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Abstract
Hyaluronan is a multifunctional glycosaminoglycan that forms the structural basis of the pericellular
matrix. Hyaluronan is extruded directly through the plasma membrane by one of three hyaluronan
synthases and anchored to the cell surface by the synthase or cell surface receptors such as CD44 or
RHAMM. Aggregating proteoglycans and other hyaluronan-binding proteins, contribute to the
material and biological properties of the matrix and regulate cell and tissue function. The pericellular
matrix plays multiple complex roles in cell adhesion/de-adhesion, and cell shape changes associated
with proliferation and locomotion. Time-lapse studies show that pericellular matrix formation
facilitates cell detachment and mitotic cell rounding. Hyaluronan crosslinking occurs through various
proteins, such as tenascin, TSG-6, inter-alpha-trypsin inhibitor, pentraxin and TSP-1. This creates
higher order levels of structured hyaluronan that may regulate inflammation and other biological
processes. Microvillous or filopodial membrane protrusions are created by active hyaluronan
synthesis, and form the scaffold of hyaluronan coats in certain cells. The importance of the
pericellular matrix in cellular mechanotransduction and the response to mechanical strain are also
discussed.
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Introduction
Hyaluronan, or hyaluronic acid, is a multifunctional glycosaminoglycan that forms the basis
of the pericellular matrix. Hyaluronan is a linear polymer composed of repeating disaccharides
of glucuronic acid and N-acetylglucosamine [−β (1,4)-GlcUA-β (1,3)-GlcNAc-]n, and is
synthesized by 3 different but related hyaluronan synthases, HAS1, HAS2 and HAS3 [1,2].
These are enzymes with multiple transmembrane domains that synthesize hyaluronan at the
inner surface of the plasma membrane. During synthesis, the growing polymer chain is
extruded through the membrane into the pericellular space. This is in contrast to the mode of
synthesis of other glycosaminoglycans, which are made and covalently linked to core proteins
in the Golgi apparatus to make a proteoglycan, and secreted by normal exocytotic mechanisms.
Hyaluronan chains can be anchored to the cell surface via the synthase enzyme or through
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binding to a cell surface receptor such as CD44 or RHAMM (receptor for hyaluronic acid
mediated motility). Hyaluronan is cleaved by one of several hyaluronidases. There are six
hyaluronidase genes in humans, encoding enzymes with different properties and different cell
locations [3]. Under normal physiological conditions, hyaluronan ranges in relative molecular
mass from 106–107 (~2000–25,000 disaccharides) with polymer lengths of 2–25 μm. (See
review by Toole [4]). Hyaluronan is capable of an amazing variety of conformations when
deposited on mica surfaces; from extended chains, to relaxed coils, to condensed rods, and
pearl necklaces of helical coils, rods, hairpins, and toroids [5]. Hyaluronan can also self-
associate to form fibers, networks, and stacks. When retained at the cell surface, hyaluronan
can form a voluminous pericellular matrix or “coat”, which has also been termed “glycocalyx”.
The hyaluronan-dependent coat has multiple important roles, from serving structural and
mechanochemical functions, to the regulation of cell division and motility, as well as cancer
progression and metastasis. This review will discuss various aspects of hyaluronan-dependent
pericellular matrix structure and function.

Pericellular Matrix Structure
Several studies have investigated the structure and formation of the pericellular matrix. One
of the most widely used techniques to view the hyaluronan-dependent pericellular matrix is
the particle exclusion assay, which was first utilized nearly forty years ago [6]. In this assay,
a suspension of particles, usually fixed erythrocytes, is allowed to settle and a clear zone
surrounding the cell is made apparent by virtue of the exclusion of the red blood cells by the
gel-like hyaluronan coat (Fig. 1). Treatment of cells with hyaluronan-specific Streptomyces
hyaluronidase removes the pericellular coat, indicating that matrix integrity is hyaluronan-
dependent.

Since the thickness of the hyaluronan coat often exceeds 20 μm, which roughly corresponds
to the extended length of a single high molecular mass hyaluronan, it is obvious that there must
be a way to stretch out the chains, rather than allow their random coil formation close to the
cell surface. This notion is in line with the fact that the pericellular coat in many cells requires
an aggregating proteoglycan, such as aggrecan or versican, in order to exclude erythrocytes in
the particle assay [7]. The repulsion between the highly charged chondroitin sulfates in these
proteoglycans apparently forces the perpendicular, extended state of cell surface hyaluronan,
and results in the formation of a thick coat. The aggregating proteoglycans interact with
hyaluronan via the Link module in the N-terminal globular G1 domain. The Link module is
shared by other hyaluronan binding proteins such as link protein and CD44. In chondrocytes,
aggrecan is the predominant proteoglycan in the pericellular matrix, while in fibroblasts and
smooth muscle cells, versican is the major hyaluronan binding proteoglycan [7–9]. Neurocan,
brevican, and phosphacan, as well as versican and aggrecan are all candidates for binding
hyaluronan in the perineuronal nets of nervous tissue [10–12].

