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ATRIOPEPTIN: OVERVIEW—VINTAGE 1988
Cardiac Biosynthesis

A schematic overview is presented as a framework for the more com-
prehensive review of the atrial peptide system that follows (Figure 1). An
expanded discussion of the specific details and references is detailed in the
subsequent section. Briefly, granules located in the atria (but not the ventri-
cles) contain the 126-amino acid prohormone termed atrial natriuretic factor
(ANF), atrial natriuretic peptide (ANP), cardionawin or atriopeptin (AP).
cDNA probes have been used to characterize the amino acid sequence of a
152-amino acid rat atrial preprohormone. Non-atrial sites of AP synthesis
have also been discovered in the central nervous system and the cardiac
ventricle, which only expresses AP biosynihesis during fetal and neonatal
development and during cardiac hypertrophy.

Recently, Flynn and colleagues announced (at the Third International
Congress on Biologically Active Atrial Peptides, New York, June 25-26,
1988) the isolation and sequencing from rat atrial extracts of a unique
atriopeptin-like peptide termed iso-rANP (rat atrial natriuretic peptide) (Fig-

23
0362-1642/89/0415-0023$02.00



Annu. Rev. Pharmacol. Toxicol. 1989.29:23-54. Downloaded from www.annualreviews.org
by Central College on 12/10/11. For personal use only.

24 NEEDLEMAN ET AL

Hypertrophy
(vef /Drass
ovsrigad}

Yenr.
EXxpression
id Btorage Form ™~ ~
e Flu other AP (AKF) 1126 N
PUNGV Elsctrolyle natrivretic ‘\
g Bioot Preasure factors Release/Cieavage M
1
(/‘ - Homeostasis seleclive enzyme v
- Clrcuiating Form lac-rANP

C-Terminua

Receptors

Y
coupled
GTP 35 K K
cGI'.ﬂ’ Antagonists
snnbod.-ss N-Terminus
"Clearance" heparia AP 198
uncoupled

Figure ] The atrial peptide system

ure 1). This new peptide, together with the newly identified porcine brain
natriuretic peptide (described below), suggests that there naturally are a
family of closely related structural analogs of AP that appear to derive from
separate, unique genes. Complementary or antagonistic activities or regula-
tory control of these related peptides could profoundly influence biological
function and will surely become the focus of intensive investigation.

Release

Release of the peptide into the circulation is stimulated by manipulations
known to increase right atrial pressure, such as acute volume expansion,
water immersion, and vasoconstrictor substances. Cultured cardiomyocytes
only release prohormone, but clearly the myocardium contains a specific
cleavage enzyme that selectively generates the C-terminal 28-amino acid
peptide. The release process in cultured myocytes appears to be negatively
regulated by intracellular calcium. Release from the intact heart (in vivo or in
vitro) is accompanied by immediate selective proteolytic cleavage since the
plasma circulation forms are the C-terminal peptide AP 99-126 (i.e. AP-28)
and the N-terminal fragment (AP 1-98). In humans a 56-amino acid anti-
parallel dimer of AP-28 (termed B-ANP) has been demonswrated to be
released especially in cardiac disease states. This dipeptide has a longer
plasma half-life and longer duration of action than does AP-28. The B-ANP
appears to be rapidly converted to AP-28 in plasma.

Acute volume expansion simultaneously causes AP release, natriuresis,
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and diuresis. AP alone is not the sole mediator of this response since acute
volume expansion of conscious animals could induce natriuresis without AP
release. In addition, higher levels of exogenous AP are required to cause a
natriuresis-diuresis in a variety of experimental animals than the levels of
endogenous AP generated by acute volume expansion. Such results suggest
the possibility of another endogenous natriuretic substance.

Receptors

Once released, the circulating AP appears to interact with at least two
receptors, i.e. approximately 60—, 70-kd and 130-, 180--kd peptides. The
higher molecular weight receptor proteins appear to be directly coupled to
particulate guanylate cyclase, and they exhibit strict structural- and stereo-
specificity for AP agonist stimulation. On the other hand, the 70-kd peptide is
not coupled to cyclic GMP synthesis and is very nonselective, binding either
native, truncated, or linear fragments of AP. Analogs that bind to this low
molecular weight receptor do not stimulate isolated blood vessel strips or the
isolated perfused kidney, but chronic infusion in vivo causes a delayed
natriuresis-diuresis and an accumulation of endogenous AP-28. These data
suggest that the uncoupled 70-kd receptor may be a clearance site that-serves
as a “sink” for the binding and therefore inactivation of circulating AP-28.

The major biological effect of AP-28 results in changes in fluid and
electrolyte metabolism and blood pressure homeostasis. AP-28 acts on renal
receptors in the glomerulus, the medullary collecting ducts, and perhaps the
Jjuxta-glomerular cells causing a natriuresis-diuresis, and suppression of renin
release. AP also acts on adrenal zona glomerulosa cells to suppress aldoste-
rone synthesis and release.

Suppression of Biological Activity

Unfortunately, there is no specific pharmacological antagonist of AP, thereby
complicating efforts at definitive elucidation of the physiological and patho-
logical role of AP. Three approaches for the manipulation of AP release and
response have been developed including surgical atrial-appendectomy, anti-
bodies (monoclonal or polyclonal) for passive or active (i.e. autoimmune
animals) immunization, and exogenous heparin (which appears to tenaciously
bind AP-28). Application of these approaches has been successfully applied
blocking the natriuresis-diuresis produced by exogenous or endogenous
AP induced by acute volume expansion. Other pharmacological strate-
gies to manipulate the duration of action of AP under study include the use
of either analogs that saturate the “clearance receptor” or agents that inhibit
enkephalinase, E-24.21 activity responsible for the enzymatic destruction
of AP-28.
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Brain—AP System

We know that AP in brain arises by de novo synthesis since Northern blot
analysis has demonstrated the presence of AP mRNA in the hypothalamus.
AP modulates vasopressin and LH release and inhibits the central nervous
system actions of exogenous angiotensin. The actual levels of AP in the brain
are extremely low, a condition that has hampered establishment of the
molecular form and structure of AP stored or released in the brain. Recent
efforts by Matsuo and colleagues to characterize porcine brain AP have led to
the exciting discovery of a novel 26-amino acid peptide that is remarkably
homologous with AP. Termed pBNP (porcine brain natriuretic peptide), there
are seven amino acid replacements and the insertion of one arg residue
compared with AP 103-126. This peptide appears to be equipotent with AP as
a natriuretic-diuretic and vasodilator. Most likely other biological tests will
uncover other actions of BNP.

Numerous earlier reviews have comprehensively discussed the initial isola-
tion and characterization of the atrial peptides (1-6). This review highlights
recent discoveries that provide a more thorough understanding of the mech-
anisms of AP regulation and function. Insights into novel receptors, novel
atrial peptides, and the possibility of non-AP natriuretics predict a wealth of
possibilities for new pharmacologic discoveries.

GENE EXPRESSION
Biosynthesis and Storage

The major site of AP gene expression is the atria of the heart. It has been
possible, with the development of AP-specific antisera and of AP-mRNA
specific oligonucleotide probes, to identify many non-atrial tissues as addi-
tional sites of AP synthesis, and storage. Convincing evidence for local
synthesis of AP in non-atrial tissues depends on either the detection of
AP-specific mRNA (which would indicate transcription of the AP gene) or the
extraction and identification of the high molecular weight prohormone AP
1-126, which could only come from the tissue itself since the intact pro-
hormone does not circulate (7). The extraction of AP-28 or one of the low
molecular weight AP metabolites from a non-atrial tissue could indicate local
synthesis and processing; however, it could also represent tissue accumulation
of circulating AP-28 or AP metabolite through internalization and/or binding
to AP receptors.

AP synthesis has been documented in the ventricles of the heart (8-10),
brain (11, 12), peripheral ganglia (13-16), pituitary (10), vascular tissue (17,
18), and the lungs (10) at levels much lower than in atria. In all tissues
studied, a 950-1000 nucleotide transcript hybridizes to AP cDNA. The
transcription start site, as determined by either primer extension of Sl
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analysis, is the same as in atria. Atrial AP mRNA has an additional wanscrip-
tion start site which is 80bp upstream from the primary start site and lies 30bp
downstream from an A+T rich sequence that may function as a weak
promoter (10).

AP mRNA is expressed at very high levels in atria, where it constitutes
1-3% of the total mMRNA. The ventricles of the heart appear to be next most
abundant source, in which the abundance of AP mRNA is about 1% of that in
atria. In situ hybridization in ventricular slices shows uniform distribution of
AP mRNA throughout the ventricles except in the atrial proximal region
where grain density is higher (9). Based on the abundance of AP mRNA, the
immunoreactive AP (APir) in ventricles is lower than expected (about 400-
fold less than that in atria). Since there is no translational difference of AP
mRNA between atria and ventricles (E. Tolunay, unpublished observations),
AP may be released constitutively from ventricles and the ventricular AP, due
to the large tissue mass, might contribute substantially to circulating AP. This
is conceivable since neonatal ventricular cardiomyocytes secrete AP con-
stitutively in tissue culture (19).

In brain, pituitary, lung, aortic arch, and the abdominal aorta, the amount
of AP mRNA is even lower than that in ventricles, i.e. several hundred-fold
less than that in atria. In the brain AP mRNA is differentially distributed: It is
most abundant in hypothalamus (about 200-fold less than that in atria),
followed by cortex and septum, and found in moderate amounts in hippocam-
pus, midbrain, spinal cord, olfactory bulb, pons and the medulla (12). APir
cell bodies and fiber tracts have been detected histochemically in regions of
the midbrain known to be involved in cardiovascular regulation (20).

Peripheral neurons have been found to be additional sites of AP storage.
Rat adrenal chromaffin cells have been identified by immunohistochemical
staining (16, 21) to contain AP in epinephrine-containing and, to a lesser
extent, norepinephrine-containing cells. Sequence analysis of purified AP
immunoreactivity from adrenal medullary extracts has identified both AP-28,
and the prohormone, AP 1-126 (22).

APir has been detected in cell bodies of both the cholinergic and adrenergic
ganglions in rats. AP-positive cells were first identified by im-
munohistological staining in peripheral ganglion in the rat superior cervical
ganglion (13). Subsequently, AP has been detected in extracts of both the
ganglia nodosa (14) and the superior cervical ganglion (15). APir has also
been described in sparsely distributed, small, intensely fluorescent (SIF) cell
bodies of the coeliac-superior mesenteric ganglion which also stained for
dopamine B-hydroxylase, an enzyme marker for catecholamine synthesis
(16).

APir has been localized to the adventitia of the aortic arch, the site of the
vascular baroreceptors (17), and AP mRNA expression has been identified in
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both the aortic arch and in distal segments of the aorta. APir and AP-mRNA
have also been detected along the extra- and intra-pulmonary veins (18) in
atrial-like striated muscle cells that are interspersed among the vascular
smooth muscle cells. The importance of vascular or ganglionic AP is un-
known, but since exogenous AP is known to inhibit the release of norepi-
nephrine from adrenergic nerve terminals in vitro (23), vascular and/or
ganglionic AP may play a role in the regulation of sympathetic transmis-
sion in vivo.

The concentration of AP mRNA in lungs is very low, several hundred-fold
less than that in atria (10). AP prohormone has been identified in lung
extracts, whereas low molecular weight AP is secreted by the isolated per-
fused lung (24). Lung tissue also contains low molecular weight AP that is
thought to accumulate by extraction of AP-28 from the plasma (25). In light
of the detection of AP mRNA by in situ hybridization in extra and in-
trapulmonary veins, the AP mRNA and AP prohormone detected in the lungs
may be largely from these veins (18). Pulmonary AP could have local relaxant
effects on either pulmonary vascular, or bronchial smooth muscle.

The expression of AP in tissues apart from the CNS and the atria lends
credence to the speculation that AP also functions as an autocoid. AP may
locally affect fluid and electrolyte metabolism, autonomic outflow, and/or
endocrine secretions, apart or in concert with systemic AP.

Gene Structure and Organization

Gene structure and organization of AP from various species have been
reviewed comprehensively (26). The nucleotide sequence for preproAP has
been determined from various species including the genomic sequence from
human (27-29), rat (30-31), and bovine (32) and the cDNA sequence from
human (33), rat (34), dog (35), and rabbit (35). The coding sequences for AP
are divided between three exons. A short first intron (about 100 bp) and a long
second intron (from 391 bp in rat to 1093 bp in human) separate the exons
(27-30, 32). The position of the introns in the gene is exactly the same for all
species studied. The first intron is located between amino acids 16 and 17, the
second between amino acids 125 and 126 (27-30, 32). The combined in-
formation from genomic and cDNA sequences predicts two different C-
terminal sequences for the peptide. Human and dog peptides end with Tyr,
while rat, mouse, rabbit and bovine with Tyr-Arg-Arg (32, 35). However, in
all species the isolated peptide terminates with Tyr suggesting that the two
arginines are cleaved off during posttranslational processing. Tyr or Tyr-Arg-
Arg are the only coding sequences present in the third exon. The significance
of this is unknown.

The amino acid and DNA sequences of AP are highly conserved between
species. Twenty-seven of twenty-eight amino acids of the circulating peptide
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are identical in all the species studied. The single amino acid difference is at
position 12, which is Mez for human, dog, porcine, and bovine; and Ile for
rat, mouse, and rabbit. The overall homology for the six species discussed is
73% for the amino acid sequences +1 to +126 (proAP) (32, 35). The high
homology observed between the 5'-flanking regions suggests the presence of
common regulatory sequences.

