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The limited potential for regeneration and
plasticity of adult mammalian CNS axons
is a major impediment to functional re-
covery following spinal cord injury (SCI).
Inhibitory extracellular matrix, particu-
larly chondroitin sulfate proteoglycans
(CSPGs), associated with the lesion pen-
umbra and astroglial scar are a major
cause of regeneration failure. CSPGs are a
diverse class of macromolecules consist-
ing of a core protein posttranslationally
modified with chains of chondroitin sul-
fate (CS) glycosaminoglycan. One suc-
cessful approach to enhancing plasticity
and promoting functional recovery has
been CS degradation using the enzyme
chondroitinase ABC (chABC) (Bradbury
etal., 2002). Keratan sulfate proteoglycans
(KSPGs) are another class of inhibitory
extracellular matrix molecule that are as-
sociated with spinal cord lesions (Snow et
al.,, 1990; Jones and Tuszynski, 2002).
Mice lacking GIcNAc6ST-1, an enzyme
critical for keratan sulfate (KS) biosynthe-
sis, have enhanced plasticity and func-
tional recovery after SCI (Ito et al., 2010),
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but therapeutic agents targeting KSPGs
have not been explored.

In a recent study, Imagama et al.
(2011) assessed the ability of a KS-specific
degradative enzyme, keratanase II (K-II),
to promote axonal plasticity and func-
tional recovery independent of and in tan-
dem with chABC in a rat contusion model
of acute SCI. The authors purified K-II
from B. circulans until it showed no chon-
droitinase activity (Imagama et al., 2011,
their Table 2). This step was critical in re-
solving distinct roles for both CSPGs and
KSPGs in axonal inhibition. Osmotic mi-
nipumps delivered each therapeutic regi-
men intrathecally for 14 d, consistent with
the time at which post-SCI glycosamino-
glycan levels are highest (Imagama et al.,
2011, their Fig. 1A,B).

To determine whether K-II treatment
enables recovery of hindlimb motor func-
tion after SCI, the authors used the Basso,
Beattie, and Bresnahan (BBB) locomotor
rating scale, a 22-point scale where 0 rep-
resents no hindlimb movement and 21
represents normal locomotion. The im-
provements in motor recovery following
K-II treatment were striking. By 4 weeks
postinjury, vehicle-treated rats had an av-
erage score of ~6, representing move-
ment in three hindlimb joints (Imagama
et al,, 2011, their Fig. 2A). In contrast,
K-II-treated rats achieved an average
score of ~13, corresponding to weight-
supported plantar-stepping and frequent
forelimb—hindlimb coordination. These
differences persisted up to 70 d postinjury

with weekly assessment, long after the 2
week treatment period with K-II was
ended. Thus, K-II treatment promotes
substantial motor recovery following SCI.
chABC-treated rats achieved a score of
~11, pointing to a similar functional ef-
fect of CS and KS (Imagama et al., 2011,
their Fig. 2A). Interestingly, treatment
with both chABC and K-II treatment had
no synergistic or additive effect on loco-
motor recovery compared with treatment
with each enzyme alone (Imagama et al.,
2011, their Fig. 2F). This comes as a sur-
prise, as each enzyme targets molecularly
distinct glycosaminoglycan moieties, and
suggests that CS and KS may act through
the same mechanism to impede func-
tional recovery.

It is unclear why vehicle-treated ani-
mals had an average BBB score of ~6,
which is considerably lower than in simi-
lar studies, in which scores averaged ~10
using the same impact force at the same
spinal cord level (Scheff et al., 2003).
Although not specifically addressed, the
implantation of a catheter into the sub-
arachnoid space may result in further
compression damage to the cord (Jones
and Tuszynski, 2001). All animals re-
ceived intrathecal catheters regardless of
treatment. Nevertheless, the low BBB
score for vehicle-treated animals makes it
more difficult to interpret the behavioral
outcomes following treatment. It is possi-
ble that the differences would not persist if
rats exhibited the extent of spontaneous
recovery that normally occurs in this
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model of contusion injury, and it cannot
be ruled out that recovery of the animals
following enzyme treatment was due to
alleviation of catheter-induced damage.

Histological assessments suggest that
axonal plasticity is one mechanism under-
lying functional recovery in K-II-treated
rats. Disruption of serotonergic and cortico-
spinal fibers contributes to paralysis follow-
ing SCI, and counts of 5HT-positive fibers
indicated that K-II treatment promoted se-
rotonergic fiber sprouting caudal to the in-
jury site (Imagama et al., 2011, their Fig.
4 B), whereas anterograde tracing of the cor-
ticospinal tract indicated modest corticospi-
nal collateral sprouting in gray matter
caudal to the lesion site, with reconstitution
to <12% of that seen in sham injured ani-
mals (Imagama et al., 2011, their Fig. 4D).
Therefore, removal of keratan sugars from
the spinal cord milieu increases plasticity
and sprouting. Such local sprouting can
promote recovery by bypassing the lesion
site through relay connections with pro-
priospinal interneurons (Vavrek et al.,
2006), but with increased branching ob-
served so far caudally to the lesion site, it is
possible that direct descending input to spi-
nal motor neurons was reestablished in this
case (Fig. 1). chABC treatment showed a
similar impact on fiber counts to K-1I treat-
ment, but no histological assessment was
made of K-IT and chABC cotreated animals.
This analysis would be helpful in ascertain-
ing the relationship between CS and KS on
restricting plasticity following SCI.

