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Abstract

To explain the pathophysiological significance of endogenous
atrial natriuretic polypeptide (ANP) in the development of hy-
pertension, we examined the effect of chronic, repetitive ad-
ministrations of MAb raised against a-rat ANP in two rat
models of hypertension, spontaneously hypertensive rats of the
stroke prone substrain (SHR-SP), and deoxycorticosterone ac-
etate (DOCA)-salt rats. Weekly intravenous administrations
of MAb with high affinity for a-rat ANP, named KY-ANP-II
(MAb[KY-ANP-IIJ), started at the age of 6 wk, significantly
augmented the rise in blood pressure of SHR-SP, compared
with control SHR-SP treated with another MAb with quite low
affinity for a-rat ANP, named KY-ANP-I (MAb[KY-ANP-IJ),
throughout the observation period. The administrations of
MAblKY-ANP-IIj had no significant effect on blood pressure
of age-matched normotensive Wistar Kyoto rats, compared
with those receiving MAbIKY-ANP-Ij. Weekly administra-
tions of MAbIKY-ANP-III also significantly aggravated hy-
pertension in DOCA-salt rats. Blood pressure of DOCA-salt
rats treated with MAb[KY-ANP-IIJ was significantly higher
than that of DOCA-salt rats treated with MAb[KY-ANP-IJ
throughout 8 wk of DOCA and 1% saline administration. The
administration of MAb[KY-ANP-IIJ also significantly atten-
uated exaggerated diuresis and natriuresis in DOCA-salt rats
compared with those treated with MAbIKY-ANP-II. Elevated
plasma cGMP levels of both SHR-SP and DOCA-salt rats
were significantly reduced by the administration of MAbIKY-
ANP-II1. These results suggest the compensatory role of aug-
mented secretion of ANP in these hypertensive rats and sup-
port the concept that augmented secretion ofANP could repre-
sent an antihypertensive deterrent mechanism.

Introduction

The pioneering discovery that atrial extracts possess potent
diuretic and natriuretic activities (1) was followed by subse-
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quent identifications of atrial natriuretic polypeptide (ANP)'
in human and rat atria (2-4). It has been recognized that ANP
is synthesized in the cardiac myocyte and secreted into the
blood stream through the coronary sinus (5), in response to
extracellular volume expansion (6-8) via the stretch-secretion
coupling mechanism (3, 4). In many cardiovascular and endo-
crine disorders associated with elevated cardiac filling pres-
sure, the plasma ANP level is increased (5, 9-11).

Exogenously administered ANP induces not only diuresis
and natriuresis, but also relaxation ofvascular smooth muscles
and inhibition of renin, aldosterone, and vasopressin release in
animals and in humans (3, 4, 8, 1 1). Until now, however, the
information on the pathophysiological significance of circu-
lating ANP has been scarce. Whether ANP functions at circu-
latory levels encountered under physiological perturbations or
pathophysiological conditions has not been resolved, mainly
because of a lack of a specific inhibitor for ANP.

Several laboratories, including ours, have reported that
plasma ANP levels are elevated both in patients with essential
hypertension and secondary hypertension due to hyperaldoste-
ronism or renal hypertension (12, 13), and in several hyper-
tensive animals, including spontaneously hypertensive rats
(SHR) and its substrain, SHR-stroke prone (SHR-SP) (14-16),
and deoxycorticosterone acetate (DOCA)-salt rats (17, 18). In
addition, we have recently explained augmented gene expres-
sion of the ANP gene in the ventricle, as well as in the atrium
in SHR and SHR-SP at the stage ofhypertension and ventricu-
lar hypertrophy (19, 20). These findings suggest that aug-
mented secretion of ANP plays a compensatory role in the
maintenance of blood pressure. In addition, an infusion of
ANP (5-100 ng/kg per min) for a couple of days to a week
caused a reduction in blood pressure in SHR; rats with one-
kidney, one-clip or two-kidney, one-clip renal hypertension; or
angiotensin II- or norepinephrine-infused rats (21, 22), with-
out consistent changes in urine volume or urinary excretion of
sodium. In patients with essential hypertension, a bolus injec-
tion (50-100 ,ug) or an infusion (1 ug/min) of relatively high
doses ofANP caused rises in urine volume and sodium excre-
tion and a fall in arterial pressure (23, 24). However, the extent
to which increased levels of endogenous ANP participate in
the modulation of hypertension has not been clarified yet.

Recently, we have produced two kinds of high-affinity
MAbs against a-ANP, a circulating, 28-amino acid form of
ANP named KY-ANP-I and KY-ANP-II (25, 26). KY-ANP-I

1. Abbreviations used in this paper: ANP, atrial natriuretic polypep-
tide; DOCA, deoxycorticosterone acetate; SHR, spontaneously hyper-
tensive; SP, stroke prone; WKY, Wistar Kyoto rats.
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is specific for a-human ANP (a-hANP) but not for a-rat ANP
(a-rANP), whereas KY-ANP-II recognizes a-hANP and a-
rANP equally. The MAb is devoid ofseveral drawbacks inher-
ent to polyclonal antisera, such as epitope heterogeneity or the
contamination with irrelevant antibodies raised against other
ligands. In this study, we used these two MAbs against ANP to
examine the effect of passive immunization in two rat models
of hypertension, SHR-SP and DOCA-salt rats, during the
course ofthe development ofhypertension, to clarify the possi-
ble pathophysiological significance of endogenous ANP in the
evolution of hypertension.

