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Abstract

Asymptomatic or early left ventricular dysfunction in hu-
mans is characterized by increases in circulating atrial na-
triuretic peptide (ANP) without activation of the renin-an-
giotensin-aldosterone system (RAAS). We previously re-
ported a canine model of early left ventricular dysfunction
(ELVD) produced by rapid ventricular pacing and charac-
terized by an identical neurohumoral profile and mainte-
nance of the natriuretic response to volume expansion (VE).
To test the hypothesis that elevated endogenous ANP sup-
presses the RAAS and maintains sodium excretion in ELVD,
we assessed the effects of antagonism of ANP on cardiorenal
and neurohumoral function in ELVD. Chronic ANP sup-
pression was produced by bilateral atrial appendectomies
before the production of ELVD by rapid ventricular pacing
(ELVD-APPX, n = 5). This group was compared with a
separate group with ELVD and intact atrial appendages
(ELVD-INTACT, n = 8). ELVD-APPX was characterized
by lower circulating ANP (50+11 vs. 158+37 pg/ml, P
< 0.05), activation of plasma renin activity (PRA) (9.4+2.4
vs. 0.6:0.4 ng/ml per h, P < 0.05) and aldosterone
(36.4+12.5 vs. 2.5+0.0 ng/dl, P < 0.05) when compared
to ELVD-INTACT. In comparison to the ELVD-INTACT
group, sodium excretion was decreased before and during
VE in the ELVD-APPX group. Acute ANP antagonism was
produced by administration of the particulate guanylate cy-
clase coupled natriuretic peptide receptor antagonist, HS-
142-1, to seven conscious dogs with ELVD and intact atrial
appendages (ELVD-INTACT). HS-142-1 decreased plasma
concentrations and renal generation of the ANP second mes-
senger, cGMP, and was associated with activation of PRA
and sodium retention with enhanced tubular sodium reab-
sorption. These data support a significant role for elevated
endogenous ANP in the maintenance of sodium excretion
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1. Abbreviations used in this paper: ANP, atrial natriuretic peptide;
ANP,,,, ANP corrected for plasma hematocrit; cGMP, 3,5’ cyclic
guanosine monophosphate; CHF, congestive heart failure; CO, cardiac
output; ELVD, early left ventricular dysfunction; MAP, mean arterial
pressure; PCWP, pulmonary capillary wedge pressure; PRA, plasma
renin activity; PV, plasma volume; RAAS, renin-angiotensin-aldoste-
rone system; RAP, right atrial pressure; RBF, renal blood flow; SVR,
systemic vascular resistance; VE, volume expansion.
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and regulation of the RAAS in experimental ELVD. (J. Clin.
Invest. 1995. 95:1101-1108.) Key words: atrial natriuretic
peptide * ventricular dysfunction ¢ renin-angiotensin system
« sodium - antagonism

Introduction

Atrial natriuretic peptide (ANP)' is a hormone of cardiac origin
which when released in response to atrial stretch functions to
increase sodium excretion, inhibit the renin-angiotensin-aldoste-
rone system (RAAS) and modulate arterial pressure. Most re-
cently, studies using a unique natriuretic peptide receptor antag-
onist have importantly supported a role for endogenous ANP
in cardiorenal homeostasis in normal conditions (1). The sig-
nificance of ANP, however, in the modulation of hemodynamic,
hormonal and renal function in heart failure remains controver-
sial. While previous studies in acute and chronic severe conges-
tive heart failure (CHF) have suggested that endogenous ANP
may exert important beneficial effects by lowering filling pres-
sures, suppressing the RAAS and maintaining sodium excretion,
other studies have reported a blunted renal response to exoge-
nous ANP in severe CHF (2-5).

Recent clinical studies have demonstrated that overt CHF
is preceded by a period of early asymptomatic left ventricular
dysfunction (ELVD). As reported in the Studies of Left Ven-
tricular Dysfunction (SOLVD), humans with ELVD have ele-
vated endogenous ANP without activation of the RAAS and
presumably are without sodium retention as they remain asymp-
tomatic without diuretic therapy (6). To date, the functional
role of elevated endogenous ANP in ELVD in the regulation
of sodium excretion and the RAAS remains undefined.

We have reported a canine model of ELVD produced by
rapid ventricular pacing at 180 beats per minute for 10 d (7).
This model of ELVD results in a neurohumoral profile identical
to that observed in humans with ELVD as reported in SOLVD
(6). Associated with this unique neurohumoral profile in the
canine model of ELVD is a maintenance of the natriuretic re-
sponse to volume expansion despite significant hemodynamic
compromise. A preliminary report from Wright et al. (8) dem-
onstrated preservation of the hemodynamic, hormonal, and renal
response to exogenous ANP in this model of ELVD (8) which
supports the current hypothesis that endogenous ANP importan-
tly contributes to the maintenance of neurohumoral and renal
function in ELVD.

The objective of the current study was to establish the sig-
nificance of endogenous ANP in regulating cardiorenal and neu-
rohumoral function in ELVD by investigating the effects of
chronic ANP suppression in conscious dogs with ELVD. Spe-
cifically, dogs underwent bilateral atrial appendectomy before
the induction of ELVD in order to attenuate the chronic eleva-
tion of ANP observed in ELVD (ELVD-APPX) while in a
separate group, the atrial appendages were left intact (ELVD-
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INTACT). Hemodynamic, hormonal and renal function were
then compared at baseline in ELVD-APPX and ELVD-INTACT
and the responses to acute saline volume expansion were com-
pared between the two groups. To further investigate the role
of elevated endogenous ANP in ELVD, an antagonist to the
biologically active natriuretic peptide receptors, HS-142-1 (9,
10), was administered to a third group of dogs with ELVD and
the hemodynamic, hormonal and renal responses were evalu-
ated.

Methods

General methods. 20 male mongrel dogs, weighing between 18 and 21
kg, underwent implantation of a programmable cardiac pacemaker
(model 8426; Medtronic, Minneapolis, MN). Under pentobarbital so-
dium anesthesia (30 mg/kg) and via a left thoracotomy and 1-2 cm
pericardiotomy, the heart was exposed and a screw-in epicardial pace-
maker lead was implanted into the right ventricle. The pacemaker lead
was connected to a pulse generator which was implanted subcutaneously
in the chest wall.

