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Abstract

The natriuretic peptides (NPs) are a family of related hormones that play important roles in

the cardiovascular homeostasis, cell growth and neuroendocrine functions. Recently, they
have emerged as potentially important clinical biomarkers in heart failure. The heart
secretes two major natriuretic peptides: atrial natriuretic peptide (ANP) and brain
natriuretic peptide (BNP), while C-type natriuretic peptide (CNP) is mainly secreted
from the brain and blood vessels. The physiological effects of NPs are initiated by
binding to natriuretic peptide receptors (NPRs), which are widely distributed in
several organs. This review describes: the expression of natriuretic peptides in the
cardiomyocytes differentiated from ES cells and their role in the cardiomyocyte
development. We also describe the detailed distribution of NPRs in the central

nervous system and their possible functions in various brain regions.
Keywords: natriuretic peptides; ES cells; development; brain; neuroedocrine.

Introduction



The natriuretic peptides (NPs) are a family
of three peptide hormones: atrial
natriuretic peptide (ANP), brain natriuretic
peptide (BNP), and C-type natriuretic
peptide (CNP) [1-4]. NPs are released into
the circulation from cardiac cells to act as
hormones in the control of fluid volume
homeostasis and blood pressure by
causing natriuresis, diuresis,
vasorelaxation and inhibition of the renin—
angiotensin—-aldosterone system [5]. In
addition, cell-based studies have shown
that ANP and BNP exhibit important
autocrine and paracrine functions such as
modulating myocyte growth, apoptosis
and proliferation in smooth muscle cells
[6] and cardiac myocytes [7], and suppress
cardiac fibroblast proliferation [8] and
extracellular matrix secretion [8-9]. Their
local production or presence in various
extracardiac tissues suggests additional
activities, including roles as neuropeptides
[10-21]. The physiological effects of
natriuretic peptides are initiated by
binding to cell surface receptors. These
include natriuretic peptide receptor type A

(NPR-A), which is sensitive to ANP and

BNP [22], natriuretic peptide receptor type
B (NPR-B), which is highly specific for
CNP [23], and natriuretic peptide receptor
type C (NPR-C), which may comprise up
to 95% of the total NPR population [24]
and is known to bind all the natriuretic
peptides with similar affinity [5]. The
hormone binding to NPR-A and NPR-B
results in activation of guanylyl cyclase
and production of cGMP, which is
believed to be the second messenger for a
number of biological responses associated
with natriuretic peptides [22, 25, 26].The
NPR-C has been involved in peptide
clearance, removing natriuretic peptides
[27], and in the mediation of natriuretic
peptide-induced inhibition of cyclic
adenosine  monophosphate  (CAMP)
synthesis, and activation of phospholipase
C without affecting cGMP levels [28-29].

In this review, we focus on the ability of
ES cells to differentiate into functional
cardiomyocytes, which have the ability to
produce natriuretic peptides in vitro. In
addition, we discuss the distribution of
NPRs in the brain and their possible

functions in various types of neurons.
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Figure 1. Schematic showing the types of natriuretic peptides and their receptors.
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Figure 2. Expression of ANP and BNP in ES cell-derived cardiomyocytes. Note, the perinuclear

localization of ANP and BNP. Bar =50 pum.

Natriuretic peptides in ES cell-derived

cardiomyocytes

The heart is the first functioning organ in
the embryo and any impairment of its

function leads to early lethality [30].

Cardiomyocytes do not regenerate after
birth, and they respond to mitotic signals
by increasing in the size (hypertrophy)
rather than by cell division (hyperplasia)
[31]. Recently, embryonic stem (ES) cells

and adult cardiac stem cells have been



proposed as transplantable cell candidates
that would avoid the problems caused by
other types [32-35]. Although, adult
cardiac stem cells are capable of
differentiating into cardiomyocytes [34-
35], and to proliferate to some extent in
vitro, the rarity of cardiac-specific stem
cells makes them difficult to isolate from
biopsy specimens and poses a problem for
their future clinical application [36]. On
the other hand, transplanted ES cell-
derived cardiomyocytes have been shown
to survive, proliferate and connect with
host myocardium [37]. Therefore, the
generation of functional cardiomyocytes
from ES cells has potential applications
including myocardial repair through cell
transplantation. One of the important
functions of cardiomyocytes is their
production of natriuretic peptides, which
secreted into circulation to perform several
functions in the body [5] (Fig. 2).
Previously, we could differentiate monkey
ES cells into functional cardiomyocytes
that can produce natriuretic peptides [38,
Fig. 2]. Furthermore, it has been reported
that myocardial tissue produced after

ectopic transplantation of mice ES cell-

derived cardiomyocytes showed
natriuretic peptides expression in vivo [39].
These data suggest that natriuretic
peptides can be expressed after
transplantation of ES  cell-derived
cardiomyocytes to perform its important in
vivo function in  maintaining the

cardiovascular homeostasis [6].

The presence of natriuretic peptides at
early stages of ES cell-derived
cardiomyocyte development suggests
the involvement of natriuretic peptides
in cardiomyocyte development. In vivo,
ANP and BNP levels in fetal ventricles
have been reported to be greater than in
the adult ventricle [41-42]. It is known that
natriuretic peptide receptors are expressed
in the heart itself [24]. It has been reported
that ANP increases the proliferative
activity, expression of contractile proteins
and DNA synthesis of cultured chick
embryo cardiomyocytes through receptor-
mediated pathway [43]. Other studies
using a locker of NPR-A and NPR-B
showed inhibitory effect of endogenous
natriuretic peptides on cardiomyocytes

hypertrophy [7]. More recent data



suggested that ANP might antagonize
cardiomyocyte hypertrophy-promoting
effects of vasoactive peptides and / or
growth promoting factors [44]. These
studies suggest that ANP has mitogenic
action on embryonic cardiomyocytes and
inhibitory  function on hypertrophy of
adult cardiomyocytes.