Regulatory Sequences

The AP gene contains many of the regulatory sequences present in a typical
eukaryotic gene. In the 5'-flanking region a typical TATA box is present
24-30 bp upstream from the transcription start site. A potential CAAT box
upstream from the TATA box has been noted only in the human gene (28). In
the 3'-flanking region an AATAAA polyadenylation signal is present about
250 bp downstream from the termination codon. The rat gene contains two
such sequences. A sequence identical to the glucocorticoid receptor recogni-
tion core sequence (TGTYCT) is found in the second intron of the human AP
gene but not in bovine, rat, or mouse genes (28, 29). In rats the expression of
the AP gene is stimulated by glucocorticoids (dexamethasone) in atria and
ventricles both in vivo and in tissue culture (36, 37). The glucocorticoid-
responsive element has been mapped within the 2.4 kb sequence upstream of
the transcription initiation site (38). However, sequence analysis within the
2.4 kb region detected only partial homology to the concensus glucocorticoid
receptor. recognition sequence, and no apparent clustering of potential recep-
tor recognition sites was observed. This may explain the relatively low
induction of AP mRNA in rats by dexamethasone as compared to that of
mouse mammary tumor virus RNA or the human metallothionein gene- (39,
40).

Recently, the 5'-flanking region of the rat AP gene has been sequenced up
to —3637 bp (38). Various portions of this promoter region have been fused
with the coding sequences of a prokaryotic reporter gene, chloramphenicol
acetyltransferase (CAT), and the hybrid AP-CAT genes have been introduced
into cultured cardiomyocytes from one-day-old or fetal rats. The CAT activity
observed in cellular extracts of these cells was used to measure the effective-
ness of these sequences in directing the tissue-specific expression as well as
the developmental regulation of AP gene. The 3.4-kb region upstream from
the transcription initiation site of the rat gene was found to contain all the
necessary cis-acting elements for high-level tissue-specific expression, the
developmental and hormonal regulation of the rat AP gene (38). A 0.64-kb
fragment containing the TATA box and the transcription initiation site was
not sufficient to support AP expression in vivo. In contrast, the analogous
cis-acting elements in the human gene, with the exception of the glucocorti-
coid responsive element (located in the second intron), appear to be contained
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within the 500-bp sequence upstream from the transcription initiation site
(41). Using a short segment of human AP gene from -500 to +77 bp as the
promoter for SV40 T antigen, Field has demonstrated tissue-specific and
developmentally regulated expression of T antigen in transgenic mice (41).

Developmental Regulation

Expression of AP is developmentally regulated in atria and ventricles of the
heart (42, 43). The developing heart ventricle contains substantial AP mRNA
that rapidly declines after birth. In contrast, atrial AP mRNA is initially low
and increases through development. In the fetus and neonate, as in the adult,
virtually all of the ventricular AP mRNA is expressed in the left ventricle.
However, some species difference is observed in the decline of the ventricular
AP mRNA through development. In one-day-old mice, AP mRNA level in
the left ventricle is the same as in the adults, whereas in rats two weeks after
birth AP mRNA in the left ventricle is still higher than that in the adult left
ventricle. Tissue AP content parallels the mRNA during development in all
compartments of the heart and the change in plasma APir parallels the
ventricular APir; it is initially high and declines through development (43).
During perinatal and postnatal development, the entire heart appears to have
an endocrine function. Fetal heart responds to vasoconstrictor substances such
as |-desamino-arg8-vasopressin, or ductal closure following indomethacin
treatment by releasing AP (43).

It is not clear which factors regulate the development tissue-specific expres-
sion of AP. One possibility, as suggested by Zeller et al (42), is that certain
cells are committed for AP expression early during development. For ex-
ample, the bulbus cordis which develops into the right ventricle has very low
AP expression in day-9 embryonic heart, whereas the primitive ventricle that
later develops into the left ventricle is replete with AP mRNA. Alternatively,
the changes in atrial and ventricular AP expression following birth may reflect
the changes in intracardiac pressures and vascular resistances (44).

RELEASE

Initial studies demonstrated that elevations in atrial pressure correlated well
with AP secretion, and it was thought that mechanisms that produced a rise in
atrial pressure, such as intravascular volume expansion, would activate pres-
sure sensitive secretory mechanisms. Raising right atrial pressure by either 1
or 5 mmHg in the isolated perfused rat heart resulted in a 1.5- to 3-fold
increase in AP secretion into the cardiac effluent (45). Studies in the intact
animal have further corroborated the relationship between atrial pressure and
AP secretion. In the anesthetized rat, intravenous infusion of saline (45) or
head-out water immersion (46), maneuvers which increase intravascular
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volume, resulted in a five-fold increase in right atrial pressure and a similar
increase in plasma AP levels. The administration of phenylephrine, vasopres-
sin or angiotensin II, in hypertensive doses to anesthetized rats, produced an
immediate rise in plasma AP levels (46). In these studies, the release of AP
closely paralleled the rise in right atrial pressure and were dissociated from
elevations in left atrial and mean systemic pressures. These data suggest that
the right atrium, at least in the rat, is the major source of AP secretion in
rcsponse to central hypervolemia. Studies in the dog suggest that the left
atrium also secretes AP in response to elevated atrial pressures (47). In the
anesthetized dog, acute mitral obstruction produced by inflation of a balloon
in the left atria was immediately followed by a rise in plasma AP levels (48).

Atrial stretch receptors have been located in both the left and right atrium in
several species and have been shown to traverse the vagus nerve (49). These
receptors have been implicated in the modulation of heart rate (Bainbridge
reflex) (50) and in the control of fluid and electrolyte balance (51). Neither
bilateral vagotomy nor beta adrenergic receptor blockade with atenolol was
able to attenuate AP release in the water-immersed rat (46) or the acutely
mitral-obstructed dog (48) or even a cardiac denervated dog (47).

It is unclear whether atrial stretch and/or pressure is the primary physiolog-
ical stimulus for AP secretion. Thus, the effect of resting tension (i.e. stretch)
on AP secretion was examined in the isolated perfused rat left atria (52). An
increase in resting tension of three to five-fold increased AP secretion approx-
imately 30%, while a decrease in resting atrial tension by 50% resulted in a
30% decrease in AP secretion. Furthermore, pretreatment of the isolated atria
with propranolol, phentolamine, and atropine did not affect the secretory
pattern of AP in response to changing atrial tension. In vitro stretch of single
cell suspensions of atrial myocytes, a preparation devoid of neural and
humoral influences, has been induced by exposing cells to hypotonic media
(53), a manipulation that acutely increases cell volume and stretches the
plasma membrane. Atrial myocyte suspensions released AP as an inverse
function of solution osmolarity, i.e. directly proportional to cellular stretch.
Furthermore, in chronically instrumented conscious dogs, it has been demon-
strated that plasma AP secretion best correlates with atrial wall stress rather
than atrial pressure measurements (54). To further clarify whether atrial
pressure or atrial stretch is the true stimulus of AP secretion, studies were
performed in the open-chest dog subjected to cardiac tamponade and rapid
intravascular volume expansion (55). Cardiac tamponade produced elevations
in atrial pressure without measurable increase in plasma AP levels either in
the presence or absence of acute volume expansion. The above studies
collectively demonstrate that physical properties of atrial tissue such as
compliance, stress, transmural pressures, and stretch are the physiological
signals for AP release and appear to be independent of neural mechanisms.
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The role of the central and/or peripheral nervous system in regulating AP
secretion has been widely studied. In the isolated perfused rat heart, norepi-
nephrine and epinephrine (but not isoproterenol) stimulated AP secretion (56,
57). The physiological significance of these observations is questionable since
AP secretion in the acutely mitral obstructed dog model is not affected by
bilateral cervical vagotomy or beta adrenergic receptor blockade (48), and
secretion of AP by head-out water immersion in the rat was also not affected
by bilateral cervical vagotomy (46). On the other hand, in the pithed rat or the
hypophysectomized rat, AP secretion was markedly inhibited in response to
acute volume loading (58, 59), but this suppressed effect could be due to the
marked hypotension in the animals.

The precise cellular mechanism(s) coupling mechanical changes in the
atrial muscle to hormonal release remains unresolved. By analogy to other
secretory systems, it has been postulated that a rise in intracellular calcium
and/or the activation of the phosphatidylinositol system is the stimulus for AP
release. This intracellular signal pathway consists of two branches, inositol
triphosphate which initiates release of calcium from intracellular stores, and
diacylglycerol which activates protein kinase C. This hypothesis is supported
by the demonstration that AP release from the isolated rat heart is moderately
enhanced by the calcium ionophore A23187 (60) or the calcium channel
agonist BAY k8644 (61). Furthermore, exposure of the isolated heart to BAY
k8644 and a phorbol ester results in a synergistic stimulation of AP secretion
when compared to either agent alone, therefore mimicking the presumed
effects of the two branches of the phosphatidylinositol system. Hypoxia or
pacing of the isolated perfused heart or atria has been shown to stimulate AP
release (62, 63), and it would be expected that the mechanical alterations
induced in the isolated perfused heart by A23187 or BAY k8644 would result
in a tachycardia and tissue hypoxia.

Osmotic stretch or KC1 depolarization of isolated atrial myocytes have
been demonstrated to be a potent stimulus of AP secretion (53). When stretch
or depolarized atrial myocytes were incubated in medium either lacking
calcium or containing BAPTA AM, an intracellular calcium chelator, AP
secretion was not inhibited but potentiated. Likewise, increased intracellular
calcium levels by exposure to ionomycin-inhibited basal AP secretion and
completely blocked release in response to osmotic stretch. Furthermore, in the
conscious dog, AP secretion best correlates with atrial wall stress measured
during passive diastolic atrial filling, a time when intracellular calcium con-
centrations will be at a nadir (54). These data taken together suggest that
calcium is not the intracellular stimulus for AP release and may even riega-
tively modulate AP release in a manner similar to that observed for renin (64).

AP is stored in the atrial granule as the mature 126-amino acid prohormone
(65), but it is the C-terminal 28-amino acid fragment that is secreted from the
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heart and that is physiologically active (66). Many hormones are secreted as
the processed, physiologically active species; cultured atrial myocytes,
however, secrete only the AP prohormone (67). To date, the site of AP
prohormone processing has eluded detection. Several extracardiac sites of
pro-AP proteolytic activity have been identified. Rat serum can generate
AP-28 from pro-AP, an activity shared by thrombin (67). Because this
activity did not reside in rat plasma, and the isolated perfused rat heart
secretes only AP-28 (68), the absence of blood products demonstrates that this
serum enzyme is of little physiological significance. It is currently believed
that pro-AP proteolytic processing resides within the heart since the isolated
perfused heart releases only AP-28 (68) and since exogenously applied pro-
AP is converted to AP-28 by the isolated perfused heart (7). Furthermore, an
enzyme from the particulate fraction of rat atrial homogenates that processes
proAP has recently been purified (69). This enzyme was described as a serine
protease because it was specifically inhibited by leupeptin, aprotinin, ben-
zamidine, and disopropyl fluorophosphate. ProAP undergoes proteolytic
activation in the heart before its secretion, but the cellular and subcellular site
of the myocardial proteolytic activity has yet to be determined.

METABOLISM

AP has a relatively short half-life in the circulation, ranging from 31 sec for
AP-24 in rats (70) to 3.2 min for a-hANP in man (71). The kidney has the
greatest capacity to degrade the peptide (72). Incubation of AP-28 with renal
brush border membranes (73) or crude cortical membranes (74) results in a
single cleavage of AP-28 at the Cys’-Phe® bond which greatly inactivates the
peptide. Incubation of AP-24, the amino-terminal truncated metabolite of
AP-28, with renal brush border membranes resulted in the cleavage of the
Cys’-Phe® bond as well but, unlike AP-28, the peptide was also susceptible to
hydrolysis at the Ser'®3-Ser'* bond and the Ser'?*-Phe'?* bond (73). The
enzyme responsible for this cleavage is most likely the Zn-metallo-
endopeptidase, 3.4.24.11 (enkephalinase, E-24.11) (75), an ectoenzyme that
cleaves following hydrophobic amino acids and has a molecular weight of 94
kd.

The 98-amino acid amino terminal fragment (AP 1-98) of the AP pro-
hormone is also secreted by the heart in stoichiometric amounts with AP-28
(76) and accumulates in the plasma (7). Plasma levels of N-terminal fragment
immunoreactivity (NTFir) are generally higher than those for AP in spite of
the identical secretion rates because of the longer half-life for AP 1-98 (4.8
min) (70). Virtually all of the plasma AP 1-98 is cleared by the kidney which
filters it and presumably degrades it on the brush border of the proximal
tubule (7).
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No biological activity has been described for the AP 1-98, although three
consecutive synthetic fragments of AP 1-98, (AP 1-30, AP 31-67, and AP
79-98), have been synthesized and studied because of their postulated forma-
tion in plasma. All three are reported to relax porcine aortas (77), stimulate
the production of cyclic guanosine 3', 5', monophosphate (cGMP) by aortic
tissue and by renal particulate guanylate cyclase in vitro (78), and to lower
blood pressure in vivo (79). The three peptides produced identical dose-
response curves for the stimulation of guanylate cyclase even though they
have no sequence homology between them.

Radioimmunoassays using antibodies raised to AP 1-30 and AP 31-67
reacted with human plasma and detected markedly enhanced immunoreactiv-
ity in the plasma of patients with chronic renal failure and elevated APir.
Unfortunately, neither of the immunoreactive species detected in the plasma
were characterized with regard to size by gel filtration or chromatographic
mobility on either ion exchange or hydrophobic resins. Two separate studies
using antibodies directed against AP 48-67 (79) and against AP 11-37 (80)
failed to detect significant amounts of these low molecular weight peptides in
rat plasma, but both detected the full length AP 1-98. Until the AP 1-30 and
AP 31-67 immunoreactivity in human plasma is characterized, it is reason-
able to expect that these two antisera are detecting AP 1-98. These findings
and the inability of the AP 1-98, the species that is secreted by the heart, to
have cardiovascular effects either in vivo or in vitro raise serious doubts as to
the physiological relevance of the fragments AP 1-30, AP 31-67, and AP
79-98.