Five dogs underwent removal of the left and right atrial appendages
at the time the permanent pacemaker was implanted to chronically blunt
the increase in plasma ANP associated with ELVD (ELVD-APPX). A
separate incision was made in the pericardium over the right and left
atrial appendage. The appendage was ligated at the appendage base,
with excision of the excess tissue. The pericardium was sutured closed
with caution to not distort the anatomy of the pericardium.

In the other fifteen dogs the appendages were left intact (ELVD-
INTACT). Eight of these dogs served as controls for the ELVD-APPX
group. Five of these eight were chosen at random from the original
group of ELVD dogs (7). The surgical preparation in these dogs was
identical to that in the appendectomy dogs with the exception that no
incision in the pericardium over the atrial appendages was made. Three
additional ELVD-INTACT dogs were studied where the surgical prepa-
ration was identical to the ELVD-APPX dogs in that bilateral pericardial
incisions were made over the atrial appendages, however no atrial ap-
pendectomy was performed. Hemodynamic, neurohumoral, and renal
data in the three ELVD-INTACT dogs was not significantly different
from the group of five ELVD-INTACT dogs from the original study
(7). The remaining seven ELVD-INTACT dogs comprised the acute
antagonism group which received HS-142-1.

A subcutaneously placed chronic femoral artery catheter (Access
Technologies, Skokie, IL) was implanted in all dogs during the sterile
surgical period. This was flushed biweekly with heparinized saline. Dogs
received antibiotics for the first three post operative days and allowed
to recover for an average of 10 d. Dogs were acclimated to the sling in
which the conscious studies were performed, allowing standing in a
minimally restrained fashion. All dogs were fed normal dog chow (Lab
Canine Diet 5506; Purina Mills, St. Louis, MO) and were allowed free
access to tap water. All studies were conducted in a manner consistent
with the guiding principles of the American Physiological Society. The
experimental protocol was approved by the Institutional Animal Care
and Use Committee.

At the end of the recovery period, dogs were programmed for rapid
right ventricular pacing. The rapid ventricular pacing model (at 240—
250 beats per minute) has been used extensively by our laboratory and
others to produce a model of severe CHF with marked depression of
cardiac function and activation of the RAAS (11-15). The current
study uses a modification of this model in the conscious state with a
lower pacing rate, 180 beats per minute for 10 d, which produces a
milder form of tachycardia-related cardiomyopathy without activation
of the RAAS.

A two-dimensional guided M-mode echocardiogram was performed
at baseline and after the induction of ELVD on the 11th day of pacing.
Echocardiograms were performed in the conscious state with the dog
unrestrained, standing quietly and in normal sinus rhythm. Ejection
fraction was determined as previously described (7, 16). Although sinus
tachycardia in the dog may reach 180 beats per minute intermittently,
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the animals were paced for the majority of beats when an ECG was
monitored to confirm pacemaker function or at the time of echocardiog-
raphy.

The night before the acute experiments the animals were fasted,
given 300 mg of lithium carbonate and allowed access to water ad lib.
The day of the acute experiment, 10 d after pacing at 180 beats per
minute, the animals were briefly anesthetized with thiopental sodium
(15 mg/kg) to allow percutaneous placement of a flow-directed balloon
tip pulmonary artery catheter (model 93131-7F; American Edwards
Laboratories, AHS del Caribe, Anasco, P.R.) via an external jugular
vein for measurement of cardiac output and atrial pressures. A second
balloon-tip catheter was inserted in the urinary bladder to allow urine
collection. The femoral artery catheter was connected to a pressure
monitor for on-line measurement of aortic pressure. After animals re-
gained consciousness, an equilibration period of 90 min was allowed
before initiating the acute study.

Cardiac hemodynamic parameters measured during each acute study
clearance period included mean arterial pressure (MAP), right atrial
pressure (RAP), pulmonary capillary wedge pressure (PCWP) and car-
diac output (CO). CO was determined by thermodilution (CO model
9510-A computer; American Edwards Laboratories, Irvine, CA) and
was measured five times during each clearance period and averaged.
Systemic vascular resistance (SVR) was calculated by the formula:

MAP — RAP
=—— X

SVR (dyne-s - min 3
(dyne+s-min~) <o

80

Voided urine was allocated for measurements of sodium, creatinine,
lithium, inulin and PAH, and refrigerated until analysis. Urine collected
for cGMP analysis was heated to more than 90°C before storage. Arterial
blood for sodium, creatinine, lithium, inulin, and PAH determinations
was collected in heparinized tubes, placed on ice, and centrifuged at
2,500 rpm at 4°C. Plasma was decanted and refrigerated until analysis.
Urinary and plasma sodium concentrations were measured using ion-
selective electrodes (Beckman Instruments, Brea, LA). Urinary and
plasma creatinine concentrations were measured by the Jaffe reaction
(Beckman Instruments). Urinary and plasma lithium levels were deter-
mined by flame emission spectrophotometry (model 357; Instrumenta-
tion Laboratory, Wilmington, MA). Lithium clearances (CILi) were
used as an indirect method to calculate proximal (PFNaR = [1 —(CILi/
GFR)]-100) and distal fractional tubular sodium reabsorption (DFNaR
= (CILi — CINa)/CILi- 100) (17—-18). Urinary and plasma inulin con-
centrations were measured by the anthrone method (19). In the first
study, glomerular filtration rate was estimated by creatinine clearance.
In the second study, glomerular filtration rate was estimated by both
creatinine clearance and inulin clearance. Renal blood flow was calcu-
lated from estimated renal plasma flow (PAH clearance ) and hematocrit.
A calculated inulin and PAH bolus was followed by a continuous infu-
sion at a rate of 1 cc/min.

Arterial blood samples for hormonal analysis were placed in EDTA
tubes on ice, centrifuged at 2,500 rpm at 4°C and stored. After extraction,
plasma levels of ANP were measured by radioimmunoassay to a-human
ANP as previously described (20). Plasma samples for cGMP were
extracted with ethanol and plasma and urinary cGMP were measured
by radioimmunoassay using the method of Steiner et al. (21). Renal
cGMP generation was calculated as:

Renal cGMP gen.
= (Urinary Flow X [¢GMPluine) — (GFR X [¢GMP]p1asma) -

Plasma renin activity and aldosterone were determined by radioimmuno-
assay using the methods of Haber et al. (22, 23).

