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Abstract
Disturbances in the microcirculation can lead to secondary lymphedema, a common pathological
condition that, despite its frequency, still lacks a cure. Lymphedema is clinically well described, but
while the genetic underpinnings that cause lymphatic malformations and primary lymphedema are
being discovered, the pathophysiology and pathobiology of secondary lymphedema remain poorly
understood, partly due to the lack of well-described experimental models. Here, we provide a detailed
characterization of secondary lymphedema in the mouse tail and correlate the evolution of tissue
swelling to changes in tissue architecture, infiltration of immune cells, deposition of lipids, and
proliferation and morphology of the lymphatic vessels. We show that sustained swelling leads to
lymphatic hyperplasia and upregulation of vascular endothelial growth factor (VEGF)-C, which may
exacerbate the edema because the hyperplastic vessels are poorly functional. The onset of lymphatic
hyperplasia occurred prior to the onset of lipid accumulation and peak VEGF-C expression.
Langerhans dendritic cells were seen in the dermis migrating from the epidermis to the lymphatic
capillaries in edematous tissue. Furthermore, these results were consistent between two different
normal mouse strains, but swelling was significantly greater in a matrix metalloproteinase (MMP)-9
null strain. Thus, by characterizing this highly reproducible model of secondary lymphedema, we
conclude that VEGF-C upregulation and lymphatic hyperplasia resulting from dermal lymphatic
ligation and lymphedema leads to decreased drainage function and that MMP-9 may be important
in counteracting tissue swelling.
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Introduction
Lymphedema is a common pathology of tissue fluid balance often due to defects in lymphatic
uptake and/or transport. Primary lymphedema results from defects of the lymphatic system
leading to insufficiencies in transport, whereas the more common secondary lymphedema
arises as a consequence to surgical, malignant, inflammatory, or traumatic disruption of the
lymphatics (Rockson, 2001; Witte et al., 2001). As a chronic disease, lymphedema leads to the
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remodeling of skin and subcutaneous tissues (Daroczy, 1995), accumulation of lipids (Schirger
et al., 1962), macrophage recruitment (Piller, 1990), and failures in Langerhans dendritic cell
migration (Olszewski et al., 1990) in the affected tissue. Unfortunately, this potentially
debilitating condition lacks a cure and current treatments for chronic lymphedema, which
include regular massage treatments and pressure applications or surgical removal of edematous
tissue, can only slow its progression but not reverse the condition (Foldi, 1998; Mortimer,
1997; Witte et al., 2001).

Recent studies have identified key regulators of lymphatic development and the genetic
underpinnings of primary lymphedema caused by lymphatic malformation in development.
However, the pathophysiology of secondary lymphedema – including the interplay between
inflammatory events, matrix remodeling, and local lymphatic response – is less understood,
and because of this it is still not clear to what extent therapies aimed at lymphatic regrowth can
be used to treat various types of secondary lymphedema. For example, if lymphedema is caused
by downstream blockage (e.g., surgical removal of lymph nodes) do the previously healthy
lymphatic capillaries respond to the tissue swelling by growing, or by regressing? Do they still
facilitate immune cell trafficking? Without an understanding of the tissue lymphatic
pathophysiology of secondary lymphedema, rational treatment options will continue to be
elusive.

