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Pericellular Hyaluronan Coat Visualized in Live Cells With a
Fluorescent Probe Is Scaffolded by Plasma Membrane Protrusions
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SUMMARY Many cell types wear up to 20-mm-wide hyaluronidase-sensitive surface coats,
detected by exclusion of sedimenting particles like fixed erythrocytes. The structure of the
coat is enigmatic, being apparently too thick to be accounted by random coils or even ex-
tended chains of just hyaluronan attached to cell surface. We have shown that hyaluronan
synthesis enforced by green fluorescent protein–hyaluronan synthase transfection creates
microvillous protrusions. The idea that the plasma membrane protrusions rather than hy-
aluronan alone is responsible for the exclusion space was studied with a fluorescent probe
for hyaluronan and a dye with membrane affinity, applied to live cell cultures. Mesothelial
and smooth muscle cells, fibroblasts, and chondrocytes, all known for their endogenously
active hyaluronan synthesis, showed hyaluronan-coated plasma membrane protrusions,
barely visible in phase contrast microscopy. Treatment with hyaluronidase and inhibition
of hyaluronan synthesis caused retraction of the protrusions unless they were attached to
substratum. Hyaluronan and the exclusion space were reduced, but did not disappear, by
purified hyaluronan hexasaccharides that compete with hyaluronan attached to CD44.
The results suggest that slender plasma membrane protrusions are an inherent feature of
hyaluronan coats, form their scaffold, and largely result from ongoing hyaluronan synthesis
in their plasma membrane. This manuscript contains online supplemental material at http://
www.jhc.org. Please visit this article online to view these materials.

(J Histochem Cytochem 56:901–910, 2008)
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HYALURONAN (HA) is an extensive linear glycosamino-
glycan mainly located in the pericellular and extracel-
lular space of vertebrate cells. It provides a highly
hydrated environment to protect cells, regulate their
shape, and facilitate their migration and growth (Evanko
et al. 2007). It is synthesized by hyaluronan synthases
(HASs), a family of plasma membrane enzymes that de-
liver the growing polysaccharide through plasma mem-
brane into extracellular space.

A classical particle exclusion assay, established
40 years ago, showed that many cell types with active
hyaluronan production are surrounded by thick peri-
cellular coats (Clarris and Fraser 1968). These assays
are performed using fixed erythrocytes (Clarris and
Fraser 1968), carbon particles, bacteria, or lympho-
cytes (McBride and Bard 1979), allowed to settle on

sparse cell cultures. The coat disappears by hyaluroni-
dase treatment (Goldberg and Toole 1984; Heldin and
Pertoft 1993; Knudson 1993) but not by enzymes such
as RNases, trypsin, and neuraminidase (Clarris and
Fraser 1968), suggesting that hyaluronan is the main
constituent of the coat.

The hyaluronan-rich exclusion space was first de-
scribed in synovial cells and fibroblasts (Clarris and
Fraser 1968), but many cultured eukaryotic cells of
mesenchymal origin with active hyaluronan synthesis,
such as fibrosarcoma cells (McBride and Bard 1979;
Goldberg and Toole 1983), chondrocytes (Knudson
1993), mesothelial cells (Heldin and Pertoft 1993),
and vascular smooth muscle cells (Evanko et al.
1999), are surrounded by this highly hydrated mucous
zone. Many cell types normally without a visible ex-
clusion zone can be induced to present one by transfec-
tion of Has (Brinck and Heldin 1999; Itano et al.
1999,2004; Li and Heldin 2001; Kakizaki et al. 2004)
or by factors such as epidermal growth factor and
platelet-derived growth factor that upregulate the ex-
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pression of endogenous Has (Heldin and Pertoft 1993;
Pienimäki et al. 2001). The diameter of the space seems
to correlate with the level of hyaluronan secretion (Li
and Heldin 2001), and the space completely disappears
by expression of antisense Has2 RNA (Nishida et al.
1999; Itano et al. 2004) or by subjecting the cultures
to 4-methylumbelliferone (4-MU), an inhibitor
for hyaluronan synthesis (Kakizaki et al. 2004; Kultti
et al. 2006).

