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Plasma concentrations of adrenomedullin (AM) are
markedly increased during sepsis, but the role of AM
has not been clarified. Coexpression of calcitonin
receptor-like receptor (CRLR) and receptor activity
modifying protein (RAMP) 2 or 3 have been reported
to form the adrenomedullin (AM) specific receptor. We
examined the expression of CRLR and RAMP1, 2, and
3 in several tissues from mice in a sepsis model in-
duced by lipopolysaccharide (LPS). High expression of
CRLR and RAMP2 mRNA was observed in lungs of
normal mice, but it was markedly decreased in endo-
toxemic mice. It is suggested that the abundant bind-
ing sites of AM in lungs are formed by CRLR and
RAMP2 in healthy subjects and that their reduction
should contribute to the increase of plasma AM con-
centrations during sepsis. In contrast, LPS treatment
markedly increased RAMP3 gene expression in lungs,
spleen, and thymus. It is revealed that the distribu-
tions of receptor or binding sites of AM are changed in
sepsis, and it is suggested that AM plays distinct roles
in the clinical course of this syndrome.
Press
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Adrenomedullin (AM) is a hypotensive peptide iso-
lated from human pheochromocytoma tissue by moni-
toring the elevation of cyclic AMP (cCAMP) in platelets
(2). As several functions of AM has been reported, it is
known as a multifunctional peptide (2). The amino acid
sequences of AM show a slight homology with calcito-
nin gene-related peptide (CGRP), a neuropeptide
which has a vasodilation activity. Previously, we re-
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ported that AM gene transcription was induced in al-
most all tissues from a dog septic model, and that its
plasma concentration was also increased (3). Similar
findings have been reported in a rat septic model and
sepsis patients (4—6). It was reported that lipopolysac-
charide (LPS) and inflammatory mediators, tumor ne-
crosis factor alpha (TNF-«) and interleukin-1 beta (IL-
1B), contributed to an increase in AM production (7).

In the clinical course of this syndrome, the AM func-
tions appear to be emphasized. For example, AM, a
potent vasodilator, is a possible factor which is respon-
sible for severe hypotension in sepsis or septic shock (8,
9). Analysis of a sepsis model is useful to clarify the
activities and mechanisms of AM. However, little is
known about the physiological mechanisms and the
pathological effects of AM. In addition, AM and CGRP
have similar biological effects in in vitro experiments,
but a comparative analysis of their physiological effects
has not been discussed. One reason is that the AM
receptor has not been revealed.

Recently, three isoforms of receptor activity modify-
ing proteins (RAMPs), RAMP1, 2, and 3, were identi-
fied (10). These proteins interact with calcitonin
receptor-like receptor (CRLR), which is an orphan re-
ceptor with seven-transmembrane-domains, and mod-
ify its ligand specificity, i.e., CRLR with RAMP1 is a
CGRP specific receptor, and CRLR with RAMP2 or
RAMP3 constitute AM specific receptors (10, 11). To
collect further information on AM, we cloned and se-
guenced the murine CRLR, RAMP1, 2, and 3, and
analyzed their gene transcriptions in a murine LPS-
induced sepsis model.

Here we report the gene expressions of murine
CRLR and RAMPs before and after treatment with
LPS, which suggest a new function of AM.

MATERIALS AND METHODS

The present study was conducted according to the animal experi-
mentation guidelines of Teikyo University School of Medicine, which
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RAMP1
L
mRAMP1 1 MAPGLRGLPR CGLWLLLAHH LFMVTACRDP DYGTLIQELC LSRFKENMET 50
hRAMP1 1 MARALCRLPR RGLWLLLAHH LFMTTACQEA NYGALLRELC LTQFQVDMEA 50
* *
mRAMP1 51 IGKTLWCOWG KTIQSYGELT YCTKHVAHTI GCFWPNPEVD RFFIAVHHRY 100
hRAMP1 51 VGETLWCOWG RTIRSYRELA DCTWHMAEKL GCFWPNAEVD RFFLAVHGRY 100
*
mRAMP1 101 FSKCPISGRA LRDPPNSILC PFIALPITVT LLMTALVVWR SKRTEGIV 148
hRAMP1 101 FRSCPISGRA VRDPPGSILY PFIVVPITVT LLVTALVVW] SKRTEGIV 148
TM domain