RECEPTORS

Specific AP receptors have been demonstrated in rabbit aorta (81), kidney
glomeruli, and medullary collecting ducts (82), adrenal cortical zona
glomerulosa cells (83, 84), smooth muscle cells (85) and endothelial cells
(86). Structure activity studies with N-terminal or C-terminal truncated an-
alogs of AP-28 established that the C-terminal Phe-Arg-Tyr residues were
critical for relaxation of rabbit aorta strips or for induction of a natriuresis-
diuresis in dogs (46). Peptide analogs lacking the C-terminal Phe-Arg-Tyr
were 100-1000 fold less active than the parent compounds in stimulating the
particulate guanylate cyclase but had only 5 fold lower affinity as ligands for
specific receptors on cultured bovine vascular smooth muscle cells (85).
These analogs that bind to the receptors without stimulating guanylate cyclase
were not inhibitors of the biological effects of the parent peptides (85). The
dissociation of binding affinity, stimulation of cyclic GMP production and
biological action of AP analogs suggested the existence of multiple receptors
or binding sites.

AP binding sites have been specifically and covalently labeled either with
photoaffinity ligands or by using cross-linking reagents. Such studies, in
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adrenal zona glomerulosa (83, 84), rabbit aorta (81), rat kidney cortex (87),
cultured vascular smooth muscle (88) or endothelial cells (86) demonstrated
the presence of two major proteins of apparent molecular mass of approx-
imately 70 kd and 130 kd. The 70-kd site was found to be guanylate
cyclase-free and exhibited high affinity for intact peptide or for analogs
lacking the C-terminal Phe-Arg-Tyr (86, 89). The 130-kd site is coupled to
guanylate cyclase and has a much higher affinity for intact AP (86). This
higher molecular weight protein seems to represent a bifunctional macro-
molecule rather than a dimer with two separate activities. Solubilized rat lung
was sequentially purified through multiple chromatographic steps, and both
the AP receptor binding protein and the particulate guanylate cyclase were
comparably enriched at each step (90). The purified 130-kd protein was
isolated on a GTP affinity column that retained both activities and comigrated
with the band generated by cross-linking '>’I-ANF to rat lung. Cultured
canine kidney tubular cells contained a distinct 130-kd protein that was not
reduced by the sulfhydryl reagent which exhibited a preferential affinity for
full length AP-28 (91). One other macromolecule receptor has been isolated
from adrenocortical carcinoma cells (92) based on its particulate guanylate
cyclase activity. The purified 180-kd protein also tenaciously binds AP. The
relationship of this protein to the smaller 120-kd receptor coupled to the
guanylate cyclase needs resolution. Rat thoracic aorta cells contained a
130-kd disulfide-linked AP binding protein that was reduced by dithiothreitol
to a 70-kd band (91). The non-reducible 70 kd and the reducible 130 kd
proteins showed strong affinities for full length or C-terminal truncated AP
peptides. The purified cyclase-free 70-kd AP binding protein from bovine
adrenal cells is not derived from the cyclase containing receptor as evidenced
by the fact that truncated analogs prevented the photolabeling of the smaller
receptor protein but not the 130-kd peptide, and two-dimensional peptide
mapping demonstrated greater than 90% difference between the profiles of the
two receptor subtypes (89).

The function of the guanylate cyclase-independent 70-kd AP binding pro-
tein is currently unknown. An intriguing possibility arises from studies that
demonstrated that a ring-deleted analog (des [gIn'®, ser'®, gly?0, leu?!,
gly?2]ANF 4-23) of AP binds with high affinity in the isolated perfused rat
kidney but was devoid of detectable renal or hemodynamic effects and did not
inhibit the natriuretic actions of AP-28 (i.e. ANF 99-126) (91). Surprisingly,
administration of the ring-deleted AP analog to intact rats caused a natriuresis
and a hypotension. This biological response in vivo induced by an analog that
is inactive in vitro was accompanied by an increase in plasma levels of
endogenous AP-28. These data suggest that the cyclase-uncoupled receptor
sites may represent storage and clearance binding sites that once saturated
with the ring-deleted analog result in the accumulation of the endogenous
AP-28.
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MAIJOR BIOLOGICAL RESPONSES

Renal Actions

The discovery of AP was based on its potent natriuretic action, yet, after years
of intensive research, the underlying renal mechanism for AP-mediated in-
crease in urinary sodium excretion remains unknown. The natriuretic re-
sponse is influenced by factors other than the level of peptide administered.
For instance, conscious euvolemic monkeys do not increase sodium excretion
when infused with AP, but after modest volume expansion there is a marked
increase in sodium excretion associated with the same level of AP infusion
(93). Preventing the fall in arterial pressure normally associated with AP
infusion by simultaneously administering angiotensin II or methoxamine
greatly potentiates the AP-induced natriuresis (94, 95). Lowering arterial
blood pressure to the kidney by constricting the aorta abolishes the natriuretic
action (96), where a similar reduction in renal perfusion pressure did not
block furosemide action (97).

Based on early studies in isolated perfused kidneys, increased glomerular
filtration was thought to be essential to the atrial peptide-induced natriuretic
response. Recently, numerous studies have revealed that an increase in
glomerular filtration rate (GFR) is not requisite for a full natriuretic response
to AP infusion (95, 96, 98—103). The mechanism for the increased GFR
appears to be unique and involves simultaneous dilation of the afferent
arteriole and constriction of the efferent arteriole (104, 105). Changes in
glomerular surface area due to mesangial cell relaxation may also contribute
to the observed alterations in GFR (106).

Increased renal blood flow is frequently associated with natriuresis, and AP
is a relatively specific renal vasodilator (107). However, the renal vasodila-
tion is short-lived during continued administration of AP (54, 98). Despite the
lack of a sustained increase in total RBF, changes in distribution of blood flow
toward the inner cortex and medulla following AP (108) have been observed.
Doppler measurements do not support a causal relationship between papillary
blood flow and AP-induced changes in sodium excretion (109, 110).

Lacking strong evidence to support a glomerular or hemodynamic explana-
tion for the natriuresis, several investigators have focused their research on
the direct inhibition of tubular reabsorption. Micropuncture studies of the
proximal tubule and loop of Henle reveal no direct inhibitory effect on Na
transport in these nephron segments in vivo (111, 112). In microdissected
inner medullary collecting ducts, AP increased in cGMP levels (113). Inner
medullary collecting duct cells exhibited decreased O, consumption when
treated with AP or 8-bromo-cGMP, possibly secondary to inhibition of
sodium transport (114, 115).

One difficulty that remains to be resolved regarding a far distal site of
action for AP is the adequacy of sodium delivery to that nephron segment to
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account for the magnitude of the natriuresis observed. Fractional Na excretion
of 6-8% in anesthetized dogs has been produced by AP (98). It is generally
believed that only about 4% of the filtered load of Na is delivered into the
collecting tubule/duct system. Lacking any increase in distal delivery, either
by increased GFR or decreased upstream reabsorption, it is difficult to
understand the mechanism that might account for the magnitude of the
natriuresis.

If AP is an important regulator of body fluid volume, its action must be
ultimately reflected in a change in extracellular fluid volume. A chronic 7-day
infusion of AP into cardiomyopathic hamsters with edema (116) did not cause
a decrease in extracellular fluid volume. Furosemide, on the other hand,
produced a large decrease in extracellular fluid volume in similarly treated
animals. In another study in which AP was infused into spontaneously
hypertensive rats for 5 days (117), arterial blood pressure was reduced but no
changes were detectable in any of the extracellular fluid compartments.
Similarly, it is difficult to reconcile the failure of the hormone to effect any of
its putative actions in congestive heart failure (CHF). Atriopeptin levels are
highest in CHF, yet the kidney retains most of the Na presented to it, and
aldosterone, renin, and vasopressin levels are elevated (118). All of these
should be suppressed by AP, yet none are. Receptors for AP may be down-
regulated in CHF (119). Constriction of the thoracic inferior vena cava in
dogs (i.e. an animal model of sodium retention) results in virtually total
retention of Na by the kidneys and subsequent development of edema and
ascites. During caval constriction, plasma AP levels are suppressed (120),
which would be consistent with the maximal Na retention. Yet when the caval
constriction is released and cardiac filling pressure rises, there is only a
modest increase in plasma AP concentration, despite a large natriuresis (118).

Cardiovascular Effects

AP has potent vasorelaxant activity, especially when tested in vitro in large
conduit arteries (121). In smaller arteries (122), veins (123), and resistance
vessels (124), AP has little or no relaxant effect. The only vascular bed that
consistently demonstrates a reduction in resistance is the kidney, but this
change is transient (125) and direct studies on renal resistance vessels (126)
do not indicate a vasorelaxant effect in vitro. In vivo, however, afferent
arterioles appear to dilate and efferent constrict (104). The mechanism of the
vasorelaxation appears to involve activation of particulate guanylate cyclase
(127). Unlike the nitrovasodilators that activate soluble guanylate cyclase and
are inhibited by hemoglobin (128), AP action is not inhibited by hemoglobin
and is potentiated by M&B 22,948, a cGMP-specific phosphodiesterase
inhibitor. AP attenuates the rise in free intracellular Ca associated with
norepinephrine or angiotensin II treatment of isolated rabbit aorta (129).
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One of the more surprising aspects of AP action was the observation that
the blood pressure lowering in conscious animals receiving a continuous
intravenous infusion was not due to a decrease in peripheral resistance, but to
a decrease in cardiac output (130, 131)). In fact, total peripheral resistance
rose slightly. These data are consistent with the lack of vasorelaxant effect on
resistance vessels. The mechanism of the decreased output is not negative
inotropy or chronotropy (although heart rate frequently does not increase in
association with AP-induced hypotension (131), but decreased venous return
to the heart (132). Mean circulatory filling pressure, a measure of venous
compliance, is not changed by AP administration, suggesting that venous
pooling does not account for the decreased venous return (133).
Venoconstriction may contribute to decreased venous return (134) by altering
capillary absorption (132). This mechanism would result in partitioning of
fluid into the interstitium due to a net increase in capillary pressure with
resultant decrease in plasma volume. The observations of increased plasma
protein concentration (132) and hematocrit (135) are consistent with this
interpretation. The fact that protein concentration rises suggests that capillary
permselectivity is not altered significantly.

AP has very little or no direct effect on cardiac function (e.g. dP/dt) even in
animals with acute infarcts (136, 137). In both anesthetized (138, 139) and
conscious dogs (140), AP induced a transient, balanced increase in coronary
flow. AP induced modest reductions in vascular resistance in the coronary and
renal beds and in the spleen, but not in blood flow to stomach, intestine,
pancreas, liver or skeletal muscle (139).

An intriguing possibility for AP is a role in the development of hyperten-
sion and its potential usefulness as a therapeutic agent. The fact that AP
lowers pressure, at least initially, by decreasin cardiac output does not argue
strongly for its use to treat hypertension. A recent report shows, however, that
after five days of continuous infusion into conscious sheep, the initial fall in
cardiac output gives way to a decrease in total peripheral resistance (141). In
various animal models of hypertension, including the spontaneously
hypertensive rat (SHR), one and two kidney and DOC-salt hypertension, AP
is an effective blood pressure lowering agent (99). Interestingly, AP is most
effective in a volume expanded form of hypertension, DOC-salt, rather than
vasoconstrictor types of hypertension (99). When infused continuously into
SHR (142) or renal hypertensive rats (117), AP is an effective hypotensive
agent for periods of up to 5-6 days. Whether AP can sustain a blood pressure
reduction chronically remains to be determined.

Hormonal Interactions

The most consistent finding regarding hormonal interaction of AP is its
inhibitory action on aldosterone biosynthesis. First reported using atrial ex-
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tracts on isolated zona glomerulosa cells (143), the fundamental observation
of inhibition of basal and stimulated aldosterone biosynthesis has been repe-
atedly confirmed in vitro and in vivo using synthetic peptide (144). In vitro,
AP blocks all of the known secretogogues for aldosterone biosynthesis,
including angiotensin, ACTH, and potassium. However, the mechanism
through which this inhibition is effected is not clear. Activation of guanylate
cyclase does not account for the inhibitory action of AP on adrenal zona
glomerulosa cells (144). Likewise, the inhibition is not accounted for by
alteration in Ca fluxes, phosphoinositide metabolism, inhibition of protein
synthesis or Na-K ATPase activity or cellular K depletion (145).

AP inhibits renin release not only to decreased renal perfusion pressure
(146), but to isoproterenol and prostaglandin (147) as well, suggesting a
fundamental action of AP to regulate renin secretion. The mechanism by
which AP inhibits renin release is not clear, but the macula densa is not
required, as evidenced by studies in the nonfiltering kidney (148). At the
cellular level, cGMP appears important in the renin inhibitory mechanism.
M&B 22,948, a cGMP-specific phosphodiesterase inhibitor, greatly potenti-
ates the AP inhibitory action (149).

Despite the consensus that AP is involved in volume, and not osmolar
regulation, there are important interactions between AP and vasopressin. The
initial observation relating AP to vasopressin suggested a stimulatory action
of AP on vasopressin release from the isolated posterior pituitary (150).
Subsequently, in vivo studies have revealed an inhibitory action of AP on
vasopressin.release whether AP is administered intravenously (151), directly
into the brain ventricles (152), or by direct microinjection of vasopressin
containing cells in the hypothalamus (153) (see below for details). In addition
to this interaction in the hypothalamus, AP has been purported to inhibit the
vasopressin-induced increase in hydraulic conductvity in the renal tubule
(154).

