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Figure 2 Acute changes in left ventricular function before and immediately
after the support and at weaning from ECMO in patients with fulminant myo-
carditis (F group). (A) FS and (B) LYDd. Open circles indicate patients who
were weaned from ECMO and closed diamonds indicate F patients who
were not weaned from ECMO and died.

Discussion

This study demonstrated that ~70% of patients with fulmi-
nant myocarditis supported by percutaneous ECMO could
be saved. Cardiac function was severely depressed in the
acute phase but improved markedly in the chronic phase.
The clinical course in the chronic phase in the patients
with fulminant myocarditis who were weaned from ECMO
was similar to that in patients with non-fulminant
myocarditis.

Survival and percutaneous ECMO

McCarthy et al.® reported that fulminant myocarditis is a dis-
tinct clinical entity with an excellent long-term prognosis.
However, there were few patients requiring circulatory
supports in their reports, and the clinical outcome of those
patients remains undetermined. in our series of patients,
even though cardiac function was severely depressed in the
acute phase reaching zero myocardial FS, haemodynamic
volume support by percutaneous ECMO could effectively
prevent the development of multiple organ failure. When
compared with left ventricular assist devices, which we
used to treat 106 patients with deteriorated haemodynamics
since 1982, percutaneous ECMO has an advantage in terms
of its quick, easy, and less invasive application,““’ which
may help in overcoming potential complications such as
stroke, peripheral arterial ischaemia, haemorrhage, and

infections.'® If there is no improvement in cardiac function,
the patients should be bridged from ECMO to ventricular
assist devices. The present study includes only one bridged
patient. The resutts derived from other studies of fulminant
myocarditis showed a survival rate of 40-50% for patients
supported with ventricular assist devices.

Patients with fulminant myocarditis may be better
managed by maintaining circulatory support than pursuing
transplantation. As reported previously, the survival rate
of patients with post-cardiotomy shock who required ECMO
but had already suffered from irreversible myocardial
damage was 20-40%."” However, the present study demon-
strated that many of these patients (=70%) have a reason-
able chance for full cardiac recovery and benefit from
several days or weeks of circulatory support using ECMO,
without undergoing transplantation. Particularly for chil-
dren in whom transplantation is certainly not encouraging,
ECMO is useful in delaying transplantation by providing
support sufficiently long to determine whether cardiac
function may improve. '8

Temporary myocardial damage in patients with
fulminant myocarditis

In the present study of fulminant myocarditis, patients who
were not weaned from ECMO and died exhibited a higher
peak CK-MB level and a more depressed systolic function
(lower FS) than those who were weaned from ECMO.
Interestingly, despite similar peak CK-MB levels, there
was a significant difference in FS between patients with ful-
minant myocarditis who were weaned from ECMO and those
with non-fulminant myocarditis. These findings indicate that
the extent of myocardial dysfunction and necrosis caused by
inflammatory responses may determine the acute outcome
in myocarditis patients. Moreover, it is speculated that the
echocardiographic finding of less dilatation may be related
to a severe infectious insult with myocardial oedema. In
light of accumulating evidence, myocardial dysfunction is
associated with cardiodepressant mediators including free
radicals and inflammatory cytokines.'®2° From the current
data shown in Figure 2, percutaneous ECMO does not
appear to directly promote functional recovery. However,
it may be useful in supporting a compromised heart until
the inflammatory storm in the myocardium has subsided.
Potential therapies specific for the pathophysiological
process of acute myocarditis include immunomodulation
(i.e. immunoglobutin and interferon)*'"*® and vacci-
nation,?*%° the use of which may provide new insights into
the treatment of this disease. Duncan et al.” reported
that mechanical circulatory support in combination with
immunotherapy (intravenous administration of gamma glo-
bulin and/or steroids) results in 60% of the acute survival
of children with fulminant myocarditis.

Recovery of ventricular function and long-term
outcome

In patients with fulminant myocarditis who survived, FS
improved in the chronic phase to a level similar to that in
patients with acute non-fulminant myocarditis. The
present results were different from those reported pre-
viously by Felker et al.?® They reported a significant
improvement in FS in patients with fulminant myocarditis
(from 19+4 to 30 + 8%), whereas no improvement was
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Table 2 Comparison between patients who were weaned and those who were not weaned from ECMO in the F group

Patients who were Patients who were P-value
weaned (n = 10) not weaned/died (n = 4)
Aspartate aminotransferase (IU/L) 145 (108-381) 280 (208-3775) 0.138
Alanine aminotransferase (1U/L) 70 (54-358) 81 (60-2123) 0.524
Lactate dehydrogenase (1U/L) 635 (475-1229) 1222 (630-6301) 0.358
Peak CPK (1U/L) 3860 (1097-6168) 12005 (7167-16117) 0.138
Peak CK-MB (IU/L) 102 (16-134) 229 (200-538) 0.042
Blood urine nitrogen (mg/dL) 18.5 (15-26) 34.5 (30-38.5) 0.004
Serum creatinine (mg/dL) 1.0 (0.8-1.1) 2.4 (1.55-2.6) 0.179
White blood cell count (/pL) 11635 (9230-12200) 8535 (6400-12885) 0.289
C-reactive protein (mg/dL) 10.2 (6.6-12.4) 7.9 (4.5-15.1) 0.832

The median (25-75%) data. All data except peak creatine phosphokinase (CPK) and its isoform (CK-MB) are presented as baseline (measured on admission).
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Figure 3 Comparison of echocardiographic data between patients who were
weaned and those who were not weaned from ECMO in F group. All these data
were gathered on admission. (4} LVDd and LVDs. (B) FS and ventricular wall
thickness.

observed in those with acute myocarditis (from 1747 to
19 + 7%). We also noted that the percentages of adverse
clinical events were similar between the two groups during
the follow-up period. Only one patient in the present
study group was rehospitalized due to heart failure.

However, the previous studies showed that the long-term
outcome of patients with acute myocarditis was poor, that
is, 50-60% of patients had a 5-year survival rate, compared
with those with fulminant myocarditis.®?”-2® This difference
may be due to the differences in patients’ clinical back-
grounds. In the present study, all the 14 patients with fulmi-
nant myocarditis and 12 of 13 patients with non-fulminant
acute myocarditis had a distinct onset of cardiac symptoms
within a short duration from flu-like symptoms and had no
recurrence of myocarditis. The myocarditis cases observed
in the present study appear to be more acute than those
reported by others.®?® In the previous studies, designed on
the basis of the classification of Lieberman’s report,?
enrolled patients with acute non-fulminant myocarditis
had heart failure without a distinct onset of cardiac symp-
toms, which lasted for a period of weeks to months. The
timing of cardiac symptom presentation may be associated
with the pathophysiology and/or the state of myocarditis.
Patients in the previous studies may have included those
with acute myocarditis without distinct onset and/or
chronic (active or persistent) myocarditis. Kodama et al.*®
showed the long-term favourable outcome of acute myocar-
ditis patients with a distinct onset classified by clinical
subtypes, compared with those without a distinct onset.
Patients with myocarditis without a distinct onset may
have already undergone the remodelling process following
a viral infection, leading to dilated cardiomyopathy. Thus,
the clinical presentation may play an important role in the
prognosis of this particular disease.*’

Study limitations

This study has a few potential limitations. First, this is a
retrospective cohort study performed at one centre. The
number of patients was too small to permit multivariate
analysis with adjustment for underlying confounders.
However, the clinical relevance of the findings regarding
such a rare but life threatening disease allows the present
comparison. Secondly, endomyocardial biopsy was not per-
formed in all the patients. Endomyocardial biopsy is of
value in evaluating the activity of inflammation and identi-
fying infiltrating cells. However, Dec et al.** demonstrated
that the combination of the clinical features of viral myocar-
ditis and subsequent substantial improvement in the left
ventricular function suggest the clinical diagnosis of
active myocarditis, even when supportive biopsy evidence
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Table 3 Comparison with laboratory data between F groups and NF (non-fulminant acute myocarditis) groups

F group (n=14) NF group (n = 13) P-value
Aspartate aminotransferase (IU/L) 188 {108-381) 46 (39-127) 0.006
Alanine aminotransferase (1U/L) 70 (57-358) 42 (27-69) 0.051
Lactate dehydrogenase (IU/L) 711 (477-1229) 361 (175-491) 0.004
Peak CPK (iU/L) 3903 (1765-11667) 529 (253-1042) <0.001
Peak CK-MB (1U/L) 117 (67-210) 98 (67-124) 0.447
Blood urine nitrogen (mg/dL) 24 (16-32) 11 (9-19) 0.003
Serum creatinine (mg/dL) 1.0 (0.8-1.6) 0.75 (0.6-0.85) 0.004
White blood cell count (/ul) 11385 (9049-12200) 9030 (7550-9918) 0.099
C-reactive protein (mg/dL 9.9 (5.4-12.4) 3.6 (2.6-12.3) 0.201

The median (25-75%) data. All data except peak creatine phosphokinase (CK) and its isoform (CK-MB) are presented as baseline (measured on admission).

O .F group (tPatients who died in acute phase)

@ NF group
(A) FS
P =0.001
i
P < 0.001
[ ]
(%) P < 0.001
50 1 R ¢ 50
®

40 § 8 40
®

30 ® g ! 30

e}

! o

20 1 ) L 20

10 tt @ 10

t
0 hd 8m 0
On admission Chronic
(B) LVDd
{mm)

80 1 ® - 80
60 @ o e - 60
TO@ @ !

401 09 - 40

+O @
204 'O - 20
0 0

On admission Chronic

Figure 4 Changes in FS (A) and LVDd (B) (determined by echocardiography)
on admission, in the chronic phase {~6-12 months after). Open circles indi-
cate F group, closed circles indicate non-fulminant acute myocarditis (NF)
group, and crosses indicate patients who died.

is lacking. In the present study, as shown in Figure 4, left
ventricular function recovered to almost normal in the
chronic phase and was not accompanied by cardiac dilata-
tion or remodelling. Thus, biopsy was deemed unnecessary;

Fulminant myocarditis
F group (n=14)

Non-fulminant myocarditis
NF group (n=13)

Death 4 0 death
in acute phase
50 (40-66) Follow-up periods 86 (37-81)
months months
v 10 18 ¢
Death 0 Death 0

Congestive heart failure 1 Congestive heart failure 0
(after 14 months)

Figure 5 Clinical events in follow-up period.

in some cases, it is difficult to obtain informed consent from
the patients of this study.

