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Inhibition and enhancement of neural regeneration by 
chondroitin sulfate proteoglycans

Introduction
The mature mammalian central nervous system (CNS) dis-
plays a very limited capacity to regenerate its connections 
after trauma. It is generally accepted that chondroitin sulfate 
proteoglycans (CSPGs) are major inhibitors of plasticity 
and regeneration in the adult CNS. CSPGs consist of a pro-
tein core to which the carbohydrate moieties designated as 
chondroitin sulfate (CS) chains (the designations CS chains 
or simply CS are used in the current text) are covalently at-
tached. The CS chains act as the main inhibitory structures 
of the CSPGs. The structures and biological properties of the 
neuronal CSPGs are reviewed by Kwok et al. (2011).

CSPGs accumulate in glial scar that is thought to be the 
major area where the CS side chains of the CSPGs exert their 
inhibitory effect. Accordingly, chondroitinase ABC has been 
widely used to demonstrate the role of the CS chains in the 
regeneration failure after CNS injuries (Bradbury et al., 2002; 
Silver and Miller, 2004; Galtrey and Fawcett, 2007; Sharma et 
al., 2012).

In addition to their inhibitory role after injury, the CS 
chains are implicated in physiological regulation of CNS 
functions. CSPGs accumulate in perineuronal nets at the 
end of the critical period of development and inhibit plas-

ticity that underlies behavioral regulation (Pizzorusso et al., 
2002; Gogolla et al., 2009). Interactions of the CS chains with 
neurons are therefore of wide biomedical interest, regulating 
plasticity in the injured and non-injured CNS.

In addition to their inhibitory effects, CSPGs have benefi-
cial effects after CNS injuries. They are, for example, impli-
cated in modulation of immune responses and in regulation 
of progenitor proliferation (Rolls et al., 2009). We have 
therefore sought for an alternative strategy to chondroitinase 
ABC digestion to modulate the effects of the CSPG matrices 
without destroying the biologically important structures. To 
overcome the inhibitory effect of the adult CSPG matrices, 
our goal has been to recapitulate development to return the 
matrix structure to a growth-permissive state.

HB-GAM (pleiotrophin) as a Candidate 
Molecule to Modify CSPG Matrices
Heparin-binding growth-associated molecule (HB-GAM) 
was initially isolated by screening factors from rat brain 
extracts that enhance neurite outgrowth in central neurons 
(Rauvala, 1989). Peptide sequencing (Rauvala, 1989), mo-
lecular cloning (Li et al., 1990; Merenmies and Rauvala, 
1990) and characteristics of the recombinant protein (Raulo 
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on CSPG substrate with HB-GAM in the medium, chon-
droitinase ABC treatment of the substrate abrogates the 
neurite growth-promoting effect (Paveliev et al., 2016). It 
thus appears clear that neurite growth on CSPG substrate in 
the presence of HB-GAM depends on the CS chains that are 
generally regarded inhibitory. Our interpretation is that the 
CS side chains of the CSPG substrate are required to bind 
HB-GAM from the medium, and the resulting CSPG/HB-
GAM substrate then induces neurite growth (Figure 1).

HB-GAM-induced neurite outgrowth in CNS neurons has 
been previously shown to depend on heparan sulfate (HS) of 
the cell surface (Rauvala et al., 1994; Kinnunen et al., 1996), 
and syndecan-3 (N-syndecan) has been identified as a recep-
tor carrying interacting HS chains (Raulo et al., 1994). We 
therefore wondered whether this is also the case for neurite 
outgrowth on CSPG substrates in the presence of HB-GAM. 
Indeed, neurite outgrowth on CSPG substrate in the pres-
ence of HB-GAM can be virtually abolished by heparinase 
treatment, but syndecan-3 knockout neurons grow neurites 
as the wild-type neurons (Paveliev et al., 2016). Neuron sur-
face heparan sulfate is therefore required but syndecan-3 is 
not the critical heparan sulfate proteoglycan mediating neu-
rite outgrowth on CSPG substrate.