Studies using immunogold labeling and time-lapse microscopy indicate that aggrecan is
tethered to the chondrocyte surface, at least in part, by its association with hyaluronan [13].
The data lead to a model that is a bottle brush-like arrangement, similar to isolated hyaluronan-
proteoglycan aggregates [13,14]. Figure 2 shows a model of hyaluronan and associated
proteoglycans anchored to the cell surface via CD44. Scanning electron microscopy of smooth
muscle cells fixed in the presence of ruthenium red to precipitate the proteoglycans revealed
numerous proteoglycan granules attached to HA chains [15]. In its simplest form, the
pericellular matrix of smooth muscle cells consists of hyaluronan and associated proteoglycans
and other proteins extending perpendicularly from the cell surface (Fig. 3A). In other locations
in the same cultures or on different parts of the same cell, the hyaluronan chains and
proteoglycans are found in a dense tangled network, or with the proteoglycans and other
associated molecules in more condensed, and sometimes beadlike, clusters in the matrix and
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on the cell surface (Fig. 3B). This beading could be an artifact of dehydration, but nevertheless
provides important structural information about matrix organization. Digestion of the cells with
Streptomyces hyaluronidase, which is specific for hyaluronan, removes the hyaluronan
filaments and the proteoglycan granules (Fig. 3C).

The presence of aggregating proteoglycans in the pericellular matrix confers a high fixed
negative charge density due to the numerous chondroitin sulfate chains, and can have important
effects on the material properties and permeability of the matrix. Adding proteoglycans
increases the viscosity of hyaluronan solutions [16]. Proteoglycans allow the hyaluronan chain
to remain in an extended form due to mutual repulsion of the chondroitin sulfate domains.
Thus, the osmotic swelling pressure of the pericellular matrix is increased when more
proteoglycan is present. The presence of proteoglycans would also act to stiffen a network of
hyaluronan by effectively shortening the hyaluronan chain as it wraps around the globular G1
domain [17]. When excess proteoglycan is added to the coat, the pore size of the pericellular
matrix is decreased, with particles 0.3 microns or larger excluded [18]. Link proteins stabilize
the interaction between hyaluronic acid and proteoglycans [19–21] and have been shown to
have a shortening effect on the length of hyaluronan that is similar to the proteoglycan [17].
Others have shown that adding an excess of link proteins can cause fragmentation or disruption
of hyaluronan networks [22].

At the tissue level, the swelling pressure provided by proteoglycan-hyaluronan aggregates has
been shown to contribute directly to the compressive stiffness, as well as the shear modulus,
of cartilage and fibrocartilage [23–25]. Proteoglycans enmeshed in the collagen matrix inflate
the collagen network and induce a tensile pre-stress in the collagen fibrils [25]. This interaction
of collagen and proteoglycan aggregates within cartilage matrix provides the complex
mechanism that allows the tissue to resist shear deformation. This mechanism undoubtedly
occurs in other tissues, albeit to varying degrees, depending on amount and type of aggregating
proteoglycan. For example, large amounts of hyaluronan and versican contribute to the
swelling in restenotic arterial tissue following balloon angioplasty [26,27]. In addition, the
dynamics of the ß1-4 linkage of hyaluronan indicate that it can rapidly exchange between
distinct states that make the molecule conformationally restless [28]. It has been proposed that
the dynamic properties of hyaluronan make it a perfect space-filling molecule. The nanosecond
dynamics of hyaluronan shape change would allow it to fill voids, adjust to surfaces and, when
perturbed significantly from its preferred extended states, impose a counteracting or pushing
force. Such behavior may be important for cell mobility during wound healing and
development.

Hyaluronan Support for Plasma Membrane Protrusions
Epithelial cells can form relatively thick pericellular coats when hyaluronan synthesis is
induced by growth factors like EGF [29]. This occurs even though the cells do not express
significant amounts of aggregating proteoglycans. The coat formation is even more pronounced
in epithelial cells transfected with GFP-Has2 and GFP-Has3 [30,31] (Fig. 4). The GFP-label
imaged in live cells reveals that the coat is actually scaffolded by numerous elongated
microvilli, on which Has accumulates (Fig. 5) [31]. Similar thin microvilli embedded in HA-
coat have been found in untransfected cells such as those of mesothelium, known to synthesize
high amounts of HA (unpublished data).The length of the microvilli can exceed 20 μm and
they are extremely thin, almost undetectable in ordinary phase contrast microscopy, and easily
destroyed during fixation. These new data suggest that the possible contribution of microvillous
projections in the coat structure should be studied by live cell microscopy as well as in other
cells known to exhibit a hyaluronan-dependent particle exclusion space.
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Hyaluronan Crosslinking
Several different mechanisms of crosslinking hyaluronan have been identified that can
influence pericellular matrix assembly and material properties [32]. For example, the C-
terminal lectin-like domain of versican has been shown to bind to multimeric tenascin-R and
tenascin-C in a calcium-dependent manner, creating the possibility of crosslinking hyaluronan
through non-covalent versican-tenascin-versican interactions [33,34]. Other studies have
implicated inter-alpha trypsin inhibitor (IαI) as necessary for the formation of cell coats [35,
36], for the maintenance of hyaluronan scaffold integrity during cumulus expansion [37], and
for potentiating CD44-mediated leukocyte adhesion to hyaluronan-rich matrices [38,39]. IαI
heavy chains are transferred from the chondroitin sulfate chain of IαI to the hyaluronan. This
process occurs through a transesterification reaction (i.e., a break of the ester bond between a
heavy chain and the glycosaminoglycan chain of bikunin) and the formation of an equivalent
covalent linkage between the heavy chain and hyaluronan [40]. This would potentially create
both intra- and inter-chain crosslinks.

TSG-6 (35 kDa-secreted product of the tumour necrosis factor-stimulated gene-6), is another
protein with a Link module that serves in hyaluronan binding and participates with other
proteins in the formation of higher-order crosslinked hyaluronan structures [32]. TSG-6 can
act as a cofactor in the transfer of the IαI heavy chains to hyaluronan as described above. TSG-6
can also form complexes with pentraxin 3 (PTX3) potentially to link up to 20 hyaluronan
chains, thus forming a node in the extracellular matrix [41]. Complexes such as these are likely
to be formed in the cumulus matrix and at inflammatory sites [41], and produced by endothelial
cells, macrophages, fibroblasts [42], and probably other cells.