ATRIOPEPTIN IN THE CENTRAL NERVOUS SYSTEM

Biosynthesis and Storage Forms

APir is present in rat brain extracts at relatively low levels compared to the
heart (about 5 ng in a rat brain, as opposed to 20 pg in a single atrium (155).
In the rat and pig brain APir is found in both high molecular weight (presum-
ably precursor) and low molecular weight (processed peptide) forms (155—
158). The mRNA for AP precursor from the rat hypothalamus, cerebral
cortex, and brainstem are identical to a cDNA for atrial AP precursor (11,
12).

Matsuo & colleagues (159) isolated a distinct species from pig brain
extracts, termed porcine brain natriuretic peptide (pBNP). The synthetic
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peptide was as potent as AP in rat diuretic-natriuretic and hypotensive bioas-
say. pBNP is closely related to AP; 17 of its 26 amino acids are identical (see
Figure 1). Like AP, it contains an internal 17-amino acid ring that is formed
by a cystine disulfide linkage: However, the amino acid substitutions are
scattered throughout the pPBNP sequence, and several of these are not convert-
ible by single nucleotide substitutions. The brain pBNP system must be
examined from a neuroanatomical and neurophysiological perspective, and
compared with thc AP system to evaluate its unique biological significance.

During dehydration, AP levels decrease in-certain hypothalamic structures
concemed with fluid and electrolyte homeostasis (e.g. the medial preoptic
region and the supraoptic nucleus), but not in others (the paraventricular
nucleus and median eminence) (151). Hypothalamic AP levels can also be
depressed by high salt intake (155), but they rise during the development of
hypertension in spontaneously hypertensive rats (160).

Although the levels of AP in the brain are 10,000 times less than in the
heart (155, 161), the peptide is localized to a relatively small population of
neurons in which it is present in sufficient quantity to allow im-
munohistochemical mapping. Several groups of investigators have reported
the distribution of peptide immunoreactivity, and the results are in good
agreement (20, 162-165).

Central Cardiovascular System

The largest collection of APir neurons in the rat brain is found in the
anteroventral periventricular nucleus, along the anteroventral margin of the
third ventricle, a region implicated in the regluation of blood volume, pres-
sure, and electrolyte composition, the same functions that AP controls as a
systemic hormone (166). Additional APir neurons can be found extending
posteriorly along the third ventricle and in the paraventricular and arcuate
nuclei. APir axons can be traced from the periventricular region into the
median eminence, where they densely innervate the external lamina, which
contains the hypophysial portal vessels. Lesions of-the paraventricular nu-
cleus deplete AP in the median eminence by about 90%., However, adre-
nalectomy does not change the AP content of the median eminence, whereas
it does increase the AP levels in the periventricular system. These observa-
tions suggest that the periventricular AP system contains at least two separate
components that participate in regulation of fluid and electrolyte homeostasis.

The paraventricular nucleus also contains one of the densest APir terminal
fields in the rat brain. APir fibers innervate not only the neuroendocrine
components of this nucleus, but also a small-celled autonomic portion (167).
A distinct population of larger APir neurons are found in the lateral hypothala-
mus in the perifornical region. These neurons contribute to the descending
hypothalamic projections to the spinal cord (168) and the nucleus of the
solitary tract (169).
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In the brainstem, APir cell bodies are found in parts of the parabrachial
nucleus and the nucleus of the solitary tract involved in central cardiovascular
regulation (170). Some of these APir neurons project to the hypothalamus
(20, 167). Both contain APir terminal fields, and some of the APir neurons in
these structures may be interneurons.

Another, somewhat larger population of APir cell bodies in the brainstem is
found in Barrington’s nucleus which innervates the parasympathetic pre-
ganglionic column in the sacral spinal cord (171) and is responsible for
coordinating micturition reflexcs (172). Barrington’s nucleus is also the site
of a major APir terminal field, probably originating in the anteroventral
periventricular nucleus (173, Saper, unpublished observations).

Brain Receptor Distribution

The greatest AP radioligand-binding activity is found in the circumventricular
organs and choroid plexus (174--176). AP binding is also present in certain
parts of the brain that receive substantial AP innervation, such as the paraven-
tricular and supraoptic nuclei, median eminence, medial habenular nucleus,
and nucleus of the solitary tract (174, 175). AP binds in structures such as the
olfactory bulb and cerebellum (174, 175, 177), where it has not been possible
to identify APir fibers (165). Quirion & colleagues (174, 177) report dense
AP receptor populations in the cerebellum of the monkey and the guinea pig
(species where AP immunoreactivity has not been mapped), but Saavedra
(175) does not find AP receptors in the cerebellum in the rat.

AP-binding sites in the rat brain are clearly responsive to physiological
manipulation of fluid homeostasis. Dehydration, caused either acutely by
dehydration or chronically in Brattleboro rats with a genetic deficiency of
vasopressin, shows elevated levels of AP binding in the subfornical organ
(175, 178). This structure, like other circumventricular organs, lacks a blood
brain barrier, and thus is exposed to circulating AP as well as other car-
diovascular hormones, such as angiotensin (179). Spontaneously hyperten-
sive rats and prehypertensive Dahl salt-sensitive rats, by contrast, have lower
levels of AP binding in the subfornical organ, area postrema, and nucleus of
the solitary tract (175, 176, 180, 181). These observations suggest that AP
receptors in these structures are physiologically regulated during alterations in
fluid homeostasis. However, the locations of these binding sites in or adjacent
to circumventricular organs leave open the possibility that they may be
monitoring circulating, rather than brain, AP.

Function

REGULATION OF VASOPRESSIN SECRETION Systemically, AP and vaso-
pressin have diametrically opposing effects in most tissues (154). In the brain,
APir fibers innervate the vasopressin cell groups in the hypothalamus (12,
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165). Intracerebroventricular (icv) administration of AP has a diuretic effect
(182-185), which is due at least in part to inhibition of vasopressin secretion
(151, 152, 186, 187).

Injections of AP into the third ventricle and incubation of hypothalamic-
pituitary explants with AP demonstrate that the peptide works at a
hypothalamic level to regulate vasopressin secretion (186). In contrast, in-
cubation of pituitary-neural lobe explants with doses of AP in the physiolog-
ical range (up to 10~’M) did not affect AP release. Recordings of the activity
of individual vasopressin neurons during the application of AP show that
dosages of less than 5 femtomoles alter the duration of the bursts of firing, as
well as the interburst interval, without affecting the firing rate during the
bursts (153). Larger doses completely suppress the firing of vasopressin
neurons. AP also inhibits the firing of other hypothalamic neurons (188-190)
such that it may influence the secretion of vasopressin through the agency of
interneurons as well.

REGULATION OF DRINKING AND SALT APPETITE Injection of AP icv
suppresses spontaneous or dehydration-induced drinking (191-194). Even the
drinking that is caused by intravenous or icv administration of angiotensin II
can be inhibited by icv injection of AP (191, 193, 194). Conversely, icv
injection of AP antiserum can induce spontaneous drinking (195).

Salt intake can be suppressed in rats by icv injection of AP (182, 196).
Injection of icv AP also causes vagal stimulation of gastric acid secretion
(197), which may affect the digestion of salt and other solutes that play an
important role in fluid and electrolyte homeostasis.

ATRIOPEPTIN EXPRESSION IN THE CARDIAC
VENTRICLE

Pharmacologic doses of dexamethasone to rats can result in exaggerated AP
synthesis and release by the atria, and synthesis of AP mRNA in the ventricle,
lung, and pituitary (198). Treatment with dexamethasone produced a two- to
three-fold increase in left ventricular AP and AP mRNA that were not affected
by prior adrenalectomy (198a).

Ventricular hypertrophy is characterized by an increase in tissue mass due
primarily to exaggerated protein and RNA synthesis and can be induced by
pressure or volume overload of the heart. Ventricular tissue AP and AP
mRNA levels increase in several experimentally and pathologically induced
models of ventricular hypertrophy. The site and extent of AP synthesis
correlates well with the site and extent of hypertrophy. Pressure overload
produced by banding the abdominal aorta in rats results in left ventricular
hypertrophy and a two- to three-fold increase in AP and AP mRNA in the left
but not right ventricle (36). Combined aortic banding and dexamethasone



Annu. Rev. Pharmacol. Toxicol. 1989.29:23-54. Downloaded from www.annualreviews.org
by Central College on 12/10/11. For personal use only.

ATRIAL PEPTIDES 43

treatment produced a five-fold increase in left ventricular AP and AP mRNA.
These interventions had no effect on AP expression in the right ventricle.
Immunocytochemical staining for AP demonstrated profuse granular staining
throughout the left vensricular myocardium, but none in the right ventricle.
Purification of left ventricular tissue AP revealed that the major form is the
126-amino acid prohormone.

Right ventricular pressure overload produced by hypoxic pulmonary
hypertension leads to substantial induction of right ventricular AP and AP
mRNA (199). Rats exposed to a 10% oxygen environment for three weeks
developed a nine-fold increase in right ventricular AP and a profound 160-
fold increase in AP mRNA. Accumulation of AP in the right ventricle
followed the time course of development of ventricular hypertrophy, and
tissue concentrations of AP rapidly fell to control levels following return to
normoxic conditions. Hypoxia has also been shown to stimulate AP release
both in vivo (200) and in vitro (62). This suggests that AP may modulate
pulmonary blood flow in hypoxic pulmonary hypertension, and myocardial
hypoxia may be an important mechanism in ventricular AP expression.

Several models of acute and chronic volume overload in the rat induce
ventricular AP expression, as determined by relative changes in tissue AP
mRNA concentrations (201). The most striking induction of ventricular AP
expression occurred in the aortocaval fistula, with an 11-fold increase in AP
mRNA, and was associated with the most pronounced degree of ventricular
hypertrophy (202).

Ventricular AP expression has been described in spontaneous and salt
induced systemic hypertension in the rat. Ventricular AP levels are five-fold
higher in the 15-week old spontaneously hypertensive rat (SHR), than in the
corresponding normotensive Wistar Kyoto rats (203). The cardiac ventricle in
the Dahl salt sensitive (DSS) rat also contains substantial AP and AP mRNA
following chronic salt induce hypertension compared to the corresponding
Dahl salt resistant strain (204). The major portion of AP in the ventricle
represents the prohormone form. In contrast, the AP and AP mRNA levels in
the atria are not affected.

The participation of the ventricle in AP expression in animal models of
spontaneous ventricular hypertrophy and cardiomyopathy has been described.
A subpopulation of Wistar Kyoto rats that develop spontaneous biventricular
hypertrophy have a marked accumulation of AP and AP mRNA in both
ventricles, with a six-fold increase in AP mRNA in the left ventricle. Atrial
AP mRNA and AP were not significantly different from controls (205). The
cardiomyopathic hamster, a model of spontaneous cardiomyopathy and con-
gestive heart failure, has been extensively studied (206-208). In this model,
plasma AP concentrations are markedly increased and correlate with the
degree of congestive failure. Ventricular AP (primarily as prohormone) and
AP mRNA increase substantially and correlate with the severity of cardiac
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insufficiency; in severe congestive failure, the ventricle contains 15 times
more AP and AP mRNA than do control ventricles. In severe congestive
failure, the prohormone is detectable in the plasma, suggesting a defect in
post-translational processing.

The cardiac ventricle also demonstrates AP expression in humans with
congestive heart failure. Patients with dilated cardiomyopathy have im-
munoreactive AP granules within right and left ventricular myocytes, pre-
dominantly within the subendocardium (209). AP and AP mRNA in normal
human ventricular tissue are detectable by immunoassay and Northern blots
(209, 210). In patients with dilated cardiomyopathy, the total AP mRNA and
immunoreactive AP content in the ventricle is 40-80 times greater than
controls, and approximately 30% of that present in the cardiomyopathic atria
and 85% of that present in control atria.

The stimulus for AP expression in the ventricle is not known. Hypertrophic
and neonatal ventricular tissue possess similar ultrastructural characteristics
including the reappearance of secretory-like granules (211). In addition, adult
hypertrophic ventricular myocardium reexpresscs fetal forms of actin (212)
and mysoin (213). This suggests that ventricular AP expression in hypertro-
phy may represent a regression of the ventricular myocyte to an earlier
developmental form with reexpression of the fetal phenotype. Intracellular
hypoxia produced by myocyte stretch may represent the underlying stimulus
for AP expression in the ventricle. The cardiac ventricle may synthesize,
store, and release AP to decrease preload and afterload and ultimately reduce
the metabolic demands of the ventricular myocardium.

Although it appears that the cardiac ventricle is capable of storing only a
limited amount of immunoreactive AP, the potential for sustained synthesis
and release is substantial. The total mass of ventricular tissue capable of
expressing AP is about ten times greater than the mass of the atria. The total
mass of AP mRNA expressed in the hypertrophic ventricle may approach one
third to one half that present in the atria (36). Ventricular AP may participate
in the maintenance of fluid, electrolyte, and blood pressure homeostasis
during chronic hemodynamic overload. The association between hypertrophy
and ventricular AP expression suggests that AP may have a local effect
modulating the development of ventricular hypertrophy.

WHAT’S ON THE HORIZON?

Numerous unresolved issues need further investigation. Division of the se-
quence of events in the production of AP and its response would include:
synthesis, storage, release, processing, metabolism, receptors, response, and
intracellular mediation. In each area a prominent question remains.

The regulation of biosynthesis has not yet been addressed. While we now
have evidence that the 5'-terminal of the AP mRNA contains the cardiac
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targeting signal, little is known about the endogenous events or proteins
initiating or suppressing AP biosynthesis. Surely this is an actively regulated
process as evidenced by the virtually instantaneous suppression of AP biosyn-
thesis of the rat ventricle at birth or its rapid activation during hypertrophy.

