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Adrenomedullin (AM) is a vasoactive peptide that possesses various bioactivities. AM receptors are dimers
consisting of CLR with one of two accessory proteins, RAMP2 or RAMP3. The functional difference between
CLR/RAMP2 and CLR/RAMP3 and the relationship between the two receptors remain unclear. To address these
issues, we generated RAMP2 and RAMP3 knockout (−/−) mice and have been studying their physiological
activities in the vascular system. AM−/− and RAMP2−/− mice die in utero due to blood vessel abnormalities,
which is indicative of their essential roles in vascular development. In contrast, RAMP3−/− mice were born
normally without any major abnormalities. In adult RAMP3−/− mice, postnatal angiogenesis was normal, but
lymphangiography using indocyanine green (ICG) showed delayed drainage of subcutaneous lymphatic vessels.
Moreover, chyle transport by intestinal lymphatics was delayed in RAMP3−/− mice, which also showed more
severe interstitial edema than wild-type mice in a tail lymphedema model, with characteristic dilatation of
lymphatic capillaries and accumulation of inflammatory cells. In scratch-wound assays, migration of isolated
RAMP3−/− lymphatic endothelial cells was delayed as compared to wild-type cells, and AM administration
failed to enhance the re-endothelialization. The delay in re-endothelialization was due to a primary migration
defect rather than a decrease in proliferation. These results suggest that RAMP3 regulates drainage through
lymphatic vessels, and that the AM–RAMP3 system could be a novel therapeutic target for controlling
postoperative lymphedema.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Vascular homeostasis is regulated primarily by humoral factors and
their receptor systems. For example, blood and lymphatic vessels
secrete a number of bioactive molecules that possess systemic,
paracrine and autocrine activities. Among these vasoactive mediators,
adrenomedullin (AM) is a 52-amino acid peptide first isolated from
human pheochromocytoma [1]. Although named for the adrenal
medulla and first identified as a vasodilator, we and others have
shown that AM is secreted by numerous other tissues and organs, and
that it exerts a variety of effects, including diuretic [2] and cardiotonic

[3] effects, and is involved in the regulation of hormone release [4,5],
inflammation [6], oxidative stress [7,8], and the proliferation, migration
and differentiation of various cell types [9–11]. Thus, AM is now known
to be a pleiotropic bioactive substance.

Adrenomedullin is a member of the calcitonin superfamily and acts
via calcitonin receptor-like receptor (CLR), a seven transmembrane G
protein-coupled receptor (GPCR) [12]. The ligand specificity of CLR is
dependent on its association with a set of accessory proteins called
receptor activity-modifying proteins (RAMPs), which contain a single-
transmembrane domain and three α-helix structures in their extracel-
lular domain. Three RAMP subtypes (RAMP1–3) have been identified,
which show about 30% homology to one another [13]. By interacting
with RAMP1, CLR acquires a high affinity for calcitonin gene-related
peptide (CGRP), whereas interaction with either RAMP2 or RAMP3
gives CLR a high affinity for AM [12–15]. We previously showed that
homozygous AM or RAMP2 knockout (AM−/− or RAMP2−/−) mice
die in utero due to edema and hemorrhage related to abnormal angio-
genesis [16,17]. More recently, we developed drug-inducible vascular
endothelial cell-specific RAMP2−/− (DI-VE-RAMP2−/−) mice, with
which we can induce RAMP2 gene deletion in adults. Using this
model, we found that RAMP2 is essential for angiogenesis and vascular
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homeostasis in adults, as DI-VE-RAMP2−/− mice exhibit vascular
structural abnormalities and spontaneously develop vascular inflamma-
tion and organ fibrosis [18]. Collectively, these findings indicate that the
AM–RAMP2 system is essential for angiogenesis and vascular homeo-
stasis throughout a mouse's life, from embryo to adult. Interestingly,
in both RAMP2−/− and DI-VE-RAMP2−/− mice, we detected no
compensatory upregulation of other RAMPs, which indicates a lack of
redundancy among the functions of RAMP isoforms. In particular, the
function of RAMP3, which also gives CLR a high affinity for AM, remains
almost unknown.

Our aim was to clarify the functional differences between RAMP2
and RAMP3 in the vascular system. We focused particularly on the
function of RAMP3 in the present study. To accomplish this, we generat-
ed RAMP3−/− mice and compared their phenotype with those of
RAMP2+/−, DI-VE-RAMP2−/−, and drug-inducible lymphatic
endothelial cell-specific RAMP2−/− (DI-LE-RAMP2−/−) mice.

