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1. ABSTRACT

Neural stem/progenitor cells capable of
differentiating into the neurons and glial cells that populate
the mammalian central nervous system (CNS) persist in
specific neural stem cell niches that regulate stem cell
proliferation, survival and differentiation. There is growing
evidence that the extracellular matrix within neural stem
cell niches is required for neural stem cell maintenance.
Here, we review findings supporting a pivotal role for the
glycosaminoglycan hyaluronan (HA) and its transmembrane
receptors in neural stem/progenitor cell proliferation,
differentiation and maturation. We also outline findings
supporting changing roles for HA as cells become committed
to distinct lineages in the brain and spinal cord.
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2. INTRODUCTION

The mammalian nervous system is comprised of
multiple subpopulations of neurons and glial cells whose
birth, survival, and cell-cell interactions must be carefully
regulated throughout life. Both the central nervous system
(CNS) and the peripheral nervous system (PNS) arise in the
early embryo during neurulation when a flat sheet of
neuroectodermal cells, called the neural plate, undergo a
series of divisions and morphological changes, causing the
sheet to fold and eventually form the neural tube (Figure 1).
Neuroepithelial stem cells within the neural tube will give
rise to the CNS, while a population of cells along the dorsal
neural tube, called neural crest cells, will become the PNS
and numerous other structures.
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Figure 1. The mammalian nervous system originates from a sheet of neuroepithelial cells (the neural plate). The border between
the non-neural ectoderm and the neuroectoderm eventually form the neural folds, whose cells differentiate into neural crest cells
that come to reside at the dorsal neural tube. Neural crest cells emigrate from the dorsal neural tube both below the ectoderm and
through somites (and, cranially, along branchial arches and other routes) to form the peripheral nervous system and numerous
other structures. The cells in the neural tube undergo interkinetic nuclear migration. Symmetrically dividing cells expand the
neural tube and eventually undergo asymmetric divisions, giving rise to more neuoepithelial stem cells and neurons that migrate
towards the pial surface. These neuroepithelial stem cells come to reside in the ventricular zone (VZ). Some of these cells
become radial glia whose processes span from the VZ to the marginal zone at the pial surface, acting as guides for neurons
migrating from the VZ. These radial glia also act as a neural stem cell population both in the VZ and the subventricular zone
(SVZ) which forms along with the intermediate zone (the future white matter) and the cortical plate, where, in the cerebral
cortex, cortical layers occupied by different neurons develop eventually forming the neocortex. By perinatal stages, the adult
SVZ has formed with a layer of ependymal cells lining the ventricles. This neural stem cell niche also contains blood vessels,
transit-amplifying cells, astrocytes, and extracelluar matrix that all contribute signals that regulate neural stem cell proliferation,
differentiation and migration.

As embryonic development proceeds, the During the early phase of CNS development, the
neuroepithelial stem cells that make up the neural tube vast majority of neuroepithelial stem cells and neural stem
come to reside in the so-called ventricular zone (VZ; Figure cells differentiate into neurons. However, by midgestation,
1). These cells initially expand in number and some neurogenesis declines as neural stem cells shift toward
differentiate into early neuronal populations that migrate astrocyte and oligodendrocyte generation (3). This timing
toward the pial surface. As development proceeds and the of differentiation of cells in the CNS is maintained in
thickness of the early nervous system increases, some of acutely dissociated cells, such that only neurons arise in
the neuroepithelial cells in the VZ will become radial glial cell culture from early embryonic neural tubes, while
cells that extend their processes from their cell bodies in the astrocytes and oligodendrocytes are the predominant
VZ to the pial surface. These processes act as guides for population in cultures from later stages. Furthermore,
later populations of neurons as they differentiate and progenitor cells that initially give rise to neurons will
migrate from the VZ. Later, these radial glia become a differentiate into glial cells if grown for sufficient times in
neural stem cell population in the VZ and give rise to vitro. Although cell intrinsic (e.g. epigenetic changes) and
additional progenitor cells in an area adjacent to the VZ, cell extrinsic cues have been implicated in the maintenance
the so-called subventricular zone (SVZ; Figure 1). While and the differentiation of neural stem/progenitor cells
the VZ will eventually disappear, the SVZ (also called the (NSPCs), both cellular and extracellular elements within
subependymal zone at later stages) persists as a neural stem neural stem cell microenvironments are critical for
cell niche throughout adulthood (1). Similarly, in the regulating neural stem cell behavior during embryogenesis
developing hippocampus, cells in the subgranular zone and in adults (4).

(SGZ) of the dentate gyrus will form a neural stem cell
niche that is a source of new neurons involved in learning Numerous excellent reviews have addressed the
and memory throughout life (2). roles of growth factors and related extracellular signals as
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well as cell-cell interactions in neural stem cell regulation
(see (1, (5-7)). Here, we focus on the roles of the
glycosaminoglycan hyaluronan in neural stem cell
proliferation, differentiation, and survival. We review
recent studies from our group and others implicating an
instructive role for hyaluronan in nervous system
development, maintenance, and repair. Specifically, we will
highlight growing evidence that supports a pivotal role for
hyaluronan in a number of processes attributed to NSPC
quiescence, proliferation and differentiation within neural
stem cell niches.

