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Abstract
Calcitonin gene-related peptide (CGRP) regulates inflammation via signaling through receptor activity-modifying protein
(RAMP) 1. Here, we investigated the role of RAMP1 signaling in growth of lymphatic vessels during inflammation.
Lymphangiogenesis in the diaphragm of RAMP1-deficient (−/−) mice or their wild-type (WT) counterparts was induced by
repeated intraperitoneal injection of lipopolysaccharide (LPS). Compared with WT mice, LPS-induced lymphangiogenesis
in RAMP1−/− mice was suppressed. This was accompanied by the reduced expression of vascular endothelial growth factor
(VEGF)-C and VEGF-D. The number of CD4+ cells in diaphragm tissue from WT mice was greater than RAMP1−/− mice.
Removing CD4+ cells attenuated lymphangiogenesis and expression of VEGF-C and VEGF-D. CD4+ cells isolated from
RAMP1−/− mice exhibited reduced expression of VEGF-C and VEGF-D. The number of CD11b+ cells from RAMP1−/−

mice was higher than WT mice and was associated with the upregulated expression of genes related to pro-inflammatory
macrophage phenotype and downregulation of reparative macrophage phenotype-related expression. When fluorescein
isothiocyanate (FITC)-dextran was injected into the peritoneal cavity, the amount of residual FITC-dextran in WT mice was
lower than that in RAMP1−/− mice. The present results suggest that RAMP1 signaling in immune cells plays a critical role in
inflammation-related lymphangiogenesis; therefore, it represents a novel target for controlling lymphangiogenesis.

Introduction

Calcitonin gene-related peptide (CGRP) is a 37 amino
acid neuropeptide distributed widely in both the central
and peripheral nervous systems [1, 2]. The functional
CGRP receptor is a heterodimer comprising a seven-
transmembrane G protein, calcitonin receptor-like recep-
tor, a single membrane-spanning protein, and receptor
activity-modifying protein (RAMP) 1 [3, 4]. Because
RAMP1 is required for CGRP binding to CLR [5], it is
suggested that RAMP1 is rate limiting not only for cAMP
generation but also for downstream effects on the intracel-
lular signaling in CLR [6, 7]. RAMP1 is also activated by
amylin, which is a 37 amino acid peptide hormone that is
about 50% identical to CGRP [8]. Release of CGRP from
unmyelinated C fibers occurs during neuroinflammation.
The nervous system regulates both immune homeostasis
and inflammation; the significance of crosstalk between the
nervous and immune systems with respect to disease course
is increasingly apparent [9]. Previously, we showed that
RAMP1 signaling in immune cells, including macrophages
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and T cells, is important for suppression of inflammation in
the intestine and liver [10–12].

Lymphatic vessels play an essential role in maintaining
tissue fluid homeostasis by regulating the uptake of inter-
stitial fluid into draining lymphatic vessels and transport of
the drained lymphatic fluid to the blood vasculature via
collecting lymphatic vessels. The lymphatic system and the
immune system are intimately connected; indeed, recent
studies show that lymphatic vessels are dynamic structures
that react to inflammatory stimuli [13]. Inflammation-
associated formation of new lymphatics, i.e., lymphangio-
genesis, is not only an endpoint of inflammation but also a
phenomenon actively involved in the pathophysiology of
various inflammatory conditions [14]. Indeed, lymphangio-
genesis has functional consequences not only for lymphatic
transport but also for inflammation resolution and tissue
repair [14–16]. Previously, we showed that lymphangio-
genesis in granulation tissues during wound healing is
enhanced by the endogenous CGRP/RAMP1 pathway [17].
We also demonstrated that RAMP1 signaling plays a role in
lymphangiogenesis during secondary lymphedema [18].

Diaphragmatic lymphatic vessels represent a central
route for drainage of peritoneal fluid [19–21]; these vessels
drain molecules and fluid to the mediastinal lymph nodes
[22]. The lymphatic vessels in the diaphragm are well
developed and so are easily studied in adult mice [21].
However, it remains unknown whether RAMP1 signaling
increases lymphangiogenesis in diaphragm tissues during
inflammation. Here, we used a mouse model to examine the
role of RAMP1 signaling in inflammation-associated lym-
phangiogenesis elicited by intraperitoneal injection of
lipopolysaccharide (LPS).

Materials and methods

Animals and treatment

Male RAMP1-deficient (RAMP1−/−) mice (8–10 weeks
old) were generated as described elsewhere [10]. Male
C57BL/6 mice (8–10 weeks old) were obtained from Clea
Japan (Tokyo, Japan) and used as controls. Knockout mice
were backcrossed to the C57BL/6 background for more
than ten generations. Mice ubiquitously expressing green
fluorescent protein (GFP) were kindly provided by Dr
Okabe (Genome Information Research Center, Osaka Uni-
versity, Osaka, Japan) and housed at Kitasato University
under specific pathogen-free conditions. Mice were main-
tained at constant humidity (60% ± 5%) and temperature
(25 °C ± 1 °C) on a 12 h light/dark cycle. All animals were
provided with food and water ad libitum. All experimental
procedures were approved by the Animal Experimentation
and Ethics Committee of the Kitasato University School of

Medicine (2017—124) and were performed in accordance
with the guidelines for animal experiments set down by the
Kitasato University School of Medicine, which are in
accordance with the “Guidelines for Proper Conduct of
Animal Experiments” published by the Science Council
of Japan. Peritonitis was induced by peritoneal injection of
LPS (Sigma, E coli, 0111-B4; Sigma-Aldrich, St. Louis,
MO, USA) (1 μg/g of body weight) in 200 μl of PBS
(injections were performed every other day, starting at the
beginning of the experiment). As a control, 200 μl of PBS
was injected in the same manner. We defined day 0 as day
at the beginning of the experiment just prior to the first LPS
administration, and day 1 as 1 day after the start of the first
LPS administration.