2. Materials and methods

2.1. Animals

RAMP2−/− and RAMP3−/− mice were generated by our group
[17]. Tamoxifen-sensitive DI-VE-RAMP2−/− and DI-LE-RAMP2−/−
mice were generated by crossbreeding floxed RAMP2 mice
(RAMP2flox/flox) with mice expressing tamoxifen-inducible Cre-
recombinase (Cre-ERT2) under regulation of the VE-cadherin promoter
(VE-cadherin-CreERT2) and the Prox-1 promoter (Prox1-CreERT2), re-
spectively. Tamoxifen (Sigma) was dissolved in corn oil (Sigma) to a

concentration of 10 mg/ml, after which 40 mg/kg and 80 mg/kg were
intraperitoneally injected daily for 5 days into male DI-VE-RAMP2
−/− and DI-LE-RAMP2−/− mice, respectively.

All animal handling procedures were performed in accordance with
a protocol approved by the Ethics Committee of Shinshu University. Be-
fore the operative procedures,micewere anesthetized by intraperitone-
al injection of 2,2,2-tribromoethanol (240 mg/kg; Wako, Osaka, Japan).

2.2. Tumor implantation model

Sarcoma 180 (S180) murine transplantable tumor cells were
transplanted subcutaneously into the bilateral axillae of each mouse at
a dose of 1 × 107 cells in 0.1 ml of vehicle. On day 14 after tumor trans-
plantation, laser Doppler perfusion imaging (LDPI) (Omegazone,
Omegawave, Inc., Tokyo, Japan) was used to evaluate tumoral blood
flow before the tumors were removed for analysis.

2.3. Unilateral hind-limb ischemia model

RAMP3−/− mice and their controls were subjected to experimen-
tally induced hind-limb ischemia produced by unilateral occlusion of
the femoral artery, as described previously [19]. LDPI was used to eval-
uate the blood flow. The calculated perfusionwas expressed as a ratio of
the left (ischemic) to the right (normal) limb. Capillary density was
assessed in the limbs 35 days after surgery by immunostaining of CD31.

2.4. Analysis of subcutaneous lymphatic drainage

To analyze ear subcutaneous lymphatic vessels, one ear was intra-
dermally injected with 5 μl of indocyanine green (ICG) (Daiichi-Sankyo,
Tokyo, Japan) at the edge of the ear using aHamilton syringe. To analyze
tail lymphatic vessels, the tail of the anesthetized mouse was injected
intradermally with 10 μl of ICG at a site 3 cm from the base of the tail.
Images were then taken using a Heidelberg Retina Angiograph 2
(Heidelberg Engineering GmbH, Germany) 15 min and 60 min after
the ear and tail injections, respectively.

2.5. Evaluation of intestinal lymphatic vessels

HFD32 (Clea Japan, Inc.), a high-fat mouse food containing 32% fat,
was dissolved in an equal volume of water. Mice were administered
0.3 g of theHFD32using a feeding tube. Six hours or 2 days after feeding,
the mice were anesthetized, after which an incision was made in the
abdomen, and the mesentery was drawn out. About 15 cm from the
pylorus, the intestinal lymphatic vessel within the mesentery was
photographed. In addition, histological analysis was performed using
the intestine collected 6 h after the HFD feeding.

2.6. Tail lymphedema model

Tail lymphedema was induced as described previously with modifi-
cation [20]. In brief, a 3-mm-wide ring of skin was then removed 1 cm
distal to the base of the tail, leaving the underlying bone, muscles and
major blood vessels intact. The injured region of the tail was then
wrapped with adhesive tape to protect the surgical site from infection,

Table 1
Primers and probes used for RT-PCR and quantitative real-time RT-PCR.

Primers and probes used for quantitative real-time RT-PCR

AM forward CTACCGCCAGAGCATGAACC
AM reverse GAAATGTGCAGGTCCCGAA
AM probe CCCGCAGCAATGGATGCCG
CLR forward AGGCGTTTACCTGCACACACT
CLR reverse CAGGAAGCAGAGGAAACCCC
CLR probe ATCGTGGTGGCTGTGTTTGCGGAG
RAMP1 forward GCACTGGTGGTCTGGAGGA
RAMP1 reverse CCCTCATCACCTGGGATACCT
RAMP1 probe CAAGCGCACAGAGGGCATCGTG
RAMP2 forward GCAGCCCACCTTCTCTGATC
RAMP2 reverse AACGGGATGAGGCAGATGG
RAMP2 probe CCCAGAGGATGTGCTCCTGGCCAT
RAMP3 forward TGCAACGAGACAGGGATGC
RAMP3 reverse GCATCATGTCAGCGAAGGC
RAMP3 probe AGAGGCTGCCTCGCTGTGGGAA
VEGF-A forward CATCTTCAAGCCGTCCTGTGT
VEGF-A reverse CTCCAGGGCTTCATCGTTACA
CD31 forward CTGCAGGCATCGGCAAA
CD31 reverse GCATTTCGCACACCTGGAT
Podoplanin forward TGGCAAGGCACCTCTGGTA
Podoplanin reverse TGAGGTGGACAGTTCCTCTAAGG
LYVE-1 forward AAGCAGCTGGGTTTGGAGGT
LYVE-1 reverse CACCAAAGAAGAGGAGAGCCA
VEGF-C forward CCTCTCTCACAAGGCCCCA
VEGF-C reverse TAGACATGCACCGGCAGGA
VEGF-R3 forward AAGGCCTGCCCATGCA
VEGF-R3 reverse TCGCCAGGGTCCATGATG