Interestingly, mice with targeted
deletion of BNP exhibit a different
phenotype than ANP-deficient mice. Mice
without BNP do not have hypertension or
cardiac hypertrophy; instead they show
focal ventricular fibrotic lesions with a
remarkable increase in factors, which
implicated in the generation and
progression of ventricular fibrosis [45].
Therefore, the BNP may have a role as a
local, paracrine antifibrotic factor within
the heart. These findings suggest
complementary roles of ANP and BNP in
the regulation of myocardial structure. The
precise  reason  remains  unknown.
However, a possibility is speculated that
there may be a separate unknown receptor
for BNP in cardiac fibroblasts [45]. Thus,

the in vitro expression of natriuretic

peptides observed in the ES cell- derived

cardiomyocytes, together with their
elevated levels seen in vivo during normal
heart formation [46], suggest a paracrine
and/or autocrine function for natriuretic
peptides during in vivo embryonic cardiac
development as well as in vitro ES cell-
derived cardiomyocyte  development.
These observations suggest that cardiac
natriuretic peptides may play a role in the
regulation of cardiomyocyte development

in vivo and in vitro.

Cardiac gene expression of both ANP and
BNP is increased in animal models of
myocardial infarction [47], heart failure
[48] and hypertrophy [49]. Therefore, the
appearance of increased ANP expression
in adult ventricles has become a marker
for the embryonic gene program during
the development of ventricular
hypertrophy [50]. Overexpression of the
NPR-A gene in the heart reduced cardiac
myocyte size. Coincident with the
reduction in myocyte size, ANP was
reduced significantly at both mRNA and
peptide levels by the overexpression of

NPR-A. Thus, cardiac overexpression of

NPR-A reduced cardiomyocyte size and



ventricular ANP expression, suggesting a hypertrophy and ANP mRNA expression
role of NPR-A/cGMP signaling pathway [51].
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Figure 3. Proposed model for transplantation of ES cell-derived functional cardiomyocytes into
infracted heart. Pluripotent ES cells differentiate into functional cardiomyocytes in vitro then
transplanted into infracted region. Another method, undifferentiated ES cells are directly transplanted
into infracted regions, and then they differentiate into functional cardiomycoytes in vivo. As a result of
successful transplantation, cardiac functions are improved leading to secretion of natriuretic peptides

into the circulation to regulate cardiovascular homeostasis.

The data presented here suggest that the Natriuretic peptide receptors

production of  fully functional (NPRs) in the brain

cardiomyocytes, which can produce NP

hormones from ES cell is important for We have reported that NPR-A (Fig. 4A)

proper development of cardiomyocytes and NPR-C (Fig. 48B) were localized to

and for their application in cell therapy neurons in specific nuclei of the brain

(Fig. 3). stem [20-21]. In addition to our reports,
the NPRs were found in various regions in
the CNS (Table 1), and in several species

including, rat, guinea pig, human, monkey,

and cat [13-16]. Neuronal NPR-A mRNA



was observed in the mitral cell layer of the
olfactory bulb, media; habenula, area
postrema, and glia cells [14]. In rat, NPR-
B mRNA is expressed in the limbic cortex,
neocortex, olfactory bulb, hippocampus,
amygdala, preoptic-hypothalamic
neuroendocrine circuits, ventral tegmental
area, substantia nigra, in motor nuclei of
cranial nerves, in brainstem nuclei
controlling autonomic  function, and
pituitary gland (14-15, 52). NPR-C mRNA
is expressed in many rat brain regions,
including the frontal and retrosplenial
granular cortices, medial preoptic nucleus,
ventral cochlear nucleus, choroid plexus,
deep layers of the neocortex and limbic
cortex, posterior cortical amygdala, ventral
subiculum, amygdalohippocampal area,
and dentate gyrus in the rat brain [13]. In
monkey brain, in situ hybridization
analysis has demonstrated that NPR-C
MRNA is localized to neurons in cerebral
cortex and cerebellum [53], suggesting a
species difference in cerebellar NPR-C
expression. Moreover, in the forebrain,
NPR-C shows a lack of overlap with the
distribution of NPR-A and NPR-B

MRNAs [13, 15].

Although several studies showed the
expression of NPR mRNAs in the CNS
[17-18, 54-55], a few studies demonstrated
their protein expression in the CNS [20-21,
52], NPR-A protein was observed in
several regions, including the oculomotor
nucleus, red nucleus, locus coeruleus,
parabrachial nucleus, the principal
trigeminal sensory nucleus, dorsal motor
nucleus of the vagus, the hypoglossal
nucleus, the gracile nucleus, the cuneate
nucleus, the nucleus ambiguus, the
reticular formation, the lateral reticular
nucleus, and the inferior olivary nucleus.
In rat, NPR-B immunoreactivity were
found to be localized in the ventral
tegmental area, substantia nigra, caudate-
putamen, nucleus accumbens, frontal
cortex, hippocampus, cortex, cerebellum
[52]. NPR-C protein was observed in
several regions of the brainstem, including
the periaqueductal gray, red nucleus, locus
coeruleus, dorsal tegmental nucleus,
nucleus of the trapezoid body,
ventrolateral pons including A5, cranial
motor nuclei, dorsal motor nucleus of the

vagus, nucleus ambiguus, and



ventrolateral medulla including Al and

inferior olivary nucleus [21].

