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1 | INTRODUCTION

Summary

Aims: Usually, spinal cord injury (SCI) develops into a glial scar containing extracellu-
lar matrix molecules including chondroitin sulfate proteoglycans (CSPGs).
Chondroitinase ABC (ChABC), from Proteus vulgaris degrading the glycosaminoglycan
(GAG,) side chains of CSPGs, offers the opportunity to improve the final outcome of
SCI. However, ChABC usage is limited by its thermal instability, requiring protein
structure modifications, consecutive injections at the lesion site, or implantation of
infusion pumps.

Methods: Aiming at more feasible strategy to preserve ChABC catalytic activity, we
assessed various stabilizing agents in different solutions and demonstrated, via a
spectrophotometric protocol, that the 2.5 mol/L Sucrose solution best stabilized
ChABC as far as 14 days in vitro.

Results: ChABC activity was improved in both stabilizing and diluted solutions at
+37°C, that is, mimicking their usage in vivo. We also verified the safety of the pro-
posed aqueous sucrose solution in terms of viability/cytotoxicity of mouse neural
stem cells (NSCs) in both proliferating and differentiating conditions in vitro.
Furthermore, we showed that a single intraspinal treatment with ChABC and sucrose
reduced reactive gliosis at the injury site in chronic contusive SCl in rats and slightly
enhanced their locomotor recovery.

Conclusion: Usage of aqueous sucrose solutions may be a feasible strategy, in com-
bination with rehabilitation, to ameliorate ChABC-based treatments to promote the

regeneration of central nervous system injuries.

KEYWORDS
axonal regeneration, chondroitinase ABC, chronic spinal cord injury, locomotor rehabilitation,
thermal stabilization

of chondroitin sulfate proteoglycan (CSPGs).! This reactive cell

phenotype is an active player in the formation of the glial scar, a

Spinal cord injury (SCI) is a complex and life-disrupting event, re-
sulting in a change that might be permanent. Unlike peripheral
nervous system, axonal recovery in the spinal cord is thwarted
by numerous barriers to successful axon regeneration, like the
transitions of astrocytes into hypertrophic cells that produce

biochemical signals inhibiting axonal recovery via upregulation

reactive cellular process whereby glial cells accumulate, surround,
and seal in the site of injury.?® After injury, CSPGs are rapidly
upregulated, forming an inhibitory gradient that is highest at the
center of the lesion and diminishes gradually into the penumbra.*
The members of the CSPGs family of molecules share 2 common

structures: (i) one major core protein of the lectican family, which

86 © 2018 John Wiley & Sons Ltd

wileyonlinelibrary.com/journal/cns

CNS Neurosci Ther. 2019;25:86-100.


http://orcid.org/0000-0002-2624-5853
mailto:gelain@mit.edu

RASPA ET AL.

includes neural/glial antigen2 (NG2), and (ii) glycosylated chon-
droitin side chains (GAG), which differs from the core in size and
complexity.

There is plenty of evidence that the inhibitory activity of CSPGs
depends on the GAG components, that is why chondroitinase ABC
(ChABC) administration, an enzyme attenuating this inhibition by
digesting GAG chains of the protein core, has been proposed as a
therapeutic approach.>®

The bacterial enzyme ChABC liberates GAGs from CSPG core
proteins and was shown to promote a more permissive substrate
for axonal outgrowth in vitro 7 and to enhance axonal regeneration
in vivo.822 In the last decade, research made large use of ChABC
in different models of SCI and in various combinatorial approaches
to evaluate its impact in promoting motor functional repair and re-
covery.13'18 Nevertheless, there are crucial limitations in the path
to a clinical treatment; ChABC loses 50% of its enzymatic activity
after 1 hour (h) of incubation at 37°C (by Morgan-Elson reaction;
Seikagaku, Japan) and as such its enzymatic activity is obliterated
within 72 hours.'? Therefore, to bypass this hurdle, multiple injec-
tions of ChABC or infusion via mini-pumps/catheters have been
used to provide sustained local delivery of fresh ChABC in vivo.
However, these infusion systems are invasive. Bellamkonda and his
staff showed how to overcome the limited stability of ChABC. They
reported a method to thermostabilize ChABC using the sugar tre-
halose: they determined the proper concentration of trehalose for
stabilizing the enzymatic function of ChABC (2 U/0.5 mL; 250 ng)
incubating for 4 weeks at 37°C; subsequently, they developed a sys-
tem for delivery in vivo consisting of lipid hydrogel microtubes able
to release thermostabilized ChABC for 6 weeks.! In another work by
M.M. Pakulska, the authors overcame the limited stability of ChABC
by presenting a recombinant stabilized ChABC demonstrated to be
active for at least 7 days.20 In contrast to mentioned articles, our
work describes an alternative strategy to thermal stabilize the native
ChABC both in vitro and in in vivo with no biomaterial implant in-
volved. It is well known that carbohydrates stabilize the native state
of proteins against chemical denaturants and temperature??; conse-
quently, agqueous sugar solutions were used as stabilizers to retain
the enzymatic functionality of ChABC. Standard stabilizing agents
and different concentrations of sucrose were tested in vitro to sta-
bilize ChABC at +37°C: 2.5 mol/L Sucrose solution best preserved
the ChABC activity in vitro in both stabilizing and diluted solutions
mimicking its usage in vivo.

However, treatment of SCI with only ChABC produced a modest
regeneration and plasticity with low motor recovery reasoning that
ChABC leads to random new connections. Instead, the formation of
appropriate connections in the spinal cord may be need to be driven
by functional rehabilitation.*®

Thereby combining, in this study, sucrose-stabilized ChABC in-
jections and treadmill sessions, we demonstrated to enhance axonal
regeneration *> and hindlimb locomotor recovery, triggering an im-
proved beneficial effect for SCI compared with the control group,
thus showing the benefits of our moderately invasive combinatorial
approach.
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2 | METHODS

2.1 | Chemicals

Chondroitinase ABC (ChABC) from P. vulgaris, with specific activity
of 50-250 units/mg protein, and chondroitin-4-sulfate (C4S) were
purchased from Sigma-Aldrich (USA). Sucrose (Sucr) was purchased
from Alfa Aesar (Germany). Saline (Sal) was purchased from Baxter
(USA).

2.2 | ChABC activity assay

The activity of ChABC was evaluated in vitro by determining its
capacity to digest C4S to produce unsaturated disaccharide.??
Briefly, 50 pL of ChABC (0.3 U/mL) was placed into a Greiner
96-well UV transparent plate (Greiner BioONe, Germany). 50 pL
of 3 mg/mL C4S was then placed simultaneously into each well.
The ChABC activity, relative amount of unsaturated disaccharide,
was determined by ultraviolet (UV) absorbance at 232 nm using a
TECAN Infinite M200 Pro spectrophotometer for 15 minutes at
37°C. The ChABC activity was calculated as a modified equation
of Beer-Lambert law:

Enzyme activity (Units/mL) = (AA,3,nm/min test)/[(EmM)(0.1)]

where:

EmM, mini-molar absorbance coefficient of unsaturated disac-
charides (=5.1 for products from C4S);

AA,,, nm/min test: optical density difference (measured at
232 nm) of unsaturated digested C4S at 15 minutes and at time zero;
values are blanked with C4S substrate.