Primers used for RT-PCR

AM forward TCGAATTCATCGCCACAGAATGAAGCTGGT
AM reverse TCGAATTCTATATCCTAAAGAGTCTGGAGA
CLR forward ACAGCACGCATGAGAAAGTG
CLR reverse CCCTTGCATGTCACTGATTG
RAMP1 forward CTGCTGGCTCACCATCTCTT
RAMP1 reverse TCTTTTAATCACAAACTGTGCATC
RAMP2 forward CATCCCACTGAGGACAGCCT
RAMP2 reverse GATCATGGCCAGGAGCACAT
RAMP3 forward TCCACAGGCAGTTCTTTTCC
RAMP3 reverse CCTCTCTGGCCAAGTGTGAGC

Table 2
Genotypes of offspring from RAMP3+/− intercrosses. RAMP3+/+, RAMP3+/− and
RAMP3−/− mice were born normally at a ratio consistent with Mendel's laws.

WT Hetero Homo

RAMP3+/+ RAMP3+/− RAMP3−/−

No. of ♂ 29 61 24
No. of ♀ 24 43 23
Total no. 53 104 47
Ratio 1.00 1.96 0.89
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Fig. 1. Observation of embryos and vascular development. WT and RAMP3−/− E14.5 embryos were examined. (A) Appearance of the yolk sac. (B) Appearance of the embryo
with placenta, yolk sac and umbilical cord. (C) H&E staining of a section of embryo. Unlike AM−/− and RAMP2−/− embryos, which die in utero due to vascular abnormalities,
RAMP3−/− embryos were apparently normal.
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Fig. 2. Evaluation of tumor angiogenesis. S180 cells were transplanted subcutaneously into the bilateral axillae of mice. (A) Laser Doppler perfusion image of the tumors (left panels) and
the appearance of the tumors (right panels) resected from WT and RAMP3−/− mice 14 days after transplantation. Arrows indicate the tumor transplantation site. (B) Comparison of
tumor weight/body weight ratios. (C) Comparison of intratumor capillary areas, which are expressed per microscopic field (200×). n = 8 for both WT and RAMP3−/−. Bars are the
mean ± SEM. Neither tumor weight nor tumor angiogenesis differed between WT and RAMP3−/− mice.
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and the tail diameter wasmeasured 1 cm from the distal edge of the in-
jury. For pathology and gene expression analysis, a 0.5 cm length of tail
extending from the distal edge of the injury was collected.

2.7. Histology

Tissues were fixed overnight in 4% paraformaldehyde, embedded in
paraffin, and cut into 5-μm-thick sections for histological examination.
The specimens were then deparaffinized for hematoxylin/eosin (H&E)
staining, toluidine blue staining (Wako, Osaka, Japan) and immunohis-
tochemistry using anti-CD45 (BD Biosciences), anti-CD31 (BD Biosci-
ences) and anti-LYVE-1 antibodies (Relia Tech GmbH). Nuclei were
stained using DAPI (Life Technologies). Fluorescence was observed
using a fluorescence microscope equipped with the appropriate filter
sets (BZ-900, KEYENCE, Osaka, Japan). Toluidine blue at pH 2.5 was
used to stain mast cells.

2.8. Transmission electron microscopy

Specimenswere fixed in 2.5% glutaraldehyde (pH 7.2), embedded in
epoxy resin (Epok) 812 (Oken Shoji Co.), cut into ultrathin sections,
double-stained with uranyl acetate and lead citrate, and examined
with an electron microscope.

2.9. Collection and culture of lymphatic endothelial cells

Lymphatic endothelial cells were isolated from E16.5 WT and
RAMP3−/− embryos and cultured in EGM-2-MV medium (Lonza) as
described by Kazenwadel et al. [21]. The cells were culturedwith amix-
ture of growth factors supplied by the manufacturer (SingleQuots Kit,
catalog No. CC4147, Lonza). We confirmed that more than 90% of cells
were LYVE-1-positive lymphatic endothelial cells. Cells passaged up to
four times were used for experimentation.

