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Abstract Elucidation of the events responsible for the

interaction between lymphatic endothelial cells (LECs) and

mast cells (MCs) may prove to be a valuable source for

controlling lymphangiogenesis. In the present study, we

compared immunohistochemical and RT-PCR findings of

the popliteal lymph node (PLN) and footpad skin in

C57BL/6J and WBB6F1 mice, the MC-deficient strain. The

results indicated that MCs play certain role in complete

Freund’s adjuvant-induced intranodal lymphangiogenesis.

VEGF-A, VEGFR-2 and TNF-a were crucial factors in

lymphangiogenesis both in the PLN and skin. Moreover,

the in vivo administration of the specific mTOR inhibitor,

rapamycin inhibited lymphangiogenesis independent of

MCs in PLN rather than in the skin. Further study on anti-

lymphangiogenic effect will contribute to our understand-

ing of LEC and MC modulation in pathological

lymphangiogenesis.
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Introduction

Lymphangiogenesis in tissue inflammation and tumor cell

dissemination depends on a complex interplay of interstitial

cells, growth factors and extracellular matrix [1, 2]. Recently,

the role of mast cells (MCs) involved in immune responses

has been attracting attention in terms of their participation in

tumor neovascularization. MCs release a wide variety of

mediators upon activation including chemokines and cyto-

kines, e.g., TNF (tumor necrosis factor)-a, into extracellular

environment [3]. Human MCs express vascular endothelial

growth factor (VEGF)-A, VEGF-C and VEGF-D at both the

mRNA and protein level [4]. Particularly, the possibility of

VEGF-C as a potential therapeutic target has been deeply

studied in the last decade. Blocking VEGF-C for controlling

lymphangiogenesis has provided an important tool for treat-

ment and prevention of lymphedema, and for inhibition of

tumor metastasis. The mammalian target of rapamycin

(mTOR) with immunosuppressant and antiproliferative

properties is a downstream signal in the VEGF-C/D pathway.

The specific mTOR inhibitor rapamycin has been suggested to

suppress lymphangiogenesis in animal tumor models [5–7].

However, it still remains to be known whether MCs are

involved in inflammation-induced lymphangiogenesis, and

whether rapamycin administration affects the interplay

between MCs and lymphatic endothelial cells (LECs).

In the present study, we compared complete Freund’s

adjuvant (CFA)-induced lymphangiogenesis in the skin and

lymph nodes of C57BL/6J and WBB6F1 mice. A possible

relation of mutual dependence between MCs and LECs

was emphasized by studying tissue lymphangiogenesis in

WBB6F1 mice, the MC-deficient strain. Hence, rapamycin

administration in two strains of mice will contribute to

further assess the impact of mTOR inhibition and the role

of MCs on lymphangiogenesis.
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Materials and methods

Animal models

Female C57BL/6J and the MC-deficient WBB6F1-W/Wv

(mutant stock, spontaneous mutation) mice at 8 weeks old

were purchased from Japan SLC, Inc. (Shizuoka, Japan).

All experiments with mice were performed according to

protocols approved by the Animal Research Ethics Com-

mittee of Oita University Faculty of Medicine. Mice were

injected subcutaneously in the hind footpads with 20–25 ll

of an emulsion containing equal volumes of CFA/keyhole

limpet hemocyanin in sterile PBS (2.5 mg/ml) (Sigma-

Aldrich, St. Louis, MO; Thermo Scientific, Rockford, IL,

USA). To assess the possible involvement of MCs in

lymphangiogenesis, both the inflammatory footpads and

draining popliteal lymph nodes (PLN) were removed at 2,

4, 7 days and 2, 4 weeks (n = 3 for each group), and

examined using immunohistochemical and reverse tran-

scription polymerase chain reaction (RT-PCR) techniques.

PLN weight was also measured after dissecting attached

adipose tissue.

Rapamycin treatment

Rapamycin (Wako Pure Chemical Industries, Ltd., Osaka,

Japan) was dissolved in methanol at a stock concentration

of 25 mg/ml, and diluted in freshly prepared solution (4 %

ethanol, 5 % polyethylene glycol 400, and 5 % Tween 80)

before use. Both WBB6F1 and C57BL/6J mice were

injected intraperitoneally with rapamycin (1 mg/kg) for 2

or 4 weeks every second day immediately after CFA

administration (n = 3 for each group).