Depletion of CD4+ T cells

Experimental animals were depleted of CD4+ cells using a
rat anti-mouse CD4 monoclonal IgG2b antibody (clone
GK1.5; BioLegend, San Diego, CA, USA). The antibody
was administered i.p. (300 μg per mouse) 24 h before LPS
administration, as described previously [8]. Control animals
were treated with an IgG isotype control antibody
(BioLegend).

Real-time RT-PCR

Transcripts encoding CGRP, Pro-CGRP, RAMP1, Lyve-1,
VEGFR3, Prox-1, VEGF-C, VEGF-D, TNFα, mannose
receptor (MR), CCL2, CCL5, and glyceraldehyde-3-
phosphate dehydrogenase were quantified by real-time
RT-PCR analysis. Total RNA was extracted from mouse
tissues and homogenized in TRIzol reagent (Life Technol-
ogies, Carlsbad, CA, USA). Single-stranded cDNA was
generated from 1 μg of total RNA via reverse transcription
using the ReverTra Ace® qPCR RT Kit (TOYOBO Co.,
Ltd., Osaka, Japan), according to the manufacturer’s
instructions. Quantitative PCR amplification was performed
using SYBR Premix Ex Taq™ II (Tli RNaseH Plus; Takara
Bio, Inc. Shiga, Japan). The gene-specific primers used for
real-time RT-PCR were designed using Primer 3 software
(http://primer3.sourceforge.net/) based on data from Gen-
Bank. The primers are described in Supplementary Table 1.

Expression of pro-CGRP, CGRP, and RAMP1 in dorsal
root ganglions (DRGs)

The medulla spinalis was removed, and the DRGs of the
C3–6 vertebrae were isolated. DRG tissues were homo-
genized in 1 ml of TRIzol reagent (Life Technologies). A
sample of RNA was extracted from the tissue according to
the manufacturer’s instructions. Real-time PCR was per-
formed as described above.
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Drainage of FITC-dextran from the peritoneal cavity

For the dye efflux experiment, 1 ml of 0.2% FITC-dextran
(MW 2,000,000, Sigma) was injected into the peritoneal
cavity of mice using a micro syringe. Under anesthesia
with isoflurane, mice were sacrificed after 10 min and any
FITC-dextran remaining in the peritoneal cavity was
extracted with 5 ml of PBS. Immediately after collecting
peritoneal fluid, the thoracic cavity was opened. The right
mediastinal lymph nodes were removed and placed into
vials filled with 50 μl of PBS. To estimate the amount of
drainage, the fluorescence intensity of the lavage fluid and
mediastinal lymph nodes was measured using a Thermo
Scientific NanoDrop 3300 (Fluorospectrometer) with an
excitation wavelength of 495 nm and an emission wave-
length of 519 nm.

Determination of intraperitoneal pressure

In separate experiments, mice were anesthetized by intra-
peritoneal (i.p.) injection of a mixture of medetomidine
hydrochloride (0.75 mg/kg) (Nippon Zenyaku Kogyo Co.,
Ltd., Fukushima, Japan), midazolam (4.0 mg/kg) (Astellas
Pharma Inc., Tokyo, Japan), and butorphanol (5.0 mg/kg)
(Meiji Seika Pharma Co., Ltd., Tokyo, Japan) [23]. The
intraperitoneal pressure was determined with a 24G needle
which inserted via the left lower abdomen, connected to a
pressure during the continuous infusion of saline with a 24G
needle inserted through the right lower abdomen. Saline
was continuously infused at 2 ml/min, and pressure was
recorded using a data acquisition system (PowerLab/8SP;
AD Instruments. Colorado Springs, CO, USA). The data
were analyzed using the PowerLab Chart 5 software
(PowerLab; AD Instruments).

Immunofluorescence analysis

On the indicated days after treatment, mice were anesthe-
tized with isoflurane and the diaphragm was harvested.
Whole-mounted diaphragm tissues were fixed with 4%
paraformaldehyde in PBS, followed by incubation for 60
min in cold PBS containing 2% H2O2 and then for 1 h in
cold PBST (0.5% Triton X-100 in PBS). After blocking,
sections were incubated overnight at 4 °C with a rabbit anti-
mouse RAMP1 polyclonal antibody (Santa Cruz Bio-
technology, Santa Cruz, CA, USA), a rat anti-mouse CD4
monoclonal antibody (eBioscience, San Diego, CA, USA),
a rabbit anti-mouse CD11b monoclonal antibody (Abcam,
Cambridge, MA, USA), anti-VEGF-C (E-6, mouse mono-
clonal antibody; Santa Cruz Biotechnology), anti-VEGF-D
(C-12, mouse monoclonal antibody; Santa Cruz Bio-
technology), or a rabbit anti-mouse Lyve-1 polyclonal