In conclusion, percutaneous ECMO is a highly effective
form of haemodynamic support for patients with fulminant
myocarditis. Once a patient recovers from inflammatory
myocardial damage, the subsequent clinical outcome is
favourable, similar to that observed in patients with acute
non-fulminant myocarditis. A further study is required to
determine the potential trigger promoting the remodelling
process following viral myocarditis.
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An Association Between Proteinuria and Coronary
Atherosclerosis in Patients With Abnormal Glucose
Tolerance

Yu-Kataoka, Satoshi Yasuda, Masaysohi Takeno, Shinzo Miyamoto, Isao Morii, Atsushi
Kawamura, Shunichi Miyazaki, National Cardiovascular Center, Osaka, Japan

Background: Altered renal function (decrease in creatinine clearance or proteinuria) is
an independent risk factor of cardiovascular morbidity and mortality. The present study
investigated whether a significant association exists between proteinuria and the extent of
coronary atherosclerosis in patients with angina pectoris. '

Methods: A total of 490 patients were studied and divided into the following three groups
according to the urinary protein (UP) level; normal (UP < 30mg/di, n=381), low (30<=
UP = 100mg/dl, n=66) and high (UP >= 100mg/dl, n=43). Metabolic profiles including
hemoglobin (Hb) A1c, fasting glucose and postprandial glucose levels were measured.
All major coronary trees were assessed by computer-assisted quantitative coronary
angiography. We defined segments with an absolute diameter of <= 1.5mm as diseased
lesions and determined average lesion length (ALL).

Results: Patients in the high UP group showed longer ALL and higher levels of HbA1c,
fasting and postprandial glucose than other two groups. By multivariate analysis, the UP
and postprandial glucose levels were independent determinant of long coronary artery
lesions (ALL > 10mm).

Conclusion: These findings indicate that proteinuria is strongly associated with diffuse
coronary narrowing. Postprandial hyperglycemia may contribute to a preferential link
between atherosclerotic macrovascular disease and renal microvascular disease.

Table:

Inating blood plunoua (mokd ) posiprandisl blook plucore tngAs ) HBAde (%) ALL (mm)
normal P 106 + 28 184 & 69 6.0% 1.1 10.7 8.1
(< 30 mgldl)
low UP ] 106 = 27 184 = 69 6.3%1.2 40.8 6.1
30 <100 =1} -
high UP 129 = 46 % ¥ 221 & 6O 7.0213%% | 14.228.8%¥
{ 2 100 mg/dl)

2 p<0.08 va normal UP, # p<0.05 va low WP (by analysla of variance)
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Functions of the Cytoplasmic Tails of the Human Receptor
Activity-modifying Protein Components of Calcitonin
Gene-related Peptide and Adrenomedullin Receptors™
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Receptor activity-modifying proteins (RAMPs) enable calcitonin
receptor-like receptor (CRLR) to function as a calcitonin gene-
related peptide receptor (CRLR/RAMP1) or an adrenomedullin
(AM) receptor (CRLR/RAMP2 or -3). Here we investigated the
functions of the cytoplasmic C-terminal tails (C-tails) of human
RAMPI, -2, and -3 (hRAMP], -2, and -3) by cotransfecting their
C-terminal deletion or progressive truncation mutants into HEK-
293 cells stably expressing hCRLR. Deletion of the C-tail from
hRAMP1 had little effect on the surface expression, function, or
intracellular trafficking of the mutant heterodimers. By contrast,
deletion of the C-tail from hRAMP2 disrupted transport of hCRLR
to the cell surface, resulting in significant reductions in 'I-hAM
binding and evoked cAMP accumulation. The transfection effi-
ciency for the hRAMP2 mutant was comparable with that for wild-
type hRAMP2; moreover, immunocytochemical analysis showed
that the mutant hRAMP2 remained within the endoplasmic reticu-
lum. FACS analysis revealed that deleting the C-tail from hRAMP3
markedly enhances AM-evoked internalization of the mutant het-
erodimers, although there was no change in agonist affinity. Trun-
cating the C-tails by removing the six C-terminal amino acids of
hRAMP2 and -3 or exchanging their C-tails with one another had no
effect on surface expression, agonist affinity, or internalization of
hCRLR, which suggests that the highly conserved Ser-Lys sequence
within hRAMP C-tails is involved in cellular trafficking of the two
AM receptors. Notably, deleting the respective C-tails from
hRAMPs had no effect on lysosomal sorting of hCRLR. Thus, the
respective C-tails of hRAMP2 and -3 differentially affect hCRLR
surface delivery and internalization.

CGRP? and AM belong to the calcitonin family of regulatory mole-
cules and exert a wide variety of biological effects, including potent

* This work was supported in part by grants-in-aid for scientific research on priority areas
and for the 21st Century Centers of Excellence Program (Life Science) from the Min-
istry of Education, Culture, Sports, Science, and Technology, Japan. The costs of pub-
lication of this article were defrayed in part by the payment of page charges. This
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Section 1734 solely to indicate this fact.

) The on-line version of this article (available at httpy//www.jbc.org) contains one sup-
plemental figure.
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2 The abbreviations used are: CGRP, calcitonin gene-related peptide; haCGRP, human
«CGRP; AM, adrenomedullin; hAM, human AM; CRLR, calcitonin receptor-like recep-
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GFP, green fluorescent protein; FACS, fluorescence-activated cell sorting; PBS, phos-
phate-buffered saline; NHERF, Na* /H* exchanger regulatory factor; 8,-AR, B,-adre-
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vasorelaxation (1-3). The receptors that mediate these effects are het-
erodimers composed of CRLR and RAMP, a novel accessory protein (4).
The three RAMP isoforms (RAMP1, RAMP2, and RAMP3) are each
composed of ~160 amino acids, and all exhibit a common structure that
includes a large extracellular N-terminal domain, a single membrane-
spanning domain, and a very short C-tail, but they share less than 30%
sequence identity and differ in their tissue distributions (4, 5). When
acting as a chaperone, each RAMP forms a 1:1 heterodimer with CRLR,
probably in the ER (4, 6). They then mediate the transport of CRLR to
the cell surface, where the heterodimers form functional CGRP or AM
receptors: CRLR/RAMP1 forms the CGRP, receptor (4), which can also
be activated by high concentrations of AM (7, 8); CRLR/RAMP2 forms
an AM-specific receptor that is sensitive to the AM receptor antagonist
AM-(22-52) (AM, receptor) (7, 9); and CRLR/RAMP3 forms an AM
receptor that is sensitive to both the CGRP, receptor antagonist CGRP-
(8-37) and AM-(22-52) {AM, receptor) (7, 9). It is the RAMP extracel-
lular domain that mediates agonist binding to CRLR/RAMP heterodimers
(11-13), which in turn mediate intracellular cAMP production and Ca®*
mobilization (4, 10).

Exposing cells that express GPCRs to their respective agonists fre-
quently leads to a rapid internalization of the receptor in a process
believed to involve clathrin-coated vesicles, caveolin-rich vesicles, or
both (14, 15). The internalized GPCRs may be recycled back to the
plasma membrane in order to promote functional restoration of signal
transduction, or they may be trafficked to lysosomes, where they are
degraded (14, 15). Similarly, upon binding their respective agonist,
hCRLR/RAMP heterodimers stably expressed in HEK-293 cells are rap-
idly internalized without dissociation via clathrin-coated vesicles (6, 10)
in a process that is blocked by dominant negative mutants of dynamin
and B-arrestin 2 (6). In that regard, it is well known that G protein-
coupled receptor kinases phosphorylate serine/threonine sites located
in many GPCR C-tails, enabling B-arrestins to bind there (16). After
internalization, both CRLR and RAMP are targeted to lysosomes (10),
where they are degraded (6).

Although short, the RAMP C-tails do contain potential sites of inter-
action with other proteins (5, 17). For instance, the hRRAMP3 C-tail
possesses a classical type I PDZ (PSD-95/Disc-large/ZO-1) binding
motif (TLL) {5, 17), and the binding of NSF to the PDZ motif of
hRAMP3 was found to promote slow recycling of internalized hCRLR/
hRAMP3 heterodimers in HEK-293 cells (18). In addition, a five-residue
motif (QSKRT) in the hRAMP1 C-tail can act as an ER retention signal
(19). The C-tails of RAMPs, like that of CRLR, also contain potential
phosphorylation and ubiquitination sites (5, 17). Ubiquitination is the
post-translational attachment of ubiquitin lysine residues in the sub-
strate proteins (20, 21); it is not crucial for receptor internalization but is
essential for proper trafficking to lysosomes for degradation (22, 23).
Whether the phosphorylation and ubiquitination sites are also involved
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in intracellular trafficking of CRLR/RAMP heterodimers remains
unknown. To address that issue, we examined the effects of expressing
various hRAMP C-tail deletion and progressive truncation mutants and
chimeras in which the C-tails were exchanged among the three
hRAMPs in HEK-293 cells stably expressing hCRLR.

EXPERHMENTAL PROCEDURES

Materials—'**I-[Tyr’lhaCGRP (specific activity 2 uCi/pmol) (24),
which contains an extra N-terminal tyrosine residue (Tyr%), and '%I-
hAM (specific activity 2 uCi/pmol) (1) were both produced in our lab-
oratory. Human «CGRP was purchased from Peptide Institute (Osaka,
Japan). [Tyr’lhaCGRP was from Phoenix Pharmaceuticals, Inc. Human
AM was kindly donated by Shionogi & Co. (Osaka, Japan). Mouse anti-
hNSF antibody was from Calbiochem. Mouse anti-V5 antibody and
FITC-conjugated mouse anti-V5 monoclonal antibody (anti-V5-FITC
antibody) were from Invitrogen. Rabbit anti-calnexin antibody was
from Stressgen Biotechnologies Corp. (Victoria, Canada), and Alexa
Fluor® 594 (biotin- and fluorescent dye-labeled goat anti-rabbit IgG
antibody) were from Molecular Probes, Inc. {(Eugene, OR). PE-conju-
gated rabbit anti-mouse secondary antibody was from Exalpha Biologi-
cals, Inc. All other reagents were of analytical grade and were obtained
from various commercial suppliers.

