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Abstract

DSC Implantation. The preparation of the DSC has been described previously (Fig. 1A; Ref. 13). Briefly, mice were anesthetized (90 mg of ketamine
Vascular endothelial growth factor (VEGF)-C is known to induce HCl and 9 mg xylazine/kg body weight, s.c.), the dorsal skin was shaved and
hyperplasia in normal murine lymphatics and in peritumor lymphatics. depilated, and two mirror-image titanium frames were mounted to fix the
Here, we examine the function of these hyperplastic peritumor lymphat- extended double layer of skin between the frames. One 15-mm-diameter layer
ics. Microlymphangiography of B16F10 melanomas growing in the mu- of skin was excised, leaving the striated muscle, s.c. tissue, and epidermis of
rine dorsal skinfold chamber showed that the number of functional, the opposite side intact. The tissue was covered with a glass coverslip mounted
draining lymphatics in the peritumor tissue of VEGF-C-overexpressing into the frame. For investigating lymphatics associated with tumors, a small
tumors was significantly greater than that in mock-transduced tumors piece (⬃1 mm in diameter) of B16F10-VEGF-C or B16F10-MT tumor was
(9.5 ⴞ 1.0 versus 6.3 ⴞ 0.4; n ⴝ 6; P < 0.05). Forty percent of functional implanted into the center of chambers.
lymphatics associated with VEGF-C-overexpressing tumors contained
Lymphangiography. To identify the lymphatics in the DSC of SCID
proliferating lymphatic endothelial cells. Surprisingly, these new, funcmice (n ⫽ 8), 1–2 l of 4% Evan’s blue dye (Mr ⫽ 960; Sigma) in PBS
tional lymphatic vessels displayed a retrograde draining pattern, which
were intradermally injected into the caudal-medial site of the DSC from the
indicates possible dysfunction of the intraluminal valves of these vessels.
back side using a 30-gauge needle. To prevent tissue and lymphatic
destruction and obtain stable lymphatic network images, injections were
Introduction
performed with very low and stable pressure. To optimize the lymVascular endothelial growth factor (VEGF)-C is an important phangiography, we injected in various places in and around the DSC and
player in lymphatic metastasis (1). The innate production and over- found that caudal-medial injections were the most effective to obtain
expression of VEGF-C in tumor models induces hyperplasia in peri- lymphatic network images in the DSC. After injection, mice were immetumor lymphatics, yet how well these lymphatics function is not diately immobilized and placed on a stage designed to stabilize the DSC
known (2– 6). The effects of VEGF-C on the function of preexisting under a stereomicroscope (Stemi 2000; Zeiss, Jena, Germany). Images
lymphatic vessels and the formation of new, functional lymphatics were acquired by a digital camera (Cyber Shot; Sony, Tokyo, Japan)
will have broad implications for antilymphangiogenic therapy and between 5 and 10 min after injection. Similarly, lymphangiography of
tumor-associated lymphatics was performed using C57BL/6 mice from
drug delivery to tumors (7). Unfortunately, there is a paucity of animal
which the B16F10 murine melanoma cell line was derived. The following
models that permit intravital observation of physiological and patho- groups were investigated: no-tumor control group (n ⫽ 6); B16F10-MT
logical lymphatic function (2). Current murine lymphangiogenesis group (n ⫽ 6); and B16F10-VEGF-C group (n ⫽ 6). When tumors reached
models include implanted tumors in the tail (3, 6), a collagen implant 12 mm2 surface area (between 5 and 16 days after implantation), 1–2 l of
in the tail (8), the cornea (9), and the ear (10). However, to date, none Evan’s blue dye were injected intradermally in the back side of the tumor
of these models have been used to observe the function and quality of using a 30-gauge needle, and images were taken as described above. The
hyperplastic peritumor lymphatics. Here we use, for the first time, the number of lymphatics draining from the injected area was counted. Retromurine dorsal skinfold chamber (DSC) model (11) and microlym- grade lymphatics were categorized as functional lymphatics that impinged
phangiography (3, 6) to measure the function of normal skin lymphat- on the edge of the caudal half of the DSC window.
Multiphoton Laser Scanning Microscopy. The use of multiphoton laser
ics and newly formed lymphatics around VEGF-C-overexpressing
scanning
microscopy and tissue lymphangiography has been described previtumors.
ously (14, 15). For simultaneous visualization of blood and lymphatic vessels,
mice were anesthetized as described above and received i.v. injection with 0.1
Materials and Methods
ml of Mr 2,000,000 tetramethyl-rhodamine-dextran (Molecular Probe, Eugene,
Animals and Tumor Cells. The experiments were performed in severe OR) at a concentration of 10 mg/ml in PBS. Immediately thereafter, fluorescombined immunodeficient (SCID) or C57BL/6 male mice (body cence microlymphangiography was performed by a slow, intradermal injection
weight ⬎ 28 g) bred and maintained in our gnotobiotic animal colony at
of 2 l of Mr 2,000,000 FITC-dextran (Sigma, St. Louis, MO) at a concenMassachusetts General Hospital. All procedures were carried out following the tration of 25 mg/ml in PBS, at the caudal-medial site of the DSC. After these
Public Health Service Policy on Humane Care of Laboratory Animals and injections, the animal was fixed to a metal plate designed to stabilize the
approved by the Institutional Animal Care and Use Committee of Massachu- chamber, and multiphoton laser scanning microscopy was performed to visusetts General Hospital. VEGF-C-overexpressing (B16F10-VEGF-C) and alize the microvasculature and microlymphatics.
mock-transduced (B16F10-MT) B16F10 melanoma cell lines were established
Immunohistochemistry of Lymphatics. Ten min before sacrifice, 1–2 l
and cultured as reported previously (12).
of ferritin were slowly injected at the center of the back side of the tumor to
identify functional lymphatics. The tumors and peritumor tissues were excised,
Received 3/1/04; accepted 4/19/04.
fixed in 4% paraformaldehyde for 12 h, and embedded in paraffin. Sections
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Fig. 1. Imaging lymphatics in the dorsal skinfold chamber. A, schematic image of the dorsal skin
fold chamber. B, macroscopic images after Evan’s
blue dye injection at the caudal-medial site (asterisk) in the dorsal skinfold chamber. The boxed area
is shown in C. C, lymphatic valves are located
where there are diameter changes (arrows). D,
schematic image of B. Blue, lymphatic vessels
draining area of dye injection; red, blood vessels;
arrow, direction of lymph flow (caudal-medial to
cranial-lateral). E and F, representative images of
multiphoton laser scanning microscopy. Green,
lymphatics; red, blood vessels. F, several lymphocytes are seen in front of the lymphatic valve. Scale
bars: 2 mm (B); 200 m (C); 100 m (E); and 50
m (F).