Key molecular players in lymphatic development have been demonstrated primarily by
transgenic models; mutations in these regulators commonly lead to either embryonic mortality
or lymphatic irregularities and symptoms of primary edema (Oliver and Alitalo, 2005). Prox1,
for example, governs the commitment of endothelial cells to a lymphatic lineage in
development and Prox1 null embryonic mice die before birth (Wigle and Oliver, 1999),
whereas surviving Prox1 heterozygotes possess discontinuous lymphatic endothelium and
exhibit abnormal fluid and lipid accumulation in the interstitium (Harvey et al., 2005). Mice
lacking angiopoietin-2, thought to play a role in vascular remodeling and lymphatic patterning,
have disorganized, irregular lymphatic vessels and exhibit dermal edema and chylous ascites
(Gale et al., 2002). Mutations in Foxc2, a transcription factor expressed on developing
lymphatics, have been identified as the cause of lymphedema–distichiasis in humans that,
unlike other types of congenital lymphedema, is characterized by hyperplastic lymphatic
vessels (Brice et al., 2002; Dagenais et al., 2004). Foxc2-null and -heterozygous mice posses
hyperplastic lymphatic vessels and malfunctioning lymphatic valves that result in lymphatic
backflow and abnormal lymphatic drainage (Kriederman et al., 2003; Petrova et al., 2004). A
mutant allele for vascular endothelial growth factor (VEGF) receptor-3 (VEGFR-3) is
responsible for Milroy’s disease in humans, a congenital disorder characterized by primary
lymphedema in the extremities, as well as the Chy mouse phenotype that exhibits lymphatic
defects similar to the human condition (Karkkainen et al., 2001). VEGFR-3 and its ligand
VEGF-C are also critical for both embryonic (Kukk et al., 1996) and adult lymphangiogenesis
(Oh et al., 1997; Pytowski et al., 2005). These findings suggest that targeting lymphatic
molecular mechanisms for improving lymphatic function may lead to a successful treatment
of lymphedema, and as a result, research has focused on the most well-studied lymphatic
molecular pathway to potentially treat conditions of both primary and secondary lymphedema:
VEGFR-3 and VEGF-C (Karkkainen et al., 2001; Szuba et al., 2002; Yoon et al., 2003).
However, VEGF-C overexpressing mice display hyperplastic lymphatics (Jeltsch et al.,
1997) and we recently showed that excess VEGF-C delivered to otherwise normally
regenerating skin led to hyperplastic lymphatic vessels without any increase in function
(Goldman et al., 2005). The proper resolution of lymphedema is likely dependent on the initial
cause of the pathology, and effective treatments for primary and secondary lymphedema are
therefore likely to differ. Although the causes of primary lymphedema are increasingly
appreciated, there remain gaps in our understanding of the pathophysiology and pathobiology
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of secondary lymphedema. These gaps are largely due to the absence of well-characterized
models of secondary lymphedema.

Existing models of secondary lymphedema in the dog hindlimb (Han et al., 1985; Olszewski,
1973), rat hindlimb (Kanter et al., 1990; Wang and Zhong, 1985), or rabbit ear (Szuba et al.,
2002) disrupt lymphatic transport through the excision of a circumferential band of skin and
subcutaneous tissue. These models can sustain significant lymphedema for 3–4weeks and
result in a chronic increase in limb or ear volume. We earlier described a model of secondary
lymphedema in the mouse tail skin (Slavin et al., 1999; Swartz et al., 1999). Here, we
characterize this model of secondary lymphedema to not only determine the reproducibility
across several strains of mice, but moreover, to also describe the relative timing of the
appearance of chronic symptoms, such as changes in extracellular matrix structure,
accumulation of lipids, and recruitment of macrophages with the overall degree of swelling of
the tail skin. We then correlate the timing of the lymphatic response and expression of VEGF-
C to these pathological outcomes and show that sustained tissue swelling leads to hyperplasia
and subsequent decrease in function of the lymphatic capillaries, closely followed by a drastic
increase in local VEGF-C expression. Additionally, to ascertain the importance of matrix
metalloprotenases (MMPs) in the inevitable matrix changes during tail swelling, mice lacking
MMP-9, a key MMP in tissue remodeling (Stamenkovic, 2003), were also examined and found
to experience a much higher increase in tail volume during secondary lymphedema. Thus, this
characterization of the mouse tail model and correlation of molecular, cellular, and
physiological changes over time lends new insight into the pathophysiology of secondary
lymphedema, including the observation that lymphatic hyperplasia and VEGF-C
overexpression may be key responses to chronic swelling.