Immunohistochemistry

Paraffin sections of the footpad skin or PLN fixed with

10 % neutral formalin in 0.1 M PBS (pH 7.4) were soaked

in 0.3 % hydrogen peroxide and 10 % blocking serum.

Sections were incubated with antibodies to podoplanin

(hamster anti-mouse IgG, 1:200; AngioBio Co., Del Mar,

CA, USA), LYVE-1 (rabbit anti-mouse IgG, 1:100;

RELIATech GmbH, Braunschweig, Germany), von

Willebrand factor (vWF; rabbit anti-human vWF IgG,

1:300; Dako, Glostrup, Denmark) for 60 min at room

temperature or overnight at 4 �C. The subsequent incuba-

tion in biotinylated goat anti-rabbit IgG or goat anti-ham-

ster IgG diluted to 1:100–200 was followed by treatment

with streptavidin-biotinylated peroxidase complexes (Nic-

hirei Corp., Tokyo, Japan). The peroxidase was visualized

by incubation with 0.03 % 3,30-diaminobenzidine tetrahy-

drochloride solution in 0.05 M Tris–HCl (pH 7.4). Sections

were lightly counterstained with Mayer hematoxylin, and

examined by light microscopy. Negative controls were

created by using nonimmune serum or by omitting the

primary antibodies.

For immunofluorescence studies, paraffin sections were

incubated for 30 min in 1 % bovine serum albumin/PBS

before incubation with anti-LYVE-1 antibody. Binding of

the primary antibody was revealed by incubation with

Rhodamine Red-X goat anti-rabbit IgG (1:100; Jackson

ImmunoResearch Inc., West Grove, PA, USA). The tissue

samples were mounted in ProLong Gold mounting medium

and the fluorescence signals were detected with a confocal

laser scanning microscope LSM 5 PASCAL (Carl Zeiss,

Oberkochen, Germany).

Enzyme histochemistry

For transmission electron microscopy (TEM), PLN and

skin tissues were fixed in 4 % paraformaldehyde for 3 h at

4 �C, and treated with 50-Nase-cerium medium containing

20 mM CeCl3 and 1 mM AMP for 40 min at 37 �C. After

postfixed in 2 % osmium tetroxide for 2 h at 4 �C, the

samples were dehydrated in a graded series of ethanol and

embedded in Epon 812. Ultrathin sections (90–95 nm)

were collected on 100-mesh copper grids, and stained with

uranyl acetate and lead citrate. The sections were then

examined with JEM-1200 EX II electron microscope

(JEOL, Tokyo, Japan).

Morphometric analysis of lymphatic images

LYVE-1- and podoplanin-stained sections were photo-

graphed with a Biorevo BZ-9000 microscope (objective

Fig. 1 Micrographs of the lymphatics with LYVE-1 staining in the

PLN of WBB6F1 mice (a–f), and analysis of PLN weight, lymphatic

area fraction, lymphatic size and number both in C57BL/6J and

WBB6F1 mice (g–j). CFA induces slightly increased lymphatics at

early stage of the injection (Rhodamine: a, 2 days; b, 4 days; c,

7 days). The extended lymphatics appear in the medullary area at

4 weeks of CFA injection (d). After rapamycin administration,

intranodal lymphatics both in shapes and numbers show little change

at 2 weeks (e), but seem to become smaller at 4 weeks (f). Co cortex,

Me medulla, GC germinal center. Bars 100 lm. In C57BL/6J mice,

PLN weight is increased from 2 day and peaked at 7 day after CFA

injection. PLN weight then becomes decreased at 2 and 4 weeks after

rapamycin administration, which is inconsistent with the results of

intranodal lymphatic size and area fraction (P \ 0.001; g–i). In

WBB6F1 mice, lymphatic size and area fraction in the 2-day group

after CFA injection are greatly increased as compared with other

groups (P \ 0.001; h, i). The rapamycin-treated PLN shows smaller

lymphatic size and area fraction at 4 weeks than at 2 weeks

(P \ 0.05; h, i). In comparison of two kinds of mice, C57BL/6J

mice show much more increased intranodal lymphatic size and area

fraction than WBB6F1 mice at 4–7 days and 2–4 weeks after CFA

injection (P \ 0.001; h, i). In WBB6F1 mice, the most interesting

finding is a decreased number of lymphatic vessels within the first

7 days after CFA injection (P \ 0.05; j)