According to our view, HB-GAM acts as a matrix-bound 
molecule that is able to induce neurite outgrowth. Accord-
ingly, HB-GAM-coated beads have been used in an unbiased 
search of putative receptors that might explain the effect of 
HB-GAM bound to a CSPG substrate (Figure 1). The HB-
GAM-coated magnetic beads were isolated after incubation 
with CNS neurons, and the membrane fraction attached 
to the beads was analyzed by liquid chromatography-mass 
spectrometry. Glypican-2, an HS proteoglycan attached to 
the cell membrane through a glycosylphosphatidylinositol 
(GPI) linker, was identified as the only cell surface com-
ponent with high score. Glypican-2 indeed appears as a 
receptor since phospholipase C, an enzyme that cleaves GPI 
anchors, was found to abolish neurite outgrowth on CSPG 
substrate in the presence of HB-GAM. Furthermore, knock-
down of glypican-2 in CNS neurons clearly inhibited neurite 
outgrowth (Paveliev et al., 2016).

Protein tyrosine phosphatase sigma (PTPσ) has been re-
cently identified as a transmembrane receptor binding to 
CS chains and mediating the inhibitory effect on neurite 
outgrowth (Shen et al., 2009; Coles et al., 2011; Lang et al., 
2015). In solid phase binding assays, HB-GAM appears as 
an effective inhibitor of PTPσ binding to CS chains of the 
matrix: 50% inhibition in the binding of 80 nM ectodomain 
of PTPσ is achieved by 20 nM soluble HB-GAM. Howev-
er, knockdown of PTPσ in CNS neurons does not change 
neurite outgrowth on CSPG substrate in the presence of 
HB-GAM. Therefore, downregulation of PTPσ signaling in 
neurons does not explain the neurite outgrowth-promoting 
effect of HB-GAM on CSPG matrix although it might aid in 
making the CSPG matrix permissive for neurite outgrowth.

Our current view of the mechanism of HB-GAM on CSPG 
matrix is depicted in Figure 1. HB-GAM binds from the me-
dium to the CSPG-rich extracellular matrix, making a multi-

et al., 1992) confirmed that HB-GAM is a novel glycosami-
noglycan-binding protein that enhances neurite extension 
in CNS neurons as a substrate-bound molecule. Expression 
of HB-GAM displays a characteristic peak in the brain 
during the postnatal weeks 1–3 (Merenmies and Rauvala, 
1990) corresponding to heightened plasticity of the juvenile 
brain (Hensch, 2004). The expression level of HB-GAM is 
very high in juvenile brain, up to 10–15 μg/g of wet tissue 
weight, but is strongly downregulated upon adulthood. HB-
GAM is secreted from neurons and glial cells by classic-type 
secretion signal mechanism, binds to CS chains of CSPGs 
at nanomolar Kd values (Milev et al., 1998; Sugahara and 
Mikami, 2007) and lines practically all fiber tracts in juvenile 
brain (Rauvala et al., 1994).

Taken together, characteristics of HB-GAM suggest that 
it could be one of the key factors that are responsible for 
heightened plasticity of the juvenile brain compared to the 
adult brain. Strong binding to the CS chains suggests that 
HB-GAM could modify the plasticity-inhibiting property 
of CSPGs. Since the potential role of HB-GAM on hostile 
CSPG matrices had not been previously explored, we decid-
ed to test whether HB-GAM could overcome or even reverse 
the CSPG inhibition in growth and regeneration of neurites.

Reversal of the CSPG Effect on Neural 
Regeneration by HB-GAM
To screen factors that could modify the effects of the CSPG 
matrices on neurite growth from primary CNS neurons, 
culture wells coated with aggrecan, neurocan or a CSPG 
mixture isolated from rat brain were tested. In all cases, the 
CSPG substrates strongly inhibited neurite outgrowth from 
primary neurons (Paveliev et al., 2016). Coating of HB-GAM 
together with the CSPGs was able to overcome the inhibitory 
effect. Interestingly, delayed addition of HB-GAM to the cul-
ture medium was able to induce neurite growth in neurons 
that had already been inhibited by the aggrecan substrate.