around the lymphatics, ␣-smooth muscle actin immunostaining was performed
according to published protocols (17).
Northern Blot Analysis. Northern blot analysis was performed using previously published methods (12). The murine VEGF-C cDNA probe was
synthesized by PCR (primers: forward, 5⬘-CAAGGCTTTTGAAGGCAAAG3⬘; reverse, 5⬘-TGCTGAGGTAACCTGTGCTG-3⬘).

Results
Functional Lymphangiography in the DSC Model. Lymphatic
networks were apparent and distinct from blood vessels after
Evan’s blue dye injection in the DSC of SCID mice (Fig. 1B). The
lymphangiography showed the characteristic lymphangion structure with periodic bulbous swelling between valves (Fig. 1C).
Lymph flow occurred mainly from caudal-medial to cranial-lateral,
making the caudal-medial injection site necessary (Fig. 1D). The
dye-filled vessels in the DSC drained directly to lateral axillary
lymph nodes and stained them blue (data not shown). We could
perform lymphangiography successfully in seven of eight SCID
mice, indicating the reproducibility in observing the lymphatic
system in the DSC.
Functional Microlymphangiography using Multiphoton Laser
Scanning Microscopy. We injected tetramethyl-rhodamine-dextran i.v. and FITC-dextran intradermally at the caudal-medial site
within the DSC and obtained detailed images of lymphatics (green)

and blood vessels (red; Fig. 1, E and F). FITC-dextran was almost
completely retained within the lymphatics. We could easily distinguish lymphatics from blood vessels. The blind-ended initial lymphatics (around 70 m in diameter) were larger than blood capillaries.
Lymphangiography of VEGF-C-Overexpressing Tumors
Shows New, Functional Lymphatics in Peritumor Tissue.
B16F10-MT and B16F10-VEGF-C tumors expressing nondetectable and high levels of VEGF-C, respectively (Fig. 2A), were
grown in the DSC. Lymphangiography in the DSC in C57BL/6
mice without a tumor and in mice with B16F10-MT tumors was
similar to that in SCID mice, with lymph flow in the caudal-medial
to cranial-lateral directions (Fig. 2, B, C, E, and F). Lymphangiography in the DSC of mice with B16F10-VEGF-C tumors, however,
showed a greater number of functional lymphatics in the peritumor
tissue (Fig. 2, D, G, and H). ␣-Smooth muscle actin staining was
absent in nearly all these peritumor lymphatics, and this confirmed
that these were initial and not collecting lymphatics (data not
shown). Surprisingly, the pattern of lymphatic flow around
B16F10-VEGF-C tumors was different, with flow occurring in
most directions away from the tumor, not only in the caudal-medial
to cranial-lateral direction (Fig. 2, D and G). This alteration was
quantified by a greater number of retrograde lymphatics impinging
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Fig. 2. Overexpression of vascular endothelial
growth factor (VEGF)-C increases the number of
functional, draining lymphatics in peritumor tissue.
A, Northern blot analysis confirmed overexpression
of VEGF-C. Endogenous VEGF-C expression was
below the detection limit. B⫺D, lymphangiography
in dorsal skinfold chamber (DSC) of no-tumor control (B), B16F10-MT tumor (C), and B16F10VEGF-C tumor (D). Evan’s blue dye was injected
at the center area of the DSC (B) and at the peritumor tissue area (C and D) to identify functional
lymphatics. E⫺G, schematic images of B⫺D, respectively. Blue, lymphatic vessels draining area of
dye injection; red, blood vessels; arrows, direction
of lymph flow. H, quantification of lymphatics
draining from Evan’s blue dye injection area. The
mean and SE of the number of lymphatics counted
are shown. B16F10-VEGF-C tumors (9.5 ⫾ 1.0)
showed a significantly increased number of functional, draining lymphatics compared with
B16F10-MT tumors (6.3 ⫾ 0.4) and no-tumor control (5.2 ⫾ 0.5). I, quantification of retrograde
lymphatics impinging on the caudal edge of the
DSC. The mean and SE of the number of lymphatics counted are shown. B16F10-VEGF-C tumors
(4.7 ⫾ 0.8) showed a significantly increased number of lymphatics compared with B16F10-MT tumors (1.2 ⫾ 0.6) and no-tumor control (0.5 ⫾ 0.2).
Data between groups were compared by unpaired t
test. n ⫽ 6 in each group (H and I). Scale bar, 2.0
mm (B⫺D).