2.10. Scratch-wound assay

To assess the proliferation andmigration of isolated lymphatic endo-
thelial cells, we performed scratch-wound assays according to the
method of Liang et al. [22], with some modifications. Lymphatic endo-
thelial cells were grown until 90% confluence in 3.5-cm dishes with
EGM-2-MVmedium. One hour before the start of the assay, themedium
was changed to EGM-2-MVwith orwithout growth factors added to the
product by the supplier. The center of the culture dish was then
scratched using a P200 pipet tip, washed 2 times with the medium,
and the culture was continued for 6 h in EGM-2-MV with or without
growth factors. The effect of AM (10−7 M) was assayed in the absence
of growth factors. Four images of the scratched areas per dish were cap-
tured using a light microscope (Olympus, Tokyo, Japan). The cell-
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Fig. 3. Evaluation of ischemia-induced angiogenesis in the unilateral hind-limb ischemia model. (A) Laser Doppler perfusion image showing recovery of blood perfusion in the ischemic
hind-limb (arrows). (B) Blood flow is expressed as a ratio of the left (ischemic) to the right (normal) limb. n = 8 in both WT and RAMP3−/−. Symbols are mean ± SEM. (C) Sections
showing the neovascularization (CD31 immunostaining) of the femoral muscle. Scale bars= 100 μm. (D) Comparison of the capillary density in the ischemicmuscle 35 days after surgery.
Capillary number permicroscopic field (400×) is shown. n=8 in bothWT andRAMP3−/−. (E) Quantitative real-time PCR analysis of femoralmuscle 35 days after surgery. n=5 in both
WT and RAMP3−/−. Bars are mean ± SEM. In the hind-limb ischemia model, blood flow recovery, neovascularization and VEGF-A expression were all comparable between WT and
RAMP3−/− mice.
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covered area was determined as a percentage of the cell-free area at 0 h
measured in four fields per well using cellSens software (Olympus). The
experiment was repeated three times on separate occasions.

2.11. RNA extraction and quantitative real-time RT-PCR analysis

Total RNA was extracted from tissues using TRI Reagent (Molecular
Research Center, Inc.), after which the RNA was treated with DNA-
Free (Ambion) to remove contaminating DNA and reverse transcribed
using a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). Quantitative real-time RT-PCR was carried out using an
Applied Biosystems 7300 real-time PCR System with SYBR green
(Toyobo, Japan) or Realtime PCR Master Mix (Toyobo) and TaqMan
probes (MBL, Japan). The primers and probes used are listed in
Table 1. Values were normalized to mouse GAPDH (Pre-Developed
TaqMan assay reagents, Applied Biosystems).

2.12. Western blot analysis

Lymphatic endothelial cells were cultured without growth factors
for 1 h and then stimulated with AM (10−7 M). Western blot analysis
was carried out using protein extracts from lymphatic endothelial
cells. The lysates were subjected to electrophoresis using TGX gel
(Bio-Rad Laboratories), transferred to PVDFmembranes (Bio-Rad Labo-
ratories), and probedusing anti-Akt, anti-phospho-Akt (P-Akt) antibod-
ies (Cell Signaling). Anti-β-tubulin antibody (Santa Cruz Biotechnology)
served as a loading control. The blots were then developed using an
ImageQuant LAS 4000 (GE Healthcare).

2.13. Statistical analysis

Values are expressed as the mean ± SEM. Student's t test and the
Mann–Whitney U test were used to evaluate differences between two
groups. Values of P b 0.05 were considered significant.

3. Results

3.1. RAMP3−/− mice show normal vascular development

We initially analyzed the genotypic distribution of the offspring
from intercrosses within heterozygous RAMP3 knockout mice
(RAMP3+/−). As shown in Table 2, the rates of RAMP3+/+,
RAMP3+/−, and RAMP3−/− offspringwere consistent withMendel's
law (the+/+:+/−:−/− ratio was approximately 1:2:1). Furthermore,
we detected no abnormalities in RAMP3−/− embryos atmid-gestation
(Figs. 1A–C). Unlike AM−/− and RAMP2−/− embryos, both of which
showpoor development of vitelline vessels on the yolk sac and systemic
edema with hemorrhage, vascular development appeared normal in
RAMP3−/− embryos. Thus, RAMP3 is apparently not essential for
early vascular development, indicating that the functions of RAMP2
and RAMP3 differ substantially.