antibody (Abcam). After washing three times in PBS, the
sections were incubated for 1 h at room temperature with a
mixture of the following secondary antibodies: Alexa
Fluor® 594-conjugated donkey anti-rat IgG, Alexa Fluor®
488-conjugated donkey anti-rabbit IgG, Alexa Fluor® 488-
conjugated donkey anti-goat IgG (all from Molecular
Probes, Eugene, OR, USA), and Alexa Fluor® 594-
conjugated goat anti-guinea pig IgG (Abcam). These anti-
bodies were diluted in Antibody Diluent with Background-
Reducing Components (Agilent, CA, USA). Images were
observed and captured under a confocal scanning laser
microscope (LSM710; Carl Zeiss, Jena, Germany) or a
fluorescence microscope (Biozero BZ-9000 Series; KEY-
ENCE, Osaka, Japan). After labeling, ten low-power optical
fields (×40 magnification) were randomly selected and the
number of positive cells was counted. The results were
expressed as the average number of positive cells per field.
Lymphatic microvessels in the diaphragm (a parameter of
lymphangiogenesis) were assessed using ImageJ software.
The Lyve-1+ area was calculated, and the results were
expressed as the percentage of lymphatic microvessel area
(LVA%).

Isolation of lymphocytes from spleen and blood

Mice were anesthetized with pentobarbital sodium solution
(75mg/kg, i.p.), and the spleen was collected and placed
immediately in ice-cold RPMI. The tissue was pressed
through a 70 μm cell strainer, and erythrocytes were disrupted
in lysis buffer. Viable, nucleated cells were counted by trypan
blue exclusion. Blood samples from the heart were collected.
The white blood cells were separated on Lymphosepar II
(Immuno-Biological Laboratories, Gunma, Japan).

CD4+ T cells culture

CD4+ cells were isolated from the spleen using the mouse
CD4+ T cell Isolation Kit (Miltenyi Biotec, Auburn, CA,
USA), according to the manufacturer’s instructions. Isolated
CD4+ cells (106 cells/ml) were stimulated with 1 mg/ml
anti-CD3 (BioLegend) and 1 mg/ml anti-CD28 (BioLe-
gend). After 24 h, cells were stimulated for 3 h with LPS
with or without CGRP (10 nM) (Peptide Institute, Inc.,
Osaka, Japan) in RPMI 1640 medium. CD4+ T cells were
then harvested and homogenized in TRIzol (Life Technol-
ogies), and mRNA levels were measured by real-time
RT-PCR.

Flow cytometry analysis

Cells were incubated with the 2.4G2 mAb (anti-cγRIII/II) to
block nonspecific binding of the primary mAb. Then, cells
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were stained with a combination of the following
fluorochrome-conjugated antibodies: anti-CD3 (clone
17A2, BioLegend) and anti-CD4 (clone GK1.5, BioLe-
gend). Tubes were placed in the dark on ice for 30 min.
Pellets were washed twice with PBS. Samples were mea-
sured on a FACSVerse™ (BD, Franklin Lakes, NJ, USA).
The data were analyzed using Kaluza software v1.3
(Beckman Coulter, Brea, CA, USA) [12].

Isolation of macrophages from the bone marrow
(BM)

BM cells were isolated from the femur and tibia of 12-
week-old WT and RAMP1−/− mice. Femurs and tibias were
flushed with PBS, and erythrocytes were lysed by treatment
with RBC lysis buffer (BioLegend). To generate BM-
derived macrophages, BM cells were cultured in RPMI
1640 medium containing 10% fetal calf serum and macro-
phage colony stimulating factor (M-CSF) (20 ng/ml; Bio-
Legend) and plated in six-well plates (1.0 × 106 cells per
well). On day 7, cells stimulated with LPS (100 ng/ml,
Sigma) were treated (or not) for 3 h with CGRP (10 nM)
(Peptide Institute) in RPMI 1640 medium. BM-derived
macrophages were then harvested and homogenized in
TRIzol (Life Technologies), and mRNA levels were mea-
sured by real-time RT-PCR.

Murine BM transplantation model

BM transplantation was performed as previously descri-
bed [24]. Briefly, recipient mice were treated with
clodronate-loaded liposomes (200 μl/mouse; FormuMax
Scientific, Inc., Palo Alto, CA, USA) to deplete tissue
macrophages at 48 h before irradiation. Donor BM cells
from RAMP1−/− mice and their WT counterparts were
harvested using the same method. Mice were irradiated in
a MBR-1505R X-ray irradiator (9.5 Gy; Hitachi Medical
Co., Tokyo, Japan) with a filter (copper, 0.5 mm; alumi-
num, 2 mm) while the cumulative radiation dose was
monitored. Donor BM-derived mononuclear cells (1 × 107

cells/200 μl of PBS) were injected into the tail vein of
irradiated mice.