c
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lens 920, Keyence). Morphometric analyses were per-

formed using NIH ImageJ (Version 1.47b) software to

determine lymphatic vessel density (defined as the number

of lymphatics per unit area, 394,024.4 lm2), average

lymphatic size, and fractional area of lymphatics (%) (the

area of lymphatics per unit area of the tissue).

Reverse transcription-polymerase chain reaction

(RT-PCR) analysis

The mRNA expression of VEGF-A, VEGF-C, VEGF-D,

VEGFR-2, VEGFR-3, Prox-1, and TNF-a in the PLN and

footpad skin was evaluated by semi-quantitative RT-PCR.

Total RNAs were extracted using an Rneasy Mini kit

(Qiagen Com. Inc., Valencia, CA, USA). First strand

complementary DNA was synthesized from an RNA tem-

plate (1 lg) using oligo (dT) specific sets of primers and a

Qiagen one step RT-PCR kit. The RT-reaction profile was

50 �C for 30 min, followed by 95 �C for 15 min. The

amplification procedure consisted of 35 cycles as follows:

denaturing at 94 �C for 30 s, annealing at 57 �C for 1 min,

and extending at 72 �C for 1 min and 45 s. The sequences

of primers were as described previously [8, 9]. All these

primers were confirmed to yield the expected products

under these conditions. The specific negative control was

performed by amplification of a sample containing the

same reagents except reverse transcriptase. The PCR pro-

ducts were electrophoresed on 1.5 % agarose gels and

detected by ethidium bromide staining. All RT-PCR

experiments were performed in duplicate with representa-

tive images shown. The relative band intensity was quan-

tified by using the NIH ImageJ software, and normalized to

GAPDH housekeeping gene levels.

Statistical analysis

Statistical analysis was performed using Systat 11

(SYSTAT Software Inc., Point Richmond, CA, USA). For

evaluation of statistical differences in the lymphatic vessel

density, average size and fractional area of the skin and

PLN, one-way ANOVA test followed by Bonferroni’s

multiple comparison tests was employed when comparing

more than two groups. Values of P \ 0.05 were considered

statistically significant for each analysis.

Results

MCs may play certain role in CFA-induced intranodal

lymphangiogenesis

In WBB6F1 mice, CFA injection induced early increase in PLN

lymphatics, especially in the subcapsular area (Fig. 1a–d). In

TEM, the subcapsular or medullary lymphatics seemed

regular in contrast to C57BL/6J mice, with inflammatory

cells or lymphocytes passing through the intercellular

endothelial junctions (Fig. 2a–d). The response of PLN

weight obviously increased at 2 days but then decreased

after 7 days, and the lymphatic size and area fraction in the

2-day group were much more increased than other groups

including rapamycin-treated groups (P \ 0.001; Fig. 1g–i).

Intranodal lymphatic numbers also increased at 2 and

4 days compared with 7 days (P \ 0.05; Fig. 1j).

In CFA-stimulated C57BL/6J mice, increased and

enlarged LYVE-1-positive lymphatics mainly appeared in

the PLN cortex surrounding reactive germinal centers at

4 days (Fig. 3a). The lymphatics extended from the cortex

to deep medulla with increased networks. During

2–4 weeks, the subcapsular and medullary lymphatics of

PLN were obviously enlarged, and filled with macrophages

and a large amount of lymphocytes, which were found to

penetrate the endothelial wall (Fig. 3b, c; Fig. 2e–h). PLN

weight was much more increased at 7 days than at 2 days

(P \ 0.001; Fig. 1g).