0.1: volume (in milliliter) of reaction mix used.

ChABC unit: quantity of enzyme that catalyzes the formation of
1 pmol of unsaturated disaccharides from C4S in 1 minute at 37°C
and pH 8.0.

2.3 | Stabilization and long-term thermal stability
assessments

All aqueous solutions used in this work were dissolved in saline.
Briefly, the sucrose solutions were prepared and were mixed with
ChABC (0.3 U/mL). Sucrose was tested at 2, 2.5, and 3 mol/L con-
centrations. To evaluate the thermal stability of ChABC in agueous
solutions, the enzymatic activity was determined after 1, 2, 3, 7, 10,
and 14 days in an incubator at 37°C.

After incubation, for analysis of enzymatic activity against C4S,
aliquots of stabilized ChABC (0.3 U/mL) were mixed with 50 pL of
C4S (3 mg/mL), and enzymatic digestion was measured through a
TECAN Infinite M200 Pro spectrophotometer for 15 minutes at
37°C (Figure 1A). Other potential ChABC stabilizers described in
Figure S1 were tested in the same way.

To verify the effectiveness of the enzyme stability, it was
performed an in vitro simulation to better mimic a scenario of

injections in vivo, that is, where the injected solution is further
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diluted with body fluids containing inorganic salts, amino acids,
vitamins, etc. 20 uL of ChABC (2 U/mL) in Sucr (at different con-
centrations) was added to 180 pL of well standardized DMEM/
F12 cell culture medium, and incubated at 37°C for 1, 2, 3, 4, 7, 10,
and 14 days. After incubation, 50 pL of mix of ChABC, Sucr, and
culture medium was added to 50 pL of C4S (3 mg/mL), and enzy-
matic activity was measured as previously described (Figure 1D).

In all experiments, samples with no ChABC were used as blank

and subtracted from the measured absorbance per each time point.

2.4 | Sucrose solutions cytotoxicity

Neural precursors cultures are established and expanded as previ-
ously described.?®2° Briefly, murine neural precursors isolated from
the subventricular zone (SVZ) of 8-week-old CD-1 albino mice stri-
ata, at passage 10, were used. European Commission guidelines (EC
Council 86/609, 1986) and Italian legislation (Decreto L.vo 116/92)
for the care and use of laboratory animals have been observed.

NSC viability was quantified via Live/Dead kit (Molecular
Probes). All cells used in this work were used 2 days after the last
mechanical dissociation to obtain the maximum percentage of NSCs.

For NSC proliferation, cells were cultured in a medium contain-
ing fibroblast growth factor (BFGF, 10 ng/mL) and epidermal growth
factor (EGF, 20 ng/mL). Bulk cultures were generated by mechan-
ically dissociating neurospheres and plating cells in a fresh me-
dium containing 20 pL of Sucr 2.5 mol/L and 20 pL of Sucr 3 mol/L
at the appropriate density (1 x 10* cells/cm2). After 24 hours, the
cells were labeled with Live/Dead cell kit at 37°C for 1 hour and
fluorescence measurements were obtained using a TECAN Infinite
M200 Pro spectrophotometer (N =3 independent experiments).
The fluorescence emissions were acquired separately: Calcein at
530 +12.5 nm, and EtBr at 645 + 20 nm.

For NSC differentiation, cells were cultured at the appropriate
density (3 x 10* cells/cm?) in a medium in presence of FGF (10 ng/mL).
After 3 days, the medium was shifted to a medium containing leukemia
inhibitory factor (LIF, Chemicon) (20 ng/mL) and brain-derived neuro-
trophic factor (BDNF, Peprotech) (20 ng/mL) to pursue the neuronal
and glial population maturation in NSC progeny. After 7 and 14 days,
the medium was shifted to a fresh medium containing 20 pL of Sucr
2.5 mol/L or 20 pL of Sucr 3 mol/L and cell viability was quantified at
1 and 4 days in vitro (DIV) using fluorescence microscope (N = 3 inde-
pendent experiments). Live cells were stained with green Calcein-AM,
and dead cells were identified by nucleic acid red dye EtBr. Cell nuclei
were stained with Hoechst 33342 (1:1000, Invitrogen).

2.5 | Contusion SCl model

All procedures were carried out with protocols approved by Institutional
Animal Care and Use Committee of the University of Milan-Bicocca
(IACUC 130/2014-B) and were performed according to EC guidelines
(86/609/EEC), to the lItalian legislation on animal experimentation
(Decreto L.vo 116/92). Rats were housed 2-3 per cage, given free access
to food and water, and kept on a 12/12 hours light/dark cycle.

Surgeries were performed under strict sterile conditions.

For lesion induction, 15 adult Sprague-Dawley (SD) rats weight-
ing 250-275 g (Envigo Laboratories, Italy) were deeply anesthetized
with an intraperitoneal injection of ketamine (80 mg/kg) and xylazine
(10 mg/kg). When unresponsive to toe pinch, the dorsal was shaved
following incision of the dorsal skin, and a dorsal laminectomy was
performed to expose the dura overlying the spinal cord at thoracic
level T9-T10. The vertebral column was stabilized by clamping the
column at vertebra T8 and T11 and the lesion was inflicted by a 10 g
rod dropped from 25 mm height (intermediate severity of injury)
using a MASCIS Impactor device (WM Keck Centre for Collaborative
Neuroscience, Rutgers University).

After contusion, the muscles were sutured and finally the skin
was closed with wound clips. Rats were treated daily with analgesic
(carprofen, 5 mg/kg) and antibiotic (enrofloxacin, 5 mg/kg). Animals
were monitored for autophagia and their bladder was manually ex-
pressed until recovery of the voiding reflex.

2.6 | Experimental groups and treatment

At 4 weeks after injury, chronically injured animals were randomly

divided into 3 experimental groups as follows:

1. 5 animals receiving injections of saline solution (control group);

2. 5 animals receiving injections of ChRABC (2 U/mL) in saline solution;

3. 5 animals receiving injections of ChABC (2 U/mL) in SUCR
2.5 mol/L solution (treated group).

In more detail, all rats were anesthetized and the injured spinal
cord was carefully re-exposed. The dura mater located over the injury
site was opened and 3 bilateral (6 in total) injections (3 pL per injec-
tion site at 1 pL/min) were performed around the lesion boundary.
The gliotic scar was grossly distinguished from healthy spinal cord
both in terms of color and brittleness. The injection sites were all re-
stricted within the perimeter of the lesion, that is, 100 pm inward from
the edge of the gliotic scar (2 rostral, 2 lateral, and 2 caudal) and at
100 pm in depth. Injections were performed with a Hamilton syringe
(26-gauge needle) secured to micromanipulator. After injections, the
needle was kept in place for an additional minute to prevent reflux

during needle exit.