Another kind of matrix node may involve thrombospondin-1 (TSP1), a disulfide-linked
homotrimer of 150 kDa subunits that has been found to interact with the Link module of TSG-6
probably through its N-terminal ‘N’-module [43]. The binding sites on TSG-6 for HA and
TSP1 are non-overlapping. Therefore, it is possible that TSG-6–TSP1 complexes could bring
together three hyaluronan chains.

Cells can also generate massive cable-like structures or fibers of hyaluronan in response to
various stimuli [e.g. inflammation, viral infection, endoplasmic reticulum (ER) stress and
hyperglycemia] and these fibers have specific leukocyte-binding properties [38,44-47]. The
hyaluronan chains from one cell often merge with those from other cells to form extremely
large cables that can span many cell lengths. In fibroblast cultures, we have observed cables
that nearly span an entire 22 mm coverslip (Evanko and Wight, unpublished observations).
The leukocyte retention assay suggests that the cables are mechanically more robust than non-
or less-crosslinked hyaluronan, and help hold the leukocytes during the assay washing
procedures. These cables also contain versican, IαI heavy chains, and TSG-6 [47]. It has been
proposed that the presentation of hyaluronan in a crosslinked form leads to receptor clustering
on leukocytes (or co-receptor engagement through the presence of accessory molecules on the
cables) which would promote adhesion [32,47]. It has been suggested that this may be pro-
inflammatory, with the cables acting as distress signals that might perpetuate chronic
inflammation [45]. Others have suggested that the cables could be anti-inflammatory and
control leukocyte activation by preventing adhesion through ICAM-1 [48], VCAM-1 or VLA-4
[49], or by preventing loss of matrix [32,47].

The longest cables appear to emanate from the apical surface of the cell in the perinuclear
region. Long cables are not typically seen on the leading lamellipodia of migrating fibroblasts,
indicating that the large cable structures are not necessarily required for locomotion, and may
actually impede migration ([50] and Evanko and Wight, unpublished observation). The
activation of latent hyaluronan synthesis activity from predominantly perinuclear regions,
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particularly under conditions of ER stress suggests that cable formation may be initiated in the
perinuclear and or endoplamic reticulum membranes [45,47]. This can give rise to hyaluronan
cable-based nuclear interconnections that can span vast distances, forming novel sort of
mechanochemical intercellular network that may serve an important role during inflammation.

Increased hyaluronan synthesis induced by HAS1 overexpression led to increased hyaluronan
cable formation and promoted hyaluronan-dependent monocyte binding, while overexpression
of HAS1, 2, or 3 all promoted resistance to cell detachment by trypsin/EDTA and decreased
migration and proliferation in SMC [50]. In contrast, increased HAS2 expression in proximal
tubular kidney epithelial cells led to increased pericellular hyaluronan but inhibited cable
formation [51]. However, more work will be needed to define the HAS isoform(s) responsible
for cable formation, the role of cables in inflammation, proliferation and migration in other
cells, and to better determine whether there are actual structural and biochemical distinctions
between hyaluronan coats and hyaluronan cables.

Role of the Pericellular Matrix in ECM Assembly
The hyaluronan dependent pericellular matrix may be involved directly or indirectly in the
assembly of other ECM components, either by serving as a scaffold or through interactions of
pericellular matrix constituents with other matrix proteins. For example, fibronectin and
collagen were found in the pericellular matrix of fibroblasts [52]. Thus the cell coat may serve
to retain newly secreted collagen and fibronectin prior to assembly. Elastic fiber formation
may also be regulated by the pericellular matrix. For example, retrovirally mediated
overexpression of versican splice variant V3 by arterial smooth muscle cells induced
tropoelastin synthesis and elastic fiber formation in vitro and in neointima after vascular injury
[53]. This was proposed to be due to removal of the chondroitin sulfate containing forms of
versican, VO and V1, by competition for hyaluronan in the pericellular matrix. Inhibition of
versican synthesis by antisense alters smooth muscle cell phenotype and induces elastic fiber
formation in vitro and in neointima after vessel injury [54]. Others have shown that hyaluronan
oligosaccharides have an elastogenic effect, possibly by removal of the hyaluronan and
associated versican chondroitin sulfate from the cell surface by competition with hyaluronan
receptors [55].

Role for the Pericellular Matrix in Cell Proliferation and Migration
Hyaluronan and versican have been found to play a role in the maintenance of proliferative
and migratory phenotypes in various cells following growth factor treatment or injury [15,
56–63]. Hyaluronan is localized in tissues and cell cultures using a highly specific biotinylated
hyaluronan binding protein (bHABP) preparation from cartilage [64]. The probe is prepared
from trypsin digests of cartilage extracts and is isolated using a hyaluronan affinity column. It
consists of a mixture of N-terminal fragments of aggrecan and link proteins. Figure 6 shows
the localization of hyaluronan in specimens of non-injured and balloon-injured rat carotid
arteries using this probe. Note how the hyaluronan staining is increased in the neointima of the
injured artery and surrounds the proliferating (PCNA-positive) smooth muscle cells [65].