In comparison of two kinds of mice, C57BL/6J mice

showed much more increased intranodal lymphatic size

and area fraction than WBB6F1 mice, from 4 days to

4 weeks after CFA injection (P \ 0.001; Fig. 1h, i).

Rapamycin inhibits CFA-induced intranodal

lymphangiogenic response

In rapamycin-treated WBB6F1 mice, the intranodal

lymphatics became scattered (Fig. 1e, f), showing smaller

lymphatic size and area fraction at 4 weeks than at 2 weeks

(P \ 0.05; Fig. 1h, i).

In C57BL/6J mice, the germinal centers became smaller

or less obvious in the rapamycin-treated group than in the

untreated group. Lymphangiogenesis was inhibited both in

the cortex and medulla where intranodal lymphatics

showed a decreased tendency (Fig. 3d). PLN weight

became decreased at 2 and 4 weeks, which is consistent

with the results of the intranodal lymphatic size and area

fraction (P \ 0.001; Fig. 1g–i). Intranodal lymphatic

numbers decreased at 4 weeks after rapamycin treatment

(P \ 0.05; Fig. 1j).

CFA-induced dermal lymphangiogenesis shows

no distinction between two strains of mice

In WBB6F1 mice, the lymphatics were significantly enlarged

and gathered closely in the sebaceous glands (Fig. 4a–d). The

lymphatic size had a tendency becoming smaller from 4 days

to 4 weeks (P \ 0.001; Fig. 4g). The developing lymphatics

showed immature features with an irregular and thicker

endothelial wall, which had obvious protrusions and simple
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intercellular junctions (Fig. 5a). On the contrary, the initial

developed lymphatics represented a slender and irregular

endothelial layer, and the mature lymphatics with subendo-

thelial lymphocytes were decorated with 50-Nase-cerium

particles (Fig. 5b). The collecting lymphatics in the subcu-

taneous tissue showed typical bi-leaflet valves with 50-Nase-

cerium reaction products (Fig. 5c, d).

In CFA-stimulated C57BL/6J mice, the subdermal tis-

sues showed numerous lymphatics with different size, and

obvious infiltration of inflammatory cells at 4–7 days.

These lymphatics often surrounded large blood vessels, and

showed an irregular and flatten outline in the deep con-

nective tissue (Fig. 6a–d). The lymphatic number reached

the peak at 4 days, and was higher than at 7 days

(P \ 0.05; Fig. 4h), but did not show increased tendency at

2–4 weeks. CFA stimulation occasionally induced lym-

phangioma characterized by the lymphatic-like structure

filled with inflammatory cells (Fig. 6a–d).

Rapamycin has little impact on CFA-induced dermal

lymphangiogenesis

In WBB6F1 mice, the effect of rapamycin on the skin

lymphatics could not be detected (Fig. 4e, f). Of interest,

an increase in lymphatic size and number appeared at 2 and

4 weeks, respectively (Fig. 4g, h).

In rapamycin-treated C57BL/6J mice, the infiltration of

lymphocytes was not attenuated in the subcutaneous tissue

(Fig. 6e, f). Irregular changes in the lymphatic size were

not influenced by CFA and rapamycin (Fig. 4g).

CFA-induced lymphangiogenesis is dependent on

VEGF-A/VEGFR-2 and TNF-a both in the skin and PLN.

In CFA-treated WBB6F1 mice, the expression of VEGF-

A, VEGFR-2, VEGF-D and TNF-a was markedly aug-

mented in skin and PLN tissues, but showing no influence of

rapamycin administration. In both CFA- and rapamycin-

treated tissue samples, the expression of VEGF-C and

VEGFR-3 was clearly detected in the PLN, but almost

invisible in the skin. Prox-1 expression in PLN was obvious

in CFA-treated group, but became weak and even disap-

peared in rapamycin-treated group. All the skin samples

treated with CFA and rapamycin showed low or no expres-

sion of Prox-1 (Fig. 7a, b).