Materials and methods
Mouse tail model of lymphedema

These studies used 6- to 8 week-old female mice, 10 per group, of the following strains: BALB/
c (Charles River Laboratories, Wilmington, MA), FVB/NJ (Charles River Laboratories,
France), and MMP-9 null on an FVB background (FVB.Cg-Mmp9tm1Tvu/J; The Jackson
Laboratory, Bar Harbor, ME). Mice were anesthetized with a subcutaneous injection of
ketamine (65 mg/kg), xylazine (13 mg/kg), and acepromazine (2 mg/kg). An analgesic,
butorphanol (0.05 mg/kg), was administered subcutaneously twice daily for three days
following the procedure. All protocols were approved by the ACUC of Northwestern
University and the Veterinary Authorities of the Canton Vaud according to Swiss law.

To create lymphedema, a circumferential incision was made through the dermis close to the
tail base to sever the dermal lymphatic vessels. The edges of this incision were then pushed
apart with a cauterizing iron, thereby disturbing the deeper lymphatics, preventing superficial
bleeding, and creating a 2–3 mm gap to delay wound closure. Care was taken to maintain the
integrity of the major underlying blood vessels and tendons so that the tail distal to the incision
did not become necrotic. An age-matched control group of mice was maintained without this
procedure to measure the baseline tail volume during the time course of the analysis.

Daily volume measurements of the tails, from the tip to the distal edge of the wound, were
made by volume displacement. For untreated mice, a circumferential mark was made on the
tail 10mm from the tail base to mimic the incision site for reproducibility in measuring.

Sample preparation
Mice were sacrificed at various times up to 30 days post-procedure. The tail was excised at the
site of the edema procedure and the distal tissue was flash frozen in liquid N2. Tissue samples
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were transversely cryosectioned into 12 and 60 μm-thick sections and stored at −80°C until
immunostaining.

Microlymphangiography
Mice were anesthetized as above and the integrity of the lymphatic vasculature of the tail was
examined by fluorescence microlymphangiography (Hagendoorn et al., 2004; Swartz et al.,
1996, 1999). A fluorescently labeled macromolecule (2000 kDa tetramethylrhodamine-
conjugated dextran, 2 mg/ml; Molecular Probes, Carlsbad, CA) was injected intradermally at
a constant pressure of 45 cm of water into the tip of the tail. Because of its large size, the tracer
was taken up by the lymphatics but was excluded from the blood vasculature. As the fluorescent
tracer was transported by the lymphatic vessels, it was clearly visible within dermal lymphatic
capillaries, thus providing a clear visualization of lymphatic functionality. The filling of the
lymphatic vasculature was monitored for 90 min with a Zeiss Axiovert 200M fluorescence
microscope and Zeiss MRm camera set at equal exposure time for each mouse.

Immunohistochemistry and histology
To visualize lymphatic vessels, thin (12 μm) and thick (60 μm) sections were co-stained with
a primary antibody to the lymphatic-specific marker LYVE-1 (1:500; rabbit polyclonal;
Upstate, Charlottesville, VA). Thin sections were also labeled using anti-mouse antibodies for
the macrophage-specific surface marker F4/80 (1:50; rat monoclonal; Serotec, Raleigh, NC)
and the Langerhans dendritic cell protein langerin (1:50; goat polyclonal; Santa Cruz
Biotechnology, Santa Cruz, CA). These antibodies were detected with Alexafluor 488 or 594-
conjugated donkey, rabbit, and goat IgG secondary antibodies (1:200, Molecular Probes),
counterstained with DAPI (Vector Labs, Burlingame, CA), and observed and imaged as above.
Thick sections were scanned using a Zeiss LSM 510 Meta confocal microscope. PCNA staining
was achieved on thin sections with a monoclonal biotinylated mouse anti-PCNA primary
antibody (prediluted; Zymed Laboratories, South San Francisco, CA) and detected with Texas
Red-conjugated avidin (Vector Labs).