The primary recognized stimulus for AP release is atrial wall stretch. How
does local stretch control granular exocytosis? Are ion channels involved?
Are there intrinsic mediators of stretch? Emerging data suggest that stretch
simultaneously releases AP and mobilizes intracellular calcium. However, in
isolated atrial myocytes, calcium appears to be a negative modulator by an
unresolved mechanism. While progress is being made in the isolation and
purification of a cardiac processing enzyme that could selectively cleave
AP-126 at pro-arg® to release AP-28, the cellular type or site involved has not
yet been identified. Is the enzyme localized in the granule, or on the surface of
the atrial myocyte, or possibly on the adjacent cardiac mesenchymal cell?

Once AP-28 is released into the circulation, it apparently binds to at least
two receptor sites, only one of which is coupled to guanylate cyclase. While
the only current suggestion for the uncoupled site is for clearance and
inactivation, another plausible and attractive possibility is that the second site
subserves as yet unidentified actions of AP. The enzymatic metabolism of AP
has been characterized—but the effect of the simultaneous blockade of
metabolism and of the “clearance” receptors on the duration and potency of
exogenous and endogenous AP needs investigation. Of course, we all await
the discovery of a selective AP receptor site antagonist and must currently rely
on passive or active immunization or the less selective use of heparin to
interfere with AP biological effects.

Finally, the identification of two more unique but closely related natriuretic
peptides, i.e. pBNP and iso-rANP in the brain and heart, respectively, opens a
vast array of possibilities. Teleologically, it seems illogical to utilize separate
genes to produce peptides with the same biological activity. We predict
distinctly novel distributions and activities will be discovered for the newly
characterized peptides which will be especially influential in the study of the
physiology and pharmacology of this growing family of peptides.

Literature Cited

1. Needleman, P., Adams, S. P., Cole, B. 4. Cantin, M., Genest, J. 1986. The heart
R., Currie, M. G., Geller, D. M., etal. as an endocrine gland. Biochim. Invest.
1985. Atriopeptins as cardiac hormones, Med. 9:319-27

Hypertension 7:469-82 S. Laragh, J. H. 1985. Atrial natriuretic

. Needleman, P., Greenwald, J. E. 1986.

Atriopeptin: A cardiac hormone in-
timately involved in fluid, electrolyte,
and blood homeostasis. New Engl. J.
Med. 314:828-34

. de Bold, A. J. 1985. Atrial natriuretic

factor. A hormone produced by the
heart. Science 230:767-70

hormone, the renin-aldosterone axis,
and blood pressure-clectrolyte homeo-
stasis. New Engl. J. Med. 313:1330-40

. Ballerman, B. J., Brenner, B. 1986.

Role of atrial peptides in body fluid
homeostasis. Circ. Res. 58:619-30

. Michener, M. L., Gierse, J. K., Seeth-

aram, R., Fok, K. F., Olins, P. O., et



Annu. Rev. Pharmacol. Toxicol. 1989.29:23-54. Downloaded from www.annualreviews.org
by Central College on 12/10/11. For personal use only.

46

10.

11.

12.

15.

16.

NEEDLEMAN ET AL

al. 1986. Proteolytic processing of
atriopeptin prohormone. Mol. Pharma-
col. 30:552-57

. Wiegand, R. C., Day, M. L., Rodi, C.

P., Schwartz, D., Needleman, P. 1987.
Atriopeptin expression in the ventricle.
In Atrial Hormones and Other Natriuret-
ic Factors, ed. P. J. Mulrow, R. W.
Schrier, pp. 33-38. Bethesda, Md: Am.
Physiol. Soc.

. Nemer, M., Lavigne, J.-P., Drouin, J.,

Thibault, G., Gannon, M., Antakly, T.
1986. Expression of atrial natriuretic
factor gene in heart ventricular tissue.
Peptides 7:1147-52

Gardner, D. G., Deschepper, C. F.,
Ganong, W. F_, Hane, S., Fiddes, J., et
al. 1986. Extra-atrial expression of the
gene for atrial natriuretic factor. Proc.
Natl. Acad. Sci. USA 83:6697-701
Gardner, D. G., Vlasuk, G. P., Baxter,
J. D., Fiddes, J. C., Lewicki, J. A.
1987. Identification of atrial natriuretic
factor gene transcripts in the central ner-
vous system of the rat . Proc. Natl.
Acad. Sci. USA 84:2175-79

Standaert, D. G., Needleman, P., Day,
M. L., Wiegand, R., Krause, J. E.
1988. Expression of the gene for pre-
pro-atriopeptin in the central nervous
system of the rat. Mol. Brain Res. In
press

. Papka, R. E., Traurig, H. H., Wekstein,

M. 1985. Localization of peptides in
nerve terminals in the paracervical
ganglion of the rat by light and electron
microscopic immunohistochemistry: en-
kephalin and atrial natriuretic factor.
Neurosci. Lett. 16:285-90

. Debinski, W., Gutkowska, J., Kuchel,

0., Racz, K., Buy, N. T., et al. 1986.
ANF-like peptide(s) in the peripheral
autonomic nervous system. Biochem.
Biophys. Res. Commun. 134:279-84
Debinski, W., Gutkowska, J., Kuchel,
0., Racz, K., Buu, N. T., et al. 1987.
Presence of an atrial natriuretic factor-
like peptide in the rat superior cervical
ganglion. Neuroendocrinology 46:236~
40

Inagaki, S., Kubota, Y., Kito, S., Kan-
gawa, K., Matsuo, H. 1986. Im-
munoreactive atrial natriuretic polypep-
tides in the adrenal medulla and sym-
pathetic ganglia. Regul. Peptides
15:249-60

. Gardner, D. G., Deschepper, C. F.,

Baxter, J. D. 1987. The gene for the
atrial natriuretic factor is expressed in
the aortic arch. Hypertension 9:103-6

. Springall, D. R., Bhatnagar, M., Whar-

ton, J., Hamid, Q., Gulbenkian, S., et
al. 1988. Expression of the atrial

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

natriuretic peptide gene in the cardiac
muscle of rat extrapulmonary and in-
trapulmonary veins. Thorax 43:44-52

. Bloch, K. D., Seidman, J. G., Naftilan,

J. D., Fallon, J. T., Seidman, C. E.
1986. Neonatal atria and ventricles se-
crete atrial natriuretic factor via tissue-
specific  secretory pathways. Cell
47:695-702

Saper, C. B., Standaert, D. G., Currie,
M. G., Schwartz, D., Geller, D. M.,
Needleman, P. 1985. Atriopeptin-im-
munoreactive neurons in the brain: Pres-
ence in cardiovascular regulatory areas.
Science 227:1047-49

McKenzie, J. C., Tanaka, I., Misono,
K. S., Inagami, T. 1985. Immunocyto-
chemical localization of atrial natriuetic
factor in the kidney, adrenal medulla,
pituitary, and atrium of rat. J. His-
tochem. Cytochem. 33:828-32

Ong, H., Lazure, C., Nguyen, T. T,
McNicoll, N., Seidah, N., et al. 1987.
Bovine adrenal chromaffin granules are
a site of synthesis of atrial natriuretic
factor. Biochem. Biophys. Res. Com-
mun. 147:957-63

Nakamaru, M., Inagami, T. 1986. At-
rial natriuretic factor inhibits norepi-
nephrine release evoked by sympathetic
nerve stimulation in isolated perfused rat
mesenteric arteries. Eur. J. Pharmacol.
123:459-61

Gutkowska, J., Cantin, M., Genest, J.,
Sirois, P. 1987. Release of im-
munoreactive atrial natriuretic factor
from the isolated perfused rat lung.
FEBS Lett. 214:17-20

Sakamoto, M., Nakao, K., Morii, N.,
Sugawara, A., Yamada, T., etal. 1986.
The lung as a possible target organ for
atrial natriuretic polypeptide secreted
from the heart. Biochem. Biophys. Res.
Commun. 135:515-20

Matsuo, H., Nakazato, H. 1987.
Molecular biology of atrial natriuretic
peptide. Endocrinol. Metab. Clin. North
Am. 16:43-61

Nemer, M., Chamberland, M., Sirois,
D., Argentin, S., Drouin, J., et al.
1984. Gene structure of human cardiac
hormone precursor, pronatriodilatin.
Nature 312:654-56

Greenberg, B. D., Bencen, G. H.,
Seilhamer, J. J ., Lewicki, J. A, Fiddes,
J. C. 1984. Nucleotide sequence of the
gene encoding human atrial natriuretic
factor precursor. Nature 312:656-58
Seidman, C. E., Bloch, K. D., Klein,
K. A., Smith, J. A., Seidman, J. G.
1984. Nucleotide sequence of the human
and mouse atrial natriuretic factor genes.
Science 226:1206-9



Annu. Rev. Pharmacol. Toxicol. 1989.29:23-54. Downloaded from www.annualreviews.org
by Central College on 12/10/11. For personal use only.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

Argentin, S., Nemer, M., Drouin, J.,
Scott, G. K., Kennedy, B. P., Davies,
P. L. 1985. The gene for rat atrial
natriuretic factor. J. Biol. Chem.
260:4568-71

Seidman, C. E., Duby, A. D., Choi, E.,
Graham, R. M., Haber, E., et al. 1984,
The structure of rat preproatrial natriure-
tic factor as defined by a complementary
DNA clone. Science 225:324-26
Vlasuk, G. P., Miller, J., Bencen, G.
H., Lewicki, J. A. 1986. Structure and
analysis of the bovine atrial natriuretic
peptide precursor gene. Biochem. Bio-
phys. Res. Commun. 136:396-403
Oikawa, S., Imai, M., Atsuka, U.,
Tanaka, S., Noguchi, H., et al. 1984.
Cloning and sequence analysis of cDNA
encoding a precursor for human atrial
natriuretic polypeptide. Nature
309:724-26

Kangawa, K., Tawaragi, Y., Oikawa,
S., Mizuno, A., Sakuragawa, Y., et al.
1984. Identification of rat -y-atrial
natriuretic polypeptide and characteriza-
tion of the cDNA encoding its precursor.
Nature 312:152-55

Oikawa, S., Imai, M., Inuzuka, C.,
Tawaragi, Y., Nakazato, H., Matsuo,
H. 1985. Structure of dog and rabbit
precursors atrial natriuretic polypeptide
deduced from nucleotide sequence of
cloned cDNA. Biochem. Biophys. Res.
Commun. 132:892-99

Day, M. L., Schwartz, D., Wiegand, R.
C., Stockmann, P. T., Brunnert, S. R.,
etal. 1987. Ventricular atriopeptin: un-
masking of messenger RNA and peptide
synthesis by hypertrophy or dexametha-
sone. Hypertension 9:485-91
Matsubara, H., Hirata, Y., Yoshimi,
H., Takata, S., Takagi, Y., et al. 1987.
Ventricular myocytes from neonatal rats
are more responsive to dexamethasone
than atrial myocytes in synthesis of atrial
natriuretic peptide. Biochem. Biophys.
Res. Commun. 148:1030-38

Seidman, C. E., Wong, D. W, Jarcho,
J. A., Bloch, K. D., Seidman, J. G.
1988. Cis-acting sequences that mod-
ulate atrial natriuretic factor gene ex-
pression. Proc. Natl. Acad. Sci. USA. In
press

Karin, M., Andersen, R. D., Slater, E.,
Smith, K., Herschman, H. R. 1980.
Metallothionein mRNA induction in
HeLa cells in response to zinc or dexa-
methasone is a primary induction re-
sponse. Nature 286:295-97
Yamamoto, K. R., Chandler, V. L.,
Ross, S. R., Ucker, D. S., Ring, J. C.,
et al. 1980. Integration and activity of
mammary tumor virus genes: regulation

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

S1.

52.

S3.

ATRIAL PEPTIDES 47

by hormone receptors and chromosomal
position. Cold Spring Harbor Symp.
Quant. Biol. 45:687-97

Field, L. J. 1988. Atrial nasriuretic fac-
tor-SV40 T antigen transgenes produce
tumors and cardiac arrhythmias in mice.
Science 239:1029-33

Zeller, R., Bloch, K. D., Williams, B.
S., Arceci, R. J., Seidman, C. E. 1987.
Localized expression of the atrial
natriuretic factor gene during cardiac
embryogencsis. Genes Dev. 1:693-98
Wei, Y. F., Rodi, C. P., Day, M. L.,
Wiegand, R. C., Needleman, L. D., et
al. 1987. Developmental changes in the
rat atriopeptin hormonal system. J. Clin.
Invest. 79:1325-29

Kaplan, S. 1979. Fetal and neonatal
circulation. In Nelson Textbook of
Pediatrics, ed. V. C. Vaughan II], R. J.
McKay, R. E. Behrman, pp. 1279-81.
Philadelphia: Saunders

Lang, R. E., Tholkien, H., Ganten, D.,
Luft, F. C., Ruskoaho, H., Unger, T.
1985. Atrial natriuretic factor-a circulat-
ing hormone stimulated by volume load-
ing. Nature 314:264—-66

Katsube, N., Schwartz, D., Needleman,
P. 1985. Release of atriopeptin in the rat
by vasoconstrictors or water immersion
correlates with changes in right atrial
pressure. Biochem. Biophys. Res. Com-
mun. 133:937-44

Goetz, K. L., Wang, B. C., Geer, P.
G., Leadley, R. J. Jr., Reinhardt, H. W.
1986. Atrial stretch increases sodium ex-
cretion independently of release of atrial
peptides. Am. J. Physiol. 250:R946-
50

Ledsome, J. L., Wildon, N., Courneya,
C. A, Rankin, A. J. 1985. Release of
atrial natriuretic peptide by atrial disten-
sion. Can. J. Physiol. Pharmacol.
63:739-86

Paintal, A. S. 1963. Vagal afferent fi-
bers. Ergeb. Physiol. Biol. Chem. Exp.
Pharmakol. 42:74-156

Linden, R. J., Kappagoda, C. T. 1982.
Atrial receptors. Monogr. Physiol. Soc.
39:1-363

Gauer, O. H., Henry, J. P, Behn, C.
1970. The regulation of extracellular
fluid volume. Ann. Rev. Physiol. 32:
547-95

Schiebinger, R. J., Linden, J. 1986. The
influence of resting tension on im-
munoreactive atrial natriuretic peptide
secretion by rat atrial superfused in vi-
tro. Circ. Res. 59:105-9

Greenwald, J. E., Apkon, M., Hruska,
K. A., Needleman, P. 1988. Swretch in-
duced atriopeptin secretion in the iso-
lated rat myocyte and its negative mod-



Annu. Rev. Pharmacol. Toxicol. 1989.29:23-54. Downloaded from www.annualreviews.org

by Central College on 12/10/11. For personal use only.