Expression Constructs—hNSF (GenBank™ accession number
BC030613) was cloned from cDNA obtained from human heart {(Clon-
tech) using PCR with the appropriate primers and then modified to
provide a consensus Kozak sequence as previously described (25).
hRAMPY, -2, and -3 (4) were also modified to provide the same Kozak
sequence. A double V5 epitope tag (GKPIPNPLLGLDST) was ligated, in
frame, to the 5'-end of the cDNAs encoding each intact hRRAMP, and
the native signal sequences were removed and replaced with MKTI-
LALSTYIFCLVFA (26), yielding V5-hRAMPI, -2, and -3. The deletion
and progressive truncation mutations in the V5-hRAMP C-tails were
created by using 3'-primers that introduced a translational stop codon
at the desired positions (Fig. 1); with RAMP3, for instance, A139 repre-
sents a mutant in which a stop codon was introduced after residue 139,
In addition, various V5-hRAMP chimeras were constructed by
exchanging the 9 C-terminal amino acid residues among the three
hRAMPs. The hNSF, V5-hRAMPs, V5-hRAMP deletion and truncation
mutants, and V5-hRAMP chimeras were then respectively cloned into
the mammalian expression vector pPCAGGS/Neo (10) using the 5'-Xhol
and 3'-Notl sites, and the sequences of the resultant constructs were all
verified using an Applied Biosystems 310 Genetic Analyzer. The indi-
vidual V5-hRAMPs were compared with the native sequence in the
assays and were found to behave identically (data not shown).

Cell Culture and DNA Transfection—HEK-293 cells stably express-
ing a hCRLR-GFP chimera (10) were maintained in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine serum, 100
units/mt! penicillin G, 100 pg/ml streptomycin, 0.25 ug/ml amphoteri-
cin B, and 0.25 mg/ml G 418 at 37 °C under a humidified atmosphere of
95% air, 5% CO,. For experimentation, cells were seeded into 6- or
24-well plates and, upon reaching 70 - 80% confluence, were transiently
cotransfected with the indicated cDNAs using Lipofectamine transfec-
tion reagents (Invitrogen) according to the manufacturer’s instructions.
Briefly, the cells were incubated for 4 h in Opti-MEM I medium con-
taining plasmid DNAs, Plus reagent, and Lipofectamine (see Ref. 27 for
6-well and Ref. 11 for 24-well plates). As a control, some cells were
transfected with empty vector (mock). All experiments were carried out
48 h after transfection.

FACS Analysis—Flow cytometry was carried out to assess the levels
of cell surface expression of V5-hRAMPs, V5-hRAMP truncation
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FIGURE 1. Amino acid sequence alignment of the cytoplasmic tails of hRAMP1, -2,
and -3. The sequences are aligned for maximum homology; alignment of the entire
sequences was presented by MacLatchie et al. (4). The numbers indicate the amino acid
positions in accordance with Sexton et al. (S). Black circles indicate conserved amino
acids; arrows indicate potential phosphorylation sites; and the PDZ binding motif is
boxed. The progressive hRRAMP C-tail truncation mutants were created using 3'-primers
that introduced a translational stop codon at the indicated positions; for instance, 4139
represents a truncation mutant that introduced a stop codon after residue 139.

mutants, or V5-hRAMP chimeras in HEK-293 cells. To evaluate cell
surface expression, cells were harvested following transient transfec-
tion, washed twice with PBS, resuspended in ice-cold FACS buffer (27),
and then incubated for 60 min at 4 °C in the dark with anti-V5 mono-
clonal antibody (1:1000 dilution). Following two additional washes with
FACS buffer, the cells were incubated for 60 min at 4 °C in the dark with
PE-conjugated rabbit anti-mouse secondary antibody (1:400 dilution) in
ice-cold FACS buffer. For evaluation of whole cell expression, cells were
first permeabilized using IntraPrep™ reagents (Beckman Coulter, Ful-
lerton, CA) according to the manufacturer’s instructions and then incu-
bated with anti-V5-FITC antibody (1:500 dilution) for 15 min at room
temperature in the dark. Following two successive washes with FACS
buffer, both groups of cells were subjected to flow cytometry in an
EPICS XL flow cytometer {Beckman Coulter) and analyzed using EXPO
2 software (Beckman Coulter). Fluorophores were excited at 488 nm,
and the emission was monitored at 530 nm for GFP and 575 nm for PE.
Viability was assessed by exclusion of propidium iodide.
Immunofluorescence Microscopy—HEK-293 cells stably expressing
hCRLR-GFP were plated onto 35-mm glass-bottomed dishes (Iwaki,
Tolkyo, Japan). As determined by the experimental protocol, some cells
were then transiently transfected with V5-hRAMP2, A166-hRAMP2, or
A167-hRAMP?2. The cells were then fixed with 3.7% formaldehyde in
PBS for 20 min at room temperature, washed twice with PBS, and per-
meabilized with 0.25% Triton X-100 in PBS for 10 min. Thereafter, the
cells were incubated at room temperature for 30 min in blocking buffer
(PBS containing 1% bovine serum albumin), followed by incubation for
60 min first with rabbit anti-calnexin (1:200 dilution) and mouse anti-
V5-FITC antibody (1:500 dilution) and then, after washing four times
with PBS, with the Alexa Fluor® 594 diluted 1:100 in blocking buffer.
After another three washes with PBS, the cells were mounted using
Slow-Fade mounting medium (Molecular Probes, Inc.), and a 22-mm
glass coverslip was seated in the center of each dish. Double labeling was
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viewed using a TCS-SP2 AOBS confocal laser-scanning microscope
(Leica) equipped with a X 63/1.32 numerical aperture immersion lens
(Leica).

Whole-cell Radioligand Binding Assays—Transfected HEK-293 cells
in 24-well plates were washed twice with prewarmed PBS and then
incubated for 5 h at 4 °C with ***I-[TyrlhaCGRP (100 pM) or "*I-hAM
(20 pm) in the presence (for nonspecific binding) or absence (for total
binding) of 1 uM unlabeled ha CGRP or hRAM in modified Krebs-Ringer-
HEPES medium (10), after which they were washed twice more with
ice-cold PBS and harvested with 0.5 M NaOH. The associated cellular
radioactivity was measured in a y-counter. Specific binding was defined
as the difference between total binding and nonspecific binding,

cAMP Measurements— Transfectants in 24-well plates were incubated
for 15 min at 37 °C in Hanks’ buffer containing 20 mm HEPES, 0.2%
bovine serum albumin, 0.5 mm 3-isobutyl-1-methylxanthine (Sigma),
and the indicated concentrations of haCGRP or hAM. The reaction
mixture was then replaced with 20 mm HCl and 1 M acetic acid to extract
the intracellular cAMP, after which the resultant extracts were lyophi-
lized and stored at —30°C until assayed. The cAMP concentrations
were measured using our specific radioimmunoassay (1).

FACS Analysis of Receptor Internalization and Recycling—Following
cotransfection of the indicated ¢cDNAs into HEK-293 cells stably
expressing hCRLR-GFP in 6-well plates, the cells were exposed to
selected concentrations of haCGRP or hAM in prewarmed serum-
free Dulbecco’s modified Eagle’s medium containing 20 mm HEPES
and 0.2% bovine serum albumin for the indicated periods (up to 2 h)
at 37 °C. For receptor recycling studies, the cells were incubating for
60 min with the agonist plus 10 ug/ml cycloheximide and 10 pg/ml
brefeldin A and then washed three times with prewarmed PBS. The
medium was then replaced with prewarmed Dulbecco’s modified
Eagle's medium containing 20 mm HEPES, 10% fetal bovine serum,
10 pg/ml cycloheximide, and 10 pg/ml brefeldin A for the indicated
periods (up to 4 h) at 37°C. Internalization and recycling were
stopped by adding ice-cold PBS, after which the cells were harvested,
resuspended in ice-cold FACS buffer, and labeled with anti-V5
monoclonal antibody and fluorescein PE-conjugated rabbit anti-
mouse secondary antibody. The cells were then subjected to flow
cytometry and analyzed as described above.

mRNA Expression Measured by Real Time Quantitative PCR—Total
RNAs were extracted from HEK-293 cells either untransfected or trans-
fected as indicated using total RNA isolation reagent (Invitrogen).
Thereafter, the target cDNAs were synthesized from the respective
mRNAs by reverse transcription using SuperScript reverse tran-
scriptase (Invitrogen). The expression of mRNAs encoding hNSF was
assessed using real time quantitative PCR (Prism 7700 Sequence Detec-
tor, Applied Biosystems, Foster City, CA) with original oligonucleotide
primers (sense, 5'-AGAACAGTGACCGCACACCAT-3'; antisense,
5'-TCCACAACCACACAACTGAGC-3") and a fluorescently labeled
probe (5'-AGCGTGCTTCTGGAAGGCCCTCCTCACAGT-3'). The
size of the amplified DNA was 223 bp. The levels of ANSF mRNA were
normalized to those of glyceraldehyde-3-phosphate dehydrogenase
mRNA, which served as an internal control.

Western Analysis—Following transient transfection of hNSF into
cells plated in 6-well plates, the transfectants were washed twice with
ice-cold PBS, harvested in 1 ml of sample buffer (28), and boiled for 10
min. Equal aliquots of protein (20 pg) were then subjected to 10% SDS
gel electrophoresis and transferred to a Hybond-P membrane (Amer-
sham Biosciences). The membrane was then blocked with 5% block
reagent (Amersham Biosciences), washed, and incubated first for | h at
room temperature with rabbit anti-hNSF antibody (1:1,000 dilution)
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and then with secondary antibody (1:10,000 dilution). hNSF proteins
were detected using an ECL Plus chemiluminescence kit (Amersham
Biosciences), after which they were quantitated by densitometry using
Image Gauge (LAS-1000; Fuyjifilm).

Statistical Analysis—Results are expressed as means * S.E. of at least
three independent experiments. Differences between two groups were
evaluated using Student’s ¢ tests; differences among multiple groups
were evaluated with a one-way analysis of variance followed by Scheffe’s
tests. Values of p < 0.05 were considered significant.

RESULTS

Deletion of hRAMP C-tails—We previously established HEK-293
cells stably expressing hCRLR-GFP alone or together with Myc-
hRAMPs and used them to visualize the cellular localization and traf-
ficking of hCRLR (10). Following AM exposure, hCRLR is rapidly inter-
nalized together with its associated hRAMP, and then both are
trafficked to lysosomes; fusion of GFP to the C terminus of hCRLR had
no apparent effect on the trafficking of the heterodimeric receptor. In
the present study, therefore, we used HEK-293 cells stably expressing
hCRLR-GFP to examine the functions of the C-tails of the three
hRAMPs within the respective CRLR/RAMP heterodimers.

We initially tested the effect of completely deleting the C-tails of the
three V5-epitope tagged hRAMPs (Fig. 2). When coexpressed with
hCRLR, V5-RAMPI, -2, and -3 were detected at the surfaces of 45.9,
21.9, and 38.9% of cells, respectively. On the other hand, the V5-RAMP
deletion mutants A139-RAMP1, A166-RAMP2, and A139-RAMP3
appeared at the surface of 43.7, 5.0, and 38.8% of cells, respectively.
Thus, deletion of the C-tail significantly reduced surface delivery of only
RAMP2. Surface immunoreactivity was detected in only 0.55% of cells
expressing the empty vector (Mock), which is well within the 2% limit of
resolution characteristic of FACS analysis.