2.7 | Behavioral tests

Hindlimbs recovery was assessed using the Basso, Beattie, Bresnahan
(BBB) Locomotor Rating Scale.?¢ Briefly, this test involves placing
the animal in an open field and evaluating the movement of both
hindlimbs for individual joints movements, as well as paw posture,
weight support, forelimb/hindlimb coordination, paw angle, and
overall trunk stability. Scores were calculated according to the 0-21
point BBB scale for each hindlimb and averaged to give an animal an
overall score. Locomotor activity was evaluated on day 7 post-injury
and weekly, before and after treatment, until sacrifice. Each rat was
observed and recorded with a digital video camera for 4 minutes.
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2.8 | Treadmill sessions

Inspired by previous publications,?” treadmill rehabilitation was
initiated in all 3 groups from the first week after SCI to 2 weeks
posttreatment and for a duration of 20 min/d for 5 days/week. In
the first week post-injury, the treadmill speed was set at 6 m/min.
Along with BBB score improvements detected in all 3 groups, the
treadmill speed for all animals was gradually increased to 7 m/min
(second week), 8 m/min (third week) up to 9 m/min (from fourth
to sixth weeks) throughout each training session until 2 weeks

posttreatment.

2.9 | Tissue processing, C4S digestion, and
Neuroanatomical analysis

At the end of experiments, 6 weeks after injury, all rats were deeply
anesthetized with an overdose of avertin (400 mg/kg). Animals were
sacrificed by cardiac perfusion paraformaldehyde 4% (PFA) under
terminal anesthesia. Once removed, The T8-T12 spinal cord seg-
ments were explanted and were post-fixed overnight in PFA 4% and
tissue was cryopreserved in 30% sucrose. 16 pm-thick longitudinal
sections were cut serially via a cryostat, 3 per glass.

For C4S digestion, longitudinal sections (including the entire in-
jury epicenter) were carefully taken from the glass slides and soni-
cated in PBS for 30 minutes. Spinal cord specimens were centrifuged
at 956 g for 3 minutes. Similar to in vitro ChABC activity assay, sam-
ples were loaded on TECAN Infinite M200 Pro spectrophotometer
for UV absorbance measurement (232 nm) of the digested C4S.
Optical densities of readings were acquired and processed using
GraphPad Prism 7 software.

For immunofluorescence staining, slices were washed with
PBS, permeabilized with 0.1% Triton X-100, and blocked with 10%
normal goat serum. Afterward, slices were incubated overnight at
4°C with the following primary antibodies: anti-gllI-tubulin BllI-
TUB (1:500, Biolegend, 801202), anti-growth associated protein
GAP43 (1:100, Millipore, AB5220) for growth cones and regener-
ating nervous fibers; anti-SMI31 (1:1000, Covance, SMI31R) to de-
tect phosphorylated isoforms of the heavy subunit of neurofilament;
anti-neurofilament NF200 (1:400, Sigma-Aldrich, NO142) for axons;
anti-glial fibrillary acidic protein GFAP (1:500, Dako, Z0334) for
astrocytes, anti-neural/glial antigen 2 NG2 (1:400, Dako, AB5320)
for core proteins of GAGs chains and anti-ionized calcium binding
adaptor molecule 1 IBA1 (1:1000, Wako, 019-19741) to identify mi-
croglia/macrophages. Primary antibodies were then probed with
Alexa 488-Mouse (1:1000, Life Technologies, A11001) or Cy3-
Rabbit (1:1000, Jackson, 111166045) conjugated secondary anti-
bodies, counterstained with Hoechst (1:500, Invitrogen, H1399) and
mounted with FluorSave reagent (Calbiochem). Fluorescence images
were collected with Zeiss Axioplan 2 microscope. Morphometric
quantification of gliosis size, axonal sprouting/regeneration, and
IBA1 + reactivity area in injured spinal cords were performed on
longitudinal sections using ImageJ software as previously described

28 Briefly, spinal cords sections, previously classified in dorsal (from
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0 pm to 1120 pum in depth) and ventral (from 1136 pm to 2240 um in
depth) regions, were divided in rostral (500 pm rostral to the lesion
edge, 3 images for area), lateral (350 pm lateral to lesion edge, 3 im-
ages for area), and caudal (500 pm caudal to lesion edge, 3 images
for area) areas. Longitudinal sections were stained with GFAP and
NG2 markers and images were captured at 10x magnification, and
then merged. Gliosis were quantified on 54 images for immunohisto-
chemical marker (3 dorsal and 3 ventral whole longitudinal sections
per animal) per marker. Images were then processed with Image J
software. Pixel area was converted to percentage of reactivity area
and measurements of all sections were analyzed to produce an av-
erage reactivity in each animal. Similarly, IBA1 and nerve markers
were captured at 10x magnification and processed with Image J
software: the color image of positive cells localized into the lesion
was converted into binary images (black and white, 8-bit), then the
average (among 54 images per animal) percentage (over the injured
area) of positive pixels was measured using the automated threshold
algorithm (Thr values within 0 and 255) to quantify the percentage

of pixels positive for nervous markers.

2.10 | Overall Statistical analysis

Data were processed using GraphPad Prism 7 software. The ob-
tained data are presented as means values * standard error of the
mean (mean + SEM). All in vitro results were analyzed via one-way
ANOVA followed by the Tukey multiple comparison test, with sta-
tistical significance set at P <.05. In vivo data results of the BBB
scores among 3 groups were analyzed using two-way ANOVA with
repeated measures (including the C4S degradation assay), and histo-
logical data and C4S degradation were analyzed by one-way ANOVA
with random intercept. *P < .05, ** P<.01, and *** P <.001 were

considered statistically significant.

3 | RESULTS

3.1 | ChABC in storage condition

Like others, we tested different stabilizers of ChABC in aqueous
solutions: short-term parallel experiments were pursued to directly
compare different possible substances at different concentrations
such as glycerol, glucose, maltose, and sucrose.?’

Using the absorbance technique to assess the thermal stabil-
ity of ChABC (see methods for details), best results were obtained
using ChABC (final concentration 0.15 U/mL) in Sucr 2 mol/L, Sucr
2.5 mol/L, and Sucr 3 mol/L solutions at 24 hours at 37°C. Indeed
in Figure S1 can be seen, after 4 hours of incubation at 37°C,
that enzymatic activity in Sucr 2 mol/L, Sucr 2.5 mol/L, and Sucr
3 mol/L showed comparable values to enzymatic activity of ChABC
in Glucose 2 mol/L, Glucose 2.5 mol/L, Glycerol 2 mol/L and mix-
tures of Glycerol 2 mol/L + Sucr 1 mol/L, Glycerol 2 mol/L + Sucr
1.5 mol/L. Onthe other hand, after 24 hours, ChABCin Sucr 2 mol/L,
Sucr 2.5 mol/L, and Sucr 3 mol/L was significantly better preserved
than in maltose, glucose, and glycerol aqueous solutions (P***<.001).



90
Wl L E Y_ C N S Neuroscience & Therapeutics

RASPA ET AL.

