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ABSTRACT Hyaluronan is a megadalton glycosaminoglycan composed of repeating units of D-N-acetylglucosamine-b�
D-Glucuronic acid. It is known to form a highly hydrated pericellular coat around chondrocytes, fibrosarcoma, and smooth
muscle cells. Using environmental scanning electron microscopy we detected fully hydrated hyaluronan pericellular coats
around rat chondrocytes (RCJ-P) and epithelial cells (A6). Hyaluronan mediates early adhesion of both chondrocytes and A6
cells to glass surfaces. We show that chondrocytes in suspension establish early ‘‘soft contacts’’ with the substrate through
a thick, hyaluronidase-sensitive coat (4.4 6 0.7mm). Freshly-attached cells drift under shear stress, leaving hyaluronan
‘‘footprints’’ on the surface. This suggests that chondrocytes are surrounded by a multilayer of entangled hyaluronan molecules.
In contrast, A6 cells have a 2.2 6 0.4-mm-thick hyaluronidase-sensitive coat, do not drift under shear stress, and remain firmly
anchored to the surface. We consider the possibility that in A6 cells single hyaluronan molecules, spanning the whole thickness
of the pericellular coat, mediate these tight contacts.

INTRODUCTION

Cell adhesion to the extracellular matrix (ECM) is a complex

multicomponent process, which is involved in the regulation

of cell motility, proliferation, differentiation, and survival.

Cell-ECM contact commonly occurs at specialized sites

such as focal adhesions where the interaction is mediated

via heterodimeric transmembrane adhesion receptors of the

integrin family (Geiger et al., 2001; Martin et al., 2002).

These molecules are directly associated, through their extra-

cellular domains, with specific ECM networks, and link them

to the actin cytoskeleton (Adams, 2001; Geiger et al., 2001).

The transmembrane interactions of integrins with F-actin are

mediated by complex networks of plaque proteins that

regulate both the assembly and stability of the contacts, and

the signaling processes.

Matrix adhesion is a multistage process, involving, in

addition to the integrin-mediated adhesion, an integrin-

independent cell-ECM interaction (Hanein et al., 1993,

1994, 1995; Zimmerman et al., 2002). Using a variety of

adhesive surfaces, it was shown that the early stages of

attachment of A6 cells (epithelial cells of Xenopus laevis) are
resistant to inhibition by RGD, the integrin-specific peptide,

and to cytoskeleton-disrupting drugs (Hanein et al., 1993,

1994). This early adhesion was shown to occur at a timescale

of seconds, and to be mediated by cell-surface hyaluronan

(Zimmerman et al., 2002).

Hyaluronan is a large linear glycosaminoglycan, with ty-

pical molecular mass of a few million Daltons (Toole, 2001),

composed of a repeating disaccharide of [D-N-acetylglucos-
amine-b�D-Glucuronic acid] (Lee and Spicer, 2000). Due

to the carboxyl group of the glucuronic acid, hyaluronan is

highly negatively charged at physiological pH, and behaves

in solution as a polyelectrolyte, forming a viscous gel. Dry,

surface-grafted hyaluronan layers can swell within a few

seconds, adsorbing water to 2.4-fold their initial thickness

(Mathe et al., 1999). The ability to adsorb large amounts of

water, combined with the repulsion between identically

charged groups, makes hyaluronan a good lubricant (Israel-

achvili and Wennerstrom, 1996; Tadmor et al., 2002).

Hyaluronan can either be secreted by the cells to the ECM

or associated with the plasma membrane. As an ECM

component hyaluronan is involved in mediating and modu-

lating cell adhesion as well as in maintaining osmotic ba-

lance and reducing friction in tissues such as the synovium,

vitreous humor, and cartilage (Toole, 2001). At the cell sur-

face it is known to comprise a pericellular coat, which can

be visualized as a hyaluronidase-sensitive area in particle-

exclusion assays. Due to intrinsic limitations of this approach

only substantial coats can be detected, such as in fibro-

sarcoma cells (McBride and Bard, 1979), chondrocytes (Lee

et al., 1993), and smooth muscle cells (Evanko et al., 1999).

The adhesion of A6 cells to the substrate was shown to be

drastically attenuated when the cells are treated with

hyaluronidase, which hydrolyzes hyaluronan by randomly

cleaving the b-N-acetyl-glucosamine-[1-4] glycosidic bonds

(Zimmerman et al., 2002). Addition of exogenous hyalur-

onan to the treated cells or to the substrate restores cell

adhesion, whereas addition of hyaluronan to both the cells

and the surface inhibits the adhesion (Zimmerman et al.,

2002). This indicates that hyaluronan can enhance or block

cell adhesion, depending on whether it is present on the cell

surface, on the substrate, or on both.

To understand the mechanism of ECM adhesion mediated

by cell-surface hyaluronan, it is important to establish the

physical properties, including the thickness, of this layer.

The major difficulty in visualizing a hyaluronan layer arises
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from its highly hydrated nature. Dehydration of such samples,

a mandatory step in conventional (non cryo-) electron

microscopy techniques, generates a distorted view of cell

surfaces, inevitably reducing a hydrated pericellular coat to

dispersed fibers. Indeed, the substantial pericellular coat of

human smooth muscle cells (Evanko et al., 1999), or of

fibrosarcoma cells, appears as a sparse fibrous matrix after

air-drying or freeze-drying, respectively (Bard et al., 1983).