The distribution of natriuretic peptide
receptor immunoreactivities in  the
brainstem showed a close anatomical
relationship among them. The presence of
both guanylyl cyclase receptors (NPR-A
and NPR-B) in the same regions suggests
the action of ANP, BNP and CNP in these
regions, which indicate similar functions
of natriuretic peptide hormones in the
same regions. On the other hand, the
presence of NPR-B and NPR-C in the
same regions may suggest a role of NPR-
C in limiting the CNP in these areas for
local action, or a synergetic role of NPR-B

and NPR-C in modulating CNP functions.

In the retina, NPR-A and NPR-B are also
localized to neuronal elements, including
bipolar cells and amacrine cells, in
addition to the two plexiform layers and
Mudiller glial cells [55, 56]. Double labeling
experiments in rat retina have revealed
expression of NPR-A and NPR-B in
dopaminergic amacrine cells, whereas

cholinergic amacrince cells express NPR-

B [56], suggesting that natriuretic peptides
have different regulatory systems in
dopaminergic and cholinergic amacrine

cells in rat retina.

Several studies demonstrated that NPRs
are localized to glial cells in several
regions of the brain [58-62]. It was
reported that NPR-A and NPR-B are
found only in non-neuronal elements in
both mixed cultures of the CNS and brain
slices. Also, incubation of astrocytes in
culture with ANP increases intracellular
cGMP  levels [58]. NPR-A s
predominantly  expressed in  SHR
(spontaneously  hypertensive rat) and
WKY (Wistar-Kyoto, normotensive) rat
astrocyte glial cultures [63]. NPR-B
MRNA has been demonstrated in astrocyte
cultures  [64]. However, in situ
hybridization study on rat brain didn’t
detect NPR-B glial signal [14]. Cultured
astrocytes also express abundant NPR-C
[63]. In bullfrog retinal Miller glial cells,
receptor of ANP is also functionally
expressed [66]. Taken together, these
findings suggest that natriuretic peptides

have functions in glial cells.
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Figure 4. Examples of the localization of NPR-A and NPR-C immunoreactivities in the neurons of the

brainstem. Bar = 50 pm.

Possible function of NPRs in the

CNS

The important role of the ANP/NPR-A
system in the physiological regulation of
arterial blood pressure and volume has
been emphasized in various genetic mouse
models. Targeted deletion of the peptide
(ANP™) or its receptor (GC-A™), leads to
severe, chronic arterial hypertension,
cardiac hypertrophy, and sudden death
[67-69]. In contrast, overexpression of
ANP or NPR-A elicits a "dose-dependent”
fall in arterial blood pressure [71]. ANP
and NPR-A transcripts were found to be
up-regulated for prolonged periods in rat
cerebral cortex following acute cortical

spreading depression [70]. It is of interest

that NPR-C appears to mediate the
mitogenic action of natriuretic peptides in
Schwann cells [16, 29, 72]. Mice lacking
the NPR-C gene Npr3 show reduced blood
pressure  and  skeletal  deformities
associated with a considerable increase in
bone turnover [73]. In addition, the
elimination of NPR-C by antisense has
also been reported to attenuate inhibitory
effects of CNP on evoked neurotransmitter
efflux in PC12 cells [18]. The anti-
proliferative actions of ANP on astrocytes
are reported to be mediated by NPR-C
[54]. In rat hypothalamus, CNP inhibits
the calcium current in magnocellular

neurosecretory cells through its effect on

NPR-C [57]. Natriuretic peptides inhibit



the stimulated proliferation of astrocytes the survival of PC12 and embryonic basal

via actions at NPR-C [54], and enhance forebrain cells [74].
NPR-A NPR-B NPR-C
Telencephalon

- Main olfactory bulb +++ ++ -

- Anterior olfactory nucleus - ++ -

- Amygdala - 4+ —

- Cortex + +++ 4+

- Basal forebrain - + .

- Basal ganglia - + .

- Hippocampus + ++ +
Diencephalon

- Hypothalamus + 4+ +

- Thalamus - + )
Circumventricular organs

- Area postrema ++ ++ .

- median eminence - 4+ .

- subfornical organ +++ 4t .
Cerebellum + + +
Brainstem
A) Midbrain

- Periaqueductal gray - 4+ ot

- Oculomotor nucleus ++ ++ ++

- Trochlear nucleus - - +

- Red nucleus +++ + +44

- Dorsal raphe nucleus - + +

- Substantia nigra - + -
B) Pons

- Pontine nucleus + 4+ bt

- A5region - + ++

- Facial nucleus - ++ it

- Abducens nucleus - 4+ +

- Parabrachial nucleus ++ +++ +

- Vestibular nucleus - + +4+

- Trigeminal motor nucleus + +++ 4+

- Locus coeruleus + - +44

- Cochlear nucleus - - +
C) Medulla

- Spinal trigeminal nucleus + +++ -

- Hypoglossal nucleus +++ +++ +++

- Dorsal motor nucleus of vagus +++ ++ ++

- Nucleus ambiguous - + ++

- Ventrolateral medulla - ++ T+

- Solitary nucleus - + .

- Cuneate nucleus +++ ++ .