Statistical analysis

All results are expressed as the mean ± SEM. All statistical
analyses were performed using GraphPad Prism software,
version 8 (GraphPad Software, La Jolla, CA, USA). An
unpaired two-tailed Student’s t test was used to compare
data between two groups. One-way analysis of variance,
followed by Turkey’s post hoc test, was used to compare
data between multiple groups. A p value <0.05 was con-
sidered statistically significant.

Results

RAMP1−/− mice show the suppression of
lymphangiogenesis and expression of genes
encoding lymphangiogenic factors

Injection of LPS into the peritoneal cavity of WT mice led
to increased lymphangiogenesis, as indicated by a gradual
and significant increase in LVA% in the diaphragm
compared with that in vehicle (PBS)-treated WT
mice (Supplementary Fig. 1a, b). Lymphangiogenesis in
LPS-treated mice peaked at days 7 and 14. Based
on these results, we examined inflammation-associated
lymphangiogenesis up until day 7 in all subsequent
experiments.

Next, we determined the functional role of
RAMP1 signaling during lymphangiogenesis. There was no
significant difference in basal LVA% between WT and
RAMP1−/− mice. At days 5 and 7, LVA% in the diaphragm
of WT mice receiving i.p. injection of LPS into the peri-
toneal cavity was higher than that in RAMP1−/− mice
(Fig. 1a, b). These results suggest that RAMP1 signaling
facilitates inflammation-associated lymphangiogenesis.

At days 5 and 7, levels of mRNA encoding Lyve-1,
VEGFR3, and Prox-1 (markers of lymphatic endothelial
cells) in the diaphragm were higher in LPS-treated WT mice
than in LPS-treated RAMP1−/− mice (Fig. 1c–e). Expres-
sion of pro-lymphangiogenic factors VEGF-C and VEGF-D
was also higher in LPS-treated WT mice on day 5 and days
3 and 5, respectively, than in LPS-treated RAMP1−/− mice
(Fig. 1f, g). Collectively, these results suggest that
RAMP1 signaling promotes lymphangiogenesis by indu-
cing expression of VEGF-C and VEGF-D.

Expression of RAMP1 in the DRG and diaphragm
tissues

Basal levels of mRNA encoding pro-CGRP and CGRP in
cervical DRG tissues from non-treated RAMP1−/− mice
were no different from those in WT mice (Supplementary
Fig. 2a, b), suggesting that CGRP levels in the neuronal
system were not reduced in RAMP1−/− mice. By contrast,
RAMP1 expression in DRGs from RAMP1−/− mice was
much lower than that in DRGs from WT mice (Supple-
mentary Fig. 2c). These results suggest that RAMP1−/−

mice are good tools for evaluating CGRP signaling under
pathologic conditions.

Therefore, to examine the localization of RAMP1
expression in lymphatic endothelial cells in the dia-
phragm, we performed double immunostaining for
RAMP1 and Lyve-1 (Supplementary Fig. 2d). No
RAMP1/Lyve-1 double-positive vessels were observed in
diaphragm tissues at day 0 (day at the beginning of the
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experiment just prior to the first LPS administration) and
day 7 (7 days after the start of the first LPS administra-
tion), indicating that newly formed lymphatic vessels do
not express RAMP1. These results suggest that CGRP/
RAMP1 signaling does not affect newly formed lymphatic
vessels directly. In addition, immunofluorescence analysis
revealed that RAMP1 co-localized with CD4+ cells
(Supplementary Fig. 2e) as well as with CD11b+ cells
(Supplementary Fig. 2f), indicating that T cells and
macrophages express RAMP1.

Accumulation of T cells and macrophages in the
diaphragm

Because T cells and macrophages play roles in inflammatory-
associated lymphangiogenesis in the diaphragm [16, 18], we
counted the number of T cells and macrophages in diaphragm
tissue from mice with LPS-induced peritonitis (Fig. 2a, b).
Immunofluorescence analysis revealed that the number of
CD4+ cells (T cells) in WT mice at day 3 was larger than that
in RAMP1−/− mice (Fig. 2b). Accumulation of CD4+ cells in

Fig. 1 Deficient RAMP1 signaling suppresses lymphangiogenesis
and pro-lymphangiogenic factors in diaphragm tissues during
inflammation. a Representative images showing lymphatic vessels in
whole mount diaphragm tissue stained with antibodies specific for
Lyve-1 (green) at 7 days post injection of LPS into the peritoneal cavity
of WT and RAMP1−/− mice. Scale bars, 200 μm. b The percentage
lymphatic vessel area (LVA%) in whole mount diaphragm tissue from

WT and RAMP1−/− mice. Data are expressed as the mean ± SEM (4–6
mice per group). *p < 0.05. c–e Expression of mRNA encoding Lyve-1,
VEGFR3, and Prox-1 in diaphragm tissue from WT and RAMP1−/−

mice. Data are expressed as the mean ± SEM (4–6 mice per group).
*p < 0.05. f, g Expression of mRNA encoding VEGF-C and VEGF-D
in diaphragm tissue from WT and RAMP1−/− mice. Data are expressed
as the mean ± SEM (4–6 mice per group). *p < 0.05.
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WT mice tended to be higher at day 7; however, the differ-
ence did not reach statistical significance.