Hyaluronan molecules are being simultaneously synthe-

sized and extruded through the cell membrane by a trans-

membranal glycosyltransferase, hyaluronan synthase. A

portion of these hyaluronan molecules remains anchored to

the hyaluronan synthase (Weigel et al., 1997), whereas the

rest are released from the cells and bind either to integral

membrane hyaluronan receptors, mainly CD44 (Bajorath,

2000), or to the ECM. It is not clear whether hyaluronan

molecules are attached to receptors on the membrane to form

a ‘‘de Gennes brush configuration’’ (de Gennes, 1987; Lee

et al., 1993; Toole, 2001), or rather form multilayered gels

where nonanchored hyaluronan molecules are entangled

with the receptor-grafted molecules.

The striking observation of hyaluronan-mediated adhesion

of A6 cells to various surfaces (Hanein et al., 1993, 1994,

1995; Zimmerman et al., 2002) raises the question of the

generality of this phenomenon to other cell types and of the

ability of a thick hyaluronan pericellular coat, such as that

surrounding chondrocytes, to mediate cell-substrate adhe-

sion (Lee et al., 1993).

In this study we visualized the cell-bound hyaluronan of

RCJ-P rat chondrocytes and A6 Xenopus epithelial cells,

using an environmental scanning electron microscope

(ESEM) (Danilatos, 1991) and a particle exclusion assay

based on 3D reconstruction from fluorescence microscopy.

This examination revealed a thick coat around both cells. We

further found that the initial adhesion of rat chondrocytes to

glass surfaces is hyaluronan mediated, as is that of A6 cells.

The mechanical properties of these early cell adhesions

suggest that, whereas in chondrocytes hyaluronan forms thick

entangled multilayers, in A6 cells the interaction is mediated

by hyaluronan molecules attached directly to the membrane.

MATERIALS AND METHODS

Cell culture

RCJ-P chondrocytes (rat chondrocytes from fetal calvaria, batch 15.01.98;

Prochon Biotech, Rehovot, Israel) were cultured at 378C in humidified

atmosphere of 5% CO2 in air in a-minimum essential medium (Biological

Services, The Weizmann Institute) supplemented with 15% fetal calf serum

(Biolab Ltd., Jerusalem, Israel).

A6 cells (kidney epithelial cells from Xenopus laevis, ATCC.CCL 102)

were cultured at 278C in humidified atmosphere of 5% CO2 in air in

Dulbecco’s minimum essential medium (Biological Services, The Weiz-

mann Institute) diluted to 85% with water and supplemented with 10% fetal

calf serum (Biolab Ltd.).

Glass coverslips, used for cell culturing, were coated with serum by

incubation for 3–16 h with 10% fetal calf serum (Biolab Ltd.).

Cell treatment with hyaluronidase

Cells were suspended using trypsin-EDTA (Biological Services, The

Weizmann Institute), centrifuged, and resuspended in serum-free medium.

Hyaluronidase (hyaluronidase type IV-S frombovine testes, Sigma, St. Louis,

MO)was added to the suspended cells to a final concentration of 500 units/ml.

Incubationwas performed at 378C for RCJ-P cells. A6 cells were incubated at

378C for the flow experiments and at 278C for the ESEM experiments. After

treatment, the cells were centrifuged, and washed three times with serum-

containing medium to remove residual enzyme and hyaluronan fragments.

Cells were then resuspended in serum-containing medium.

Sample preparation for conventional (dry)
scanning electron microscopy

Cells were suspended using trypsin-EDTA, centrifuged, and gently

resuspended in serum-containing medium. They were then seeded on glass

coverslips and incubated for 25 min at 378C (RCJ-P) or 10 min at 278C (A6).

Fixation was performed with 2% glutaraldehyde in 0.1 M cacodylate buffer,

5 mM CaCl2, pH 7.2, for 30 min, followed by three rinses (5 min each) with

0.1 M cacodylate buffer. The cells were postfixated for 1 h with 1% osmium

tetraoxide in the same buffer. The coverslips were then rinsed, dehydrated

with ethanol, and critical point dried with CO2 (Pelco CPD2, Ted Pella,

Redding, CA). The samples were sputter-coated with thin film of the order of

10 nm of gold-palladium (S 150, BOC Edwards, Sussex, UK) and examined

in the environmental scanning electron microscope, XL 30 ESEM FEG

(Philips/FEI, Eindhorn, Netherlands) operated at 10 kV using high vacuum

mode.

Preparation of hydrated sample for
environmental scanning electron microscopy

Suspended cells were centrifuged, washed, and fixed with 2% glutaralde-

hyde in 0.1 M cacodylate buffer, 5 mM CaCl2, pH 7.2, for 30 min. After

rinsing with 0.1 M cacodylate buffer for 5 min, and three times with water (5

min each), the cells were incubated for 45 min with 2% uranyl acetate in

water at pH 3.5, washed, resuspended in water, and seeded on serum-coated

glass coverslips at 48C for 16 h. For osmium tetraoxide labeling, the fixed

cells were rinsed with 0.1 M cacodylate buffer instead of water, and

incubated for 45 min with 1% osmium tetraoxide in the same buffer. Finally

the cells were washed twice with water and seeded on serum-coated

coverslips. The samples were examined in the environmental scanning

electron microscope, XL 30 ESEM FEG (Philips/FEI) at 10 kV, using wet

mode at 58C, 6.4 Torr (867 Pascal), 7.8 mm working distance.