- Lateral reticular nucleus ++ ++ 4+

- Inferior olive e+ . +

Table 1. Distribution of NPRs in the brain.
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In the monkey brainstem, NPR-A

immunoreactivity overlaps with
cholinergic neurons in the parabrachial
nucleus, the dorsal motor nucleus of the
vagus, the hypoglossal nucleus, and the
nucleus ambiguus [20]. Also, a large
proportion of cholinergic neurons in the
cranial motor nuclei and dorsal tegmental
nucleus express NPR-C [21]. Furthermore,
NPR-B has been detected in brainstem
motor nuclei [14], suggesting its presence
in cholinergic neurons. These data suggest
a possible function of all natriuretic
peptides in cholinergic neurons.

Previous reports have shown the role of
central cholinergic pathways in the
secretion of hormones involved in fluid
and electrolyte balance [75]. For example,
cholinergic stimulation of the
anteroventral third ventricle induces an
increase in plasma ANP as well as a
marked elevation of peptide content in the
medial basal hypothalamus, neuro and
adenohypophysis  [75].  Furthermore,
cholinergic neurons in the dorsal motor
nucleus of the vagus are preganglionic
parasympathetic neurons that send axons

to visceral organs such as the heart and

11

kidney. Also, some of the cholinergic
neurons in the nucleus ambiguus project to
the heart, and thereby play an important
role in cardiac regulation of arterial blood
pressure [76, 77]. Microinjection of ANP
into the nucleus ambiguus causes a
marked bradycardia [78]. These findings,
along with the previous results showing
the presence of NPRs in cholinergic
neurons in the dorsal motor nucleus of the
vagus and nucleus ambiguus [20-21],
suggest the involvement of natriuretic
peptides in cardiovascular control through
activation  of  cholinergic  neurons
expressing natriuretic peptide receptors.

A previous study has also demonstrated
that natriuretic peptides and their receptors
are expressed in the eye [56, 79-80], and
recently all natriuretic peptide hormones
and NPR-B were detected in cholinergic
retinal amacrine cells [56, 81]. These
observations suggest that natriuretic
peptides also play a role in regulating eye

functions through cholinergic neurons in

the brainstem.

NPRs were detected in regions contain

catecholaminergic neurons. NPR-A was



seen in the locus coeruleus which did not
overlap with TH-positive neurons [20].
However, NPR-C immunoreactivity was
observed in several catecholaminergic cell
groups, including the A6, A5, Al, C3 and
C1 cell groups. Furthermore, it has been
reported that some of these nuclei contain
NPR-B mRNA [14]. Since NPR-B is a
specific receptor for CNP, these data
suggest that NPR-C may bind CNP, but
not ANP or BNP, in catecholaminergic
neurons of these regions.

The interactions of natriuretic peptides
with catecholaminergic neurons have been
well documented in previous studies.
Locus coeruleus neurons have a presser
function. For example, the selective
stimulation of noradrenergic cell bodies in
the locus coeruleus elicits decreases in
blood pressure, renal sympathetic activity
and heart rate [82-84]. Furthermore, the
contains

ventrolateral medulla

catecholaminergic neurons which are

known to be important in cardiovascular

control.  Natriuretic peptides induce
significant increases in TH mMRNA
through a cGMP-dependent

phosphodiesterase pathway and protein

12

kinase G-dependent mechanisms, which in

turn  results in stimulation  of
catecholamine synthesis in PC12 cells [85].
Furthermore, in spontaneously
hypertensive rats, local microperfusion of
ANP or an NPR-C agonist into the
anterior hypothalamus reduces the release
of noradrenalin from nerve terminals, an
effect accompanied by an increase in
arterial blood pressure [86]. All these
results suggest that natriuretic peptides
regulate cardiovascular function, partly by
modulating catecholaminergic neurons.

In addition to the established roles for
natriuretic

peptides in  regulating

neuroendocrine and cardiovascular
functions, and fluid-electrolyte balance [5],
NPs and NPRs were found in regions not
related to the mentioned functions. A
previous study showed that CNP inhibits
dopamine release by stimulation of NPR-
B receptors and the increase in
intracellular GMP concentration [87]. In
addition, CNP can regulate cocaine-
induced dopamine release and expression
of immediate early genes in brain neurons
[52]. Interestingly, CNP has been found

to improve learning and consolidation of



learning in a passive avoidance paradigm
and dopamine has been shown to be one of
the mediating neurotransmitters in the
effect of CNP on learning [88]. Recent
reports have shown that only the
natriuretic peptides binding to NPR-C
inhibit adrenergic neurotransmitter efflux
[17-18]. Moreover, natriuretic peptides
and their receptors, NPR-A and NPR-B,
have been found in dopaminergic retinal
amacrine cells [56, 81]. Taken together,
these results suggest that CNP may
regulate the activity of catecholaminergic
neurons in several regions of the rat
brainstem through binding to NPR-C. The
functional significance of NPRs in several
remains to be

regions in the brain

elucidated.

Perspectives

Genetic models and pharamcological

studies have shown that the NPs play

13

important roles in the regulation of

cardiovascular  homeostasis,  skeletal
growth. In addition, the NP signaling
system may be important  for
cardiomyocyte development as shown by
their expression at early stages of heart
development and in ES cell-derived
cardiomycoytes, and their expression after
transplantation is important to maintain
cardiac functions. On the other hand,
NPRs are widely distributed throughout
the brain in regions related to
cardiovascular control and in other regions
related to other functions, suggesting the
involvement of NP system in broad range
A Dbetter

of functions in the brain.

understanding of the functions and
regulation of NP system may provide an
opportunity to clarify their roles during

development and in the CNS.



References

[1] Sudoh T, Kangawa K, Minamino N,
Matsuo H. A new natriuretic peptide in

porcine brain. Nature 332:78-81, 1988.