We also counted the number of CD11b+ cells (macro-
phages) in the diaphragm (Fig. 2c). The number of CD11b+

cells in the diaphragm of LPS-induced WT mice at day 3
was higher than that at day 0, and numbers were even
higher in RAMP1−/− mice. At day 7, there was no sig-
nificant difference in CD11b+ cell numbers between the
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genotypes. These results suggest that accumulation of
CD4+ cells (T cells) and CD11b+ cells (macrophages) was
correlated with lymphangiogenesis.

To examine whether T cells and macrophages express
lymphangiogenic factors, we performed immunostaining of
diaphragm tissue to detect immune cells and VEGF-C or
VEGF-D (Fig. 2d, e). On day 3, diaphragm tissue from
LPS-induced WT mice contained CD4+ cells that were
positive for VEGF-C and VEGF-D (Fig. 2d). The percen-
tages of VEGF-C and VEGF-D expression in CD4+ cells
were ~70% or 90%, respectively (Fig. 2d). The same was
true for diaphragm tissue subjected to double immunos-
taining with antibodies specific for CD11b, VEGF-C, or
VEGF-D. CD11b+ cells were positive for both VEGF-C
and VEGF-D (Fig. 2e). The ~80% of CD11b+ cells were
positive for VEGF-C or VEGF-D (Fig. 2e).

T cells contribute to lymphangiogenesis during
inflammation

To further examine the involvement of CD4+ T cells in
lymphangiogenesis, CD4+ T cells were deleted from the
circulation of mice by injection of anti-CD4 or isotype IgG
antibodies prior to injection of LPS. Treatment with anti-
CD4 neutralizing antibodies significantly reduced the per-
centages of CD4+ cells in the blood and spleen from WT
and RAMP1−/− mice as compared with control IgG (Sup-
plementary Fig. 3). Treatment of WT mice with anti-CD4
antibodies led to the marked suppression of lymphangio-
genesis, as evidenced by reduction in both LVA% and
expression of genes encoding VEGF-C and VEGF-D
(Fig. 3a–d). In addition, LVA% and expression of VEGF-
C and VEGF-D in RAMP1−/− mice treated with an anti-
CD4 antibody did not differ from those in RAMP1−/− mice
treated with the isotype control IgG antibody (Fig. 3b–d).

To determine whether CGRP/RAMP1 signaling reg-
ulates the expression of VEGF-C and VEGF-D in CD4+

T cells, we isolated splenic CD4+ cells from WT and

RAMP1−/− mice and exposed them to CGRP. CGRP
increased the expression of mRNA encoding VEGF-C and
VEGF-D in WT CD4+ T cells; by contrast, expression was
downregulated in RAMP1-deficient CD4+ T cells (Fig. 3e,
f). These results indicate that CD4+ cells play an important
role in LPS-induced lymphangiogenesis in diaphragm tis-
sues by inducing expression of VEGF-C and VEGF-D.

Macrophages suppress lymphangiogenesis in
RAMP1−/− mice

Macrophages also play a role in lymphangiogenesis in
diaphragm tissues in response to LPS [16, 18]. However,
accumulation of macrophages in RAMP1−/− mice sup-
pressed lymphangiogenesis (Figs. 1b and 2c). These results
suggest that RAMP1 deficiency would affect the profiles of
macrophages accumulating in the diaphragm of LPS-treated
mice. When the expression of genes encoding pro-
inflammatory cytokines was measured by real-time RT-
PCR, we found that the expression of mRNA encoding
TNFα in RAMP1−/− mice was higher than that in WT mice
(Fig. 4a), whereas expression of mRNA encoding MR was
lower than that in WT mice (Fig. 4b). Enhanced accumu-
lation of macrophages in RAMP1−/− mice was associated
with the upregulated expression of chemokines, including
CCL2 and CCL5 (Fig. 4c, d). These results suggest that
inflammatory macrophages are recruited to the diaphragm
in RAMP1−/− mice.

In addition, in vitro experiments showed that TNFα
expression by macrophages isolated from the BM of WT
mice was downregulated in response to CGRP (Fig. 5a). By
contrast, expression in macrophages isolated from
RAMP1−/− mice was unchanged. However, expression of
genes encoding MR in macrophages from WT mice was
higher than that in RAMP1−/− mice (Fig. 5b). Furthermore,
CGRP-mediated expression of VEGF-C in WT macro-
phages was higher than that in RAMP1−/− macrophages,
whereas there was no significant difference in VEGF-D
expression by macrophages from WT and RAMP1−/− mice
(Fig. 5c, d). These results suggest that RAMP1 signaling
upregulates lymphangiogenesis in the diaphragm by indu-
cing expression of VEGF-C in macrophages.