Particle exclusion assay

SuspendedRCJ-P cells were centrifuged, washed, and resuspended in serum-

containingmedium. They were then seeded in 35-mm tissue culture plates on

serum-coated coverslips and incubated for 25 min at 378C. The cells were

washed and fixed with 2% glutaraldehyde in 0.1 M cacodylate buffer, 5 mM

CaCl2, pH7.2, for 30min. Theywere then rinsedwith 0.1Mcacodylate buffer

for 5 min, and three times with water for 5 min each. The cells were stained

with CY3 reactive dye (#Q13008, Biological Detection Systems, Pittsburgh,

PA) in PBS for 3 min, and washed with water to remove excess dye. FITC-

labeled 0.4-mm silica beads (kindly provided by Prof. S. Margel, Bar Ilan

University, Ramat Gan, Israel) were added to the plate so that the cells were

completely immersed in beads. Micrographs were taken with a digital

microscope system (DeltaVision, Applied Precision, Inc., Issaqua, WA) as

previously described (Zamir et al., 1999). Image acquisition and processing

were performed with Resolve3D and Priism programs (Zamir et al., 1999).

For 3D imaging, a series of z-sections were taken at 0.5-mm intervals.

The images were reconstructed with the full deconvolution-based imaging of

the Priism software.
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Cells under shear flow

Suspended RCJ-P cells were centrifuged, washed, and resuspended in

serum-containing medium. They were seeded on 35-mm serum-coated glass

coverslips (Marienfeld, Bad Mergentheim, Germany), and incubated for

25 min at 378C. The cells were then placed in a parallel plate flow cham-

ber (GlycoTech, Rockville, MD) at 378C, and subjected to flow, exerting a

shear stress of 6.5 dyne/cm2, applied for three minutes by peristaltic

pump (Minipuls3, Gilson, Middleton, WI). Time-lapse movies were taken

with DeltaVision digital microscope at 2-s intervals.

A6 cells were treated in the same manner, except that uncoated glass

coverslips (batch by special order Marienfeld, Bad Mergentheim, Germany)

were used. Cells were incubated for 5 min at 278C before application of the

flow.

Hyaluronan ‘‘footprint’’ labeling

Cells were exposed to flow for 3 min, as described above, then fixed for 20

min with 3% paraformaldehyde in phosphate-buffered saline (PBS)

(Biological Services, The Weizmann Institute). The cells were washed

three times with PBS, 10 min each, then incubated for 2 h at 378C with 1:100

biotinylated hyaluronic acid binding protein (bHABP, 0.5 mg/ml,

Seikagaku, Japan). They were then washed three times with PBS, for 15

min each, incubated with 1:200 CY3-conjugated streptavidin (1.8 mg/ml,

ENCO, Petach Tiqva, Israel) for 30 min at 378C, and washed again.

Micrographs were taken with the DeltaVision digital microscope.

RESULTS

Visualization of cell-associated hyaluronan
layers using the ESEM

The introduction of the ESEM has revolutionized the

observation of biological samples by scanning electron

microscopy by enabling direct examination of biological

specimens in an aqueous environment. The microscope is

designed to operate in atmosphere containing water at

a pressure of up to 10 Torr (1333 Pascal). Thus, samples can

be imaged in a humid environment in equilibrium with liquid

H2O and/or with water vapor. These features are particularly

critical for examination of hydrated gels, which undergo

radical and irreversible changes upon dehydration. Our pri-

mary reference cells for studying the pericellular coat by

ESEM were chondrocytes (RCJ-P) whose pericellular coat

was reported to be in the range of severalmm thick (Lee et al.,

1993). Various approaches were undertaken to visualize

the pericellular coat, including conventional fixation with

glutaraldehyde followed by treatment with osmium tetra-

oxide. All these treatments failed to reveal cell-associated

material outside the plasma membrane (see below). Finally,

treatment with uranyl acetate was attempted, with the idea

that the heavy uranyl ions UO2
21 would bind to the

negatively charged hyaluronan and concomitantly favor its

visualization. Indeed, examination of fixed RCJ-P cells

deposited on glass coverslips from suspension and incubated

with 2% uranyl acetate at pH 3.5 revealed a 4.4 6 0.7-mm-

wide, sharply defined halo around the cells (Fig. 1 a). A6
epithelial cells subjected to the same treatment were

surrounded by a 2.2 6 0.4-mm-thick halo (Fig. 1 b).

Both RCJ-P and A6 cells treated with hyaluronidase to

remove cell-bound hyaluronan (before fixation) and then

incubated with uranyl acetate, did not display a halo when

examined with ESEM (Fig. 1, c and d), supporting the notion
that this halo indeed represents a hyaluronan-based peri-

cellular coat.

The hyaluronan coat alone (i.e., without staining with

uranyl acetate) is completely transparent to the electron

beam, and thus no halo is visible around unstained cells (Fig.