on the caudal edge of the DSC with B16F10-VEGF-C tumors (Fig.
2I). This implies that there may be dysfunction in the intraluminal
valves of these vessels.
Cell Proliferation in Functional Lymphatic Vessels. To assess
whether functional lymphatics resulted from lymphangiogenesis,
ferritin lymphangiography and proliferating cell nuclear antigen
immunohistochemistry were performed on sections of B16F10VEGF-C tumors from the DSC. Open structures containing ferritin
were found in the peritumor tissue, and a few were found in the
tumor margin as well (within 100 m on either side of the tumor
edge; Fig. 3A). No functional lymphatics were observed inside of
the tumor. Double staining for proliferating cell nuclear antigen
and ferritin revealed that 40% of functional lymphatics associated
with VEGF-C-overexpressing tumors contained proliferating lymphatic endothelial cells (Fig. 3, B and C). Double staining of
ferritin and Prox 1 confirmed that ferritin-positive structures were
functional lymphatics (Fig. 3D).
Discussion
Despite the recent discovery of lymphangiogenic factors such as
VEGF-C and VEGF-D, many questions remain regarding the molecular mechanisms of lymphangiogenesis as well as lymphatic metastasis. Appropriate models and techniques that can reveal lymphatic
function microscopically have been a challenge to develop (2, 11).
The emergence of the DSC model as a tool to study the lymphatic
system makes it possible to measure lymphatic diameters and branching patterns, to observe the initial lymphatics in which tumor cells
may enter, to study intraluminal valves, to study macromolecular
uptake by lymphatics, and to observe the interaction between tumor
cells and lymphatics.

In concert with our previous findings (3, 6, 17), we found a lack
of functional lymphatics in B16F10-VEGF-C or B16F10-MT tumors after intratumor injections of Evan’s blue dye or ferritin.
However, we could easily identify functional lymphatics in the
tumor margin and peritumor tissue in these models. In agreement
with published reports (18, 19), our study showed that an increased
number of functional, draining lymphatics were associated with the
VEGF-C-overexpressing tumors. Furthermore, we showed that the
endothelial cells associated with nearly 40% of functional lymphatics were proliferating, suggesting that active lymphangiogenesis can occur in the peritumor tissue. Thus, VEGF-C-overexpressing tumors were capable of inducing the formation of new,
functional lymphatics.
Besides the apparent increase in the number of lymphatics, the
direction of flow also was altered by VEGF-C. Lymphatics induced
by VEGF-C allowed retrograde flow, potentially because the intraluminal valves were unable to close properly and were thus unable to
prevent lateral flow into side lymphatics (10, 20). This suggests that
VEGF-C induces new but immature lymphatics. Similar to the maturation of VEGF-A-induced blood vessels (21), the maturation of
VEGF-C-induced lymphatic vessels may require a constellation of
molecules.
In conclusion, this study demonstrates that the DSC is a useful
model to study the lymphatic system using intravital microscopy in
vivo. Furthermore, VEGF-C produced by the tumor induced new,
functional lymphatic vessels around the tumor, although the direction
of lymph flow was altered. The formation of new yet functionally
aberrant lymphatics by elevated VEGF-C levels calls for further
research into the processes of lymphatic vessel maturation.
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Fig. 3. Vascular endothelial growth factor Coverexpressing tumor induces peritumor lymphatic
endothelial cell proliferation. A, immunohistochemistry for injected ferritin shows functional,
draining lymphatics (blue-green area, arrows) only
in the tumor margin and peritumor tissue. The
boxed area is shown in a serial section in B. B and
C, double staining for proliferating cell nuclear
antigen and ferritin. Proliferating cell nuclear antigen-positive (brown nuclei, arrows) lymphatic endothelial cells are seen around the ferritin-filled
functional lymphatics (asterisk). D, double staining
for ferritin and Prox 1. Prox 1-positive (brown
nuclei, arrows) lymphatic endothelial cells are seen
around the ferritin-filled functional lymphatics (asterisk). Prox 1-positive cells also identify non-ferritin-filled lymphatics in peritumor tissue. Tu, tumor (A and D). Scale bars: 100 m (A); 20 m (B
and C); and 50 m (D).
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