As hematocrit (H) decreased secondary to rapid intravascular vol-
ume expansion in the first study, plasma ANP was corrected for the
increase in plasma volume (PV). Percent change of plasma volume
was calculated using the formula: %PV = (100/100-H,)-[100([H,
— H,/H,)], where H, = baseline hematocrit and H, = VE hematocrit
(24). Corrected ANP (ANP,,,) was calculated using the formula:
ANP,,. = ANP (1 + %PV).

Study no. 1: bilateral atrial appendectomy in chronic ELVD. Five



dogs with ELVD-APPX and eight dogs with ELVD-INTACT were
prepared as described above. At the conclusion of the equilibration
period, two 30-min baseline urinary clearances were performed. Midway
through each urinary clearance period, cardiac hemodynamics were
measured and arterial blood was drawn for electrolyte and hormonal
analysis. After the two 30-min baseline urinary clearances, volume
expansion was initiated. Normal saline was infused through the cordis
sheath placed in the superior vena cava at 2 ml-kg ™' - min~'. This was
equivalent to ~ 5% body weight volume expansion over 30 min. A 15-
min urinary clearance was performed during the second half of volume
expansion, along with hemodynamic and arterial blood collection.

Study no. 2: acute antagonism of ANP in ELVD. Seven ELVD-
INTACT dogs were prepared as described above. At the conclusion of
the equilibration period, two 30-min baseline urinary clearances were
collected. The natriuretic peptide antagonist, HS-142-1 (3 mg/kg in 20
cc normal saline), was then administered as an intravenous bolus
through the right atrial port of the Swan Ganz catheter. Two additional
30-min clearances were then collected after the bolus of HS-142-1.
Midway through each of the four urinary clearance periods, cardiac
hemodynamics were measured and arterial blood was drawn for electro-
lyte and hormonal analysis.

Statistical methods. All data are presented as mean+SEM. Compari-
son between ejection fraction before and after pacing in each group was
made using the paired Student’s ¢ test.

In the first study, comparisons between the ALVD-APPX and
ELVD-INTACT groups were made using unpaired Student’s ¢ tests.
The two baseline clearance periods were averaged and comparisons
between the baseline period and volume expansion in each group were
analyzed by the paired Student’s ¢ test. Statistical significance was de-
fined as P < 0.05.

In the second study, comparisons between the three clearance peri-
ods (the first clearance representing the average of the two baseline
clearances and the next two clearances representing post-HS-142-1 ad-
ministration ) were made using ANOVA for repeated measures and Fish-
er’s Least Significant Difference test for individual comparisons. Statis-
tical significance was defined as P < 0.05.

Results

Study no. 1: bilateral atrial appendectomy in chronic ELVD.
Bilateral atrial appendectomy resulted in removal of 2.12+0.29
gm of atrial tissue (0.90=0.13 gm on the right and 1.22+0.19
gm on the left). This likely underestimates the actual amount
of functional tissue removed as it does not account for tissue
isolated and destroyed by the ligatures around the appendage
stumps.

Left ventricular ejection fraction decreased similarly in each
group, from 52+2 to 33+2% in the ELVD-INTACT group (P
< 0.05) and from 54+2 to 35+1% in the ELVD-APPX group
(P < 0.05). No dog in this or the second study exhibited
the profound lethargy, muscle wasting and ascites routinely
observed in dogs undergoing more rapid ventricular pacing at
250 beats per minute.

Hemodynamic, hormonal and renal data at baseline in the
ELVD-INTACT and ELVD-APPX groups are depicted in Figs.
1, 2, and 3, respectively. Cardiac output, pulmonary capillary
wedge pressure, and systemic vascular resistance were similar
in both groups. Mean arterial pressure was lower and right atrial
pressure was higher in the ELVD-APPX group (Fig. 1).

Bilateral atrial appendectomy effectively blunted the in-
crease in ANP associated with ELVD when compared to the
ELVD-INTACT group (Fig. 2) and when compared to pre-
ventricular failure concentrations of ANP in the ELVD-APPX
group (46*+15 pg/ml preventricular failure to 50*+13 pg/ml,
NS). Plasma concentrations of cGMP tended to be lower in the
ELVD-APPX group (P = 0.10) when compared with the
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Figure 1. Chronic suppression of ANP in ELVD. Cardiac output (CO),
mean arterial pressure (MAP), right atrial pressure (RAP), pulmonary
capillary wedge pressure (PCWP), and systemic vascular resistance
(SVR) in ELVD-INTACT (n = 8) and ELVD-APPX (n = 5) at base-
line, prior to volume expansion. Values are mean+SEM. *P < 0.05
ELVD-INTACT vs. ELVD-APPX. NS, not significant.

ELVD-INTACT group, and were not different from pre-ventric-
ular failure concentrations in the ELVD-APPX group (5.6+0.5
pmol/ml preventricular failure to 5.7+1.4 pmol/ml, NS). This
is in contrast to the ELVD-INTACT group in which both plasma
ANP (30.0+4.0 pg/ml preventricular failure to 140.6+24.0 pg/
ml, P < 0.05) and cGMP (4.0+0.4 pmol/ml preventricular
failure to 10.3+1.8 pmol/ml, P < 0.05) were significantly in-
creased when compared with preventricular failure concentra-
tions. Plasma renin activity and plasma aldosterone were higher
in the ELVD-APPX group than in the ELVD-INTACT group.
Plasma renin activity (1.77+0.65 ng/ml/h preventricular failure
to 9.40+2.40 ng/ml/h, P < 0.05) and plasma aldosterone
(6.0x0.7 ng/dl preventricular failure to 36.4x12.5 ng/dl, P
< 0.05) were activated by ventricular dysfunction in the ELVD-
APPX group when compared with preventricular failure con-
centrations.