1, e and f ). The uranyl-labeled hyaluronan halo appears,

however, to be semitransparent to electrons; the image of the

cell membrane obtained through the labeled coat appears

uniformly blurred, although the depth of field is well above

the cell thickness (Fig. 1, a and b). In contrast, hyaluron-

idase-treated cells and cells that were not incubated with

uranyl acetate display sharp borders (Fig. 1, c–f ).
Critical point drying of RCJ-P cells results in the

disappearance of the hyaluronan gel from the cell surface

and exposure of the underlying microvilli (Fig. 1 g). The
surface texture of A6 cells is quite different, being dominated

by broad lamellae and membrane folds (Fig. 1 h). As

expected, the surface-bound gel is not retained upon de-

hydration.

The ESEM also makes it possible to monitor the de-

hydration of the hyaluronan coat upon reduction of pres-

sure in the ESEM chamber (Fig. 2). Chondrocytes (RCJ-P)

were fixed and labeled with 2% uranyl acetate, pH 5.0, as

described above, and examined by the ESEM (Fig. 2 a).
Gradual reduction in pressure resulted in slow evaporation

of the gel-retained water and, consequently, dehydration of

the gel (Fig. 2 b). The dehydration resulted in shrinkage of

the cells to 80% of their original projected area, and

disappearance of the gel. Traces of uranyl acetate remain

associated with the matrix at pH 5.0, thus marking the area

that was associated with hyaluronan before dehydration (see

below) (Fig. 2 b).
Binding of uranyl ions to the hyaluronan coat of

chondrocytes is highly pH-dependent. Cells incubated with

uranyl acetate at pH 3.1 (Fig. 3 a) or at pH 4.3 (Fig. 3 c) were
positively labeled, but the signal was not as strong as at pH

3.5 (Fig. 3 b). At pH 5.0 uranyl acetate stains the hyaluronan

gel, but tends to precipitate within the fixed gel because of

reduced solubility (Fig. 3 d ). Chondrocytes were also in-

cubated with uranyl acetate oxalate at pH 7.0, the rationale

being that at this pH hyaluronan should be fully negatively

charged and thus maximally bind the uranyl cations. No

staining of the gel was detected under these conditions,

however (Fig. 3 e), probably because the solubility of uranyl
acetate at this pH is too low.

The standard procedure for preparing samples for

scanning electron microscopy includes postfixation with

osmium tetraoxide (OsO4), which particularly binds to lipids

in the cell membrane. Such fixation enhanced the contour of

the cell body, but did not highlight the cell-bound

hyaluronan gel (Fig. 3 f ).
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3D visualization of the pericellular hyaluronan
coat of chondrocytes by particle exclusion assay

The ESEM images of fixed chondrocytes (RCJ-P) and

epithelial cells (A6) directly deposited from suspension

showed that these cells are surrounded by a several-mm-thick

layer of hyaluronan. ESEM cannot, however, provide direct

information on the thickness of the coat in the vertical

dimension, on the apical cell surface. In other words, the

cells may be entirely coated by hyaluronan or, alternatively,

the hyaluronan coat may have ‘‘oozed’’ from the cell surface

to the nearby glass surface, at least in part. To better evaluate

the thickness of the coat in the vertical dimension, a particle

exclusion assay based on fluorescence was employed.

Chondrocytes were allowed to adhere to glass coverslips

for 25 min before fixation under the same conditions used

for the ESEM. The cells were then directly labeled with

tetramethyl rhodamine iso-thiocyanate (red). After gentle

washing, the cells were incubated with a large excess of

FITC-labeled 0.4-mm silica beads (green), such that they

were completely immersed in beads, yet the beads would be

excluded from the viscous zone of pericellular gel. Serial

optical sections 0.5 mm apart in depth were recorded using

the digital DeltaVision microscope, which can generate 3D

images by deconvolution-based 3D image reconstruction. A

top view of such sections confirms that a 5- to 6-mm zone

from which beads are excluded surrounds untreated chon-

drocytes (dark area in Fig. 4 a and Movie 1 a, Supplemen-

tary Material), whereas the beads can access the surface of

FIGURE 1 Visualization of hydrated pericellular coats

using the environmental scanning electron microscope.

Chondrocytes (RCJ-P: a, c, e, g) and epithelial cells (A6: b,

d, f, h) examined in the ESEM. (a and b) Untreated cells,

labeled with uranyl ions; (c and d ) hyaluronidase-treated

cells; (e and f ) untreated cells, not labeled with uranyl ions;
(g and h) critical point dried cells. The cells were labeled

with uranyl acetate at pH 3.5 after fixation; the uranyl ions

bind to hyaluronan, resulting in visualization of a 4.4 6
0.7-mm-thick halo around RCJ-P cells (a) and a 2.26 0.4-

mm-thick halo around A6 cells (b). Arrows indicate the

gel, dashed arrows indicate water droplets in equilibrium

with the wet environment. The cell membrane looks

blurred through the gel (a, arrowhead ). Hyaluronidase-

treated cells are not surrounded by halos, and their borders

are well defined (c, d, arrowhead ). In cells that were not

incubated with uranyl acetate (e and f ) and in critical point
dried cells (e and f ), no gel is detected.
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hyaluronidase treated cells (Fig. 4 b and Movie 1 b, Sup-
plementary Material). The deconvoluted and reconstructed

image shows an exclusion area, 1.2 mm thick, above the

cells (Fig. 4 c and Movie 1 c, Supplementary Material; see

figure legend for further technical details). Again, hy-

aluronidase-treated cells have no excluded volume around

them (Fig. 4 d and Movie 1 d, Supplementary Material).