Methods

Preparation and administration ofMAb against ANP. The preparation
of MAbs against ANP was performed by standard methods as de-
scribed previously in detail (25, 26). In these experiments, we used two
MAbs against ANP: one was an MAb directed towards the NH2 ter-
minus of a-ANP, a common portion of the amino acid sequence of
a-rANP and a-hANP, which was named KY-ANP-II (MAb[KY-
ANP-II]) (26). The RIA for this antibody MAb[KY-ANP-II] showed
equal cross-reactivities with a-rANP and a-hANP, but NH2-terminally
deleted forms of a-ANP, that is, a-rANP[4-28], a-rANP[5-28], a-
hANP[4-28], and a-hANP[5-28] exhibited cross-reactivities of
< 0.01% on a molar basis (Table I). Thus, we used MAb[KY-ANP-II]
for the blockade of circulating endogenous ANP in the rat, a-rANP
(27, 28). The other MAb, which we used in this study as a control, is an
MAb with weak binding affinity for a-rANP that recognized the epi-
tope located in the NH2-terminal halfof the ring structure ofa-hANP
including [Met'2] residue and was named KY-ANP-I (MAb[KY-
ANP-I]) (25). The RIA with MAb[KY-ANP-I] demonstrated cross-re-
activity of 0.9% with a-rANP on a molar basis, as shown in Table I.
The MAb in ascites were available in the RIA for a-hANP at final
dilutions of 1:107 for MAb[KY-ANP-II] (Ka = 6.6 X 10'0 M- for
a-hANP) and of 1:103 for MAb[KY-ANP-I] (Ka = 3.1 X 10'0 M' for
a-hANP), which bind - 20% of '251-a-hANP at a concentration of
60-120 pM, comparable to the endogenous circulating ANP level (7,
14, 17).

In chronic repetitive administrations (experiments 1, 2, and 6), 100
Ml of ascitic fluid containing either MAb[KY-ANP-II] or MAb[KY-
ANP-I] was intravenously injected as a bolus through the tail vein. In
acute experiments (experiments 3, 4, and 5), 100 Ml of ascitic fluid
containing MAb[KY-ANP-II] was diluted with isotonic saline to a
total volume of 500 M1 and injected over 30 s via a venous silastic
catheter as previously reported (7, 29).

Table L Specificity oftwo MAbs against ANP, MAb[KY-ANP-II]
and MAb[KY-ANP-I]

Peptide MAb[KY-ANP-II] MAb[KY-ANP-I]

a-hANP 100 100
a-rANP(cardionatrin) 100 0.9
a-hANP[3-28] 0.2 100
a-rANP[3-28] 0.2 0.9
a-hANP[4-28] <0.01 100
a-rANP[4-28](ANF IV,

auriculin B) <0.01 0.9
a-hANP[5-28] <0.001 100
a-rANP[5-28](atriopeptin III) <0.001 0.9
a-hANP[7-28] <0.001 100
a-rANP[5-27](atriopeptin II) <0.001 0.9

Measurement ofblood pressure and determination ofurine volume
and urinary electrolyte excretions. Blood pressure was measured peri-
odically by the noninvasive tail cuff method (model USM 105R; Ueda
Manufacturing Co., Tokyo, Japan) as previously described (30), and
values were determined as the means of 10 consecutive determinations
for each rat. Urine was collected over a 2- (experiment 1) or 3-d
(experiment 2) observation period after a l-d acclimation period from
each rat in a metabolism cage (model KN-646 [B-2]; Natsume Manu-
facturing Co., Tokyo, Japan). Urinary concentrations of sodium and
potassium were determined by the ion electrode method (Hitachi au-

toanalyzer model 736; Hitachi Medical Co., Tokyo, Japan).
Determination ofplasma ANP levels, cGMP levels, and other bio-

chemical data. Blood (250 Ml) was obtained through the venous cath-
eter from conscious, unrestrained rats as previously described (7, 14).
Plasma ANP concentrations in rats were determined by the RIA with a

rabbit polyclonal antiserum raised against a COOH-terminal fragment
of a-ANP, a-ANP[ 17-28], as described previously in details (31). The
RIA can equally recognize a-ANP[ 17-28], a-rANP, a-hANP, a-

rANP[3-28], a-rANP[4-28], and a-rANP[5-28]. The lowest detect-
able concentration of ANP was 1 pg/tube and the amount of 50%
binding inhibition (IC50) was 25 pg/tube. Plasma ANP-like immuno-
reactivity was determined with 25 Ml of rat plasma without extraction
(7, 14, 17).

Plasma cGMP concentrations were determined with a commer-

cially available RIA kit (YAMASA cyclic GMP assay kit; Yamasa
Shoyu Co., Chiba, Japan) according to the method of Steiner et al.
(32). Serum sodium, potassium, creatinine, and blood urea nitrogen
were determined by the standard analytical techniques.

Experiment 1. Chronic administration of MAb against ANP to

SHR-SP and Wistar Kyoto rats (WKY). 16 male SHR-SP (weighing
134±2 g) at the age of 6 wk and 16 age-matched male normotensive
WKY (weighing 138±3 g) were used. Rats were maintained in Shio-
nogi Research Laboratories (Shionogi & Co., Osaka, Japan). Three
animals were housed per cage and subjected to 12 h oflight and 12 h of
dark (light on from 7:00 a.m. to 7:00 p.m.) in a temperature-controlled
(25±1IC) room and fed standard rat chow containing 0.19% sodium
and 0.52% potassium and tap water ad lib. Rats in both strains were

randomly divided into two groups: SHR-SP in group IA (n = 8) re-

ceived weekly intravenous injections of 100 Ml ascitic fluid containing
MAb[KY-ANP-II]. SHR-SP in group B (n = 8) received weekly intra-
venous injections of 100 Ml ascitic fluid containing MAb[KY-ANP-I]
as a control. WKY in group IC (n = 8) received weekly injections of
100 Ml ascitic fluid containing MAb[KY-ANP-II] and WKY in group

ID (n = 8), the same amount of MAb[KY-ANP-I]. Administrations of
ascitic fluid were performed four times: just after the measurement of
blood pressure and urine volume and urinary excretions ofsodium and
potassium when rats were 6 wk old, and then, weekly when they were

7, 8 and 9 wk old, each time the day before the weekly determination of
blood pressure. When rats were 10 wk old, urine volume and urinary
excretions of sodium and potassium were again measured.

