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Atrial Natriuretic Peptide Elevation in Congestive 
Heart Failure in the Human 

A sensitive radioimmunoassay for atrial natriuretic peptide was used to examine the 
relation between circulating atrial natriuretic peptide and cardiac filling pressure in 
normal human subjects, in patients with cardiovascular disease and normal cardiac 
filling pressure, and in patients with cardiovascular disease and elevated cardiac filling 
pressure with and without congestive heart failure. The present studies establish a 
normal range for atrial natriuretic peptide in normal human subjects. These studies 
also establish that elevated cardiac filling pressure is associated with increased 
circulating concentrations of atrial natriuretic peptide and that congestive heart failure 
is not characterized by a deficiency in atrial natriuretic peptide, but with its elevation. 

R ECENT INVESTIGATIONS HAVE (ANP) in animals results in natriuresis, de- 
documented the existence of specif- crease in arterial pressure, and inhibition of 
ic secretory granules that have vaso- the renin-angiotensin-aldosterone system, 

active properties (1-6). Studies from various supporting a role for the atrial peptide sys- 
laboratories have established that adrninis- tem in cardiovascular volume regulation (7, 
tration of synthetic atrial natriuretic peptide 8). Thrasher and colleagues have reported 

Dilution of human plasma extract 1.1 

Fraction number Human a-ANP (picograms per tube) (0) 
(0.5 minutes per fraction) 

Fig. 1. Radioimmunoassay for human a-AWP. Synthetic human a-ANP (2 kg in 20 p1 of 0.5M sodium 
phosphate buffer, pH 7.4) was iodinated with 2 mCi of Na12'I (Arnersharn) by 2.5 yg of Iodogen 
(Pierce Chemical), which had been dissolved in dichloromethane and evaporated to dryness in a test 
tube. The reaction mixture was first purified on a Bio-Rad P-2 column (0.8 by 15 cm) eluted with 0. M 
acetic acid containing 0.1 percent bovine serum albumin (BSA). Then it was further purified on a 
pBondapak CIS  column with a linear gradient of 25 to 35 percent acetonitrite in a solution of 0.1 
percent trifluoroacetic acid. Four peaks showing radioactivity were obtained (A), all of which had 
equivalent irnmunobinding ability with rabbit antiserum to human a-ANP. The second peak was used 
for the radioimmunoassay. The purified, labeled human a-ANP was diluted in assay buffer ( 0 . M  
sodium phosphate, 0.05M NaCI, 0.1 percent BSA, 0.1 percent Triton X-100, and 0.01 percent sodium 
azide) to a concentration of 10,000 counts per minute per 100 yl as total count per tube. Rabbit 
antiserum to human a-AN? was also diluted in assay buffer to a concentration such that 100 p1 of the 
solution would bind 35 percent of the total count in the absence of standard. The standard curve was 
constructed by serial dilution of synthetic human a-ANP from 500 pg to 1.8 pg per 100 yl. The 
antibody and standard were incubated together for 24 hours at PC, after which labeled human a-ANP 
was added to incubate for an additional 16 hours, both at 4°C. Free and bound fractions were separated 
by precipitation with the second antiserum in the presence of 2 percent polyethylene glycol 8000. The 
mixtures were incubated for 30 minutes at 4°C and then centrifuged. The supernatants, or free fractions, 
were aspirated and discarded; the precipitates, or bound fractions, were counted in a gamma counter, 
and standard cunres were calculated (open circles in B). A curve constructed from results of a serial 
dilution of a human plasma extract with assay buffer showed parallelism to the standard curve (closed 
circles in B). 

1:16 1:8 1:4 1:2 Straight 

that acute increases in cardiac filling pres- 
sures in conscious dogs result in enhanced 
release of circulating ANP, suggesting that 
cardiac volume or pressure or both may be 
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important in determining the release of 
ANP (9). Chimoskey and co-workers have 
reported that hamsters with familial cardio- 

I I I I I  
B 

miopathy and congestive heart failure are 
deficient in ANP as determined by bioassay 
(lo). These investigators speculated that 
failure to ~roduce sufficient ANP bv the 
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degenerating hearts of cardiomyopathic 
hamsters contributes to the retention of 
sodium and water with formation of edema. 
No studies have been performed to define 
the relation in humans between circulating 
levels of ANP and cardiac filling pressures. 
Further, no studies have established whether 
the syndrome of congestive heart failure is 
characterized by a deficiency in ANP. 

We determined circulating concentrations 
of ANP in normal human volunteers with 
no history of cardiovascular disease (group 
1, n = 14), patients with cardiovascular dis- 
ease but normal cardiac filling pressures 
(group 2, n = l l ) ,  patients with cardiovas- 
cular disease and markedlv elevated cardiac 
filling pressures but without congestive 
heart failure (group 3, n = 6), and patients 
with cardiovascular disease. markedlv elevat- 
ed cardiac filling pressures, and congestive 
heart failure (group 4, n = 6). 

