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Abstract

Injury to the central nervous system (CNS) provokes an inflammatory reaction and secondary damage that result in
further tissue damage and destruction of neurons away from the injury site. Upon injury, expression of connexin 43
(Cx43), a gap junction protein, upregulates and is responsible for the spread and amplification of cell death signals
through these gap junctions. In this study, we hypothesise that the downregulation of Cx43 by scaffold-mediated
controlled delivery of antisense oligodeoxynucleotide (asODN), would minimise secondary injuries and cell death,
and thereby support tissue regeneration after nerve injuries. Specifically, using spinal cord injury (SCI) as a proof-
of-principle, we utilised a fibre-hydrogel scaffold for sustained delivery of Cx43asODN, while providing synergistic
topographical cues to guide axonal ingrowth. Correspondingly, scaffolds loaded with Cx43asODN, in the presence
of NT-3, suppressed Cx43 up-regulation after complete transection SCI in rats. These scaffolds facilitated the
sustained release of Cx43asODN for up to 25 days. Importantly, asODN treatment preserved neurons around the
injury site, promoted axonal extension, decreased glial scarring, and reduced microglial activation after SCI. Our
results suggest that implantation of such scaffold-mediated asODN delivery platform could serve as an effective
alternative SCI therapeutic approach.
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Introduction

Gap junctions facilitate intracellular communication via
the exchange of metabolites (e.g. lactate), ions (e.g. potas-
sium ions) and secondary messengers (e.g. ATP).! Two
opposing hemichannels in individual cells, dock to form a
gap junction. Each hemichannel is made of six connexin
subunits that are arranged around a central pore.! Connexin
43 (Cx43) belongs to the connexin family of gap-junction
proteins that is encoded by 20 genes in rodents and 21
genes in humans” and it is the most ubiquitous. Its expres-
sion is dynamically regulated after wounding in many tis-
sues, including cornea, skin, and nervous tissue.>” Notably,
expression of Cx43 can be found throughout the adult
mammalian central nervous system (CNS) with predomi-
nant association in astrocytes and activated microglia.”!!
Under normal physiological conditions, in the absence of
any injury to the CNS, Cx43 is involved in homeostatic
buffering, providing metabolic support for neurons, syn-
chronising astrocyte networks, regulating vascular compo-
nents, and modulating synaptic activity and plasticity.'?

Injury to the CNS provokes an inflammatory reaction
and the secondary damage can result in further tissue dam-
age and destruction of neurons away from the injury
site.'>!* In models of neurotrauma such as traumatic brain
injury (TBI) and spinal cord injury (SCI), a significant
increase in Cx43 protein was observed.'>!® Of note, the
spread and amplification of cell death signals was reported
to have occurred through these gap junctions.!” Dead neu-
rons cannot be easily replaced. Hence, neuroprotection is
key to minimising damage after CNS injury. The adminis-
tration of pan gap junction blockers in these models were
identified to be neuroprotective and hence serve as poten-
tial therapeutics.'® Although proven to be neuroprotective,
gap junction blockers have unacceptable side-effects in the
CNS as they can interfere with other important cellular
processes such as synaptic transmission and calcium
release.'”?! Nucleic acid- based agents could provide
greater specificity of action. However, nucleic acid deliv-
ery to the CNS remains challenging.

Antisense oligodeoxynucleotides (asODNs) allow the
specific downregulation of Cx43 protein expression.??
Cx43 specific asODN is a single stranded DNA sequence
of 30 deoxynucleotides with an unmodified backbone that
binds specifically to complementary sequences on an
accessible region of the Cx43 mRNA — forming a DNA—
RNA duplex that will be cleaved by RNase H and conse-
quently, limiting the synthesis of Cx43.22 Unmodified
asODNSs have relatively short half-life inside cells (about
30 min) and are more rapidly broken down in contact with
serum? thereby reducing the chance of off target effects.