Stimulation of smooth muscle cells with PDGF increased the size of the pericellular coat,
coordinately upregulated versican and link protein mRNA expression, and caused an increase
in the amount of link protein-stabilized versican-hyaluronan aggregates [58], suggesting that
alterations in the organization and material properties of hyaluronan-dependent matrices
induced by altered levels of hyaluronan binding proteins underlie some of the biological effects.
Figure 7 demonstrates a model of pericellular matrix expansion following PDGF treatment
that accompanies the increase in migratory and proliferative activity induced by the growth
factor. In actively proliferating cells, dense accumulations of the pericellular matrix that stain
positively for hyaluronan and versican can be seen around the mitotic figures, indicating that
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a more viscous, compacted pericellular matrix, with higher osmotic pressure may be required
for the mitotic process (Fig. 8A–D). Disruption of the pericellular matrix of human smooth
muscle cells using hyaluronan oligosaccharides inhibited PDGF-induced proliferation (Fig.
8E) and migration, and also caused a dramatic cell shape change to a flattened and more
adherent phenotype (Fig. 8F,G) [15]. The effect of hyaluronan fragments of different molecular
weights varies with cell type, however. For example, in contrast to their effects on smooth
muscle cells, hyaluronan oligosaccharides are pro-proliferative and pro-migratory in
endothelial cells and thus promote angiogenesis [66].

In addition to providing large numbers of negative charges, the proteoglycans have other
biological activities. For example, the C-terminal domain of versican has been shown to
promote tumor growth and angiogenesis [67,68]. Furthermore, different functions can be
ascribed to the various splice variants of versican [69–71], adding to the complexity of the
roles for proteoglycans in the pericellular matrix.

Pericellular Matrix Regulation of Cell Adhesion
Work from a number of laboratories shows that hyaluronan and/or proteoglycan in the
pericellular matrix can have both adhesive and anti-adhesive properties, which are regulated
on several levels. Evidence for an anti-adhesive role of the pericellular matrix comes from
several studies indicating that hyaluronan promotes cell detachment [72–74]. Surface coatings
of purified hyaluronan and chondroitin sulfate proteoglycans are generally anti-adhesive and
can form barriers to cell movement and create guidance pathways for neurite outgrowth or
neural crest migration [38,75–77]. Avoidance of hyaluronan and versican substrate coatings
also occurs in fibroblasts and smooth muscle cells (Evanko and Wight, unpublished
observations). Elevated hyaluronan synthesis occurs during the G2/M phase, and promotes
mitotic cell detachment and rounding, which was hypothesized to be due, in part, to the steric
exclusion properties of the cell coat [60].

Time-lapse microscopy, in conjunction with the particle exclusion assay, showed that a
pericellular matrix several micrometers in thickness can form within 15–40 minutes, just before
premitotic cells retracted their extended processes, providing visual evidence for a dynamic
causal relationship between the formation of the cell coat and subsequent detachment and
rounding [15] (Fig. 9). Observations that the coat is enriched along the less adherent portions
of the membrane, and that flattened and highly spread smooth muscle cells produce very small
or no cell coats, also support an anti-adhesive role for the cell coat. Hyaluronan and versican
were localized between focal contacts on the underside of fibroblasts, indicating that the
swelling properties of the pericellular matrix may act to counterbalance the tensile forces
exerted by cells on solid substrates or fibrillar matrix components [78]. In other words, rapid
formation of a concentrated pericellular matrix on the undersurface of cultured cells may
provide a countervailing force and a means by which a cell can “push” itself away from a
substrate or from other cells. This may be the mechanism by which hyaluronan regulates cell
spacing during developmental processes [79], or in cell separation during cytokinesis [56].

Active degradation and/or traction of the pericellular matrix may be needed to effect cell
condensation at other times in development. We have noted the enrichment of pericellular
matrix around retraction fibers, left behind as the cell edge withdraws from a substrate,
suggesting that cellular tractional forces may be important for concentrating or organizing the
hyaluronan-rich matrix into either pro- or anti-adhesive forms. Time-lapse data further show
that the cell coat is highly malleable and easily tractioned, as indicated by the movement of
red blood cells that are atop the hyaluronan gel and pulled toward the cell as it retracts (data
not shown). It has also been noted that hyaluronan that is shared between cells can be
concentrated and drawn into aligned fibers and that this involves CD44 [80]. Both CD44 and
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RHAMM associate with the cytoskeleton [81,82], control tumor cell invasiveness, and
transduce signals involved in proliferation, locomotion, focal adhesion turnover [83,84],
indicating that both receptors may be responsible for hyaluronan traction. CD44 has been
demonstrated to mediate phagocytosis [85,86], bringing up the idea that hyaluronan in the
pericellular matrix may by used by cells to draw in other matrix components, cellular debris
or other particles, thus facilitating phagocytosis. The full role of cellular traction on hyaluronan
organization is not yet clear. However, these observations highlight the idea that hyaluronan
may be involved in both pushing and pulling at the cellular level.

The concentration of hyaluronan and versican in areas of high focal adhesion turnover, such
as ruffling membrane, and especially to the cell flanks during locomotion, further supports the
idea that the pericellular coat can be anti-adhesive [15,82]. Time-lapse microscopy shows that
a modest pericellular matrix is continuously elaborated along the flanks of locomoting cells,
and may provide a kind of lubricative function along the plasma membrane/substrate interface.
This also implies that hyaluronan both facilitates and accumulates as a by-product of
locomotion and proliferation. As mentioned above, removal of the pericellular coat of human
smooth muscle cells by competition with oligosaccharides resulted in a flatter, more adherent
phenotype, again consistent with an anti-adhesive property of the coat. Evidence of increased
focal adhesion turnover following addition of hyaluronan to migrating cells highlights the
dynamic role of the pericellular matrix [87]. Rapid uptake of the hyaluronan and translocation
to the nucleus, with signaling mediated through RHAMM, was associated with increased
motility. In addition to being concentrated in the pericellular matrix, hyaluronan is also
internalized in premitotic cells and co-distributes around the mitotic spindle with microtubule-
associated RHAMM [88,89]. Microtubules are compression-bearing elements of the
cytoskeleton that target focal adhesions for dissolution [90]. This raises the possibility that
hyaluronan internalized from the pericellular matrix may also regulate or facilitate events
involving microtubules during cell shape changes.