48

54.

55.

56.

57.

- 58.

59.

60.

61.

62.

63.

64.

NEEDLEMAN ET AL

ulation by calcium..J: Clin, Invesi. Sub-
mitted

Hintze, T. H., Mclntyre, J. J., Patel, M.
B., Shapiro, J. T., DeLeonardis, M., et
al. 1988. Relationship between atrial
wall function and plasma atriopeptin
during volume expansion in conscious
dogs. UCLA Symp. Biol. Mol. Aspects
Atrial Peptides, Steamboat Springs,
Colo., Jan. 17-24. In press

Mancini, G., B., John, M. J., McGil-
lem, E. R., Bates, A. B., Weder, J. F.,
et al. 1987. Hormonal responses to car-
diac tamponade: inhibition of release of
atrial natriuretic factor despite elevation
of atrial pressures. Circulation 76(4):
884-90

Currie, M. G., Newman, W. H. 1986.
Evidence for a-l adrenergic receptor
regulation of atriopeptin release from the
isolated rat heart. Biochem. Biophys.
Res. Commun. 137:94-100
Sonnenberg, H., Veress, A. T. 1984.
Cellular mechanism of release of atrial
natriuretic factor. Biochem. Biophys.
Res. Commun. 124(2):443-49
Arjamaa, O., Ruskoaho, H., Tuominen,
M., Vakkuri, O., Leppiluoto, J. 1988.
The concentration of atrial natriuretic
peptide (ANP) is decreased in plasma
but not in atria in hypophysectomized
rats. Life Sci. 42:589-96

Eskay, R., Zukowska-Grojec, Z., Haas,
M., Dave, J. R., Zamir, N. 1986.
Circulating atrial natriuretic peptides in
conscious rats: regulation by multiple
factors. Science 232:636-39

Ruskoaho, H., Miklos, T., Lang, R. E.
1985. Atrial natriuretic peptide secre-
tion: synergistic effect of phorbol ester
and A23187. Biochem. Biophys. Res.
Commun. 133:581-88

Saito, Y., Nakao, K., Morii, N., Suga-
wara, A., Shiono, J., et al. 1986. BAY
k8644, a voltage-sensitive calcium chan-
nel agonist, facilitates secretion of atrial
natriuretic polypeptide from isolated rat
hearts. Biochem. Biophys. Res. Com-
mun. 138:1170--76

Baertschi, A. J., Hansmaninger, C.,
Walsh, R. S., Mentzer, R. M. Ir.,
Wyatt, D. A. 1986. Hypoxia-induced
release of atrial natriuretic factor (ANF)
from the isolted rat and rabbit heart.
Biochem. Biophys. Res. Commun.
140:427-33

Schiebinger, R. J., Linden, J. 1986.
Effect of atrial contraction frequency on
atrial natriuretic peptide secretion. Am.
J. Physiol. 251:H1095-99

Henrich, W. L., Campbell, W. B. 1986.
Importance of calcium in renal renin re-
Icase. Am. J. Physiol. 251:E98-E103

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Kangawa, K., Tawaragi, Y., Oikawa,
S., Mizuno, A., Jakuragawa, Y., et al.
1984. Identification of rat «-atrial
natriuretic polypeptide and characteriza-
tion of the cDNA encoding its precursor.
Nature 312:152-55

Schwartz, D., Geller, D. M., Manning,
P. T., Sicgel, N. R., Fok, K. F., et al.
1985. Ser-leu-arg-arg-atriopeptin  III:
The major circulating form of atrial pep-
tide. Science 229:397—400

Bloch, K. D., Scott, J. A., Zistein J. B.,
Fallon, J. T., Margolies, M. N, et al.
1985. Biosynthesis and secretion of pro-
atrial natriuretic factor by cultured rat
cardiocytes. Science 230:1168-71
Thibault, G., Garcia, R., Gutkowska,
J., Lazurem, C., Seidah, N. G. 1986.
Identification of the released form of at-
rial natriuretic factor by the perfused rat
heart. Proc. Soc. Exp. Biol. Med.
182:137-41

Imada, T., Takayanagi, R., Inagami, T.
1987. Identification of a peptidase which
processes atrial natriuretic factor. pre-
cursor to its-active form with 28 amino
acid residues in the particulate fraction
of rat atrial homogenate. Biochem. Bio-
phys. Res. Commun. 143(2):587-92
Katsube, N., Schwartz, D., Needleman,
P. 1986. Atriopeptin turnover: Quantita-
tive relationship between in vivo
changes in plasma levels and atrial con-
tent. J. Pharmacol. Exp. Ther.
239:474--79

Gnadinger, M. P., Lang, R. E., Hasler,
L., Uehlinger, D. E., Shaw, S., Weid-
mann, P. 1986. Plasma kinetics of syn-
thetic alpha-human atrial natriuretic pep-
tide in man. Miner. Electrolyte Metab.
12:371-74

Weselcouch, E. O., Humphrey, W. R.,
Aiken, I. W. 1985, Effect of pulmonary
and renal circulations on activity of atrial
natriuretic factor. -Am. :J. Physiol.
249:R595-602

Olins, G. M., Spear, K. L., Siegel, N.
R., Reinhard, E. J., Zurcher-Neely, H.
A. 1987. Atrial peptide inactivation by
rabbit kidney brush border membranes.
Eur. J. Biochem. 170:431-34

Koehn, J. A., Norman, J. A., Jones, B.
N., LeSueur, L., Sakane, Y. 1987. De-
gradation of atrial natriuretic factor by
kidney cortex membranes. J. Biol.
Chem. 262:11623-27

Stephanson, S. L., Kenney, A. J. 1987.
The hydrolysis of a-human atrial
natriuretic peptide by pig kidney micro-
villar membranes is initiated by en-
dopeptidase 24.11. Biochem. J. 243:
183-87

Itoh, H., Nakao, K., Mukoyama, M.,



Annu. Rev. Pharmacol. Toxicol. 1989.29:23-54. Downloaded from www.annualreviews.org
by Central College on 12/10/11. For personal use only.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Sugawara, A., Saito, Y., et al. 1988.
Secretion of N-terminal fragment of
gamma-human atrial natriuretic poly-
peptide. Hypertension 11(Suppl. 1):152—
56

Vesely, D. L., Norris, J. S., Walters, J.
M., Jespersen, R. R., Baeyens, D. A.
1987. Atrial natriuretic prohormone pep-
tides 1-30, 31-67, and 79-98 vasodilate
the aorta. Biochem. Biophys. Res. Com-
mun. 148:1540-48

Vesely, D. L., Bayliss, J. M., Sallman,
A. L. 1987. Human prepro atrial
natriurctic factors 26-55, 56-92, and
104-123 increase renal guanylate cy-
clase activity. Biochem. Biophys. Res.
Commun. 143:186-93

Winters, C. J., Sallman, A. L.,
Meadows, J., Rico, D. M., Vessely, D.
L. 1988. Two new hormones: Pro-
hormone atrial natriuretic peptides 1-30
and 31-67. Biochem. Biophys. Res.
Commun. 150:231-36

Thibault, G., Murthy, K. K., Gutkow-
ska, J., Seidah, N. G., Lazure, C., et al.
1988. NH2-terminal fragment of rat pro-
atrial natriuretic factor in the circulation:
Identification, radioimmunoassay and
half-life. Peptides 9:47-53

Vandlen, R. L., Arcuri, K. E., Napier,
M. A. 1985. Identification of a receptor
for atrial natriuretic factor in rabbit aorta
membranes by affinity cross-linking. J.
Biol. Chem. 260:10889-92

Murphy, K. M. M., McLaughlin, L. L.,
Michener, M. L., Needleman, P. 1985.
Autoradiographic localization of atrio-
peptin III receptors in rat kidney. Eur. J.
Pharmacol. 111:291-92

Meloche, S., Ong, H., Cantin, M., De
Léan, A. 1986. Affinity cross-linking of
atrial natriuretic factor to its receptor in
bovine adrenal zona glomerulosa. J.
Biol. Chem. 261:1525-28

Hirose, S., Akiyama, F., Shinjo, M.,
Ohno, H., Murakami, K. 1985.
Solubilization and molecular weight es-
timation of atrial natriuretic factor recep-
tor from bovine adrenal cortex. Bio-
chem.  Biophys. Res. Commun.
130:574-79

Scarborough, R. M., Schenk, D. B.,
McEnroe, G. M., Arfsten, A., Kang, L.
L., et al. 1986. Truncated Atrial
Natriuretic Peptide Analogs: Compari-
son between receptor binding and
stimulation of cyclic GMP accumulation
in cultured vascular smooth muscle
cells. J. Biol. Chem. 261:12960-64
Leitman, D. C., Andresen, J. W.,
Kuno, T., Kamisaki, Y., Chang, J. K.,
Murad, F. 1986. Identification of multi-
ple binding sites for atrial natriuretic fac-

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

ATRIAL PEPTIDES 49

tor by affinity cross-linking in cultured
endothelial cells. J. Biol. Chem. 261:
11650-55

Yip, C. C., Laing, L. P., Flynn, T. G.
1985. Photoaffinity labeling of atrial
natriuretic factor receptors of rat kidney
cortex plasma membranes. J. Biol.
Chem. 260:8229-32

Schenk, D. B., Phelps, M. N., Porter, J.
G., Scarborough, R. M., McEnroe, G.
A., Lewicki, J. A. 1985. Identification
of the receptor for atrial natriuretic factor
on cultured vascular cells. J. Biol.
Chem. 260:14887-90

Takayanagi, R., Inagami, T., Snajdar,
R. M., Imada, T., Tamura, M., Mis-
ono, K. S. 1987. Two distinct forms of
receptors for atrial natriuretic factor in
bovine adrenocortical cells. J. Biol.
Chem. 262:12104-13

Kuno, T., Andresen, J. W., Kamisaki,
Y., Waldman, S. A., Chang, L. Y., et
al. 1986. Co-purification of an atrial
natriuretic factor receptor and particulate
guanylate cyclase from rat lung. J. Biol.
Chem. 261:5817-23

Pandey, K. N., Inagami, T., Misono,
K. S. 1987. Three distinct forms of atrial
natriuretic factor receptors: kidney tubu-
lar epithelium cells and vascular smooth
muscle cells contain different types of
receptors. Biochem. Biophys. Res. Com-
mun. 147:1146-52

Paul, A. K., Marala, R. B., Jaiswal, R.
K., Sharma, R. K. 1987. Coexistence of
guanylate cyclase and atrial natriuretic
factor receptor in a 180-kd protein. Sci-
ence 235:1224-26

Blaine, E. H., Heinel, L. A., Schom, T.
W., Marsh, E. A., Whinnery, M. A.
1986. The character of the atrial
natriuretic  response: Pressure and
volume effects. J. Hypertens. 4:17-24
Marsh, E. A., Seymour, A. A., Blaine,
E. H. 1985. Influence of arterial pres-
sure upon sympathetic atrial natriuretic
factor-stimulated natriuresis. Proc. 67th
Ann. Meet. Endocrine Soc., Baltimore,
Md. June, p. 221

Mendez, R. E., Dunn, B. R., Troy, J.
L., Brenner, B. M. 1986. Modulation of
the natriuretic response to atrial natriure-
tic peptide by alterations in peritubular
Starling forces in the rat. Circ. Res.
59:605-11

Camargo, M. J., Atlas, S. A., Maack,
T. 1986. Role of incrcased glomerular
filtration rate in atrial natriuretic factor-
induced natriuresis in the rat. Life Sci.
38:2397-404

Davis, C. L., Briggs, J. P. 1987. Effect
of reduction in renal artery pressure on
atrial natriuretic peptide-induced natri-



50

98.

99.

o
2 100.
8
8
g 101.
T
=
% 5 102
£ '
=T
83
gz
T
50 103.
(e
R
B
N 104.
5
(o237}
88
— O
80 105.
x®
F &
=0
[}
83
5 106
= )
3
04
=]
g 107.
<
108.
109.
110.

