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Abstract

Lymphatic dysfunction in lymphedema results in chronic accumulation of interstitial fluid and life-long tissue
swelling. In the absence of restored lymphatic drainage via adequate lymphangiogenesis, the interstitial envi-
ronment can remodel in ways that decrease the elevated interstitial stress. Presently, relatively little is known
about the glycosaminoglycans (GAGs) that become upregulated in the interstitium during lymphedema. We
employed a mouse tail model of acute lymphedema that reproduces important features of the chronic human
condition to establish a relationship between hyaluronan (HA) and sulfated GAG concentration with tissue
swelling. We found that HA was upregulated by tissue injury at day 5 and became upregulated again by skin
swelling (HA content increasing by 27% relative to controls at days 15 and 20). Surprisingly, the second phase of
HA expression was associated with the declining phase of the tail skin swelling (tail diameter significantly
decreasing by 17% from day 10 peak to day 20), demonstrating that HA is upregulated by tissue swelling and
may help to counteract the edema in the mouse tail. This finding was confirmed by intradermal injection of an
HA degrading enzyme (hyaluronidase) to the swollen tail, which was found to worsen the tail swelling. Sulfated
GAGs, including chondroitin sulfate (CS), were not regulated by tissue swelling. The results demonstrate that
HA, but not sulfated GAGs, is upregulated in the interstitium by acute tissue swelling. We speculate that HA
expression during lymphedema may be part of a natural adaptive mechanism of the interstitial environment
to reduce capillary filtration and increase interstitial fluid outflow following lymphatic obstruction and fluid
accumulation.

Introduction

Lymphatic dysfunction in lymphedema results in
chronic accumulation of interstitial fluid and life-long

tissue swelling. In the absence of restored lymphatic drainage
via adequate lymphangiogenesis, the interstitial environment
can remodel in ways that decrease the elevated interstitial
stress. Presently, relatively little is known about the particular
interstitial molecules that become predominant in the skin to
reduce tissue swelling. Collagen and lipid deposition, for
example, have been shown to increase in swollen skin.1,2 In
addition to collagens, which strengthen the tensile properties
of skin to counteract the swelling force, glycosaminoglycans
(GAGs) increase tissue hydrostatic pressure by stabilizing
water (ie, restricting water mobility) due to their high nega-
tive charge density.

GAGs are long unbranched sugar polymers with repeating
disaccharides present in the extracellular matrix of skin. In the

interstitium, the polyanionic GAGs stabilize water due to the
increased osmotic pressure obtained from attracted cations,
such as Ca2 + and Na+ . There are two main types of GAGs,
nonsulfated GAGs (mainly hyaluronan) and sulfated GAGs
(chondroitin sulfate, dermatan sulfate, keratan sulfate, and
heparan sulfate).3,4 Hyaluronan (HA) and chondroitin sulfate
(CS) are the main GAGs found in skin, with HA representing
approximately 75% of all GAGs present in the dermis.5 Nu-
merous sulfated patterns exist among these broad categories
of sulfated GAGs6 and variations in sulfation patterns may be
related to GAG function in both normal and diseased states.7

Each additional sulfate adds one negative charge to every
disaccharide in the GAG. Because the negative charge density
on the GAG chain is directly proportional to its water attrac-
tiveness and resistivity to fluid flow, the sulfation of the GAGs
and the different degree of sulfation may be an important pa-
rameter in lymphedema. Hyaluronan has a mobile form and
can also bind to other GAGs in the form of proteoglycans,8
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thereby immobilizing hydrophilic molecules within the inter-
stitium. It has previously been shown that HA content is in-
creased in sites of injury.9 High levels of HA have been found in
infarcted cardiac tissue exhibiting edema,10 acute alveolitis,11,12

and edema resulting from organ transplantation.13

Although GAG concentration has been reported to increase
in the edematous human arm,14 the types of GAGs involved
and their discreet roles have not been clarified. Thus, it is
unknown how GAGs are acting in secondary lymphedema.
An upregulation of interstitial GAGs may exacerbate the
swelling by increasing the swelling pressure (via water
binding). However, the increased interstitial fluid pressure
from the GAG upregulation may simultaneously oppose
capillary filtration and increase fluid outflow. We hypothe-
sized that the content of HA and sulfated GAGs may become
altered in acute lymphedema of the mouse tail, providing us
an opportunity to gain insight into the roles of GAGs in the
chronic human form of lymphedema. We employed an ex-
isting mouse tail model of experimental lymphedema that
reproduces important features of the human condition to es-
tablish a relationship between HA and sGAG concentration
with tissue swelling.