[2] Sudoh T, Minamino N, Kangawa K,
Matsuo H. Brain natriuretic peptide-32:
N-terminal six amino acid extended form
of brain natriuretic peptide identified in
porcine brain.

Biochem Biophys Res

Communl155: 726-732, 1988.

[3] Brenner BM, Ballermann BJ, Gunning
ME, Zeidel ML. Diverse biological

actions of atrial natriuretic peptide.

Physiol Rev 70:665-699, 1990.

[4] Sudoh T, Minamino N , Kangawa K,
Matsuo H. C-type natriuretic peptide
(CNP): a new member of natriuretic
peptide family identified in porcine brain.
Biochem Biophys Res Commun 168:863-

870,1990.

[5] Levin ER, Gardner DG, Samson WK.

Natriuretic peptides. N Engl J Med

339:321-328, 1998.

14

[6] Abell TJ, Richards AM, lkram H,
Espiner EA, Yandle T. Atrial natriuretic
factor inhibits proliferation of wvascular
smooth muscle cells stimulated by
platelet-derived growth factor, Biochem.
Biophys. Res. Commun. 160:1392— 1396,

1989.

[7] Horio T, Nishikimi T, Yoshihara F,
Matsuo H, Takishita S, Kangawa K.
Inhibitory regulation of hypertrophy by
endogenous atrial natriuretic peptide in
cultured cardiac myocytes. Hypertension

35:19-24, 2000.

[8] Redondo J, Bishop JE, Wilkins MR.
Effect of atrial natriuretic peptide and
cyclic GMP phosphodiesterase inhibition
on collagen synthesis by adult cardiac
fibroblasts, Br. J. Pharmacol. 124:1455—-

1462, 1998.

[9] Tsuruda T, Boerrigter G, Huntley BK,
Noser JA, Cataliotti A, Costello-Boerrigter
LC, Chen HH, Burnett JC. Brain
natriuretic peptide is produced in cardiac
fibroblasts and induces matrix
metalloproteinases, Circ Res 91: 1127-

1134, 2002.



[10] Brown J, Zuo Z. C-type natriuretic
peptide and atrial natriuretic peptide
receptors of rat brain. Am J Physiol

264:R513-R523, 1993.

[11] Minamino N, Aburaya M, Kojima M,
Miyamoto K, Kangawa K, Matsuo H.
Distribution of C-type natriuretic peptide
and its messenger RNA in rat central
nervous system and peripheral tissue.
Biochem Biophys Res Commun 197:326-

335, 1993.

[12] Herman JP, Langub MC, Watson RE.
Localization of C-type natriuretic peptide
MRNA in rat hypothalamus.

Endocrinology 133:1903-1906, 1993.

[13] Herman JP, Dolgas CM, Marcinek R,

Langub MC. Expression and

glucocorticoid regulation of natriuretic

peptide clearance receptor (NPR-C)
mRNA in rat brain and choroid plexus. J

Chem Neuroanat 11:257-265, 1996.

[14] Herman JP, Dolgas CM, Rucker D,
Langub MC. Localization of natriuretic
peptide-activated

guanylate  cyclase

15

MRNA in the rat brain. J Comp Neurol

369:165-187, 1996.

[15] Langub MC Jr, Watson RE Jr,
Herman JP.The C-type natriuretic receptor
is the predominant natriuretic receptor
MRNA expressed in the rat hypothalamus.

J Neuroendocrinol 7:305-309, 1995.

[16] DiCicco-Bloom E, Leliévre V, Zhou
X, Rodriguez W, Tam J, Waschek JA.
Embryonic expression and multifunctional
actions of the natriuretic peptides and
receptors in

the developing nervous

system. Dev Biol 271:161-175, 2004,

[17] Trachte GJ.Depletion of natriuretic
peptide C receptors eliminates inhibitory
effects of C-type natriuretic peptide on
efflux. J

evoked  neurotransmitter

Pharmacol Exp Ther 294:210-215, 2000.

[18] Trachte G.Neuronal regulation and
function of natriuretic peptide receptor C.

Peptides 26:1060-1067, 2005.

[19] Abdelalim EM, Takada T, Torii R,
Tooyama |. Molecular cloning of BNP

from heart and its immunohistochemical



localization in the hypothalamus of

monkey. Peptides 27:1886-1893, 2006.

[20] Abdelalim EM, Osman AHK, Takada
T, Torii R, Tooyama l.
Immunohistochemical mapping of
natriuretic peptide receptor-A in the
brainstem of Macaca fascicularis.

Neuroscience 145:1087-1096, 2007.

[21] Abdelalim EM, Masuda C, Bellier JP,
Saito A, Yamamoto S, Mori N, Tooyama I.
Distribution ~ of  natriuretic  peptide
receptor-C immunoreactivity in the rat
brainstem and its relationship to
cholinergic and catecholaminergic neurons.

Neuroscience 155: 192-202, 2008..

[22] Garbers DL.Guanylyl cyclase
receptors and their endocrine, paracrine,

and autocrine ligands. Cell 71:1-4, 1992.

[23] Koller KJ, Lowe DG, Bennett GL,
Minamino N, Kangawa K, Matsuo H,
Goeddel DV. Selective activation of the B
natriuretic peptide receptor by C-type
natriuretic  peptide  (CNP).  Science

252:120-123, 1991.

16

[24] Maack T. Receptors of atrial
natriuretic factor. Annu Rev Physiol

54:11-27, 1992.

[25] Garg R, Pandey KN. Angiotensin I1-
mediated negative regulation of Nprl
promoter activity and gene transcription.

