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Abstract

The purpose of the present study was to determine if cardiac myocytes and nonmyocytes secrete adrenomedullin, to investigate the
effects of adrenomedullin on cAMP and cGMP levels in cardiac myocytes and nonmyocytes, to study the effect of calcitonin gene-related

Ž . Ž . Ž .peptide CGRP receptor antagonist CGRP- 8–37 and adrenomedullin-specific receptor antagonist, adrenomedullin- 22–52 on response
Ž .to adrenomedullin and CGRP. Neonatal days 1–2 cardiac myocytes and nonmyocytes were prepared from the ventricle of Wistar rats.

Not only cardiac myocytes, but also nonmyocytes secrete almost equal amounts of adrenomedullin into the media. Both adrenomedullin
Ž .and CGRP increased the cAMP levels, not the cGMP levels, both in the myocytes and nonmyocytes. In myocytes, CGRP- 8–37 , almost

Ž .completely inhibited the adrenomedullin- and CGRP-induced cAMP formation. In nonmyocytes, CGRP- 8–37 completely inhibited the
Ž .cAMP levels induced by adrenomedullin and CGRP. More profound antagonistic effect of CGRP- 8–37 on cAMP levels induced by

Ž .adrenomedullin was observed in nonmyocytes than in myocytes. In contrast, antagonistic effect of adrenomedullin- 22–52 for
Ž .adrenomedullin-stimulated cAMP formation was considerably less potent than CGRP- 8–37 both in myocytes and nonmyocytes.

Ž .Adrenomedullin- 22–52 did not affect the cAMP formation induced by CGRP either in myocytes or nonmyocytes. These results suggest
that myocytes and nonmyocytes secrete adrenomedullin and that adrenomedullin increases cAMP levels possibly via different receptors in
myocytes and nonmyocytes. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Adrenomedullin is a 52-amino-acid peptide that was
originally discovered in acid extracts from a human

Ž .pheochromocytoma Kitamura et al., 1993a . Subsequent
studies have demonstrated that adrenomedullin peptide is
widely distributed in various tissues and organs, including

Ž .the heart Ichiki et al., 1994; Sakata et al., 1994 . Cloning
of the cDNA encoding the adrenomedullin precursor has
shown that this gene is highly expressed in the heart,
adrenals, kidneys, and lungs of both rats and humans
Ž .Kitamura et al., 1993b; Sakata et al., 1993 . Binding
studies have demonstrated that abundant and specific re-
ceptors for this peptide are highly present in the heart,

Ž .lungs, spleen and kidneys Owji et al., 1995 . Thus, the
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considerable overlap between the expression of the
adrenomedullin peptide and mRNA with the expression of
adrenomedullin receptors suggests that this peptide may
directly influence cardiac function. Indeed, a recent study
showed that adrenomedullin decreased both contractility
and calcium ion concentrations in isolated rabbit adult
ventricular myocytes in a dose-dependent manner
Ž .Ikenouchi et al., 1997 . Another recent study revealed that
the heart is a target organ of adrenomedullin and that
adrenomedullin augments nitric oxide synthesis in the

Ž .heart Ikeda et al., 1996 . In addition, we recently found
that adrenomedullin peptide and mRNA levels are in-

Žcreased in the ventricles in rats with heart failure Nishikimi
.et al., 1997 . Increased plasma adrenomedullin levels also

Žhave been reported in patients with heart failure Jougasaki
.et al., 1995; Nishikimi et al., 1995 and in hypertensive

Ž .patients with cardiac hypertrophy Sumimoto et al., 1997 .
These findings suggest that adrenomedullin in the heart
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may be involved in the regulation of cardiac function or
the pathophysiology of heart failure and cardiac hypertro-
phy.