3.2. RAMP3−/− mice show normal tumor angiogenesis and ischemia-
induced angiogenesis

To assess angiogenesis in adult animals,wefirst examined tumor an-
giogenesis. S180 sarcoma cells were transplanted into bilateral axillary
regions, after which tumor growth and angiogenesis were monitored.
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Fig. 4. Evaluation of the drainage function of subcutaneous lymphatic vessels in the ear and tail. (A) Fluorescence images of subcutaneous lymphatic vessels in the ear after indocyanine
green (ICG) injection. ICGwas injected into the edge of the ear and its lymphatic drainagewas visualized after 15min. P andD indicate the proximal (near head) and distal sides (near ear
edge), respectively. Scale bars=1mm. (B) Comparisonof the area of visible ear lymphatics 15min after ICG injection. n=7 inbothWTandRAMP3−/−. Bars aremean±SEM. **P b 0.01.
(C) Fluorescence images of subcutaneous lymphatic vessels in the tail after ICG injection. The lymphatic drainagewas visualized after 60min. P, proximal side; D, distal side. Scale bars=
1 mm. (D) Comparison of diameter of visible tail lymphatics 60 min after ICG injection. n = 6 and 5 in WT and RAMP3−/−, respectively. Bars are mean ± SEM. *P b 0.05. RAMP3−/−
mice showed delayed lymphatic drainage on lymphangiography.
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Weobserved that tumor bloodflow, tumor growth, and capillary forma-
tion within tumors were all equivalent between wild-type (WT) and
RAMP3−/− mice (Figs. 2A–C). We then used the unilateral hind-limb
ischemia model, in which the femoral arteries of mice were unilaterally
resected, to examine collateral capillary formation. As shown in Figs.
3A–D, blood flow recovery and capillary formation did not differ be-
tweenWT and RAMP3−/−mice. We also analyzed capillary formation
in vitro by culturing aortic rings within collagen gel, and confirmed that
there was no difference between angiogenesis in WT and RAMP3−/−
mice (data not shown). Again, these results are strikingly different
from those obtained with AM+/− and RAMP2+/− mice, both of
which showed reduced neovascularization, as compared to their control
mice [17,23]. In contrast, RAMP3 appears dispensable for angiogenesis
in both embryos and adults.

Consistent with the results summarized above, gene expression
analysis of ischemic limbs showed that the expression of the angiogenic
factor VEGF-A did not differ between WT and RAMP3−/− mice
(Fig. 3E). On the other hand, the expression of a lymphatic vessel mark-
er, podoplanin, tended to be lower in RAMP3−/− mice, which
prompted us to examine in more detail lymphatic vessels in RAMP3
−/− mice.

3.3. Lymphatic drainage is delayed in RAMP3−/− mice

To evaluate lymphatic vessel function,wefirst analyzed the drainage
function of subcutaneous lymphatics. Fig. 4 shows the results obtained
when we subcutaneously injected a fluorescent indicator, indocyanine

green (ICG), into the ears (Figs. 4A, B) and tails (Figs. 4C, D) of mice,
and assessed the extent of its drainage after 15min and 60min, respec-
tively. When we measured the area and diameter of fluorescence-
positive vessels, we found that they were narrower in RAMP3−/−
mice than in WT mice. This indicates that drainage was delayed in
RAMP3−/−mice and suggests that the functionality of lymphatic ves-
sels is altered in the absence of RAMP3.

3.4. Intestinal lymphatic vessels appear abnormal in RAMP3−/− mice

Examination of intestinal lymphatic vessels within the mesentery
revealed no apparent difference between untreated RAMP3−/− mice
and WT mice. However, when we used a feeding tube to feed the
mice a high-fat meal after starvation for 16 h, we observed that the in-
testinal lymphatic vessels in the mesentery of WT mice were dilated 6
h after the feeding, reflecting the conveyance of absorbed lipid from
the intestine. In contrast, the intestinal lymphatics of RAMP3−/−
mice were comparatively narrow (Fig. 5A upper panels and 5B). This
difference in intestinal lymphatic dilation between WT mice and
RAMP3−/− mice disappeared by day 2 after the high-fat feeding
(Fig. 5A lower panels and 5B).

Histological analysis showed shrinkage of the chyle vessels within
the villi in RAMP3−/−mice 6 h after the high-fat feeding (Fig. 5C). To-
gether with the observation of delayed lymphatic drainage (Fig. 4), the
shrinkage of chyle vessels and narrow intestinal lymphatics indicates
delayed lymphatic absorption of lipid. Despite these observations,
there was no significant difference between the body weights of
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Fig. 5.Evaluation of intestinal lymphatic vessels. (A) Photos of intestinal lymphatic vessels (arrows)within themesentery 6 h and 2 days aftermicewere fed a high-fatmeal using a feeding
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RAMP3−/−mice andWTmice. Considering that the difference in lipid
absorption disappears with free feeding, the disruption of lipid absorp-
tion in RAMP3−/− mice appears to be subclinical under normal
conditions.