We next evaluated the binding profiles of '**I-[Tyr’ThaCGRP and
"2*I-hAM to cells expressing each of the wild-type and mutant receptors
(Fig. 3, A and B). When CRLR-GFP was coexpressed with empty vector
(Mock), the cells showed only very low levels of specific binding of
YL Tyr?l aCGRP and '**I-AM. Co-transfection of RAMP1 led to
markedly higher specific "*I-[Tyr?)aCGRP binding than was seen
with A139-RAMP1 (Fig. 34), although there was no difference in the
surface expression of either heterodimeric receptor (Fig. 2). Likewise,
cotransfection of RAMPZ significantly increased the specific binding of

Cetl surface expression (%)

FIGURE 2. FACS analysis of HEK-293 cells coexpressing hCRLR with intact hRRAMP or
a C-terminal deletion mutant. HEK-293 cells stably expressing CRLR-GFP were tran-
siently transfected with empty vector (Mock) or the indicated V5-RAMP or deletion
mutant. The cells were incubated first with an anti-VS monoclonal antibody and then
with a fluorescein PE-conjugated rabbit anti-mouse secondary antibody. Samples incu-
bated with only secondary antibody served as the control. Cell surface expression of
each construct was estimated by flow cytometry. The bars represent means = 5.E. of six
independent experiments. *, p < 0.001 versus control (Mock); #, p < 0.02 versus corre-
sponding wild-type V5-RAMP.
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FIGURE 3. Effects of hRAMP C-terminal deletion on agonist binding and evoked
cAMP production in HEK-293 cells stably expressing hCRLR. A, specific binding of
125-haCGRP and '2*I-hAM. HEK-293 cells expressing CRLR-GFP were transiently trans-
fected with empty vector (Mock) or the indicated V5-RAMP or deletion mutant, after
which the cells were incubated for 5 h at 4 °C with '251-CGRP (100 pm) or "25-AM (20 pm)
in the presence or absence of 1 um unlabeled «CGRP or AM. Bars represent means = S.E.
of three experiments. *, p < 0,002 versus Mock; #, p < 0.001 versus corresponding wild-
type V5-RAMP. B, displacement of radioligand. Cells were transfected and radiolabeled
as in A either alone or with the indicated concentration of uniabeled ligand («CGRP or
AM). Bars represent means * S.E. of three experiments. C and D, evoked cAMP produc-
tion. After transient transfection of V5-RAMPs and the corresponding deletion mutants,
cells were exposed to the indicated concentrations of aCGRP, [Tyr®]aCGRP, or AM for 15
min at 37 °C and then lysed. The resultant lysates were analyzed for cAMP content, Bars
represent means * S.E. of three experiments.

?*I.AM to CRLR-GFP-expressing cells, whereas cotransfection of

A166-RAMP2 did not. In this case, the reduced binding could be due to
reduced surface delivery of the mutant receptors (Fig. 2). Finally, dele-
tion of the RAMP3 C-tail had no effect on specific '**I-AM binding,
Fig. 3B shows a set of "*I-[Tyr’JaCGRP and '**I-AM competition
curves for the wild-type and mutant receptors. The 1C;, values derived
from the curves obtained with cotransfection of A139-RAMP1 or A166-
RAMP2 were both >1000 nMm, which is much higher than those for
RAMP1 and -2 (43.0 and 12.2 nM, respectively). By contrast, the ICy
values obtained with expression of RAMP3 or A139-RAMP3 were
within the same order of magnitude (560 and 257 nm, respectively).
We then further characterized the mutant receptors by measuring
agonist-induced intracellular cAMP accumulation (Fig. 3, C and D).
aCGRP and AM elicited little or no cAMP production in HEK-293 cells
expressing CRLR-GFP alone, indicating that the stable transfectants
used in this study express no functional RAMP proteins. In cells coex-
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pressing RAMP1 and CRLR-GFP, by contrast, t«CGRP (EC;,, = 0.18 nm)
elicited marked increases in cAMP (Fig. 3C). In cells expressing A139-
RAMP1 with CRLR-GFP, the ECy, for «CGRP was increased only a
little, as compared with RAMP1 (to 0.49 nMm), and the maximal
responses were also similar to those seen with RAMP1 (Fig. 3C). Inter-
estingly, the responses to [Tyr’)aCGRP by cells expressing CRLR-GFP/
A139-RAMP1 (ECg, = 8.5 nm) were significantly smaller than those
seen in cells expressing CRLR-GFP/RAMP1 (EC,, = 0.79 nm). In cells
transfected with RAMP2, AM elicited significant increases in cAMP
(ECyo = 0.38 nm), but these responses were diminished by 62.1% in cells
transfected with A166-RAMP2, although there was no significant
change in ECy, (0.16 nM) (Fig. 3D). AM-evoked cAMP production did
not significantly differ in cells expressing RAMP3 or A139-RAMP3
(ECgy = 0.41 and 0.20 nM, respectively) (Fig. 3D). That the cAMP pro-
duction elicited via the respective receptors largely paralleled the profile
of radioligand binding (Fig. 3, A and B) suggests that the C-tails of
RAMP1 and -3 have little or no involvement with agonist binding and
signaling.

We previously quantified the internalization and recycling of AM
receptors (CRLR/RAMP heterodimers) using radioligand binding
assays; however, interpretation of those experiments was complicated
by the high degree of nonspecific AM binding, which reflected the
highly hydrophobic and basic nature of the native peptide (1, 10, 11). In
the present study, therefore, we used FACS to evaluate agonist-medi-
ated internalization and recycling of wild-type and mutant CRLR-GFP/
RAMP heterodimers. Fig. 44 shows the receptor internalization
induced by 1 um aCGRP- or AM. Exposure to the appropriate agonist
elicited rapid declines in cell surface expression of wild-type CRLR-
GFP/RAMP1 and -3 that led to 40— 60% reductions in signal strength
within 2 h and to 90% reduction in cell surface CRLR-GFP/RAMP2
within 30 min. Heterodimers composed of CRLR-GFP plus A139-
RAMPI or A166-RAMP?2 tended to be internalized somewhat less effi-
ciently, whereas internalization of the CRLR-GFP/A139-RAMP3 het-
erodimer was markedly enhanced. Notably, these phenomena occurred
with no changes in cell surface CRLR-GFP expression or AM binding
and signaling (Figs. 2 and 3).

The dose dependence of the agonist-evoked receptor internalization
is illustrated in Fig. 4B. «CGRP elicited equivalent dose-dependent
internalization of CRLR-GFP/RAMP1 and CRLR-GFP/A139-RAMPI.
AM dose-dependently induced RAMP2-mediated internalization of
CRLR-GFP, which was more efficient than RAMP1-mediated internal-
ization. And A166-RAMP2 mediated internalization of CRLR-GFP
even more efficiently than did wild-type RAMP2, although the basal
surface expression of CRLR-GFP/A166-RAMP2 was much lower (Fig.
24). A139-RAMP3-mediated internalization of CRLR-GFP only dif-
fered from that mediated by wild-type RAMP3 at high AM concentra-
tions (100 nM and 1 uMm), at which time internalization of the mutant
was more efficient.

Progressive Truncation of the C- Tails of hRRAMP2 and -3—The results
presented so far show that for hRRAMP1, the C-tail is not necessary for
cell surface delivery and internalization of CRLR (Figs. 2 and 4). For
hRAMP2 and -3, by contrast, the respective C-tails do appear to be
involved in determining the surface expression and internalization
kinetics of CRLR.

To determine more precisely which sites on the C-tails of RRAMP2
and -3 regulate the cellular trafficking of CRLR/RAMP heterodimers,
we constructed a group of progressive C-tail truncation mutants (Fig. 1)
and then transfected each RAMP construct into HEK-293 cells stably
expressing CRLR-GFP. When A166- or A167-RAMP2 was individually
transfected into HEK-293 cells, its transfection efficiency (~15%) was
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FIGURE 5. FACS analysis of whole cell expression of hRAMP2 and its truncation
mutants. The indicated RAMP constructs were transiently transfected into HEK-293
cells. Forty-eight hours after transfection, cells were permeabilized with IntraPrep™ rea-
gent and then incubated for 15 min at room temperature with anti-Vs-FITC antibody;
mock incubation with the antibody served as the control. Whole cell expression of each
construct was estimated by flow cytometry. The symbols represent means * S.E. of three
independent experiments; *, p < 0.001 versus control.

comparable with that for wild-type RAMP2 (Fig. 5). Moreover, immu-
nocytochemical analysis showed that almost all of both mutants
remained in the ER, representing a pool of newly synthesized molecules
not yet transported to the cell surface (Fig. 6). Although they were trans-
fected into CRLR-GFP-expressing cells, however, A166- and A167-
RAMP?2 largely failed to transport CRLR-GFP to the cell surface, result-
ing in significant reductions in specific '*I-AM binding and
AM-evoked cAMP production (Table 1). This suggests that the 168th
and 169th amino acids (SK sequence) of RAMP2 are important for cell
surface delivery of CRLR. The reason for the discrepancy between the
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RAMP3, and CRLR-GFP internalization mediated by A142, A143, and
A144 was equal to that seen with wild-type RAMP3. Thus, the presence
of amino acids 141 and 142 (SK sequence) of RAMP3 leads to significant
decreases in CRLR internalization.

Characteristics of hRAMP C-tail Chimeras—The SK sequence is
highly conserved in the C-tails of all three hARAMPs (Fig. 1) as well as in
RAMP isoforms from other species (17). We therefore tested whether
exchanging C-tails would affect the cellular trafficking of CRLR-GFP.
Given that hRAMP2 promoted CRLR internalization more effectively
than other hRAMP isoforms did and that there were no differences in
CRLR surface delivery and internalization by RRAMP1 and -3, we con-
structed four RAMP chimeras (RAMP1/2,-2/1,-2/3, and -3/2) by taking
advantage of unique restriction sites that cnabled us to generate four
hybrid genes. These RAMP chimeras were then transiently transfected
into HEK293 cells stably expressing CRLR-GFP and characterized by
FACS analysis. As shown in Table 2, cell surface expression and evoked
CRLR-GFP internalization of all four chimeras was comparable with
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FIGURE 6. Intracellular localization of V5-hRAMP2 and its truncation mutants. The indicated RAMP2 constructs were transiently transfected into HEK-293 cells, after which their
subcellular distribution was assessed by confocal microscopy in permeabilized cells using anti-V5-FITC antibody. Cainexin (for the ER) was visualized using the appropriate secondary
antibody (Alexa Fluor® 594). Co-localization with the ER marker was determined by overlay of the images (fower panels). HEK-293 cells stably expressing CRLR-GFP served as the

control for co-localization of CRLR-GFP and the ER (feft panels). 8ar, ~10 pum.