However, information on the receptors and the mecha-
nism involved in the action of adrenomedullin on heart is

Ž .limited. Ikenouchi et al. 1997 recently reported that
adrenomedullin increases cGMP levels in isolated rabbit
adult ventricular myocytes without changing cAMP levels.
Other studies reported that adrenomedullin increases cAMP

Žlevels in neonatal rat cardiac myocytes Ikeda et al., 1996;
.Sato et al., 1997 . Thus, the second messenger of

adrenomedullin in the heart is controversial. Furthermore,
whether cardiac myocytes or nonmyocytes secrete
adrenomedullin, the effect of adrenomedullin on cAMP
and cGMP levels in cardiac nonmyocytes remains un-
known. In some systems, adrenomedullin and CGRP
Ž .calcitonin gene-related peptide share a common receptor

Ž .and signalling mechanism Zimmermann et al., 1996 ,
whereas in other tissues, the effects of adrenomedullin and

ŽCGRP can be clearly separated Osajima et al., 1995; Kato
.et al., 1995 . The purposes of the present study were to

determine whether cardiac myocytes andror nonmyocytes
secrete adrenomedullin, to investigate the effects of
adrenomedullin on the cAMP and cGMP levels in cardiac
myocytes and nonmyocytes, to study whether the effect of
adrenomedullin on a second messenger is mediated via a

Ž .receptor with high affinity for CGRP- 8–37 or
Ž .adrenomedullin- 22–52 .

2. Materials and Methods

2.1. Cell cultures

Ž .Enriched cultures of neonatal days 1–2 cardiac myo-
cytes and nonmyocytes were prepared from the hearts of

ŽWistar rats by a method previously reported Iwaki et al.,
.1990 with minor modifications. Apical halves of cardiac

ventricles were recovered and minced in a chilled balanced
Žsalt solution 116 mM NaCl, 20 mM HEPES, 12.5 mM

NaH PO 5.6 mM glucose, 5.4 mM KCl, 0.8 mM MgSO ,2 4 4
.pH 7.35 . Ventricular cardiac myocytes were dispersed in

the balanced salt solution containing 0.06% collagenase II
Ž .Worthington Biochemical, Freehold, NJ with agitation
for 6 min at 378C and then pipetted approximately 20
times. This procedure was repeated for five to six times.
Each collected cell suspension was minced with 1r5 vo-

Žlume of chilled fetal calf serum Gibco Laboratories, Grand
.Island, NY and then pelleted by centrifugation at 1000

rpm for 5 min. The pellets were combined in chilled fetal
calf serum and kept at 48C.

The differentiation of myocytes from nonmyocytes was
performed by the discontinuous Percoll gradient method
Ž .Iwaki et al., 1990 . The discontinuous gradient of Percoll
Ž .Sigma, St. Louis, MO consisting of 40.5 and 58.5% of
Percoll in the balanced salt solution described above was

prepared, and ventricular cells were suspended in the layer
of 58.5% Percoll. After centrifugation at 3000 rpm for 30
min at 158C, the cardiac myocytes selectively migrated to
the interface of the discontinuous layers, and the nonmyo-
cytes selectively migrated to the upper layer. Both the
myocytes and nonmyocytes were resuspended in Dul-

Ž . Ž .becco’s modified Eagle medium DMEM Gibco and
washed twice by centrifugation and resuspended to remove
all traces of Percoll. The nonmyocytes were resuspended
in DMEM with 10% fetal calf serum and plated to un-
coated 10-cm dishes for 30 min. After this plating period,
nonadherent cells and debris were washed away and fresh
medium was added. The cells were allowed to grow to
confluence and were then trypsinized and passaged 1:3.
This procedure yielded cultures of cells that were almost
exclusively fibroblasts by the first passage, as determined
by an immunocytochemical technique previously reported
Ž .Fujisaki et al., 1995 . Subconfluent nonmyocytes from the
third passage were used for the experiments. The myocytes
were resuspended in DMEM with 10% fetal calf serum
and plated to uncoated 10-cm dishes for 30 min to allow
the differential attachment of nonmyocytes. The
myocytes-enriched suspensions were again plated to un-
coated 10-cm dishes to remove remaining nonmyocytes.
This procedure yielded cultures of cells that were almost
exclusively cardiac myocytes. After the number of myo-

Ž . Ž .Fig. 1. A , B Line graph shows the time-course of adrenomedullin
secretion in the medium in cardiac myocytes and nonmyocytes. The cells
were incubated for the indicated time-periods in serum-free medium.
Means"S.D.; ns3–4.
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cytes was counted in a hemocytometer, the purified myo-
cytes were plated at a density of 3.2=104 cellsrcm2 in a

Ž .gelatin-coated six-well plate Iwaki, Chiba, Japan in
DMEM supplemented with 10% fetal calf serum and