In CFA-treated C57BL/6J mice, PLN and skin tissues

showed strong mRNA expression of VEGF-A, VEGFR-2

and TNF-a, but lacked VEGF-C, VEGFR-3 and Prox-1

expression. With further rapamycin administration, the

expression of VEGF-A, VEGFR-2 and TNF-a did not

show obvious change, but the expression of VEGF-C,

VEGFR-3 and Prox-1 irregularly appeared in these tissues,

especially in the PLN. VEGF-D signal was weaker in the

skin than in PLN (Fig. 8a, b).

Fig. 2 TEM photographs show CFA-treated PLN lymphatics at

2 weeks. In the mast cell-deficient mice (a–d), no distinct difference

is shown in the structure of subcapsular lymphatics with cell-

penetration (a, b), in comparison of C57BL/6J mice. b shows an

enlarged image of the asterisk in a. Regular medullary lymphatics

show that inflammatory cells or lymphocytes pass through intercel-

lular endothelial junctions (c, d). d is a high magnification image of

the asterisk in c. In C57BL/6J (e–h), the distended subcapsular

lymphatics contain some macrophages and a large amount of

lymphocytes (e, f). The inflammatory cells or lymphocytes often

penetrate the endothelial wall of enlarged medullary lymphatics

(g, h). L lymphatic vessel, MC mast cell, MU macrophage, Arrows

intercellular endothelial junctions. a ,c, e, f, g Bars 20 lm; b Bar

10 lm; d, h Bars 5 lm
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Discussion

Lymphangiogenesis is known to play a causal role in

several lymphatic-associated diseases. In the present study,

LYVE-1-positive lymphatic analysis indicated that lym-

phatic size, number and area fraction increased both in the

skin and PLN of CFA-treated mice. The mRNA expression

of VEGF-A/VEGFR-2 and other molecules, e.g., TNF-a
showed some distinctions and differences between two

strains of mice, C57BL/6J and WBB6F1 mice (the MC-

deficient strain). CFA-stimulated lymph node hyperplasia

represented an increase in weight, but its size was not

proportional to the degree of intranodal lymphangiogene-

sis. Intranodal lymphangiogenesis was observed mainly in

the cortex but also in the medulla, indicating the reactive

response may have a distinct target according to its func-

tion. During the stage, MCs may play some role in in-

tranodal lymphangiogenesis, and rapamycin has the

potential to inhibit lymphatic development of lymph nodes

by intraperitoneal administration.

Lymphangiogenic factors and intranodal lymphatic

hyperplasia

Lymphangiogenesis reflects a sequence of events related to

endothelial cell migration, proliferation, and sprouting, as

well as tubule formation and branching. The process is

mediated by many molecules, including proinflammatory

chemokines and cytokines, e.g., TNF-a, and growth factors

[10]. The present study has showed that the expression of

VEGF-A, VEGFR-2, and TNF-a is markedly augmented in

the skin and PLN, indicating these factors have definite and

important influences on CFA-induced lymphangiogenesis

both in C57BL/6J and WBB6F1 mice. VEGF-A can trigger

lymphangiogenic responses, in which B cells are required

for VEGF-A expression in the immunized lymph nodes. B

cells can orchestrate expansion of intranodal lymphatic

networks, and lymphangiogenesis in response to CFA can

be reduced by blocking its receptor, VEGFR-2 [11]. In

CFA-induced inflammation, the preexisting lymphatics

may become enlarged, and the newly formed lymphatics

Fig. 3 Micrographs of LYVE-1-positive lymphatics in CFA-stimu-

lated popliteal lymph nodes (PLN) of C57BL/6J mice. The increased

and enlarged lymphatics mainly appear in the PLN cortex at 4 days

after CFA injection (a). During 2–4 weeks, the lymphatics extend

from the cortex to the deep medulla with increased networks, which

are filled with a large amount of lymphocytes (b, c). After rapamycin

treatment for 2 weeks, the lymphatics are decreased both in the cortex

and medulla (d). Co cortex, Me medulla, GC germinal center. Bars

100 lm
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are intimately associated with lymphocyte infiltration and

proliferation that appears well defined and nodular. Our

previous studies have also indicated that expansion and

high proliferation of lymphatic vessels may occur

simultaneously in the acute phase of inflammation. With

the modification and continuing proliferation, the lym-

phatic vessels may become mature and functional to adapt

environmental change by regulating regional lymph

Fig. 4 The skin lymphatics

with LYVE-1 staining in the

dermal and subcutaneous tissues

of the mast cell-deficient mice

(a–f), and analysis of lymphatic

size and number both in C57BL/

6J and WBB6F1 mice (g, h).