TABLE 1

Characterization of HEK-293 cells expressing CRLR-GFP and progressive V5-RAMP2 and -3 truncation mutants
The indicated RAMP constructs were transiently transfected into CRLR-GFP-expressing HEK-293 cells. Surface expression of each construct was estimated by flow

cytometry. The results represent the means * S.E. of three independent experiments.

Cell surface expression

151-AM binding

AM-evoked cAMP production

(% V5-RAMP2 or -3)

Specific binding Maximal responses

1Cs (% V5-RAMP?2 or -3) ECso (% V5-RAMP?2 or -3)
% nm % nMm %
V5-RAMP2 (R2) 100 12.2 £ 50 100 0.38 £ 0.14 100
V5-A166-R2 146 = 1.5° >1000 31.8 £ 1.4° 0.16 = 0.07 379 477
V5-A167-R2 29.0 * 2.3¢ >1000 48.0 = 2.9¢ 0.21 £ 0.09 523 * 1.8
V5-A168-R2 61.7 £ 55 13.7 £ 53 984 *+ 72 0.26 £ 0.22 73.8 205
V5-A169-R2 83678 12.9 £ 35 95.8 * 3.9 0.10 = 0.06 87.8 £ 19.3
V5-A172-R2 55.9 = 8.1 18.0 £ 6.0 83.1 £ 2.4¢ 0.24 = 0.04 61.5*49
V5-RAMP3 (R3) 100 560 = 100 100 041025 100
V5-A139-R3 89.3 6.0 257 49 107 =43 0.20 *= 0.08 93.8 = 12.1
V5-A140-R3 79.7 =53 687 + 70 939 =x 17 2.50 £ 149 91.0*5.7
V5-A141-R3 89.1* 116 317 * 73 114 = 1.3¢ 0.30 £ 0.14 116 75
V5-A142-R3 79.4+£97 483 + 193 114 + 45 0.98 + 0.31 101 = 8.6
V5-A143-R3 84.0 = 12.8 386 = 307 111 114 0.38 = 0.21 113 £ 216
V5-A144-R3 78.2 = 10.3 383 = 105 114 £ 6.1 0.13 = 0.09 102 £ 12.1

“ p < 0.03 versus corresponding control (V5-RAMP2 or -3).

that seen with the respective wild-type RAMPs. Thus, exchanging
C-tails did not affect RAMP-mediated surface delivery or internaliza-
tion of CRLR.

Effect of (RAMP C-tail Deletion on Receptor Recycling—For recycling
studies, cells were pretreated with 10 pg/ml cycloheximide and 10
pg/ml brefeldin A to respectively inhibit de novo protein synthesis and
cause disassembly of the Golgi apparatus (29); neither of these reagents
had any effect of their own on CGRP- or AM-induced internalization of
CRLR-GFP/RAMPs (data not shown). Subsequent treatment of cells
with 1 umM aCGRP or AM for 60 min elicited a loss of cell surface
receptors that persisted for at least 2 h after washing out the ligands (Fig.
8A). Very similar results were seen with A139-RAMP], A166-RAMP2,
and A139-RAMP3, suggesting the RAMP C-tails are not involved in
lysosomal sorting of CRLR or the binding of protein(s) that determine
the fate of internalized receptors.
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Internalization and Recycling of AM, Receptors in Cells Cotransfected
with hWNSF—It was recently shown that, unlike NHERF, NSF contains
no recognizable PDZ dornains (30) but nonetheless interacts with
the PDZ motif of hARAMP3, enabling internalized AM, receptors to
undergo slow recycling (18). Conversely, NSF enhances B-arrestin
1-mediated B,-AR internalization (31). Notably, although rat and
mouse RAMP3 C-tails contain a RLL sequence instead of a PDZ
motif, NSF also promotes recycling of these CRLR/RAMP3 het-
erodimers (18). With the aim of better understanding the role of NSF
in AM, receptor trafficking, in the present study, we tested whether
the reported effects of hNSF on CRLR/RAMP3 trafficking are repro-
duced in HEK-293 cells endogenously expressing hNSF and in hNSF
transfectants.

We first confirmed that NSF was indeed endogenously expressed
in HEK-293 cells by identifying both NSF mRNA and protein in the
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FIGURE 7. FACS analysis of internalization of hCRLR with progressive hRAMP2 and
-3 truncation mutants. The indicated RAMP constructs were transiently transfected
into CRLR-GFP-expressing HEK-293 cells. Surface expression of each construct was esti-
mated by flow cytometry before and after exposing cells to 1 um AM for 60 min. The
results represent the means = S.E. of three independent experiments; *, p < 0.003 versus
corresponding control (V5-RAMP2 or -3).

cells (Fig. 8, Band C). Thereafter, we determined that the levels of the
transcript were unaffected by transfection of CRLR-GFP alone or
together with V5-RAMP3 (Fig. 8D). When NSF was transfected into
otherwise untransfected HEK-293 cells and into CRLR-GFP trans-
fectants, levels of its transcript were markedly higher than their
endogenous levels in both (Fig. 8B). In those cases, Western analysis
of NSF protein yielded a single, strong 76-kDa band that was identi-
cal to the band obtained when endogenous NSF was probed (Fig. 8C),
which confirmed that our NSF transfection system worked appro-
priately. Exposure to 10 nM or 1 uM AM for 60 min induced a rapid
decline in cell surface CRLR-GFP/V5-RAMP3 that persisted for at
least 4 h after washing out the AM (Fig. 8D). Cotransfection of NSF
had no effect on these internalization kinetics, and recycling of
CRLR/RAMP3 heterodimers, if it occurred, was highly inefficient,
even in the presence of abundant NSF (Fig. 8D).

DISCUSSION

Since their discovery, there have been only a few reports addressing
the functions of the respective C-tails of the three RAMP isoforms (17—
19, 32, 33); more extensively studied have been their extracellular
domains (11-13, 17, 32, 34, 35). Consequently, whereas nearly all highly
conserved residues are known to play key roles in the function and
trafficking of cell surface receptors, nothing is known about the func-
tions of the highly conserved Ser and Lys resides within RAMP C-tails.
In the present study, we showed that deleting the C-tail from RAMP3
(A139-RAMP3) significantly enhanced AM-induced CRLR-GFP inter-
nalization but did not affect the targeting of CRLR-GFP to the cell sur-
face or AM binding and signaling. It is therefore unlikely that the trun-
cation of RAMP3 promoted AM-induced conformational changes in
the heterodimeric receptors that would alter the binding of AM and/or
the interaction of the receptor with G proteins. On the other hand, like
wild-type RAMP3, all of the tested RAMP3 truncation mutants that
contained the SK sequence (A142-, A143-, and A144-RAMP3) mediated
CRLR-GFP internalization less efficiently than those that did not
(A139-, A140-, or A141-RAMP3). We also found that substituting the
RAMP3 C-tail with the RAMP2 C-tail, which also contains a SK
sequence, had no effect on the AM-induced CRLR-GFP internalization.
Taken together, these results suggest that the SK sequence participates
in the negative regulation of CRLR/RAMP3 internalization.

The Ser/Thr residues present in the C-tails of the three RAMP have
been thought to be potential phosphorylation sites, but Hilairet et al.
(6) showed that in HEK-293 cells overexpressing CRLR/RAMP het-
erodimers, agonists rapidly promote phosphorylation of CRLR but not
RAMP. They also demonstrated that internalization of the het-
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TABLE 2

FACS analysis of cell surface delivery and internalization of CRLR-GFP
and V5-RAMP chimeras in which the C-tails were exchanged among
the three RAMPs

The indicated V5-RAMPs or their chimeras were transiently transfected into
CRLR-GFP-expressing HEK-293 cells. Surface expression of each construct was
estimated by flow cytometry before and after exposing cells to 1 uM aCGRP or
AM for 60 min. The results represent the means = S.E. of three independent
experiments.

Cell surface expression Internalization
% %
V5-RAMP1 51.8+3.7 500+ 4.3
V5-RAMP2 232 %27 94.5* 1.6
V5-RAMP3 463 * 4.8 355+ 1.8
V5-RAMP1/2 49.7 £ 5.6 53772
V5-RAMP2/1 258+ 23 91.8 =04
V5-RAMP2/3 195*+14 882+ 1.2
V5-RAMP3/2 449 * 6.1 36.7 £ 3.8

erodimeric receptors was dependent on f-arrestins (6). In the present
study, complete removal of the respective RAMP C-tails did not dimin-
ish the maximal extent of internalization. It therefore seems unlikely
that B-arrestins interact with the RAMP C-tails.

Similar in function to the SK sequence, a dileucine (LL) motif, which
is conserved among GPCRs (36), is also present in the C-tail of RAMP3.
This motif negatively regulates lutropin/choriogonadotropin receptor
(LHR) internalization, since leucine-to-alanine mutations increased the
agonist-stimulated internalization of the receptor (37). It is thought that
the LL motif participates in protein sorting through direct interaction
with two clathrin adaptor protein (AP) complexes, AP-1 and AP-2 (38 —
40), and the point mutations disrupted the interaction of the LHR with
AP-2 at the plasma membrane (39). On the other hand, these mutations
are believed to enhance the binding of B-arrestins to the LHR, thereby
promoting bridge formation between B-arrestins and clathrin (37). We
suggest that, instead of B-arrestins, the RAMP3 C-tail may interact with
other intracellular proteins similar to LRP6, another GPCR accessory
protein that interacts with axin and catinin (4.1).

Webelieve it is noteworthy that the hRRAMP3 C-tail contains not only
a LL sequence but also a type [ PDZ binding sequence (see Fig. 1).
Recently, NHERF-1 was found to interact with the PDZ motif of
hRAMP3, resulting in complete inhibition of CRLR/RAMP3 internal-
ization (33). In that case, NHERF-1 is thought to act by tethering surface
AM, receptors to the actin cytoskeleton in a manner also seen with
epidermal growth factor receptors (42). By contrast, NHERF-1 pro-
motes the agonist-mediated recycling of 8,-ARs, which also have a PDZ
motif (SLL) (30). The mechanism by which NHERF-1 exerts these dif-
fering effects on different GPCRs remains unknown. In the present
study, three RAMP3 truncation mutants (A142-, Al143-, and Al44-
RAMP3) and the RAMP3/2 chimera, all of which lack both the LL and
PDZ sequences, failed to enhance the AM-induced CRLR-GFP inter-
nalization. However, this does not preclude the possibility that the level
of endogenous NHERF-1 expression in HEK-293 cells used was insuf-
ficient to modulate the behavior of the overexpressed RAMP3.