0
ChABC NH

L,

A
(A) /_\ HO.C HOSSO
— 0 0
Stabilized cas => mﬁ\,o&, ~R
v ®Y
e 0

(B)
214 ChABC in storage condition
0.12 -
I . - sal
0.10 = 1 bk Sucr 2 mol/L
£ *. X Sucr 2.5 mol/L
- 0.08 [ ot . =3 Suer 3 molll
E 1 R e | : .
D 0.06 - X I . -] :l e
0.04 - i g : 5 2
X & L} B | X
" & 8 r ") . N
K N
SO 00 - 1 IO -
0d 14 24d 3d 74d 10d  14d
Residual Activity ChABC
©
100
90
\
20\ —— sal
795 = Suer 2 moliL
60 —+— Sucr 2.5 mol/L
Sucr 3 mol/L
;e 50
40
30
20
10 —3
e »
0 1 T L] T L] ] ] 1 1 L] T L] L] 1
0d1d 2d 3d 7d 10 d 144
Time

D
®l Stabilized

ChABC Sy .
+ ; cas —> W 0 0-g

Culture 5 HO N
Medium .~ 11/

A232nm
(E)
10 ChABC injection simulation
0.08 =
1 E Sal
X Sucr 0.25 moliL
3 0.06-
= £33 Sucer 0.3 moliL
=
=
0.04 =
0.02
0.00 = I : !
od 1d 2d  3d  4d 7d 10d 14d
Residual Activity ChABC
(F)
100 =
20 -
80 =
70 -
o —+— Sal
—®— Sucr 0.25 mol/L
® 50 —+— Sucr 0.3 mollL
40 -
30 =
20 -
10 =
0 T L] L] L] T 1
0d1d 2d 3d 44d 74d 10 d 14 d
Time

FIGURE 1 Enzymatic activity of ChABC in Sucr solutions in storage and in injection simulation conditions. A, Experimental protocol

to assess ChABC activity through the detection of unsaturated disaccharide absorbance at 232 nm (see methods for details). B, Residual
ChABC activity at 37°C in sucrose solutions (n = 5). At the beginning (day 0), results point out no significance difference between ChABC

in Sal and Sucr 2 mol/L, Sucr 2.5 mol/L, Sucr 3 mol/L. After 1, 2, 3, and 7 d, the activity in Sucr 2.5 mol/L and Sucr 3 mol/L was significantly
higher compared with Sal. C, ChABC activity in sucrose solutions expressed as percentage of the initial activity at day 0. D, ChABC in
sucrose solutions were diluted in cell culture media (1-10) to mimic in vivo dilution and interstitial fluid composition (n = 5). E, Results point
out that after 1 and 2 d of incubation, ChABC activity in diluted sucrose solutions was importantly decreased but still significantly higher
compared to Sal. F, Percentage of residual activity of ChABC in sucrose solutions. (P***<.001 and P** <.01 Sucrose solutions vs Saline
solution; P#4<.01 Sucr 2.5 mol/L vs Sucr 2 mol/L; Pee<.01 Sucr 0.3 mol/L 1 d vs 14 d)

We then assessed in more detail the activity of ChABC in Sucr
2 mol/L, Sucr 2.5 mol/L, and Sucr 3 mol/L solutions vs saline solu-
tion (SAL) for up to 2 weeks (n = 5).

Over time, the activity in Sucr 2 mol/L, Sucr 2.5 mol/L, and Sucr
3 mol/L was better preserved when compared to SAL (Figure 1B).

At day O, enzymatic activity gave the following values:
0.1052 + 0.006, 0.1029 + 0.011, 0.1100 + 0.012, 0.1013 + 0.001 U/
mL, respectively, for ChABC in Sal, in Sucr 2 mol/L, in Sucr 2.5 mol/L,

and in Sucr 3 mol/L (Figure 1B). Statistical analysis showed no sig-
nificant difference between obtained results of Sal vs Sucr 2 mol/L,
Sucr 2.5 mol/L, and Sucr 3 mol/L.

At 1 day, ChABCin Sucr 2 mol/L, Sucr 2.5 mol/L,and Sucr 3 mol/L
exhibited 0.0453 + 0.013, 0.080 + 0.017, and 0.0702 + 0.018 U/mL,
respectively, while in Sal gave 0.0017 + 0.001 U/mL. Interestingly,
ChABC in Sal has retained just 1.69% of the initial enzymatic activity,

while in the case of Sucr 2 mol/L, Sucr 2.5 mol/L, and Sucr 3 mol/L
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it was 44%, 73%, and 69%, respectively (Figure 1C). Results yield
significant differences between enzymatic activity of Sucr 2 mol/L,
Sucr 2.5 mol/L, and Sucr 3 mol/L vs Sal (P***<.001).

On the other hand, after 2 days, the retained activity of ChRABC
in Sucr 2 mol/L decreased to 29.84%, with a value of enzymatic
activity amounting to 0.0307 £ 0.002 U/mL, while the enzymatic
activity in Sucr 2.5 mol/L and Sucr 3 mol/L were 53% and 65%
(0.0519 + 0.009, 0.0654 + 0.006 U/mL, respectively), maintaining
higher values compared with Sal (Figure 1B-C). In this regard, the
activity in Sucr 2.5 mol/L and Sucr 3 mol/L was very high, showing
significant differences in respect to Sal (P***<.001).

At day 3, ChABC activity in Sucr 2 mol/L decreased to 28%,
while the retained activity in Sucr 2.5 mol/L was similar to day 2
(26%): lastly, activity value in Sucr 3 mol/L was 51%, 33 times higher
than in Sal. In this case, statistical analysis showed significant differ-
ences between Sucr 2.5 mol/L vs Sal (P**<.01) and Sucr 3 mol/L vs
Sal (P***<.001).

After 1 week, ChABC retained 40% and 32% of its initial activ-
ity in Sucr 2.5 mol/L and in Sucr 3 mol/L, respectively (Figure 1C).
Furthermore, values of activity in Sucr 2.5 mol/L were significantly
higher than in Sal (P***<.001) and Sucr 2 mol/L (P**<.01): same thing
for Sucr 3 mol/L vs Sal (P**<.01).

The activity in Sucr 2.5 mol/L and in Sucr 3 mol/L after 14 days
was 13.83% and 7.65%, respectively, while they were almost equal
to Oin Sal.

Taken together, these results suggest that the thermostability of
ChABC was intriguingly improved in both Sucr 2.5 mol/L and Sucr
3 mol/L solutions.

3.2 | ChABC in culture medium

To verify the stabilizing properties of the proposed solutions once
injected in vivo, we “mimicked” (i) the expected dilution of ChABC
solution after injection, (ii) the body temperature, and (iii) the pres-
ence of other cytokines, ions and sugars of the interstitial fluid.
Namely, we diluted 10 times the previously prepared Sucr 2.5 mol/L
and Sucr 3 ChABC solutions into a medium standardly used for cul-
turing neural stem cells (Figure 1D, see methods for details). Again,
the enzymatic activity was assessed for up to 2 weeks (n=05).
Although 88% and 80%, respectively, of activity in Sucr 0.25 mol/L
(former 2.5 mol/L) and in Sucr 0.3 mol/L (former 3 mol/L) was lost
after 1 day of incubation (Figure 1E), statistical analysis showed sig-
nificantly better values than in Sal (P***<.001).

After 2 days, the retained activity in Sucr 0.25 mol/L was re-
duced to 8%, while in Sucr 0.3 mol/L was similar to value obtained
at 1 day, maintaining higher value compared with Sal (Sucr 0.3 mol/L
vs Sal, P**<.01).