We determined the circulating concentra- 
tions of ANP with a newly developed, sensi- 
tive, nonequilibrium radioimmunoassay for 
human a-ANP. The synthetic peptide of 
human a-ANP (Peninsula Laboratory) was 
used to prepare standard and tracer. We 
labeled human a-ANP with ~ a ' ~ ' 1  by the 
Iodogen procedure. The crude, labeled pep- 
tide was purified first on a Bio-Rad P-2 
column and then by high-performance liq- 
uid chromatography (HPLC) on a Cls col- 
umn (Fig. 1A). For the radioimmunoassay, 
we first incubated rabbit antiserum to hu- 
man a-ANP (US-8798,  Peninsula Labora- 
tory) in the presence of standard or sample 
for 24 hours and then added the labeled 
ANP for an additional 16 hours of incuba- 
tion, both at 4°C. Free and bound fractions 
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Fig. 2. Plasma concentrations of a-ANP (in pico- 
grams per milliliter) in normal subjects and car- 
diovascular patients. Samples of separated plasma 
(1 ml) were applied to a 500-mg C18 cartridge, 
which was washed with 4 ml of methanol and 
then with 4 ml of water. After the plasma was 4 eoO 
applied, the cartridge was washed with 2 ml of ;c 
normal saline, 6 ml of water, and 1 ml of metha- 400 

- P < 0 . 0 0 5 1  

nol. a-ANP was eluted from the cartridge with 2 
ml of 75 percent methanol in 1 percent trifluoroa- 5 
cetic acid. The eluate was evaporated to dryness *0° 

and reconstituted in assay buffer for radioim- 
munoassay. The complete vertical bar indicates o 
the range of ANP concentrations in the plasma. Group 1 Group 2 Group 3 Group 4  

Middle horizontal bars indicate means, and upper Normals I-- Cardiovascular -+ 
patients 

and lower horizontal bars indicate standard er- 
rors. The data were analyzed by the Behrens- 
Fisher t test. N.S., not significant. 

of human a-ANP were separated by precipi- 
tation with goat antiserum to rabbit immu- 
noglobulin G (second antibody); the incu- 
bation period with second antibody was 30 
minutes. The sensitivity of this assay is 3 pg 
ml-I. Total binding is 35 percent, and the 
50 percent displacement point on a standard 
curve is 28 pg (Fig. 1B). 

Blood was drawn from patients into tubes 
containing chilled potassium EDTA and 
was immediately placed on ice until being 

centrifbged at 4°C. Plasma was separated 
and frozen at -20°C until assay. Before the 
radioimmunoassay, we used Clg  cartridges 
(Bond Elut) to extract ANP from the plasma 
and to remove impurities. The eluted ANP 
was dried and reconstituted for the radioim- 
munoassay. The recovery of the extraction 
procedure was 81  i: 2.0 percent (mean 
standard error of the mean) as determined 
by addition of synthetic ANP to plasma. 
Interassay and intraassay variations were 9 

Table 1. Individual patient profiles, showing hemodynamic data and concentrations of atrial natriuretic 
peptide (AVP, in picograms per milliliter of plasma). Other abbreviations: MAT, mean arterial 
pressure; HR, heart rate (in beats per minute); CFP, cardiac filling pressure; CAD, coronary artery 
disease; ACP, atypical chest pain; NCA, normal coronary arteries; EH, essential hypertension; RC, 
restrictive cardiomyopathy; AS, aortic stenosis; IC, ischemic cardiomyopathy; IDC, idiopathic dilated 
cardiomyopathy. Values are expressed as means + standard errors of the means. 

Pa- 
tient 

Age 
(years) Sex CFP 

(mmHg) 
Clinical 

diagnosis 

1 69 M 
2 64 F 
3 33 M 
4 48 M 
5 31 M 
6 47 M 
7 60 M 
8 41 M 
9 43 M 

10 65 M 
11 49 F 

Mean 

Group 2 
62 8 104 
46 10 54 
70 7 33 
55 10 73 
98 6 47 
65 10 5 7 
70 8 63 
76 9 37 
65 7 22 
90 5 33 
63 7 47 

67 -+ 4 7.9 It 0.5 51.8 rt 6.9 

CAD 
CAD 
CAD 
CAD 
ACP, NCA 
EH, CAD 
CAD 
CAD 
CAD 
CAD 
CAD 

Group 3 
12 74 M 107 57 25 316 CAD 
13 54 M 8 3 46 31 126 EH, CAD 
14 68 M 108 73 30 314 EH, CAD 
15 73 M 92 63 28 323 CAD 
16 75 M 97 90 29 140 CAD 
17 82 M 109 73 22 173 CAD 

