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Adrenomedullin (AM) is a potent vasorelaxing pep-
ide originally isolated pheochromocytoma. Recently,

family of receptor-activity-modifying proteins
RAMPs 1–3) were identified in humans. Associated
ith the calcitonin receptor-like receptor (CRLR),
AMP2 or RAMP3 may function as the AM receptor.
ere we cloned rat RAMP family, analyzed their dis-

ribution in rat tissues, and examined regulation of
heir expression in the kidney using an obstructive
ephropathy model. Northern blot analyses revealed
hat the RAMP family genes are expressed in various
issues with different tissue specificity; RAMP1 is
bundantly expressed in the brain, fat, thymus, and
pleen, RAMP2 in the lung, spleen, fat, and aorta,
hile RAMP3 is most abundant in the kidney and

ung. After ureteral obstruction, RAMP1, RAMP2, and
RLR gene expressions in the obstructed kidney were
arkedly upregulated, whereas RAMP3 expression
as unchanged. Thus, RAMPs are regulated differ-

ntly in obstructive nephropathy, suggesting their dis-
inct roles in renal pathophysiology. © 2000 Academic Press

Adrenomedullin (AM), a potent vasorelaxing and na-
riuretic peptide originally isolated from human pheo-
hromocytoma, belongs to the calcitonin gene-related
eptide (CGRP) family (1). AM is synthesized in vari-
us tissues including the adrenal gland, kidney, lung,
nd heart (2). Moreover, it is secreted from endothelial
ells (3), and localized in the glomeruli and distal tu-

Abbreviations used: RAMP, receptor-activity-modifying protein;
M, adrenomedullin; CGRP, calcitonin gene-related peptide; CRLR,
alcitonin receptor-like receptor; TGF-b, transforming growth
actor-b.

1 To whom correspondence should be addressed at Department of
edicine and Clinical Science, Kyoto University Graduate School of
edicine, 54 Shogoin Kawahara-cho, Sakyo-ku, Kyoto 606-8507,

apan. Fax: 181-75-771-9452. E-mail: muko@kuhp.kyoto-u.ac.jp.
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hat AM is secreted from cultured mesangial cells and
licits a potent anti-proliferative effect in an autocrine/
aracrine manner (5). AM exerts its actions by stimu-
ating cAMP production and nitric oxide release in
arget tissues (1, 6–8). These actions have been
hought to be mediated via the receptors shared with
GRP and those specific for AM, but the precise mo-

ecular mechanisms of its receptor system have not
een clearly understood yet.
Recently, a family of receptor-activity-modifying pro-

eins (RAMP1, RAMP2, and RAMP3) with a single
ransmembrane domain have been identified in hu-
ans (9). Associated with the seven-transmembrane-

omain calcitonin receptor-like receptor (CRLR) (10), it
as been shown that RAMPs coexpressed with CRLR
an function as either a CGRP receptor (CRLR/
AMP1) or an AM receptor (CRLR/RAMP2 or CRLR/
AMP3), depending on which RAMP is expressed (9,
1, 12). Subsequent reports have shown that, in stud-
es using cultured cells, the expression of endogenous
AMPs may determine the specificity of the receptors

or AM and CGRP (13–15). However, the expression of
he RAMP family in vivo has so far been poorly char-
cterized, and very little has been known about the
egulation of the RAMP family in vivo or in vitro. In the
resent study, we have cloned cDNAs encoding the rat
AMP family and analyzed their distribution in nor-
al rat tissues. Furthermore, to clarify the regulation

f the RAMP family expression in the kidney, we in-
estigated the changes in the gene expressions of the
AMP family together with those of CRLR and AM, in

he renal fibrosis model following ureteral obstruction
n rats.