Materials and Methods

Experimental lymphedema

Tail skin lymphedema was created in Balb/c mice by ex-
cising a 2-mm circular band of dermis (which contains the
lymphatic capillary network) 2 cm from the base of the tail,
leaving the underlying bone, muscle, tendons, and major
blood vessels intact, as was performed previously.15–20 Tail
swelling was determined by measuring the peak tail diameter
using ImageJ software from digital images of the tail distal to
the wound site. Two images of the tail at a 90� rotation from
each other were captured for each mouse tail with a DP71
color camera mounted to a stereo microscope, and the two
peak tail diameters were averaged together. Animal protocols
were approved by the Animal Care and Use Committee of
Michigan Technological University.

In order to clarify the regulation of glycosaminoglycans
(GAGs) by lymphedema, mice were euthanized at appropri-
ate endpoints and a small portion of the tail containing the
wound region was cryosectioned for histological analysis,
while the remaining length of the tail skin (away from the
wound site) was digested and ground to quantify sulfated
GAG and hyaluronan concentration in the swollen skin.

Immunofluorescence and immunohistochemistry

The swollen tail skin near the wound site was snap frozen,
cryosectioned at 10 microns thickness, fixed in 4% formalde-
hyde, and immunolabeled for hyaluronan (HA) or chon-
droitin sulfate (CS). For HA detection, cross-sections were
labeled for HA using biotinylated hyaluronan binding protein
(HABP, 5 lg/ml, from Sigma Aldrich). Color was added
to the biotin conjugate with the VectaStain ABC kit (Vector
Labs) and cell nuclei were counterstained with Gil’s hema-
toxylin (Sigma). For CS detection, cross-sections were im-
munolabeled with an anti-chondroitin sulfate antibody
(Sigma) and then with a fluorescence conjugated secondary
antibody. Cell nuclei were counter-stained with DAPI (Vec-
tor). Images were captured with the 10X objective lens of an

Olympus brightfield/ fluorescence microscope affixed with a
DP70 camera. Images were then stitched together using
Adobe Photoshop software.

Hyaluronan quantification

A Hyaluronan Enzyme-Linked Immunosorbent Assay Kit
(HA-ELISA, from Echelon) was used to quantify HA in the
mouse tail skin. Briefly, harvested swollen and control tissue
was suspended in 0.5 M NaCl overnight and further pro-
cessed by homogenizing. Each sample was syringe filtered
through 0.22 micron pore-sized filters. Supernatants were
further processed by following the manufacturer’s instruc-
tions. Values calculated from the standard curve were divided
by the dry weight for each sample and normalized to the
control values.

Sulfated glycosaminoglycan (sGAG) quantification

The Blyscan Assay (Blyscan Assay from Biocolor life sci-
ence assays) was employed to detect all sulfated forms of
GAGs, including chondroitin, dermatan, keratan, and he-
paran sulfates. Briefly, harvested swollen and control tissue
was suspended in a papain extraction reagent to release the
GAGs from the tissue, as described in the Blyscan product
manual. Tissue was incubated overnight at 65�C with occa-
sional vortexing and grinding of the tissue. Following cen-
trifugation to remove the particulates, the supernatant was
run in duplicate with the Blyscan Assay kit by following the
manufacturer’s instructions. Values calculated from the
standard curve were divided by the dry weight of the tissue of
each sample and normalized to control values.

Exogenous hyaluronidase enzymatic treatment

Twenty-six additional mice were used to evaluate the ef-
fects of exogenous hyaluronidase (HAse) treatment on the tail
swelling. Hyaluronidase is an enzyme that degrades the GAG
hyaluronan. Following surgery, mice were treated with hy-
aluronidase or PBS (control) via injections. Injections were
made into the tail skin distal to the surgical wound every 3
days from day 12 to day 18 post surgery, for a total of three
injections per mouse. The enzyme concentrations employed
were similar to a previously published study.21 For the in-
jections, hyaluronidase (Type IV-S, H3884, Sigma Aldrich)
was diluted to a concentration of 56 U (low dose), 112 U
(medium dose), and 225 U (high dose), in a volume of 2.5 ll
sterile PBS. Control mice were injected with the same 2.5 ll
volume of sterile PBS without enzyme.