These data confirm that the hyaluronan coat indeed

surrounds the entire cell, including the apical aspect, where

its thickness is[1 mm. The reduced thickness of the gel in

the upper part of the cell may be due to the 25-min

incubation of the cells before observation, which allows

them to undergo at least partial spreading. It was unfor-

tunately impossible to visualize cells directly deposited from

suspension, because they are not well anchored on the glass,

thus preventing imaging of a z-series.

The role of the hyaluronan coat in regulating
the mechanical properties of early adhesions
of chondrocytes

We have previously demonstrated that hyaluronan mediates

and modulates matrix adhesion of A6 epithelial cells to

a variety of surfaces (Zimmerman et al., 2002). To assess

whether early adhesion of chondrocytes is also hyaluronan

mediated, and to test the mechanical properties of the

hyaluronan-mediated early cell adhesions, suspended RCJ-P

cells were allowed to adhere for 25 min to serum-coated

glass (Fig. 5 c). The cells were then subjected to a continuous
flow of medium, which applies to them a constant shear force

of 6.5 dyne/cm2. Cells before and during the application of

force were recorded by time-lapse video microscopy (Fig.

5 d and Movie 2 a, Supplementary Material). Comparison of

the number of untreated cells before and after application of

FIGURE 2 The hyaluronan coat disap-

pears upon dehydration. Chondrocytes

were labeled with uranyl acetate, pH 5.0,

after fixation and examined in the ESEM.

(a) At 6.4 Torr (853 Pascal), the dew

point, the pericellular coat is visible

around the cells (arrow). (b) Gradual

reduction of the pressure to 5.4 Torr (720

Pascal) resulted in dehydration and dis-

appearance of the gel. Arrowheads in-

dicate residual traces of uranyl acetate.

FIGURE 3 The mode of binding uranyl ions to the hyaluronan coat of chondrocytes is pH dependent. Chondrocytes were labeled with uranyl acetate at pH

3.1 (a), 3.5 (b), 4.3 (c), 5.0 (d ), with uranyl acetate oxalate at pH 7.0 (e), or with osmium tetraoxide ( f ). Cells labeled with uranyl acetate at pH 3.1 or 4.3 (a and

c) were weakly labeled, whereas at pH 3.5 the labeling was strong (b). At pH 5.0 uranyl acetate stained the gel but precipitated inside the fixed gel (d, arrows).
No staining of the gel was detected when cells were stained with uranyl acetate oxalate at pH 7.0 (e), or with osmium tetraoxide ( f ).
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flow shows that;80% of the cells remained firmly attached.

In contrast, hyaluronidase-treated cells, lacking the hyalur-

onan coat, did not bind to the surface, and were thus instantly

removed by the flow (Fig. 5, compare a to b and Movie 2 b,
Supplementary Material). Only;1.5% of the hyaluronidase-

treated cells remained attached. We conclude that the early

stages of chondrocyte adhesion are hyaluronan mediated.

Given the thickness of the hyaluronan coat surrounding

cells such as chondrocytes, it is conceivable that the first

interactions between the cells and the matrix are mediated by

a relatively soft and viscous gel. To determine the mechanical

properties of this adhesion, cells were exposed to a constant

flow 25 min after seeding, and their forced translocation was

recorded by time-lapse phase microscopy at 30 images/min.

Examination of these movies showed that many of the at-

tached untreated cells passively drifted in the general

direction of flow before detaching from the surface. Tracking

of themoving cells pointed to an average translocation of 55.5

6 31.6 mm (range: 20.1–130.3 mm), at an average speed of

2.3 6 1.6 mm/sec (range: 0.7–3.9 mm/sec). Individual

‘‘translocation tracks’’ can be visualized by comparing

images taken at different time points, as in Fig. 5 d9 and
d9119. Both are magnifications of the marked area in Fig. 5

d taken at a 60-s interval. In Fig. 5 d9119 the pathway of each
cell was reconstructed from the 30 time-lapse images in

between. This behavior of passive translocation under flow is

most probably due to rolling or sliding of the cells on a

hyaluronan ‘‘cushion,’’ as the distance covered is too large to

be associated with cells anchored through integrin-mediated

adhesions.

Considering its thickness, it is conceivable that the

pericellular coat of chondrocytes comprises a multiple layer

of entangled hyaluronan molecules. It is thus possible that

cells, passively translocating under flow, will leave behind

surface-bound hyaluronan footprints. To examine such

possibility, chondrocytes were subjected to flow as described

above, then fixed and incubated with biotinylated hyaluronan

binding proteins (bHABP), followed by streptavidin-CY3.

Fluorescence microscopy examination of these specimens

revealed tracks of hyaluronan, generally located upstream to

the cells (Fig. 6). Additional patches of hyaluronan were

scattered on the surface, probably marking sites where cells

had drifted and detached (data not shown). The average length

of these hyaluronan ‘‘footprints’’ was 71.86 21.3 mm (rang-

ing from 28 to 105 mm). The larger ‘‘footprints’’ were left by

groups of more than one cell, thus the ‘‘footprints’’

correspond in their size to the drifting distance of cells under

flow. In contrast to untreated cells, hyaluronidase-treated cells

readily detach, and do not drift when subjected to flow.