It has been hypothesized that the pericellular zone
consists of hyaluronan chains attached to HAS (Heldin
and Pertoft 1993) or bound to receptors such as CD44
(Knudson 1993; Knudson et al. 1996). Additionally,
depending on cell type, aggrecan (Knudson et al.
1996), versican (Evanko et al. 1999), inter-a-trypsin
inhibitor, and tumor necrosis factor-a–stimulated gene
6 (de la Motte et al. 2003) can be constituents of the
hyaluronan-rich coats and presumably expand their
volume. In general, the pericellular matrix has been dif-
ficult to characterize because it collapses during fix-
ation and routine processing for histochemistry and
electron microscopy (Clarris and Fraser 1968), and in
live cells it creates little if any signal for phase contrast
microscopy because of its highly hydrated structure
with a low content of organic material (Hunziker and
Schenk 1984).

We have found that hyaluronan synthesis enhanced
by green fluorescent protein (GFP)-HAS transfection
induces the formation of up to 20-mm microvilli cov-
ering the apical surface in several epithelial cell types
(Kultti et al. 2006). GFP-HAS3 is particularly abun-
dant on plasma membrane extensions (Rilla et al.
2005). In this study, we show that slender membrane
protrusions in different orientations are a common fea-
ture in hyaluronan-secreting cells and that the protru-
sions form a scaffold for the classical hyaluronan coat.

Materials and Methods

Cell Culture

The human breast adenocarcinoma cell line, MCF-7,
was cultured in aMEM (Life Technologies; Paisley,
Scotland) supplemented with 5% inactivated FBS
(PAA Laboratories; Pasching, Austria), 2 mM glu-
tamine (Sigma; St. Louis, MO), 50 mg/ml strepto-
mycin sulfate, and 50 U/ml penicillin (Sigma). Cells
were passaged twice a week at a 1:5 split ratio using
0.05% trypsin (w/v) 0.02% EDTA (w/v) (Biochrom;
Berlin, Germany).

Human mesothelial cells (LP-9) were cultured in
MCDB 110 medium (Sigma) and medium 199 (Sigma)
in a ratio of 1:1, supplemented with 15% FBS (PAA
Laboratories), 2 mM glutamine (Sigma), 50 mg/ml strep-
tomycin sulfate, 50 U/ml penicillin (Sigma), 10 ng/ml
epidermal growth factor (Sigma), and 0.05 mg/ml hy-
drocortisone (Sigma).

Human cutaneous tumor stromal fibroblasts (from
Dr. Reidar Grenman, Turku, Finland) were cultured
in DMEM (high glucose; Gibco, Paisley, Scotland) sup-
plemented with 10% FBS (PAA Laboratories), 2 mM
glutamine, 50 mg/ml streptomycin sulfate, 50 U/ml
penicillin (Sigma), and 1% non-essential amino acids
(NEAA; Gibco). Bovine primary chondrocytes isolated
from bovine patellar articular cartilage as described
previously (Kopakkala-Tani et al. 2006) were cultured
in DMEM (high glucose; Euroclone, West York, UK)
supplemented with 10% FBS (PAA Laboratories), 2 mM
glutamine, 50 mg/ml streptomycin sulfate, 50 U/ml peni-
cillin (Sigma), 50 mg/ml fungizone (Gibco), and ascorbic
acid (0.05 mg/ml; Sigma). Rabbit vascular smooth mus-
cle cells (RAAs; fromDr.Marika Ruponen, Kuopio, Fin-
land) were cultured in DMEM (high glucose; Gibco)
supplemented with 10% FBS, 2 mM glutamine, 50 mg/ml
streptomycin sulfate, and 50 U/ml penicillin (Sigma).