RAMP2
mRAMP2 1 MAPLRVERAP GGSRLGVTRA (QRPTALCLPP LLLLLLLLLG AVSASPESLN 50
hRAMP2 1 MASLRVERA- GGPRLPRTRV GRPAAV---- ---RLLLLLG AVLNPHEALA 42

- *
mRAMP2 51 QSLPESQNQS HPTEDSLVSK GKMEDYETHV LPCWYEYKSC MDSV-KDWCN 99
hRAMP2 43 QPLPTT---G  TPGSEG---- GTVKNYETAV QFCWNHYKDQ MDPIEKDWCD 85
* *
mRAMP2 100 WTLISRHYSD LQNCLEYNAD KFGLGFPNPL AENIILEAHL TIHFANCSLVQ 149
hRAMP2 86 WAMISRPYST LRDCLEHFAE LFDLGFPNPL AERIIFETHQ IHFANCSLVQ 135
mRAMP2 150 PTFSDPPEDV LLAMIIAPIC LIPFLVTLVV WRSKDSDAQA 189
hRAMP2 136 PTFSDPPEDV LLAMIIAPIC LIPFLITLVV WRSKDSEAQA 175
TM domain
RAMP3
k]
mRAMP3 1 MKTPA-QRLH LLPLLLLLCG ECAQVCGCNE TGMLERLPRC GKAFADMMOK 49
hRAMP3 1 METGALRRPQ LLPLLLLLCG GCPRAGGCNE TGMLERLPLC GKAFADMMGK 50
* *
mRAMP3 50 VAVWKWCNLS EFIVYYESFT NCTEMETNIM GCYWPNPLAQ SFITGIHRQF 99
hRAMP3 51 VDVWKWCNLS EFIVYYESFT NCTEMEANVV GCYWPNPLAQ GFITGIHRQF 100
*
mRAMP3 100 FSNCTVDRTH WEDPPDEVLI PLIAVPVVLT VAMAGLVVWR SKHTDRLL 147
hRAMP3 101 FSNCTVDRVH LEDPPDEVLI PLIVIPVWWLT VAMAGLVVWR SKRTDTLL 148
TM domain

FIG. 1. Alignment of amino acid sequences of murine and human RAMPs. Deduced amino acid sequences begin with initiating
methionine. Conserved cysteine residues among RAMPs are indicated by asterisks. The transmembrane domains are underlined.

adheres strictly to the National Institute of Health animal experi-
mental guidelines, with the approval of the Teikyo University School
of Medicine Animal Experimentation Committee. C57BL/6 mice
(male, 4—8 weeks old) were used in all experiments.

cDNA cloning of mouse RAMPL1, 2, 3, and CRLR. To examine the
gene expression of CRLR and RAMPs in a septic mouse model, we
cloned and sequenced the cDNAs of these murine proteins. Total
RNA was extracted from murine brain and lung by TRIzol Reagent
(Life Technologies). Poly(A)” RNA was isolated by Oligotex-dT30
“Super” (Takara Shuzo Co., Ltd., Kyoto, Japan). Double-stranded
cDNAs were synthesized using a cDNA Synthesis Kit (Pharmacia
LKB Biotechnology) according to the manufacturer’s instructions.
The cDNA was ligated to phage AZAPIl arms and packaged in vitro
using Gigapack I1l1 Gold (Stratagene).

The cDNA libraries were screened as previously described (3). To
screen libraries, we cloned mouse EST clones encoding RAMP1, 2,
and 3 from the GenBank database. We used the partial sequences of
the EST clone 483161 (GenBank Accession No. AA063790), clone
808071 (Accession No. AA444361), and clone 761307 (Accession No.
AA388255) for RAMP1, 2, and 3, respectively. To isolate murine
CRLR, we used partial sequences of rat CRLR (Accession No.
L27487). Both strands of the longest clones were sequenced using an
automated DNA sequencer (373A, Applied Biosystems).

Sepsis model. Twenty-one mice were administered intraperitone-
ally with 2 mg/0.2 mL saline/head of lipopolysaccharide (LPS) as
sepsis models, and six mice were injected with 0.2 mL of saline as
controls. At various time points after the injection of LPS (0.5, 1, 2,
3, 4, 6, and 12 h), tissues (brain, lung, heart, liver, spleen, kidney,
thymus, and testis) were obtained from three mice at each time point
and RNA was extracted immediately. The controls were sacrificed at
0 and 12 h after injection of saline.