Mean 99 -+ 4 67 -+ 6 27.5 * 1.3" 232.0 -+ 38.8* 

Group 4 
18 76 M 105 44 34 700 RC, CAD, EH 
19 55 M 83 62 2 1 215 AS 
20 68 F 68 68 23 746 IC 
21 74 M 88 66 29 164 IC 
22 66 F 94 67 3 3 162 IC 
23 29 M 84 72 32 685 IDC 

Mean 87 + 5 64 i. 3 26.8 k 2.3" 445.3 * 119.3" 

*P < 0.005 (Behrens-Fisher t test) calculated for the values in group 3 or 4 against values in group 2. 

and 6 percent, respectively (Fig. 1B). 
Plasma sarn~les were obtained from nor- 

mal human volunteers (group 1) and from 
patients undergoing consecutive diagnostic 
right or left heart catheterization. Cardio- 
vascular medications including @-antago- 
nists, calcium antagonists, diuretics, vasodi- 
lators, and cardiac glycosides were withheld 
from the subjects-dn the day of cardiac 
catheterization. Congestive heart failure was 
defined on the basis of signs and symptoms 
characteristic of the syndrome (peripheral 
edema, hepatomegaly, orthopnea, and par- 
oxysmal nocturnal dyspnea). Normal cardiac 
filling pressure was defined as pulmonary 
capillary wedge pressure or left ventricular 
end diastolic pressure equal to or less than 
10 mmHg. 1n group 1 (normal human 
volunteers), ANP concentrations ranged 
from 31 to 76 pg ml-I, with a mean of 
44.6 t 3.7. Concentrations in g row 2 were " L 

not significantly different from those in nor- 
mal volunteers (Table 1 and Fig. 2). Con- 
centrations of ANP were significantl\~ ele- " 
vated in group 3 compared to group 1 
(P < 0.005) (Table 1).  In group 4, ANP - - 
concentrations were significantly increased 
above those in group 1 (P < 0.02). 

We have shown that marked elevation of 
cardiac filling pressure associated with car- 
diovascular diskase with or without the svn- 
drome of congestive heart failure is associat- 
ed with significant elevation of circulating 
ANP concentrations com~ared with values 
for normal volunteers and patients with 
cardiovascular disease but normal cardiac 
filling pressures. Our studies extend the 
animal studies of Thrasher and colleagues 
and demonstrate an important relation be- 
tween cardiac filling pressure and circulating 
concentrations of ANP. This implies that 
cardiac filling pressure may determine the 
release of ANP (9 ) .  \ ,  

The observations also provide insight into 
the pathophysiology of congestive heart fail- 
ure. In patients with congestive heart fail- 
ure, as manifested by marked elevation of 
cardiac filling pressure, peripheral edema, 
and pulmonary congestion, concentrations 
of ANP were increased. Thus, the sodium 
retention and edema formation characteris- 
tic of congestive heart failure occurs despite 
increased circulating ANP levels. Indeed, 
the patients with the highest concentrations 
of circulating ANP had symptoms of biven- 
tricular failure, which is consistent with 
recent animal studies that have reported an 
attenuated natriuretic response to exoge- 
nously administered synthetic ANP in acute 
experimental heart failure (11, 12). Thus our 
study establishes that, in human subjects, 
congestive heart failure reflects not an ANP 
deficiency state but rather a compensatory 
increase peptide release. 
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Expression and Modulation of Voltage-Gated Calcium 
Channels After RNA Injection in Xenapus Oocytes 

Calcium ions flow into cells through several distinct classes of voltage-dependent 
calcium-selective channels. Such fluxes play important roles in electrical signaling at 
the cell membrane and in chemical signaling within cells. Further information about 
calcium channels was obtained by injecting RNA isolated from rat brain, heart, and 
skeletal muscle into Xenopus oocytes. Macroscopic currents through voltage-operated 
calcium channels were resolved when the endogenous calcium-dependent chloride 
current was blocked by replacing external calcium with barium and chloride with 
methanesulfonate. The resulting barium current was insensitive to tetrodotoxin but 
was completely blocked by cadmium or cobalt. With both heart and brain RNA at least 
two distinct types of calcium ion conductance were found, distinguishable by their 
time course and inactivation properties. In oocytes injected with heart RNA, the 
slowly inactivating component was selectively blocked by the calcium-channel antago- 
nist nifedipine. Barium ion currents induced by heart RNA were modulated by 
isoproterenol, cyclic adenosine monophosphate, and acetylcholine. 