It is not clear what role the hyaluronidases play during cell detachment, but fragmentation of
the hyaluronan is likely to play a role. HYAL 2 has been proposed as a co-receptor for
hyaluronan at the cell surface along with CD44 [91], where it begins the degradation of
hyaluronan to smaller chains (~20 kDa) [92] as the endosome forms. These chains are then
further degraded by HYAL 1 and other glycosidases in the lysosome [29,91]. Recently, a novel
mechanism for creating acidic microenvironments for hyaluronan degradation at the cell
surface has been described [93]. In this model, hyaluronan degradation is based on the
formation of acidic microenvironments under the control of the Na+/H+ exchanger, NHE1,
following hyaluronan binding to CD44.

Studies showing that decreased synthesis of hyaluronan in keratinocytes expressing HAS2
antisense RNA resulted in increased vinculin-positive adhesion plaques and decreased
migration provide more evidence that the cell coat may antagonize adhesion to other matrix
components [94]. It was proposed that it is the dynamic synthesis of hyaluronan that regulates
migration [94]. Thus, continuous, active synthesis and/or internalization may be important for
the effects of the pericellular matrix on cell movement and internal motor activities related to
cell locomotion and mitotic cell rounding.

On the pro-adhesive side, it was recently shown that the extended hyaluronan chains in the
pericellular coat of chondrocytes mediate the early, long-range adhesive interactions that
precede the formation of firm integrin-mediated adhesion complexes when cells are plated on
tissue culture substrates [95,96]. This makes sense because the hyaluronan chains extend
several micrometers away from a cell and would be the first thing to contact an artificial
substrate in cell culture. However, the pro- or anti-adhesive character of the pericellular matrix
may be regulated by the amount, size, cellular location, and malleability of the hyaluronan and
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would therefore be more complex in three-dimensional conditions. In experiments looking at
binding of cells to calcium tartrate crystals, it was shown that hyaluronan was pro-adhesive if
only one surface (either the cell or the substrate) was coated with the hyaluronan, whereas, no
adhesion took place if both the cells and the substrate were coated with hyaluronan [97]. This
implies that hyaluronan can be self-limiting in its adhesive properties, and that a critical
concentration may be required for both surfaces to be coated with enough hyaluronan to
promote cell detachment. However, matters are complicated by time-lapse sequences that show
how the pericellular coat can apparently promote cell detachment and retraction at one moment,
and within a few minutes, the same matrix can provide guidance for filopodial re-extension by
the same cell (data not shown). It is tempting to speculate that traction-induced alignment and/
or concentration of the hyaluronan matrix may later facilitate filopodial re-extension or
guidance.

Hyaluronan that is present in the form of cable structures clearly is pro-adhesive. Hyaluronan
cables promote the adhesion of monocytes in inflammatory environments in cell culture and
within tissues such as inflamed intestinal mucosa and kidney [38,46,50,98]. The high degree
of crosslinking of hyaluronan within the cables would create a more stable structure and more
ordered presentation of hyaluronan and/or its associated proteins, which can influence receptor
clustering and intracellular signaling. In the early stages of inflammation, the adhesive
interactions between hyaluronan on the endothelial cell surface and CD44 on leukocytes that
help mediate leukocyte rolling on endothelium have been well described [99,100]. This
hyaluronan-mediated adhesion sets up the conditions for extravasation that is mediated by other
adhesion molecules. Both high molecular weight hyaluronan and hyaluronan fragments are
found in the inflammatory environment, but it is the small fragments of hyaluronan that are
thought to be proinflammatory [101].

Other data indicating a pro-adhesive role for hyaluronan comes from time-lapse studies on cell
locomotion. Promotion of lammellipodial formation was initiated by application of exogenous
hyaluronan to an “inactive” cell edge with a micropipette, suggesting that hyaluronan may
promote the formation of cell protrusions and has a chemotactic effect [102]. Another study
showed that the enzymatic activity of HAS is coupled to plasma membrane residence and the
HAS is localized to cell protrusions [30]. In this recent study, HAS overexpression and
hyaluronan production was also found to influence the formation of these microvillous
protrusions in adenocarcinoma cells and other epithelial cells [31] (Fig. 4). While the functions
of the microvilli induced by overexpression of HAS are not known, such protrusions could
explore the surrounding matrix and adjacent cells for potential adhesion sites, and/or pathways
for migration. Interestingly, the microvilli are rapidly retracted following hyaluronidase
digestion (Fig. 10) and they wither following the addition of an inhibitor of hyaluronan
synthesis. However, the microvilli were not affected by competition with hyaluronan
oligosaccharides and disruption of the CD44 gene, indicating that their formation was
independent of hyaluronan receptors. The data point out the novel concept that the glycocalyx
created by dense arrays of hyaluronan chains, tethered to the HAS enzyme during biosynthesis,
can induce and maintain prominent microvilli.