Sodium retention was present in the ELVD-APPX group
at baseline when compared to the ELVD-INTACT group as
demonstrated by lower urinary volume and lower fractional and
absolute excretion of sodium (Fig. 3). Creatinine clearance
tended to be lower and proximal fractional sodium reabsorption
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Figure 2. Chronic suppression of ANP in ELVD. Atrial natriuretic
peptide (ANP), plasma cGMP (PcGMP), plasma renin activity (PRA),
and plasma aldosterone (ALDO) in ELVD-INTACT (n = 8) and
ELVD-APPX (n = 5) at baseline, before volume expansion. Values
are mean+SEM. *P < 0.05 ELVD-INTACT vs. ELVD-APPX. NS,
not significant.

was higher in the ELVD-APPX group at baseline. No significant
difference between the two groups was demonstrated in distal
fractional sodium reabsorption.

Intravenous saline volume expansion ( VE) produced similar
increases in cardiac output (A CO = 1.8+0.5 vs. 2.3+0.8 liters/
min, NS), mean arterial pressure (A MAP = 9.3+2.0 vs.
13.0+3.0 mm Hg, NS), right atrial pressure (A RAP =5.2+1.0
vs. 4.6+£0.6 mm Hg, NS) and pulmonary capillary wedge pres-
sure (APCWP = 9.6+1.4 vs. 7.4+0.6 mm Hg, NS) in the
ELVD-INTACT and ELVD-APPX groups, respectively. Sys-
temic vascular resistance similarly decreased in the INTACT
and APPX ELVD groups (ASVR = 845+317 vs. 852288
dyne - sec-cm™®, NS). While the chronic elevation in ANP as-
sociated with ELVD was blunted by bilateral atrial appendec-
tomy in all 5 dogs, acute saline VE produced increases in AN-
P.orr in 2 of the 5 ELVD-APPX dogs and there was no significant
difference in the change in ANP,,, with VE in the INTACT
and APPX ELVD groups (A ANP = 88+38 vs. 164106 pg/
ml, NS). Plasma renin activity decreased by 6.3+1.5 ng/ml per
h and plasma aldosterone levels decreased by 13.2+2.9 ng/dL
with VE in the ELVD-APPX group. While the mean values for
plasma renin activity and aldosterone decreased with VE in
the ELVD-INTACT group, these changes were not analyzed
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Figure 3. Chronic suppression of ANP in ELVD. Urinary flow rate
(UV), urinary sodium excretion (UNaV), creatinine clearance (CrCl),
fractional excretion of sodium (FENa), and proximal fractional sodium
reabsorption (PFNaR) in ELVD-INTACT (n = 8) and ELVD-APPX
(n = 5) at baseline, prior to volume expansion. Values are mean+SEM.
*P < 0.05 ELVD-INTACT vs. ELVD-APPX.

ELVD-
INTACT

statistically because many of the VE values were below the
limits of detection of the assay. The renal responses to VE in the
two groups are compared in Fig. 4. The diuretic and natriuretic
response to VE was markedly blunted in the ELVD-APPX
group with reduced increases in urinary flow and urinary sodium
excretion. The change in creatinine clearance with VE in the
ELVD-APPX group was higher than that observed in the
ELVD-INTACT group. No significant change occurred in distal
tubule sodium reabsorption. The blunted natriuretic response
was thus mediated by a blunted decrease in proximal tubule
fractional sodium reabsorption in the ELVD-APPX group.

Study no. 2: acute antagonism of ANP in ELVD. ELVD-
INTACT was characterized by decreases in left ventricular ejec-
tion fraction (54+2 to 30+3%, P < 0.05), increases in plasma
ANP (224 to 187x64 pg/ml, P < 0.05) and its second mes-
senger cGMP (3.9£1.4 to 6.4+1.3 pmol/ml, P < 0.05) and no
significant change in plasma renin activity (1.8+0.7 to 3.5+1.3
ng/ml per h, NS) or plasma aldosterone concentration (4*3 to
5+3 ng/dl, NS).

The hemodynamic responses to acute administration of HS-
142-1 in ELVD-INTACT are displayed in Table I. Both mean
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Figure 4. Chronic suppression of ANP in ELVD. Changes in urinary
flow rate (A UV), urinary sodium excretion (A UNaV'), creatinine
clearance (ACrCl), fractional excretion of sodium (AFENa), and prox-
imal fractional sodium reabsorption (APFNaR) with volume expansion
in ELVD-INTACT (n = 8) and ELVD-APPX (n = 5). Values are
mean+SEM. *P < 0.05 ELVD-INTACT vs. ELVD-APPX.

arterial pressure and pulmonary capillary wedge pressure in-
creased and remained elevated after administration of HS-142-
1. There was a trend towards an increase in systemic vascular

Table 1. Hormonal Responses to Acute Administration

of HS-142-1 in ELVD

ELVD + 30’ ELVD + 60'
n=1 ELVD post-HS-142-1 post-HS-142-1
ANP (pg/ml) 187+64 209+55 187+63
c¢GMP (pmol/ml) 64+1.3 3.6+0.97* 2.4+0.55%
PRA (ng/ml per h) 35*1.3 6.3+1.5* 3.7+1.2
Aldo (ng/dl) 5.0x3.1 11.0+5.2 12.0+5.3
(P = 0.06) (P =0.07)

Data are mean+=SEM. * P < 0.05 vs. ELVD. aldo, aldosterone.

resistance following HS-142-1. No significant change was noted
in cardiac output, right atrial pressure or renal blood flow.

The hormonal responses to acute administration of HS-142-
1 in ELVD-INTACT are displayed in Table II. Plasma ANP
did not change after HS-142-1. Plasma cGMP was decreased
and was associated with a significant increase in plasma renin
activity. There was a trend towards an increase in plasma aldo-
sterone concentrations. Of note, the cGMP and aldosterone ef-
fects were sustained while PRA returned to pre-HS-142-1 con-
centrations after HS-142-1.

The renal responses to acute administration of HS-142-1 in
ELVD-INTACT are displayed in Table III. HS-142-1 produced
decreases in renal cGMP generation and this was associated
with decreases in urinary sodium excretion and fractional excre-
tion of sodium. Fractional reabsorption of sodium at both the
proximal and distal tubular level increased. These renal re-
sponses returned toward pre-HS-142-1 levels 60 min following
the HS-142-1 bolus. There was a significant increase in creati-
nine clearance in the second urinary clearance following HS-
142-1 administration. There was a similar trend in GFR as
estimated by inulin clearance. While the values for GFR as
estimated by creatinine clearance were lower than those ob-
tained by inulin clearances the changes in these values over
time were similar.