During the following days, the remained ChABC activity in Sucr
0.25 mol/L and Sucr 0.3 mol/L was constantly higher than in Sal.
Including time as a factor, the residual activity of ChABC in Sucr
0.3 mol/L after 14 days was significantly lower than Sucr 0.3 mol/L
incubated for 1 day (Pee<.01 Sucr 0.3 mol/L 1 day vs Sucr 0.3 mol/L
14 days), while the remaining activity of ChABC in Sucr 0.25 mol/L

showed no significant differences between Sucr 0.25 mol/L 1 day vs
Sucr 0.25 mol/L 14 days (Figure 1F).

3.3 | Neural stem cells culture

We next conducted in vitro tests to evaluate the possible toxicity
of high concentration of sucrose solutions on NSCs. These analy-
ses were performed in 2 ways: assessment of (i) viable proliferating
NSCs in floating cultures via automated fluorescence plate readings
and of (ii) viable differentiating NSCs in differentiation medium (ad-
hering cultures) via fluorescence microscope (see Live/Dead section
in methods for details).

Previously cultured NSCs in neural proliferation media, grown
into neurospheres, were mechanically dissociated and incubated
for 1 day in fresh proliferation media supplemented with su-
crose (final concentration of Sucr was 0.25 mol/L and 0.3 mol/L;
Figure 2A).

Through the Live/Dead kit, cultured cells grown in Sucr
0.25 mol/L and Sucr 0.3 mol/L showed fluorescence signals, ascrib-
able to the number of viable/dead cells, similar to standard condi-
tions (Sal; Figure 2B).

We next investigated the viability/cytotoxicity of mNSCs previ-
ously differentiated in vitro for 7 and 14 days (Figure 2C).

After medium replacement, at 1 day of incubation in differentia-
tion media supplemented with sucrose and saline, the percentage of
live 7 days differentiated NSCs in Sal was 77.06 + 1.713%, while in
Sucr 0.25 mol/L and Sucr 0.3 mol/L they were 79.20 + 0.863% and
73.14 £ 1.790%, respectively; Also, the percentage of live differen-
tiated NSCs at 14 days in Sal was 63.44%, while in Sucr 0.25 mol/L
and Sucr 0.3 mol/L they were 55.64% and 56.4%, respectively. in
the same way, percentages of dead 7 and 14 days differentiated
cells were comparable among all 3 conditions (19.89 + 1.490% and
44.9% for Sal; 19.03 £ 0.742% and 41.23% for Sucr 0.25 mol/L;
25.56 + 1.861% and 46.48% for Sucr 0.3 mol/L; Figure 2D).

In the same way, after 4 days, morphology and cell viability
were not affected. These results have shown comparable data indi-
cating that sucrose solutions may be suited for in vivo applications
(Figure 2D).

3.4 | Invivo results

In the present study, we tested the ability of ChABC in 2.5 mol/L
Sucr to break up the gliotic scar in a contusive model of chronic SCI.
Four weeks after contusion, we re-exposed the gliotic scar and in-
jected 3 pL of ChABC (2 U/mL) in Sucr 2.5 mol/L per injection site
(Figure 3A; see methods for details). For the ChABC in saline group,
we injected 3 pL of ChABC (2 U/mL) in saline solution while control
group received only saline injections.

3.5 | Locomotor functional recovery

The progressive hindlimbs recovery of each rat were assessed using
BBB Locomotor Rating Scale.?
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FIGURE 2 Cytotoxicity effect of sucrose solutions on NSCs in proliferation and differentiation conditions. A, Images show similar

mNSC morphologies in cultures with media containing Sal (left), Sucr 0.25 mol/L (middle), and Sucr 0.3 mol/L (right). Live cells (green), dead
cells (red-orange). Scale bars represent 100 pm. B, At 1 d of incubation, values ascribable to viable cells (left) in medium containing Sucr

0.25 mol/L and Sucr 0.3 mol/L were not statistically different to cells cultured in medium containing Sal. In the same way, dead cells (right) in
medium containing Sucr 0.25 mol/L and Sucr 0.3 mol/L showed no significant difference compared to medium with Sal. C, Effect of sucrose
solutions on mouse differentiated NSCs, qualitative images (1 d incubation) show no density difference in differentiating cultures. Live cells
fluorescent bright green, whereas dead cells with compromised membranes are in red-orange. Scale bars represent 100 pm. D, Histograms
represent the percentages of live/dead differentiated NSCs. Cellular quantification reveals a comparable viability between Sal and Sucrose

solutions, both at day 1 and day 4

The results of BBB scoring at each time point are depicted in
detail in Figure 3B.

Starting from 1 week post-injury, every 7 days, the movement of
hindlimbs of all rats was observed in an open field. This behavioral
test happened after daily rehabilitation (see methods for details) by
treadmill designed for rats.

All animals demonstrated normal motor function prior to the in-
jury (BBB score of 21), with a significant drop after contusion, where

animals only showed plantar placement of the paw with no weight

support for control saline group; plantar placement of the paw with
weight support in stance only stationary for ChABC in saline group;
and slight movement of 2 joints and extensive movement of the third
for ChABC in sucrose group.

After treatment, for the ChABC in sucrose group, the rats repre-
sented higher BBB scores and better performance of hindlimb loco-
motor function. The score of treated group after 6 weeks of injury
corresponds to frequent-to-consistent weight supported by plantar

steps and frequent FL-HL coordination.
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FIGURE 3 ChABC in Sucr 2.5 mol/L improved hindlimbs
locomotor function (BBB scale) and C4S degradation. A,
Experimental design showing intraspinal injections into the gliotic
scar of ChABC in Sucr 2.5 mol/L at the depth of 100 pm (see
methods for details). B, Each animal was subjected to treadmill
training. Results point out that at 6 wk after contusion, 2 wk after
ChABC treatment, treated animals showed significantly higher BBB
score compared to control group (P**<.01 control vs treated) and
compared to ChABC (Sal) group (P*<.05 ChABC (Sal) vs ChABC
(Sucr 2.5 mol/L) C, quantification of C4S degradation reveals a
significant digestion at the epicenter of injury following ChABC
(Sucr 2.5 mol/L) treatment (** indicate significant difference
compared with both Control and ChABC (Sal); P < .01, one-way
repeated-measures ANOVA, Tukey’s post hoc)

A similar effect was observed for ChABC in saline group as
compared with saline group. As shown in Figure 3B, the treatment
with ChABC in saline leads to an amelioration of hindlimb motor
functions, after 6 weeks, the average BBB scale score reached
11.8. At this time, the animals showed frequent weight supported
plantar stepping and occasional forelimbs-hind limbs coordination.
Instead for control group reached the maximum averaged score
around the 4th week. In the BBB test, the score reached by con-
trol group corresponds to frequent to consistent weight supported
plantar steps but no forelimbs-hindlimbs (FL-HL) coordination.

3.5.1 | CA4S degradation

ChABC is known to degrade the sugar chains of the CSPGs that form
the glial scar. We therefore assessed the extent of CSPG degrada-
tion achieved in vivo in the chosen experimental groups (Figure 3C).
Extent of C4S was quantified with absorbance analyses of tissue
sonicated from the lesion epicenter and from caudal (lumbar cord)
and rostral (thoracic cord) regions at 6 weeks following contusion
and intraspinal injections.