Transfections

Subconfluent cell cultures grown on chambered cover-
slips (Nalge Nunc; Naperwille, IL) coated with collagen
type I (BD Biosciences; Bedford, MA) were transiently
transfected with mouse Has3 cDNA in-frame with an
N-terminal GFP fusion protein in the pCIneo vector or
with a GFP fusion protein in the pCIneo vector as a con-
trol (Rilla et al. 2005), using manufacturer’s instruc-
tions (Roche Molecular Biochemicals; Indianapolis,
IN) and examined a day after transfection.

Fluorescent Hyaluronan Binding Complex (HABC)

For visualization of hyaluronan on live cells, a fluores-
cent group was directly coupled to HABC, using a
modification of the method described earlier (Tammi
et al. 1994). Briefly, lyophilized HABC attached to high
molecular mass hyaluronan (Sigma) was dissolved in
0.5 ml of 0.1 M Na-bicarbonate and incubated for
2 hr with stirring in Alexa Fluor 594 carboxylic acid
succinimidyl ester (A10239; Molecular Probes, Eu-
gene, OR). Solid guanidinium chloride was added
to the approximate final concentration of 4 M, and
the reaction mixture was chromatographed on a 1 3
30-cm column of Sephacryl S-400 and eluted with
4 M guanidinium chloride in 50 mM Na-acetate, pH
5.0. The void volume, containing the hyaluronan,
and the total volume, containing the free dye, were dis-
carded, and the protein peak at Kav ?0.6 was pooled,
dialyzed against distilled water, and lyophilized. The
probe was dissolved in PBS with 0.02% sodium azide
and 1% BSA for storage and diluted to 1–5 mg/ml final
concentration for use. The specificity of the staining for
hyaluronan was controlled by removing hyaluronan
with Streptomyces hyaluronidase (Seikagaku Kogyo;
Tokyo, Japan). Furthermore, the specificity of the
fluorescent HABC probe was verified by incubating it
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with hyaluronan oligosaccharides (HA6 and HA10,
kindly provided by Seikagaku, or HA22, Tammi
et al. 1998) 1:1 w/w for 2 hr at room temperature be-
fore diluting it for staining.

Microscopy of Live Cells

The fluorescent images were obtained with an Ul-
traview confocal scanner (PerkinElmer Life Sciences;
Wallac-LSR, Oxford, UK), on a Nikon Eclipse TE300
microscope (Melville, NY) with 360 NA 1.4 and
3100 NA 1.3 oil immersion objectives. For the three-
dimensional imaging, a series of horizontal optical sec-
tions were captured through the whole cell at 200-nm
steps. The three-dimensional images were created and
further modified using ImageJ 1.32 software (http://
rsb.info.nih.gov/ij/) and Adobe Photoshop, Version 8.0
(Adobe Systems Inc.; San Jose, CA). Phase contrast
microscopy was done with Olympus IX71 microscope
(Tokyo, Japan) equipped with a 360 oil immersion
objective and a digital CCD camera (ORCA-ER; Hama-
matsu, Japan). The cells were grown on collagen-coated
chambered coverslips (Nalge Nunc). The images were
taken at room temperature, but during longer treatments
between imaging, cells were kept in the incubator at 5%
CO2 and 37C.

The treatments of live cells were performed as fol-
lows: the hyaluronan coat around cells was digested
by Streptomyces hyaluronidase (10 turbidity reducing
units/ml; Seikagaku). To control the possible effect of
protease contaminations in the hyaluronidase prepara-
tion, digestions were also done in the presence of a pro-
tease inhibitor cocktail including aprotinin, bestatin
hydrochloride, E-64, leupeptin hemisulfate salt, and
pepstatin A (Sigma). The secretion of hyaluronan was
inhibited by 4-MU (1 mM; Sigma). To remove hyal-
uronan bound to receptors on plasma membrane, cells
were treated with 0.2 mg/ml of hyaluronan hexasac-
charides, kindly provided by Seikagaku. The plasma
membrane of live cells was labeled with 5 mg/ml of
lipophilic dye FM1-43 (Molecular Probes).