We also showed that deleting the C-tail of RAMP2 impaired the
targeting of the CRLR-GFP to the cell surface, thereby markedly
reducing AM binding and signaling. Most of the newly synthesized
A166-RAMP?2 remained in the ER along with CRLR-GFP. By con-
trast, removing the C-tail from RAMP1 or -3 did not diminish sur-
face delivery of the respective receptors. All of the RAMP2 mutants
containing an SK sequence (A168-, A169-, and Al172-RAMP2)
showed better surface CRLR-GFP expression than was seen with
A166-RAMP2, which lacked the SK sequence. Apparently, the SK
sequence in the RAMP2 C-tail is involved in the proper membrane
localization of the CRLR/RAMP2. To our knowledge, there have
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FIGURE 8. The fates of internalized hCRLR and hRAMPs and their C-terminal deletion mutants. A, FACS analysis of recycling of the internalized heterodimeric receptors, HEK-293
cells stably expressing CRLR-GFP were transiently transfected with each RAMP construct (symbols are the same as in Fig. 38), after which they were incubated for 60 min with 1 M
oCGRP or AM plus 10 pg/ml cycloheximide and 10 ug/mi brefeldin A. The cells were then washed with prewarmed PBS and labeled with the indicated antibodies. Cell surface
expression of each construct was estimated by flow cytometry. Bars represent means =+ S.E. of three independent experiments. B, endogenous and transiently transfected hNSF
mMRNA levels. 7, intact HEK-293 cells; 2, HEK-293 cells stably expressing CRLR-GFP; 3, NSF-transfected HEK-293 cells; 4, NSF-transfected HEK-293 cells stably expressing CRLR-GFP.
Expression of NSF mRNA was assessed using real time quantitative PCR with the appropriate primers and probes. Levels of NSF mRNA were normalized to that of GAPDH mRNA, which
servedas an internal control. Bars represent the average of two experiments. C, Western analysis of endogenous NSF and overexpressed NSF in HEK-293 cells. Equal aliquots of protein

(20 pg) were subjected to 10% SDS gel electrophoresis. Lane 1, cells expressing empty vector (Mock); lane 2, cells stably expressing CRLR-GFP; lane 3, cells transiently expressing NSF;
lane 4, cells expressing both CRLR-GFP and NSF. The blots shown are representative of three independent experiments. D, FACS analysis of the recycling of CRLR and RAMP3 in the

i

presence and absence of NSF. CRLR-GFP-expressing cells were transiently transfected with V5-RAMP3 plus empty vector or NSF, after which they were incubated for 60 min with 10
nmor 1 um AM plus 10 png/ml cycloheximide and 10 ug/ml brefeldin A. The cells were then treated as described in A. Cell surface expression of each construct was estimated by flow

cytometry. The symbols represent means = S.E. of three independent experiments.

been no studies on the relation between the SK sequence and surface
delivery of other GPCRs, but the LL sequence in the C-tail of the vV,
vasopressin receptor was found to be crucial for ER-to-Golgi transfer
of that receptor, presumably by helping establish a correct and trans-
port-competent folding state (36). Similarly, RAMPs appear to medi-
ate transport of the CRLR from the ER to the Golgi, since CRLR was
restricted to the ER in the absence of RAMPs (6). It therefore seems
likely that the SK sequence in the RAMP2 C-tail, but not that in the
RAMP3 C-tail, is essential for the escape of CRLR from the ER, The
mechanism underlying the differential effect of the SK sequence on
the cellular trafficking of these two AM receptors remains to be
determined.

There have been two studies on the effects of CGRP in HEK-293 cells
coexpressing hCRLR with a hRRAMP1 C-tail deletion mutant (19, 32).
One found that the C-tail deletion resulted in a 1-order of magnitude
reduction in CGRP-stimulated cAMP formation, but no data on CGRP
binding were shown (19). In that case, the 140th residue Gln, but notthe
SK sequence, most likely determined the affinity of CGRP for the recep-
tor. The other study found no significant changes in CGRP binding or
signaling (32). Similarly, we found that deleting the C-tail of RAMP1 had
little effect on receptor signaling, as reflected by CGRP-evoked cAMP
production, although the binding profile we obtained differed from that
obtained in the earlier study (32). This absence of a significant changein
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the potency of CGRP may indicate that there was little change in the
internalization of CRLR-GFP. In contrast to the «CGRP responses, 121
[Tyr"]aCGRP binding to CRLR-GFP/A139-RAMP1 was much dimin-
ished. This discrepancy could be due in part to interference by the extra
N-terminal tyrosine residue (Tyr®). In any event, the contribution of the
RAMP1 C-tail to CGRP potency is much smaller than that made by its
extracellular domain (13, 17, 32, 34, 35).

Several earlier studies showed that internalized CRLR/RAMP het-
erodimers are trafficked to lysosomes for degradation (6, 10). 1t is
now recognized that receptor ubiquitination is essential for proper
trafficking to lysosomes (43). Indeed, our CRLR-GEP-transfected
HEK-293 cells abundantly expressed endogenous ubiquitin, which
attaches to lysine residues within the substrate proteins (data not
shown). Nevertheless, truncation of RAMP C-tails that removed the
Lys residues failed to promote recycling of CRLR-GFP. This raises
the possibility that expression of intracellular proteins involved in
mediating appropriate receptor recycling was inadequate in the
HEK-293 cells used. NSF, like NHEREF, is believed to enhance recy-
cling of internalized receptors (44), and it was recently shown that
NSF interacts with the PDZ motif of hRRAMP3, enabling internalized
AM, receptors to undergo slow recycling (18). Notably, although rat
and mouse RAMP3 tails contain an RLL sequence instead of a PDZ
motif, NSF also promoted recycling of CRLR/RAMP3 heterodimers
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(18). In the present study, however, the cells abundantly expressed
endogenous NSF, making it unlikely that poor expression of NSF
underlies the trafficking of CRLR-GFP/RAMP3 to lysosomes with-
out recycling. Even overexpression of NSF in these cells did not alter
the AM-mediated trafficking of AM, receptors.

The rapid recycling pathway has been best studied and characterized
for the 3,-AR, which has a PDZ motif in its C-tail (14, 15, 30) and which
requires both NHERF and NSF for its recycling (30, 44). Indeed, among
59 representative seven-transmembrane segment GPCRs tested, NSF
bound most strongly to the B,- AR tail (44). However, a point mutation
within the PDZ motif that disrupted the binding of NSF, but not that of
NHEREF, had no effect on B,- AR recycling (30). In addition, the 8,-AR
and cystic fibrosis transmembrane regulator each contain a C-terminal
PDZ binding sequence (SKV and TRL, respectively) and undergo rapid
recycling, despite their failure to bind NSF (30). Thus, NSF binding to
GPCRs and RAMP3 is not required for recycling of proteins containing
PDZ binding sequences.

In summary, our results indicate that the C-tails of hARAMP2 and -3
are involved in hCRLR surface delivery and internalization, respectively,
and that the highly conserved SK sequence within their C-tails is a key
determinant of the cellular behavior of the AM; and AM, receptors.
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Adrenomedullin
A Protective Factor for Blood Vessels

Johji Kato, Toshihiro Tsuruda, Toshihiro Kita, Kazuo Kitamura, Tanenao Eto

Abstract—Adrenomedullin (AM) is a vasodilator peptide having a wide range of biological actions such as reduction of
oxidative stress and inhibition of endothelial cell apoptosis. The AM gene is expressed in vascular walls, and AM was
found to be secreted from cultured vascular endothelial cells, smooth muscle cells, and adventitial fibroblasts. Plasma
AM levels in patients with arteriosclerotic vascular diseases are elevated in possible association with the severity of the
disease. When administered over a relatively short period, AM dilates blood vessels via an endothelium-dependent or
independent mechanism. Experiments in vitro have shown that AM exerts multiple actions on cultured vascular cells,
which are mostly protective or inhibitory against vascular damage and progression of arteriosclerosis. Either prolonged
infusion or overexpression of AM suppressed intimal thickening, fatty streak formation, and perivascular hyperplasia in
rodent models for vascular remodeling or atherosclerosis. Intimal thickening induced by periarterial cuff was more
severe in AM gene-knockout mice than their littermates, suggesting a protective role for endogenous AM. Moreover,
AM has recently been suggested to possess angiogenetic properties. Collectively, a body of evidence suggests that AM
participates in the mechanism against progression of vascular damage and remodeling, thereby alleviating the ischemia
of tissues and organs. (Arterioscler Thromb Vasc Biol. 2005;25:2480-2487.)
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ardiovascular diseases secondary to arteriosclerosis of

blood vessels are currently among the leading causes of
death in developed countries. A number of factors, both
humoral and mechanical, have been shown to modulate
vascular function in humans as well as in experimental
animals.! Blood vessel dysfunction resulting from an imbal-
ance of those factors accelerates the process of vascular
remodeling and atherosclerosis.! Vasoconstrictors including
angiotensin II and endothelins not always but mostly act as
proatherogenic factors, whereas vasodilators, either peptides
or non-peptides, such as natriuretic peptides, nitric oxide
(NO), and prostaglandin (PG) I,, have antiatherogenic prop-
erties.! In 1993, a new vasodilator peptide, adrenomedullin
(AM), was isolated from the tissue extract of a human
pheochromocytoma by monitoring cAMP levels in rat plate-
lets.2 Substantial Jevels of the AM peptide and gene expres-
sion were detected in the cardiovascular tissues including
blood vessels. As listed in the Table, AM was found to exert
a wide range of biological actions related to vascular func-
tions in cultured cells, with which observations in vivo have
been mostly accordant. Ever since the discovery of AM,
efforts have been made to clarify the role of this bioactive
peptide in blood vessels and a substantial amount of basic and
clinical data has been accumulated. In this review, after
summarizing the biochemical and pharmacological features
of AM, we discuss its role in blood vessels, which is assumed

to be protective, or inhibitory against the progression of
vascular damage and remodeling.