3.5. RAMP3−/− mice exhibit severe post-operative lymphedema

To further investigate the role of the AM–RAMP3 system in the reg-
ulation of lymphatic function,we next used the tail lymphedemamodel.
Themouse tail contains a highly regular network of lymphatic vessels in

the skin. Therefore, circumferential removal of the skin from the tail ob-
structs lymphatic flow, resulting in acute lymphedema, enabling this
system to serve as a model of secondary lymphedema [20]. Following
the surgical procedure, the tails of all treated mice became edematous,
with the edema reaching a peak on postoperative day 12. Lymph flow
was then gradually restored. Notably, from postoperative day 4 to day
18, tail thickness was substantially greater in RAMP3−/− mice than
in WT mice (Figs. 6A, B).

We also used the tail lymphedema model in RAMP2+/−, DI-VE-
RAMP2−/− and DI-LE-RAMP2−/− mice. In contrast to RAMP3−/−
mice, the lymphedema did not differ from the control in any of these
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Fig. 7. Structural changes in lymphatic capillaries in the tail lymphedema model. (A) Fluorescent immunostaining of sections of mouse tail in the lymphedema model: green, CD31
(endothelial cellmarker); red, LYVE-1 (lymphatic endothelial cellmarker); blue, DAPI. RAMP3−/− tails showed abnormal dilation of the lymphatic capillaries (compare regions indicated
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(arrows). Lymphatic endothelial cells from RAMP3−/− mice appear structurally abnormal, with enlarged intracellular vacuoles. Scale bars = 1 μm. (D) Quantitative real-time PCR
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RAMP3−/− tissue showed significantly weaker expression of the lymphatic vessel marker podoplanin, whereas blood vessel markers were unchanged.
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RAMP2 knockout mice (Fig. 6C). Given that RAMP2 and RAMP3 are
equally expressed in both blood vessels and lymphatics, and that they
contribute equally to the formation of high-affinity AM receptors with
CLR, it is noteworthy that RAMP2 knockout did not aggravate the tail
edema. RAMP2 thus does not appear to be meaningfully involved in
the regulation of lymphatics.

3.6. Lymphatic capillaries appear abnormal in RAMP3−/− mice

Using the tail lymphedemamodel, we next visualized the lymphatic
vessels in the injury site by stainingwith an anti-LYVE-1 antibody,while
blood vessels were visualized by staining with an anti-CD31 antibody
(Fig. 7A). On postoperative day 12, when the lymphedemawasmost se-
vere, the density of lymphatics and blood vessels did not differ between
WT mice and RAMP3−/− mice (data not shown). On the other hand,
we observed abnormal dilatation of LYVE-1-positive lymphatic vessels
in RAMP3−/− mice (Fig. 7A, compare the regions marked with an as-
terisk). The luminal areas of lymphatic vesselswere about 3 times larger
in RAMP3−/− mice than in WT mice (Fig. 7B). Furthermore, electron
microscopic observation revealed that lymphatic endothelial cells in
RAMP3−/−micewere structurally abnormal, with enlarged intracellu-
lar vacuoles (Fig. 7C, compare regions indicated by arrows). Gene ex-
pression analysis of edematous tail samples showed no difference in
the expression of two blood vesselmarkers, CD31 andVEGF-A, between
RAMP3−/−mice and WT mice; however, the expression of lymphatic
vessel markers, especially podoplanin, was diminished in RAMP3−/−
mice (Fig. 7D). These findings demonstrate directly that the AM–

RAMP3 system is necessary for proper lymphatic capillary
function after injury, and that the dilatation of lymphatic vessels in
RAMP3−/−mice most likely reflects disruption of lymphatic drainage.

3.7. Inflammatory cells accumulate in the edematous tails of RAMP3−/−
mice

Given that lymphedema is exacerbated by disruption of lymphatic
drainage in RAMP3−/− mice, we speculated that the mice would also
experience prolonged inflammatory reactions after the tail injury. Con-
sistent with that idea, we found that there was greater accumulation of
CD45-positive leukocytes in RAMP3−/− mice than in WT mice (Figs.
8A, B). In addition, the number of toluidine blue-positive mast cells
was also increased in RAMP3−/− mice (Figs. 8C, D).

3.8. RAMP3−/− lymphatic endothelial cells exhibit reduced proliferation,
migration, and Akt activation in vitro

Finally, we used in vitro assays to directly evaluate lymphatic endo-
thelial cells isolated from WT and RAMP3−/− embryos. We first used
RT-PCR to confirm the expression of AM, CLR and RAMPs in lymphatic
endothelial cells (Fig. 9A). Among the RAMPs, we found that RAMP3
was most highly expressed in WT lymphatic endothelial cells. We
then used scratch-wound assays, performed in the presence and ab-
sence of growth factors supplied with the EGM-2-MV medium, to eval-
uate the recovery of the endothelial monolayer within the scratched
area. We found that re-endothelialization was significantly delayed
with RAMP3−/− cells (Figs. 9B, C). The addition of 10−7 M AM to the
mediumenhanced re-endothelialization byWTcells, but it had no effect
on RAMP3−/− cells (Figs. 9D, E). We also analyzed the cellular prolif-
eration of the isolated lymphatic endothelial cells by BrdU assay, how-
ever, we could not find a difference (data not shown). We speculated
that the delayed re-endothelialization of RAMP3−/− was migration-
dependent. Using Western blot analysis, we found that AM
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administration to cultured lymphatic cells upregulated activation of the
cell survival signal, Akt, although the levels were significantly lower in
RAMP3−/− cells than in WT cells (Figs. 9F, G).