Based on other time-lapse observations of coat formation, hyaluronan-mediated adhesion and
de-adhesion may occur on different parts of the same cell simultaneously. For example, the
formation of pericellular matrix around extending filopodia in spreading smooth muscle cells
suggests that hyaluronan at the leading edge facilitates forward extension while the hyaluronan
along the flanks and uropod apparently promote detachment. Disruption of the cell coat with
oligosaccharides prevented cell spreading, and is at least consistent with this idea [15]. Studies
examining localization of GFP-tagged HAS indicate that the initial adhesion during extension
of a filopodium may be mediated by the hyaluronan that is emanating from the synthase located
at the tip and along the sides of the filopodium [30]. This could promote filopodial growth in
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that direction. At some later time, or along a different part of the cell, as hyaluronan synthesis
continues, a critical concentration is reached where the pericellular matrix coats both the cell
and the substrate and becomes anti-adhesive and/or more malleable. The apparent dual role of
hyaluronan in adhesion and de-adhesion, therefore, is based on a complex interplay between
hyaluronan synthesis, degradation and internalization, local concentrations of hyaluronan and
binding and/or crosslinking proteins which would dictate the viscosity and physical form
presented to cell surface receptors and the consequent intracellular signaling. The relative
amount of pericellular matrix components compared to the fibrillar components like collagen
and fibronectin is also an important parameter to consider.

Hyaluronan is the major pericellular/matrix molecule in the epidermis, while fibrous collagens,
fibronectin, and other common components of connective tissues matrices are absent. The
unique dominant position of HA in this tissue makes a good example of the dual role of
hyaluronan in cell adhesion. Hyaluronan can mediate adhesion between keratinocytes in
suspension cultures via bridging CD44 on adjacent cells [103], while in the epidermal tissue
hyaluronan accumulation between spinous and granular keratinocytes inhibits the formation
of desmosomes, the main cell-cell contacts between keratinocytes [104]. Therefore, all stimuli
that activate epidermis, like growth factors, trauma, and inflammation, increase hyaluronan
synthesis [105] and influence cell adhesion. Hyaluronan accumulation on keratinocytes
enhances the turnover of stable cell-cell contacts, stimulates cell migration and proliferation,
and delays the terminal differentiation of the keratinocytes.

Collectively, the data also imply that there can be a “merging” of pericellular and intracellular
environments under certain conditions, and that the form and location of hyaluronan can
directly influence cell structure. For example, hyaluronan cable structures that arise from within
a perinuclear location and connect multiple cell nuclei over long distances form the basis for
a novel, mechanically continuous network between cells [47]. Other data suggest that there is
a pool of latent HAS in these perinuclear locations that can be activated by various stimuli
[30,38]. We have previously observed intracellular hyaluronan in close proximity to nuclear
clefts and furrows, as well as binding of exogenous hyaluronan to nucleoli [88]. There are also
several observations of a close relationship between intracellular hyaluronan, hyaluronan
receptors and structural elements such as microtubules and the microtubule-associated HA
receptor RHAMM [88,89,106]. Other studies show that RHAMM, possibly through
interactions with intracellular hyaluronan or hyaluronan in the cell coat, plays a role in
regulating microtubule activity and stabilization of the mitotic spindle [107]. This indicates an
important role for pericellular and/or intracellular hyaluronan in the maintenance of the proper
milieu for normal cell shape changes, and as part of the cellular architectural framework that
regulates gene expression.

Role of the Pericellular Matrix in Mechanotransduction and Cell Response to
Strain

The stiffness of crosslinked hyaluronan gels is important for cellular adhesion and spreading
in bioengineering applications [108]. This suggests that local variations in Young’s modulus
of the native pericellular matrix may dictate its inherent signal transduction potential, whether
it promotes cell adhesion and spreading, or promotes cell detachment and rounding, or
contributes to the metastatic potential of cancer cells. Growing evidence that structured
hyaluronan is closely associated with cell architecture and that hyaluronan receptors interact
with the cytoskeleton point out the need for consideration of the hyaluronan-dependent matrix
in cellular mechanical models. According to the tensegrity model, cellular control and cell
shape are dependent on a balance of forces between cells and the extracellular matrix [109].
Although most studies in this area have focused on cell surface integrin associations with
fibrillar matrix components such as collagen and fibronectin, the mechanical contribution of
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the hyaluronan-dependent pericellular matrix and its receptors has been largely left out of these
models. In addition to contributing to whole tissue material properties (i.e., providing swelling
pressure to the local matrix), a few recent observations lead to the hypothesis that hyaluronan
and associated proteoglycans may also be important mediators of mechanochemical signaling
at the cellular level. The potential of hyaluronan to form cables, together with altering swelling
properties, means that the hyaluronan-dependent matrix may itself mediate signals due to
tension and shear, as well as tissue compression. Structured hyaluronan therefore, may form
the basis of a kind of dynamic and changing web or network through which cells may
communicate and respond to external forces.

At present, only a few studies have provided direct evidence that hyaluronan or aggregating
proteoglycans are involved in cellular mechanotransduction. One group recently showed that
the pericellular matrix was involved in the transduction of shear stress in endothelial cells
[110]. Hyaluronidase treatment significantly decreased flow-induced nitric oxide (NO)
production, whereas it did not affect acetylcholine-induced NO production. They concluded
that hyaluronan within the glycocalyx plays a pivotal role in detecting and amplifying the shear
force of flowing blood that triggers endothelium-derived NO production in isolated canine
femoral arteries. Similarly, another study found that fluid flow-induced PGE2 release by bone
cells is reduced via glycocalyx degradation by hyaluronidase whereas calcium signals are not
[111]. In a study examining membrane properties, an atomic force microscopic probe was used
to pull “membrane tethers” from the cell surface with and without digestion of the glycocalyx
with hyaluronidase [112]. They found that the pericellular matrix contributes significantly to
the heterogeneity in membrane properties and its presence increases the number and strength
of the membrane tethers. This implies that the number and strength of cellular interconnections
in vivo may be influenced by the presence of the pericellular matrix. Along similar lines, another
study showed that hyaluronan influences the number of gap-junctional intercellular
communications of normal human dermal fibroblasts [113].