Red Blood Cell Exclusion Assay

Fixed sheep red blood cells (Sigma) were suspended in
PBS containing 0.1% BSA, washed three times and sus-
pended in PBS, added to the culture, allowed to settle
on cells for 15 min at 37C, and examined by confocal
microscopy. Autofluorescence or phase contrast micro-
copy was used to visualize the red blood cells.

Assay of Hyaluronan Secretion

The culture media (containing serum) were collected
for hyaluronan enzyme-linked sorbent assay, per-
formed as described previously (Rilla et al. 2005).
Maxisorp 96-well plates (Nalge Nunc) were precoated
with HABC (1 mg/ml in 50 mM carbonate buffer,

pH 9.5), washed with 0.5% Tween-PBS, and blocked
with 1% BSA-PBS. The medium samples, diluted 1:40
or 1:50, and the hyaluronan standards (0-50 ng/ml;
Provisc, Alcon, Fort Worth, TX) were added into
the wells and incubated for 1 hr at 37C. The plates
were sequentially incubated with biotinylated HABC
(1.0 mg/ml) and horseradish peroxidase streptavidin
(1:20,000 in PBS; Vector Laboratories, Burlingame,
CA), each for 1 hr at 37C and for 10 min at room
temperature in the substrate-chromogen solution con-
taining 0.01% of 3,3′,5,5′-tetramethybenzidine and
0.005% H2O2 in 0.1 M sodium acetate and 1.5 mM
citric acid buffer. The absorbances were measured at
450 nm after the addition of 50 ml of 2 M H2SO4.

Results

Hyaluronan Coat on HAS-transfected MCF-7 Cells

GFP-HAS3–transfected MCF-7 cells displayed a wide
pericellular space that excluded fixed erythrocytes,
and the space was occupied by GFP-HAS3–positive mi-
crovilli (Figure 1A), as reported previously (Kultti et al.
2006). The contour of the exclusion space around
GFP-HAS–transfected cells correlated with the length
of the GFP-HAS–positive extensions (Figure 1A). At
1 mg/ml in the growth medium, the fluorescent HABC
concentrated on cell surface hyaluronan in a density
high enough for direct visualization of the coat (Fig-
ure 1B). The hyaluronan shown by the probe faithfully
followed the GFP-HAS3–positive protrusions, with the
HABC signal extending along the protrusions as a tight
cover up to ?2 mm thick (Figure 1C).

Time-lapse confocal microscopy indicated that when
hyaluronidase was applied to gradually remove the
hyaluronan layer on the plasma membrane, most of
the extensions were disrupted, and erythrocytes ap-
proached the cell body, leading to the disappearance
of the exclusion space (Figures 1D–1I, SM1). This
suggests that the protrusions are supported by the
hyaluronan layer around them, and they form a “skel-
eton” for the hyaluronan-rich coat. However, protru-
sions attached to the substratum did not retract after
hyaluronidase digestion (arrows in Figure 1I). The
control cells transfected with only a GFP-expressing
vector did not show any growth of microvilli, exclu-
sion space, or HABC signal using the same culturing
conditions (Figures 1J–1L).

Coat on LP-9 Mesothelial Cells

Do hyaluronan-dependent protrusions exist in untrans-
fected cells with naturally thick hyaluronan coats? This
question was first studied in cultured mesothelial cells
(LP-9), known for their high rate of hyaluronan syn-
thesis (Table 1). As previously reported (Heldin and
Pertoft 1993), most of the mesothelial cells displayed
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a prominent exclusion space (Figure 2A), which was
occupied by a large amount of hyaluronan (Figure 2B).
The hyaluronan around the mesothelial cells was usu-
ally not homogenous but seemed to be concentrated
around streaks pointing out of the cell body (Fig-
ure 2B). Fine filamentous structures, barely visible in
high-resolution phase contrast microscopy, appeared

on the surface of the mesothelial cells (Figure 2C, ar-
rows), but it was technically difficult to colocalize them
with the streaks of hyaluronan. Instead, simultaneous
application of fluorescent HABC and the lipophilic
FM1-43 dye clearly showed that there were plasma
membrane protrusions within the hyaluronan coat of
mesothelial cells (Figure 2D) and their exclusion space