Fig. 5 summarizes the cardiorenal and neurohumoral re-
sponses to acute natriuretic peptide receptor antagonism in
ELVD-INTACT dogs. Attenuation of plasma and renal cGMP

Table III. Renal Responses to Acute Administration of HS-142-1
in ELVD

Table 1. Hemodynamic Responses to Acute Administration

of HS-142-1 in ELVD

ELVD + 30’ ELVD + 60’
n=17 ELVD post-HS-142-1 post-HS-142-1
MAP (mm Hg) 110+4 124+6* 124+6*
RAP (mm Hg) 8.5+0.76 9.1x0.74 9.7x1.2
PCWP (mm Hg) 14.0+0.82 15.0+0.99* 17.0x1.2*
CO (L/min) 3.56+0.58 3.56x0.49 3.53+0.7
SVR (dyne-s-min~%) 2640400 2880+480 3520880
(P = 0.06)
RBF (ml/min) 432+43 464+63 556+85

Data are mean*+SEM.

* P < 0.05 vs. ELVD.

Atrial Natriuretic Peptide Blockade in Early Left Ventricular Dysfunction

ELVD + 30’ ELVD + 60’
n=7 ELVD post-HS-142-1 post-HS-142-1
UV (ml/min) 0.52+x0.12  0.42%0.09 0.4+0.11
UNaV (¢Eq/min) 79+26 32+11* 55*17
FENa (%) 0.49+0.15  0.24*0.11* 0.29+.08
GFR (ml/min) 9612 97x17 107+18
CrCl (ml/min) 70=%5 72+7 83+7*
PFNaR (%) 81.0+2.2 87.0x1.3* 83.0x1.3
DFNaR (%) 98.0+0.6 99.0+0.3* 98.0+0.4
cGMP gen (pmol/min) 1326+357 560+128* 873+198*

Data are mean+SEM. * P < 0.05 vs. ELVD. UV, urine volume;
UNaV, urinary sodium excretion; FENa, fractional excretion of sodium;
GFR, glomerular filtration rate; CrCl, creatinine clearance; PFNaR,
proximal fraction of sodium reabsorption; DNFaR, distal fraction of

sodium reabsorption; cGMP gen, renal cGMP generation.
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Figure 5. Acute antagonism of ANP in ELVD. Responses of plasma cGMP (PcGMP), renal cGMP generation (c GMP gen), mean arterial pressure
(MAP), plasma renin activity (PRA), urinary sodium excretion (UNaV'), and proximal fractional sodium reabsorption (PFNaR) at baseline and
30 and 60 min after HS-142-1 (3 mg/kg intravenous bolus, n = 7). Values are mean+=SEM. P < 0.05 vs. ELVD.

generation was associated with increases in MAP, activation of
plasma renin activity and sodium retention which was mediated
in part by enhanced reabsorption of sodium at the proximal
tubule.

Discussion

The current studies demonstrate that attenuation of the increase
in endogenous ANP produced by bilateral atrial appendectomy
in ELVD results in elevation of cardiac filling pressures, activa-
tion of the RAAS, and sodium retention with an associated
reduction in the natriuretic response to saline volume expansion.
Second, acute antagonism of endogenous ANP in experimental
ELVD by the natriuretic peptide antagonist, HS-142-1, results
in decreases in plasma and renal generation of the natriuretic
peptide second messenger, cGMP, and is associated with eleva-
tion of filling pressures, activation of plasma renin activity and
sodium retention, which is mediated by enhanced reabsorption
of sodium by the proximal and distal tubule.

The neurohumoral profile associated with asymptomatic or
early left ventricular dysfunction is thought to be essential to
the maintenance of the asymptomatic state (25). Studies have
speculated that activation of endogenous ANP may be essential
in maintaining suppression of the RAAS early in the course of
ventricular dysfunction as previously suggested by the studies
of Lee et al. in acute heart failure (2). In these previous studies
Low ANP Acute Heart Failure produced by acute inferior tho-
racic vena caval constriction was characterized by activation
of PRA and aldosterone with sodium retention, responses not
observed with Elevated ANP Acute Heart Failure produced by
rapid ventricular pacing. In chronic severe CHF an escape from
the RAAS-suppressing actions of ANP may result in sodium
retention (26). Studies in humans and animal models of CHF
have demonstrated a blunting of the second messenger cGMP
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response to endogenous and exogenous ANP in severe CHF,
in contrast to a preservation of the second messenger response to
acute and chronic endogenous elevation of ANP and exogenous
administration of ANP in mild CHF (5, 8, 27). Such studies
suggest an important role for ANP in early ventricular dysfunc-
tion which is lost in the late stage of ventricular dysfunction.
While one may speculate that ANP remains biologically active
in ELVD, the previous inability to antagonize the effect of ANP
has hampered efforts to establish the physiologic importance of
ANP as a modulator of hemodynamic, hormonal, and renal
function in ELVD.

Bilateral atrial appendectomy effectively blocked the in-
creases in circulating ANP associated with experimental ELVD.
The blockade of pacing-induced increases in ANP by atrial
appendectomy are consistent with the findings of Shen et al.
who demonstrated that removal of the atrial appendages blunts
the increase in ANP associated with chronic severe heart failure
produced by rapid ventricular pacing (28) and those of Perrella
et al. who demonstrated that increases in synthesis and storage
of ANP in the atrial free wall occur relatively late in the course
of pacing induced heart failure and that pacing induced ventricu-
lar dysfunction is unassociated with ventricular hypertrophy and
therefore is unassociated with ventricular ANP synthesis (14).