Experiment 2. Chronic administration of MAb against ANP to

DOCA-salt rats. 30 male Slc:Wistar rats (Shizuoka Animal Center,
Shizuoka, Japan, weighing 315±3 g) kept under the conditions de-
scribed in experiment 1 were offered 1% NaCl solution as drinking
fluid. DOCA (Sigma Chemical Co., St. Louis, MO) dissolved in corn

oil (Sigma Chemical Co.) was intramuscularly injected at weekly in-
tervals at a dosage of 20 mg (0.2 ml) (DOCA-salt rats, groups 2A and
2B). Another groups of rats (n = 8, weighing 318±3 g) were given tap

water to drink and injected weekly with 0.2 ml of corn oil, the vehicle
only (control rats, group 2C). DOCA-salt rats were randomly divided
into two groups: DOCA-salt rats in group 2A (n = 15) received weekly
intravenous injections of 100 Ml ascitic fluid containing MAb[KY-
ANP-II] and those in group 2B (n = 15) received the same amount of
ascites containing MAb[KY-ANP-I]. Administrations of ascitic fluid
were performed nine times: just after the determination ofblood pres-

sure before DOCA and 1% NaCI administration, and then, weekly for
the next 8 wk. The blood pressure of the rats in the three groups was

measured at 2-wk intervals, each time the day after the administration
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Values are cross-reactivities of peptides on a molar basis in the RIA
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ofascites containing MAbs. 8 wk after the start ofthe treatment, urine
volume and urinary excretions of sodium and potassium were deter-
mined in three groups of rats, using the metabolism cage by offering
rats in all three groups 1% NaCI to drink. After that, blood sampling
was performed while rats were in a conscious, unrestrained state
through a venous catheter as described above.

Experiment 3. Time course of titer change of administered
MAb[KY-ANP-II] in rats in vivo. 12 male Slc: Wistar rats (Shizuoka
Animal Center) weighing 200-300 g were intravenously injected with
100 Al ascitic fluid containing MAb[KY-ANP-II] through a venous
catheter as described above. Blood was collected through a venous
catheter I d after (0 wk) and 1, 2 and 3 wk after the administration of
ascites from three rats each time. Serum obtained in this way and
serum obtained from DOCA-salt rats in group 2A, diluted to a final
dilution of 1:500, were incubated with '25I-a-hANP (the specific activ-
ity: 400-800 MGCi4g, - 9,900 cpm) (31) at 4VC for 20 h and the
specific binding of '25I-a-hANP (the gross binding of '25I-a-hANP
minus the nonspecific binding of 25I-a-hANP with diluted pooled
normal rat serum) was determined.

Experiment 4. Effect of MAb[KY-ANP-II] to antagonize plasma
cGMP response to exogenous and endogenous ANP in rats in vivo.
Experiment 4-1: Male Slc: Wistar rats (200-300 g) in group 4-lA (n

4) received an intravenous bolus injection of synthetic a-hANP
(Protein Research Foundation, Osaka, Japan) at a dose of 5 Mg. Rats in
group 4- l B (n = 4) were pretreated with 100 Ml ascitic fluid containing
MAb[KY-ANP-II] 5 min before the administration of5 Mg ofa-hANP.
Blood was collected before and 5, 10, and 20 min after the administra-
tion of a-hANP through a venous catheter.

Experiment 4-2: Male Slc: Wistar rats (200-300 g) in group 4-2A (n
= 4) received an intravenous bolus injection of synthetic arginine-va-
sopressin (AVP) (Protein Research Foundation, Osaka, Japan) at a
dose of 5 Mg. Rats in group 4-2B (n = 4) were pretreated with 100 Ml
ascitic fluid containing MAb[KY-ANP-II] 5 min before the adminis-
tration of 5 Mg ofAVP. Blood was collected before and 2, 5, 10, and 20
min after the administration of AVP.

Plasma cGMP levels in the four groups (4-1 A and B; 4-2 A and B)
and plasma ANP levels in groups 4-lA and 4-2A were determined as
described above.

Experiment 5. Determination of basal plasma ANP and cGMP
levels in SHR-SP and WKY and acute effect ofintravenously adminis-
tered MAb[KY-ANP-II] on plasma GMP level. Nine 9-wk-old male
SHR-SP and nine male age-matched WKY from the same source in
experiment 1 were prepared for the venous sampling as described

above. Blood was obtained from each rat for the determination ofbasal
plasma ANP and cGMP levels in conscious unrestrained state. Among
them, eight rats, four ofSHR-SP and four ofWKY, further received an
intravenous administration of 100 Ml ascites containing MAb[KY-
ANP-II] and blood was collected 5 min before (-5 min), just before (0
min) and 5, 10, 15, and 20 min after the administration ofMAb[KY-
ANP-II]. The plasma cGMP level for each sampling point was deter-
mined.

Experiment 6. Comparison ofprogression ofhypertension between
untreated SHR-SP and DOCA-salt rats and those treated with ANP
MAb. To further validate the effect of MAb against ANP on blood
pressure, the progression of hypertension between untreated SHR-SP
and DOCA-salt rats and those treated with ANP MAb was compared.

In experiment 6-1, 21 38-d-old male SHR-SP (105±2 g) from the
same source in experiment 1 were randomly divided into three groups.
SHR-SP in group 6-1A received weekly intravenous injections of 100
Ml ascitic fluid containing MAb[KY-ANP-II] and SHR-SP in group
6-lB received the same amount of control MAb[KY-ANP-I], as de-
scribed in experiment 1. SHR-SP in group 6-1C did not receive any
injection of MAb-containing ascites and served to be another control
animals. Blood pressure of each SHR-SP was determined weekly, as
described in experiment 1.

