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Abstract

Wehave previously shown that the atrial natriuretic peptide
(ANP) content of the anterior hypothalamic region of NaCI-
sensitive spontaneously hypertensive rats (SHR-S) is higher
than that of Wistar-Kyoto (WKY) rats. ANPhas been shown
to inhibit neuronal norepinephrine release and to reduce the
excitability of hypothalamic neurons. This study tested the
hypothesis that blockade of endogenous ANPin the anterior
hypothalamus by local microinjection of a monoclonal anti-
body to ANP (MAb KY-ANP-II) lowers blood pressure in
SHR-S. Purified MAb KY-ANP-II (0.055 and 0.55 Mg) or
control mouse IgG in 200 nl saline was microinjected into the
anterior hypothalamic area (AHA) of conscious SHR-S and
control WKYrats. As a further control, Mab KY-ANP-II
(0.55 gg) was microinjected into the posterior hypothalamic
area (PHA) of SHR-S. Anterior hypothalamic microinjection
of MAbKY-ANP-II caused significant dose-related decreases
in mean arterial pressure (MAP) and heart rate (HR) in
SHR-S but not in WKYrats. Control injections of equal vol-
umes of IgG had no effect on MAPor HR. Microinjection of
Mab KY-ANP-II into PHAproduced no significant alteration
in MAPor HRin SHR-S. These data provide the first demon-
stration that endogenous ANP in a region of brain known to
influence cardiovascular function mediates BPand HRcontrol
in the rat. These findings suggest that the increased endoge-
nous ANP in the anterior hypothalamus of SHR-S may be
involved in the central regulation of BP in this model. (J. Clin.
Invest. 1990. 86:1985-1990.) Key words: monoclonal antibody
to ANP* microinjection * central nervous system - brain - hy-
pertension

Introduction

Atrial natriuretic peptide (ANP),' the vasodilator/natriuretic
peptide originally described in mammalian atria, is also found
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1. Abbreviations used in this paper: AHA, PHA, VHA, anterior, poste-
rior, and ventral hypothalamic peptide; ANOVA,analysis of variance;
ANP, atrial natriuretic peptide; h, heart; HR, heart rate; MAP, mean
arterial pressure; NE, norepinephrine; SHR-S, spontaneously hyper-
tensive rats-Okamato strain; WKY, Wistar-Kyoto.

in the brain (1-7). Immunoreactive ANPhas been detected in
various brain regions by radioimmunoassay of extracted tissue
and by immunocytochemistry (2, 4, 7-9). ANPmRNAand
ANP receptors have also been described, indicating that an
intact ANPsynthetic, processing, and effector system is pres-
ent in rat brain (1-6, 10). Immunocytochemical data indicate
that ANP-containing cell bodies are present in highest density
in the anterior hypothalamic region adjacent to the antero-
ventral tip of the third ventricle (4, 9). This region is involved
in the development and maintenance of experimental hyper-
tension and in fluid and electrolyte balance (4, 9).

Previous studies from our laboratory have shown that the
ANPcontent of the anterior hypothalamic region of the salt-
sensitive spontaneously hypertensive rat of the Okamoto
strain (SHR-S) is significantly higher than that of the Wistar-
Kyoto (WKY) rat ( 11). ANPcontent of the other brain regions
examined, including posterior hypothalamic area (PHA), ven-
tral hypothalamic area (VHA), pons, and medulla, did not
differ between strains. The anterior hypothalamic region con-
tains neurons that have a depressor effect when excited by
electrical stimulation or noradrenergic input (12-15). ANP
has been shown to inhibit norepinephrine (NE) release from
peripheral nerve terminals (16-18) and from an adrenal
pheochromocytoma (PC 12) cell line in culture (19) and to
reduce the excitability of rat hypothalamic neurons in vivo
(20). Wehypothesized that the increased ANPin the anterior
hypothalamus of SHR-S may produce local tonic inhibition of
NE release, thus reducing excitation of depressor neurons and
elevating BP. Blockade of this ANP effect by administering
anti-ANP antibody or an ANPB receptor blocker would stim-
ulate NE release, thus exciting depressor neurons in anterior
hypothalamic area (AHA) and lowering BP.

This study tested the hypothesis that blockade of endoge-
nous ANP in AHAby local microinjection of a monoclonal
antibody to ANP(MAb KY-ANP-II) lowers BPin SHR-S. We
used as controls, microinjections of IgG purified from mouse
ascites fluid into AHAand microinjections of Mab KY-ANP-
II into PHA. Our results demonstrated that microinjection of a
blocking monoclonal antibody to ANP into the AHA pro-
duced significant decreases in both BP and heart rate (HR) in
SHR-S but not in WKYrats. Neither microinjection of IgG
into AHA nor of MAbKY-ANP-II into PHA altered BP.
These results suggest that increased endogenous ANPin AHA
may be involved in central regulation of BP in SHR-S.