The current study demonstrates that the moderate reduction
in ventricular function produced in this model is associated with
activation of the RAAS and sodium retention when unaccompa-
nied by chronic increases in plasma ANP. The reduction in
sodium excretion and the blunted natriuretic response to volume
expansion in the ELVD-APPX group are consistent with the
effects of ANP to enhance sodium excretion via known renal
tubular effects (29, 30) and by opposing the antinatriuretic
effects of the RAAS. The physiological mechanism responsible
for activation of the RAAS and sodium retention in the absence
of elevation of ANP can only be speculated. One possible mech-



anism suggested by the data is the increased proximal tubule
fractional sodium reabsorption observed in the ELVD-APPX
group. This may have resulted in enhanced renin release due to
decreased sodium delivery to the macula densa (31) and further
activation of aldosterone. Indeed, ANP has been demonstrated
to reduce proximal tubule sodium reabsorption via a dopamine
mediated mechanism (30). In the current study, proximal tubule
sodium handling was indirectly determined by lithium clear-
ance, as supported by previous studies which have demonstrated
the validity of lithium clearance as an accurate method of esti-
mating whole kidney proximal tubular sodium reabsorption (17,
18). ANP also has a direct suppressive effect on aldosterone
release (32) which was lost in the ELVD-APPX group. While
not measured in the current study, enhanced sympathetic activa-
tion mediated by the RAAS activation and ANP depletion may
also contribute to enhanced proximal tubule reabsorption.

The blunted natriuretic response to VE reported in the cur-
rent study cannot be attributed to an attenuated increase in
ANP which increased similarly in the atrial intact animals. The
mechanism of the blunted response may more importantly be
related to activation of the RAAS. This is consistent with the
known actions of angiotensin II to increase proximal tubule
reabsorption and aldosterone to increase distal tubular reabsorp-
tion. Moreover, the current studies are equally consistent with
the known action of angiotensin II and aldosterone to attenuate
the natriuretic actions of ANP (33). The effects of atrial appen-
dectomy on atrial innervation and its subsequent effect on renal
nerve activity are unknown, though normal cardiac innervation
is not reported to traverse the atrial appendages.

HS-142-1, a naturally occurring polysaccharide compound
which was initially discovered from the fungal strain of Aureo-
basidium sp., inhibits binding to the natriuretic peptide particu-
late guanylyl cyclase receptors (9, 10). These receptors include
the natriuretic peptide-A receptor which binds ANP and brain
natriuretic peptide (BNP) and the natriuretic peptide-B receptor
which binds C-type natriuretic peptide (CNP) (34, 35). This
inhibitory action is selective for the particulate guanylyl cyclase
receptor (9, 36—40) and has no action on the clearance receptor
or soluble guanylyl cyclase (9, 34, 38). As a result, natriuretic
peptide-mediated actions are attenuated by HS-142-1 via de-
creasing the second messenger, cGMP. In the current study,
intravenous HS-142-1 decreased plasma concentrations and re-
nal generation of cGMP and this was associated with significant
deleterious effects on hemodynamic, neurohumoral and renal
function, suggesting that ANP (and conceivably BNP and CNP)
plays a significant role in the maintenance of cardiorenal and
humoral function in ELVD. The findings demonstrated by acute
ANP antagonism thus are consistent with the findings in the
studies which used bilateral atrial appendectomy to attenuate the
increase in ANP associated with ELVD. Although a natriuretic
peptide receptor antagonist now exists and is utilized to assess
the response to acute antagonism of ANP in the current study,
HS-142-1 is a costly and scarce compound with a short half-
life and chronic infusions in large animals such as the dog are
impractical and would be prohibitively expensive.

While acute administration of HS-142-1 resulted in a rather
marked increase in mean arterial pressure, this was not observed
in the ELVD-APPX group despite lower levels of the endoge-
nous vasodilator ANP and chronic activation of endogenous
vasoconstrictor systems. Preventricular failure hemodynamics
were not assessed in the ELVD-APPX group; thus it is unknown
whether pre-ventricular failure mean arterial pressure was dif-
ferent in the two groups. Presumably, atrial appendectomy pri-
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marily attenuates ANP release while HS-142-1 also antagonizes
the vasodilatory actions of BNP and CNP and thus may account
for the observed difference in MAP in chronic vs. acute ANP
antagonism.

The findings of the current study support a major role for
chronic elevation of ANP in mediating cardiorenal homeostasis
in evolving heart failure. These data demonstrate that ANP
importantly contributes to the maintenance of hemodynamic,
hormonal and renal function in a canine model of ELVD. The
similarities between this model and humans with asymptomatic
left ventricular dysfunction support speculation that the neuro-
humoral profile described in patients with asymptomatic left
ventricular dysfunction is mechanistically related to the asymp-
tomatic state. Recent studies have demonstrated that ANP is
a sensitive and specific marker for asymptomatic ventricular
dysfunction (41) which provides prognostic information in pa-
tients with asymptomatic and symptomatic ventricular dysfunc-
tion (42). Indeed, chronic pharmacologic augmentation of ANP
via inhibition of neutral endopeptidase has recently been shown
to be of potential therapeutic benefit in patients with symptom-
atic heart failure, though this type of therapy may have the
greatest role in early or mild heart failure and may be of benefit
in delaying escape from the beneficial effects of ANP (43).
Thus ANP emerges as a cardiac hormone with a major role in
the pathophysiology of evolving heart failure.

Acknowledgments

The authors thank Lawrence L. Aarhus, Denise M. Heublein, and Sharon
M. Sandberg for their expert technical assistance.

This research was supported in part by grants from the Minnesota
Affiliate of the American Heart Association (MHA-109), the National
Institutes of Health (HL-033664 and HL-077441), the Joseph P. and
Jeanne Sullivan Foundation (Chicago, IL), the Hearst Foundation, and
the Mayo Foundation (Rochester, MN).

References

1. Stevens, T. L., C. -M. Wei, L. L. Aahrus, D. M. Heublein, M. Kinoshita,
Y. Matsuda, and J. C. Burnett, Jr. 1994. Modulation of exogenous and endogenous
atrial natriuretic peptide by a receptor inhibitor. Hypertension. 23:613-618.

2. Lee, M. E., W. L. Miller, B. S. Edwards, and J. C. Burnett, Jr. 1989. Role
of endogenous atrial natriuretic factor in acute congestive heart failure. J. Clin.
Invest. 84:1962-1966.