3. THE VENTRICULAR ZONE: AN EARLY
NEURAL STEM CELL MICROENVIRONMENT

The VZ of the developing neural tube is a unique
microenvironment where the cell bodies of neuroepithelial
stem cells move from the luminal side of the neural tube
(where the ventricles form) to the future pial surface as they
progress through the cell cycle (Figure 1). Mitotic nuclei
are located nearest the apical surface, while nuclei
undergoing DNA synthesis move towards the basal surface.
This movement of cell nuclei by neural epithelial cells was
first described based on histological observations (8) and
was termed interkinetic nuclear migration (INM) (9).
Neuroepithelia with more basal nuclear movements are
biased to generate postmitotic daughter cells (10). This
may be due to differences in cell signaling as the cells
transition from the apical to the basal surface. INM has
been proposed to influence the exposure of neuroepithelial
stem cells to different gradients of extracellular signals,
including Notch signaling, thus balancing the exposure of
neuroepithelial cells to neurogenic versus proliferative
signals (11). Thus, the micorenvironment of the VZ is one
where neuroepithelial cells divide and differentiate in
response to localized signals across the expanding neural
tube.

4. THE SUBVENTRICULAR AND SUBGRANULAR
ZONES: EARLY AND ADULT NEURAL STEM
CELL NICHES

By mid-gestation, rodent neuroepithelial cells
start to express markers characteristic of astrocytes and
they develop a more elongated morphology. These cells,
termed radial glial cells, were originally believed to be a
transient population in the developing cerebral cortex
whose processes guided neurons to different cortical layers.
However, more recent findings have indicated that radial
glial cells persist and act as a neural stem cell population
(12). During later embryonic development, these cells still
undergo the INM characteristic of neuroepithelial cells. As
the thickness of the nervous tissue increases with the
generation of large numbers of neurons, the basal process
of radial glia elongate in order to retain attachment to the
pial surface (13).

Among the progeny of radial glial cells in the VZ
are cells referred to as intermediate progenitor cells and
basal progenitor cells that reside in the SVZ ( (14); Figure
1). These cells have also been described as radial glial cells
(e.g. (15, 16)). The VZ gradually diminishes in rodents
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such that the SVZ becomes a true neural stem cell niche
along the lateral walls of the lateral ventricles. This niche is
characterized by a thin area adjacent to the ependymal cell
layer that contains infrequently dividing neural stem cells
(NSCs), rapidly dividing so-called “transit amplifying
precursors” (TaPs) derived from the stem cells; neuroblasts
that migrate in chains towards the dorsal and posterior tip
of each lateral ventricle then along the rostral migratory
stream up to the olfactory bulb glomeruli; and endothelial
cell/pericyte-derived blood vessels contacted by the endfeet
of astrocytes. A large variety of interactions between these
cells types has been implicated in regulating the behaviors
of neural stem cells within the niche (see (7, 12, (17)).

Like the adult SVZ, the SGZ niche is comprised
of multiple cell types. NSPCs in the SGZ divide only
occasionally and produce immature granule neurons
through an intermediate progenitor stage. Other cells
within this niche include astrocytes, mature granule cell
layer neurons, and the endothelial cells and pericytes of
nearby blood vessels (18). SGZ NSCs may also produce
glial cells although it is unclear under what conditions they
do so. Neurons born in the SGZ migrate within the granule
cell layers until they reach a final position and integrate
into hippocampal circuits (19). Both SGZ neurogenesis and
the integration of these new neurons into the hippocampus
are required for certain forms of learning and memory (2).

5. THE EXTRACELLULAR MATRIX IS AN
ESSENTIAL COMPONENT OF NEURAL STEM
CELL NICHES

In addition to the cell-cell interactions that are
required to maintain the neural stem cell niche, the
extracellular matrix (ECM) also plays a critical role in
regulating NSPC proliferation and differentiation. The cell
bodies and processes of NSPCs in the SVZ and SGZ are
surrounded and positioned in an area comprised of
numerous ECM interacting molecules such as laminin
chains (20-22), the glycoprotein tenascin-C (23), and a
number of proteoglycans (24). The complex ECM of the
neural stem cell niche has been shown to direct the
proliferation and differentiation of NSPCs. For example,
mice lacking laminin y1, integrin 06 or integrin f1 have a
number of deficits including ectopic growth in the cortical
marginal zone and retraction of radial glial cell basal
endfeet (25-27). Interfering with Pl integrin in
neurosphere cultures, an in vitro model of the neural stem
cell niche, using function-blocking antibodies or genetic
ablation resulted in reduced mitogen-activated protein
kinase (MAPK) activity, leading to compromised NSPC
maintenance (20), although this effect was not observed in
a subsequent study using neurospheres grown from cells
lacking B1 integrin (28).