VEGF-C was labeled immunohistochemically on thin sections. Sections were first fixed in 4%
PFA, blocked against endogenous biotin and avidin activity (Biotin Blocking System, Dako,
Carpenteria, CA), then labeled with anti-mouse VEGF-C (1:50; goat polyclonal; Santa Cruz)
and biotinylated secondary antibody (1:500; AffiniPure rabbit; Jackson ImmunoResearch,
West Grove, PA). This was then visualized using the ABC-AP kit and Vector Black (Vector
Labs). Sections were counterstained with Orange G (Merck KGaA, Darmstadt, Germany),
dehydrated, and mounted with Eukitt (Fluka Chemie AG, Buchs, Switzerland). Images were
captured with an Olympus AX70 Microscope and DP70 Camera.

Masson’s trichrome was used to stain collagen and Oil red O (Sigma-Aldrich, Buchs,
Switzerland) to stain lipids on thin sections. Sections were mounted and imaged as above,
except Oil red O stained sections were counterstained with hematoxylin and not dehydrated
but immediately mounted with Glycergel mounting medium (Dako).

Image analysis
Images of each tail section were first assembled into complete montages in Photoshop (Adobe
Systems, San Jose, CA). To quantify LEC hyperplasia, LECs were defined as cells with a blue
(DAPI-stained) nucleus surrounded by green LYVE-1 staining, and lymphatic structures were
defined as continuous groups of LYVE-1 labeled cells. The numbers of LECs within each
structure were counted in three random 12 μm sections from each animal.

To quantify VEGF-C expression, Metamorph 6.3 image analysis software (Molecular Devices
Corp., Sunnyvale, CA) was used. Three labeled sections from each time point were analyzed.
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In each, the region between the epidermis and underlying tendon was clearly identified with a
freehand tool, and the total intensity within this region was integrated.

Statistics
For quantified data, ANOVA followed by two-tailed Student’s t tests were performed to
determine statistical significance between two groups or among different time points. Data are
reported as average ± standard deviations. Tail volumes are presented as a change over normal,
LEC counts as total cells, and VEGF-C as normalized to the maximum.

Results
Degree and sustainability of swelling

All three strains of mice tested (BALB/c, FVB/NJ, and MMP-9 null) sustained reproducible
edema for a period of at least 30 days. In the wild-type strains examined, FVB/NJ and BALB/
c, tail volume measurements consistently peaked at 15days following the ligation procedure
with a volume increase of 55–75% (Fig. 1). Resolution of edema in these mice also consistently
occurred to within 20% of control volume by 30 days. Two FVB/NJ mice were kept for 60
days and their increased tail volumes were sustained (both 17% larger than baseline at day 60)
in agreement with past work (Slavin et al., 1999). MMP-9 null mice experienced significantly
more tissue swelling than wild-type controls both with a higher peak volume change at 15 days
of 115% (P =0.0287) and higher 30 day volume change of 75%.

Matrix changes and lipid accumulation
In normal tail skin, the dermis possesses a much higher density of collagen than the underlying
hypodermis. One day after lymphatic disruption, we observed an immediate reduction in
collagen density throughout the dermis, whereas the subcutaneous tissue layer of the
hypodermis was drastically swollen (Fig. 2A). Within the first week, however, the density of
collagen in the dermis increased, and by day 14 the collagen architecture in the dermis appeared
similar to that of normal tissue. The change in tail volume was thus mainly due to hypodermal
swelling. The hypodermis remained swollen with decreased collagen density until day 30,
when collagen density again appeared normal, although total tissue volume was significantly
increased.

In addition to its propensity to accumulate fluid and swell, the hypodermis also exhibited a
striking increase in lipid deposition (Fig. 2B). Lipid accumulation in the hypodermis, visualized
through Oil red O staining, became visible after 7 days, peaked at 14 days, and was maintained
through 30 days. Macrophages were also present throughout the dermis and hypodermis in
edematous skin at all time points examined (Fig. 2C).