Hypertension 41:730-736, 2003.

[26] Potter LR, Abbey-Hosch S, Dickey
DM. Natriuretic peptides, their receptors,
and cyclic guanosine monophosphate-
dependent signaling functions. Endocr

Rev 27: 47-72, 2006.

[27] Maack T, Suzuki M, Almeida FA,
Nussenzveig D, Scarborough RM,
McEnroe GA, Lewicki JA. Physiological
role of silent receptors of atrial natriuretic

factor. Science 238:675-678, 1987.

[28] Anand-Srivastava MB, Sairam MR,
Cantin M. Ring-deleted analogs of atrial
natriuretic ~ factor  inhibit  adenylate
cyclase/cAMP system. J Biol Chem

265:8566-8572, 1990.

[29] Murthy KS, Teng BQ, Zhou H, Jin
JG, Grider JR, Makhlouf GM. G(i-1)/G(i-

2)-dependent  signaling by  single-



transmembrane natriuretic peptide

clearance receptor. Am J Physiol

278:G974-G980, 2000.

[30] Leu M, Ehler E, Perriard JC.
Characterization of postnatal growth of the
murine heart, Anat. Embryol. 204: 217 —

224, 2001.

[31] Pan J, Fukuda K, Saito M, Matsuzaki
J, Kodama H, Sano M, Takahashi T, Kato
T, Ogawa S. Mechanical stretch activates
the JAK/ STAT pathway in rat
cardiomyocytes. Cir. Res. 84:1127 — 36,

1999.

[32] Fijnvandraat AC, van Ginneken AC,

de Boer PA, Ruijter JM, Christoffels VM,

Moorman AF, et al. Cardiomyocytes
derived from embryonic stem cells
resemble  cardiomyocytes  of  the

embryonic heart tube. Cardiovasc Res

58:399-409, 2003.

[33] Hidaka K, Lee JK, Kim HS, Ihm CH,
lio A, Ogawa M, et al. Chamberspecific
differentiation of Nkx2.5-positive cardiac
precursor cells from murine embryonic

stem cells. FASEB J 17:740-2, 2003.

17

[34] Beltrami AP, Barlucchi L, Torella D,
Baker M, Limana F, Chimenti S, Kasahara
H, Rota M, Musso E, Urbanek K, Leri A,
Kaistura J, Nadal-Ginard B, Anversa P.
Adult cardiac stem cells are multipotent
and support

myocardial regeneration.

Cell114:763 -76, 2003.

[35] Oh H, Bradfute SB, Gallardo TD,
Nakamura T, Gaussin V, Mishinay,
Pocius J, Michael LH, Behringer RR,
Garry DJ, Entman ML, Schneider MD.
Cardiac progenitor cells from adult
myocardium: Homing, differentiation, and
fusion after infarction. Proc Natl Acad Sci
USA 100: 12313~ 12318, 2003.

[36] Fukuda K. Progress in myocardial
regeneration and cell transplantation. Circ
J 69: 1431-1448, 2005.

[37] Min JY, Yang Y, Converso KL, Liu
L, Huang Q, Morgan JP, Xiao YF.
Transplantation of embryonic stem cells
improves cardiac function in postinfarcted

rats. J Appl Physiol 92:288-96, 2002.

[38] Abdelalim, E. M. Takada, T., Toyoda,
F., Omatsu-kanbe, M., Matsuura, H.,

Tooyama, I., Torii, R. In vitro expression



of natriuretic peptides in cardiomyocytes
differentiated from monkey embryonic
cells. Res

stem Biochem  Biophys

Commun. 2006; 340: 689-95, 2006.

[39] Johkura K, Cui L, Yue F, Nitta K,
Takei S, Okouchi Y, Asanuma K, Ogiwara
N, Sasaki K. Natriuretic peptides in
ectopic myocardial tissues originating

from mouse embryonic stem cells.

Microsc Res Tech 66: 165 — 172, 2005.

[40] Hersey R, Nazir M, Whitney K,
Klein R, Sale R, Hinton D, Weisz J,
Gattone VH. Atrial natriuretic peptide in
heart and specific binding in organs from
fetal and newborn rats. Cell Biochem

Funct 7:35-41, 1987.

[41] Irons CE, Sei CA, Glembotski CC.
Regulated secretion of atrial natriuretic
factor from cultured ventricular myocytes.

Am J Physiol 264:H282-H285, 1993.

[42] Cameron VA, Ellmers LJ.

Minireview: natriuretic peptides during
and

development of the fetal heart

circulation. Endocrinology 144: 2191-

2194, 2003.

18

[43] Koide M, Akins RE, Harayama H,
Yasui K, Yokota M, Tuan RS. Atrial
natriuretic peptide accelerates proliferation

of chick embryonic cardiomyocytes in

vitro. Differentiation. 61:1-11, 1996.

[44] Hayashi D, Kudoh S, Shiojima I, Zou
Y, Harada K, Shimoyama M, Imai Y,
Monzen K, Yamazaki T, Yazaki Y, Nagai
R, Komuro I. Atrial natriuretic peptide
inhibits ~ cardiomyocyte  hypertrophy
through mitogen-activated protein kinase
Res

phosphate-1. Biochem Biophys

Commun 322: 310-319, 2004.

[45] Tamura N, Ogawa Y, Chusho H,
Nakamura K, Nakao K, Suda M, Kasahara
M, Hashimoto R, Katsuura G, Mukoyama
M, Itoh H, Saito Y, Tanaka I, Otani H,
Katsuki M, Nakao K. Cardiac fibrosis in
mice lacking brain natriuretic peptide.
Proc Natl Acad Sci U S A 97:4239-4244,

2000.