ATERIALS AND METHODS

Tissue preparation, RNA extraction, and cDNA synthesis. All an-
mal experiments were conducted in accordance with our institu-
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



tional guidelines for animal research. The whole heart and kidney
w
t
m
m
R
v

t
h
u
B
t
i
b
P
p
3
(
A
G
C
i
c
t
a

c
3
(
a
(
w
P
R
R
A
C
G
G
r
3
(
t

d
t
1
B
o
c
c
a
6

i
t
l
i
l
1
o
N
p
t
(
(

D
0

R

C

t
p
h
i
i
H
s
t
m
R
t
A

N

R
w
d
t
b
R
b
t

f
b
r
A
r
p
p

Vol. 270, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ere obtained from an adult male Wistar rat. Total RNA was ex-
racted by the acid guanidinium thiocyanate-phenol chloroform
ethod (16) and poly (A)1 RNA was purified using PolyATract (Pro-
ega, Madison, WI). cDNA was synthesized from 1 mg of poly(A)1
NA using SuperScript II reverse transcriptase (Gibco BRL, Rock-
ille, MD) (16) and used for reverse transcription-PCR.

Primer design and PCR-based cloning. The expressed sequence
ag (EST) database searching by the nucleotide sequences of the
uman RAMP family (9) was performed in the dbEST database
sing the BLASTN program (17). Four partial EST sequences (Gen-
ank Accession Nos: A012429, H33975, A012814, and AA388255)

hat exhibited high homology to the human RAMP family were
dentified from rat placenta, PC-12 cells and mouse embryo data-
ases. The sequences were used for designing sense and antisense
CR primers to isolate clones encoding the rat RAMP family. The
rimers used were: RAMP1-S (59-CGGCGGGCTCTGCTTGCCAT-
9), RAMP1-AS (59-GGTTCCCCAATCCCCCATCA-39); RAMP2-S
59-TGGAGTACGAG-GCAGACAAGT-39), RAMP2-AS (59-AAAAG-
TGGCTGCTGAGAGGC-39); RAMP3-S (59-GTCTGGAAGTGGT-
CAACCTGT-39), and RAMP3-AS (59-CCACACCACCAG-GCCAG-
CAT-39). The PCR products of the expected size were all subcloned

nto a pGEM-T vector (Promega) and nucleotide sequences of several
lones were determined on both strands by the dideoxy chain-
ermination method using Dye Terminator cycle sequencing kit FS
nd 373B DNA sequencer (Applied Biosystems, Foster City, CA).

Isolation of full-length cDNA clones. To obtain the full-length
DNA clones, rapid amplification of 59- and 39-cDNA ends (59- and
9-RACE) was performed (16) with Marathon cDNA amplification kit
Clontech, Palo Alto, CA) using rat heart cDNA ligated with the Mar-
thon adaptor as template and nested PCR between adaptor primers
APs) and internal gene-specific primers (GSPs). The primers used
ere: AP1 (59-CCATCCTAATACGACTCACTATAGGGC-39 for primary
CR), AP2 (59-ACTCACTATAGGGCTCGAGCGGC-39 for nested PCR);
AMP2-GSP1 (59-CACCACAAGCGTAACGAGGAAAGG-39 for 59-
ACE primary), RAMP2-GSP2 (59-TTCTGCCAAGGGATTTGGG-
AGC-39 for 59-RACE nested); RAMP3-GSP1 (59-GCCTATGGATAC-
CGTGATAAAGC-39 for 59-RACE primary), RAMP3-GSP2 (59-
GTTGGGCCAGTAGCAGCCCACG-39 for 59-RACE nested), RAMP3-
SP3 (59-GGTGCAACCTGTCGGAGTTCATCG-39 for 39-RACE prima-

y), and RAMP3-GSP4 (59-CCCAGAGCTTTATCACGGGTATCC-39 for
9-RACE nested). PCR was performed using LA Taq polymerase
Takara Shuzo, Tokyo, Japan) according to the manufacturer’s instruc-
ions. The RACE products were subcloned and sequenced as above.

Northern blot analysis. Northern blot analysis was performed as
escribed (16) using 40 mg of total RNA extracted from various
issues of 10-week-old male Wistar rats. RNA was electrophoresed in
.4% agarose gel and transferred to Biodyne nylon membranes (Pall
ioSupport, East Hills, NY). Hybridization was performed at 42°C
vernight with [32P]dCTP-labeled cDNA probes for rat RAMP1 (nu-
leotides 219–476), RAMP2 (319–574), and RAMP3 (143–413)
lones. The membranes were washed at 55°C in 13 SSC/0.1% SDS,
nd exposed to BAS-III imaging plate (Fuji, Kanagawa, Japan) for
h.