Mechanical strain is known to influence hyaluronan and proteoglycan production, and several
studies provide evidence that the cells respond to mechanical input by synthesizing a matrix
that will allow the cells and/or tissue to adapt to the new mechanical environment. For example,
flow-induced shear has been shown to upregulate hyaluronan synthesis in endothelial cells
[114]. Cyclic stretch was shown to augment hyaluronan production in human cervical
fibroblasts [115]. CD44 levels and expression of mRNA for HAS3 were increased in strained
fibrocartilage cells, highlighting the role for movement-induced stimuli in differential
extracellular matrix metabolism during joint development, and showing that strain may
differentially regulate HA synthase gene expression [116,117]. Cyclic compression of tendon
explants resulted in synthesis and accumulation of large aggregating proteoglycans by resident
fibroblasts, indicating an adaptive response in the development of fibrocartilage in locations
where tendons are under compression [118,119]. Cyclic stretch of smooth muscle cells
upregulated versican and TSG-6 and increased the amount of hyaluronan-versican aggregates
[120]. Other studies point to a role for the cell coat in the regulation of stress-strain and local
fluid flow environment in chondrocytes [121] and invoke fluid flow-induced streaming
potentials as a potential mechanism for signal transduction.

Abnormal strains may also create conditions that promote inflammation through effects on the
pericellular matrix. For example, low-molecular-weight hyaluronan was induced by cyclic
stretch in lung fibroblasts and accumulated in lungs from animals with ventilator-induced lung
injury. In hyaluronan synthase-3 knockout mice, these reactions were significantly reduced,
except for the capillary leakage that resulted from mechanical injury [122]. Cyclic tensile
stretch of chondrocytes caused depolymerization of hyaluronan and induced reactive oxygen
species (ROS). Superoxide dismutase inhibited not only ROS induction but also hyaluronan
depolymerization caused by the mechanical stress. The authors concluded that ROS play an
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important role in mechanical stress-induced hyaluronan depolymerization [123]. Oxidant
injury plays a critical role in the degenerative changes that are characterized by a decline in
cell numbers and viability, and occurs with aging and in the etiology of many diseases.
Exogenous hyaluronan and chondroitin-4-sulfate confer protection from oxidative damage in
fibroblasts and other cells [124,125]. Other studies showed a direct role for versican expression
in protection from oxidation [69]. While hyaluronan, like chondroitin sulfate, acts as a
scavenger of ROS, it undergoes degradation during the process [126]. This is consistent with
the finding that even the normal turnover of pericellular hyaluronan is regulated by ROS in
human epidermis [127]. In histological sections of human breast cancer, staining of cell-
associated hyaluronan is inversely related to ROS and NO• synthesis, suggesting that in excess
they can form super radicals that induce shedding of pericellular hyaluronan [128]. In general,
factors that control the turnover of the pericellular hyaluronan coat, whether enzymatic [129]
or mediated by ROS, are poorly known.

Increased cell-associated hyaluronan and increased thickness of the cell coat has been
associated with myofibroblast differentiation [130,131]. This may be regulated at the level of
hyaluronan degradation [131]. However, more studies will be required to determine the role
of structured hyaluronan, specific HAS enzymes, hyaluronan receptors and associated proteins
in the maintenance of a contractile phenotype in fibroblasts.

Pericellular hyaluronan expression is tightly associated with, and probably regulates cellular
differentiation. In human skin organ cultures, factors like all-trans-retinoic acid which increase
hyaluronan synthesis lead to delayed differentiation [132], like in human skin in vivo. Likewise,
organotypic epidermal cultures show that keratinocyte differentiation is stimulated and
inhibited by factors that decrease and increase hyaluronan synthesis, respectively [133].
Enhancing turnover of cell surface hyaluronan by hyaluronidase promotes terminal
differentiation of keratinocytes [134].