In experiment 6-2, 17 male Slc: Wistar rats (320±2 g) from the
same source in experiment 2 received the same treatment of DOCA
and 1% NaCl administration, and were divided into two groups.
DOCA-salt rats in group 6-2A (n = 9) received weekly intravenous
injections of 100 M1 ascitic fluid containing control MAb[KY-ANP-I],
whereas those in group 6-2B (n = 8) did not receive any injection of
MAb-containing ascites. Blood pressure of each DOCA-salt rat was
measured at intervals of 2 wk, as described in experiment 2 until 6 wk
after the start of the treatment.

Statistical analysis. All values are expressed as mean±SEM. Analy-
sis of variance of repeated measures, with subsequent Duncan's test,
was used to determine significant changes during time-dependent mul-
tiple observations (33). Linear regression analysis was performed with
the method of least squares. The statistical significance was defined as
P < 0.05.

Results

Experiment 1. Fig. 1 shows changes ofblood pressure ofSHR-
SP and WKY treated with two different MAb against ANP.
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administrations ofMAb against ANP
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Table I. Effect ofChronic Administration ofMAb against ANP on Urine Volume, Urinary Excretions ofSodium,
and Potassium in SHR-SP and WKY

Urine volume Sodium excretion Potassium excretion

Rat group Treatment Before After Before After Before After

mild mmol/d

Group lA SHR-SP MAb[KY-ANP-II] 7.3±0.5 11.5±1.2 0.71±0.04 0.86±0.06 1.12±0.04 1.67±0.07
Group lB SHR-SP MAb[KY-ANP-I] 6.2±0.3 13.8±0.7 0.62±0.03 0.84±0.04 0.99±0.07 1.64±0.07
Group IC WKY MAb[KY-ANP-II] 6.7±0.3 11.3±1.1 0.77±0.10 0.67±0.07 1.20±0.13 1.17±0.23
Group ID WKY MAb[KY-ANP-I] 7.0±0.4 12.6±2.0 0.66±0.03 0.82±0.13 1.43±0.11 1.51±0.34

Values are means±SEM of the 3-d observation period. Before, before treatment, when rats were 6 wk old. After, after treatment, when rats
were 10 wk old.

Before the repetitive administrations of MAb, blood pressure
of SHR-SP in groups lA and lB (n = 16, 148±1 mmHg) was
significantly higher than that ofWKY in groups IC and ID (n
= 16, 104±2 mmHg) (P < 0.01) and this difference was main-
tained throughout the observation period, with the time-de-
pendent, significant increase of blood pressure of both rat
strains.

1 wk after the start of the administration of MAb-contain-
ing ascites (two injections), SHR-SP in group IA, which re-
ceived MAb[KY-ANP-II] with high affinity for a-rANP, ex-
hibited significantly higher blood pressure (182±2 mmHg)
than that of SHR-SP in group 1B (162±2 mmHg, P < 0.01),
which received MAb[KY-ANP-I] with low affinity for a-
rANP, though blood pressure before the treatment was not
significantly different in the two groups (148±2 mmHg for
group IA and 148±1 mmHg for group IB). The trend of sig-
nificantly higher blood pressure of SHR-SP in group IA com-
pared with group lB persisted throughout the observation pe-
riod ofthe following 2 wk. In contrast to SHR-SP, there was no
appreciable difference in blood pressure throughout the obser-
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vation period between WKY treated with MAb[KY-ANP-II]
(group IC) and with MAb[KY-ANP-I] (group ID).

Effects of the chronic administration of two MAbs against
ANP on urine volume and urinary electrolyte excretions are
shown in Table II. No significant differences in any renal ex-
cretory parameters were observed between the two rat strains
or the two treatments.

Experiment 2. Fig. 2 illustrates the evolution of hyperten-
sion in DOCA-salt rats treated with two different MAb against
ANP and control rats without the administration of MAbs.
Blood pressure of the rats in three groups did not significantly
differ before the treatment (139±7 mmHg in group 2A, 133±6
mmHg in group 2B, and 139±3 mmHg in group 2C). In the
rats in group 2C, which received weekly vehicle corn oil injec-
tions and were offered tap water to drink, blood pressure did
not significantly alter throughout the observation period.
DOCA and 1% NaCl administration caused a significant and
progressive rise in blood pressure ofthe rats in both groups 2A
and 2B. Blood pressure ofDOCA-salt rats in group 2A (173±5
mmHg) was significantly higher than that ofuntreated control
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*: Control rat bodies against ANP on blood pressure
of DOCA-salt rats. Open circles repre-
sent DOCA-salt rats treated with
MAb[KY-ANP-II] (group 2A) and
open squares represent DOCA-salt rats
treated with MAb[KY-ANP-I] (group
2B). Closed circles are control rats
without treatment (group 2C). Signifi-
cantly different from group 2B. *P

8 < 0.05, significantly different from
group 2C. tP < 0.01.
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Table III. Effect ofChronic Administration ofMAbs against ANP on Urine Volume, Urinary Excretions ofSodium and Potassium,
and Serum Levels ofSodium, Potassium, Creatinine, and Blood Urea Nitrogen in DOCA-Salt Rats

Body Urine Sodium Potassium Serum Serum Serum Blood urea
Rat group (treatment) weight volume excretion excretion sodium potassium creatinine nitrogen

g mIld mmol/d mmol/liter jumol/liter mmol/liter

Group 2A DOCA-salt rats (MAb[KY-ANP-II]) 489±25 69±1 I* 12.0±2.0*$ 2.1±0.2 140.1±0.4* 4.8±0.2* 53±3$ 5.7±0.2*
Group 2B DOCA-salt rats (MAb[KY-ANP-I]) 495±12 106±120 18.6±2.1§ 2.7±0.2 142.7±1.1§ 4.8±0.2* 53±3* 5.9±0.2
Group 2C control rats (none) 514±32 20±2 5.0±0.8 2.4±0.3 137.0± 1.1 5.5±0.2 65±3 6.5±0.3

Urinary values are means±SEM of the 2-d observation period 8 wk after the start of treatment. Blood samples were obtained after the 2-d ob-
servation period. * P < 0.05, significantly different from group 2B. $ P < 0.05, §P < 0.01, significantly different from group 2C.

rats in group 2C (137±6 mmHg) as early as 2 wk after the start
of the treatment (P < 0.01), and blood pressure of DOCA-salt
rats in group 2B became significantly higher 4 wk after the
start of the treatment (160±4 mmHg) than that of control rats
(136±5 mmHg, P < 0.01).