Žantibiotics 50 Urml penicillin G and 50 mgrml strepto-
.mycin . The culture medium was changed to DMEM with

10% fetal calf serum 24 h later. Following a 24-h incuba-
tion, the cells were maintained in serum-free DMEM for
12 h. After the preconditioned periods, the cultures were
incubated in serum-free DMEM containing 1 mgrml

Ž .bovine serum albumin Seikagaku, Tokyo, Japan with the
following agents or vehicles: synthetic adrenomedullin,

Ž . Ž .CGRP, adrenomedullin- 22–52 , and CGRP- 8–37
Ž .Peptide Institute, Osaka, Japan for the indicated times.
The use of laboratory animals for scientific purposes was
approved by the ethical committee of our institution.

2.2. Measurements of adrenomedullin

A toltal of 1 ml of the conditioned medium of the
cardiac myocytes or nonmyocytes was collected at 6 h, 12
h, 24 h, and 48 h. Each medium sample for radioim-

Ž .munoassay RIA was boiled in 10% volumes of 1 molrl
acetic acid for 10 min to inactivate intrinsic proteases.
After cooling, the boiled medium was evaporated in a
vacuum until dry. The RIA for rat adrenomedullin was

Ž .performed as previously reported Sakata et al., 1994 .
Ž .Anti-adrenomedullin antiserum No. 172CI-7 , which re-

cognizes the C-terminal region of rat adrenomedullin, was
used in this RIA. The incubation buffer for the RIA

Ž .contained 50 mM sodium phosphate buffer pH 7.4 , 0.5%
bovine serum albumin, 0.5% Triton X-100, 80 mM NaCl,
25 mM disodium EDTA, and 0.05% NaN . The RIA3

incubation mixture consisted of 100 ml adrenomedullin or
unknown sample solution, 50 ml of antiserum at a dilution

125 Žof 1:140 000, and 50 ml of I-labelled peptide 18 000
.cpm . After incubation for 40 h, free and bound tracers

were separated by the polyethyleneglycol method. The
radioactivity of the pellet was counted with a gamma

Ž .counter ARC-1000M, Aloka, Tokyo, Japan . The assays
were performed in duplicate.

2.3. Assay for cAMP and cGMP

Following each treatment of cardiac myocytes and non-
myocytes with various concentrations of adrenomedullin

Ž .and CGRP with or without CGRP- 8–37 and
Ž .adrenomedullin- 22–52 in the presence of 0.5 mM 3-iso-

Ž .butyl-1 methyl-xanthine IBMX , the medium was re-
moved and the cellular extract was obtained with the use
of cold 70% ethanol. The incubation time was 10 min,
except for the time-course experiment. Each ethanol sam-

Ž . Ž . Ž y1 0 y6 . Ž y8 .Fig. 2. A , B Bar graph shows the effect of adrenomedullin adrenomedullin; 10 to 10 M and combined effects of adrenomedullin 10 molrl
Ž y1 0 . Ž . Ž .and calcitonin gene-related peptide CGRP; 3=10 molrl on the cAMP levels in cardiac myocytes and nonmyocytes. C , D Bar graph shows the

effect of CGRP on the cAMP levels in cardiac myocytes and nonmyocytes. Means"S.D.; ns3–4. ) P 0.01 vs. control.
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ple was evaporated in a vacuum until dry. The eluate was
dissolved in RIA buffer. The RIA for cAMP and cGMP

Žwas performed with a RIA kit cyclic AMP and GMP
.assay kit; Yamasa Shoyu, Chiba, Japan .

2.4. Statistical analysis

All data was expressed as the means"S.D. The multi-
ple comparison was performed with a one-way analysis of
variance followed by Scheffe’s test. The P values less
than 0.05 were considered significant.

3. Results

Fig. 1 shows the time-course of adrenomedullin secre-
tion into the medium from cultured cardiac myocytes and
nonmyocytes. Both the myocytes and nonmyocytes sec-
reted adrenomedullin into the medium in a time-dependent
manner.