Other studies have suggested chondroitin
sulfate proteoglycans (CSPGs) may similarly influence
NSPCs in the SGZ or SVZ. Enzymatic degradation of
CSPGs in neurosphere cultures resulted in reduced self-
renewal of radial glia and reduced neurogenesis, as well as
reduced NSPC proliferation in the SVZ (29). In other
studies, degradation of CSPGs resulted in increased NSPC
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proliferation, differentiation and migration through an
integrin-dependent mechanism (30). These different
outcomes may be the result of differences in the cell types
being analyzed (30). Finally, a recent study has indicated
that some of the functions of CSPGs in neural stem cell
niches may be related to modulation of fibroblast growth
factor-2 (FGF-2) and epidermal growth factor (EGF)
signaling (31).

Collectively, these findings indicate that the
extracellular matrix plays key roles in the maintenance of
NSPCs in the SVZ and SGZ. For the rest of this review we
will focus on hyaluronan, a major component of the
extracellular matrix of all tissues. A growing body of
research suggests that in addition to regulating a large
variety of cell behaviors in multiple tissue types,
hyaluronan may also play critical roles in regulating NSPC
proliferation, differentiation and migration in the niche as
well as in the developing and injured brain.

6. HYALURONAN IS A MAJOR CONSTITUENT OF
THE EXTRACELLULAR MATRIX

Hyaluronan, also known as hyaluronate and
hyaluronic acid (HA), is a major constituent of the ECM of
most tissues. HA is a large unbranched, non-sulfated
glycosaminoglycan (GAG) composed of repeating
disaccharide units of N-glucuronic acid and N-
acetylglucosamine. While simple in composition, HA
polymers can reach upwards of 25,000 disaccharide units,
with molecular weights in the 107 Dalton range and are
capable of organizing into complex secondary and tertiary
structures. Different sizes of HA appear to have distinct
physiological functions including hydration of tissues,
providing elasticity to tissues, and creation of cell free
spaces for cell migration. These functions are regulated
through transmembrane HA receptors whose activation
depends on highly regulated HA synthesis and degradation.
Growing evidence suggests specific and critical roles for
HA in the nervous system, including the regulation of
NSPCs in neural stem cell niches.

7. STRUCTURE, SYNTHESIS AND DEGRADATION
OF HA

7.1. HA is synthesized by transmembrane synthases

Unlike most other GAGs, which are processed
and extensively modified in the Golgi body, HA is
synthesized at the inner face of the plasma membrane and
secreted as a linear undecorated polysaccharide directly
into the extracellular space by a family of transmembrane
proteins known as HA synthases (HASs). The mammalian
genome codes for three such synthases, HAS1, HAS2 and
HAS3, each of which generate distinct molecular weights
of HA. HAS3 generates intermediate sizes of low
molecular weight (LMW) HA of < 2.5 x 10° Daltons while
HASI1 and HAS?2 are thought to preferentially secrete high
molecular weight (HMW) forms of HA ranging from 2.0 x
10° to > 4.0 x 10° Daltons. (reviewed in (32))

Overall in vitro studies have shown that the V
K., values, degree of polymerization and stability of HAS
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enzymes are variable and generally organized as HAS3 >
HAS2 > HAS1 (33, 34). This, combined with distinct
temporal and spatial expression patterns (35), supports the
hypothesis that while the synthases are capable of
generating similar sizes of HA, various HASs are probably
not functionally redundant in tissues. Consistent with this
idea, the transcription of each HAS gene is regulated by
distinct growth factors and cytokines (36). To date the
generation of homozygous null animals shows that HAS2
knockout is embryonic lethal (37) while HAS1 and HAS3
animals are viable (reviewed in (38)), indicating that
conditional or double knockout animals may be required to
tease out the physiological importance of each HAS in vivo

(35).

The kinetics controlling HA synthesis in vivo are
largely unknown but are likely dependent on available
cytosolic monosaccharide concentrations and possible
direct and indirect homeostatic feedback mechanisms of
newly synthesized HA on HAS activity (34). HAS activity
generates large intact linear molecules of HA that are
rapidly incorporated into the ECM surrounding cells or
may be retained at the cell surface through HA binding
receptors and interacting proteins. HA may also be tethered
to the cell surface by interactions with HAS proteins
themselves (reviewed in (32, 34, 39)).