Biochemistry of AM

Human AM is a 52-aa peptide with a ring structure formed by a
disulfide bond and amidated tyrosine at the C terminus (Figure
1), both essential for binding to receptors and biological activi-
ty.2-# Based on sequence homology, AM is thought to belong to
the calcitonin gene-related peptide (CGRP) superfamily.>-4
Cloning of the cDNA encoding AM revealed the AM precursor
peptide preproAM to comprise 185 amino acids, with the C
terminus followed by a pair of basic amino acids, Arg-Arg, a
typical processing signal (Figure 2).5 In addition to AM, pre-
proAM was found to contain another bioactive peptide, proad-
renomedullin N-terminal 20 peptide (PAMP), in the N-terminal
portion.> PAMP lowered blood pressure when injected intrave-
nously, but its action is weaker than that of AM and there is
currently little information available as to the role of PAMP in
the vasculature.®* In a sequence analysis of the genomic DNA
for human preproAM, AM was found to be encoded in the
fourth exon and PAMP in the second and third exons (Figure
2). When processed from preproAM, AM-Gly, an intermediate
form (iAM), is produced, and then iAM is converted by the
amidation enzyme to the mature form of AM (mAM) having an
amide structure at the C terminus.” The mature form of PAMP
is thought to be produced by a similar process (Figure 2).
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Biological Actions of AM on Culiured Vascular Cells

Reference
Cell Type Observed Effects No.
Endothelial cells Elevation of cAMP level 30, 32, 65
Intracellular Ca?* mobilization 65
Stimulation of NO production 65
Stimulation of proliferation and migration 67
Inhibition of apoptosis 61, 62, 66
Smooth muscle cells Elevation of cAMP level 21, 34
Inhibition or stimulation of proliferation 68, 69
Inhibition of migration 34,70
Reduction of oxidative stress 71
Adventitial fibroblasts Elevation of cAMP level 72
Inhibition of proliferation 39
Augmentation of metalioproteinase-2 action 72

In an effort to isolate unknown bioactive peptides having
sequence homology with AM, another member belonging to
the CGRP superfamily was recently discovered indepen-
dently by two groups and named intermedin/AM-2.%° Human
intermedin/AM-2 consists of 47 amino acid residues with an
intramolecular ring structure formed by a disulfide bond and
amidated tyrosine at the C terminus, showing structural
homology with AM.3° Intermedin/AM-2 was shown to shear
the receptors with AM by cultured cells,? and in accord with
this, it exerted vasodilator actions similar to AM ex vivo.!¢
However, data on the biochemical and pharmacological
features of this novel peptide are currently very limited, and
further characterization, such as the tissue distribution and
effects on vascular cells, is necessary to discuss its role in
blood vessels.

Vasodilator Action of AM
The biological feature of AM initially characterized was a
potent, long-lasting, blood pressure~lowering effect with
reduced peripheral resistance after intravenous bolus injec-
tion or infusion in a relatively short period of time.2!!2 The
hypotensive effect of AM observed in those studies was
shown to be largely secondary to direct vasodilatation,!’-1?
which was further dernonstrated by ex vivo studies with
isolated rat aorta and with perfused rat mesenteric artery.!3.14

Figure 1. Amino-acid sequence of human AM.
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Figure 2. Schematic representations of the AM gene and of the
processing of AM and PAMP from preproAM. Ex indicates exon;
PAMP, proadrenomedullin N-terminal 20 peptide; iAM and
iPAMP, intermediate forms of AM and PAMP, respectively; mAM
and mPAMP, mature forms of AM and PAMP, respectively.

The mechanisms by which AM dilates blood vessels are not
completely understood; however, based on the numerous
articles published to date, it is clear that AM directly dilates
blood vessels of the systemic and pulmonary circulation in an
endothelium-dependent or independent manner.!4-23

AM has been shown to exert an endothelium-dependent
vasodilatation via the NO-cyclic GMP .(cGMP) pathway in
rat aorta, in renal or hindquarter vascular bed of rats, and in
canine kidneys.'#-7 In a further analysis of the mechanism,
AM dilated rat aorta by activating phosphatidylinositol
3-kinase (PI3K) and Akt via the Ca**/calmodulin-dependent
pathway, which leads to increased production of NO through
phosphorylation of endothelial NO synthase.'® On the other
hand, endothelium-independent vasodilatation by AM has
also been shown ex vivo in experiments with dog arteries or
porcine coronary artery.'>2° The mechanisms so far proposed
for endothelium-independent vasodilatation are an increase in
the intracellular cyclic AMP (cAMP) level, a decrease in the
Ca’* concentration, and the activation of K* channels in
vascular smooth muscle cells (SMCs).2!-23

In humans, similarly to animals, intravenous infusion of
AM lowered systemic and pulmonary vascular resistance,
reducing blood pressure and increasing heart rate.?* AM-
induced forearm arterial vasodilatation in healthy human
subjects was attenuated by N-monomethyl-L-arginine (L-
NMMA).?5 In human coronary arterioles, vasodilatation in-
duced by AM ex vivo was found to be dependent on the
generation of NO and the activation of K* channels, but not
on guanylate or adenylate cyclase.?6 A difference between
species was also observed regarding the mechanisms. For
example, pulmonary vasodilator responses were reduced by
N-nitro-L-arginine methyl ester (L-NAME) in rats, but not in
cats.?’ Currently, there is little data available on the vasodi-
lator effect on veins, whereas Barder et al reported that
vasodilatation of femoral veins in canines was endothelium-
dependent, but independent of cAMP and cGMP.?® Thus, the
mechanism by which AM achieves direct vasodilatation
appears to differ depending on species, the size of blood
vessels, or regions where the vessels are isolated.
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Receptors Mediating Vascular Actions of AM
AM has been shown to elevate intracellular cAMP levels in
not all but many cells and tissues, including blood vessels,
where it exerts biological actions, though identification of the
AM receptor subtype has been controversial.34 McLatchie et
al identified 3 subtypes of receptor activity-modifying pro-
tein (RAMP1 to 3), an accessory protein required for the
transport of calcitonin-receptor-like receptor (CRLR) to the
cell membrane.? CRLR can function as either an AM
receptor or a CGRP receptor, depending on the subtype of
RAMP expressed: CRLR serves as a CGRP receptor when
coexpressed with RAMPI1, whereas it functions as an AM
receptor when coexpressed with either RAMP2 or 3.2 AM
stimulates intracellular cAMP production in cultured vascular
endothelial cells and SMCs,2!:30 and indeed, the mRNAs for
CRLR and RAMPs have been detected in these cells and in
rat aorta.>!-32 Meanwhile, not all the vascular actions of AM
can be fully explained by this receptor system linked to
adenylate cyclase: some have been shown to be independent
of cAMP.33-3¢ This raises the possibility of the presence of
unknown receptor systems, and further studies are required to
clarify the intracellular signaling for AM.

AM Production in Blood Vessels and
Atherosclerotic Lesions

AM was initially isolated from pheochromocytoma tissue, but
subsequently the AM gene was found to be expressed in
various organs and tissues, including the cardiovascular
tissues and cells in humans as well as in rats.3-535 Immuno-
histochemical studies revealed that three layers of the vessel
wall were positive for AM peptide,?5-36 and consistent with
this, AM was found to be produced and secreted from 3 types
of cultured vascular cells: endothelial cells, SMCs, and
adventitial fibroblasts.3?-3% According to Marutsuka et al, AM
peptide was expressed in the endothelium of rat aortic arch in
a site-dependent fashion, ie, intense immunohistochemical
staining for AM was observed in the area where branches
begin and on the inner side of the curvature.* In these areas,
shear stress is relatively low, and indeed, production of AM
has been found to be modulated by shear stress in cultured
vascular endothelial cells.#!%2 Other factors shown to stimu-
late production of AM in endothelial cells are oxidative stress
and hypoxia 4344

Immunoreactivity for AM was reported to be detected in
SMCs of the intima and media of human atherosclerotic
lesions.*0 Interestingly, its expression in coronary artery
plaques obtained by directional atherectomy was augmented
in patients with unstable angina in comparison with stable
angina.*s This finding is consistent with cell culture studies
showing that AM production and secretion from cultured
vascular SMCs were increased by factors, presumably
proatherogenic, such as angiotensin II, endothelin-1, aldoste-
rone, interleukin-18 (IL-1B), and tumor necrosis factor-«
(TNF-«).38.46.47 In addition, aldosterone was shown to stim-
ulate AM production in cultured adventitial fibroblasts as
well as in vascular SMCs.383% Macrophages play a pivotal
role in the progression of atherosclerotic vascular lesions.’
Production of AM was detected in macrophages not only in a
cell culture experiment,*® but also by immunohistochemical
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analysis where intense positive staining was found in ad-
vanced atherosclerotic vascular lesion of humans.40

Circulating AM in the Bloodstream
Radioimmunoassays for AM revealed that AM peptide was
circulating in the blood at mean plasma levels ranging from
2.8 to 10 fmol/mL in healthy human subjects.”#%-3 Immuno-
reactive AM in plasma or tissues was found to consist of 2
molecular forms, mAM and iAM (Figure 2), with the major
molecular type in plasma and tissues being iAM and mAM,
respectively.4%-5! As described in the next section, plasma
levels of immunoreactive AM were found to be higher in
patients with arteriosclerotic vascular diseases than controls,
although there was no notable difference in the ratio of mAM
and 1AM.52 iAM is thought to have no biological effects by
itself, but our ex vivo study showed that iAM dilated rat aorta
after its conversion to mAM probably in the aortic wall.5?
Meanwhile, very little information is currently available as to
the role of iAM, which should be clarified further with
experiments in vivo.

To identify the organs or tissues contributing to the plasma
AM level, we examined the plasma levels of AM of various
sites in blood vessels of patients with ischemic heart dis-
ease.’ What we found was a step-up in plasma AM levels
between the femoral artery and vein.>® Taking the active
secretion of AM from cultured vascular cells into account, it
seems likely that the vasculature contributes to the plasma
AM level, secreting AM into the bloodstream. On the other
hand, there was found to be a step-down between the plasma
AM levels of the pulmonary artery and capillary.54 Substan-
tial levels of AM gene expression were detected in the lungs
and the presence of AM peptide in the pulmonary vasculature
was immunohistochemically proven,3-555 but the lungs ap-
pear to be a target organ or a site for the clearance of
circulating AM peptide rather than an AM-secreting organ.
Consistent with this notion is the report of abundant expres-
sion of AM receptors in the lungs.5

Plasma Level of AM in Arteriosclerosis
As an approach to clarifying the role of AM in arteriosclero-
sis, AM levels in plasma of patients with various types or
degrees of arteriosclerotic vascular disease were measured,
and the relationships between the plasma levels and the other
clinical parameters were examined.525758 In patients with
cerebrovascular disease, a possible association was found
between plasma AM levels and endothelial damage by
comparing the plasma levels of AM with those of endothelin
and thrombomodulin, markers of endothelial damage.5” Sim-
ilarly in patients with chronic ischemic stroke, increased
plasma AM levels were shown to be associated with the
degree of carotid atherosclerosis.®® Recently, Suzuki et al
reported that plasma AM concentrations were elevated in
patients with peripheral arterial occlusive disease in propor-
tion to its severity.52 Moreover, they found close associations
between the plasma levels of AM and those of such inflam-
matory parameters as C-reactive protein and IL-6 in the
patients.>? This finding is not only comparable with the
increased production of AM in cultured SMCs by inflamma-
tory cytokines,*¢ but also of interest in view of the involve-
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Figure 3. Relationship between the pulse wave velocity (PWV)
and plasma AM levels in patients with various degrees of arte-
riosclerosis. Reprinted from Kita et al 80 with permission from
the Japanese Society of Hypertension.

ment of low-grade inflammation in the development and
progression of atherosclerotic vascular lesions.s® Because
arterial stiffness is an important cardiovascular risk factor, we
measured plasma AM levels in patients with various degrees
of atherosclerosis and compared the plasma levels with
indirectly measured pulse wave velocity, a parameter used to
assess arterial stiffness and sclerosis.® As shown in Figure 3,
a significant correlation was noted between the plasma AM
levels and pulse wave velocity and this relationship was
confirmed by multiple regression analysis to be independent
of age and blood pressure.5° These findings are indirect, but
indicative of a possible pathophysiological role of AM in
arteriosclerotic vascular diseases.