In assays where HB-GAM was added to culture medium 
at concentrations resembling those found in juvenile brain, 
no increase of neurite outgrowth but even some inhibition 
was observed on ordinary culture wells. However, under the 
same conditions robust neurite outgrowth was induced on 
CSPG substrates (Paveliev et al., 2016). Therefore, the CSPG 
substrates display an enhancing effect on neurite outgrowth 
when HB-GAM is present in the medium at concentrations 
found in juvenile brain.

Mechanism of HB-GAM-Induced Neurite 
Growth on CSPG Matrices
The finding that the HB-GAM effect is observed on var-
ious CSPG substrates, as those prepared using aggrecan, 
neurocan and a CSPG mixture from brain, suggests that 
HB-GAM modulates the effects of the CS chains found in 
various CSPGs. The findings that HB-GAM binds with high 
affinity to CSPGs (Kd = 0.3–8 nM) and the binding is mainly 
due to the CS chains (Milev et al., 1998) are consistent with 
this interpretation. When tested with CNS neurons plated 
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valent interaction surface for neurons. Binding of glypican-2 
to the HB-GAM/CS complex is essential to initiate neurite 
outgrowth. Furthermore, HB-GAM masks the CS binding 
sites of PTPσ reducing its inhibitory signaling, which is 
expected to contribute to the HB-GAM effect. HB-GAM 
might be viewed here in a broader context of co-signaling by 
neurotrophic factors and extracellular matrix both via direct 
interaction on the cell surface and interference of intracellu-
lar signaling pathways (Paveliev et al., 2007; Bespalov et al., 
2011).

Dendrite Regeneration in Cerebral Cortex
To study whether the in vitro effects on neurite outgrowth 
discussed above could be relevant for regeneration in vivo, 
we have used two-photon microscopy to follow the possible 
effects of injected HB-GAM in live animals in injury models. 
To this end, a prick-injury model of the cerebral cortex has 
been recently set up using transgenic mice with fluorescent 
dendrites (Paveliev et al., 2014). In the prick-injury model, 
injected HB-GAM clearly accumulates to the area of acti-
vated astrocytes which is likely due to its avid binding to the 
CS chains that are known to be produced at high amounts 
by the activated astrocytes making the glial scar. Expression 
of the endogenous HB-GAM is also enhanced in activated 
astrocytes after CNS injury, which might aid in regeneration 
(Takeda et al., 1995). However, detection of HB-GAM at the 
area of activated astrocytes in our injury model depends on 
the injected recombinant HB-GAM since the endogenously 
occurring protein was below the detection limit in immuno-
histochemistry and in western blotting used in the experi-
ments (Paveliev et al., 2016).

HB-GAM can be detected in the activated astrocyte-en-
riched scar area at least until day 20 after the injection, which 
is consistent with the long half-life of the matrix-bound 
HB-GAM in tissue (Dreyfus et al., 1998). Quantification 
of the density of dendritic tufts and the number of apical 
dendrites by two-photon microscopy in the cortex (until the 
800 μm depth below the cortical surface that is reached by 
the two-photon microscopy used) reveals robust regener-
ation within 2–3 weeks from the start of the experiment in 
the core and perilesional area in HB-GAM-injected cortical 
injury sites compared to the IgG-injected controls (Paveliev 
et al., 2016). The findings in the brain trauma model thus 
appear consistent with the effects of HB-GAM on neurite 
outgrowth in vitro using the CSPG substrates.