4. Discussion

In this study, we used genetically engineered mice to evaluate the
functions of endogenous RAMP2 and RAMP3, two accessory proteins
that, along with CLR, comprise AM receptors. We previously showed
that RAMP2 is essential for angiogenesis and vascular homeostasis in
both embryos and adults [17,18]. In the present study, we found that
the phenotypes of RAMP2−/− and RAMP3−/−mice are strikingly dif-
ferent: whereas RAMP2−/− mice die in utero due to vascular abnor-
malities, RAMP3−/− mice are born normally with no blood vessel or
lymphatic abnormalities. In addition, post-natal angiogenesis was also
normal in RAMP3−/− mice, whereas RAMP2+/− mice showed re-
duced neovascularization. These observations clearly indicate that, un-
like RAMP2, RAMP3 is not essential for the angiogenic function of AM.

Apart from its angiogenic function, AM also reportedly possesses
lymphangiogenic activity. Nikitenko et al. found that secondary lymph-
edema induced in the hind-limb skin incisionmodelwasmore severe in
AM+/− mice, and the edema was prevented when circulating AM
levels were restored by systemic delivery of exogenous peptide [24].
In addition, Hoopes et al. observed that drug-induced knockout of CLR
or AM leads to chronic edema and dermal lymphatic insufficiency in
adult mice [25]. These earlier reports suggest that AM–CLR signaling is
important for the maintenance of normal lymphatic vessels; however,
in both AM and CLR knockout mice, all of the signaling mediated by
RAMPs (RAMP1–3) are functionally deleted, as either the ligand or re-
ceptor is absent. Therefore, to determine which RAMP is fundamentally
important for the regulation of lymphatic vessels by AM, it was neces-
sary to separately delete each RAMP isoform.

To evaluate the lymphatic vessels in RAMP3−/−mice, we first per-
formed fluorescence lymphography using indocyanine green (ICG),
which is used clinically to assess lymphatic function [26]. ICG is rapidly
taken up by initial lymphatics and, upon surface illumination with
tissue-penetrating near infrared excitation light, the fluorescence emit-
ted by the ICG-laden lymph can be detected with high spatial and

temporal resolution, enabling visualization of lymphatic drainage [27].
We found that ICG drainage by subcutaneous lymphatic vessels was de-
layed in RAMP3−/− mice. Similarly, after feeding RAMP3−/− mice a
high-fat meal, chyle transport by intestinal mesenteric lymphatics also
showed a delay. In the gastrointestinal tract, the lymphatic system me-
diates the absorption of lipid from the intestine and transports the
lipids, in the form of chyle, to the liver [27,28]. The mechanism of lipid
absorption through intestinal lymphatic vessels is not fully understood,
but it would be expected that lipid transport would be delayed if trans-
cellular and paracellular transport by lymphatic endothelial cells were
compromised [29].

Despite the apparently altered lymphatic function, RAMP3−/−
mice exhibited no lymphatic abnormalities during development, and
there were no spontaneous occurrences of edema in adults. Moreover,
narrowing of the intestinal lymphatic vessels was not apparent in
free-feeding mice. Thus, the changes observed in RAMP3−/−mice ap-
pear subclinical, only becoming manifest when a substantial load is ap-
plied. In a tail lymphedemamodel, for example, the induced edemawas
significantly worse in RAMP3−/− mice than in WT mice. Histological
analysis revealed abnormal dilatation of lymphatic vessels similar to
that seen clinically when there is a malfunction of lymphatic drainage,
such as after lymph node resection [30,31]. On the other hand, the num-
bers of CD31-positive blood vessels and LYVE-1-positive lymphatic ves-
sels were unaffected by RAMP3 deletion, indicating that progression of
angiogenesis and lymphangiogenesis was not altered. Instead electron
microscopic observations and gene expression analysis suggest that ab-
normalities in lymphatic endothelial cells are themain cause for the de-
layed lymphatic drainage in RAMP3−/− mice.