ŽAdrenomedullin increased the cAMP levels in the
myocytes and nonmyocytes in a concentration-dependent

Ž .manner, with an EC 50% effective concentration of50

10y8 M in the myocytes and 3=10y8 M in the nonmyo-
Ž .cytes Fig. 2 . In both the myocytes and nonmyocytes,

ŽCGRP was more potent than adrenomedullin EC s5=50

10y10 M in the myocytes; 5=10y10 M in the nonmyo-
.cytes . The maximum cAMP formations by adrenomedullin

and CGRP were similar in both the myocytes and nonmyo-
cytes. The effects of EC concentrations of adrenome-50

dullin and CGRP on cAMP formation were additives in
the myocytes and in nonmyocytes.

Fig. 3 shows the time-course of cAMP accumulation
produced by adrenomedullin in the cardiac myocytes and
nonmyocytes. The cAMP level was significantly increased
by adrenomedullin at 2 min and peaked at 10 min in both
myocytes and nonmyocytes. Thereafter, the cAMP levels
gradually decreased.

The effects of adrenomedullin and CGRP on the cGMP
levels in the myocytes and nonmyocytes are shown in Fig.
4. Neither adrenomedullin nor CGRP increased the cGMP
levels in the myocytes or in the nonmyocytes.

Ž .The effect of CGRP- 8–37 on the cAMP levels in the
myocytes produced by adrenomedullin and CGRP are

Ž .shown in Fig. 5. While CGRP- 8–37 significantly attenu-
Ž y8 .ated the adrenomedullin 10 M -induced cAMP forma-

y8 Ž .tion at concentrations greater than 10 M, CGRP- 8–37
Ž y9 .significantly inhibited the CGRP 10 M -induced cAMP

formation at concentrations greater than 10y8 M. In con-
Ž .trast, antagonistic effect of adrenomedullin- 22–52 was

considerably less potent in adrenomedullin-stimulated
Ž .cAMP formation as compared to CGRP- 8–37 .

Ž .Adrenomedullin- 22–52 did not affect the cAMP forma-
Ž y9 .tion induced by CGRP 10 M in myocytes.
Ž .The effects of CGRP- 8–37 on the cAMP levels in the

nonmyocytes induced by adrenomedullin and CGRP are

Ž . Ž .Fig. 3. A , B Line graph shows a time-course of cAMP formation in
myocytes and nonmyocytes. Cultured rat cardiac myocytes and nonmy-
ocytes were incubated with 10y7 molrl of adrenomedullin for indicated
times at 378C in the presence of 0.5 mM IBMX. Means"S.D.; ns3–4.
) P 0.01 vs. 0 min.

Ž .shown in Fig. 6. The CGRP- 8–37 significantly attenu-
Ž y8 .ated the adrenomedullin 10 M -induced cAMP levels at

y9 Ž y9concentrations greater than 10 M and CGRP 10
.M -induced cAMP levels at concentrations greater than
y9 Ž .10 M, respectively. Adrenomedullin- 22–52 had con-

siderably less potent effect on the cAMP levels induced by
Ž y8 . Ž .adrenomedullin 10 M as compared to CGRP- 8–37 .
Ž .Adrenomedullin- 22–52 had no significant effect on the

Ž y9 .cAMP levels induced by CGRP 10 M in nonmyocytes,
either.

4. Discussion

We demonstrated in the present study that myocytes
and nonmyocytes secreted significant amounts of
adrenomedullin into medium, and that adrenomedullin in-
creased not the cGMP levels, but the cAMP levels in both
the myocytes and nonmyocytes in a time- and concentra-
tion-dependent manner. The CGRP was more potent for
cAMP formation than adrenomedullin in both the myo-

Ž .cytes and nonmyocytes. The CGRP- 8–37 significantly
Ž y8 .inhibited the adrenomedullin 10 M -induced cAMP
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Ž . Ž . Ž y1 0 y6 . Ž y6 .Fig. 4. A , B Bar graph shows the effects of adrenomedullin 10 to 10 molrl , CGRP 10 molrl , and the combined effect of adrenomedullin
Ž y7 . Ž y7 .10 molrl and CGRP 10 molrl on cGMP levels in rat cardiac myocytes and nonmyocytes. Means " S.D.; ns3–4.

formation at a concentration greater than 10y8 M in
myocytes and at a concentration greater than 10y9 M in

Ž .nonmyocytes. In contrast, adrenomedullin- 22–52 had a
considerably less potent antagonistic effect in
adrenomedullin-induced cAMP formation both in myo-

Ž .cytes and nonmyocytes. Adrenomedullin- 22–52 had no
antagonistic effect in cAMP formation induced by CGRP
either in myocytes or nonmyocytes. These results suggest
that myocytes and nonmyocytes secrete adrenomedullin
and that adrenomedullin increases the cAMP levels possi-
bly via different receptors in myocytes and in nonmy-
ocytes. Adrenomedullin may work as an autocrine andror
paracrine factor in the heart.