Next, we examined the role of RAMP1-expressing BM
cells in lymphangiogenesis. Compared with WT mice
transplanted with WT-BM cells, WT mice bearing RAMP1-
deficient BM cells showed a marked reduction in lym-
phangiogenesis (Supplementary Fig. 4a, b). On day 7,
GFP+ cells accumulated in the diaphragm of WT mice
receiving BM cells from GFP-transgenic mice (Supple-
mentary Fig. 4c, d), suggesting that transplanted BM cells
were recruited to the diaphragm. Double immunostaining
analysis revealed that expression of GFP co-localized with
that of CD11b, but not with that of CD4 (Supplementary

Fig. 2 Accumulation of CD4+ and CD11b+ cells in diaphragm
tissue after LPS injection. a Representative images showing immu-
nofluorescence staining of CD4 (red) or CD11b (green) in diaphragm
tissue from WT and RAMP1−/− mice at day 3. Nuclei are stained by
DAPI (blue). Scale bars, 100 μm. b Number of CD4+ cells after LPS
injection. Data are expressed as the mean ± SEM (4–6 mice per group).
*p < 0.05. c Number of CD11b+ cells after LPS injection. Data are
expressed as the mean ± SEM (4–6 mice per group). *p < 0.05.
d Representative images showing dual immunofluorescence labeling
of CD4 (red) and VEGF-C (green) or VEGF-D (red) in tissue from
WT mice at day 3. Nuclei are stained by DAPI (blue). Merged signals
are yellow. Scale bars, 50 μm. e Representative images of diaphragm
tissue from WT mice showing immunofluorescence staining of tissues
for CD11b (red) and VEGF-C (green) or VEGF-D (red) (day 3).
Nuclei are stained by DAPI (blue). Merged signals are yellow. Scale
bars, 50 μm.
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Fig. 3 Involvement of CD4+

T cells in lymphangiogenesis
during inflammation. a
Diaphragms from WT mice
treated with control IgG or anti-
CD4 antibodies were stained
with Lyve-1 (green). Scale bars,
200 μm. b Effects of anti-CD4
antibodies on LVA% at day 7.
Data are expressed as the mean
± SEM (four mice per group).
*p < 0.05. c, d Expression of
mRNA encoding VEGF-C and
VEGF-D in the diaphragm
tissues from WT and RAMP1−/−

mice treated with control IgG or
anti-CD4 antibodies (day 5).
Data are expressed as the mean
± SEM (six mice per group).
*p < 0.05. e, f Amounts of
VEGF-C and VEGF-D mRNA
expressed by splenic CD4+

T cells isolated from WT and
RAMP1−/− mice. Isolated
splenic CD4+ T cells were
stimulated with CGRP (10 nM)
with or without LPS (100 ng/ml)
for 3 h. Splenic CD4+ T cells
were isolated by magnetic-
activated cell sorting. Data are
expressed as the mean ± SEM
(4–6 mice per group).

Fig. 4 Effect of RAMP1
expression in macrophages on
expression of genes associated
with inflammation. Expression
of mRNA encoding genes
associated with a pro-
inflammatory macrophage
phenotype (a) and with a
reparative phenotype (b) in
diaphragm tissues at days 0 and
3. Data are expressed as the
mean ± SEM (four mice per
group). *p < 0.05. c, d
Expression of mRNA encoding
chemokines CCL2 and CCL5 in
the diaphragm. Data are
expressed as the mean ± SEM
(four mice per group). *p < 0.05.
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Fig. 4c, d), indicating that the recruited BM cells were
macrophages. Collectively, these results suggest that BM-
derived macrophages expressing RAMP1 are recruited to
the inflamed diaphragm, where they appear to secrete
VEGF-C in response to CGRP stimulation, thereby con-
tributing to lymphangiogenesis.

Drainage from the peritoneal cavity through
lymphatic vessels in the diaphragm

We determined whether the injected volumes affected the
intraperitoneal pressure. The intraperitoneal pressures
remained unchanged up to total 8 ml injection of saline in
both of WT and RAMP1−/− mice treated with LPS for
7 days (Supplementary Fig. 5). The collected volumes of
intraperitoneal fluids in WT and RAMP1−/− mice were
4.0 ± 0.2 mL and 4.2 ± 0.2 mL, respectively (n= 5 per
group). There was no statistical difference in the pressures
between the genotypes. To compare the drainage function
of lymphatic vessels in the diaphragm, we injected FITC-
dextran into the peritoneal cavity and measured the amount
of residual material 10 min after FITC-dextran injection.
The amount of residual FITC-dextran in WT mice treated
with LPS was lower than that in mice treated with vehicle
(Fig. 6a). By contrast, the amount of residual FITC in LPS-
treated RAMP1−/− mice was no different from that in
vehicle-treated RAMP1−/− mice (Fig. 6a). These results
suggest that lymphatic drainage of peritoneal fluid is ham-
pered in RAMP1−/− mice. The lymphatic fluid in the

diaphragm drains into the mediastinal lymphatic nodes. To
further examine the drainage capacity of the lymphatic
vessels in diaphragm tissue, we collected the right med-
iastinal lymphatic nodes and measured the fluorescence
intensity of FITC-dextran (Fig. 6b). The amount of FITC-
dextran in the right mediastinal lymphatic nodes from WT
mice was higher than that in those from RAMP1−/− mice
(Fig. 6c). These results indicate that RAMP1 signaling
improves the drainage function of lymphatic vessels in the
diaphragm of mice with peritonitis. Taken together, lym-
phatic vessels in the diaphragm have an important func-
tional role in draining interstitial fluid from the peritoneal
cavity.