Conclusions
The hyaluronan-dependent pericellular matrix is a multifunctional regulator of cell adhesion,
cell shape and behavior. Hyaluronan-binding proteoglycans and other associated proteins in
the cell coat contribute to a wide variety of structural morphologies and material properties of
the pericellular matrix, and add complexity to the biological functions of the matrix. Greater
levels of structure and crosslinking of hyaluronan contribute to important processes such as
ovulation and inflammation. Hyaluronan synthesis can create and support plasma membrane
protrusions. More detailed knowledge of pericellular matrix structure and function under
different biological conditions and disease states will aid in formulating therapeutic
intervention strategies and bioengineering approaches.
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Figure 1.
Hyaluronan-dependent pericellular matrix in human smooth muscle cells visualized using the
particle exclusion assay. The cell coat excludes the fixed erythrocytes and is seen as a clear
zone surrounding the cell (arrows). A. A typical locomoting cell with a small amount of
pericellular matrix at the lammellipodium in front and more abundant matrix along the cell
flanks and trailing uropod. B, C. Pericellular matrices were visualized before, B, or after, C,
digestion with Streptomyces hyaluronidase. Bars equal 50 μm. Panel A originally published
in: S. Evanko, J. Angello, T. Wight, Formation of hyaluronan and versican rich pericellular
matrix is required for proliferation and migration of vascular smooth muscle cells. Arterioscler.
Thromb. Vasc. Biol., 1999, 19(4):1004–1013. Used with permission.
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Figure 2.
Model depicting the pericellular matrix with the hyaluronan chains anchored to the cell surface
via CD44 and the associated aggregating proteoglycans. Adapted by permission from
Macmillan Publishers LTD: Nature Reviews Cancer, Toole, B.P., “Hyaluronan: from
extracellular glue to pericellular cue,” 4:528 (2004).
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Figure 3.
Scanning electron microscopy of the pericellular matrix. Smooth muscle cells were fixed in
the presence of ruthenium red, air-dried and coated for electron microscopy. A, Individual
hyaluronan chains, several micrometers long extend perpendicularly from the surface of a
trailing uropod of a locomoting cell. Proteoglycans are seen as large granules periodically
decorating the hyaluronan filaments. B. An example of pericellular matrix that is more tangled
with more condensed clusters of proteoglycan granules. C. Hyaluronidase digestion removes
the hyaluronan strands and granules from the pericellular matrix and cell surface. Bar equals
1 micrometer. Panels A, B, and C were originally published in: S. Evanko, J. Angello, T. Wight,
Formation of hyaluronan and versican rich pericellular matrix is required for proliferation and
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migration of vascular smooth muscle cells. Arterioscler. Thromb. Vasc. Biol., 1999, 19(4):
1004–1013. Used with permission.
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Figure 4.
Microvillous plasma membrane protrusions induced by hyaluronan synthesis. GFP- labeled
Has3 was transfected into LP-9 cells. The next day, a live cell was studied at multiple horizontal
optical sections by confocal microscope. The stack of the optical sections was combined for a
downwards (A) and sideways view (B). Bar equals 20 μm.
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Figure 5.
Hyaluronan coat on MCF-7 cells expressing GFP-HAS3. The microvilli (with green GFP-
Has3), shown alone in (A), are actually covered by a 0.5–2 μm layer of hyaluronan (B),
visualized by a probe made of aggrecan G1 domain and link protein tagged with Alexa Fluor
594® (red). Note that the hyaluronan coat visualized by red blood cells (green) corresponds to
the space occupied by the microvilli (yellow) and their hyaluronan cover. The image represents
a single confocal optical section; many of the microvilli are shown in cross section (arrow).
Bar equals 10 μm.

Evanko et al. Page 24

Adv Drug Deliv Rev. Author manuscript; available in PMC 2008 January 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Hyaluronan is increased in arterial neointima following balloon injury. Hyaluronan staining
of arterial tissue using biotinylated-HABP (red, arrows) and PCNA staining to localize
proliferating cells (brown, arrowheads) in uninjured, A, and injured B, rat carotid arteries. Note
the abundance of hyaluronan surrounding the proliferating cells in the neointima of the injured
vessel. IEL, internal elastic lamina. Bar equals 50 μm. Panels A and B were originally published
in: R. Riessen, T.N. Wight, C. Pastore, C. Henley, J.M. Isner, Distribution of hyaluronan during
extracellular matrix remodeling in human restenotic arteries and balloon-injured rat carotid
arteries. Circulation, 1996, 93(6):1141–1147. Used with permission.
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Figure 7.
Model of pericellular matrix expansion and cell shape change following stimulation with
PDGF.
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Figure 8.
Hyaluronan-dependent pericellular matrix regulates proliferation and cell shape. A, B, Particle
exclusion assay showing cell coats surrounding mitotic smooth muscle cells in different stages
of division. Mitotic cells stained for hyaluronan, C, and versican D, show concentrated deposits
of these components. E, treatment of human smooth muscle cells with oligosaccharides of
hyaluronan (20 μg/ml) inhibits PDGF-induced proliferation. Oligosaccharides also stimulated
flattening of SMC. F, untreated cells. G, cells treated with oligosaccharides. Bar equals 50
μm. Portions of this figure were originally published in: S. Evanko, J. Angello, T. Wight,
Formation of hyaluronan and versican rich pericellular matrix is required for proliferation and
migration of vascular smooth muscle cells. Arterioscler. Thromb. Vasc. Biol., 1999, 19(4):
1004–1013. Used with permission.
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Figure 9.
Pericellular matrix formation accompanies cell detachment and mitotic cell rounding. Time-
lapse microscopy was begun 24 h after PDGF treatment, when cells are actively moving and
dividing. The formation and expansion of the pericellular matrix occurs mainly at the time cells
detach from the tissue culture substrate. (A) At time zero (immediately after settling of the red
blood cells), an elongated cell with a long, trailing process and relatively little hyaluronan-
dependent matrix. (B) 40 min later, a distinct pericellular matrix has formed around the cell
and trailing process, pushing the red blood cells away, while the main cell body is beginning
to detach from the substrate. (C) At 80 min, the cell is more rounded and is retracting the trailing
process through the sleeve of hyaluronan-rich matrix. Note also the rounded cell with a distinct
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pericellular matrix in the lower part of the field in A and which has completed mitosis in C
(arrows). Bar equals 50 μm.
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Figure 10.
The maintenance of the microvilli is dependent on the hyaluronan coat. Streptomyces
hyaluronidase was introduced in a MCF-7 cell culture overexpressing GFP-HAS3 to degrade
cell surface hyaluronan. The microvilli gradually shrink and eventually disappear when the
external support given by the Has-associated hyaluronan is lost. Note that those microvilli
which have adhered to the substratum do not retract (arrows).
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