7.2. HA is catabolized by multiple hyaluronidases

HA degradation is carried out by a family of
enzymes called hyaluronidases (HYALs). Genomic
analysis reveals that mammals possess multiple
hyaluronidase genes, including HYAL-1 through HYAL-S5,
PH20, and, in humans, a pseudogene designated PHYAL-1
(40). Despite the estimation that approximately 30% of the
body’s total HA is turned over everyday (41), little is
known about the expression, activity and control of
HYALs, especially in the nervous system. HA degradation
begins with the extracellular processing of the large
polysaccharide into smaller cleavage products of about 20
to 50 disaccharides by the GPI-anchored HYAL-2 (42). HA
breakdown products are then internalized for further
degradation into disaccharides by HYAL-1 in lysosomes
(41), while N-acetylglucosaminidase and N-glucuronidase
are required to fully degrade the sugar into
monosaccharides. Little is known about HYAL-3 and it is
still unclear whether HY AL-3 is a functional hyaluronidase
(43), although evidence suggests it may regulate the
activity of HYAL-1 (44). Similarly, HYAL-4 has no
predicted hyaluronidase activity (40).

One of the more interesting hyaluronidases is
PH20, also known as sperm adhesion molecule-1 (SPAM-
1), which has been studied mostly in the testes where it is
localized to the heads of mature sperm and used to
penetrate the HA rich zona pellucida during fertilization
(45). However, there is growing evidence that PH20 is
expressed elsewhere as well, including the kidney (46) and
numerous cancer cell types (47, 48). It is unclear whether
PH20 is expressed in the nervous system. HYAL-5, not
present in humans, is thought to be functionally redundant
with PH-20 in the testes of rodents and other mammals (49,
50).
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8. PHYSIOLOGICAL RELEVANCE OF HA SIZE
AND RECEPTORS IN HA-MEDIATED
BIOLOGICAL ACTIVITIES

Multiple reviews have covered the significance
of size on HA signaling in vivo and in vitro (refer to: (32,
34, 51-53)). Importantly it has been shown that distinct
sizes of HA have different physiological effects on cells
and that different sizes of HA may have distinct effects on
the activation of HA receptors.

8.1. Activities ascribed to HMW HA

The aggregation and structure of HMW HA has
been shown to be highly flexible with large molecules
folding and aggregating spontaneously into coils, fibers,
and nets (34). Due to its high negative charge, HMW HA is
capable of holding 10-10,000 times its weight in water and
it is proposed that hydration of the HA rich ECM creates
cell free pores for migration of cells (32). The structure of
HMW HA in the nervous system is likely dependent on
binding with HA binding proteins such as hyalectins (54),
brain-enriched HA binding protein (BEHAB) (55), and
other HA-binding proteins (56). A large body of research
has explored the role of HA interactions with these HA-
binding proteins and as a structural component in large
proteoglycan complexes during development and repair of
the CNS but is beyond the scope of this review (for more
information see (57, 58)).

HMW HA has also been implicated in the
clustering of receptor tyrosine kinases (RTKs) as well as
influencing the constitutive activation of multiple growth-
associated receptors (59). In particular, several studies
have implicated HA in the activation of the erbB2 and
erbB3 receptor tyrosine kinases in Schwann cells (60, 61),
and erbB1 (the epidermal growth factor receptor) and
erbB4 in other cells types via interaction with the
transmembrane HA receptor CD44 (62-65). HA-CD44
interactions have also been implicated in regulating cell
proliferation by regulating the phosphorylation of the
merlin tumor suppressor protein in Schwann cells (65).

8.2. Activities ascribed to LMW HA

LMW HA shows varying binding affinities for
different HA receptors as well as strong angiogenic
properties, and may function as a signal for CNS tissue
damage by inducing pro-inflammatory signaling cascades
(66). Small fragments of HA (4-8mers) have been shown to
induce anti-apoptotic cascades via activation of NFkB and
heat shock proteins (41). Additionally, various breakdown
products of HA have been shown to activate toll-like
receptors (TLR-2 and TLR-4) (67, 68) and may be one of
the molecules responsible for activation of local microglia
and astrocytes in response to pathogens and CNS infection
(69). Small fragments (<12 disaccharides) or HA oligomers
have been used to disrupt HMW and LMW HA signaling in
vitro by directly competing with the intact sugar for
binding sites in HA receptors and binding proteins
(reviewed in (70)). Whether HA oligomers produced by
endogenous hyaluronidases are capable of competing with
large polymers of HA in vivo is still unclear.
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8.3. Activities of transmembrane HA receptors in the
nervous system

Activation of HA receptors has been implicated
in tumor metastasis, cell migration and differentiation, and
the modulation of signaling cascades associated with cell
growth during tissue homeostasis and following injury.
Such a multitude of cellular responses reported for HA is
likely related to the where, when and how a cell encounters
HA. The biological activities of HA in the nervous system
are largely mediated by transmembrane receptors including
TLR2, TLR4, CD44 and the receptor for hyaluronan-
mediated motility (RHAMM). An isoform of the HA
receptor for endocytosis (HARE) is also expressed in the
brain but its function there is not known (71). Among these
receptors, CD44 and RHAMM have been the most
extensively characterized in the CNS and PNS.