Although we found that adrenomedullin stimulated
cAMP formation in both myocytes and nonmyocytes in a
time- and concentration-dependent manner, there were im-
portant differences in both the quantitative and qualitative
aspects of adrenomedullin action in the myocytes and

nonmyocytes. First, the effect of CGRP on cAMP forma-
tion in the myocytes and nonmyocytes was more potent

Ž .than that of adrenomedullin. Second, CGRP- 8–37 anta-
gonized the adrenomedullin-induced increase in cAMP
formation in the myocytes in a concentration-dependent
manner. In other systems such as vascular smooth muscle
cells, adrenomedullin and CGRP are reported to act on a

Ž .common receptor while CGRP- 8–37 inhibits the action
Ž .of both peptides Eguchi et al., 1994a . The present results

suggest that a receptor with equivalent affinity for
Ž .adrenomedullin and CGRP- 8–37 may exist in myocytes.

Ž .Third, CGRP- 8–37 also antagonized the adrenomedullin
action in the nonmyocytes in a concentration-dependent

Žmanner. However, this antagonizing effect of CGRP- 8–
.37 on adrenomedullin-induced cAMP formation was more

Žpotent in nonmyocytes than in myocytes. The CGRP- 8–
. Ž y8 .37 significantly inhibited the adrenomedullin 10 M -

induced cAMP formation at 10y9 M in nonmyocytes, and
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Ž . Ž . Ž . Ž . Ž . Ž .Fig. 5. A , B , C , D Line graph shows the antagonistic effects of CGRP- 8–37 and of human adrenomedullin- 22–52 on the cAMP levels stimulated
Ž y8 . Ž y9 . Ž .by adrenomedullin 10 molrl or CGRP 10 molrl in myocytes. Cultured rat cardiac myocytes were incubated with CGRP- 8–37 or

Ž . Ž y8 . Ž y9 .adrenomedullin- 22–52 in the presence of adrenomedullin 10 molrl or CGRP 10 molrl . Means"S.D.; ns3–4. ) P 0.01 vs. control.

Ž y9 .inhibited the CGRP 10 M -induced cAMP formation at
10y9 M. Thus, an adrenomedullin receptor with higher

Ž .affinity for CGRP- 8–37 and adrenomedullin may be
expressed in cultured rat nonmyocytes. Fourth,

Ž .adrenomedullin- 22–52 , which is reported to be a specific
Žreceptor antagonist for adrenomedullin Eguchi et al.,

.1994b , had a weak effect on the adrenomedullin-induced
increases in cAMP, in both the myocytes and nonmyocytes
and no effect on the CGRP-induced cAMP formation
either in myocytes or nonmyocytes. In other cells, such as

Ž .mesangial cells, adrenomedullin- 22–52 had a greater in-
hibitory effect on cAMP formation induced by

Ž .adrenomedullin than did CGRP- 8–37 , indicating that
Ž .receptors with high affinity for adrenomedullin- 22–52

Žare preferentially expressed in mesangial cells Osajima et
.al., 1996 . The present results indicate that an

adrenomedullin receptor with low affinity for
Ž .adrenomedullin- 22–52 may be expressed in cultured rat

cardiac myocytes and nonmyocytes. Furthermore, the
cAMP production stimulated by these two peptides was
additive, suggesting that they elevate cAMP levels by the
different pathway. These results suggest that myocytes
may have an adrenomedullin receptor which has an equi-

Ž .valent affinity for both adrenomedullin and CGRP- 8–37

Ž .and lower affinity for adrenomedullin- 22–52 . Nonmyo-
cytes, in contrast, may have an adrenomedullin receptor

Ž .with a higher affinity for CGRP- 8–37 than for
adrenomedullin and lower affinity for adrenomedullin-
Ž .22–52 . The determination of the structures of both these
CGRP and adrenomedullin receptor subtypes by molecular
cloning is necessary in a future study to provide further
information on the effector systems of these two peptides.