Discussion

The neuropeptide CGRP has anti-inflammatory effects on
immune cells, including macrophages [12], T cells [25], and
dendritic cells [26], through RAMP1 signaling. CGRP,
which is produced in the nervous system, plays a role in
growth of blood vessels under pathological conditions.
Previously, we reported that CGRP plays a role in patho-
logical angiogenesis by inducing a potent proangiogenic
growth factor known as VEGF-A [27–29]. CGRP induced
proliferation of human umbilical vein endothelial cells
in vitro [27]. In addition, the CGRP/RAMP1 axis promotes
angiogenesis during tumor growth [28] and tissue repair
after gastric ulcers and hind-limb ischemia in mice [27, 29].

Fig. 5 Effects of RAMP1
expression in bone marrow
macrophages on genes
associated with inflammation
and pro-lymphangiogenic
factors. a–d Expression of
mRNA encoding TNFα, MR,
VEGF-C, and VEGF-D in
cultured BM-derived
macrophages from WT and
RAMP1−/− mice stimulated
with CGRP. Data are expressed
as the mean ± SEM (4–6 mice
per group). *p < 0.05.
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In contrast to angiogenesis, little is known about RAMP1-
induced lymphangiogenesis during inflammation.

Lymphatic vessels formed in response to inflammation
are regulated by pro-lymphangiogenic factors (VEGF-C and
VEGF-D) secreted by immune cells [15]. We hypothesized

that RAMP1 signaling mediates lymphangiogenesis in dia-
phragm tissue during inflammation by affecting the function
of immune cells. Here, we demonstrate that genetic deletion
of RAMP1 signaling suppresses lymphangiogenesis in dia-
phragm tissue during the development of LPS-induced
peritonitis by reducing the expression of VEGF-C and
VEGF-D. Impaired lymphangiogenesis induced by RAMP1
deficiency was associated with reduced recruitment of CD4+

T cells and increased recruitment of pro-inflammatory
macrophages to the diaphragm. Furthermore, RAMP1−/−

mice showed disrupted drainage of peritoneal fluid. These
results indicate that RAMP1 signaling in immune cells
promotes lymphangiogenesis and enhances drainage of
peritoneal fluid.

The present study shows that T cells play roles in lym-
phangiogenesis in inflamed diaphragm tissue, which is in
agreement with our previous study [20]. CD4+ T cells
contribute to lymphangiogenesis; indeed, depletion of
CD4+ T cells attenuates the development of lymphedema in
mice [25]. Here, we used a peritonitis model to show that
CD4+ T cells accumulate in the inflamed diaphragm.
Accumulation of CD4+ T cells expressing RAMP1 is
positively associated with lymphangiogenesis. Deletion of
CD4+ T cells by injection of neutralizing antibodies
suppressed lymphangiogenesis in the diaphragm of WT
mice, but did not further attenuate lymphangiogenesis in
RAMP1−/− mice, suggesting that CD4+ T cells expressing
RAMP1 play a critical role in accelerating lymphangio-
genesis. T cells also could be a source of pro-
lymphangiogenic cytokines [20, 30]. In vitro experiments
revealed that expression of VEGF-C and VEGF-D in CD4+

T cells increased in a RAMP1-dependent manner. Collec-
tively, the data suggest that RAMP1 signaling in CD4+

T cells contributes to induction of inflammation-related
lymphangiogenesis by increasing expression of VEGF-C
and VEGF-D. Activation of the CGRP receptor results in
the activation of adenylate cyclase, which causes accumu-
lation of cyclic AMP in endothelial cells, vascular smooth
muscle cells, and inflammatory cells [31]. Accumulation
of cAMP upregulates the expression of VEGF [32]. In
addition, accumulation of cAMP upregulates cyclic
AMP–responsive element binding protein to drive gene
transcription of VEGF-C [33] and VEGF-D [34], indicating
that the CGRP receptor induces lymphangiogenesis by
upregulating VEGF family in inflammatory cells [17].
Further, in vitro experiments demonstrated that CGRP
suppressed transcription of VEGF-C in CD4+ cells from
RAMP1−/− mice, while the expression of VEGF-D
remained unchanged. These results suggest that transcrip-
tional factors involved in VEGF-C induction are different
between those in VEGF-D in this model. Indeed, signaling
pathways of induction of VEGF-C and VEGF-D appears to
be different in fibroblasts and cancer cell lines [35, 36].

Fig. 6 Loss of RAMP1 results in impaired drainage of peritoneal
fluid. a Residual amounts of FITC-dextran were assessed 10 min after
injection into the peritoneal cavity of WT and RAMP1−/− mice treated
with LPS or vehicle (saline) at day 7. Data are expressed as the mean
± SEM (six mice per group). *p < 0.05. NS, not significant. b Photo-
graphs showing the right mediastinal lymph nodes in the pleural cavity
after injection of FITC-dextran into peritoneal cavity of WT and
RAMP1−/− mice. FITC-dextran was drained through the lymphatic
vessels from the peritoneal cavity, and flowed into the mediastinal
lymph nodes. c Residual amounts of FITC-dextran in the right med-
iastinal lymph nodes from WT and RAMP1−/− mice treated with LPS
or vehicle (saline) at day 7. The right mediastinal lymph nodes were
removed immediately after collection of peritoneal fluid. Data are
expressed as the mean ± SEM (six mice per group). *p < 0.05. NS, not
significant.
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Further investigations are needed to clarify whether
RAMP1 signaling in CD4+ cells regulates VEGF-C
induction differently from VEGF-D induction, and to
identify the transcription factors and signaling proteins
involved in RAMP1-mediated expression of VEGF-C and
VEGF-D. In addition, in vitro experiments also showed that
CGRP downregulated VEGF-C expression in CD4+ cells
from RAMP1−/− mice, while CGRP upregulated VEGF-C
expression in CD4+ cells from WT mice. These results
suggest that CGRP decreased VEGF-C expression in
RAMP1-deficient CD4+ cells through CLR independently
by CGRP.