Figure 1 Confocal images of hyaluronan-coated microvilli on live MCF-7 cells transfected with green fluorescent protein (GFP)-hyaluronan
synthase (HAS)3. In single optical sections, the exclusion space is indicated by erythrocytes, and GFP-HAS3 in cell protrusions is shown (A),
hyaluronan around the same cell visualized with a hyaluronan binding probe (B), and a composite image (C). (D–I) Three-dimensional images
composed of horizontal stacks of the same cell before (D) and 1 (E), 2 (F), 3 (G), 4 (H), and 5 min (I) after the addition of Streptomyces
hyaluronidase (10 TRU/ml). Arrows in I point out hyaluronidase-resistant extensions adhered to the substratum. Red, hyaluronan; green par-
ticles, red blood cell autofluorescence; green color in the cell, GFP-HAS3. Control cells transfected with a GFP-expressing vector are presented
in J–L; green color, GFP; red particles, red blood cells; red color in the cell, hyaluronan. Bar 5 10 mm.
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(Figure 2E). Some microvilli pointed upward (Fig-
ure 2F), like those in the GFP-HAS3–transfected cells.

Coat Properties of Cells With Naturally High
Hyaluronan Production

Despite some similarities, there were obvious differ-
ences between the hyaluronan-dependent microvilli in
GFP-HAS3–transfected MCF-7cells and the extensions
in LP-9 cells. The length and distribution of the protru-
sions in LP-9 cells were more variable than in HAS-
overexpressing cells, and the hyaluronan coat was less
compact. Furthermore, most of the LP-9 extensions
were attached, lying flat on the substratum, and often
originated as dense arrays (Figures 2D, 3A, and 3B),
whereas those in MCF-7 cells were mostly unattached,
slightly mobile, and evenly and less densely spaced
(Figure 1A, SM1). Hyaluronan staining pattern itself
in LP-9 cells appeared more fuzzy on its edges (Fig-
ure 2D) compared with GFP-HAS3–overexpressing cells.

Streptomyces hyaluronidase treatment (10 TRU/ml)
gradually removed the coat of LP-9 cells, obviously by
truncating the growing hyaluronan chains until an equi-
librium was reached in?20 min, when stubs barely able
to bind the HABC probe were left (Figures 3A and 3B).
The removal of hyaluronan was associated with eryth-
rocyte rolling on top of the extensions that remained
attached to the substratum (Figures 3A and 3B). In con-
trast, the microvillous membrane protrusions on the
upper surface of LP-9 cells, and fibroblasts almost dis-
appeared on hyaluronidase digestion (Figures 3C and
3D, arrows), thus resembling the situation in transfected
MCF-7 cells. Treatment of LP-9 cells with 4-MU, an in-
hibitor of hyaluronan synthesis (Rilla et al. 2004), di-
minished the exclusion space and hyaluronan around
the cells in 4 hr (Figures 3E and 3F), indicating that
the coat is dependent on ongoing hyaluronan synthesis.
Furthermore, even the size and number of the protru-
sions attached to substratum were diminished by 4-hr
treatment with 4-MU, suggesting that, in a longer time
frame, they were also dependent on hyaluronan synthe-
sis (Figures 3E and 3F).

The human tumor fibroblasts, which had the highest
hyaluronan secreting capacity of the cell lines studied

(Table 1), expressed the longest protrusions, pointing
to all directions (Figures 4A and 4D). RAAs (Figures 4C
and 4F) expressed long, irregular, mainly horizontal
extensions, which were present only in cells with an
elongated or rounded morphology. The presence,
length, and localization of the extensions of fibroblasts
and smooth muscle cells correlated with those of the
exclusion space. In contrast, the exclusion space of
chondrocytes was usually more extensive than the
average length of the protrusions (Figures 4B and 4E),
suggesting that aggrecan–hyaluronan interactions in-
crease the diameter of the exclusion space beyond the
length of the protrusions in chondrocytes.