As with the case in the development of hypertension in
SHR-SP, the chronic repetitive administrations of the MAb
against a-rANP accelerated the progression of blood pressure
elevation in DOCA-salt rats. Blood pressure ofDOCA-salt rats
in group 2A treated with MAb[KY-ANP-II] 4 wk after the
start of the administration (180±5 mmHg) was significantly
higher than that in group 2B treated with MAb[KY-ANP-I]
(160±4 mmHg, P < 0.05) and the significant difference per-
sisted for the next 4 wk.

Table III summarizes effects of the chronic administration
of two MAbs against ANP on urine volume and urinary elec-
trolyte excretions of DOCA-salt rats after the completion of
nine administrations of MAbs. DOCA-salt rats in group 2B
excreted five times volume of urine (P < 0.01) and 3.7 times
more sodium (P < 0.01) than those ofcontrol rats in group 2C,
although potassium excretions were comparable in these two
groups. The chronic repetitive administrations of MAb[KY-
ANP-II] attenuated diuresis and natriuresis induced by DOCA
and 1% NaCl administration. Urine volume and urinary ex-
cretion of sodium of DOCA-salt rats treated with MAb[KY-
ANP-II] in group 2A were significantly lower than those of
DOCA-salt rats in group 2B (P < 0.05, respectively). As shown
in Table III, however, there was no significant difference in
serum sodium, potassium, creatinine or blood urea nitrogen
level between group 2A and group 2B. Serum sodium levels in
DOCA-salt rats both in groups 2A and 2B were significantly
higher than that in control rats in group 2C, and conversely,

Table IV. Effect ofChronic Administration ofMAbs against ANP
on Plasma cGMP level in DOCA-Salt Rats

Rat group Treatment Plasma cGMP

pmol/ml

Group 2A DOCA-salt MAb[KY-ANP-II] 4.0±2.2*
Group 2B DOCA-salt MAb[KY-ANP-I] 12.0±2.2t
Group 2C control None 2.9±1.0

Values are means±SEM.
Plasma samples were obtained 8 wk after the start of treatment.
* P < 0.05, significantly different from group 2B.
* P < 0.01, significantly different from group 2C.

serum potassium levels in DOCA-salt rats both in groups 2A
and 2B were significantly lower than that in control rats in
group 2C.

Plasma cyclic GMP levels of the rats in three groups after
the completion of nine administrations of MAb against ANP
are shown in Table IV. The plasma cyclic GMP level of
DOCA-salt rats in group 2B was significantly elevated com-
pared with that of untreated control rats in group 2C. The
plasma cyclic GMP level of DOCA-salt rats in group 2A
treated with MAb[KY-ANP-II] was significantly lower than
that of DOCA-salt rats in group 2B (P < 0.05) and was sup-
pressed to the level of control rats in group 2C.

Experiment 3. The in vivo diminution of titer of
MAb[KY-ANP-II] administered intravenously into rats is
demonstrated in Fig. 3. The binding of '251-a-hANP with
serum obtained I d after the administration of MAb[KY-
ANP-II]-containing ascites (0 week), at a final dilution of
1:500, was compatible with our results of the binding of
'251I-a-hANP with MAb[KY-ANP-II] in vitro described pre-
viously (26), assuming that a rat plasma volume is 10 ml (34).
As shown in Fig. 3, the binding ability of administered
MAb[KY-ANP-II] to a-ANP was well retained for the follow-
ing 2 wk.

In the same series of the radiobinding assay, the specific
binding of '251I-a-hANP with serum at the same dilution ob-
tained from DOCA-salt rats in group 2A, 1 wk after the last
administration of MAb[KY-ANP-II], was 3,400±20 cpm.
This value was comparable to the specific binding of 1251-a-
hANP (3,950±25 cpm) with serum obtained from Slc: Wistar
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rats, 1 wk after the administration of MAb[KY-ANP-II] in
experiment 3 shown in Fig. 3.

Experiment 4. A bolus injection of 5 Mg of synthetic a-
hANP produced a prompt and significant increase of the
plasma cGMP level in rats in group 4-1A (Fig. 4 A). The
plasma ANP level rose up to 2,240±280 pg/ml 5 min after the
administration, and administered a-hANP rapidly disap-
peared from the rat circulation (Fig. 4 C). There was a signifi-
cant positive correlation between plasma ANP levels and
plasma cyclic GMP levels (r = 0.91, P < 0.01).

The pretreatment with 100 ul ascitic fluid containing
MAb[KY-ANP-II] significantly attenuated a-hANP-induced
increase ofthe plasma cGMP level, as depicted in Fig. 4A. The
plasma cyclic GMP level of rats in group 4-1B 5 min after the
administration of a-hANP (37±6 pmol/ml) was significantly
lower than the corresponding value in group 4-lA (77±12
pmol/ml, P < 0.01).
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Figure 4. Effect of the intravenous administration of MAb(KY-ANP-
II] on plasma cGMP elevation induced by exogenous and endoge-
nous ANP. A, closed circles represent plasma cGMP levels of rats in
group 4-1A that received 5 gg a-hANP administration and open cir-
cles represent those of rats in group 4-1B that were pretreated with
100 ,l of MAb[KY-ANP-II] fbllowed by 5 ,Ag a-hANP administra-
tion. Significantly different from group 4-1 A. *P < 0.01. Signifi-
cantly different from the basal level (0 min). tP < 0.05, ttP < 0.01.
C shows the plasma ANP level in group 4-1A. In B, closed circles
represent plasma cGMP levels of rats in group 4-2A that received 5
Mg AVP administration and open circles represent those of rats in
group 4-2B that were pretreated with 100 Ml of MAb[KY-ANP-II]
followed by 5 Mg AVP administration. Significantly different from
group 4-2A. *P < 0.01. Significantly different from the basal level (0
min). tP < 0.01. D shows the plasma ANP level in group 4-2A. Sig-
nificantly different from the basal level. tP < 0.05, ttP < 0.0 1.