NEEDLEMAN ET AL

uresis. Am. J. Physiol. 252:F146~
55
Seymour, A. A. Blaine, E. H.,

Mazack, E. K., Smith, S. G., Stabilito,
I. 1., et al. 1985. Renal and systcmic
effects of atrial natriuretic factor. Life
Sci. 36:33-44

Seymour, A. A., Marsh, E. A,
Mazack, E. K., Stabilito, 1. 1., Blaine,
E. H. 1985. Synthetic atrial natriuretic
factor in conscious normotensive and
hypertensive rats. Hypertension
7(Suppl. 1):135-142

Pollock, D. M., Arendshorst, W. J.
1986. Effect of atrial natriuretic factor
on renal hemodynamics in the rat. Am.
J. Physiol. 251:F794-801

Roy, D. R. 1986. Effect of synthetic
ANP on renal and loop of Henle func-
tions in the young rat. Am. J. Physiol.
251:F220-26

Salazar, F. J., Fiksen-Olsen, M. J., Op-
genorth, T. J., Granger, J. P., Bumett,
J. C. Jr., Romero, J. C. 1986. Renal
effects of ANP without changes in glo-
merular filtration rate and blood pres-
sure. Am. J. Physiol. 251:F532-36
Bourgoignie, J. J., Gavellas, G.,
Hwang, K. H. 1986. Renal effects of
atrial natriuretic factor in primate. Am.
J. Phyisol. 251:F1049-54

Marin-Grez, M., Fleming, J. T.,
Steinhausen, M. 1986. Atrial natriuretic
peptide causes preglomerular vasodila-
tion and postglomerular vasoconstriction
in rat kidney. Nature 324:473-76
Dunn, B. R., Ichikawa, 1., Pfeffer, J.
M,, Troy, J. L., Brenner, B. M. 1986.
Renal and systemic hemodynamic
effects of synthetic atrial natriuretic pep-
tide in the anesthetized rat. Circ. Res.
59:237-46

Appel, R. G., Wang, J., Simonson, M.
S., Dunn, M. J. 1986. A mechanism by
which atrial natriuretic factor mediates
its glomerular actions. Am. J. Physiol.
251:F1036-42

Oshima, T., Currie, M. G., Geller, D.
M., Needleman, P. 1984. An atrial pep-
tide is a potent renal vasodilator sub-
stance. Circ. Res. 54:612-16

Hansell, P., Ulfendahl, H. R. 1986.
Atriopeptins and renal cortical and papil-
lary blood flow. Acta Physiol. Scand.
127:349-57

Takezawa, K., Cowley, A. W. Jr.,
Skelton, M., Roman, R. J. 1987.
Atriopeptin III alters renal medullary
hemodynamics and the pressure-diuresis
response in rats. Am. J. Physiol.
252:F992-1002

Kiberd, B. A., Larson, T. S., Robert-
son, C. R., Jamison, R. L. 1987. Effect

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

of atrial natriuretic peptide on vasa recta
blood flow in the rat. Am. J. Physiol.
252:F1112-17

Baum, M., Toto, R. D. 1986. Lack of a
direct cffect of atrial natriuretic factor in
the rabbit proximal tubule. Am. J. Physi-
ol. 250:F66-F69

Briggs, J. P., Steipe, B., Schubert, G.,
Schnermann, J. 1982. Micropuncture
studies of the renal effects of atrial
natriuretic substance. Pfleugers Arch.
395:271-76

Nonoguchi, H., Knepper, M. A., Man-
ganiello, V. C. 1987. Effects of atrial
natriuretic factor on cyclic guanosine
monophosphate and cyclic adenosine
monophosphate accumulation in micro-
dissected nephron segments fromrats. J.
Clin. Invest. 79:500-7

Zeidel, M. L., Seifter, J. L., Lear, S.,
Brenner, B. M., Silva, P. 1986. Atrial
peptides inhibit oxygen consumption in
kidney medullary collccting duct cells.
Am. J. Physiol. 251:F379-83

Zeidel, M. L., Silva, P., Brenner, B.
M., Seifter, J. L. 1987. cGMP mediates
effects of atrial peptides on medullary
collecting duct cells. Am. J. Physiol.
252:551-59

Blaine, E. H., Heinel, L. A. 1985. At-
rial natriuretic factor (ANF) reduces car-
diac weight of hamsters with congestive
heart failure. Fed. Proc. 44.1730
Garcia, R., Cantin, M., Genest, J., Gut-
kowska, J., Thibault, G. 1987. Body
fluids and plasma atrial peptide after its
chronic infusion in hypertensive rats.
Proc. Soc. Exp. Biol. Med. 185:352~
58

Paganelli, W. C., Cant, J. R., Pintal, R.
R., Kifor, 1., Barger, A. C., Dzau, V.
1988. Plasma atrial natriuretic factor
during chronic thoracic inferior vena
caval constriction. Circ. Res. 62:279-88
Tsunoda, K., Mendelsohn, F. A. O,
Sexton, P. M., Chai, S. V., Hodsman,
G. P., Johnston, C. 1. 1988. Dccreased
atrial natriuretic peptide binding in renal
medulla in rats with chronic heart fail-
ure. Circ. Res. 62:155-61

Freeman, R. H., Villarreal, D., Vari, R.
C., Verburg, K. 1987. Endogenous atri-
al natriuretic factor in dogs with caval
constriction. Circ. Res. 61(Suppl. 1):
96-99

Currie, M. G., Geller, D. M., Cole, B.
R., Siegel, N. R., Fok, K. F., et al.
1983. Bioactive cardiac substances: po-
tent vasorelaxant activity in mammalian
atria. Science 221:71-73

Faison, E. P., Siegl, P. K. S., Morgan,
G., Winquist, R. J. 1985. Regional
vasorelaxant selectivity of atrial na-



Annu. Rev. Pharmacol. Toxicol. 1989.29:23-54. Downloaded from www.annualreviews.org
by Central College on 12/10/11. For personal use only.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

triuretic factor in isolated rabbit vessels.
Life Sci. 37:1073-79

Holtz, J., Stewart, D. J., Elsner, D.,
Bassenge, E. 1986. In vivo atrial
peptide-venodilation: Minimal potency
relative to nitroglycerin in dogs. Life
Sci. 39:2177-84

Osol, G., Halpern, W., Testamariam,
B., Nakayama, K., Weinberg, D. 1986.
Synthetic atrial natriuretic factor does
not dilate resistance-sized arteries.
Hypertension 8:606-10

Hintze, T. H., Currie, M. G., Needle-
man, P. 1985. Atriopeptins: renal
specific vasodilators in conscious dogs.
Am. J. Physiol. 248:H587-91
Edwards, R. M., Weidley, E. F. 1987.
Lack of effect of atriopeptin II on rabbit
glomerular arterioles in vitro. Am. J.
Physiol. 252:F317-22

Winquist, R. J., Faison, E. P., Wald-
man, S. A., Schwartz, K., Murad, F.,
Rapoport, R. M. 1984. Atrial natriuretic
factor elicits an endothelium-indepen-
dent relaxation and activates particulate
guanylate cyclase in vascular smooth
muscle. Proc. Natl. Acad. Sci. USA
81:7661-64

Martin, W., Morgan, R. O., Smith, J.
A., White, D. G. 1986. Atriopeptin II-
induced relaxation of rabbit aorta is po-
tentiated by M&B 22,948 but not block-
ed by haemoglobin. Br. J. Pharmacol.
89:557-61

Chiu, P. J., Tetzloff, G., Sybertz, E. J.
1986. The effects of atriopeptin II on
calcium fluxes in rabbit aorta. Eur. J.
Pharmacol. 124:277-78

Lappe, R. H., Smits, J. F. M., Todt, J.
A., Debeto, J. J. M., Wendt, R. L.
1985. Failure of atriopeptin II to cause
arterial vasodilation in the conscious rat.
Circ. Res. 56:606-12

Allen, D. E., Gellai, M. 1987. Car-
dioinhibitory effect of atrial peptide in
conscious rats. Am. J. Physiol. 252:
R610-16

Trippodo, N. C., Barbee, R. W. 1987.
Atrial natriuretic factor decreases whole-
body capillary absorption in rats. Am. J.
Physiol. 252:R915-22

Trippodo, N. C., Cole, F. E., Frohlich,
E. D., MacPhee, A. A. 1986. Atrial
natriuretic peptide decreases circulatory
capacitance in areflexic rats. Circ. Res.
59:291-96

Chien, Y. W, Frohlich, E. D., Trippo-
do, N. C. 1987. Atrial natriuretic pep-
tide increases resistance to venous returm
in rats. Am. J. Physiol. 252:H894-99
Fluckiger, J. P., Walker, B., Matsueda,
G., Delaloye, B., Nussberger, J., Brun-
ner, H. R. 1986. Effect of atriopeptin I11

136.

137.

138.

139.

140.

141,

142.

143.

144.

145.

146.

ATRIAL PEPTIDES 51

on hematocrit and volumia of nephrecto-
mized rats. Am. J. Physiol. 251:H880-
83

Sweet, C. S., Ludden, C. T., Frederick,
C. M., Ribeiro, L. G. T., Nussberger,
J., et al. 1985. Hemodynamic effects of
synthetic atrial natriuretic factor (ANF)
in dogs with acute left ventricular fail-
ure. Eur. J. Pharmacol. 115:267-76
Natsume, T., Kardon, M. B., Trippodo,
N. C., Januszewicz, A., Pegram,B. L.,
Frohlich, E. D. 1986. Atriopeptin III
does not alter cardiac performance in
rats. J. Hypertens. 4:477-80

Bauman, R. P., Rembert, J. C., Him-
melstein, S. I., Klotman, P. E., Green-
field, J. C. Jr. 1987. Effect of atrial
natriuretic factor on transmural myocar-
dial blood flow distribution in the dog.
Circulation 76:705-9

Shapiro, J. T., DeLeonardis, V. M.,
Needleman, P., Hintze, T. H. 1986.
Integrated cardiac and peripheral vascu-
lar response to atriopeptin 24 in con-
scious dogs. Am. J. Physiol. 251:
H1292-97

Chu, A., Cobb, F. R. 1987. Effects of
atrial natriuretic peptide on proximal
epicardial coronary arteries and coronary
blood flow in conscious dogs. Circ. Res.
61:485-91

Parkes, D. G., Coghlan, J. P,
Mcdougall, J. G., Scoggins, B. A.
1988. Long-term vasodilator action of
atrial natriuretic factor. Am. J. Physiol.
In press

Garcia, R., Thibault, G., Gutkowska,
J., Horky, K., Hamet, P., et al. 1985.
Chronic infusion of low doses of atrial
natriuretic factor (ANF Argl01-Tyr126)
reduces blood pressure in conscious
SHR without apparent changes in
sodium excretion. Proc. Soc. Exp. Biol.
Med. 179:396-401

Atarashi, K., Mulrow, P. J., Franco-
Saenz, R., Snajdar, R. Rapp, J. 1984,
Inhibition of aldosterone production
by an atrial extract. Science 224:992—
94

Vari, R. C., Freeman, R. H., Davis, J.
O., Villarreal, D., Verburg, K. M.
1986. Effect of synthetic atrial natriure-
tic factor on aldosterone secretion in the
rat. Am. J. Physiol. 251:R48-52
Elliott, M. D., Goodfriend, T. L. 1986.
Atrial natriuretic peptide inhibits protein
phosphorylation ~ stimulated by an-
giotensin II in bovine adrenal glomerulo-
sa cells. Biochem. Biophys. Res. Com-
mun. 140:814-20

Burnett, J. C. IJr., Granger, J. P., Op-
genroth, T. J. 1984. Effects of synthetic
atrial natriuretic factor on renal function



Annu. Rev. Pharmacol. Toxicol. 1989.29:23-54. Downloaded from www.annualreviews.org

by Central College on 12/10/11. For personal use only.

52

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

NEEDLEMAN ET AL

and renin release. Am. J. Physiol. F863—

Henrich, W. L., McAlister, E. A.,
Smith, P. B., Lipton, J., Campbell, W.
B. 1987. Direct inhibitory effect of
atriopeptin III on renin release in primate
kidney. Life Sci. 41:259-64

Villarreal, D., Freeman, R. H., Davis,
J. O., Verburg, K. M., Vari, R. C.
1986. Renal mechanisms for suppres-
sion of renin secretion by atrial natriuret-
ic factor. Hypertension 8:1128-33
Kurtz, A., Della Bruna, R., Pfeilschif-
ter, J., Taugner, R., Bauer, C. 1986.
Atrial natriuretic peptide inhibits renin
release from juxtaglomerular cells by a
cGMP-mediated process. Proc. Natl.
Acad. Sci. USA 83:4769-73
Januszewicz, P., Gutkowska, J., De-
Lean, A., Thibault, G., Gardia, R.
1985. Synthetic atrial natriuretic factor
induces release (possibly receptor-
mediated) of vasopressin from rat poste-
rior pituitary. Proc. Soc. Exp. Biol.
Med. 178:321-25

Samson, W. K. 1985. Atrial natriuretic
factor inhibits dehydration and hemor-
rhage-induced  vasopressin  release.
Neuroendocrinology 40:277-79

Iitake, K., Share, L., Crofton, J. T.,
Brooks, D. P., Ouchi, Y., Blaine, E. H.
1986. Central atrial natriuretic factor re-
duces vasopressin secretion in the rat.
Endocrinology 119:438-40

Standaert, D. G., Cechetto, D. F.,
Needleman, P., Saper, C. B. 1987. In-
hibition of the firing of vasopressin
neurons by atriopeptin. Nature 329:151-
53

Dillingham, M. A., Anderson, R. J.
1986. Inhibition of vasopressin action by
atrial natriuretic factor. Science 231:
1572-73

Tanaka, I., Misono, K. S., Inagami, T.
1984. Atrial natriuretic factor in rat
hypothalamus atria and plasma: de-
termination by specific radioimmunoas-
say. Biochem. Biophys. Res. Commun.
124:663-68

Glembotski, C. C., Wildey, G. M.,
Gibson, T. R. 1985. Molecular forms of
immunoreactive atrial natriuretic peptide
in the rat hypothalamus and atrium.
Biochem. Biophys. Res. Commun.
129:671-78

Shiono, S., Nakao, K., Morri, N.,
Yamada, T., Itoh, H., et al. 1986. Na-
ture of atrial natriuretic polypeptide in
rat brain. Biochem. Biophys. Res. Com-
mun. 135:728-34

Ueda, S., Sudoh, T., Fukuda, K., Kana-
gawa, K., Minamino, N., Matsuo, H.
1987. Identification of alpha atrial

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

natriuretic peptide (4-28) and (5-28) in
porcine brain. Biochem. Biophys. Res.
Commun. 149:1055-62