This test revealed abundant values of digested sugar chains in
treated group (Figure 3C) in comparison with lower levels detected
in ChABC (Sal) and in Saline control group. CSPG digestion in ChABC
(Sucr 2.5 mol/L) was also supported by sections immunostained for
GFAP and NG2 markers.

3.6 | Gliosis

At 2 weeks after treatment, presence of glial cells was quantified
by ImageJ software (see methods for details) to assess the effect of
ChABC sucrose solution administration over gliosis (Figure 4).

GFAP immunoreactivity analysis showed reactive astrocytosis
surrounding the lesion: GFAP was present at the borders of the cav-
ity area, forming an intense glial border (Figures 4A and 5F). GFAP
was 9.12 +0.69%, 7.44 £ 0.61%, and 4.77 £ 0.63% (Figure 4G) in
dorsal sections of, respectively, control (Figure 4A), ChABC in sa-
line group (Figure 4B) and treated (Figure 4C) animals. Statistical
analysis showed significant differences between treated and con-
trol animals (P**<.01), and between treated and ChABC (Sal) groups
(P*<.05). Similarly, ventral GFAP reactivity was 9.05+0.53%,
8.08 + 0.41%, and 4.98 + 0.45% (Figure 4G) in control (Figure 4D),
ChABC in saline group (Figure 4E) and treated (Figure 4F) animals
(P***<.001 ventral control group vs ventral-treated group; P**<.01
ventral ChABC (Sal) group vs ventral ChABC (Sucr 2.5 mol/L) group).

We also tested in dorsal and ventral sections the reactivity
against NG2, one of the main components of the gliotic scar. NG2
formed an intense reactive glial border near the cavity area of con-
trol group (Figure 4H, K). Percentages of NG2 positive area in dor-
sal sections (Figure 4H) of controland ChABC (Sal) group (Figure 41)
were 5.70 £ 0.34% and 3.69 + 0.29%, while in ventral (Figure 4K,
L) sections were 4.58 + 0.37% and 3.66 £ 0.41% (Figure 4N).
Instead NG2 was lower in all treated animals (Figure 4J, M), giv-
ing 2.45 + 0.30% in dorsal (Figure 4J) and 2.72 + 0.37% in ventral
(Figure 4M) sections. Statistical analysis showed significance dif-
ference between groups (P*<.05 dorsal control vs dorsal-treated
and dorsal control vs dorsal ChABC (Sal); P*<.05 ventral control vs

ventral-treated).

3.7 | Axonal regeneration

To assess whether the detected reduction of the gliotic scar at the
lesion site may enhance neuroplasticity, we assessed the presence
of fibers positive to BlII-TUB (Figure 5) and GAP43 (Figure 6) and
SMI31, NF200 markers (Figures S6 and S7) in longitudinal sections
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FIGURE 4 Morphological analysis of gliosis. GFAP and NG2 reactivities were decreased in treated group. Images showing

immunofluorescence sections of injured spinal cord stained for GFAP (A, F blue = DAPI, red = GFAP) and NG2 (H, M blue = DAPI,

red = NG2). These are representative images taken from longitudinal sections. A-J, Images showing dorsal sections; D-M, Images showing
ventral sections. Scale bars represent 100 pm. N, Results suggest gliosis reactive to GFAP and NG2 was significantly decreased in ChABC
(Sucr 2.5 mol/L) if compared to control and ChABC (Sal) groups. (P**<.01 dorsal control vs dorsal treated and P*<.05 dorsal ChABC (Sal) vs
dorsal treated; P***<.001 GFAP ventral control vs ventral treated and P**<.01 ventral ChABC (Sal) vs ChABC (Sucr 2.5 mol/L); P*<.05 NG2

dorsal control and dorsal ChABC (Sal) vs NG2 dorsal treated; P*<.05 ventral control vs ventral treated)

of all 3 groups. In control animals, the reactivity for SMI31, neuronal
marker of phosphorylated neurofilament H, showed similar values in
rostral, lateral, and caudal sections (Figure S6S). In ChABC (Sal) and
treated groups, SMI31 showed comparable values to control group.

Similarly, fibers positive to NF200 were observed both in all 3
spinal cord groups with no significant difference (Figure S7).

BIII-TUB marker was used for regenerating axons (Figure 5). Two
weeks after ChABC treatment, BlII-TUB" axons (Figure 5S) were
significantly increased in dorsal and ventral regions of all examined
rostral, lateral, and caudal areas of ChABC (Sucr. 2.5 mol/L) group
(Figure 5C,O,F,L,R) compared with control (5, A, G, M, O, J, P) and
ChABC (Sal) (5 G, H, N, E, K,Q) groups. In particular, llI-TUB reactiv-
ity in dorsal sections of ChABC (Sucr 2.5 mol/L) was 5.13 + 0.53% and
5.33 £ 0.54% in rostral and caudal areas, respectively (rostral: P**<.01
control vs treated; P*<.05 ChABC (Sal) vs treated; caudal: P**<.01 con-
trol and ChABC vs treated). Similarly, reactivity in ventral sections was
5.48 +0.45%, 4.99 + 0.42%, and 5.73 + 0.54%, respectively, for ros-
tral, lateral, and caudal areas (rostral: P**<.01 control and ChABC (Sal)
vs treated; lateral: P**<.01 control vs treated, P*<.05 ChABC (Sal) vs
treated; caudal: P**<.01 control and ChABC (Sal) vs treated).

On the other hand, fibers positive to GAP43 (Figure 6), a
marker of actively extending neuronal fibers, were found at ros-
tral, lateral, and caudal edges of the lesion site (Figure 6A, R).
GAP43 was 4.01 + 0.30%, and 3.75 + 0.28% (Figure 6S), respec-
tively, in rostral area of dorsal and ventral sections of treated
animals (Figure 6C, F), while the obtained results in control and
ChABC in saline groups (6A, 6B, 6D, 6E) values were 1.35 + 0.28%
and 1.55+0.33% for dorsal rostral area and 1.71 +0.26%,
1.93 £ 0.29%, respectively, for ventral rostral area (Figure 6S).
Statistical analysis showed significant differences, both in dorsal
and ventral area in favor of treated animals compared with con-
trol and ChABC in saline groups (dorsal area of treated vs control
P***<.001 and ventral area of treated vs control P***<.001; dor-
sal area of treated vs ChABC (Sal) P***<.001 and ventral area of
treated vs ChABC in saline P**<.01). In lateral area, GAP43 was
4.51 + 0.19% in dorsal sections of treated animals (Figure 6l), while
itwas 2.54 + 0.21% in control group (Figure 6G) and 1.85 + 0.27%
in ChABC (Sal; Figure 6H), showing significant differences in favor
of treated group (P**<.01 control vs treated; P***<.001 ChABC in
saline vs treated). Finally, GAP43 values in treated animals were
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Immunofluorescence images of areas used for quantification of IlI-TUB (blue = DAPI, green = BlII-TUB), subdivided into dorsal and ventral
zones. Histological sections have been further regionalized into rostral, lateral, and caudal areas. Scale bars represent 100 pm. Y, Histological
analysis points out the ChABC with sucrose injections significantly increased pllI-TUB immunoreactivity. (P**<.01 control vs treated; P*<.05

control vs ChABC (Sal))

4.02 £ 0.19% and 3.49 + 0.34% in caudal area of dorsal and ven-
tral sections (Figures 60, R), respectively, whereas it measured
1.47 £ 0.20% and 2.13 £ 0.33% in control group (Figure 6M, P)
and 2.16 + 0.23 of dorsal and 2.11 + 0.38% of ventral caudal area
of ChABC in saline group (Figure 6N, Q). Again, statistical analysis
showed a significant increase in GAP43 reactivity in caudal area
of treated animals (dorsal treated vs dorsal control P***<.001 and
dorsal treated vs dorsal ChABC (Sal); ventral treated vs ventral
control and ventral ChABC in saline P*<.05).