In addition to T cells, macrophages are considered
important players in pathological lymphangiogenesis [37].
Indeed, accumulated macrophages play a role in lym-
phangiogenesis in the diaphragm [20, 22]. Depleting
macrophages using clodronate liposomes attenuates LPS-
induced inflammatory lymphangiogenesis in the diaphragm
[22]. The current study shows that RAMP1 signaling in
CD11b+ macrophages elicits lymphangiogenesis, a process
associated with expression of VEGF-C and VEGF-D.
However, excessive accumulation of macrophages in
inflamed diaphragm tissues of RAMP1−/− mice was not
associated with increased lymphangiogenesis. Consistent
with this, we previously reported that blockade of
RAMP1 signaling increases the number of macrophages in
secondary edema in mouse tails, which is associated with
suppressed lymphangiogenesis [18]. The data also suggest
that RAMP1 signaling prevents excessive accumulation of
macrophages. We also showed that inflammatory-like mac-
rophages suppress lymphangiogenesis [38, 39], and that
RAMP1 deficiency recruits inflammatory-like macrophages
to inflamed tissues [11, 18]. The results of the present study
also indicate that genes associated with the pro-inflammatory
macrophage phenotype were upregulated in RAMP1−/−

mice, and that genes associated with the reparative macro-
phage phenotype were downregulated. Taken together,
these data suggest that RAMP1 signaling inhibits excessive
infiltration by inflammatory macrophages, and that
RAMP1 signaling in recruited macrophages plays a role in
lymphangiogenesis during inflammation.

In the current studies, lymphatic vessel markers includ-
ing LYVE-1, Prox-1, and VEGFR3 in the diaphragm tissues
were downregulated in RAMP1−/− mice. Because macro-
phages also express these lymphatic markers, these results
suggest that macrophages in RAMP1−/− mice lower the
expression of lymphatic markers. The other possibility is
that RAMP1-deficient macrophages failed to upregulate
VEGF-C, which resulted in downregulation of LYVE-1,
Prox-1, and VEGFR3. These observations suggest that
RAMP1 signaling in macrophages plays a role in
enhancement of lymphatic vessel markers.

To further understand the role of RAMP1 signaling in
macrophages, we induced peritonitis in chimeric mice. The
current study shows that BM-derived macrophages
expressing RAMP1 promote lymphangiogenesis. Although
RAMP1 signaling enhances VEGF-C expression by BM
macrophages in vitro, it did not affect expression of VEGF-
D, which is consistent with our previous results showing
that RAMP1 signaling in macrophages facilitates lym-
phangiogenesis during the course of wound healing via
production of VEGF-C by macrophages [17]. These results
suggest that RAMP1 signaling in BM-derived macrophages
facilitates formation of lymphatic vessels by recruiting
repair macrophages via VEGF-C.

It is known that RAMP1−/− mice exhibit hypertension as
previously reported [10]. Hypertension would induce
endothelial damage, leading to promoting inflammatory
activation of endothelial cells and recruitment of inflam-
matory cells [40]. Altered mechanical forces in hyperten-
sion stimulate the endothelium, leading to inflammatory cell
recruitment [41]. These findings suggest confounding
effects of hypertension on inflammatory cell recruitment to
the diaphragmatic lymphatic system. Future studies would
assess whether hypertension in RAMP1−/− mice promotes
accumulation of inflammatory cells during inflammation.

The function of diaphragmatic lymphatics is to drain
peritoneal fluid [19, 20]. Functional activation of lym-
phangiogenesis in the diaphragm may contribute to redu-
cing ascites in pathological conditions such as liver disease.
Our data indicate that RAMP1 signaling-dependent lym-
phangiogenesis in the diaphragm in response to inflamma-
tion increases the drainage of peritoneal fluid, together with
transport to the mediastinal lymph nodes. In addition, our
previous studies show that RAMP1 signaling during skin
wound healing promotes fluid drainage through newly
formed lymphatic vessels, as evidenced by the movement of
fluorescent dye injected subcutaneously into skin wounds
[17]. These data indicate that RAMP1 signaling is important
for the drainage of interstitial fluids through newly devel-
oped lymphatic vessels during inflammation.

In conclusion, the findings of the current study suggest
that lymphangiogenesis in diaphragm tissues during
inflammation, together with increased drainage of peritoneal
fluid, is mediated by endogenous CGRP/RAMP1 signaling.
Inflammation-associated lymphangiogenesis in diaphragm
tissues may contribute to draining debris from inflamed
tissues. Development of a selective agonist that targets
RAMP1 signaling will provide a therapeutic option for
patients with peritoneal inflammation.
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