3. Drexler, H., C. Hirth, H. -P. Stasch, W. Lu, D. Neuser, and H. Just. 1990.
Vasodilatory action of endogenous atrial natriuretic factor in a rat model of chronic
heart failure as determined by monoclonal ANF antibody. Circ. Res. 66:1371~
1380.

4. Wada, A., T. Tsutamoto, Y. Matsuda, and M. Kinoshita. 1994. Cardiorenal
and neurohumoral effects of endogenous atrial natriuretic peptide in dogs with
severe congestive heart failure using a specific antagonist for guanylate cyclase-
coupled receptors. Circulation. 89:2232-2240.

5. Margulies, K. B., D. M. Heublein, M. A. Perrella, and J. C. Burnett, Jr.
1991. ANF-mediated renal cGMP generation in congestive heart failure. Am. J.
Physiol. (Renal Fluid Electrolyte Physiol. 29) 260:F562—F568.

6. Francis, G. S., C. Benedict, D. E. Johnstone, P. C. Kirlin, J. Nicklas, C.
Liang, S. H. Kubo, E. Rudin-Toretsky, S. Yusuf, and SOLVD Investigators.
1990. Comparison of neuroendocrine activation in patients with left ventricular
dysfunction with and without congestive heart failure: a substudy of the studies
of left ventricular dysfunction (SOLVD). Circulation. 82:1724—-1729.

7. Redfield, M. M,, L. L. Aarhus, R. S. Wright, and J. C. Burnett, Jr. 1993.
Cardiorenal and neurohumoral function in a canine model of early left ventricular
dysfunction. Circulation. 87:2016-2022.

8. Wright, R. S., R. R. Brandt, M. M. Redfield, L. L. Aarhus, and J. C.
Burnett, Jr. 1993. Preservation of the renal natriuretic response to exogenous atrial
natriuretic peptide in mild congestive heart failure. Am. J. Hypertens. 6:49a.
(Abstr.)

9. Morishita, Y., T. Sano, K. Ando, Y. Saitoh, H. Kase, K. Yamada, and Y.
Matsuda. 1991. Microbial polysaccharide, HS-142-1, competitively and selec-
tively inhibits ANP binding to its guanylyl cyclase-containing receptor. Biochem.
Biophys. Res. Commun. 176:949-957.

1107



10. Morishita, Y., M. Takahashi, T. Sano, I. Kawamoto, K. Ando, H. Sano,
Y. Saitoh, H. Kase, and Y. Matsuda. 1991. Isolation and purification of HS-142-
1, a novel nonpeptide antagonist for ANP receptor, from Aureobasidium sp. Agric.
Biol. Chem. 55:3017-3025.

11. Damiano, R. J., Jr., H. F. Tripp, K. W. Small, T. Asano, R. H. Jones, and
J. E. Lowe. 1985. The functional consequences of prolonged supraventricular
tachycardia. J. Am. Coll. Cardiol. 5:541. (Abstr.)

12. Margulies, K. B., F. L. Hildebrand, Jr., A. Lerman, M. A. Perrella, and
J. C. Burnett, Jr. 1990. Increased endothelin in experimental heart failure. Circula-
tion. 82:2226-2230.

13. Redfield, M. M., B. S. Edwards, M. D. McGoon, D. M. Heublein, L. L.
Aarhus, and J. C. Burnett, Jr. 1989. Failure of atrial natriuretic factor to increase
with volume expansion in acute and chronic congestive heart failure in the dog.
Circulation. 80:651-657.

14. Perrella, M. A., T. R. Schwab, B. O’Murchu, M. M. Redfield, C. M. Wei,
B. S. Edwards, and J. C. Burnett, Jr. 1992. Cardiac atrial natriuretic factor during
evolution of congestive heart failure. Am. J. Physiol. (Heart Circ. Physiol. 31)
262:H1248-H1255.

15. Riegger, G. A. 1., G. Liebau, M. Holzschuh, D. Witkowski, H. Steilner,
and K. Kochsiek. 1984. Role of the renin-angiotensin system in the development
of congestive heart failure in the dog as assessed by chronic converting-enzyme
blockade. Am. J. Cardiol. 53:614—618.

16. Quinones, M. A., A. D. Waggoner, L. A. Reduto, J. G. Nelson, J. B.
Young, W. L. Winters, Jr., L. G. Ribeiro, and R. R. Miller. 1981. A new simplified
and accurate method for determining ejection fraction with 2-dimension echocar-
diography. Circulation. 64:744-753.

17. Thomsen, K., N. H. Holstein-Rathow, and P. P. Leussac. 1981. Compari-
son of three measures of proximal tubular reabsorption: lithium clearance, occlu-
sion time, and micropuncture. Am. J. Physiol. 241:F348-F355.

18. Hayslett, J. P., and M. Kashgarian. 1979. A micropuncture study of the
renal handling of lithium. Pflugers Arch. 380:159-163.

19. Fuhr, J. J.,, K. J. Kaczmarczyk, and C. D. Kruttgen. 1955. Eine ein fache
colormetrische methode zur inulinbestimmung fur nieren-clearance-untersu-
chungen bei stoffwechselgesunden und diabetikern. Klin. Wochenschr. 33:729—
730.

20. Burnett, J. C., Jr., D. C. Hu, D. W. Heser, D. M. Heublein, T. J. Opgenorth,
J. P. Granger, and G. S. Reeder. 1986. Atrial natriuretic peptide elevation in
congestive heart failure in man. Science (Wash. DC). 231:1145-1146.

21. Steiner, A. L., C. W. Parker, and D. M. Kipnis. 1972. Radioimmunoassay
for cyclic nucleotidase. J. Biol. Chem. 247:1106—1113.

22. Haber, E., T. Koerner, L. B. Page, B. Kliman, and A. Purnode. 1969.
Application of a radioimmunoassay for angiotensin I to the physiologic measure-
ments of plasma renin activity in normal human subjects. J. Clin. Endocrinol.
Metab. 29:1349-1355.

23. Sando, J., and E. Haber. 1978. A direct microassay for aldosterone in
plasma extracts. J. Clin. Endocrinol. Metab. 47:391-396.