Role of Receptor-bound Hyaluronan in
Coat Formation

The role of the hyaluronan–CD44 interaction in coat
formation was studied by treatment with hyaluronan
hexasaccharides, which have been reported to displace
high molecular mass hyaluronan from this receptor in
many cell types (Knudson 1993; Knudson et al. 1993).
The size of the exclusion space was diminished, and
the intensity of the hyaluronan layer was decreased
both in mesothelial cells (Figures 3G and 3H) and
chondrocytes (Figures 3I and 3J). However, hexasac-
charide treatment did not influence the dimensions of
the hyaluronan layer or exclusion space of GFP-HAS–
overexpressing breast cancer cells (Figures 3K and 3L).
This suggests that a part of hyaluronan in LP-9 cells and
chondrocytes is attached to receptors, but the hyal-
uronan attached to HAS is enough to maintain the ex-
clusion space, particularly in HAS-overexpressing cells.
The same concentration of hyaluronan tetrasaccharides
was used to control the possible nonspecific effect of
oligosaccharides on the hyaluronan coat detected by
fluorescent HABC. Tetrasaccharides had no influence
on cell surface hyaluronan (data not shown).

Decasaccharides or longer hyaluronan oligosaccha-
rides effectively compete for the binding of fluorescent
HABC to hyaluronan, as shown by experiments where
HAS3-overexpressing cells treated with decasaccha-
rides did not bind fluorescent HABC, although the ex-
clusion assay indicated that they still had an intact
hyaluronan coat around them. Moreover, HA14 did
not affect the erythrocyte exclusion space more than
hexasaccharides in chondrocytes and in fibroblasts
(data not shown).

Discussion
Although the extended length of a high-molecular-
mass hyaluronan chain can exceed 20 mm, a similar
size hyaluronan in free solution forms a random coil
<2 mm in diameter (Laurent 1989). However, the
thickness of the exclusion space often exceeds 20 mm
(Evanko et al. 2007). Therefore, in the absence of fac-

Table 1 Hyaluronan concentration in the culture media of
different cell types

Cell type
Hyaluronan production
(ng/10,000 cells/24 hr)

Breast cancer cells (MCF-7, GFP transfected) 0.8 6 0.5
Breast cancer cells (MCF-7, GFP-Has3 transfected) 136 6 7
Arterial smooth muscle cells (RAA, rabbit) 21 6 4
Chondrocytes (bovine patella) 44 6 3
Mesothelial cells (LP-9, human) 115 6 19
Tumor stromal fibroblasts (human) 305 6 46

Means6 SD of three wells of MCF-7 cells; means6 SD of six wells in other cells.
GFP, green fluorescent protein; RAA, rabbit vascular smooth muscle cells.

Hyaluronan Coat and Protrusions 905

Th
e
Jo
ur
na

l
of

H
is
to
ch

em
is
tr
y
&

C
yt
oc

he
m
is
tr
y



tors such as high concentrations of aggrecan, a single
layer of hyaluronan alone is unlikely to create an ex-
clusion space on the cell surface wider than a few mi-
crometers. In this work, we showed that hyaluronan-
covered plasma membrane protrusions account for, or
contribute to, the exclusion space (coat) around many
cell types with active hyaluronan synthesis. Accord-
ingly, disruption of the actin cytoskeleton of the pro-
trusions by cytochalasin or latrunculin eliminates the
exclusion space (Knudson et al. 1999). There is a recip-
rocal dependence: hyaluronan attached to HAS on
plasma membrane is a prerequisite for certain membrane
protrusions, and membrane protrusions are required for
a thick hyaluronan coat. Most of the thickness of the
hyaluronan coat (exclusion space) is thus based on the

protrusions rather than just extended hyaluronan
chains arising from a flat cell surface, as schematically
depicted in Figure 5.