Unilateral ureteral obstruction (UUO). Male Wistar rats weigh-
ng 200 to 250 g were subjected to either unilateral ureteral obstruc-
ion (UUO) or sham operation (18). In UUO rats, the right ureter was
igated with 4-0 silk at two points through a midline abdominal
ncision under pentobarbital anesthesia and was cut between the
igatures to prevent retrograde infection. Rats were sacrificed 6 and
4 days after UUO or sham operation (n 5 7 each), and both the
bstructed kidney and the contralateral kidney were harvested.
orthern blot analysis was performed using 40 mg of total RNA
repared from each kidney with [32P]dCTP-labeled cDNA probes for
he rat RAMP family, rat CRLR (nucleotides 2001–2668) (10), AM
19–591) (2), and transforming growth factor (TGF)-b1 (1142–1546)
18).
90
Statistical analysis. Results are expressed as the mean 6 SEM.
ata were analyzed by ANOVA followed by Scheffe’s test. P value ,
.05 was considered statistically significant.

ESULTS

loning of the Rat RAMP Family

Figure 1 shows the deduced amino acid sequences of
he rat RAMP family. Rat RAMP1 cDNA encodes a
rotein of 148 amino acid residues with 71% identity to
uman RAMP1; rat RAMP2 of 182 residues with 65%

dentity and rat RAMP3 of 147 residues with 85%
dentity to human RAMP2 and RAMP3, respectively.
ydropathy analysis predicted that the proteins pos-

ess two hydrophobic regions corresponding to amino-
erminal signal sequences and transmembrane do-
ains. The nucleotide sequences of rat RAMP1,
AMP2, and RAMP3 cDNAs have been deposited in

he GenBank database with Accession Nos. AB030942,
B030943, and AB030944, respectively.

orthern Blot Analysis

Northern blot analyses (Fig. 2) revealed that the rat
AMP family genes are expressed in various tissues
ith different tissue specificity; RAMP1 mRNA was
etected as a single 1.1-kb transcript in almost all
issues examined with abundant expression in the
rain, epididymal fat, thymus, spleen, and aorta.
AMP2 mRNA was also widely detected as a 1.1-kb
and with highest expression in the lung, followed by
he spleen, fat, aorta, heart, and kidney. RAMP3

FIG. 1. Amino acid sequence alignment of rat RAMP (rRAMP)
amily compared with the human RAMP (hRAMP) family. The num-
er on the right refers to the last amino acid on the line. Identical
esidues between rRAMP and hRAMP are indicated by asterisks.
rrows, putative signal sequences; boxes, putative transmembrane
egions; triangles, potential N-glycosylation sites; circle, a potential
rotein kinase C phosphorylation site; #, potential protein kinase A
hosphorylation sites.
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RNA was expressed as a 1.3-kb band at the highest
evel in the kidney, and less abundantly in lung, fat,
nd brain. Thus, RAMPs 1, 2, and 3 have distinct
issue distributions.

nilateral Ureteral Obstruction (UUO)

AM has potent vasodilatory and natriuretic actions
n the kidney (4, 8), which is one of the main targets of
M. In order to explore the regulation of RAMPs in the
idney, we examined changes in their gene expressions
n the renal fibrosis model. Figure 3 illustrates the
xpression of the RAMP family, CRLR, AM, and
GF-b1 genes 6 and 14 days after UUO. TGF-b1
RNA was significantly augmented in the kidneys
ith ureteral obstruction as compared to control sham-
perated kidneys or contralateral kidneys (Fig. 3A), as
reviously reported (18). The obstructed kidneys re-
ealed a marked induction of RAMP1 mRNA from day
(6.2-fold of control) (Fig. 3, A and B), an early stage of

nterstitial fibrosis (18). This upregulation became
ore marked at day 14 (13-fold). RAMP2 and CRLR
RNA levels also significantly increased in the ob-

tructed kidneys (3.2- and 3.6-fold, respectively, of con-
rol at day 14). In contrast, the RAMP3 mRNA level
as unchanged, as was AM mRNA, which showed a

endency to decrease (0.9- and 0.8-fold of contralateral
idneys at day 6 and 14, respectively), but the changes
ere not statistically significant.