Statistical methods

At least five animals were used for each data point. Data are
presented as means with standard deviations. P values were
calculated by ANOVA with JMP statistical software. Results
were reported as significant with p values less than or equal to
0.05, and as highly significant with p values less than or equal
to 0.01.

Results

Sustained acute lymphedema in the mouse tail

Acute lymphedema was sustained over 30 days by excision
of an annulus of skin near the base of the tail, which
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obstructed the outflow of accumulating fluid in the mouse tail
(Fig. 1A–E). Similar to previous studies using this approach,
the tails were significantly swollen by day 5, with increased
swelling resolution apparent between days 20 and 30 (Fig. 1F,
p < 0.05 by ANOVA for all days relative to day 0, at day 20
relative to day 10, and at day 30 relative to days 20 and 10,
n = 5). The sustained tissue swelling produced in the tail
provides a rich environment of interstitial adaptations where
it is possible to investigate the extracellular matrix (ECM)
remodeling associated with lymphedema. By comparison
between normal, swollen, and restored ECM, we are able to
identify interstitial molecules that may be adaptive during
lymphedema and determine whether these molecules play a
role in either exacerbating or opposing fluid accumulation.

Hyaluronan is increased in lymphedema

In order to compare hyaluronan (HA) concentration be-
tween normal, lymph edematous, and restored tissue, we
employed an HA-specific ELISA to quantify the HA in the
skin. Similar approaches have been used successfully to
identify changes in GAG concentration,22,23 but have not been
employed in edematous skin. This quantification approach
revealed a highly significant increase of HA at post-surgical
days 5, 15, and 20 relative to the nonoperated control skin
(Fig. 2; p values of 0.0001, 0.0092, and 0.0093, respectively, by
ANOVA, n = 6). These results show that HA peaked at day 5
post surgery and returned to physiological levels by day 10,
when swelling had peaked. A second increase was evident at
days 15 and 20, which had returned to physiological levels by
day 30. HA content at day 10 was found to be significantly less

than at days 15 and 20 (Fig. 2; p values of 0.01 and 0.008,
respectively). The first peak at day 5 and decline by day 10 is
consistent with HA’s known role in wound healing,24 al-
though the first peak in HA expression at day 5 may have also
contributed to the swelling. The second HA increase occurs

FIG. 1. Acute lymphedema appearance and resolution over 30 days. Acute lymphedema was induced in the mouse tail skin
over a period of 30 days by a 2-mm wide surgical excision of the skin that was left unprotected. Injury sites and swollen tails
are shown at days 0 (A), 5 (B), 10 (C), 20 (D), and 30 (E). Scale bar (E, bottom, right) = 2 mm. The evolution of tail swelling over
the 30-day period is graphically depicted (F). Tail diameters are normalized to the average initial (preswelling) diameter of
the tails, n = 5 mice per group. *Statistical significance relative to control; #Statistical significance relative to day 10; $Statistical
significance relative to day 20.

FIG. 2. Hyaloronan is increased in the tail skin during
lymphedema. Hyaloronan was quantified from mouse tail
skin over the 30-day period of acute lymphedema. Values are
normalized to the unoperated control HA concentration.
*Statistical significance relative to control; n = 6 mice per
group.
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during tissue swelling and is associated temporaly with a
decreased tissue swelling. The second phase, which occurs
after the injury-induced HA increase has subsided, demon-
strates that HA expression becomes increased in lymphede-
ma, possibly due to biosynthesis from cells stimulated by low
interstitial flow or accummulated as a consequence of reduced
lymphatic drainage. HA’s association with the swelling res-
olution trend rather than peak swelling (day 10) is strongly
suggestive that HA may be important for reducing the
swelling in acute lymphedema.