The intravenous bolus injection of 5 ,ug AVP caused a
massive rise in the plasma ANP level, which persisted until 20
min after the administration, as previously reported (7, 35)
(Fig. 4 D). After the administration of 5 ,ug AVP, a parallel rise
of the plasma cyclic GMP level was observed in rats in group
4-2A, as shown in Fig. 4 B. There was a significant positive
correlation between plasma ANP levels and plasma cGMP
levels after the AVP administration (r = 0.70, P < 0.01).

The pretreatment with 100 Al ascitic fluid containing
MAb[KY-ANP-II] significantly suppressed the increase of the
plasma cGMP level associated with the AVP-induced eleva-
tion of endogenous ANP level (Fig. 4B). The plasma cGMP
levels in rats in group 4-2B 5 min (44±6 pmol/ml) and 10 min
(58±6 pmol/ml) after the AVP administration were signifi-
cantly lower than those in rats in group 4-2A (128±13 pmol/
ml, P < 0.01; 140+8 pmol/ml, P < 0.01, respectively).

Experiment 5. The mean basal plasma ANP level ofSHR-
SP at the age of 9 wk was 303±51 pg/ml (n = 9), which was
significantly higher than that of age-matched WKY, 143±21
pg/ml (n = 9) (P < 0.05). The simultaneously determined
plasma cGMP levels were 11.3±0.7 pmol/ml for SHR-SP and
7.5±0.4 pmol/ml for WKY. The difference of plasma cyclic
GMP levels in the two rat strains was significant (P < 0.01),
and there was a significant positive correlation between plasma
ANP levels and plasma cyclic GMP levels (r = 0.70, P < 0.01).

Fig. 5 illustrates the effect of the intravenous administra-
tion of MAb[KY-ANP-II] on basal plasma cyclic GMP levels
of SHR-SP and WKY. The basal plasma cGMP levels of
SHR-SP (n = 4) 5 min before and just before the administra-
tion of the MAb-containing ascites (13.7±1.0 and 12.0±1.3
pmol/ml) were significantly higher than those ofWKY (n = 4)
(7.6±0.5 pmol/ml, P < 0.01; 7.6±0.8 pmol/ml, P < 0.05,
respectively). The administration ofMAb[KY-ANP-II] caused
a significant reduction in the plasma cGMP level of SHR-SP
compared with the means of their basal levels (-5 min and 0
min). After the administration of MAb[KY-ANP-II], the
plasma cGMP level of SHR-SP decreased to the level almost
same as that ofWKY. In contrast to SHR-SP, the administra-
tion of MAb[KY-ANP-II] had no appreciable effect on the
plasma cGMP level ofWKY.

Experiment 6. Table V shows the comparison of blood
pressure of untreated SHR-SP (group 6-lC) and SHR-SP
treated with either MAb[KY-ANP-II] (group 6-1A) or
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Table V. Comparison ofProgression ofHypertension
in Untreated SHR-SP and that in SHR-SP Treated
with Chronic Administration ofMAbs against ANP

Systolic blood pressure

3 wk after the
Before start of

Rat group (treatment) treatment* 1 wk 2 wk treatment

mmHg

Group 6-1A SHR-SP
(MAb[KY-ANP-II]) 142±1 174±3*0 205±3*§ 236±1*0

Group 6-1B SHR-SP
(MAb[KY-ANP-I]) 140±3 152±3 176±1 205±1

Group 6-IC SHR-SP
(none) 142±1 148±1 175±2 207±3

Values are means±SEM.
* Rats were 38 d old at the beginning of the experiment.
P < 0.01, significantly different from group 6-1 B.
P < 0.01, significantly different from group 6-i C.

MAb[KY-ANP-I] (group 6-1B). As shown in Table V clearly,
there was no significant difference in the development of hy-
pertension in SHR-SP without any treatment and SHR-SP
which received weekly injections ofcontrol MAb[KY-ANP-I].
Blood pressure ofSHR-SP treated with MAb[KY-ANP-II] was
significantly higher than not only that ofSHR-SP treated with
MAb[KY-ANP-I] as in experiment 1, but also that of un-
treated SHR-SP throughout the observation period.

Blood pressure of DOCA-salt rats in group 6-2A treated
with MAb[KY-ANP-IJ was 139±1 mmHg (before treatment),
152±2 mmHg (2 wk) 156±10 mmHg (4 wk) and 167±6
mmHg (6 wk after the start of the treatment). Blood pressure
of DOCA-salt rats in group 6-2B without any treatment was
139±3 mmHg (before treatment), 150±9 mmHg (2 wk),
158±4 mmHg (4 wk) and 170±5 mmHg (6 wk after the start of
the treatment). There was, therefore, no significant difference
in the evolution of hypertension between DOCA-salt rats
without any injection of ANP MAb and those treated with
MAb[KY-ANP-I].

Discussion

To explain the pathophysiological role ofaugmented secretion
ofANP in hypertension, we studied the effects of chronic re-
petitive administrations of MAbs against ANP in two animal
models of hypertension: SHR-SP and DOCA-salt rats. This
study clearly demonstrates the acceleration of the develop-
ment of hypertension by the specific blockade of increased
circulating ANP in both hypertensive rats.