E LECTRICALLYEXCITABLE CA" CHAN- 

nels are widespread in nerve, muscle, 
and several other eukaryotic cell 

types (1 ). These channels regulate the flow 
of ca2+ into the cell, where it functions in 
the contraction of muscle, the release of 
neurotransmitters and hormones, and the 
activation of other channels. Several types of 
Ca2+ channels can be distinguished on the 
basis of the waveform of the currents, volt- 
age- and Ca2+-dependent inactivation, sin- 
gle-channel conductance, and sensitivity to 
blocking agents (2). ca2+  channels can be 
modulated by neurotransmitters acting 
through intracellular second messengers. A 
multisubunit protein complex, presumed to 
be the Ca2+ channel, has been enriched from 
skeletal muscle by biochemical fraction- 
ations in which the binding of dihydropyri- 
dine ca2+-channel antagonists is used as an 
assay (3) .  

It would be desirable to characterize the 
individual Ca2+ channel types in a similar 
membrane environment that also permits 
the introduction of modulatory elements. 
Xenupus oocytes provide an excellent prepa- 
ration for such studies because (i) they 
translate and process exogenous messenger 
RNA (mRNA) efficiently ( 4 ) ;  (ii) they are 
amenable to modern electrophysiologica1 
measurements, including voltage- and 

patch-clamp methods; and (iii) several intra- 
cellular messenger systems have been identi- 
fied and characterized (5). 

To characterize ca2+ currents in oocytes 
injected with mRNA isolated from electri- 
cally excitable tissues, we first identified the 
endogenous Ca2+ currents in uninjected oo- 
cytes. The oocytes were tested with a volt- 
age-clamp circuit that used two intracellular 
microelectrodes. Stepping the voltage from 
a holding potential of -100 to 0 mV in a 
normal solution containing 1.8 mM Ca2+ 
resulted in both a transient outward current 
of amplitude 20 to 50 nA lasting for 0.5 to 1 
second and a slowly activating K+ current 
(Fig. 1). Previous studies have shown that 
the transient current is a chloride current, 
Icl(ca,, evoked by the entry of ca2+  through 
voltage-dependent ca2+  channels; however, 
the underlying Ca2+ current has not been 
detected (6). To resolve currents through 
the putative Ca2+ channels, we found it 
necessary to replace the Ca2+ with Ba2+ (40 
rnM) and to replace the C1- with methane- 
sulfonate (legend to Fig. 1) .  In this solution, 
both the leak and the slow outward currents 
were reduced, Icl(ca) disappeared, and a 
transient inward current (decay time con- 
stant, -0.5 second) was observed (Fig. 1, C 
and D). This conductance was smaller than 
most conductances observed in Xenupus oo- 

cytes; the net peak amplitude (after subtract- 
ing the leak current) was usually less than 10 
nA, and the currents of Fig. 1, C and D, 
were the larnest recorded in more than 25 " 
oocytes. This current also appeared in a C1-- 
free solution with high concentrations of 
Ba2+ and N-methpl -~-gl~~amine  substituted 
for Na'; it was therefore not a Na' current. 
It was, however, completely inhibited by 0.5 
to 1 mM c d 2 +  or by 2 mM co2'. The 
current was activated at voltages more posi- 
tive than -30 mV and had a bell-shaped 
current-voltage curve that peaked at about 
10 mV (Fig. 1E). Taken together, these 
results suggest that the transient inward 
current was a Ba2+ current (IBa) through a 
ca2+ channel. Like I(cl(ca) (6) IBa was al- 
most fully inactivated by holding potentials 
more positive than -40 mV (Fig. 1F). 

Xenupus oocytes were injected with either 
total RNA or polyadenylated [poly(A)+] 
RNA isolated from rat liver, skeletal muscle, 
heart, or brain (legend to Fig. 2). After 
incubation for 48 to 72 hours, the oocytes 
were tested for Icl(c,) and IBa by voltage 
clamping. In oocytes injected with RNA 
from brain, skeletal muscle, and heart but 
not from liver, Iclcca) was significantly in- 
creased, reaching amplitudes up to 2 (*A. In 
addition, many oocytes injected with brain 
or heart RNA showed Iclcca, with two peaks 
(Fig. 2A). In contrast to uninjected cells, 
injected cells displayed only partial (40 to 60  
percent) inactivation of IC1(Ca) when the 
membrane was depoiarized from holding 
potentials more positive than -40 mV. 
Clearly, the injection of RNA isolated from 
excitable tissues altered several properties of - 
~ c I ( c ~ ) .  

In C1--free solution with high concentra- 
tion of ~ a " ,  large (up to 150 nA) voltage- 
sensitive inward currents were detected in 
oocytes injected with brain, skeletal muscle, 
or heart RNA. These currents were un- 
changed by addition of tetrodotoxin (1  
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