Substantial progress has been made to identify extracel-
lular cues and intracellular signaling pathways that lead to 
axon-dendrite polarization in cultured neurons (Barnes and 
Polleux, 2009). Furthermore, regrowth of axons after neuro-
nal injuries has been widely studied (Schwab and Bartholdi, 
1996; Cregg et al., 2014). Although dendrite regeneration 
should be a relevant issue in conditions such as traumatic 
CNS injuries and stroke, data are apparently lacking whether 
and under what conditions dendrites might be able to regen-
erate after injury in mammalian systems. However, dendrite 
regeneration after nervous system injury has been studied in 
Drosophila during the last few years (Song et al., 2012; Stone 

et al., 2014; Thompson-Peer, 2016). Cell signaling mediated 
by phosphatase and tensin homolog (PTEN) that is import-
ant in mammalian axon regeneration is suggested to regulate 
dendrite regeneration in Drosophila (Song et al., 2012). One 
should however bear in mind that the regenerative capabil-
ity in invertebrates is often different from that in mammals, 
for which reason it is unclear whether cell-intrinsic and ex-
trinsic pathways found to regulate dendrite regeneration in 
Drosophila would also apply to vertebrates. We suggest that 
dendrite regeneration even in the adult mammalian CNS is 
possible and can be regulated by extracellular cues, as shown 
for HB-GAM after prick-injury in the cortex.

Axon Regeneration in Spinal Cord
Long-term imaging in transgenic mice with fluorescent ax-
ons using two-photon microscopy of spinal cord (Fenrich et 
al., 2012) has been used to study HB-GAM effects on axonal 
regeneration after transection injuries (Paveliev et al., 2016). 
Counting of axons that traverse the injury sites from the 
start of the injury until 4 weeks post-injury reveals that the 
numbers of axons traversing the trauma site are significantly 
higher in the HB-GAM-treated spinal cords compared to the 
IgG-treated spinal cords starting from two weeks post-injury 
(Paveliev et al., 2016). Furthermore, HB-GAM was found 
to increase the growth rate of axons. At the subcellular level, 
HB-GAM-treated spinal cords have axons with more branch 
points and varicosities compared to the control spinal cords, 
which agrees with previous findings that axons with complex 
growth terminals are more likely to regenerate compared to 
axons with simple growth terminals (Fenrich and Rose, 2011).

Conclusions and Remaining Questions
Our findings in vitro and in vivo are consistent with the gen-
erally held view that the CS side chains of proteoglycans are 
able to strongly inhibit regenerative growth of neurites. How-
ever, the inhibition depends on CS-binding factors present in 
the extracellular space: under the conditions when HB-GAM 
is present in the medium at high concentrations resembling 
those found in juvenile brain, the role of the CS chains is 
reversed from inhibition to activation of neurite growth. We 
suggest that HB-GAM acts as a linker from matrix CS chains 
to neuron surface HS chains bound to glypican-2.

CS chains densely deposited on the glial scar are suggest-
ed to act as major inhibitors of axon regrowth (Bradbury et 
al., 2002; Silver and Miller, 2004; Galtrey and Fawcett, 2007; 
Sharma et al., 2012). From the viewpoint that CS chains are 
able to bind and present neurite outgrowth enhancing fac-
tor(s), such as HB-GAM, to neuron surface receptors to en-
hance regeneration, the glial scar might also have beneficial 
effects on regeneration as has been recently suggested (An-
derson et al., 2016). However, in our injury models induc-
tion of endogenous HB-GAM expression by trauma (Takeda 
et al., 1995) was not sufficient to induce regrowth through 
the injury sites.

The question how ligation of glypican-2 by the CS-bound 
HB-GAM leads to cell signaling enhancing neurite regrowth 
requires further investigation. Glypican-2 is a GPI-linked 
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plasma membrane component lacking a cytosolic tail, and 
it does not therefore directly communicate with the cyto-
skeleton of neurons to enhance neurite growth. It seems 
probable that glypican-2 needs to interact with a transmem-
brane component that regulates the cytoskeleton to enhance 
neurite growth, but such putative mechanism is currently 
unknown. On the other hand, the role of glypican-2 in neu-
rite growth appears probable since it is highly expressed in 
central neurons at the stage when they extend neurites (Stipp 
et al., 1994), and glypicans have been found to regulate sig-
naling of Wnts, Hedgehogs, fibroblast growth factors and 
bone morphogenetic proteins (Filmus et al., 2008).