Methods

SHR-S and normotensive WKYcontrol rats were obtained from Ta-
conic Farms (IBU-3 colony; Germantown, NY) at 9 wk of age. All rats
were maintained four per cage at constant humidity (60±5%), temper-
ature (24±1 °C), and light cycle (0600-1,800 hours). All rats were pro-
vided a standard rat diet (5001; Ralston-Purina, Richmond, IN) and
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free access to food and water. For 1 wk before acute study, rats were
acclimatized to these diet and housing conditions.

2 d before the acute experiment, each rat was anesthetized with
sodium pentobarbital (50 mg/kg i.p.) and a catheter (polyethylene
PC-10 fused with PE-50) was implanted into the abdominal aorta
through the right femoral artery. The rat was then placed into a stereo-
taxic apparatus, the skin overlying the midline of the skull was incised,
and a small hole was drilled through the appropriate portion of the
skull. A guide cannula (26-gauge stainless steel tubing) was lowered to a
position 1.0 mmdorsal to the intended site of microinjection, accord-
ing to the coordinates of Paxinos and Watson (21) (anteroposterior
[AP], -1.6 mmfrom bregma; mediolateral [ML], 0.65; and dorsoven-
tral [DV], 8.8), and fixed to the skull with dental acrylic. A 32-gauge
obturator (stainless steel wire) was inserted into the guide cannula after
implantation.

48 h after surgery, the arterial catheter was connected to a model
CP-01 pressure transducer (Century Technology Company, Ingle-
wood, CA) coupled to a polygraph (Model 7; Grass Instruments,
Quincy, MA). Mean arterial pressure (MAP) and HRwere measured
simultaneously. After a 40-min stabilization period, the obturator was
removed from the guide cannula and replaced with an inner cannula
(32-gauge stainless steel tubing) filled with the agent to be adminis-
tered. The tip of the inner cannula extended I mmbeyond the guide
cannula. The inner cannula was attached to a 0.5-Ml Hamilton syringe
through tubing (polyethylene PE-20) filled with saline. A small air
bubble was made between the saline and the injection solution. Rats
were randomly injected with two doses (0.055 and 0.55 Mg) of MAb
KY-ANP-II, which had been purified by the procedure outlined below,
or mouse IgG (0.55 Mg) purified from ascites fluid as a control in 200 nl
saline. The first injection was administered as soon as the rat's vital
signs returned to baseline (2-5 min). MAPand HRwere allowed to
return to baseline before subsequent injection. The interval between
injections was 60-90 min in all animals. All microinjection experi-
ments were carried out in conscious, free moving rats.

As an additional control, in a separate series of experiments, Mab
KY-ANP-II (0.55 Mg) was microinjected into PHA, an area in which
ANPcontent and NErelease are not different in SHR-S and WKYrats
(I 1, 22). Surgery, arterial cannulation, and brain cannula implantation
were performed as above except that the coordinates of Paxinos and
Watson were AP, 3.6 mmfrom bregma; ML, 0.4; and DV, 8.3.

At the conclusion of the experiments, 1% methylene blue solution
(200 nl) was administered into AHAor PHAthrough the cannula. The
rat was then killed by decapitation without prior anesthesia and the
cannula was removed from the brain. The brain was removed from the
skull and sectioned at 30 Mmon a freezing microtome (Slee Medical
Equipment Ltd., London, UK). Sections were mounted and stained
with 1% thionin for verification of the microinjection site.

The monoclonal antibody used in these studies was the high affin-
ity antibody against rat a-ANP, the 28-amino acid form of ANP,
produced by Mukoyama, et al., and named MAbKY-ANP-II (23).
MAb KY-ANP-II recognizes human (a-h ANP) and rat ANP (a-r
ANP) equally and blocks the ability of both exogenous and endoge-
nous ANPto elevate plasma cyclic GMPlevels (24). IgG containing
MAbKY-ANP-II was purified from mouse ascites fluid (1 ml) using a
protein A agarose column (25). Retained IgG with MAbKY-ANP-II
was eluted from the protein A column with 3 MMgCl2 and dialyzed
against 0.9% saline overnight. Dialysate was then lyophilized and re-
constituted to its original volume (I ml) with 0.9% saline. The purified
IgG (1.1 mg/ml) with MAbKY-ANP-II bound 50% of I125-ANP
(17,000 cpm) at 1:100,000 final dilution in a total volume of 500 M1
(26). The two doses of MAbKY-ANP-II (0.055 and 0.55 Mg), which
were used in the current experiment, are equivalent to the anti-ANP
antibody contained in 0.055 and 0.55 ,l of mouse ascites fluid. This is

0.05 and 0.5% of the peripheral intravenous dose (100 Ml of ascites
fluid) of this monoclonal antibody used in previous studies by Itoh et
al. (24).