In the tail lymphedemamodel, we found that leukocyte numbers in
the injured region were greater in RAMP3−/− mice than in WT
mice, which is consistent with the reported relationship between
lymphangiogenesis and inflammation. Huggenberger et al. found that
delivery of the lymphangiogenic factor VEGF-C to the skin blocked the
development of chronic skin inflammation in a mouse ear edema
model, whereas the systemic inhibition of VEGFR-3, the main VEGF-C
receptor, increased inflammatory cell accumulation together with the
reduction of lymphangiogenesis [32]. In our model, tail thickness con-
tinued to be greater in RAMP3−/− until long after the peak of edema.
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We speculate that the resolution of inflammation is delayed or
disrupted in RAMP3−/− mice. After an injury, leukocytes infiltrate
the injured site, and at a late stage in the inflammation process, they un-
dergo apoptosis and clearance by phagocytes, leading to the resolution
of the inflammation [33]. Lymphatic vessels newly generated after the
injury contribute to the clearance of the apoptotic cells aswell as the in-
terstitial fluid. For that reason, dysfunction of lymphatic drainagewould
likely prolong the inflammation in RAMP3−/−mice. In addition, mast
cells were recently shown to contribute to innate immunity and tissue
repair, though they can be detrimental when chronically stimulated
[31]. Consequently, the increased numbers of mast cells seen in
RAMP3−/− mice may also have contributed to the prolonged inflam-
mation and edema.

Using scratch-wound assays, we found that RAMP3−/− lymphatic
endothelial cells have a lowermigration capacity thanWT cells. This ob-
servation supports our in vivo data thatmalfunction of lymphatic drain-
age in RAMP3−/− reflects a change in lymphatic endothelial cell
function. Moreover, whereas AM promoted migration of WT lymphatic
endothelial cells, it had no effect on migration of RAMP3−/− cells,
which confirms that altered lymphatic function is dependent on the de-
letion of the AM–RAMP3 signaling system. Lymphatic cell migration is
thought to primarily determine the lymph flow in the skin injury
model [34]. Taken together, the altered lymphatic function in
RAMP3−/− actually depends on the deletion of the AM–RAMP3-
signaling system in lymphatic endothelial cells.

RAMPs reportedly also bind to class B GPCRs other than CLR, includ-
ing receptors for calcitonin, glucagon and vasoactive intestinal peptide,
and it has been suggested that RAMPs may function as chaperons to
modulate internalization and recycling of those receptors [33]. It there-
fore remains a possibility that our observations in RAMP3−/−mice re-
flect changes in receptor systems, apart from AM and CLR. To further
confirm that the phenotypes of RAMP3−/− lymphatic endothelial
cells are dependent on the deletion of the AM–RAMP3–CLR signaling
system, we analyzed the change of intracellular signaling when stimu-
lated by AM. In various cells, AM reportedly exerts anti-apoptotic effects
mediated via the PI3K–Akt pathway [23,35]. In this study, RAMP3−/−
showed a lower response to AM in Akt-activation, which actually repre-
sents downregulation of AM–RAMP3–CLR signaling in the lymphatic
endothelial cells of RAMP3−/−.

Lymphedema in humans is a chronic condition caused by disruption
of lymphatic drainage, often after lymph node resection and radiation
therapy. In extreme cases, supermicrosurgical lymphaticovenular anas-
tomosis may be indicated [36,37], but the operation is not curative, and
continued therapy remains necessary. On the other hand, in some can-
cers, invasion of the lymphatic system enables transport of tumor cells
to distant lymph nodes and organs. We anticipate that a better under-
standing of the molecular and cellular mechanisms involved in the reg-
ulation of lymphatic vessels will bring new insight into the treatment of
these diseases. Lymphatic research has lagged behind vascular research,
but it has been accelerated by the discovery of several lymphatic-
specificmarkers, includingVEGFR-3, LYVE-1 and Prox1 [38]. In the pres-
ent study, we showed that the AM–RAMP3 system is a novel regulator
controlling lymphatic function in adults. A clinical trial of AM has al-
ready been run for inflammatory bowel diseases, as AM exerts anti-
inflammatory and anti-bacterial effects and stimulates mucosal regen-
eration. But AM has a very short half-life in the blood, which makes its
use in the treatment of chronic diseases difficult. It is therefore notewor-
thy thatwe are able tomodulate AM function in lymphatics bymodulat-
ing RAMP3. The AM–RAMP3 system could be a novel therapeutic target
for controlling post-operative lymphedema.

5. Conclusion

In summary, using RAMP2 and RAMP3 genetically engineered mice,
we clarified their functional differentiation in the vascular system. The
AM–RAMP2 system mainly regulates vascular development and

postnatal angiogenesis, and the AM–RAMP3 system mainly regulates
lymphatic function in adults. Various effects of AMmight be determined
by such regulatory differentiations. Our findings also provide a basis for
the development of drugs that could potentially modulate RAMP2 and
RAMP3 and, thereby, the angiogenic and lymphatic effects of AM,
respectively.
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