4 | DISCUSSION

The present research proposes an improvement in the treatment
of chronic SCI using sucrose-stabilized ChABC. Over the last dec-
ade, various animal studies showed that ChABC could be a good

candidate for the treatment of injured spinal cords; however, its
enzymatic activity declines rapidly at body temperature. Several
methods were used to solve this problem, such as mutating specific
amino acids of the enzyme.®® Our aim was to restore a proper bio-
logical microenvironment at the boundary of the scar spontaneously
formed after chronic contusive injury: we combined ChABC and su-
crose (used to increase enzyme catalytic thermal stability) delivery
with daily rehabilitation via treadmill.

In biotechnology, sucrose solutions have been increasingly
used to stabilize proteins and their physical properties are being
thoroughly studied.>"*2 Our results demonstrate that the thermal
stability of ChABC was significantly improved, that is, the rate of
thermal inactivation was significantly slowed in the presence of
sucrose, indicating that the sucrose features the best (among the
tested stabilizers) protective and stabilizing effect against thermal

inactivation.
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FIGURE 6 A-R, Immunofluorescence images of areas used for quantification of GAP43 (blue = DAPI, red = GAP43), subdivided into
dorsal and ventral zones. Histological sections have been further regionalized into rostral, lateral, and caudal areas. Scale bars represent
100 pm. S, Histological analysis points out the ChABC with sucrose injections significantly increased GAP43 immunoreactivity. (dorsal:
P***<.001 rostral, lateral, and caudal control and rostral, caudal ChABC (Sal) vs dorsal treated; P**<.01 lateral ChRABC (Sal) vs ChABC (Sucr
2.5 mol/L); ventral: P***<.001 rostral control vs treated; P**<.01 rostral ChABC (Sal) vs treated and P*<.05 caudal control and ChABC (Sal) vs
caudal treated)

In recent work, by Shahaboddin,®° the activity of their modified stabilization of biological macromolecule in solution 3%2 and our
ChABC, stabilized via an aromatic mutation, against C4S substrate results confirmed the effectiveness of the sucrose as protein stabi-
was higher than wild-type ChABC up to 20 days (at 25°C). lizer. Indeed, ChABC activity in the tested solutions was detected

On the other hand, others reported the diverse stability of for up to 2 weeks. Sucrose is known to increase the surface ten-
ChABC vs temperature.®® In our work, we showed that the activity sion of water and to create a protective shell in aqueous solutions
of wild-type ChABC was higher than in standard conditions (controls) surrounding the protein.32 Above 5% (w/w), the surface tension
for 7 days at 37°C (Figure 1B) in sucrose solutions, thus suggesting of sucrose solutions increases well above the surface tension of
that exposure of ChABC to sucrose could enhance its thermostabil- water.3*
ity and prolong its activity for days.19 In the light of the stabilization results, we simulated the in vivo

In particular, after 1 day, the ChABC in Sal lost more than protocol of usage of ChABC. To the best of our knowledge, this

98% of enzyme activity, confirming the instability of the enzyme is the first time that the enzymatic activity of ChABC was evalu-
at body temperature. Instead the ChABC in Sucr 2 mol/L, Sucr ated in an in vivo “simulation” in vitro. We injected (and diluted) in
2.5 mol/L, and Sucr 3 mol/L showed a good stability in all sam- cell culture medium the same concentration of ChABC (2 U/mL)

ples, for up to 1 week: others used sucrose for thermodynamic and Sucrose (Sucr 2.5 mol/L) to be used for animals (Figure 1D).
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In this case, supposing a dilution of the original injection solution
in vivo, the final concentration of ChABC was 0.1 U/mL, 33% less
than the final concentration of ChABC in storage condition while
the final concentrations of sucrose were 0.25 mol/L and 0.3 mol/L
(see methods for details). After 48 hours, although the sucrose
concentration was diluted in culture medium of 10 times, the re-
maining activities were significantly higher than results obtained
with standard ChABC. It is well known from the literature 3° that
the effect stabilizers are strictly dependent on concentration and
are usually impaired at low concentrations. Remarkably, after
10 days, the activity was still present: 2 and 4 times higher than
in 1 day of incubation with saline solution. Moreover, presence of
metal ions, proteins, and other sugars may all interfere with the
positive outcome obtained in storage conditions®%: indeed, ChABC
activity was reduced but sucrose solutions still gave significant
improvements.

The present study demonstrates that the relationship between
sucrose concentration and this thermolabile enzyme could be a major
determinant of the improvement of a future therapy of ChABC.

Biological response to high concentration of sucrose was eval-
uated by culturing NSCs in cell culture medium supplemented with
Sucr 2.5 mol/L and Sucr 3 mol/L. We verified the possible toxicity
of high sucrose concentration against mouse NSCs in proliferation
state and in differentiation condition. After 1 day of incubation,
results showed comparable values to cells cultured in proliferative
standard medium, demonstrating negligible toxicity of high concen-
tration of sucrose (Figure 2A,B).

In the same way, at 1 week and 2 weeks of NSC differentiation,
we added Sucr 2.5 mol/L and Sucr 3 mol/L in fresh culture medium.
After 1 and 4 days, the morphological analysis of cells cultured on
Sucr 2.5 mol/L and Sucr 3 mol/L showed a spread and branched
morphology comparable to cells cultured in standard differentia-
tion culture medium (Figure 2C). Moreover, we observed no dif-
ferences in percentage of Nestin+, pllI-Tub + and GFAP + between
all 3 groups, highlighting that different concentrations of sucrose
in culture medium has not changed the normal expression of these
markers (Figure S3).

Similar to the proliferative cell viability assay, quantitative data
accounting for the percentages of live and dead cells showed no
significant differences in Sucr 0.25 mol/L and Sucr 0.3 mol/L vs Sal.
Additionally, MTS assay results too (Figure S4) corroborated the
idea of a negligible harmful effect of modestly high concentrations
of sucrose.

As we successfully improved enzymatic activity of ChABC while
maintaining low cytotoxicity of the tested solutions, we assessed
the in vivo performance of stabilized ChABC in an animal model of
chronic SCI.