To confirm the increase of HA in lymphedema, we labeled
tail skin cross sections for HA to determine the HA intensity
and distribution in the swollen skin (Fig. 3). HA was seen to be
weakly present in normal skin (Fig. 3A), became strongly
present and evenly distributed at day 5 (Fig. 3B), was weakly
present again at day 10 (Fig. 3C), and was seen to be moder-
ately present and unevenly distributed at day 20 (Fig. 3D). HA
had returned to normal levels by day 30 (Fig. 3C). The strong
increase and even distribution of HA at day 5 throughout the
swollen tissue suggests that the initial swelling may produce
an injury-related increase in the HA content. The HA present
in the cross section at day 20 appears more strongly expressed
in the dermis relative to the subcutaneous region of the skin.
This HA distribution may have the effect of increasing fluid
outflow through the subcutaneous region, which has a higher
hydraulic conductivity than the dermis. These results parallel
the ELISA quantification data and confirm that HA becomes
increased in lymphedema of the mouse tail.

Hyaluronidase treatment worsens the tail swelling

Because it appeared that an increased HA content was as-
sociated with a reduced tail swelling, we treated lymph
edematous mouse tail skin with the HA degrading enzyme
hyaluronidase (HAase) to determine if a reduction in the HA
would have the opposite effect. To accomplish this, acute
lymphedema was produced in the mouse tail as before, and 3
groups of mice received repeated injections of different con-
centrations of HAase, with a fourth group receiving PBS in-
jections. To prevent interference with HA’s physiological role
in wound repair, injections were first initiated on day 12, after
the decline of the first peak in HA expression and shortly
preceding the second phase of increased HA expression (Fig.
2). The tail diameters were measured before each injection,
shown in Figure 4. It was found that the mouse tails that
received the medium and high HAase dose developed sig-
nificantly increased tail swelling relative to the control tissue
( p < 0.05 for control vs. high dose and p < 0.005 for control vs.
medium dose, by repeated measures ANOVA). There were no
differences found between the medium or high dose groups.
Thus, HAase treatment worsened the tail swelling, consistent
with an ameliorative role for HA in lymphedema.

Sulfated GAGs are not increased in lymphedema

In order to compare sGAG concentration between normal,
lymph edematous, and restored tissue, we quantified the
sGAG concentration in the skin. Quantification of sGAG
demonstrated that sGAG did not become increased in lym-
phedema. Indeed, a small yet significant reduction in sGAG
concentration was seen at days 10 and 30 (Fig. 5, p values of
0.0243 and 0.0289, respectively, by ANOVA, n = 6). However,
normal sGAG levels were detected at all days of significant

tissue swelling other than day 10, suggesting that tissue
swelling was not the cause of the day 10 reduced sGAG. In-
terestingly, the reductions seen at days 10 and 30 were asso-
ciated with a return of the HA content to normal levels (Fig. 2).
Because several sGAGs are able to form interstitial aggregates
with HA through hydrophobic associations on the polymer
chains,25 it is possible that the HA and sGAG reductions at
day 10 and 30 are related. It may be the case that sGAGs

FIG. 3. Hyaloronan is increased in swollen tail skin cross
sections. Hyaloronan was detected in cross sections to reveal
intensity and distribution. Images shown at days 0 (A), 5 (B),
10 (C), 20 (D), and 30 (E). Epidermis is at the top of each
image. Scale bar (E, bottom, right) = 0.5 mm.
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become enzymatically cleaved during wound repair when
local cells release enzymes to degrade HA between days 5 and
10. These GAGs would then have an increased ability to dif-
fuse through the tissue. The reduction of both HA and sGAG
at day 30 may be due to a general washout effect as capillary
filtration is restored to normal levels and soluble GAG is able
to drain more effectively from the limb.

In addition to hyaluronan (which does not become sulfat-
ed), chondroitin sulfate (CS) is a dominant GAG in the skin.
Therefore, we labeled skin cross sections for CS to determine
the CS intensity and distribution in the swollen skin (Fig. 6).

CS appeared evenly distributed throughout the skin at all
time points. Unlike what was found for HA, CS did not ap-
pear to be regulated by tissue injury, swelling, or recovery.
Although the sGAG assay showed a reduced content at days
10 and 30, a similar trend was not evident in the CS-labeled
tissue sections. This is possibly due to the modest reduction of
*20% that was detected by the quantitative method, which
may not be visible with a less sensitive histological labeling
approach. It is also possible that a decrease of a different
sGAG (such as heparan or keratan sulfate) caused the de-
crease detected by the quantative method at days 10 and 30.