We have used two-photon imaging to show the effects of in-
jected HB-GAM in enhancing regeneration of axons and den-
drites in vivo after CNS injuries (Paveliev et al., 2016). It is in-
triguing that in addition to axons dendrites regenerate robustly 
upon local injection of excess HB-GAM. Two conclusions 
appear clear: (i) dendrite regeneration is possible in the adult 
mammalian CNS and (ii) dendrite regeneration is influenced 
by extracellular cues, such as HB-GAM. Dendrite regenera-
tion resembles axon regeneration since both are influenced by 
the same extracellular cue. Interestingly, PTEN signaling that 
is a well-known enhancer of axon regeneration also enhanc-
es dendrite regeneration in Drosophila (Song et al., 2012). It 
therefore appears reasonable to assume that regulation of axon 
and dendrite regeneration in mammals have similar cues both 
in the extracellular and the intracellular side but it is too early 
to estimate how far this inference may hold.

Interestingly, there are two reports in literature that inhibi-
tion of PTEN expression leads to upregulation of HB-GAM 
expression both in mouse embryonic fibroblasts (Li et al., 
2006) and in human mammary epithelial cells (Rahal and 
Simmen, 2010). We therefore tested whether the PTEN inhibi-
tor bpV (OHpic) changes HB-GAM expression in rat primary 
hippocampal and cortical neurons. Indeed, PTEN inhibition 
leads to robust increase of HB-GAM protein levels in both 
of our in vitro neuronal cultures (Kuja-Panula et al., unpub-
lished). These findings from different cell types suggest that 
inhibition of PTEN generally leads to increased HB-GAM ex-
pression. PTEN inhibition leads to robust CNS regeneration, 
and downregulation of PTEN signaling in neurons is currently 
suggested as a pathway to develop regenerative therapies for 
CNS injuries (Gutilla and Steward, 2016). With these ideas in 
mind, it would be most interesting to study if elevated HB-
GAM expression is seen in various PTEN inhibition models in 
vivo and whether HB-GAM is a mediator of CNS regeneration 
in PTN deletion or knockdown.

To what extent the injected HB-GAM enhances functional 
recovery in different injury models still needs further in-
vestigation. However, it appears clear that the injected HB-
GAM enhances functional recovery in transection models 
and contusion models of the spinal cord at least when basic 
locomotor functions are assayed (Kulesskaya et al., unpub-
lished). These findings apparently involve axon regeneration. 
We are currently further defining the functional recovery in 
the spinal cord injury models using a battery of behavioral 
tests. Functional significance of dendrite regeneration is un-

clear, and further studies are clearly warranted to unravel to 
what extent dendrite regeneration in the mammalian CNS 
would contribute to formation of synapses and functional 
neural circuitries.  

Formal safety studies on using HB-GAM as a therapeu-
tic strategy are still lacking. However, it appears likely that 
HB-GAM could be used at high doses to modify the CSPG 
matrices. One reason for this inference is that HB-GAM is 
endogenously expressed at high levels in the juvenile CNS 
although this does not necessarily mean that the adult CNS 
would tolerate similar high expression levels. On the other 
hand, we have injected HB-GAM at very high concentrations 
(up to 10 mg/mL) into adult mouse brain without observing 
any toxicity, at least in terms of TUNEL staining (Paveliev 
et al., 2016). Furthermore, transgenic mice overexpressing 
HB-GAM live a normal life span and we have not observed 
changes in brain histology or any adverse effects in a battery 
of behavioral tests (Pavlov et al., 2002). The only behavioral 
changes have been faster learning in water maze and de-
creased anxiety in elevated plus-maze, while the HB-GAM 
knockout mice have demonstrated an opposite behavioral 
phenotype. It thus appears reasonable to continue efforts in 
therapy development on the HB-GAM route.
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