As often the case in humans, SCl is given by an initial contusive
insult; therefore, we used a weight-drop contusion animal model.%’
At 1 month after contusion, chronic injury yields to the formation of
a gliotic scar, at this time point we injected ChABC (Sucr 2.5 mol/L),
the best performing solution in vitro, in the glial scar and at the
depth of 100 pm.%®
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The presence of glial cells and axons was quantified. After le-
sion, extent of CSPGs and immunoreactivity dramatically increases
around the lesion site: indeed, CSPG has been detected by absor-
bance concomitantly to GFAP-positive astrocytes inside the lesion
area and in the cystic cavity border.*? In our data, 1 session of in-
traspinal injections of ChABC in Sucr 2.5 mol/L fostered a signifi-
cant value of digested sugar chains concurrently with a reduction
of GFAP reactivity. In the same way, proteoglycan NG2 reactivity,
that is associated with axon growth inhibition not necessarily related
to CS GAG chains,*° was significantly reduced in the treated group.

Additionally, the macrophage response following SCI is known
to be neurotoxic and inhibitory to axon regeneration.5 In this study,
we showed that stabilized ChABC induced expression of IBA1, a
well-characterized marker of microglia, in macrophages in the lesion
epicenter at 2 weeks posttreatment obtaining results comparable to
values obtained for saline group (Figure S5).

Moreover, our results showed that the intraspinal injections
of ChABC in Sucr 2.5 mol/L increased the reactivity of pllI-TUB-
positive fibers into the gliotic scar. Like GAP43, the outgrown axons
were present in the lesion site at least 2 weeks after treatment, sug-
gesting that intraspinal injections promoted BllII-TUB expression in
chronic SCI. Although BIII-TUB significance was achieved in rostral
and dorsal caudal areas only, a clear beneficial trend was present in
all processed areas of animals belonging to treated group. In contrast
to reactivity for pllI-TUB, values for NF200 were lower in regener-
ating neurons: while tubulin is known to participate directly in the
mechanism of axonal elongation, neurofilaments are major intrinsic
determinants of axonal caliber in myelinated nerve fibers and mainly
present in more mature fibers.*! Therefore, this discrepancy may
arise by the sort observational timeframe we adopted for in vivo ex-
periments, but we cannot exclude it regenerating nervous fibers may
stabilize and become more mature for timeframes beyond 2 weeks.

Present findings also show degradation of NG2 in favor of in-
creased GAP43 labeled axons. It is known that after SCI, axons
located rostrally to the lesion site may undergo incomplete regen-
eration/plasticity, particularly by producing short axonal projec-
tions that are unable to penetrate and bridge the central lesion.
On the contrary, the axons positioned below the lesion site retract
from postsynaptic neurons and undergo irreversible Wallerian
degeneration.*?

Our data indicate degradation of the inhibitory extracellular
matrix (ECM) to a more permissive environment extending and fa-
cilitating early axonal regenerative processes at 2 weeks after treat-
ment. NG2 reduction testifies for ECM reorganization, an ongoing
process (at time of sacrifice) allowing for growth cone extensions
protruding within the ChABC-treated gliotic scar. In this study,
6 weeks after the initial contusive injury, ChABC in Sucr 2.5 mol/L
increased the plasticity of injured tissue by providing a more fa-
vorable microenvironment contributing to spontaneous collateral
sprouting and increased penetration of GAP43 nerve fibers within
central lesion. Others previously showed that high-dose (20 U/mL)
intraspinal injections of ChABC produced extensive CSPG digestion
in the injured rat spinal cord,*® indicating that injecting ChABC is a
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very effective and efficient method for delivery, but repeated injec-
tions to different days 43 or intrathecal catheter to distribute the en-

11424445 may produce additional damage to the spinal cord.*¢

zyme
Therefore, our results highlight the need for sugar solutions to
overcome ChABC (3 pL, 2 U/mL per injection) thermal inactivation,
showing that treatment to the injury site leads to digestion of CSPG
in perineuronal nets, structures associated with the restriction of
neuronal plasticity. All these findings well correlate with the motor
recovery of animals assessed via BBB test. In treated animals, a sta-
tistically significant improvement of motor functions was induced in
comparison to control groups. Therefore, data suggest that a single
session of delivery of ChABC previously stabilized in sucrose solu-
tions, in combination with treadmill training, may have fostered lo-
comotor recovery and early axonal regeneration/sprouting.

It is known that promoting adaptive structural and functional
plasticity with rehabilitation can help the formation of appropriate
connections in the spinal cord, increase neurotrophic factors pro-
duction,¥” modify electrical properties of motoneurons through
their neuronal energy balance,*® and enhance the formation of new
neuronal circuits.*” We can reasonably hypothesize that spared lat-
eral spinal tracts, showing increased sprouting following ChABC
treatment, may have been further helped in their reinnervation by
our general rehabilitation protocol, sufficient enough to improve
rats performance (BBB score) in the short term.

Nevertheless, this study has some potential limitations: (i) bet-
ter insights about the stabilization mechanism exerted by sucrose
(and evaluation for a potential protocol improvement) may be given
by molecular dynamics and, in particular, protein docking analyses;
(i) a deep characterization of sucrose effects on the tissues sur-
rounding injection site is mandatory before bringing this approach
to clinics; and (iii) longer observational timeframes may be required
to asses any potential incremental functional recovery and nervous
regeneration.

Indeed, we foresee extra room for functional improvement if
experimental timeframes are extended beyond 2 weeks: however,
as no additional ChABC is added, from 1 month on it will likely be
completely eluted/degraded and any additional improvement (if
present) may mainly come from protracted rehab sessions. It is in
our commitment to prolong our experimental timeframes to better
assess this point.

It could also be a feasible strategy to provide a bigger reservoir of
stabilized ChABC by implanting a biodegradable scaffold preserving
the storage condition of ChABC we tested: this could be achieved,
for example, by co-injecting nanoparticles, previously loaded with
stabilized ChABC, with self-assembling peptide scaffolds that al-

ready showed promising results in SCI regeneration in vivo.’°>2 In

I°3. showed that lentiviral

another interesting approach, Bartus et a
vector local production of ChABC reduced injury cavitation and
fostered preservation of spared nervous tissue, improving sensorim-
otor function in a clinically relevant model of a contusive spinal con-
tusion.”® Nonetheless, the proposed “delivery” method of ChABC
may arise safety issues like insertional mutagenesis given by lentivi-

ral vectors °* that will slow its translation to clinics. Our study, using

a very simple stabilizing approach for ChABC brought interesting
results and supposedly did not lead to significant harmful stimuli up
to 2 weeks posttreatment.

In summary, SCl is one of the most devastating human patholo-
gies, having a significant impact on life quality, bringing considerable
costs to primary care and the overall society. Every new step favoring
the translation of potential therapies for SCI may significantly im-
prove the life of many. We demonstrated that intraspinal injections
of sucrose-stabilized ChABC, corroborated by daily rehabilitation
sessions, are a feasible protocol causing reduction of gliosis in chronic
SCl and improved behavioral recovery: they locally modified the scar
extracellular matrix producing a favorable environment for nervous
regeneration (Figure 3C). Limiting the number of subsequent deliv-

eries may bring ChABC closer to a clinical treatment for chronic SCI.
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