Lymphatic function in edematous tail skin
The lymphatic network of the mouse tail skin consists of a regular, hexagonal network of
dermal lymphatic capillaries that are easily visualized by fluorescence
microlymphangiography (Hagendoorn et al., 2004; Pytowski et al., 2005; Swartz et al.,
1996). Furthermore, measures of how much volume is infused into the tail at fixed pressure,
along with infusion distance, can be used to estimate hydraulic conductivity and lymphatic
function (Reddy et al., in press; Swartz et al., 1999). Microlymphangiography in normal vs.
edematous tails revealed functional insufficiencies in the lymphatics and increased hydraulic
conductivity (Fig. 3). In normal mice, the lymphatic capillaries took up ~8 μl in 90min of
fluorescent dextran infused into the tail tip at 45 cm water; whereas in contrast, day 10
edematous tails took up ~30 μl of dextran in 90 min at the same pressure. Despite the increase
in hydraulic conductivity and dramatic increase in injected fluid flow rate for a given injection
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pressure, the lymphatic capillaries in edematous tails remained functional in taking up the
injected fluid tracer; however, fluorescent tracer was visible in the interstitial space around the
capillary network, suggesting that the lymphatics in edematous skin were leaky and prone to
backflow. After 60 days, the edema was reduced and the lymphatic leakiness was decreased
but not entirely resolved.

Lymphatic hyperplasia
Lymphatic ligation and subsequent tissue swelling led to marked morphological changes in
the dermal lymphatics caused by the proliferation of LECs and subsequent enlargement of the
lymphatic vessels. PCNA-positive LECs were seen in hyper-plastic lymphatic vessels at day
10 (Fig. 4A). A reduced number of PCNA-positive cells were seen in lymphatic vessels at 20
days, and none were visible at 30 days. Confocal microscopy of the lymphatic vessels during
edema (Fig. 4B) revealed that the morphology of the vessels was altered, with striking
hyperplasia during the period when overall swelling was the greatest (7–21 days). The number
of LECs counted in each lymphatic structure was significantly higher than in normal vessels,
peaking at 7days (P <0.001). After this, the number of LECs per structure decreased but still
remained significantly higher than normal throughout the resolution of edema (P<0.001) (Fig.
4C).

Heightened VEGF-C expression
VEGF-C expression in normal tail skin was low, consistent with earlier findings (Boardman
and Swartz, 2003; Goldman et al., 2005; Rutkowski et al., in press). In the first days after
lymphatic ligation, tail swelling and lymphatic vessel hyper-plasia were already significant but
VEGF-C expression remained low (Fig. 5). VEGF-C began to increase throughout the
edematous tissue at day 7 (P =0.037) and peaked at day 14 (P=0.022). Expression remained
high as the swelling began to resolve at day 21 (P=0.014) and was decreased to normal levels
at day 30. VEGF-C was mostly concentrated in the hypodermis, where the swelling was
maximal but few lymphatic vessels were present. Thus, although VEGF-C was upregulated in
edematous tissue, its expression patterns did not necessarily correlate with lymphatic
hyperplasia.

Dendritic cell migration
Langerhans dendritic cells reside in the epidermis and migrate to the lymphatics in response
to immune challenges (Randolph et al., 2005). In normal tissue, Langerin+ cells were seen
both in the epidermis and in the dermis near lymphatic vessels (Fig. 6). However, these cells
were confined to the epidermis after lymphatic ligation until day 14, where they appeared to
be migrating towards the lymphatics despite the hyperplastic appearance and transport
insufficiencies of the lymphatic vessels (Fig. 6). Therefore, at days 14, 21, and 30, correlating
with the peak and resolution phase of edema, these cells were present in the dermis near the
hyperplastic lymphatic vessels.

Increased fluid uptake and propensity for edema in MMP-9 null mice
In untreated (non-edematous) mice, the lymphatic capillary architecture was similar in MMP-9
null vs. wild-type control tails as visualized by microlymphangiography (Figs. 7A and B),
although the lymphatic networks in MMP-9 null mice appeared much brighter than in control
mice and took up 50% more fluid in 90 min at a fixed infusion pressure of 45 cm water than
did the controls (12 vs. 8 μl). Although there appeared to be minor indications of fluorescent
tracer outside of the well-defined lymphatic vessels (Fig. 7B), there was little evidence of actual
lymph leakage from the capillaries into the interstitium, as was clearly seen in edematous tails.
These minor defects were likely the result of the increased brightness of the tail images resulting
from increased tracer uptake (images were taken at the same exposure). Confocal imaging of
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the lymphatic vessels revealed no obvious differences in lymphatic vessel morphology from
normal mice, suggesting that the increased fluid tracer uptake in untreated MMP-9 null mice
was the result of either more efficient lymphatic transport or a higher hydraulic conductivity
of extracellular matrix.