A6 cells were subjected to the same procedure described

above for chondrocytes, except that the time of incubation

before application of flow was reduced to 5 min. Upon

application of flow,;80% of the cells remain attached to the

glass. In contrast to chondrocytes, these cells do not drift but

occasionally vibrate around their attachment centers with

maximal dislocations of the order of mm. Even upon ap-

plication of maximal flow rate, equivalent to a force of 61.8

dynes/cm2, essentially all the cells remained anchored to the

glass. Posttreatment of the glass with hyaluronan binding

protein does not reveal any traces of hyaluronan. After

hyaluronidase treatment,\45% of the cells remain attached

to the glass, confirming that their attachment is hyaluronan

mediated.

The behavior of A6 cells indicates that the hyaluronan coat

is not displaceable by application of shear force. Alterna-

tively, these cells may rapidly switch from hyaluronan-

mediated adhesion to receptor-mediated attachment. We

consider the possibility that in A6 cells single hyaluronan

molecules span the whole thickness of the coat as a brush

emanating directly from attachment sites on the membrane.

DISCUSSION

In this study we have addressed the involvement of the

pericellular hyaluronan coat in the adhesion of cells to

FIGURE 4 3D reconstruction of the pericellular hyalur-

onan coat by particle exclusion assay. (a and b) Fluo-

rescence micrographs of rhodamine-labeled chondrocytes

immersed in medium containing FITC-labeled silica

beads. Cells were allowed to adhere to glass coverslips

for 25 min before fixation, and labeled with tetramethyl

rhodamine isothiocyanate (red). They were then incubated

with FITC-labeled 0.4-mm silica beads (green). Micro-

graphs were taken with a digital microscope (DeltaVision)

able to generate 3D images by image reconstruction from

a series of z-sections at 0.5-mm resolution. The excluded

volume is dark. Untreated cells have 5- to 6-mm wide

excluded zone around them (a), whereas beads reach up to

the surface of hyaluronidase treated cells (b). (c and d )

Deconvoluted and reconstituted images along the z axes. Untreated cells (c) have a 1.2-mm excluded zone also on the apical region, whereas hyaluronidase-

treated cells (d ) have no excluded volume. We note that imaging from oil into water reduces the height of the sample by a factor equal to the ratio of refractive

index between oil and water. In addition, imaging with an oil objective deep into a water sample introduces depth dependent aberration. This, for 10mm depth,

may reach up to at least half the resolution of the objective (Kam et al., 1997). Everything considered, the excluded volume in the apical region may reach up to

;2-mm thickness. The beads appear as segments because of Brownian motion. Scale bar, 5 mm.
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external surfaces. Hyaluronan and its receptors, primarily

CD44, are involved in many cellular processes, among them

cell adhesion, motility, proliferation, and signaling (Borland

et al., 1998; Toole, 2001). However, unlike the ‘‘conven-

tional’’ ligand-receptor setting, many cells, such as chon-

drocytes, are surrounded by a thick hyaluronan layer whose

properties, as well as its mode of interaction with the plasma

membrane, can affect the adhesive process (McBride and

Bard, 1979; Lee et al., 1993; Evanko et al., 1999). The first

objective of the present study was to visualize and to

determine the physical properties of the cell-associated

hyaluronan. Performing ESEM on uranyl acetate stained

cells, we have visualized a well defined, homogeneous, 4.4

6 0.7-mm-thick, hydrated, hyaluronidase-sensitive coat

around chondrocytes (RCJ-P) in suspension and a 2.2 6
0.4-mm-thick coat around epithelial cells (A6).

Our results support the notion that hyaluronan surrounds

both chondrocytes and epithelial cells as a gel phase, the

exact concentration of which is yet to be determined.

Although the external borders of the hyaluronan gel

surrounding individual cells are sharply defined, the coats

of cells grouped together merge, forming one uniform layer

around and between them (Fig. 3). The pericellular coat

appears to be homogeneous and partially transparent to

electrons, with sharp and defined borders, whereas the cell

membrane appears blurred (Fig. 1). These features are in-

terpretable within the framework of the experimental tech-

nique used. The hyaluronan coat becomes visible when

the liquid water around the cells is gradually removed by

evaporation. If single hyaluronan molecules sprout sparsely

from the gel layer at its boundary, the water surface ten-

sion will force them to condense at the interface upon

evaporation. As a result, hyaluronan coat borders appear

sharp.