The hyaluronan-covered protrusions described in this
work can explain the wide pericellular exclusion space
previously shown around cancer cells that secrete large
amounts of hyaluronan (McBride and Bard 1979; Toole
2004). In fact, plasma membrane protrusions within a
thick, hyaluronan-containing glycocalyx are found on
many normal cell types such as oocytes (Makabe et al.
2006), synovial cells (Lukoschek and Addicks 1991),
mesothelial cells (Mutsaers 2004), and chondrocytes
(Hale and Wuthier 1987).

Using samples freeze-dried for scanning electron mi-
croscopy, it was shown already in 1983 that cells with

Figure 2 Hyaluronan-coated plasma membrane
extensions in live LP-9 cells. In regular phase con-
trast microscopy, a live human mesothelial cell is
surrounded by a wide space that excludes eryth-
rocytes (A). Hyaluronan-rich streaks (red) around
a mesothelial cell correspond to areas free of
erythrocytes (green), suggesting underlying cell
protrusions (B). High-resolution phase contrast
microscopy shows thin lines probably represent-
ing the protrusions (C, arrows), confirmed by
double staining for hyaluronan and the FM1-43
membrane marker (D). Protrusions illustrated by
the membrane marker FM1-43 and the exclusion
space by erythrocytes (both green) are shown to-
gether in E. A vertical view of a living LP-9 cell
labeled with FM1-43 also shows extensions pro-
truding upward (F). Bar 5 10 mm.
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Figure 3 Role of hyaluronan in the maintenance of the
exclusion space and membrane protrusions. LP-9 mesothe-
lial cells (A,B) and fibroblasts (C,D) before (A,C) and after
(B,D) treatment with the Streptomyces hyaluronidase
(10 turbidity reducing units/ml, 20 min). Note that the ex-
tensions adhered to the substratum do not retract con-
comitantly with the removal of hyaluronan (B, arrows),
whereas most of the upward oriented, shorter extensions
do retract (C,D, arrows). The exclusion space of a mesothe-
lial cell and hyaluronan before (E) and after (F) treatment
with the hyaluronan synthesis inhibitor, 4-methylumbelli-
ferone (4-MU; 1 mM, 4 hr). A mesothelial cell (G,H), chon-
drocyte (I,J), and GFP-Has overexpressing MCF-7 cell (K,L)
before (G,I,K) and after (H,J,L) treatment with hyaluronan
hexasaccharides (0.2 mg/ml, 2 hr). Single optical sections
are shown in A, B, and E–L, and vertical sections from com-
pressed image stacks are shown in C and D. The same cell
is represented in each pair of figures. Hyaluronan, red;
FM1-43 membrane marker, green (C,D); GFP-HAS3, green
(K–L); erythrocytes, green. Bar 5 10 mm.
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a hyaluronan coat display numerous microvilli (Bard
et al. 1983; Cohen et al. 2003), but the microvilli were
ignored as an important structural component of the
hyaluronan coat. Because the microvilli are highly sen-
sitive to routine fixation and poorly visible in phase
contrast microscopy, their importance for hyaluronan
coats were ignored for decades, and only application
of fluorescent probes on live cells allowed their role
to be recognized.

Receptor-bound Hyaluronan on Non-transfected Cells

High concentrations of purified hyaluronan hexasac-
charides or higher oligomers had no influence on the
layer of hyaluronan or the microvilli of GFP-HAS3–
transfected MCF-7 cells, indicating that interaction
with CD44 was not necessary for the coat formation
(Kultti et al. 2006). Instead, inhibition of hyaluronan
synthesis and treatment with hyaluronidase reduced
the size of the coat and the length of the protrusions,
indicating that hyaluronan chains under synthesis, still
attached to HAS, accounted for the hyaluronan layer
on the MCF-7 microvilli. The role of HAS activity
and HAS-associated hyaluronan in the coat formation
was supported by the positive correlation between the
rate of hyaluronan synthesis with the size of the coat.
The protrusions pointing upward were especially well
developed in cells with the highest hyaluronan synthesis.