Sudoh, T., Kanagawa, K., Minamino,
N., Matsuo, H. 1988. Identification in
porcine brain of a novel natriuretic pep-
tide distinct from atrial natriuretic pep-
tide. Nature 332:78-81

Imada, T., Takayanagi, R., Inagami, T.
1985. Changes of atrial natriuretic factor
with the progression of hypertension in
spontaneously hypertensive rats. Bio-
chem. Biophys. Res. Commun. 133:
75965

Zamir, N., Skofitsch, G., Eskay, R. L.,
Jacobowitz, D. M. 1986. Distribution of
immunoreactive atrial natriuretic pep-
tides in the central nervous system of the
rat. Brain Res. 365:105-11

Jacobowitz, D. M., Skofitsch, G., Keis-
er, H. R., Eskay, R. L., Zamir, N.
1985. Evidence for the existence of atri-
al natriuretic factor-containing neurons
in the rat. Neuroendocrinology 40:90-92
Skofitsch, G., Jacobowitz, D. M., Es-
kay, R. L., Zamir, N. 1985. Distribu-
tion of atrial natriuretic factor-like im-
munoreactive neurons in the rat brain.
Neureoscience 16:917-48

Kawata, M., Nakao, K., Morri, N.,
Kiso, Y., Yamashita, H., et al. 1985.
Atrial natriuretic polypeptide: Topog-
raphical distribution in the rat brain by
radioimmunoassay and immunohisto-
chemistry. Neuroscience 16:521-46
Standaert, D. G., Needleman, P., Sap-
er, C. B. 1986. Organization of
atriopeptin-like immunoreactive neurons
in the central nervous-system of the rat.
J. Comp. Neurol. 253:315-41

Brody, M. J., Johnson, A. K. 1981.
Rolc of forebrain structures in models of
cxperimental hypertension. In  Dis-
turbances in Neurogenic Control of
Circulation, Clinical Physiology Ser.,
cd. F. M. Abboud, H. A. Fozzard, J. P.
Gilmore, D. J. Reis, pp. 105-17. Be-
thesda, Md: Am. Physiol. Soc.
Standaert, D. G., Saper, C. B. 1988.
Origin of the atriopeptin-like im-
munoreactive innervation of the para-
ventricular nucleus of the hypothalamus.
J. Neurosci. In press

Cechetto, D. F., Saper, C. B. 1988.
Neurochemical orgainzation of the
hypothalamic projection to the spinal
cord in the rat. J. Comp. Neurol. In
press

Hurley, K. M., Standaert, D. G., Saper,
C. B. 1987. Origin of atrial natriuretic
peptide-immunoreactive innervation of
the nucleus of the solitary tract in the rat.
Soc. Neurosci. Abstr. 13:278



170.

171.

172.

Annu. Rev. Pharmacol. Toxicol. 1989.29:23-54. Downloaded from www.annualreviews.org
by Central College on 12/10/11. For personal use only.

180.

181.

182.

173.

174.

175.

176.

177.

178.

179.

Saper, C. B., Levisohn, D. 1983. Af-
ferent connections of the median preop-
tic nucleus in the rat: anatomical evi-
dence for a cardiovascular integrative
mechanism in the anteroreatral third
ventricular (AV3V) region. Brain Res.
288:21-31

Loewy, A. D., Saper, C. B., Baker, R.
P. 1978. Descending projections from
the pontine micturition center. Brain
Res. 172:533-38

Satoh, K., Shimizu, N., Tohyama, M.,
Maeda, T. 1978. Localization of the
micturition reflex center at the dorso-
lateral pontine tegmentum of the rat.
Neurosci. Lett. 8:27-33

Brown, E. R., Standaert, D. G., Saper,
C. B. 1985. Efferent connections of the
medial preoptic region in the rat. Soc.
Neurosci. Abstr. 11:827

Quirion, R., Dalpe, M., DeLean, A.,
Gutkowska, J., Cantin, M., Genest, J.
1984. Atrial natriuretic factor (ANF)
binding sites in brain and related struc-
tures. Peptides 5:1167-72

Saavedra, J. M., Correa, F. M. A.,
Plunkett, L. M., Israel, A., Kurihara,
M., Shigematsu, K. 1986. Binding of
angiotensin and atrial natriuretic peptide
in brain of hypertensive rats. Nature
320:758-60

McCarty, R., Plunkett, L. M. 1986.
Forebrain binding sites for atrial
natriuretic factor. Alterations in spon-
taneously hypertensive (SHR) rats.
Neurochem. Int. 9:177-83

Quirion, R., Dalpe, M., Dam, T. V.
1986. Characterization and distribution
of receptors for the atrial natriuretic pep-
tides in mammalian brain. Proc. Natl.
Acad. Sci. USA 83:174-78

McCarty, R., Plunkett, L. M. 1986.
Forebrain binding sites for atrial
natriuretic factor. alteratins in spon-
taneously hypertensive (SHR) rats.
Neurochem. Int. 9:177-83

Lind, R. W., van Hoesen, G. W _, John-
son, A. D. 1982. An HRP study of the
connections of the subfornical organ
of the rat. J. Comp. Neurol. 210:265-
77

Saavedra, J. M. 1987. Regulation of
atrial natriuretic peptide receptors in the
rat brain. Cell. Mol. Neurobiol. 7:151-
73

Stewart, R. E., Swithers, S. E., McCar-
ty, R. 1988. Brain binding sites for atrial
natriuretic factor (ANF): Alterations in
prehypertensive Dahl salt-sensitive (S/
JR) rats. Brain Res. Bull. 20:1-8
Fitts, D. A., Thunhorst, R. L., Sim-
pson, J. B. 1985. Diuresis and reduction
of salt appetite by lateral ventricular in-

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

ATRIAL PEPTIDES 53

fusions of atriopeptin Il Brain Res.
348:118-24

Israel, A., Barbella, Y. 1986. Diuretic
and natriuretic action of rat atrial
natriuretic peptide (6-33) administered
intracerebroventricularly in rats. Brain
Res. Bull. 17:141-44

Lee, J., Feng, J. Q., Malvin, R. L.,
Huang, B. S., Grekin, R. J. 1987. Cen-
trally administered atrial natriuretic fac-
tor increases renal water excretion. Am.
J. Physiol. 252:F1011-15

Eriksson, L., Kokkonen, U.-M., Make-
la, T.-L., Olsson, K. 1988. Renal re-
sponses to intracerebroventricular in-
fusions of atrial natriuretic peptide in the
conscious goat. Acta Physiol. Scand.
132:121-23

Samson, W. K., Aguila, M. C.,
Martinovic, J., Antunes-Rodrigues, J.,
Norris, M. 1987. Hypothalamic action
of atrial nawriuretic factor to inhibit vaso-
pressin secretion. Peptides 8:449-54
Yamada, T., Nakao, K., Morii, N.,
Itoh, H., Shjiono, S., et al. 1986. Cen-
tral effect of atrial natriuretic polypep-
tide on angiotensin II-stimulated vasop-
ressin secretion in conscious rats. Eur.
J. Pharmacol. 125:453-56

Wong, M., Samson, W. K., Dudley, C.
A., Moss, R. L. 1986. Direct, neuronal
action of atrial natriuretic factor in the
rat brain. Neuroendocrinology 44:49-53
Haskins, J. T., Zingaro, G. J., Lappe,
R. W. 1986. Rat atriopeptin 1l alters
hypothalamic neuronal activity. Neuros-
ci. Lett. 67:279-84

Okuya, S., Yamashita, H. 1987. Effects
of atrial natriuretic polypeptide on rat
hypothalamic neurons in vitro. J. Physi-
ol. 389:717-28

Masotto, C., Negro-Villar, A. 1985. In-
hibition of spontaneous or angiotensin
II-stimulated water intake by atrial
natriuretic factor. Brain Res. Bull.
15:523-26

Nakamura, M., Katsuura, G., Nakao,
K., Imura, H. 1985. Antidipsogenic ac-
tion of alpha-human atrial natriuretic
polypeptide administered intracerebro-
ventricularly in rats. Neurosci. Lett.
58:1-6

Antunes-Rodrigues, J., McCann, J. M.,
Rogers, L. C., Samson, W. K. 1985.
Atrial natriuretic factor inhibits de-
hydration- and angiotensin Il-induced
water intake in the conscious, un-
restrained rat. Proc. Natl. Acad. Sci.
USA 82:8720-23

Lappe, R. W, Dinish, J. L., Bex, F.,
Michalak, K., Wendt, R. L. 1986.
Effects of atrial natriuretic factor on
drinking responses to central angiotensin



Annu. Rev. Pharmacol. Toxicol. 1989.29:23-54. Downloaded from www.annualreviews.org
by Central College on 12/10/11. For personal use only.

NEEDLEMAN ET AL

II. Pharmacol. Biochem. Behav. 24
1573-76

. Katsuura, G., Nakamura, M., Inouye.
K., Kono, M., Nakao, K., Imura, H.
1986. Regulatory role of atrial natriuret-
ic polypeptide in water drinking in rats.
Eur. J. Pharmacol. 121:285-87

. Antunes-Rodrigues, J., McCann, S. M.,
Samson, W. K. 1985. Central adminis-
tration of atrial natriuretic factor inhibits
saline preference in the rat. Endocrinol-
ogy 118:1726-28

. Puurunen, J., Ruskoaho, H. 1987. Va-
gal-dependent stimulation of gastric acid
secretion by intracerebroventricularly
administered atrial natriuretic peptide in
anaesthetized rats. Eur. J. Pharmacol.
141:493-95

. Lewicki, J. A., Greenberg, B., Yama-
naka, M., Vlasuk, G., Brewer, M., et
al. 1986. Cloning, sequence analysis,
and processing of the rat and human atri-
al natriuretic peptide precursors. Fed.
Pro. 45:2086-90

Gardner, D. G., Hane, S., Trachews-
ky, D., Schenk, D., Baxter, J. D. 1986.
Atrial natriuretic peptide mRNA is reg-

ulated by glucocorticoids in vivo.
Biochem. Biophys. Res. Commun.
139:1047-54

. Stockmann, P. T., Will, D. H., Sides,
S. D., Brunnert, S. R., Wilner, G. D.,
etal. 1988. Reversible induction of right
ventricular atriopeptin  synthesis in
hypertrophy due to hypoxia. Circ. Res.
In press

. McKenzie, J. C., Tanaka, I., Inagami,
1., Misono, K. S., Klein, R. M. 1986.
Alterations in atrial and plasma atrial
natriuretic factor (ANF) content during
development of hypoxia-induced pul-
monary hypertension in the rat. Proc.
Sc~. Exp. Biol. Med. 181:459-63

. Lattion, A. L., Michel, J. B., Amauld,
E., Corvol, P., Soubrier, F. 1986.
Myocardial recruitment during ANF
mRNA increase with volume overload in
the rat. Am. J. Physiol. 251:890-96

. Stockmann, P. T., Leahy, K. M,
Wiegand, R. C., Needleman, P. 1988.
Myocardial atriopeptin synthesis, stor-
age, and release during chronic volume
overload in the rat. J. Clin. Invest. Sub-
mitted

. Takayanagi, R., Imada, T., Inagami, T.
1987. Synthesis and presence of atrial
natriuretic factor in rat ventricle.

204.

205.

206.

207.

208.

209.

210.

211.

212.

Biochem. Biophys. Res. Commun. 142:
48388

Dene, H., Rapp, J. P. 1987. Quantifica-
tion of messenger ribonucleic acid for
atrial natriuretic factor in atria and ven-
tricles of Dahl salt-sensitive and salt-
resident rats. Mol. Endocrinol. 1:614—
20

Lee, R. T., Block, K. D., Pfeffer, J.
M., Pfeffer, M. A., Neer, E. J., Seid-
man, C. E. 1988. Atrial natriuretic fac-
tor gene expression in ventricles of rats
with spontaneous biventricular hypertro-
phy. J. Clin. Invest. 81:431-34
Franch, H. A., Dixon, R. A. F., Blaine,
E. H., Siegel, P. K. S. 1988. Ventricu-
lar atrial natriuretic factor in the
cardiomyopathic hamster model of con-
gestive heart failure. Circ. Res. 62:31—
36

Edwards, B. S., Ackermann, D. M.,
Lee, M. E., Reeder,G. S., Wold,L.E.,
et al. 1988. Identification of atrial
natriuretic factor within ventricular tis-
sue in hamsters and humans with con-
gestive heart failure. J. Clin. Invest.
81:82-86

Currie, M. G., Oehlenschlager, W. F.,
Kurtz, D. T. 1987. Profound elevation
of ventricular and pulmonary atriopeptin
in a model of heart failure. Biochem.
Biophys. Res. Commun. 148:1158-64
Saito, Y., Nakao, K., Arai, H., Suga-
wara, A., Morii, N., et al. 1987. Atrial
natriuretic polypeptide (ANP) in human
ventricle increased gene expression of

ANP in dilated cardiomyopathy.
Biochem. Biophys. Res. Commun.
148:211-17

Hatt, P.-Y. 1972. La cellule myocardi-
que dans les surcharges cardiaques
mechaniques aspects ultrastructuraus. In
Les Surcharges Cardiaque (Heart over-
loading), pp. 15-37. Paris: INSERM
Schwartz, K ., de la Bostie, D., Bouvert,
P, Oliviero, P., Alonso, S., Bucking-
ham, M. 1986. Alpha-skeletal muscle
actin mRNA’s accumulate in hyper-
trophied adult rat hearts. Circ. Res.
59:551-55

Izumo, S., Lompre, A.-M., Matsuoka,
R., Koren, G., Schwartz, K. 1987.
Myosin heavy chain messenger RNA
and protein isoform transitions during
cardiac hypertrophy. Interaction be-
tween hemodynamic and thyroid hor-
mone-induced signals. J. Clin. Invest.
79:970-77



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