RNA blot analysis. The total RNA (5 pg/tissue) was electropho-
resed on 1.0% agarose gel, then transferred to a nylon membrane
(Zeta Probe, Bio-Rad). The probes were hybridized under high-
stringency conditions (3). Band intensity of RNAs was estimated
using an image analyzer (BAS 5000, Fuji Film), and the intensity of
18S ribosomal RNA was used as an internal standard for each tissue.

RESULTS AND DISCUSSION
Sequence Analysis of Murine CRLR and RAMPs

The deduced amino acid sequence of murine CRLR
was 88.4% identical to human CRLR and 94.6% to rat
CRLR (data not shown) (12, 13). Conserved cysteine
residues and potential N-linked glycosylation sites
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FIG. 2. Distribution of CRLR and RAMPs transcripts in mouse
tissues. Five micrograms of total RNA from each mouse tissue was
run in a Northern blot. Ribosomal RNA stained with ethidium bro-
mide is shown for estimation of sample loading. Numbers on the
right indicate migration of RNA marker fragments (size in kilobases
(kb)).

were found in human, rat, and murine CRLR. The
predicted amino acid sequences of murine RAMP 1, 2,
and 3 shared 66.4, 48.8, and 79.0% identity with hu-
man RAMPL1, 2, and 3, respectively (10). The deduced
amino acid sequences of CRLR, RAMP1 and 3 are
highly conserved between mammal species, whereas
the sequences of RAMP2 show low sequence homolo-
gies, especially in the N-terminal extracellular region
(Fig. 1). Four cysteine residues in the N-terminal re-
gion are conserved in the human RAMPs family (10).
They are also conserved in the murine RAMPs family
including RAMP2. Further analysis is required to clar-
ify in detail the function of murine RAMP2 with CRLR.
The EMBL/GenBank Data Library accession numbers
for murine CRLR and RAMP1, 2, and 3 are AF209905,
AF209904, AF209906, and AF209907, respectively.

Expression of CRLR and RAMPs in a Normal Mouse

To reveal the target tissues of AM, tissue distribu-
tions of CRLR, and RAMPs were investigated using
Northern blot hybridization (Fig. 2). CRLR mRNA (6
kb) and RAMP2 mRNA (0.8 kb) were predominantly
expressed in the lung. High levels of RAMP1 mRNA
(0.8 kb) were observed in the brain and thymus.
RAMP3 mRNA (1.3 kb) was high in testis, brain, and
kidney.

Specific binding sites of radiolabeled AM were most
abundant in the lung, and the plasma AM concentra-
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tion of the pulmonary artery was higher than that of
the aorta (14-16). Thus, it is expected that the lungs
are the main clearance sites of plasma AM in the
steady state. The present findings suggested that
CRLR with RAMP2 contributed to the AM binding
sites in the lungs of normal mice.

Although it was detected only at low levels in organs
other than the lungs, CRLR mRNA was ubiquitously
expressed among all mouse tissues studied. Consider-
ing that both CGRP and AM act in various tissues (2,
17), their site of action is probably determined by
RAMPs distribution.

Expression of CRLR and RAMPs in a Sepsis Model

To examine the effects of LPS-induced sepsis on
CRLR and RAMPs transcription, we analyzed mRNA
levels in murine tissues at 12 h after LPS treatment,
the latest stages of sepsis. This dose of LPS caused
severe septic shock. As shown in Fig. 3, LPS treatment
suppressed CRLR and RAMP2 mRNA levels in the
lungs. In other tissues, CRLR expression change was
minimal, and RAMP1 and 2 expressions were gener-
ally decreased in the sepsis model relative to normal
mice.

Injection of LPS resulted in a time-dependent de-
crease in RAMP2 gene expression in the lungs (Fig. 4).
Greater than 50% reduction was detected in RAMP2
MRNA at 0.5 h after treatment. A further reduction of
RAMP2 mRNA was sustained for up to 3 h after LPS
injection, and no additional decreases or rebounds
were observed between 3 and 12 h. In lungs, LPS
treatment produced similar large decreases in CRLR
MRNA expression. CRLR mRNA levels showed in-
creases of 2.5-fold at 0.5 h following LPS administra-
tion and the expression decreased gradually to the
lowest level at 4 h after LPS treatment, and this level
lasted to 12 h.