Surprisingly, despite the apparently normal or above normal functionality of the lymphatics,
MMP-9 null mice with lymphatic ligation exhibited a far greater degree of swelling than did
wild-type mice, particularly between 7 and 21 days (P <0.001; Fig. 1), and took longer to
resolve (P <0.001; Fig. 1). This swelling was so rapid and so extensive that it actually led to
necrosis of the tail in two of the seven mice tested. Examination of the extracellular matrix of
the tail skin revealed that the collagen density of MMP-9 null mice was, in fact, less than that
of the wild-type controls. This was the case both in untreated tails and those after 14 days of
edema (Figs. 7D and E). Therefore, the increased tracer fluid uptake into the tail seen in
untreated MMP-9 null mice was probably due to an increase in hydraulic conductivity. This
difference in the matrix architecture, in conjunction with the inability to maintain tail volume
during swelling, suggests that MMP-9 plays an important role in the maintenance of
extracellular tissue fluid.

Discussion
To help elucidate the pathophysiology of secondary lymphedema, we characterized and
correlated key molecular-, cellular-, and tissue-level changes over time in the mouse tail edema
model and demonstrated its reproducibility and sustainability. We found that in otherwise
healthy tissue, sustained swelling induced by lymphatic ligation leads to lymphatic hyperplasia
and VEGF-C upregulation. Interestingly, LEC proliferation began before VEGF-C
upregulation, suggesting that lymphatic hyperplasia may be supported by VEGF-C only later,
from day 14 (the peak in tail volume) through day 30. Also, the maximal VEGF-C expression
was seen within the hypodermis, where most of the tail swelling was maintained but where
lymphatic vessels were scarcer than in the dermis. This VEGF-C upregulation may therefore
be a response to the accumulated fluid in the hypodermis.

Lymphatic vessel hyperplasia in the absence of VEGF-C presents a quandary when examining
the potential for VEGF-C delivery as a therapy for lymphedema. Whereas VEGF-C treatment
has been shown to hasten the resolution of edema in the mouse tail model, this result was
accomplished by hastening lymphangiogenesis across the ligation (Yoon et al., 2003) rather
than necessarily inducing a change in the local function of lymphatics. Therefore, delivery may
only be beneficial in cases where transport insufficiencies are the result of a lack of lymphatic
vessels in the tissue by inducing the growth of new lymphatic capillaries (Karkkainen et al.,
2001; Szuba et al., 2002; Yoon et al., 2003). Excess VEGF-C has also been shown to cause
hyperplasia of lymphatic vessels when no other lymphatic defects were present (Goldman et
al., 2005). Therefore, our results showing that both increased VEGF-C and lymphatic
hyperplasia are a response to tissue swelling suggesting that VEGF-C therapy may have limited
use for treating secondary lymphedema.

