do-
butamine was titrated to achieve a 25% increase in 1dP/dt.
This is well below the maximal increase in contractility that has
been observed in patients with severe heart failure in response
to either intracoronary dobutamine (56%), or the combination
of intracoronary dobutamine and milrinone (74%) (33). We
hypothesize that the explanation for the lack of an atropine ef-
fect in the heart failure group is that there was little endoge-
nous acetylcholine present within ventricular myocardium to
antagonize, similar to our previous observation in patients post
heart transplantation (9). This hypothesis is consistent with
previous investigations that demonstrated reduced parasym-
pathetic tone in heart failure based on heart rate and heart rate
variability measurements (1, 2).

The methodology used in these experiments has limitations
that should be considered. Isovolumic relaxation was mea-
sured by the logarithmic method of Weiss et al., TL (21) and
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the pressure half-time method of Mirsky, T1/2 (22). Although
there is no consensus as to the best mathematical estimate of
the rate of isovolumic left ventricular relaxation, the methods
used in this study have been advocated as reasonable indices
of isovolumic relaxation (21, 34, 35). Despite reports that Tau
is sensitive to changes in loading conditions (36), in the human
left ventricle Tau has been shown to be insensitive to relatively
small changes in load (34, 35). Furthermore, changes in load-
ing conditions in the present investigation cannot explain our
findings. Dobutamine increased left ventricular systolic pres-
sure (Protocols 1 and 3) which would not explain the observed
decreases in Tau. Acetylcholine did not alter left ventricular
systolic pressure (Protocols 1 and 3) and caused only a small
increase in left ventricular end-diastolic pressure (Protocol 1),
so changes in loading conditions do not explain the acetylcho-
line-mediated increase in Tau observed in the heart failure
group. The measure of contractility used in these experiments,
1dP/dt, can be influenced by changes in heart rate and loading
conditions. Although there were changes in heart rate and
loading conditions during some drug infusions these changes
were relatively modest and do not explain the observed
changes in 1dP/dt. In human experimentation it has been
demonstrated that left ventricular 1dP/dt is quite insensitive
to changes in both preload and afterload (35, 37). Further-
more, although 1dP/dt may be effected by changes in heart
rate (38), these changes are much larger than the heart rate re-
sponses observed in the present experiments. A final limita-
tion is the possible effect of increased coronary blood flow
associated with intracoronary acetylcholine. By increasing cor-
onary flow, acetylcholine may reduce the intracoronary con-
centration of dobutamine, thereby attenuating any dobut-
amine effect. This mechanism does not explain our findings: in
Protocol 3 dobutamine was administered intravenously, so
changes in coronary flow would not alter the intracoronary
concentration of dobutamine. Importantly, acetylcholine had
similar inhibitory effects on dobutamine responses, whether
dobutamine was administered via the intracoronary or the in-
travenous route.

In summary, we have shown that muscarinic stimulation
has an independent negative lusitropic effect and antagonizes
the effects of b-adrenergic stimulation in the failing human
left ventricle while muscarinic blockade has lesser effects on
b-adrenergic responses in patients with heart failure. The re-
sults of this study demonstrate that the responsiveness of mus-
carinic receptors is intact, and possibly enhanced in the setting
of heart failure. A potentially important implication of this
study is that augmentation of parasympathetic outflow in pa-
tients with heart failure may have important effects on left
ventricular function. This should be recognized during future
evaluation of parasympathomimetic agents for the treatment
of congestive heart failure.
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