LYVE-1-positive lymphatics

are enlarged and gathered in the

sebaceous glands after CFA

administration (a 2 days;

b 4 days; c 2 weeks;

d 4 weeks). The collecting

lymphatics possess bi-leaflet

valves (b). The lymphatic

distribution and structure in the

rapamycin-treated skin are

similar to those of the CFA

group (e 2 weeks; f 4 weeks).

Der dermis, SC subcutaneous

tissue. Bars 100 lm. In

WBB6F1 mice, the dermal

lymphatic size decreases from

4 days to 4 weeks after CFA

injection (P \ 0.001; g), but

reversibly, increases after

rapamycin administration

(P \ 0.001; g, h). In C57BL/6J

mice, irregular changes in the

dermal lymphatic size are not

related with CFA and

rapamycin injection (g). CFA-

induced lymphatic number

reaches the peak at 4 days

(P \ 0.05; h)
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drainage [2, 9, 10]. TNF-a, a potent mediator of inflam-

mation through activation of NF-jB in the inflammatory

cells including macrophages and lymphocytes, has been

actively involved in lymphangiogenesis [2]. TNF-a can

increase the transcription of VEGFR-2 gene, accounting

for increased migration of endothelial cells and stimulation

of wound repair triggered by VEGF-A165 [12]. TNF-a
signaling inhibition impeded lymphangiogenesis in

inflammation [13].

Prox-1 and VEGF-C are critical factors in develop-

mental and pathological lymphangiogenesis. Prox-1 is a

transcription factor in the program specifying LEC fate.

VEGF-C/VEGFR-3 pathway may represent a highly potent

and specific target for cancer therapy. The inhibition of

VEGF-C expression in tumor cells could be a potential

strategy for preventing lymphatic metastasis. The present

study has shown that the expression of VEGF-C, VEGFR-3

and Prox-1 is different in the skin and PLN. In CFA-treated

Fig. 5 TEM photographs of the dermal lymphatics in the mast cell-

deficient mice without CFA or rapamycin injection. a The developing

initial lymphatic vessel shows immature features of irregular and

thicker endothelial walls. LECs have obvious protrusions and simple

intercellular junctions (arrow). b The typical initial developed

lymphatic vessel shows a slender and irregular endothelial wall.

The insert picture shows the mature endothelial cells decorated with

50-Nase-cerium particles, where a subendothelial lymphocyte can be

seen. c The collecting lymphatic vessel in the subcutaneous tissue

shows typical bi-leaflet valves (arrows). d The magnified valve apices

in C are an extension structure of the lymphatic wall, labeled with

50-Nase-cerium reaction product. L lymphatic vessel. a, b, d Bars

5 lm; c Bar 20 lm; Inset Bar 1 lm
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WBB6F1 PLN, the expression of VEGF-C, VEGFR-3 and

Prox-1 was clearly visible. With rapamycin treatment, the

expression of VEGF-C/VEGFR-3 did not show any change

but Prox-1 was reduced. In CFA-stimulated C57BL/6J

PLN, the expression of VEGF-C, VEGFR-3 and Prox-1

was invisible, but shown after rapamycin administration.

The expression of VEGF-C, VEGFR-3 and Prox-1 was

almost not detected in the skin of two strains of mice,

indicating that these factors did not seem to respond to

local CFA stimulation and rapamycin administration.