Multiple isoforms of CD44 are created both by
alternative mRNA splicing of 20 exons present in the CD44
gene and extensive posttranslational modification of CD44
proteins including N- and O-linked glycosylation, the
addition of heparan sulfate side chains, and the
incorporation of chondroitin sulfate side chains (reviewed
by (72)). Different modifications occur depending on the
presence of particular variant exon-encoded sequences. HA
binds to CD44 via an extracellular domain related to
cartilage link protein. The binding affinity of HA to CD44
depends on the receptor isoform expressed and the extent
of post-translational receptor modifications. In general,
CD44 preferentially binds HMW HA although lower MW
forms of HA may also signal via CD44. CD44 is expressed
throughout both the central and peripheral nervous systems
predominantly by glial cells (60, 73). CD44 signaling has
been shown to influence multiple cellular behaviors
including proliferation, survival, and migration via receptor
interactions with a variety of signaling molecules such as
ErbB receptors (62, 63), SRC family kinases (74-76), RHO
GTPases (77) and proteins in the ezrin-radixing-moesin
(ERM) family of actin-associated proteins (78).
Additionally, HA uptake and degradation by a CD44-
dependent mechanism has been proposed which may also
influence tissue integrity, cell growth and homeostasis (41).

RHAMM is also expressed at the cell surface,
exists in multiple isoforms and is capable of binding
various sizes of HA (79, 80). Like CD44, RHAMM
expression has been reported in neurons and glial cells (81).
Extracellular binding of HA to RHAMM has been reported
to influence cell migration and growth by activating
molecules such as focal adhesion kinase (FAK) and
inducing changes in actin and microtubule dynamics (82-
85). HA binding to RHAMM also activates a variety of
signaling molecules such as tyrosine receptor kinases (82),
protein kinase C (86) and PI3K (87). Interestingly,
RHAMM is also found in the cytoplasm and is associated
with nuclear and mitochondrial membranes (88), perhaps
mediating intracellular signaling by internalized HA (see

(89)).

Finally, HA has been proposed as a ligand for
Toll-Like Receptors (TLRs), a family of pattern recognition
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receptors activated by pathogenic molecules such as
bacterial cell wall components, lipopolysaccharide, DNA
and RNA. To date 10 mammalian TLRs have been
identified (see (90)). Signaling through TLRs leads to
activation of the innate immune system via MyD88-
mediated signaling pathways resulting in the nuclear
translocation of NFkB and the subsequent upregulation of
inflammatory chemokines and cytokines (reviewed in
(91)). The endogenous ligands for TLRs are still being
investigated but HA oligosaccharides have been proposed
as ligands for TLR2 and TLR4 in a variety of cells such as
macrophages (92, 93), dendritic (94) and endothelial cells
(95). TLR2 and TLR4 expression has been reported in
neural stem cells (96), microglia and astrocytes (69). As
HA is secreted in large volumes following CNS insults
such as stroke, multiple sclerosis attacks and infections, the
breakdown products of HA may be capable of inducing
TLR2 and TLR4 mediated inflammatory cascades
following HA degradation or ECM destruction (see (97)).

9. HA AND THE DEVELOPING AND ADULT CNS

As mentioned above, HA and HA receptors have
distinct patterns of expression in the CNS. HA is enriched
in the mesenchyme underlying the neural folds in chick,
frog, rat and mouse embryos (98-100). It has been
proposed that HA lends structural support and tensile
strength during neural tube folding and closure (101). Early
neurulation and formation of the spinal cord appears to be
HA-dependent as enzymatic degradation of the HA matrix
in the neural plate with exogenous hyaluronidase leads to
incomplete closure of the neural tube in chick spinal cord
(102) and altered HA deposition may underlie the hindbrain
and spinal cord defects seen in exencephalic loop-tail
(Lp/Lp) mice (103) and splotch (sp/sp) mice (104).
Additionally, high concentrations (100-500 ug/ml) of HA
increase the spreading and distribution of neural crest cells
(NCCs) along the quail neural tube (105), perhaps by
decreasing the tight cell-cell association of the
neuroepithelum and creating a porous ECM for cell
migration. Pockets of HA are also observed between
neuroepithelial cells of the developing rat neural tube
(106).

In later embryonic stages, HA is widely
distributed throughout the developing rodent brain
including the cortex, cerebellum, striatum, and subpallidian
structures (106, 107). As mentioned above, hydration of the
HA-rich ECM of the developing CNS may create a ‘loose’
cell-free matrix to promote neural precursor migration.
Consistent with this hypothesis, 90% of HA is associated
with water in the developing brain and is expressed in a
diffuse global pattern when many cells are moving both
tangentially and radially into the rapidly expanding
cerebrum (108). Total HA content of the developing CNS
declines to approximately 25% of embryonic HA levels by
2 weeks after birth in the rodent (108) and becomes re-
organized into dense nets in the corpus callosum and
cerebellum, both sites of extensive postnatal progenitor
migration (109-111).