As previously reported, the plasma concentration of
AM was obviously elevated during early stages of sep-
sis (3, 4). The present findings showed that the recep-
tors conferred by CRLR and RAMP2 in the lung were
diminished in a relatively early stage of sepsis. These
findings indicate the marked reduction of AM binding
sites in lungs, should contribute to elevation of plasma
AM concentration in sepsis.

In contrast to RAMP1 and 2, RAMP3 message levels
were markedly increased in the lungs, spleen, and
thymus after 12 h of LPS injection (Fig. 3). In lungs,
there appeared to be a new type of AM receptor pre-
sented by RAMP3 and the remaining CRLR. Although
the CRLR mRNA was downregulated in lungs, the
level was comparable with that of other organs in nor-
mal mice. Therefore, CRLR expression should be suf-
ficient for constituting AM receptor with RAMP3.
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FIG. 3. Regulation of CRLR (A) and RAMPs (B, C, D) mRNA in various mouse tissues at 12 h after LPS treatment. (=) or (+) indicates
control or LPS-injected mice. Top panels: Representative autoradiogram of Northern blot of murine CRLR and RAMPs. Each lane contained
total RNA (5 pg) from normal and LPS-injected mice tissues. rRNAs stained with ethidium bromide are shown as internal controls. Bottom
panels: Densitometric quantification of CRLR and RAMPs messages normalized to the 18S rRNA message. Each mRNA level of LPS treated
mouse tissue (closed bars) is compared with the mRNA level of normal mouse tissue (open bars).
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FIG. 4. Time course of stimulation of CRLR (A), RAMP2 (B), and
RAMP3 (C) mRNA expressions in mouse lungs by LPS treatment.
Total RNA was extracted from three individual animals per group,
and mean levels of each group are shown. Densitometric quantifica-
tion of CRLR and RAMPs 2 and 3 messages was normalized to 18S
rRNA. Each mark indicates its level relative to the level at 0 h.
(Inset) The autoradiography of Northern blot. The position of each
mRNA is indicated with an arrowhead.

Little is known about the role of the “CRLR/RAMP3”
receptor at present. The “CRLR/RAMP3” receptor
shows similar functions to the “CRLR/RAMP2” recep-
tor, which increases intracellular cAMP accumulation
in vitro by AM treatment (11). However, the affinity of
various types of human AM (AM1-52, AM13-52, and
AM22-52) is different between these receptors (11). In
general, human AM affinity to the “CRLR/RAMP2”
receptor is higher than that to the “CRLR/RAMP3”
receptor. The predominant expression of RAMP3
should be required to exert AM functions mediated by
the “CRLR/RAMP3” receptor.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

The tissue distribution of RAMP3 mRNA during the
end stage of sepsis may provide a clue to its pathophys-
iological function, namely, the additional roles of AM in
sepsis. The “CRLR/RAMP3” receptor appeared in
spleen and thymus, in addition to the lungs. These
tissues are principal organs of the immune system. In
the thymus, the “CRLR/RAMP3” receptor appeared
during sepsis, while the CGRP specific receptor
“CRLR/RAMP1” was decreased by downregulation of
RAMP1. It was reported that CGRP enhances apopto-
sis of thymocytes in normal mice (18).

RAMP3 expression levels in lungs increased three-
fold at 4 h after LPS injection. At 12 h after treatment,
the RAMP3 mRNA level was approximately 40 times
higher than that of controls (Fig. 4). There was no
remarkable change in RAMP3 mRNA between 4 and
6 h. Similar findings were observed in the spleen and
thymus (data not shown). It was suggested that the
upregulation of RAMP3 mRNA was accelerated during
the late stages of sepsis. The differences between the
time course patterns of RAMPs may be due to various
transcriptional factors such as the cytokines produced
during the clinical course of sepsis. AM may function in
the immune system via the “CRLR/RAMP3” receptor
during end stage sepsis. Further studies are needed to
reveal the function of AM mediated by the “CRLR/
RAMP3” receptor.

In conclusion, the present study revealed dramatic
changes in gene expressions of AM receptors formed by
CRLR and RAMPs during sepsis. Decrease of the AM
receptor “CRLR/RAMP2” in the lungs should be re-
sponsible for an increase of AM plasma concentration.
On the other hand, increase of the AM receptor by
RAMP3 in several tissues suggests that AM plays dis-
tinct roles under septic conditions.
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