Fig. 6 The skin lymphatics with LYVE-1 staining in C57BL/6J

mice. In the early stage of CFA injection, the subcutaneous tissue

shows serious infiltration of inflammatory cells and numerous

lymphatics with different sizes. The CFA stimulation induces

lymphangiomas characterized by lymphatic-like structures filled with

inflammatory cells (a 2 days; b 4 days). The lymphatics show a slight

increasing tendency at 2 or 4 weeks after CFA injection. The fine

lymphatics often surround blood vessels and gland ducts, showing an

irregular and flattened outline in the deep connective tissue

(c 2 weeks; d 4 weeks). Compared with the CFA group, the

rapamycin-treated mice show little change both in LYVE-1-positive

dermal lymphatic size and number (e 2 weeks; f 4 weeks). The

infiltration of lymphocytes in the subcutaneous tissue is not attenuated

by rapamycin administration. Der dermis, SC subcutaneous tissue, LI

lymphocyte infiltration. Bars 100 lm
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VEGF-D, a member of VEGF family, can induce both

angiogenesis and lymphangiogenesis by activating VEGFR-2

and VEGFR-3, leading to enhanced tumor metastasis [14, 15].

Although VEGF-D signal is slightly weaker in the skin than in

PLN, it could not exclude the action of VEGF-D/VEGFR-2

axis in CFA-induced lymphangiogenesis. Clearly, the bio-

logical significance and molecular mechanisms underlying

the interplay among MCs, rapamycin and CFA-induced

lymphangiogenesis still remain to be determined.

MC deficiency interferes with regional

lymphangiogenesis

MCs play an important role in the perpetuation of allergic

responses by producing multifunctional cytokines and che-

mokines that recruit and activate other cells to the inflam-

matory and tumor microenvironment. MCs are among the

first immune cells to infiltrate the tumor, contributing to

human cancer progression by promoting angiogenesis [16].

In the Myc-induced pancreatic islet tumors, MCs were

demonstrated to be essential for angiogenesis, and for tumor

growth and sustainment [17]. High MC density may

correlate with either favorable or unfavorable prognostic

significance in inflammatory and tumor pathogenesis.

MC-derived mediators stored in cytoplasmic granules

like cytokine TNF-a regulate the development of adaptive

immunity and local inflammatory responses via interacting

with the lymphatic system. Lymphatic vesicles appear to be

conduits for the trafficking of discrete MC particles to lymph

nodes [18]. It seems likely that MC modulation may be

involved in lymphatic structure and function in response to

lymphangiogenic factors. Genetically MC-deficient mutant

mice have become a powerful tool for identifying and

quantifying the contribution of MCs in many biological

responses in vivo [19]. In CFA-treated WBB6F1 mice,

increased intranodal lymphatic size and area fraction at the

first 2 days may indicate an early lymphatic enlargement

rather than lymphangiogenesis. Moreover, the continuing

reduction in dermal lymphatic size may reflect a structural

regression following lymphangiogenesis. The newly formed

lymphatics are small in the superficial subcutaneous tissue,

and much less in number in the deep layer. The findings

have suggested that MC deficiency may involve in different

tissue reactions to CFA-induced lymphangiogenesis in

Fig. 7 RT-PCR analysis of the mRNAs for lymphangiogenic factors

in the PLN (a) and skin (b) of WBB6F1 mice treated by CFA at

2,4,7 days and 2,4 weeks, and by rapamycin at 2,4 weeks. The

distinct expression of mRNAs for VEGF-A, VEGF-D, VEGFR-2 and

TNF-a is detected both in the skin and PLN, but the skin tissue shows

little expression of VEGF-C, VEGFR-3 and Prox-1, in comparison

with the detectable expression in PLN. Lower panels show image

analysis of RT-PCR results. Intensity of individual bands is quantified

using ImageJ densitometry software, and normalized to GAPDH

housekeeping gene levels
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WBB6F1 mice. Comparatively, the intranodal lymphatic

response to CFA stimulation is much higher in C57BL/6J

than in WBB6F1 mice, probably indicating a malfunction

resulting from MC deficiency in the latter mice. Currently,

the role of MC-endothelial cell axis to immune homeostasis

is emphasized by the fact that some of the most effective

treatments for inflammatory disorders are directed at inter-

fering with this interaction [18]. Obviously, how MCs

influence lymphangiogenesis is related to our understanding

of lymphatic biology in inflammation and tumor metastasis.