HA binding to RHAMM can induce calmodulin-
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mediated cell signaling that influences -cytoskeletal
elements such as actin and microtubules (88). It has been
proposed that HA-rich fiber tracts may serve as guidance
cues for migration of newly born neurons and glia, which
express a variety of RHAMM splice variants (80, 81).
Astrocytes and migroglia upregulate RHAMM during in
vitro migration (112) and RHAMM expression is seen on
both neurons and oligodendrocytes, in vivo (80, 81). The
developmental upregulation of RHAMM mRNA in
immature neurons and oligodendrocytes also corresponds
to periods of progenitor migration (81). To date, HA-
induced migration in neural progenitors via RHAMM
activation has yet to be tested in the developing CNS.

HA may also influence the organization of
distinct structures in the maturing brain. Disruption of the
HA matrix leads to lamination defects and inappropriate
sprouting in the hippocampus (113). The HA rich matrix
may also influence the sorting of axons in fiber tracts such
as CD44 positive retinal axons in the developing optic
chasm (114-116) and RHAMM positive axons of
noradrenergic neurons in the locus coeruleus (117). In the
adult CNS, HA is found at especially high levels in dense
proteoglycan coats known as perineuronal nets (PNNs).
PNN formation is associated with neuronal maturation and
thought to correspond to the establishment and
maintenance of synaptic circuitry in the adult brain. HA
itself, other GAGs and proteoglycans associated with the
nets have been proposed to act as sinks for enzymes,
neurotransmitters, growth factors and cytokines capable of
modulating synaptic transmission. In support of this notion,
HA rich nets are concentrated around the dendrites, soma
and initial segment of the axon (for a more extensive
review see (118)).

A recent report shows that the PNNs around
hippocampal neurons can control AMPA receptor
trafficking into and out of the synapse, a mechanism
thought to influence synaptic plasticity by exchanging
desensitized receptors with naive functional receptors
(119). The authors labeled membrane associated GluR1 and
GluR2 receptor subunits in cultured primary hippocampal
neurons with green fluorescent protein (GFP) and then
treated the cells with hyaluronidase to disrupt the PNNs
around mature synapases. GFP-labeled AMPA receptors
and GPI-linked GFP molecules diffused faster and more
widely through the membrane following hyaluronidase
treatment. Next, they observed that hyaluronidase treatment
increased the speed of recovery of fluorescence following
photobleaching of dendritic spines and altered paired pulse
ratios following high frequency stimulation. Additionally,
they reported no changes in synaptic transmission, receptor
expression, or changes in spontaneous transmitter release
following hyaluronidase treatment, indicating that altered
synaptic plasticity could be affected by AMPA receptor
motility alone. These observations are consistent with the
hypothesis that HA-rich PNNs may be a way to control the
plasticity of individual synapases by creating distinct
membrane compartments and controlling the passive
diffusion of molecules at the cell surface.

In another study, hippocampal slices from young
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rats were treated with hyaluronidase to remove PNNs
(120). Scanning electron microscopy (SEM) and ex vivo
electrophysiological recordings showed that hyaluronidase
treatment dramatically reduced the width of the synaptic
cleft and increased the amplitude of excitatory postsynaptic
potentials in CAl axodendritic connections. From these
studies it is reasonable to conclude that HA rich PNNs
could influence both the fidelity and architecture of
synapses. Furthermore, the controlled degradation of HA in
PNNs may be one mechanism used to alter synaptic
plasticity underlying learning and memory.

Although HA is a prominent component of the
neural ECM, a comprehensive characterization of the
synthesis of HA in the developing rodent nervous system
has yet to be done. HAS2 and HAS3 mRNA are found in
the embryonic brain (121). Little is known about HAS1
expression or activity in the CNS. In agreement with HA
accumulation in PNNs of mature neurons, mRNA for
HAS2 and HAS3 is found in neurons during postnatal CNS
development (121). HAS2 knockout in mice is lethal by
embryonic day 10 due to cardiac and vascular defects (37)
so conditional knockout will be required to study loss of
HAS?2 in the nervous system. HAS1 and HAS3 knockouts
are viable but CNS organization in these animals has not
been described. (38).

Even less is known about the degradation of HA
by endogenous hyaluronidases in the brain. It remains
controversial which HYALs are expressed in the
mammalian brain and when. Several labs report a
conspicuous absence of HYAL?2 in the brain (122, 123) and
no gross abnormalities in the CNS or PNS are reported in
the HYAL2 null mouse (124) . However, a GPI-linked
hyaluronidase such as HYAL2 would most likely be
needed to degrade HA at the cell surface. Similarly,
HYAL3 mRNA is expressed in the brain (125) but
conflicting reports exist on the nature of this gene’s
function. Brain abnormalities in HYAL3 or HYALI null
mice have not be reported.