In examining functional lymphatic uptake during lymphedema, we found that the disruption
in lymphatic transport led to an increase in fluorescent tracer uptake during
microlymphangiography in part from the well-established increase in hydraulic conductivity
of the interstitium resulting from in the breakdown of the tail matrix (Aarli and Aukland,
1991; Bert and Reed, 1995; Swartz et al., 1999). We also found that the dilated, hyperplastic
lymphatics were less effective at lymph transport and leaked lymph back into the interstitium.
It is not known whether or how the decreased lymphatic transport function contributed to the
increased lipid accumulation in adipocytes.
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In addition to decreased fluid drainage from the interstitium, hyperplastic lymphatics may
exacerbate the edematous pathology by decreasing immune cell trafficking. When stimulated,
Langerhans dendritic cells normally migrate from the epidermis into the lymphatic capillaries
to traffic to lymph nodes for antigen presentation. In edematous skin, Langerhans cells were
not migrating through the dermis until day 14, even though other inflammatory responses like
macrophages and massive matrix proteolysis were present earlier in lymphedema. Lack of
migration may be due to the absence of migration-directing interstitial flow which only returns
once edema is resolving, although it has yet to be demonstrated that interstitial flow specifically
guides dendritic cells towards the lymphatics (Randolph et al., 2005). This apparent lack of
DC migration to lymphatics during tissue swelling may lead to decreased immune response,
which in turn may exacerbate the pathological state of the limb. This notion is consistent with
previous work showing that the immune response is compromised in edematous limbs
(Olszewski et al., 1990), leaving the tissue more prone to infection and further inflammation.

MMP-9, a key MMP in matrix remodeling (Stamenkovic, 2003), appeared to play an important
role in edema prevention. First, the collagen density in the dermis of MMP-9 null mice was
lower than that in wild-type mice, both in normal and edematous states. This reduced matrix
density may leave the tissue more susceptible to fluid accumulation and tissue swelling. Indeed,
MMP-9 null mice were unable to sufficiently counteract the swelling through responsive
remodeling of the matrix. Thus, the skin of the mouse tail apparently relies on MMP-9 in
remodeling the extracellular matrix to counteract the change in volume.

The reproducibility and sustainability of the mouse tail model of lymphedema were
demonstrated across two normal strains and for roughly 20–30 days, respectively, although in
some mice (for unknown reasons) edema can be sustained indefinitely (Slavin et al., 1999).
This time frame is sufficient to observe key features of chronic edema, including collagen
breakdown and remodeling, lymphatic hyperplasia, and abnormal lipid accumulation in the
skin, consistent with pathological features observed in longer studies in other models (Kanter
et al., 1990; Olszewski, 1973; Szuba et al., 2002). Responsive changes in the dermal matrix
during swelling – initial degradation followed by compensatory rebuilding – were also
temporally correlated to lipid accumulation and macrophage infiltration throughout the tissue,
both chronic indicators of lymphedema (Piller, 1990; Schirger et al., 1962).