The ability of our MAb against a-rANP (MAb[KY-ANP-
II]) to block the biological activities ofcirculating a-rANP was
verified in experiment 4. The pretreatment of MAb[KY-
ANP-II] significantly suppressed the increase ofplasma cGMP
levels associated with the increase ofplasma ANP levels by the
administration of exogenous a-hANP (experiment 4-1) or by
the administration of synthetic AVP (experiment 4-2), which
stimulated endogenous ANP secretion from the heart, as pre-
viously reported (7, 35). The intravenous administration of
MAb[KY-ANP-I] with low affinity for a-rANP, which we used

as a control in this study, elicited no effect on the increase of
the plasma cGMP level after the administration ofAVP (data
not shown).

Several lines of evidence support the concept that ANP
activates particulate guanylate cyclase and increases cyclic
GMP accumulation in numerous cell types and tissues, in-
cluding vascular smooth muscle, endothelial cells, fibroblasts,
and renal cells (36). In humans and rats, the intravenous ad-
ministration ofANP was reported to elevate the plasmacGMP
level (37). In this study, after the administrations of synthetic
a-hANP and AVP, there existed significant positive correla-
tions between plasma ANP levels and plasma cGMP levels. In
experiment 5, we further observed a significant positive corre-
lation between basal plasma ANP levels and plasma cyclic
GMP levels in SHR-SP and WKY. It was also reported that
various ANP fragments of different potencies exert their bio-
logical activities that correlate with ANP-induced cGMP in-
creases (37). Together, these findings suggest the significance
of cyclic GMP as a second messenger and a biological marker
of ANP. Blockade ofthe ANP-induced increase of the plasma
cGMP level by MAb[KY-ANP-II], therefore, indicates the in
vivo efficacy of MAb[KY-ANP-II] in this study.

Because the development and maintenance of hyperten-
sion could be the result of long-term alterations in the control
of blood pressure, and ANP seems to require several days to
fully develop its physiological actions (38), we repetitively ad-
ministered the MAb over weeks to months, to observe chronic
effects on homeostasis in blood pressure and body fluid.
Weekly administrations of MAb in this study were demon-
strated in experiment 3 to be capable ofchronically preventing
the access ofANP to its receptor(s). The decline in the plasma
titer or concentration ofMAb[KY-ANP-II] was comparable to
the reported decline curve ofpurified polyclonal angiotensin II
antibodies injected intravenously into rats (39) and was also in
agreement with the kinetics of immunoglobulins in gen-
eral (40).

There might be a possibility of producing antibodies
against ANP monoclonal antibody, including antiidiotypic an-
tibodies, during the repetitive administrations. Sege and Pe-
terson described rabbit antiidiotypic antibodies against rat an-
tibodies to retinol-binding protein (RBP) or to insulin, by re-
petitive injections of rat antibodies to rabbits (41). These
antibodies were shown to compete with RBP or insulin for
binding to their receptors. In our experiment, antibodies
against ANP MAb might interfere with the blocking action of
our MAb. In experiment 3, however, serum obtained from
DOCA-salt rats in group 2A after nine administrations of
MAb[KY-ANP-II] retained comparable binding ability to
1251-a-hANP as serum obtained 1 wk after a single injection of
MAb[KY-ANP-II]. This finding rules out the argument men-
tioned above, even if the possible production of antibodies
against our ANP MAb is not excluded.

In this study, beginning of passive immunization with
MAb[KY-ANP-II] before the occurrence of hypertension ac-
celerated the increase ofblood pressure during the initial phase
of hypertension and the aggravated high blood pressure was
maintained throughout the observation period both in SHR-
SP and DOCA-salt rats. In experiment 1, since there was no
difference between blood pressure of normotensive WKY
treated with MAb[KY-ANP-II] in group 1C and that with
MAb[KY-ANP-I] in group ID, nonspecific actions of MAb-
containing ascites to increase blood pressure are unlikely.
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Moreover, in experiment 6, we also confirmed that the admin-
istration ofour control MAb, MAb[KY-ANP-I] had no signifi-
cant effect on the development of hypertension in both SHR-
SP and DOCA-salt rats. In experiment 6-1, blood pressure of
SHR-SP treated with MAb[KY-ANP-II] was significantly
higher than that of untreated SHR-SP, as well as that ofSHR-
SP treated with MAb[KY-ANP-I]. These results further sup-
port the specific effect of MAb[KY-ANP-II] to accelerate the
development of hypertension.

In experiment 5, the difference of the basal plasma ANP
levels between SHR-SP and WKY was 150-200 pg/ml and
in another series of experiments, the difference in the basal
plasma ANP levels between DOCA-salt rats and control rats 8
wk after the start ofDOCA and 1% NaCl administration, the
same maneuver of this study, was also 200 pg/ml (245±63
pg/ml for DOCA-salt rats and 81±15 pg/ml for control rats).
These findings, therefore, suggest that the increment of the
plasma ANP level by 200 pg/ml above the basal level modu-
lates blood pressure in hypertensive state. There are several
reports to support this hypothesis. ANP infusion at a dose of
50 ng/kg per min, which raised the plasma ANP level from 27
to 292 pg/ml, decreased mean arterial pressure from 90 to 75
mmHg without any change in the glomerular filtration
rate (42).

Previous studies on the effect of anti-ANP antiserum on
blood pressure in rats seem to be inconsistent so far. Recently,
Sasaki et al. demonstrated that in anesthetized rats, the bolus
administration of a rabbit polyclonal antiserum against a-
rANP raised mean blood pressure by 7% (43), whereas Naruse
et al. reported no significant change in blood pressure by the
administration ofa polyclonal antiserum against atriopeptin I,
also, in anesthetized rats (44). They examined acute effects of
polyclonal antisera, which inevitably include irrelevant anti-
bodies or other substances, in an anesthetized state, which
produces the different circulating ANP level from that in a
conscious state, though they did not show ANP levels in their
reports. We demonstrated in this study using the specific MAb
against ANP that chronic blockade of circulating ANP pro-
duced an augmented rise in blood pressure in conscious hy-
pertensive rats, which showed higher plasma ANP levels.