10. HA IS ENRICHED IN NEURAL STEM CELL
NICHES

While the roles of HA-rich ECM, HA binding
proteins and associated proteoglycans, and HA receptors
have been studied outside the nervous system for decades,
only recently has the effect of HA on NSPC populations
been explored. In particular, there is growing evidence that
HA itself may directly influence the neural stem cell niche.

HA has been described as a component of the
hematopoietic stem cell niche where it is concentrated
around hemopoietic stem cells (HSCs) in the endosteal
region of bone marrow, a proposed HSC niche (126). HA is
thought to be a key molecule in the homing of transplanted
HSC to bone marrow niches and it has been demonstrated
that interfering with HA interactions in the bone marrow
reduces HSC proliferation and granulocyte differentiation
(127). HA may play similar roles in the developing and
adult nervous system. In the brain, HA synthases and HA
receptors appear to be concentrated in the highly
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proliferative ventricular zones in the frog, where embryonic
neurogenesis is occurring (81, 98). We observe discrete
concentrations of HA adjacent to GFAP positive B cells,
the proposed neural stem cell (128), in the SVZ and SGZ
(our own unpublished findings). Additionally when neural
stem cells are isolated and grown as free floating
‘neurospheres’, an in vitro model of the niche, we find
them to contain both HA and hyaluronidases (unpublished
observations).

HA may act to slow proliferation of stem or
progenitor cells in neural stem cell niches. A recent report
shows that mesenchymal stem cells have increased G0/G1
length when plated on HA coated coverslips leading to
slowed proliferation (129). Furthermore, HAS activity,
intracellular HA concentrations and RHAMM mRNA
synthesis have been shown to fluctuate during mitosis (130-
132). There have been several reports linking HA and
RHAMM to the formation of the mitotic spindle apparatus
suggesting that intercellular binding of HA may directly
affect mitosis (84, 133, 134). HMW HA-CD44 interactions
at the cell membrane have been shown to organize mitotic
spindle orientation and thereby influence asymmetrical
versus symmetrical division, a process strongly linked to
self-renewal or differentiation of NSCs in vivo (135).

HA synthesis and degradation may also influence
the proliferation, differentiation and maturation of neural
progenitors. For example, enzymatic degradation of HA
induces proliferation of O-2A (oligodendrocyte — type2
astrocyte) progenitors isolated from rat brain and in
confluent primary rat astrocyte cultures (136). HA also
inhibits the maturation of rat oligodendrocyte progenitor
cells both in demyelinating lesions and in culture (137).
Furthermore, HA degradation induces the proliferation of
quiescent astrocytes in the rat spinal cord (138). These data
suggest that controlled degradation of HA may be required
to allow for proper expansion and maturation of progenitor
cells during development and following recruitment to
areas of nervous system damage.

11. USE OF HA-BASED HYDROGELS TO
PROMOTE CNS REPAIR BY NSPCS

Repairing CNS damage following injury or
disease is dependent upon the proper mobilization and
maturation of neural progenitor cells to sites of tissue
damage (139). Recently, attention has been focused on
the generation of biomaterials for the replacement of
damaged or necrotic tissue. Tissue engineering has been
proposed for the delivery of pharmacological factors
and/or neural stem/progenitor cells to sites of injury; as
well as, to provide structural support for the migration
of endogenous progenitors into areas of damage and the
regrowth of axons through damaged tissue. Given the
influence of HA on proliferation, migration and
differentiation = of  progenitor cells, HA-based
scaffoldings, or HA hydrogels, have been generated to
mimic the ECM found in neonatal and adult nervous
system. HA-based hydrogels are biodegradable by
endogenous hyaluronidases, mechanically and
chemically stable, malleable in shape, and show low
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immunogenicity. These are all properties desired for
bioengineering tissues (for a more extensive review see
(140)).

HA-based scaffoldings can be readily
modified to alter pore size, hydration, surface charge,
and ECM interactions by subtlety adjusting the
manufacturing parameters or by the addition of HA
interacting proteins such as brain-derived proteoglycans
(141). Early studies have shown that implanted HA-
based materials minimize glial scar formation, promote
vascularization and promote cell migration of astrocytes
and microglia into damaged tissue (142, 143). However,
pure HA hydrogels have shown limited ability to
promote neurite outgrowth, presumably due to low
process adhesion to its negatively charged surface (144).
Modifications such as crosslinking HA with poly-D-
lysine, neural adhesion molecules or peptide sequences
commonly found in ECM interacting proteins all appear
to increase cell adhesion and promote neurite sprouting,
axonal growth and cellular integration into damaged
tissue (145-149). Degradation of the implanted HA-
hydrogels, presumably by invading cells, correlates
temporally  with  progenitor differentiation and
maturation mirroring the loss of HA expression seen
during postnatal maturation of the nervous system (150).