To further test the effects of K-II and
chABC on sprouting, Imagama et al.
(2011) subjected cultured cerebellar gran-
ule neurons to either aggrecan (5 pg/ml)
or aggrecan that had been predigested
with chABC, K-1I, or both. Aggrecan core
protein is unique in that it is modified
with both CS and KS chains. The authors
found that enzymatic removal of either
CS or KS chains resulted in increased neu-
rite length and, similar to their behavioral
data, chABC/K-II did not act synergisti-
cally (Imagama et al., 2011, their Fig. 6C).
These results indicate that both CS and KS
chains are necessary for aggrecan to exert
inhibition, suggesting that aggrecan sig-
nals as a whole molecule. However, a pre-
vious report showed a synergistic effect on
neurite outgrowth following keratanase
and chABC treatment, although these
studies used a mixture of CSPGs and
KSPGs instead of a single molecule with
both modifications (Snow et al., 1990).
Conceivably, aggrecan-mediated neurite
inhibition could require both CS and KS
integrity, but with a variety of CSPGs and
KSPGs present following SCI, further as-
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Figure 1.

A, Descending supraspinal tracts (corticospinal, rubrospinal, etc.; blue) synapse on premotor interneurons and

motor neurons in the spinal cord (both in green) controlling locomotion. B, Contusion injury largely severs these connections and
disrupts axonal conduction in spared fibers (red). Limited plasticity (pink) may allow some restoration of function through
propriospinal neurons (purple), which can form relay circuits. €, Blocking the inhibitory action of KSPGs with K-Il treatment could
enhance this plasticity or promote branching past the lesion to reestablish direct supraspinal input. Additionally, K-1l might also

promote conduction in spared fibers.

sessment of the relationship between the
two glycosaminoglycans is warranted.
Moreover, our understanding of the
molecular machinery underlying proteogly-
can restriction of plasticity is incomplete.
One natural hypothesis for the lack of syn-
ergy between KSPGs and CSPGs found by
Imagama et al. (2011) is a shared common
receptor or pathway underlying neurite out-
growth. For example, KSPGs might also sig-
nal with CSPGs and HSPGs through
receptor protein tyrosine phosphatase-o
(Coles et al., 2011). Combined treatment
could thus target the same receptors and sig-
naling pathways as treatment with chABC
or K-II alone, leading to a ceiling effect on
plasticity.

Other mechanisms for K-II-mediated
functional recovery could also be at work.
chABC treatment can exert neuroprotective
and trophic effects; the extent to which K-1I
acts similarly remains unknown. Addition-
ally, recent work by James et al. (2011) iden-
tifies disruption of conduction in spared
axons following contusive SCl as an alterna-
tive means by which functional recovery
might be impeded, even into the chronic
stages of injury. CS and KS inhibition of
functional recovery might occur, in part,
through the same process (Fig. 1). Conduc-
tion blockade by CSPGs has been observed
both in a lateral hemisection model of SCI
and following purified CSPG injection into
the lateral columns of the uninjured cord,
albeit through unknown mechanisms (Hu-
nanyan et al., 2010). James et al. (2011) sur-
mise that disruptions in conduction might
result from a lack of remyelination of axons
that are denuded by the initial trauma. In-
deed, CSPGs have been shown to inhibit
process outgrowth and differentiation of
oligodendrocyte precursors in vitro (Siebert
and Osterhout, 2011). Notably, electro-

physiological assessment of motor-evoked
potentials and spinal cord-evoked poten-
tials 8 weeks postinjury indicated that
chABC and K-II treatment both amelio-
rated the impact of contusion on mean
latency, corresponding to a conduction ve-
locity rescue effect (Imagama et al., 2011,
their Figs. 2C, 3C). Future characterization
of the effects of CSPGs and KSPGs on ax-
onal conduction and remyelination may
provide further insights into their roles in
spinal cord repair.

In summary, Imagama et al. (2011)
demonstrate that KSPGs represent a major
molecular inhibitor of plasticity after injury.
Acute K-1I treatment degraded KSPGs and
allowed substantial motor recovery. It will
be informative to undertake future experi-
ments that determine whether K-1I pro-
motes recovery when administered in
subacute or chronic stages of SCI, as these
are more clinically relevant time points in
which K-II treatment could conceivably be
initiated in humans.
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