The plasma cGMP level of DOCA-salt rats treated with
MAb[KY-ANP-II] in group 2A was significantly lower than
that of DOCA-salt rats in group 2B as shown in Table IV. In
addition, the elevated plasma cyclic GMP level of SHR-SP
compared with that ofWKY was significantly reduced by the
acute injection of MAb[KY-ANP-II] (Fig. 5). Since we ob-
served no significant changes in the plasma cyclic GMP level
ofWKY by the administration of MAb[KY-ANP-II], and in
another series of experiments, there was no significant change
of the plasma cGMP level of SHR-SP by MAb[KY-ANP-I]
injection, the observed reducing effect of MAb[KY-ANP-IIJ
on the plasma cGMP level was due to specific blockade of
elevated circulating ANP. Previous investigations have dem-
onstrated that the nitrosovasodilators activate soluble guany-
late cyclase, cause accumulation of cyclic GMP and induce
relaxation of vascular smooth muscle through cGMP-depen-
dent protein kinase activation and resultant decreased phos-
phorylation of myosin light chain (45). Although the coupling
ofcGMP increment and vasodilatation by ANP has not been
fully explained, the plasma cGMP level could reflect the vaso-
dilating activity ofANP (37, 45). Thus, the suppression of the
enhanced plasma cGMP level by MAb[KY-ANP-II] can be

interpreted as the inhibition of vasodilating action of endoge-
nous ANP at the enhanced level, which resulted in the aggra-
vation of hypertension in our hypertensive rats.

Volume overload is considered to be one of the mecha-
nisms in the manifestation of hypertension in DOCA-salt rats.
DOCA administration causes increased sodium reabsorption
in the kidney and induces salt appetite in rats (30). In this
study, DOCA-salt rats showed significantly higher serum so-
dium concentration with a reciprocal decrease ofserum potas-
sium concentration with larger intake of 1% NaCl solution,
compared with control rats. Diuresis and natriuresis induced
by DOCA and 1% NaCl administration were significantly re-
duced by the administration of MAb[KY-ANP-II] in this
study. Serum creatinine and blood urea nitrogen levels of
DOCA-salt rats in both groups 2A and 2B were almost the
same and within the normal range. Impaired diuresis and na-
triuresis in DOCA-salt rats in group 2A thus were not consid-
ered to be ascribed to renal dysfunction caused by a non-spe-
cific effect of MAb[KY-ANP-II] or by sustained higher blood
pressure observed in DOCA-salt rats treated with MAb[KY-
ANP-II]. There are several reports that suggest the role ofANP
in diuresis and natriuresis after acute hypervolemia in rats
(46). Recently, Hirth et al. demonstrated blunted diuresis and
natriuresis after volume expansion by ANP MAb (47). Our
results of the attenuation of exaggerated diuresis and natriure-
sis in DOCA-salt rats by ANP MAb further support the role of
increased plasma levels of ANP in accelerating diuresis and
natriuresis in volume-overloaded state. Insufficient diuresis
and natriuresis and, as a consequence, possibly more ex-
panded circulatory volume in DOCA-salt rats treated with
MAb[KY-ANP-II] might be associated with the acceleration
of hypertension in these rats, though we have not measured
extracellular fluid volume in the present study.

In experiment 1, we could observe no significant difference
in urine volume or urinary excretion of sodium in SHR-SP
and WKY, though some reports show the pressure-induced
diuresis and natriuresis in SHR (21). The reason for such dis-
parity is not clear at present, but it may result from substrain
differences or animal ages. During the developmental phase of
hypertension, plasma volume and blood volume of SHR-SP
are reported to be reduced compared with age-matched WKY
(48). Lack of influence of MAb[KY-ANP-II] on urine volume
or urinary excretion ofsodium in SHR-SP might be, therefore,
due to contracted or, at least, not increased body fluid volume
in SHR-SP. The enhancing effect ofANP MAb on blood pres-
sure in SHR-SP observed in this study, therefore, may be
mainly attributed to the further increase of peripheral resis-
tance, which is reported to be elevated in SHR (49), by the
possible inhibition of vasodilating actions ofendogenous ANP
with ANP MAb.

After the submission of our manuscript, Needleman's
group reported the effect of autoimmunization with ANP in
SHR on the development of hypertension (50). They failed to
detect any alteration in the increase of blood pressure of au-
toimmune SHR sensitized against ANP, compared with non-
immune SHR. The exact cause of the difference between our
results and theirs is not clear at present. It may be accounted
for by the difference of SHR substrain or by the difference in
the experimental protocol. As we previously reported (14, 19,
20), biosynthesis and secretion ofANP in SHR-SP with a se-
verer form of hypertension are more augmented than those in
SHR. Therefore, we adopted SHR-SP in our experiment. It is
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also possible that the different experimental procedures might
have resulted in the different results. Because they immunized
SHR with ANP during their observation period to produce
ANP autoantibodies, it was not clear whether the sufficient
titer of the antibodies in plasma was maintained in the devel-
opmental phase of hypertension. In addition, because their
ANP autoantibodies were polyclonal, their binding affinity for
ANP and recognition site must have been heterogenous. In the
present study, we repetitively administered the MAb against
ANP, which was homogenous in epitope recognition and
binding affinity and demonstrated to antagonize the biological
activity of ANP, before and during the occurrence of hyper-
tension. We also confirmed the significant suppression of the
enhanced plasma levels of cGMP in our hypertensive rats by
ANP MAb.

In conclusion, this study demonstrated that chronic repeti-
tive administrations of the MAb against a-rANP accelerated
the development of hypertension in two animal models of
hypertension, SHR-SP and DOCA-salt rats. These findings
support the compensatory role ofaugmented secretion ofANP
in these hypertensive animals and suggest that increased secre-
tion of ANP could represent one of the antihypertensive de-
terrent mechanisms.
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