The image in wet-mode ESEM is acquired with a gas

(GSE) detector, which exploits the water molecules

saturating the microscope chamber to amplify the signal of

the secondary electrons emitted by the sample. In our

experimental set up, the uranyl ions introduced in the

pericellular coat are used as particularly efficient stimulation

FIGURE 5 Hyaluronan-mediated ad-

hesion: the role of hyaluronan in early

adhesion and its resistance to shear

stress. Chondrocytes (RCJ-P) were

allowed to adhere to serum-coated glass

for 25 min, then washed with a contin-

uous flow of medium which exerted

shear force of 6.5 dyne/cm2. Cell

movement was recorded by a time-

lapse phase microscope. (a and c) Cells

before applying flow; (b and d ) cells 2 s
within the flow. (a and b) Hyaluroni-

dase treated cells. (c) and (d ) Untreated

cells. The arrows indicate the flow

direction. Hyaluronidase-treated cells

washed away immediately after apply-

ing the flow (compare a to b). In

contrast, untreated cells remained at-

tached to the surface (compare c to d )
and moved 43.10 6 10.79 mm before

detaching from the surface. (d9) En-

largement of the area marked with

a dashed line in d. (d91 19) The same

frame as in d9, 60 s later. The circles

mark the original position of seven

selected cells; the crosses mark the cell

position at 4-s intervals; the triangles

mark the detachment position; the lines

mark the cell paths. Cells 1, 5, and 6

moved 37.57–41.71 mm at the speed of

3.13–3.48 mm/s before detaching from

the surface. Cells 2 and 4 traveled

longer (66.12–82.10 mm) but slower

(1.10–1.47 mm/s) and did not detach

within 60 s of flow. Cell 3 started to

move only 36 s after applying the flow,

covering 13.46 mm, and remained

attached to the surface. Cell 7 did not

move but detached 2 s after applying

flow. Scale bar, 50 mm.
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of secondary electron emission. As the secondary electron

emission is amplified in the pericellular coat, the emission

due to the electrons back scattered from the membrane will

be also amplified. This will result in a blurred image. In ag-

reement with this interpretation, when the pericellular coat is

removed, or in the absence of uranyl acetate treatment,

a sharp image of the cell border is obtained (Fig. 1, c and d).
In agreement with the polyelectrolyte properties of the

hyaluronan gel, the thickness of the pericellular coat is

sensitive to pH (Fig. 2). Surprisingly, at pH 4.3 the hyalu-

ronan coat appeared thinner and less intense than at pH

3.5. Many variables could be affected by the pH and result in

reduction of the coat apparent density and size. One such

variable is the uranyl ion solubility, which may affect its

ability to bind hyaluronan at higher pH. We can furthermore

envisage that at higher pH hyaluronan chains may be less

entangled because of repulsion between like charges. Hy-

aluronan molecules that are not directly bound to the mem-

brane receptors may consequently be washed away during

sample preparation resulting in a thinner and less dense

coat. This suggestion is supported by the proven trail of hy-

aluronan shed by the cells drifting in a flow, after contact

with the substrate has been established.

Finally, in the particle exclusion assay the 0.4-mm silica

beads do not penetrate the hyaluronan layer, and the

pericellular coat is stable enough to form a few mm-thick

layer in the vertical dimension (Fig. 4). We note here that, as

hyaluronan is not likely to be affected by glutaraldehyde

fixation, cross-linking of hyaluronan-bound proteoglycans

(Lee et al., 1993; Evanko et al., 1999; Knudson and

Knudson, 2001; Kiani et al., 2002) may contribute to the

rigidity of the fixed coat.

All the above evidence is consistent with the pericellular

coat being in a gel phase. It is mandatory at this point, to

compare the results obtained here with what is known about

the physical properties and structure of hyaluronan in vitro

and in the extracellular matrix. Hyaluronan forms three-

dimensional hydrated gels in vitro. The thickness of surface-

grafted hyaluronan as measured by imaging ellipsometry

under humid atmosphere (Mathe et al., 1999) is within the

range of 100 nm, which corresponds to 200-nm radius of

gyration (Laurent, 1987). As expected from polyelectrolyte

gels, the layer thickness is sensitive to salt concentration

(Albersdorfer and Sackmann, 1999).

The hyaluronan polymer usually consists of 2000–20,000

disaccharides, with a molecular weight range of several

million Daltons, depending on the tissue source (Toole,

2001). Concentrated (1 mg/ml) hyaluronan solutions form

networks when carefully dried on mica or graphite

(Jacoboni et al., 1999). Diluted solutions (1–5 mg/ml) of

hyaluronan molecules of 4.2 3 106 Da, visualized with the

atomic force microscope, showed separated hairpin-shaped

molecules with a typical length of 6–7 mm (Cowman et al.,

1998). High molecular weight hyaluronan was suggested to

form a three-dimensional network of antiparallel hyalur-

onan ribbons, stabilized by specific hydrogen bonds

between acetamido NH moieties and carboxylate groups

on neighboring chains, and by hydrophobic interactions

between the sugar aliphatic moieties (CH) (Hadler et al.,

1982; Scott, 1992; Scott and Heatley, 1999, 2002). These

interactions are proposed to be responsible for the gel-like

characteristics of hyaluronan. The pericellular coat of

eukaryotic cells contains, besides hyaluronan, also other

proteins, among them proteoglycans such as aggrecan (Lee

et al., 1993; Knudson and Knudson, 2001; Kiani et al.,

2002) and versican (Evanko et al., 1999), which interact

with hyaluronan. These can cross-link neighboring hyalur-

onan molecules, contributing to the stability of the

hyaluronan-based gels around cells. The hyaluronan

viscoelastic properties are extremely affected by the

presence of those proteoglycans. Hyaluronan solutions

from bacterial sources, which lack the hyaluronan binding

proteoglycans, are viscoelastic liquids with a concentration-

dependent viscosity typical of polyelectrolytes with excess

salt rather than of gels (Gribbon et al., 2000; Krause et al.,

2001).