FIG. 4. Hyaluronidase (HAase) treatment worsens the tail swelling. Control tissue (A) was compared to mouse tails that
received HAase in low (B), medium (C), and high doses (D). Images show tails at days 12 (left) and 24 (right), with distal
direction at the top and proximal direction at the bottom of each image. Peak swelling diameters for each tail are graphically
depicted in E. Scale bar (D, bottom, right) = 5 mm, n = 7 mice for the low and high dose groups, and n = 6 mice for the control
and medium dose groups.

FIG. 5. Sulfated GAG is not increased in the tail skin during lymphedema. CS was quantified from mouse tail skin over the
30-day period of acute lymphedema. Values are normalized to the unoperated control HA concentration. *Statistical sig-
nificance relative to control; n = 6 mice per group.
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Conclusions

The interstitial environment retains intrinsic capacity to
modify microvascular filtration and interstitial fluid dynam-
ics during pathological states by adjusting the content of the
extracellular matrix (ECM) proteins and glycosaminoglycans
(GAGs). GAGs are long unbranched polysaccharides en-
dowed with mechanical properties that affect interstitial flow
and interstitial fluid pressure, properties that are central to the
pathophysiology of lymphedema. GAGs form a major com-
ponent of the ECM and strongly attract water due to their
large number of negative charges and thereby act to resist
interstitial flow 26 and increase swelling pressure.27 We rec-
reated the interstitial environment of fluid accumulation and
tissue swelling found in lymphedema by surgically disrupt-
ing the lymphatic capillaries and vessels to decrease fluid
outflow from the mouse tail. Under these conditions, the
mouse tail skin rapidly experiences sustained swelling with
marked changes in the content of interstitial macromolecules,
including upregulation of collagen matrix,1,2 followed by near

complete swelling resolution. This allowed us to assess the
role of GAG alterations that take place in the interstitial en-
vironment during tissue swelling. We used quantitative
methods to correlate nonsulfated and sulfated GAG concen-
tration with the degree of tissue swelling.

An interesting question is whether GAG levels regulate
edema clearance or whether edema (and fluid flow variations)
regulate GAG levels. We found that hyaluronan (HA) but not
sulfated GAGs became increased during the skin swelling. An
increased interstitial HA content could occur from increased
cellular synthesis or deficient lymphatic clearance. Thus, either
biosynthesis or variations in lymphatic drainage due to lym-
phedema may account for the altered HA levels measured at
days 5 versus 10 versus 20 (Fig. 2). The increased HA content
was associated with a declining trend in the tissue swelling and
may be causally related to edema clearance. We confirmed this
possibility by treating swollen mouse tails with hyaluronidase
(HAase), which degrades HA. Treatment with HAase wors-
ened the tail skin swelling. Thus, HA levels may be regulated
by tissue edema and may in turn regulate edema clearance. We
speculate that the increased interstitial fluid pressure derived
from the increased HA content may confer an opposition to
interstitial fluid entry and/or an increased interstitial outflow
during the resolution phase of acute lymphedema.

The concentration of GAGs has been reported to become
significantly increased in the lymph fluid of humans with
lymphedema.14 This work showed that the interstitial protein
concentration in breast cancer-related lymphedema is in-
versely related to the swelling, which means counterintui-
tively that, when the protein content is reduced, the swelling
is worse. The implications of this finding have been reviewed
here.28 Second and largely ignored, the GAG concentration is
increased while at the same time there is a net decrease in the
interstitial osmotic pressure (due to the reduction in intersti-
tial protein content).14,29,30 The effect of reduced interstitial
osmotic pressure (from reduced protein content) and in-
creased interstitial fluid pressure (from increased GAG con-
tent) is to increase pressure opposing capillary filtration while
increasing fluid outflow across the obstruction, thus coun-
teracting edema. Thus, GAG upregulation may be part of a
natural adaptive mechanism of the interstitial environment to
reduce filtration and increase outflow following lymphatic
obstruction and fluid accumulation. This may lead to reduced
swelling in acute lymphedema as the obstruction heals and
outflow resistance subsides, but may contribute to chronic
swelling in the human secondary lymphedema due to a sus-
tained outflow resistance.
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