Rapamycin inhibits inflammatory lymphangiogenesis

in PLN

Rapamycin acts as a specific inhibitor of mTOR, a serine/

threonine kinase, and appears to be downstream of the

phosphoinositide-30 kinase (PI3K)/Akt signal pathway

[20]. mTOR is required for the maturation and differenti-

ation of multiple immune cell lineages. It has been noted

that rapamycin and its analogs exert a potent antitumor

action on a variety of solid tumors, and have

antiangiogenic properties related to the suppression of

VEGF signal transduction. As a consequence, in vivo pri-

mary and metastatic tumor growth and microvessel density

were strikingly reduced by rapamycin administration [21].

The anti-lymphangiogenic effect of rapamycin is one of

the mechanisms responsible for suppressing tumor pro-

gression, suggesting that mTOR regulates lymphangio-

genesis as well. The lymphangiogenic signal via VEGFR-3

activates the Akt-dependent pathway and promotes the

proliferation of LECs [22, 23]. Inhibition of LECs by

rapamycin plays an important role in the mTOR-Akt sig-

naling pathway. Rapamycin potently interferes with the

activation of LECs by inhibiting VEGF-C or downregu-

lating VEGFR-3 protein expression, showing significant

inhibition of LEC proliferation, migration and tube for-

mation in vitro [24, 25], and impairs recovery of lymph

flow in a dermal wound model [24]. In a rapamycin-treated

tumor mouse model, the number of lymphatic vessels was

greatly decreased and the lymph node metastasis was sig-

nificantly suppressed [5]. The inhibition of mTOR with

rapamycin may exert its antitumoral activity at multiple

Fig. 8 RT-PCR analysis of the mRNAs for lymphangiogenic factors

in the PLN (a) and skin (b) of C57BL/6J mice treated by CFA at

2,4,7 days and 2,4 weeks, and by rapamycin at 2,4 weeks. CFA-

treated PLN and skin tissues show strong expression of mRNAs for

VEGF-A, VEGFR-2 and TNF-a, but lack expression of VEGF-C,

VEGFR-3 and Prox-1. VEGF-D expression is much weaker in the

skin than in PLN. The expression of VEGF-A, VEGFR-2 and TNF-a

is not changed due to rapamycin administration, but conversely the

mRNAs of VEGF-C, VEGFR-3 and Prox-1 are detectable in PLN,

even indistinctly expressed in the skin tissue. Lower panels show

image analysis of RT-PCR results. Intensity of individual bands is

quantified using ImageJ densitometry software, and normalized to

GAPDH housekeeping gene levels
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steps, reducing growth and metastasis of primary tumors,

and blocking intratumoral lymphangiogenesis without

perturbing normal distribution of lymphatic vessels [6].

The present findings in two strains of mice showed that

rapamycin may play a small role in CFA-induced intran-

odal lymphangiogenesis. However, it seems difficult to

deduce that the intraperitoneal administration of rapamycin

can modulate CFA-induced lymphangiogenesis in the

injected footpads because of the irregular change in dermal

lymphatic size and number. Simultaneously, stable TNF-a
expression also suggests that rapamycin may not be

involved in lymphatic regulation by proinflammatory

cytokines. mTOR inhibition with rapamycin may represent

a suitable therapeutic option for controlling numerous

processes essential for lymphangiogenesis including cell

growth, proliferation, motility, and survival in inflamma-

tion and cancers. However, a possible role of the PI3K/Akt/

mTOR pathway in MC deficiency and rapamycin admin-

istration needs to be studied in the future.
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20. Mèndez R, Myers MG Jr, White MF, Rhoads RE (1996) Stim-

ulation of protein synthesis, eukaryotic translation initiation

factor 4E phosphorylation, and PHAS-I phosphorylation by

insulin requires insulin receptor substrate 1 and phosphatidylin-

ositol 3-kinase. Mol Cell Biol 16:2857–2864

21. Guba M, von Breitenbuch P, Steinbauer M, Koehl G, Flegel S,

Hornung M, Bruns CJ, Zuelke C, Farkas S, Anthuber M, Jauch

KW, Geissler EK (2002) Rapamycin inhibits primary and meta-

static tumor growth by antiangiogenesis: involvement of vascular

endothelial growth factor. Nat Med 8:128–135
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