ISCUSSION

We obtained and sequenced full-length cDNA clones
ncoding the rat RAMP family. The rat RAMP family
hows a high degree of overall homology (65–85%
mino acid identity) to the human RAMP family (Fig.
). Among the family members, however, rat RAMPs
xhibit low amino acid homology (;30% identity) ex-
ept for the common residues beyond the species, sug-

FIG. 2. Tissue distribution of the RAMP family mRNA expres-
ion in rats. Forty mg of total RNA was electrophoresed in each lane.
91
egulation of AM/CGRP receptors, or of other unknown
eceptors.
The tissue distribution studies reveal that the RAMP

amily genes are expressed in the majority of tissues
xamined with various degrees of expression with dif-
erent tissue specificity (Fig. 2). This finding is consis-
ent with the wide distribution of AM/CGRP receptors
n rat tissues revealed by binding studies (19). RAMP3

RNA exhibited a less abundant expression, suggest-
ng that rat RAMP1 and RAMP2 may have a broader
hysiological role in AM/CGRP signaling in various
issues, while RAMP3 may play a role in a limited
umber of tissues such as the kidney and lung. Inter-

FIG. 3. (A) Changes of mRNA expressions of the RAMP family in
he kidney together with those of CRLR, AM, and TGF-b1 after
nilateral ureteral obstruction (UUO). Forty mg of total RNA from
he whole kidney was electrophoresed in each lane. Representative
esults are shown. S, sham-operated rat; U, UUO rat; 6, day 6; 14,
ay 14; R, right obstructed kidney, L, left contralateral kidney. (B)
he relative mRNA levels of RAMPs and CRLR normalized with 28S
ibosomal RNA in the obstructed (closed bars) and contralateral
open bars) kidney at day 6 and day 14. Mean levels of the right
idney from control sham-operated rats are regarded as 1.0 arbitrary
nit. n 5 7; *P , 0.05, **P , 0.01 vs. sham operation; †P , 0.05,
P , 0.01 vs. contralateral kidney.
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antly in the fat tissue. The role of AM and CGRP in
he fat tissue is currently unclear. Whether AM/CGRP
r other ligands for receptors that could be regulated
y RAMPs have important roles in adipocyte function
hould await further clarification. When compared to
uman tissues (9), cardiac expression of RAMP1 and
AMP3 mRNAs was much less abundant in rats. The
idney expresses RAMP2 and RAMP3, suggesting that
oth could potentially constitute a part of the renal AM
eceptor. Lower baseline expression of RAMP1 in rat
idney might explain a relatively lower potency of
GRP than AM in rat glomeruli (20) and renal tubules

21).
The present study demonstrates that the RAMP1

ene expression in rat kidney is markedly upregulated
uring obstructive nephropathy (Fig. 3). The gene ex-
ression RAMP2 was also significantly augmented,
hereas that of RAMP3 was unchanged. These results

uggest that the RAMP family genes are differently
egulated during the progression of renal fibrosis. The
RLR mRNA was also significantly upregulated.
hese alterations appear to be ligand-independent,
ince there was no significant change in the AM gene
xpression (Fig. 3A). We and others have already pro-
osed possible protective roles of AM against endothe-
ial, mesangial or renal tubular injury in an autocrine/
aracrine manner (5, 22–24). Upregulation of these
enes in the obstructed kidney, therefore, may favor
he protective response against proliferative and/or fi-
rotic changes in the obstructed kidney. This hypoth-
sis is currently under investigation in detail in our
aboratory.

The physiological role of the RAMP family is still not
learly defined. The reported competitive interactions
f RAMP1 and RAMP2 with CRLR in cDNA-
ransfected cells (14) suggest that the ligand selectivity
f AM/CGRP receptors may be determined by the reg-
lated expression of each of the RAMP family. Of note,
he RAMP family genes are expressed more abun-
antly than the CRLR gene (12, and Fig. 3A), suggest-
ng that RAMPs could regulate receptors other than
RLR. Recently, it has been reported that RAMP1 and
AMP3 cotransfected with a calcitonin receptor gener-
te a high-affinity amylin receptor (25, 26).
In conclusion, the present study describes the clon-

ng and expression of the rat RAMP family. Further-
ore, we show that RAMPs are regulated differently in

he obstructive nephropathy model, suggesting their
istinct roles in renal pathophysiology.
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