Statistical analysis. Results are expressed as means±SEM. Two-
way analysis of variance (ANOVA) (strain x time, and dose X time)

was performed to assess the differences in MAPand HRresponses to
MAb KY-ANP-II between doses and between strains. One-way
ANOVAwas used to compare differences over time in each SHRor
WKYgroup. Significant differences were then subjected to Newman-
Keuls post hoc analysis. P < 0.05 was considered significant.

Results

15 SHR-S and 10 WKYrats were studied. Histological exami-
nation confirmed that cannulae were properly placed in the
anterior and central portions of AHAas defined by Saper et al.
(27) in 8 SHR-S and 9 WKYrats and in PHAin 5 SHR-S rats.
In 1 SHR-S, the cannula entered the sagittal sinus; in a second
SHR-S, the cannula was in the third ventricle. In I WKY,
cannula placement was in the dorsal hypothalamic area. These
3 rats were excluded from the analysis of experimental results.

SHR-S had significantly higher basal MAPand lower body
weight (BW) than WKYrats at the time of study (Table I).
There was no difference in basal HR between SHR-S and
WKY(Table I). Microinjection of MAbKY-ANP-II into the
AHAresulted in significant dose-related depressor and brady-
cardic responses in SHR-S (P < 0.01, two way ANOVA)but
not in WKYrats (Fig. 1). Both MAPand HR responses to
MAbKY-ANP-II began almost immediately after injection,
reached maximal levels at 5-10 min, and returned to baseline
30 min postinjection. MAPand HRresponses to both doses of
MAbKY-ANP-II were significantly greater in SHR-S than in
WKYfor the first 30 min postinjection (P < 0.05 for the lower
dose; P < 0.01 for the higher dose, two way ANOVA)(Fig. 1).
Maximal high dose MAb KY-ANP-II-induced changes in
MAPand HR in SHR-S were -17.5±1.1 mmHgand
-42.5±5.1 bpm, respectively (Fig. 2). Microinjection of IgG
and saline vehicle into AHAdid not alter MAPor HRsignifi-
cantly in either strain (Fig. 3). Microinjection of MAbKY-
ANP-II into the PHAdid not cause significant alterations in
MAPor HRin SHR-S (Fig. 4).

Discussion

This study demonstrated that microinjection of MAb KY-
ANP-II into AHAcaused significant dose-related decreases in
MAPand HR in SHR-S but not in WKYrats. Control injec-
tions of equal volumes of IgG into AHAhad no effect on MAP
or HR. Further, injection of MAbKY-ANP-II into the PHAof
SHR-S did not significantly alter MAPor HR. Taken together
with the findings that anterior hypothalamic stores of endoge-
nous ANPare increased selectively in SHR-S compared with
WKYcontrols, and that ANP inhibits neuronal NE release,
these data suggest that endogenous ANPin AHAmay be in-
volved in the centrally mediated regulation of BP in SHR.

Table . Basal Levels of BW, MAP, and HR

BW MAP HR

g mmHg bpm

WKY, AHA(n = 9) 266.8±2.4 116.7±2.9 399.4±8.8
SHR, AHA(n = 8) 225.8±2.0* 167.2±1.9* 396.3±15.4
SHR, PHA(n = 5) 229.6±3.1* 170.0±6.1* 378.0±8.6

* P < 0.01, compared with WKY.
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Figure 1. Effects of anterior hypothalamic microinjection of monoclonal antibody (Ab) to ANPon MAP, and HRin SHRand WKYrats. *P
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Figure 3. Effects of anterior hypothalamic microinjection of IgG and saline vehicle on MAPand HRin SHRand WKYrats.

pathway of normotensive Wistar rats selectively depletes NE
stores in the anterior hypothalamus and increases BP and HR
(15). Further, electrical stimulation of the anterior hypothala-
mus reduces BP and HRin both normotensive and hyperten-
sive rats (14). Microinjection of NE or the a2-adrenergic ago-
nists clonidine and guanabenz into AHAlowers BPand HRin
the intact, conscious rat (13). This effect is exaggerated in
SHR-S, particularly after dietary NaCl supplementation,
compared with normotensive controls. Receptor binding stud-
ies using [3Hjpara amino clonidine have shown that a2-adre-
noreceptor numbers in anterior hypothalamus of SHR-S are
significantly elevated compared with WKY(36). This obser-
vation, combined with the finding that the NEcontent of the
anterior hypothalamic region is higher in SHR-S than in WKY
(22), presumably reflects upregulation of a2-adrenoreceptors
in anterior hypothalamus of SHR-S in response to reduced
local NErelease. Reductions in endogenous NEactivity in the
AHAwould be expected to decrease inhibition of sympathetic
outflow and thereby cause BP to rise. ANPhas been shown to
reduce neuronal excitability in the rat hypothalamus (20).
When locally applied to individual neurons, ANPinhibits the
neuronal firing rate (20). Further, ANP inhibits NE release
from peripheral sympathetic nerve terminals (16-18) and
from PC 12 cells in culture (19). In this study, therefore, it
would be expected that locally microinjected MAbKY-ANP-
II would block the action of anterior hypothalamic ANP, re-