[46] Semmekrot B, Guignard JP. Atrial
natriuretic peptide during early human
development. Biol Neonate 60: 341-349,

1991.



[47] Cameron V, Rademaker M, Ellmers L,
Espiner E, Nicholls M, Richards A. Atrial
(ANP) and brain natriuretic peptide (BNP)
expression after myocardial infarction in
sheep: ANP is synthesized by fibroblasts
infiltrating the infarct. Endocrinology 141:

4690-4697, 2000.

[48] Luchner A, Stevens T, Borgeson D,
Redfield M, Wei C, Porter J, Burnett J.
and  ventricular

Differential  atrial

expression of myocardial BNP during
evolution of heart failure. Am J Physiol

274: H1684-H1689,1998.

[49] Kawakami H, Okayama H, Hamada
M, Hiwada K. Alteration of atrial
natriuretic peptide and brain natriuretic
peptide gene expression associated with
progression and regression of cardiac
hypertrophy in renovascular hypertensive

rats. Clin Sci 90: 197-204, 1996.

[50] Day M, Schwartz D, Wiegand R,
Stockman P, Brunnert S, Tolunay H,
Currie M, Standaert D, Needleman
P.Ventricular atriopeptin: unmasking of

messenger RNA and peptide synthesis by

19

hypertrophy or dexamethasone.

Hypertension 9: 485-491, 1987.

[51] Kishimoto 1., Rossi K., Garbers D.L.
A genetic model provides evidence that
the receptor for atrial natriuretic peptide
(guanylyl cyclase-A) inhibits cardiac
ventricular myocyte hypertrophy. Proc

Natl Acad Sci U S A 98:2703-2706, 2001.

[52] Thiriet N, Jouvert P, Gobaille S,
Solov’eva O, Gough B, Aunis D, Ali S,
Zwiller J. C-type natriuretic peptide (CNP)
cocaine-induced

regulates dopamine

increase and immediate early gene
expression in rat brain. Eur J Neurosci

14:1702-1708, 2001.

[53] Wilcox JN, Augustine A, Goeddel
DV, Lowe DG. Differential regional
expression of three natriuretic peptide

receptor genes within primate tissue. Mol

Cell Biol 11:3454-3462, 1991.

[54] Prins BA, Weber MJ, Hu RM,
Pedram A, Daniels M, Levin ER. Atrial
natriuretic inhibits

peptide mitogen-

activated protein Kkinase through the

clearance receptor. Potential role in the



inhibition of astrocyte proliferation. J Biol

Chem 271:14156-14162, 1996.

[55] Yu YC, Cao LH, Yang XL.
Modulation by brain natriuretic peptide of
GABA receptors on retinal ON-type
bipolar cells. J Neurosci 26: 696-707,

2006.

[56] Abdelalim EM, Masuda C, Tooyama
I. Expression of natriuretic peptide-

activated guanylate  cyclases by
cholinergic and dopaminergic amacrine
cells of the rat retina. Peptides 29: 622-628,

2008.

[57] Rose AR, Anand-Srivastava MB,
Giles WR, Bains JS. C-type natriuretic
peptide inhibits L-type Ca®" current in rat
magnocellular

neurosecretory cells by

activating NPR-C receptor. J

Neurophysiol 94:612-621, 2005.

[58] Friedl A, Harmening C , Schmalz F,
Schuricht B, Schiller M, Hamprecht B.
Elevation by atrial natriuretic factors of
cyclic GMP levels in astroglia-rich
cultures from murine brain. J Neuroschem

52: 589-597, 1989.

20

[59] Goncalves J, Grove KL, Deschepper
CF. Generation of cyclic guanosine
monophosphate in brain slices incubated
with atrial or C-type natriuretic peptides:
comparison of the amplitudes and cellular
distribution of the responses. Regul Pept

57:55-63, 1995.

[60] Levin ER, Frank HJ, Gelfand R,
Loughlin SE, Kaplan G. Natriuretic
peptide receptors in  cultured rat
diencephalons. J Biol Chem 265:10019-

10024, 1990.

[61] Simonnet G, Allard M, Legendre P,

Gabrion J, Vincent JD  (1989).
Characteristics and specific localization of
receptors for atrial natriuretic peptides at
non-neuronal cells in cultured mouse
spinal cord cells. Neuroscience 29:189-

199,19809.

[62] Teoh R, Kum W, Cockram CS,

Young JD, Nicholls MG. Mouse
astrocytes possess specific ANP receptors
which are linked to cGMP production.
Clin. Exp. Pharmacol. Physiol. 16: 323-

327, 1989.



[63] Tang W, Paulding WR, Sumners C.
ANP receptors in neurons and astrocytes
from spontaneously hypertensive rat brain.

Am J Physiol 265: C106-C112,1993.

[64] Deschepper CF, Picard S. Effects of

C-type natriuretic  peptide on rat

astrocytes: Regional differences and
characterization of receptors. J Neurochem

62:1974-1982, 1994.

[65] Beaumont K, Tan PK. Effects of
atrial and brain natriuretic peptides upon
cyclic GMP levels, potassium transport,
and receptor binding in rat astrocytes. J.

Neurosci. Res. 25: 256-262, 1990.

[66] Cao LH, Yang XL. Natriuretic

peptide  receptor-A is  functionally
expressed on bullfrog retinal Muller cells.

Brain Res Bull 71:410-15, 2007.