24. Volpe, M., C. Tritto, N. De Luca, A. F. Mele, G. Lembo, S. Rubattu, M.
Romano, P. De Carpora, I. Enea, B. Ricciardelli, B. Trimarco, and M. Condorelli.
1991. Failure of atrial natriuretic factor to increase with saline load in patients
with dilated cardiomyopathy and mild heart failure. J. Clin. Invest. 88:1481-
1489.

25. Packer, M. 1992. The neurohormonal hypothesis: a theory to explain the
mechanism of di progression in heart fail J. Am. Coll. Cardiol. 20:248—
254.

26. Cody, R. J., A. B. Covit, G. L. Schaer, J. H. Laragh, J. E. Sealey, and J.
Feldschuh. 1986. Sodium and water balance in chronic congestive heart failure.
J. Clin. Invest. 77:1441-1452.

27. Tsutamoto, T., T. Kanamori, N. Morigami, Y. Sugimoto, O. Yamaoka,
and M. Kinoshita. 1993. Possibility of downregulation of atrial natriuretic peptide

1108 Stevens et al.

receptor coupled to guanylate cyclase in peripheral vascular bed of patients with
chronic severe heart failure. Circulation. 87:70-75.

28. Shen, W.-Q., X. Xu, G. A. Zeballos, and T. H. Hintze. 1992. Ventricular
tissue is not the primary source of plasma atrial natriuretic peptide during heart
failure. Circulation. 86:1-544. (Abstr.)

29. Burnett, J. C., Jr., J. P. Granger, and T. J. Opgenorth. 1984. Effects of
synthetic atrial natriuretic factor on renal function and renin release. Am. J. Phys-
iol. (Renal Fluid Electrolyte Physiol. 16) 247:F863—-F866.

30. Winaver, J., J. C. Burnett, Jr., G. M. Tyce, and T. P. Dousa. 1990. ANP
inhibits NA*-H* antiport in proximal tubular brush border membrane: role of
dopamine. Kidney. Int. 38:1133-1140.

31. Opgenorth, T. J., J. C. Burnett, Jr., J. P. Granger, and T. A. Scriven. 1986.
Effects of atrial natriuretic peptide on renin secretion in nonfiltering kidney. Am.
J. Physiol. (Renal Fluid Electrolyte Physiol. 19) 250:F798—F801.

32. Maack, T., D. N. Marion, M. J. Camargo, H. D. Kleinert, J. H. Laragh,
E. D. Vaughan, Jr., and S. A. Atlas. 1984. Effect of auriculin (atrial natriuretic
factor) on blood pressure, renal function, and the renin-aldosterone system in
dogs. Am. J. Med. 77:1069-1075.

33. Showalter, C. J., R. S. Zimmerman, T. R. Schwab, B. S. Edwards, T. J.
Opgenorth, and J. C. Burnett, Jr. 1988. Renal response to atrial natriuretic factor
is modulated by intrarenal antiotensin II. Am. J. Physiol. (Reg. Integ. Comp.
Physiol. 23) 254:R453-R456.

34, Sano, T., Y. Morishita, Y. Matsuda, and K. Yamada. 1992. Pharmocologi-
cal profile of HS-142-1, a novel nonpeptide atrial natriuretic peptide antagonist
of microbial origin. I. Selective inhibition of the actions of natriuretic peptides in
anesthetized rats. J. Pharm. Exp. Ther. 260:825-831.

35. Ohyama, Y., K. Miyamoto, Y. Morishita, Y. Matsuda, Y. Saito, N. Mina-
mino, K. Kangawa, and H. Matsuo. 1992. Stable expression of natriuretic peptide
receptors: effects of HS-142-1, a non-peptide ANP antagonist. Biochem. Biophys.
Res. Commun. 189:336-342.

36. Takayanagi, R., T. Inagami, R. Snajdar, T. Imada, M. Tamura, and K.
Misono. 1987. Two distinct forms of receptors for atrial natriuretic factor in
bovine adrenocortical cells. J. Biol. Chem. 262:12104-12113.

37. Imura, R., T. Sano, J. Goto, K. Yamada, and Y. Matsuda. 1992. Inhibition
by HS-142-1, a novel nonpeptide atrial natriuretic peptide antagonist of microbial
origin, of atrial natriuretic peptide-induced relaxation of isolated rabbit aorta
through the blockade of guanylyl cyclase-linked receptors. Mol. Pharmacol.
42:982-990.

38. Sano, T., R. Imura, Y. Morishita, Y. Matsuda, and K. Yamada. 1992. HS-
142-1, a novel polysaccharide of microbial origin, specifically recognizes guanylyl
cyclase-linked ANP receptor in rat glomeruli. Life Sci. 51:1445-1451.

39. Matsuda, Y., T. Sano, R. Imura, J. Goto, and K. Yamada. 1992. Specific
inhibition by a novel atrial natriuretic peptide (ANP) antagonist of ANP-induced
relaxation of aorta through the inhibition of cyclic GMP production. J. Hyperten-
sion. 10(4):S77.

40. Tanaka, T., M. Ichimura, S. Nakajo, R. Snajdar, Y. Morishita, T. Sano,
K. Yamada, T. Inagami, and Y. Matsuda. 1992. HS-142-1, a novel non-peptide
antagonist for atrial natriuretic peptide receptor, selectively inhibits particulate
guanylyl cyclase and lowers cyclic GMP in LLC-PK, cells. Biosci. Biotech.
Biochem. 56(7):1041-1045.

41. Lerman, A., R. J. Gibbons, R. J. Rodeheffer, K. R. Bailey, L. J. McKinley,
D. M. Heublein, and J. C. Burnett, Jr. 1993. Circulating N-terminal atrial natri-
uretic peptide as a marker for symptomless left-ventricular dysfunction. Lancet.
341:1105-1109.

42. Gottlieb, S. S., M. L. Kukin, D. Ahern, and M. Packer. 1989. Prognostic
importance of atrial natriuretic peptide in patients with chronic heart failure. J.
Am. Coll. Cardiol. 13:1534-1539.

43. Motwani, J. G., C. C. Lang, M. J. Allen, H. F. Johnson, and A. D.
Struthers. 1993. Dose-ranging effects of candoxatril on elimination of exogenous
atrial natriuretic peptide in chronic heart failure. Clin. Pharmacol. Ther. 54:661—
669.