HA-hydrogels have also been used to study
the effects of 3D scaffoldings on NSPC proliferation,
survival and differentiation. NSPCs seeded into HA-
based 3D hydrogels survive and mature both in vitro and
in vivo (151). Interestingly, hydrogels made of pure HA
promoted the aggregation of cells into clusters of cells
reminiscent of neurospheres (152). In another study
(151), HA was mixed with collagen I, a molecule
enriched in the basal lamina of the SVZ, to form 3D
matrices. HA-Collagen I-based 3D cultures showed
reduced proliferation and apoptosis of neonatal
progenitors as compared to 2D cultures, conditions that
strongly promoted the generation of immature neurons
following mitogen removal. These studies support the
hypothesis that HA is capable of altering proliferation
and differentiation of stem cells in the neural stem cell
niche.

Modified HA  hydrogels also  show
significantly increased morphogen-induced
differentiation of stem cells into neurons as well as
increased neurite outgrowth and synapse formation as
compared to traditional 2D culture assays (152).
Strikingly, in a recent study (153), ‘tunable’ HA-
hydrogels that mimic the mechanical properties of
neonatal and adult brain ECM were generated. Isolated
NSPCs were encapsulated into these HA-hydrogels
during polymerization, transferred to culture medium
and allowed to differentiate in the absence of growth
factors or morphogens. NSPCs inside ‘soft’ hydrogels
with the flexibility of neonatal brain ECM differentiated
primarily into neurons, while NSPCs inside ‘medium’
hydrogels with the flexibility of adult brain ECM
became astrocytes. Here, hydrogel mechanical
properties alone were apparently sufficient to drive
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lineage choices in NSPCs. Again, as seen with
endogenous HA, the influence of HA-based hydrogels
on progenitor generation and maturation is likely
dependent on the conformational organization and
degradation of HA and HA binding molecules
incorporated into the scaffolding before and after
implantation.

12. CONCLUSIONS

While HA has been studied extensively in a
variety of tissues comparatively little is known about the
role of HA in the developing, mature or injured nervous
system. More detailed analysis of HA synthesis,
degradation, and signaling in the brain and spinal cord is
needed to understand how such a simple molecule is able to
modulate such a large variety of complex signaling
cascades and generate a plethora of cellular responses. The
HA-rich ECM likely provides both structural shape and
mechanical support to the developing and adult nervous
system as well as acting as core scaffolding for the
incorporation of a variety of ECM molecules, growth
factors, and signaling molecules known to influence
cellular growth and homeostasis. Large molecules of
HA are capable of hydration, cushioning and facilitating
cellular migration as well as preventing the spread of
inflammation in the glial scar. Conversely, HA has been
found to signal directly through a variety of receptors,
based on size and presentation, and influence a diverse
collection of cellular behaviors including progenitor
proliferation, differentiation, migration and maturation.

We propose that the controlled synthesis and
degradation of HA may be required for proper
generation, proliferation and maturation of NSPCs
within NSC niches during development and repair of the
damaged nervous system. The data that we have
reviewed here suggest a model (Figure 2) in which the
matrix of neural stem cell niches is enriched with HA,
where HA maintains NSPC quiescence and prevents
their differentiation. When these cells start to
differentiate, they likely express hyaluronidases that
either relieve HA-induced signals that inhibit
proliferation and differentiation, or which generate
LMW HA products that promote proliferation,
differentiation and possibly migration. If these cells
later encounter an HA-rich matrix at a site of nervous
system injury, their proliferation, differentiation and
maturation are again inhibited, preventing them from
contributing to nervous system repair. It is possible
that both HA synthesis and degradation are regulated by
signals, such as pro-inflammatory cytokines, found
within nervous system lesions. Such signals could
influence both cells within lesions as well as progenitor
cells within stem cell niches.

It is clear that NSPCs and differentiating cells
that are recruited to nervous system lesions respond to
multiple signals during development and in response to
tissue damage. It is tantalizing to speculate that, in
addition to HA-specific signals transduced through HA
receptors, the HA-based extracellular matrix also serves
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Figure 2. A model of the potential roles played by HA in a demyelinating lesion to illustrate how NSPCs regulate and respond to
changes in the HA-based ECM. (1) Following a CNS insult, signals from the site of injury result in the activation of NSPCs in
the SVZ. (2) NSPCs or other cells in the niche then increase their hyaluronidase expression and/or activity, leading to (3) the
expansion of NSPCs and their initial differentiation and migration away from the niche. If these cells encounter an acute lesion,
then they can differentiate into cells that can promote nervous system repair. (4) If they encounter an HA-rich chronic lesion,

however, they are blocked from maturation.

as a platform that mediates multiple signals within
neural stem cell niches. Future studies focused on the
roles of HMW versus LMW HA and their distinct
receptors, the regulation of HAS genes and
hyaluronidases, and the interactions between HA and other
signaling molecules in the nervous system will reveal how
HA functions during nervous system development and
during the pathogenesis of various nervous system insults
and diseases.
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