In summary, the mouse tail model of lymphedema is reproducible, reliable, and shows many
characteristics of chronic secondary lymphedema. We found that sustained tissue swelling due
to lymphatic blockage led to marked lymphatic hyperplasia and lipid accumulation, followed
by substantial VEGF-C overexpression in the hypodermis. The hyperplastic lymphatic vessels
were poorly functional at draining interstitial fluid, and the resulting fluid stagnation may have
contributed to decreased Langerhans dendritic cell homing to the lymphatics. These
correlations between factors regulating tissue homeostasis and those regulating lymphatic
biology during tissue swelling following lymphatic ligation raise important questions in
considering treatment strategies aimed at lymphatic growth for alleviating secondary
lymphedema.
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Fig. 1.
Tail volume changes following lymphatic ligation. Two control strains of mice, FVB/NJ (blue
diamonds) and BALB/c (red squares), displayed nearly equivalent swelling and resolution
patterns, and both peaked at 15 days. Transgenic mice lacking MMP-9 (green triangles) also
displayed maximum volume increase at 15 days but showed a significantly greater extent of
swelling compared to the wild-type strains as well as a longer resolution time. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 2.
Extracellular matrix density, lipid accumulation, and macrophage presence in edematous tails.
(A) In normal skin, a collagen-dense dermis (gold arrow) and less dense hypodermis (white
arrow) was seen. One day following lymphatic ligation, the collagen network was degraded in
both the dermis and hypodermis as fluid accumulated. At day 14 when tail volume reaches its
peak, the collagen density (blue) in the dermis returned to normal (gold arrow) whereas the
architecture of the hypodermis remains severely compromised. At day 30, the collagen
architecture throughout the tissue appeared normal. (B) Oil red O staining showed that the
hypodermis dramatically filled with lipids (red) at day 7 and that this accumulation was
maintained through 30days. (C) Macrophages (red) were also present in high numbers at all
times during edema. Note the hyperplastic lymphatic (green) vessels at days 7 and 14 (marked
by white arrows) as compared to normal vessels (gold arrows). Scale bars=200 μm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3.
Fluorescence microlymphangiography revealed leaky lymphatic capillaries in edematous skin,
with higher magnification images shown at right. The normal mouse tail skin possessed a well-
defined hexagonal network of dermal lymphatics that transport the fluorescent tracer
proximally (left to right) from infusion into the tip of the tail. At 10 days of lymphedema, the
tail was swollen and the fluorescent tracer filled both the lymphatic vessels and the interstitial
space (back flow indicated by arrows). At 60 days, lymphatic transport was improved but not
fully restored. All images were taken with the same exposure time. Scale bars=2 mm.
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Fig. 4.
Lymphatic morphology changes during edema. (A) Normal tissue showed few proliferating
cells and small superficial lymphatics (gold arrowheads) with the underlying collecting
lymphatic vessels (white arrowheads). PCNA staining (red) indicated that as the tail volume
increased, lymphatic endothelial cells (LECs, green) proliferated (white arrows). At day 10,
LECs in the vessels were proliferating and the vessels were hyperplastic. This LEC
proliferation was reduced at 20 days and absent at 30 days. Edema also induced the proliferation
of other cells in the dermis (gold arrows). (B) Confocal microscopy of the dermal lymphatic
vessels demonstrated the drastic hyperplasia and morphological changes associated with
edema at 7 and 14 days, with an abnormal morphology still present at 30 days. Scale bars=100
μm. (C) The number of LECs per lymphatic structure was greatest at day 7 in both wild-type
and MMP-9 deficient mice (*P<0.05 over control). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5.
VEGF-C expression in edematous tails. (A) VEGF-C expression (black) was normally quite
low and remained so during the onset of edema (through 7 days); orange indicated collagen
by orange G staining. At 14 days, however, VEGF-C was greatly increased and remained high
at day 21. Scale bar=200 μm. (B) The peak of VEGF-C expression (integrated intensity) lagged
behind the peak of LEC proliferation and vessel hyperplasia (*P<0.05 vs. control). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Rutkowski et al. Page 15

Microvasc Res. Author manuscript; available in PMC 2009 May 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Langerhans dendritic cell (DC) trafficking during edema. In normal skin, some DCs (red) were
seen between the epidermis and lymphatic vessels (green) in the skin, indicating normal
migration. After 7 days of edema, no DCs were found below the epidermis. At 14, 21, and 30
days, DCs were present in high numbers in the dermis and near the hyperplastic lymphatic
vessels, indicating migration. Yellow arrows indicate some DCs in the epidermis, and white
arrows indicate migrating DCs. Scale bar=200 μm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7.
Differences in lymphatic function and morphology and extracellular matrix architecture in
MMP-9 null mice vs. wild-type controls. (A) In untreated animals, constant-pressure infusion
of fluorescent tracer led to 50% more uptake by MMP-9 null mice vs. wild-type controls. The
lymphatic vessel networks of the MMP-9 null mice appeared to be much brighter (with equal
exposure time) than those of the wild-type controls, indicating a higher uptake rate. Scale bar=2
mm. (B) Higher magnification images of the lymphatic structures showed normally functioning
vessels with no backflow; scale bar=2 mm. (C) Confocal images of the lymphatic vessels
(green) in each type of mouse showed little or no morphological differences between wild-
type and MMP-9 null mice; scale bar=100 μm. (D) In untreated animals, the collagen matrix
(blue) appeared to be less dense in the dermis of the MMP-9 null mice than in that of the FVB/
NJ mice; scale bar=200 μm. (E) After 14 days of edema, the dermal collagen density appeared
normal in the wild-type control mice but remained largely degraded in the MMP-9 null mice;
scale bar=200 μm. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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