Chondrocytes also presented microvilli, but they did
not get as close to the edge of the exclusion space, as
in other cells types, presumably because of the fact that
aggrecans produced by chondrocytes contribute to the
coat by their own exclusion volume and especially by
keeping hyaluronan in an extended conformation
(Knudson 1993; Lee et al. 1993; Knudson et al.
1996,1999). Unlike the GFP-HAS3–overexpressing
MCF-7 cells, chondrocytes responded to hexasaccha-
ride treatment with slightly reduced hyaluronan stain-
ing intensity and smaller erythrocyte exclusion area.
This indicates that CD44 or a similar receptor activity
on cell surface contributed to the coat, as reported pre-
viously (Knudson et al. 1996).

The exclusion space of mesothelial cells was partly
displaced by hexasaccharides. An earlier report also
found that the exclusion space of mesothelial cells is
influenced by oligosaccharides and that dodecasac-
charide size fragments cause the maximum decrease
(Heldin and Pertoft 1993). However, we found that a
part of the coat depends on HAS activity, because hyal-
uronan synthesis inhibition reduced the exclusion space.

Importance of the Coat

Mesothelial cells express numerous microvilli on the
apical surface in vivo (Mutsaers and Wilkosz 2007)
and secrete hyaluronan (Yung and Chan 2007), sug-

Figure 4 Plasma membrane protru-
sions (arrows) and the exclusion space
of different cells (A–C). Membranes
were labeled with FM1-43, and sedi-
menting erythrocytes show the exclu-
sion space in single optical sections
(A–C). Plasma membrane morphology
as a side view obtained from com-
pressed series of optical sections (D–
F). Human tumor stromal fibroblast
(A,D), bovine primary chondrocyte
(B,E), and rabbit aortic smooth muscle
cell (C,F) secreting ?305, 44, and
21 ng hyaluronan/10,000 cells/24 hr,
respectively (Table 1). Bar 5 10 mm.

Figure 5 Schematic models for the
hyaluronan coat. (A) A model in
which extended hyaluronan chains
(red), attached to plasma membrane
(green) by hyaluronan receptors or
hyaluronan synthases, account for
the whole thickness of the exclusion
space. (B) These data suggest a model
where plasma membrane protrusions
give a scaffold to the hyaluronan coat
that excludes erythrocytes (orange
ovals). The protrusions are supported
by hyaluronan on their surface. Blue
circles in the cell represent nucleus.
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gesting that these features represent important func-
tions of the cells that line the peritoneal, pleural, and
cardiac cavities. The glycocalyx of mesothelial cells
has been suggested to prevent abrasion, form a protec-
tive barrier around the cells (Mutsaers and Wilkosz
2007), and regulate inflammation (Yung and Chan
2007). In cancer cells, the hyaluronan-rich glycocalyx
may protect from lymphocyte-mediated cytolysis
(McBride and Bard 1979), and microvilli may mediate
multidrug resistance (Lange and Gartzke 2001).

The exclusion space is especially thick in mitotic and
migrating smooth muscle cells (Evanko et al. 1999)
and fibrosarcoma cells (McBride and Bard 1979), as
well as mesothelial cells (Heldin and Pertoft 1993)
and prostate cancer cells (Ricciardelli et al. 2007) and
has been shown to regulate migration and morphology
of these cells (Li and Heldin 2001). Faster migration is
also associated with the assembly on activated keratin-
ocytes of a hyaluronan glycocalyx, which is undetect-
able in the normal state (Pienimäki et al. 2001). The
glycocalyx has an important role in many cell func-
tions, such as hydration and osmotic balance, flow of
nutrients and growth factors, and cell adhesion to its
environment (Evanko et al. 2007).

We conclude that membrane protrusions are a typical
feature of cells with active hyaluronan synthesis and that
the protrusions can scaffold the hyaluronan coat ob-
served in cell cultures where small particles are allowed
to settle. Another conclusion is that studies on hyal-
uronan coat structure, dynamics, and composition
are best done in live cells. A challenging future task is
to establish the biological functions of these hyaluronan-
associated membrane protrusions in vivo.
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