[67] Lopez MJ, Wong SK, Kishimoto I,
Dubois S, Mach V, Friesen J, Gabrbers
DL, Beuve A. Salt-resistant hypertension
in mice lacking the guanylyl cyclase-A
receptor for atrial

natriuretic peptide.

Nature 378:65-68, 1995.

21

[68] Lopez MJ, Garbers DL, Kuhn M. The
guanylyl cyclase-deficient mouse defines
differential pathways of natriuretic peptide
signaling. J Biol Chem 272:23064-23068,

1997.

[69] Shi SJ, Nguyen HT, Sharma GD,
Navar LG, Pandey KN. Genetic disruption
of atrial natriuretic peptide receptor-A
alters renin and angiotensin Il levels. Am J
Renal

Physiol Physiol 281:F665-F673,

2001.

[70] Wiggins AK, Shen PJ, Gundlach AL.
Atrial natriuretic peptide expression is
increased in rat cerebral cortex following
spreading depression: possible
contribution to sd-induced neuroprotection.

Neuroscience 118:715-726, 2003.

[71] Oliver PM, John SW, Purdy KE, Kim
R, Maeda N, Goy MF, Smithies O.
Natriuretic peptide receptor 1 expression
influences blood pressures of mice in a
dose-dependent manner. Proc Natl Acad

Sci USA 95:2547-2551,1998.

[72] Anand-Srivastava MB, Trachte GT.

Atrial natriuretic factor receptors and



signal transduction mechanisms.

Pharmacol Rev 45:455-497, 1994.

[73] Matsukawa N, Grzesik WJ,

Takahashi N, Pandey KN, Pang S,
Yamaguchi M, Smithies O. The natriuretic
peptide  clearance  receptor  locally
modulates the physiological effects of
natriuretic peptide system. Proc Natl Acad

Sci USA 96:7403-7408,1999.

[74] Fiscus RR, Tu AW, Chew SB.
Natriuretic peptides inhibit apoptosis and
prolong the survival of serum-deprived

PC12 cells. Neuroreport 12:185-189, 2001.

[75] Antunes-Rodrigues J, Favaretto AL,
Ballejo G, Gutkowska J, McCann SM.
ANP as a neuroendocrine modulator of
body fluid homeostasis. Rev Bras Biol

56:221-231, 1996.

[76] Massari VJ, Johnson TA, Gatti PJ.

Cardiotopic organization of the nucleus

ambiguus? An anatomical and
physiological  analysis of  neurons
regulating atrioventricular  conduction.

Brain Res 679:227-240,1995.

22

[77] Gatti PJ, Johnson TA, Massari VJ.
Can neurons in the nucleus ambiguus
selectively regulate cardiac rate and
atrioventricular conduction? J Auton Nerv

Syst 57:123-127, 1996.

[78] Ermirio R, Ruggeri P, Cogo CE,
Molinari C, Calaresu FR. Neuronal and
cardiovascular  responses to  ANF
microinjected into nucleus ambiguus. Am

J Physiol 260:R1089-R1094, 1991.

[79] Fernandez-Durango R, Nunez DJ,
Brown MJ.Messenger RNAs encoding the
natriuretic peptides and their receptors are
expressed in the eye. Exp Eye Res 61:723-

729, 1995.

[80] Kuribayashi K, Kitaoka Y, Kumai T,
Munemasa Y, Kitaoka Y, Isenoumi K,
Motoki M, Kogo J, Hayashi Y, Kobayashi
D, Ueno S. Neuroprotective effect of atrial
natriuretic peptide against NMDA-induced
neurotoxicity in the rat retina. Brain Res

1071:34-41, 2006.

[81] Jin Y, Zhong YM, Yang XL.

Natriuretic peptides are localized to rat



retinal amacrine cells. Neurosci Lett

421:106-109, 2007.

[82] Sved AF, Felsten G. Stimulation of
the locus coeruleus decreases arterial

pressure. Brain Res 414:119-132, 1987.

[83] Miyawaki T, Kawamura H, Komatsu
K, Yasugi T. Chemical stimulation of the

locus coeruleus: inhibitory effects on

hemodynamics and renal sympathetic
nerve activity. Brain Res 568:101-
108,1991.

[84] Anselmo-Francil JA, Rocha MJA,
Peres-Polon VL, Moreira ER, Antunes-
Rodrigues J, Franci CR. Role of the locus
coeruleus on blood pressure response and
atrial  natriuretic  peptide  secretion
following extracellular volume expansion.

Brain Res Bull 50:173-177, 1999.

[85] Takekoshi K, Ishii K, Isobe K,
Nomura F, Nammoku T, Nakai T. Effects
of natriuretic peptides (ANP, BNP, CNP)
on catecholamine synthesis and TH
mRNA levels in PC12 cells. Life Sci

66:303-311, 2000.

23

[86] Peng N, Oparil S, Meng QC, Wyss
JM. Atrial natriuretic peptide regulation of
the anterior

noradrenaline release in

hypothalamus area of spontaneously
hypertensive rats. J Clin Invest 98:2060-

2065, 1996.

[87] Jouvert P, Revel MO, Lazaris A,
Aunis D, Langley K, Zwiller J. Activation
of the cGMP pathway in dopaminergic
structures reduces cocaine-induced EGR-1
locomotor

expression and activity. J

Neurosci 24:10716-10725, 2004.

[88] Telegdy G, Kokavszky K, Nyerges A.
Action of C-type natriuretic peptide (CNP)
on passive avoidance learning in rats:
Eur J

involvement of transmitters.

Neurosci 11:3302-3306, 1999.