FIGURE 6 Hyaluronan ‘‘footprints’’ of chondrocytes are left after

application of shear stress. Chondrocytes were treated with flow as

described in Fig. 5, then fixed and incubated with biotinylated

hyaluronan binding proteins followed by incubation with strepavidin-

CY3. Tracks of hyaluronan are visible upstream to the cells. Cell with

hyaluronan ‘‘footprints’’ of 75 mm. The arrow marks the flow direction.

Scale bar, 10 mm.
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The thickness of the hyaluronan layer observed around

chondrocytes in this study is much larger than the expected

molecular radius of gyration. It is thus conceivable that

extended hyaluronan molecules anchored to membrane

receptors project out from the membrane, forming thick

brushes, when supported by a high density of receptors

on the membrane. We note that the observed thickness is

a moderate estimate, as hyaluronan layers progressively

shrink with decreasing environment humidity (Mathe et al.,

1999). We are currently testing the dimensions of the

hyaluronan gel in cells completely immersed in water, using

a novel approach (Thiberge et al., 2002).

The physical properties of the pericellular hyaluronan coat

have a major impact on the interaction of cells with external

surfaces. Due to its thickness, which is several orders of

magnitude above the size of typical membrane proteins, the

pericellular coat is most likely the first cellular component

that encounters the matrix during the attachment process

(Zimmerman et al., 2002). The properties of hyaluronan-

mediated adhesion are thus strongly affected by the coat

properties. Under shear stress of 6.5 dyne/cm2 chondrocytes

drifted on the matrix leaving trails of hyaluronan ‘‘foot-

prints’’ (Fig. 6). Thus the thick chondrocyte pericellular coat

can be stretched and peeled off the cell, at least in part.

Assuming that the hyaluronan chains are not pulled off

the receptor by these forces, this is consistent with the

hyaluronan molecules being entangled in multiple layers. In

contrast to chondrocytes, A6 cells, under a similar shear

stress, remained anchored to the matrix. Their motions are

limited to vibrations and oscillations around a fixed site,

suggesting the model of suspended spheres anchored to the

substrate through a mash of long tethers. This behavior is

consistent with hyaluronan molecules being attached to A6

cells in a ‘‘brush’’ configuration, where each hyaluronan

molecule is directly attached to a receptor in the membrane.

The early, hyaluronan-mediated adhesion sets the stage

for the establishment of receptor-mediated interactions bet-

ween members of the integrin family and corresponding

ECMproteins such as fibronectin or vitronectin (Geiger et al.,

2001; Martin et al., 2002). There are various possible

scenarios for this transition: Cells can extend long dynamic

membrane projections (e.g., filopodia) that may protrude

beyond the hyaluronan coat, forming a direct membrane

contact. Chondrocytes, for example, contain microvilli,

ranging in length from 1.14 to 2.84 mm (mean length: 1.76

6 0.49 mm), based on transmission electron microscope and

SEM measurements (data not shown). The chondrocyte

hyaluronan coat is within the range of 3–5.6 mm (average 4.4

6 0.7 mm, from ESEM measurements). The coat thickness

was measured on chondrocytes that underwent fixation while

in suspension. Considering the surface properties and the

contribution to the pericellular coat rigidity of hyaluronan-

bound proteoglycan cross-linking, we can assume that the

measured coat dimensions are representative of those in live

chondrocytes. The microvilli are thus hidden within the

hyaluronan coat; the latter may shrink upon interaction with

the matrix, exposing the microvilli, ready to interact with

the matrix and promote inegrin-mediated adhesion. It is

noteworthy that the microvilli were not detectable in the wet

ESEM, suggesting that they either do not protrude beyond

the border of the gel, or collapse during the observation.

An alternative scenario for the transition between

hyaluronan-mediated and integrin-mediated adhesion is that

the hyaluronan coat may be locally removed, exposing the

integrins to the matrix. Removal of the hyaluronan coat

could be achieved by lateral diffusion of hyaluronan re-

ceptors, by local degradation, by internalization of hyalur-

onan via the CD44 receptor (Knudson et al., 2002), or by

local change of pH or ion concentration, which may lead to

hyaluronan shrinkage (Albersdorfer and Sackmann, 1999).

Being hydrated, the pericellular coat provides a stable

osmotic environment, thus buffering small instabilities.

When chondrocytes were dried in the ESEM chamber by

reducing the vapor pressure, the pericellular coat responded

to the reduction in pressure with a delay of 10–15 min,

whereas water droplets disappeared almost instantaneously.

This is reminiscent of the behavior of hyaluronan in

cartilage, synovial fluid, and the extracellular matrix, where

it has the role of preserving tissue hydration and swelling by

maintaining the osmotic pressure (Israelachvili and Wenner-

strom, 1996; Knudson and Knudson, 2001; Toole, 2001).

Finally, the concept of cells being surrounded by a several-

mm-thick pericellular coat with the properties of a gel is not

to be considered lightly. It implies that every interaction

with the environment around the cells, soluble or insoluble,

will be affected by the presence of such layer that any

component, be it signaling molecules, proteolytic enzymes,

metabolites, nutrients, or drugs, need to penetrate to reach

the cell membrane.

SUPPLEMENTARY MATERIAL
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