The present experiments clearly demonstrated that
adrenomedullin stimulated cAMP formation in myocytes
in a concentration-dependent manner. This finding is con-
sistent with those of previous studies using cultured rat

Ž .neonatal myocytes Ikeda et al., 1996; Sato et al., 1997 .
The present study extended our investigation into the
effect of adrenomedullin on cAMP levels in nonmyocytes.
Adrenomedullin and CGRP also stimulated cAMP levels
in nonmyocytes in a concentration-dependent manner.
However, a recent report by Ikenouchi et al. revealed that
adrenomedullin slightly but significantly increased cGMP
levels without affecting cAMP levels in adult rabbit ven-

Ž .tricular myocytes Ikenouchi et al., 1997 . Our present
result showed that adrenomedullin did not change the
cGMP levels in neonatal cultured myocytes or in nonmyo-
cytes. The exact reason for the discrepancy between the
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Ž . Ž . Ž . Ž . Ž . Ž .Fig. 6. A , B , C , D Line graph shows the antagonistic effects of CGRP- 8–37 or human adrenomedullin- 22–52 on the cAMP levels stimulated by
Ž y8 . Ž y9 . Ž .adrenomedullin 10 molrl or CGRP 10 molrl in nonmyocytes. Cultured rat cardiac nonmyocytes were incubated with CGRP- 8–37 or
Ž . Ž y8 . Ž y9 .adrenomedullin- 22–52 in the presence of adrenomedullin 10 molrl or CGRP 10 molrl . Means"S.D.; ns3–4. ) P 0.01 vs. control.

finding reported by Ikenouchi et al. and ours is unknown;
the discrepancy might be due to the difference in the
experimental preparation, species, or maturity of cardiac

Ž .myocytes neonatal vs. adult .
The present results showed that nonmyocytes as well as

myocytes secrete adrenomedullin and that adrenomedullin
stimulates the cAMP production in the nonmyocytes more
so than in myocytes. These results suggest that
adrenomedullin may modulate nonmyocytes function via a
cAMP pathway in an autocrine andror paracrine manner.
Although myocytes occupy about 75% of the structural
space of the heart, they constitute only one-third of the
total cell population. The nonmyocytes consist mainly of
cardiac fibroblasts in the interstitium. An immunocyto-
chemical study revealed that cardiac nonmyocytes are

Ž .cardiac fibroblasts Fujisaki et al., 1995 . It has been
reported that cardiac fibroblasts play an important role
through their proliferation with collagen synthesis in the
pathophysiology of failing heart or cardiac hypertrophy
Ž .Weber and Brilla, 1991; Namba et al., 1997 . Therefore,
the effect of adrenomedullin on nonmyocytes proliferation
is important. It has been reported that adrenomedullin
suppresses mesangial cell mitogenesis via a cAMP path-
way by reducing the mitogen-activated protein kinase

Ž .Chini et al., 1995 . Adrenomedullin also attenuated the
proliferation of vascular smooth muscle cells stimulated by

Žfetal calf serum or platelet-derived growth factor Kano et
.al., 1996 . These results indicate that adrenomedullin is an

endogenous suppressor of proliferation in these cells. In
contrast, adrenomedullin is expressed in a large variety of
human tumor cells, and it can function as an autocrine

Žgrowth factor via a cAMP-dependent mechanism Martinez
.et al., 1995; Miller et al., 1996 . Adrenomedullin caused a

rapid and transient induction of c-fos mRNA expression in
rat vascular smooth muscle cells, cardiac myocytes and

Ž .fibroblasts Sato and Autelitano, 1995 . Thus, the effect of
adrenomedullin on cell proliferation or cell growth seems
to be dependent on cell type. The question of whether
adrenomedullin acts as an autocrine andror a paracrine
growth factor or suppressor on myocytes or nonmyocytes
needs further study.

In conclusion, the present study showed that
adrenomedullin is secreted by both cardiac myocytes and
nonmyocytes. The adrenomedullin produced by myocytes
and nonmyocytes may modulate the pathophysiology of
failing heart or cardiac hypertrophy in an autocrine andror
paracrine fashion, by increasing the cAMP levels possibly
via different receptors.
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