ducing NE release and/or excitability of neurons in this brain
area, thereby decreasing MAPand HR. This effect would be
expected to be enhanced in SHR-S compared with WKYbe-
cause of the higher levels of ANPfound in anterior hypothala-
mus of the hypertensive strain. The observation that microin-
jection of MAbKY-ANP-II into AHAof WKYrats had no
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effect on MAPsuggests that NE release in AHAof normoten-
sive WKYrats is not under tonic inhibitory control by ANP.

The MAbKY-ANP-II used in this study was purified from
mouse ascitic fluid produced by Mukoyama et al. (23). Mab
KY-ANP-II is a high affinity monoclonal antibody directed
towards the NH2 terminus of a-ANP. This antibody binds
equally to a-rANP and a-hANP. Intravenous injection of
MAb KY-ANP-II significantly suppresses the increase in
plasma cyclic GMPlevels after administration of exogenous
a-hANP or administration of AVPwith secondary stimulation
of ANPrelease from the heart (24). Further, elevated plasma
cyclic GMPlevels in SHRof the stroke prone substrain
(SHR-SP) and DOCA-salt rats were significantly reduced by
intravenous administration of MAb KY-ANP-II, indicating
that MAbKY-ANP-II can block the biological activity of a-

rANP in the intact rat. Wedemonstrated that purified MAb
KY-ANP-II bound 50% of '25I-ANP at 1:100,000 final dilu-
tion, confirming the efficacy of the antibody.

Previous studies of the effects of central administration of
exogenous ANPon MAPand HRin SHRand normotensive
control rats have yielded inconsistent results, mainly because
of differences in species of peptide, site, dose, and schedule of
administration employed. Administration of human ANP(a-
human ANPor human ANP, 25) into lateral ventricle did not
alter MAPor HRin SHRor normotensive Wistar or WKY
control rats (37-39), whereas injection of a-rat ANP(a-rANP,
0.2-0.8 jig) significantly increased MAPand HRin conscious
SHRand WKYrats. The pressor and tachycardic responses to
a-rANP were greater in SHRthan in WKYcontrols (37). In
contrast, injection of atriopeptin III (rANP5-28; 20 ,ug/kg) into
the lateral ventricle did not alter MAP(40), while injection of
the same dose of atriopeptin III into the fourth ventricle
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caused a significant decrease in MAPbut no change in HRin
conscious SHRand WKYrats (41), suggesting that the site of
depressor action of ANPwas in hindbrain. Microinjection of
rat ANP(rANP5-27; 10-7 M) into nucleus tractus solitari, cu-
neate nucleus, or the spinal trigeminal complex produced
slight but significant decreases in MAPand HR in anesthe-
tized Wistar rats (42, 43). No responses were found when the
same dose of the rANP was injected into the medial longitu-
dinal fasciculus, hypoglossal nucleus, area postrema, or dorsal
motor nucleus of the vagus (42). In contrast, microinjection of
atriopeptin III (rANP5s28; 20-40 pmol) into the preoptic su-
prachiasmatic nucleus produced significant increases in MAP
and HR in Sprague-Dawley rats (44). Taken together, these
data suggest that central injection of exogenous rat ANPbut
not human ANPaffects MAPand HRin rats, and that the site
for ANPdepressor action is in hindbrain, especially in nucleus
tractus solitari, whereas the preoptic suprachiasmatic nucleus
is the site for ANPpressor action. The cardiovascular effects of
localized microinjection of ANPinto AHAhave not been ex-
amined in either normotensive or hypertensive rats. Katsuura
et al. have reported that lateral ventricular injection of anti-
ANPantiserum, which was prepared by immunizing rabbits
with a-ANP-(l17-28), potentiated the dipsogenic response to
water deprivation and angiotensin II injection in rats (45).
These investigators did not assess MAPor HRresponses to the
antiserum.

In summary, this study demonstrated that acute blockade
of endogenous anterior hypothalamic ANPwith a high affinity
monoclonal antibody to ANP lowered MAPand HR in
SHR-S. This is the first demonstration that endogenous ANP
in a region of brain known to influence cardiovascular func-
tion mediates BPand HRcontrol in the rat. These data suggest
that augmented endogenous ANP in the anterior hypothala-
mus plays an role in BP regulation in SHR-S.
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