In the latter part of this review, vascular protective effects
of AM will be discussed based on the results of cell culture
and animal experiments. An important issue we need to
mention in this section, therefore, is the significance of the
increased plasma AM levels in patients with arteriosclerosis.
Because of active production of AM in cultured vascular cells
and vessel walls, AM has been assumed to act in a autocrine
or paracrine fashion.3437-40 Indeed, blockade of the actions of
endogenous AM with anti-AM antibody or the AM antago-
nists impaired the vascular protective effects in vitro.6!.62
Meanwhile, according to our experiments in vivo,$364 the
long-term infusion of AM significantly suppressed neointi-
mal formation and adventitial hyperplasia, raising plasma
AM levels by 1 to 2 fmol/mL, an increase within the
physiological range. This suggests a possible role for AM, not
only as a local modulator, but also as a factor circulating in
the blood.

Vascular Protective Effects In Vitro
As discussed in the section Vascular Actions of AM, AM
exerts endothelium-dependent vasodilatation, which can be
blocked by inhibitors for NO synthase. Consistent with this,
in cultured vascular endothelial cells, AM was found to
stimulate phospholipase C activation and inositol 1,4,5-
triphosphate formation, resulting in an elevation of the
intracetlular Ca®* level and activation of NO synthase.s Kato
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et al reported that AM inhibited serum deprivation—induced
apoptosis of cultured rat vascular endothelial cells.6' Block-
ade of the endogenous AM by anti-AM anti-serum impaired
the inhibitory effect of the nonimmune serum on apoptosis,
suggesting an autocrine or paracrine role for AM.6! Accord-
ing to the subsequent study by that group, AM upregulated
the expression of Max protein, leading endothelial cells to
survive.52 Meanwhile, other adenylate cyclase activators such
as PG I, and forskolin failed to exert an antiapoptotic effect
and a cAMP antagonist was unable to block the effect of AM,
therefore a cAMP-independent mechanism seems involved in
this action.®! An antiapoptotic effect of AM was further
observed by an independent group. Sata et al found that AM
inhibited serum deprivation-induced apoptosis of cultured
human umbilical vein endothelial cells.s¢ In their experiment,
the effect of AM was abrogated by L-NAME, but not by an
inhibitor for soluble guanylate cyclase, suggesting an NO-
dependent but cGMP-independent mechanism.s6

Furthermore, AM was shown to cause vascular regenera-
tion by promoting the proliferation and migration of cultured
vascular endothelial cells.” AM promoted re-endotheli-
alization of wounded human umbilical vein endothelial cells,
and this effect was attenuated by inhibitors for protein kinase
A and PI3K, suggesting an action mediated by cAMP and the
PI3K-Akt pathway.®” Stimulation of the proliferation and
migration of endothelial cells may be involved in the angio-
genic action of AM, which will be discussed later in this
review. Although the mechanisms of action are still under
investigation, these effects of AM on endothelial cells may be
protective against vascular damage and arteriosclerosis.

The proliferation of vascular SMCs in the media and
intima of arteries is involved in the progression of vascular
remodeling or atherosclerotic lesions. Because AM is pro-
duced by SMCs in the media, its effects on the proliferation
and migration of this type of cell were tested in vitro;
however, there has been some inconsistency regarding the
actions of AM. AM was shown to inhibit the proliferation of
cultured SMCs via a mechanism mediated by cAMP,68
whereas Iwasaki et al found that AM stimulated proliferation
of the cells in a mitogen-activated protein kinase~dependent
manner.%® Horio et al reported an inhibitory effect of AM on
the migration of cultured SMCs, which is presumably medi-
ated by intracellular cAMP.7 Inhibition of the migration of
SMCs by AM was confirmed by an independent group,34 but
according to this report, AM inhibited migration via a
cAMP-independent mechanism.?* These discrepancies may
have resulted from differences in the experimental conditions
or types of cultured cells used, though there has currently
been no clear explanation. Meanwhile, as discussed in the
next section, recent studies in vivo suggest that AM inhibits
intimal hyperplasia induced by periarterial cuff or by intimal
balloon injury.

Another vascular protective action of AM recently reported
in SMCs was a reduction in the generation of reactive oxygen
species (ROS), a group of molecules involved in vascular
damage and the progression of arteriosclerosis. The genera-
tion of intracellular ROS induced by angiotensin II was
inhibited by AM, in a cAMP- and protein kinase A-depen-
dent manner, in cultured vascular SMCs of rats.”! Moreover,
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AM weakened redox-sensitive cellular responses such as the
activation of c-Jun amino-terminal kinase (JNK) and gene
expression for plasminogen activator inhibitor (PAI)-1,
monocyte chemoattractant protein-1, and Nox-1, a compo-
nent of reduced nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase.”!

Not only the intima and media but also the adventitial layer
has been recognized to have a significant role in the process
of vascular remodeling. Blood vessels would increase their
stiffness if an excessive accumulation of extracellular matrix
or proliferation of adventitial fibroblast were to occur. The
proliferation of adventitial fibroblasts induced by aldosterone,
a factor involved in the fibrosis of cardiovascular tissue, was
found to be suppressed by AM, with a concomitant reduction
in the activity of extracellular signal-related kinase.?® Addi-
tionally in that study, autocrine or paracrine inhibition by AM
was proposed, based on the production of AM by the
adventitial fibroblasts and on augmented proliferation by the
AM receptor antagonists.? By synthesizing and degrading
matrix proteins, adventitial fibroblasts are known to modulate
the formation of the extracellular matrix in the adventitia. Our
recent experiments showed that AM upregulated the enzy-
matic activity and protein expression of matrix
metalloproteinase-2 (MMP-2), which degrades collagens and
elastin, in cultured adventitial fibroblasts of rat aorta possibly
via the cAMP-protein kinase A pathway.”? Collectively,
these findings suggest a role for AM in modulating adventi-
tial proliferation and extracellular matrix formation.

Vascular Protective Effects In Vivo

As discussed above, plasma AM levels are elevated in
patients with various arteriosclerotic vascular diseases, and
the findings from cell culture studies have implied a role for
AM, which is presumably protective of blood vessels. To
investigate whether or not AM has protective effects on
vascular damage and remodeling in vivo, 3 experimental
approaches have so far been taken: long-term administration
of AM, virally-mediated overexpression of AM, and genetic
manipulation of the AM gene.

Using the first method, we found that prolonged AM
infusion for 2 weeks partially inhibited neointimal hyperpla-
sia induced by balloon injury in rat carotid arteries (Figure
4).%3 Meanwhile, somewhat conflicting findings were ob-
tained by Shimizu et al, who showed that chronic infusion of
the AM antagonist CGRP(8-37) inhibited neointimal hyper-
plasia induced by ballooning in rats.”> CGRP(8-37) is a
CGRP receptor antagonist, which has been able to block
some, but not all, the actions of AM in relatively short-term
experiments, 6203062 However, it has yet to be clarified
whether or not this antagonist can block the action of
endogenous AM when infused chronically. It should be noted
that in our study mentioned above, the prolonged infusion of
AM suppressed not only balloon injury—induced intimal
hyperplasia but also the proliferation of fibroblasts and
collagen deposition of the adventitia (Figure 4),53 a finding
consistent with the in vitro inhibitory effect of AM on the
proliferation of cultured adventitial fibroblasts.3° Inhibition of
adventitial hyperplasia by AM was confirmed by our study in
vivo, in which perivascular fibrosis of coronary arteries of
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Figure 4. Effects of AM on neointimal and perivascular hyper-
plasia in rat carotid arteries injured by ballooning. A, Histological
findings of the intact and injured arteries of rats infused intrave-
nously with 200 ng/h of AM or saline for 2 weeks. B, Quantita-
tive analyses of intimal and adventitial hyperplasia. Values are
the means=SEM; **P<0.01 vs intact artery with saline infusion:
*P<0.05, **P<0.01, vs injured artery with saline infusion; bar,
100 pum. Reprinted from Tsuruda et alé3 with permission from
Elsevier.

rats infused chronically with angiotensin II was suppressed
by coinfusion of AM.%* This effect was accompanied by the
suppression of fibroblast activation and transforming growth
factor (TGF)-B1 expression, but not by a significant reduction
of blood pressure. 5

In accord with the effect of prolonged infusion of AM,
adenovirus-mediated local delivery of the AM gene was
shown to inhibit neointimal hyperplasia of carotid arteries
after balloon injury in rats.’* Interestingly in that study,
endothelial regeneration was more pronounced in rats given
the AM gene than in the controls,” a result consistent with
the cell culture experiments, where AM promoted reendothe-
lialization of a wounded monolayer of endothelial cells.5? The
inhibition of necintimal hyperplasia by the AM gene delivery
was accompanied by an elevation of tissue ¢cGMP levels,
suggesting a mechanism involving the NO-cGMP
pathway.?*

Thirdly, vascular protective effects have been suggested by
genetic manipulation of the AM gene in mice. Transgenic
mice overexpressing the AM gene (AM-Tg) were found to be
resistant to neointimal hyperplasia induced by a periarterial
cuff placed on the femoral artery.” This resistance seems also
to be mediated by the NO-cGMP pathway because it
disappeared on administration of L-NAME.”> Moreover, a
protective effect of AM was demonstrated by Cross-mating
apoE knockout (apoE-KO) mice with AM-Tg. The apoE-KO
mice overexpressing AM showed a less extensive hypercho-
lesterolemia-induced fatty streak formation with a greater