After an SCI injury, expression of Cx43 on astrocytes
and activated microglia remain high even up to 4 weeks
post-injury.?* Cx43-immunoactivity was reported to be
high in areas associated with neuronal loss while in areas

where neurons were preserved, Cx43 levels remained nor-
mal.?®> We hypothesise that transient Cx43 downregulation
might be insufficient to minimise the spread of cell death
signals and prevent neuronal loss away from the lesion
sites. Building on these well-established findings, we
sought to improve the delivery of Cx43 asODNs for long-
term neuroprotective purposes, using SCI as a proof-of-
concept and an extended application.

Despite the success reported from various clinical tri-
als,?-28 the use of asODNSs as therapeutics remains largely
hindered by the lack of suitable delivery platforms catered
to the injury environment. Nanocarriers are delivery vehi-
cles that can protect asODNs while facilitating their cel-
lular internalisation.”3° Although such vehicles have
demonstrated success in liver diseases and anti-cancer
treatments,* these nanocarrier approaches do not provide
topographical guidance necessary to guide axonal out-
growth after an SCI. Hydrogels, such as F127 Pluronic gel,
have also been widely adopted to deliver asODN:Ss, in par-
ticular Cx43 asODNs.!!3! Although cells could reside in
the hydrogel matrix, distinct topographical cues to guide
outgrowth of axons were absent. Moreover, F127 Pluronic
gel has a short half-life and degrades within 24 h. Hence,
the downregulation of Cx43 expression cannot be sus-
tained, which is a limitation in a chronically inflamed
environment such as SCI.

Here, we utilised a fibre-hydrogel scaffold that guides
axonal ingrowth’>3* to deliver Cx43 asODNs in vivo.
Specifically, we examined the release kinetics of asODNss
from this platform and assessed how such sustained
asODN release can prevent loss of neurons, enhance
axonal extension, modulate glial scarring, and reduce
microglial activation after SCI.

Experimental section

Materials

2,2 2-trifluoroethanol (TFE), sodium hydroxide (NaOH),
paraformaldehyde (PFA), sucrose, Triton X-100, concen-
trated hydrochloric acid, sodium carbonate, magnesium sul-
phate, heparin sodium salt, Limonene and acetic acid were
purchased from Sigma-Aldrich. Cx43 Antisense Oligo-
deoxynucleotides (asODN, Sequence: GTAATTGCGGC
ACGAGGAATTGTTTCTGTC) was synthesised by Sigma-
Aldrich. 3ml luer lock syringe and 21-gauge needles were
purchased from Becton, Dickinson and Company (BD). Rat-
tail type 1 collagen was purchased from Corning. Commercial
grade 100% ethanol was purchased from Aik Moh paints and
chemicals and diluted to two other concentrations — 70% and
95% with distilled water. Phosphate-buffered saline was
purchased at 10x concentration from Bio Basic and diluted
to 1x concentration for use in this study (PBS). Tissue-Tek
OCT compound was purchased from Sakura Finetek.
Haematoxylin and alcoholic eosin Y 515 were purchased
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from Leica Biosystems. Fluoromount-G was purchased from
Abcam. Quant-iT™ OliGreen™ ssDNA Assay Kit, Alexa
Fluor 488 goat anti rabbit, Alexa Fluor 555 goat anti mouse,
Alexa Fluor 555 goat anti chicken, Alexa Fluor 633 goat anti
rabbit, 4',6-diamidino-2-phenylindole (DAPI) and bovine
serum albumin (BSA) were obtained from Life Technologies.
Chicken anti-NF200 was purchased from Biolegend. Rabbit
anti-glial fibrillary acidic protein (GFAP) was obtained from
DAKO. Mouse anti-Ox42 was purchased from Bio-Rad.
Neurotrophin-3 (NT-3) was obtained from PeproTech.

Fibre-hydrogel scaffold fabrication

Fibres. Poly (caprolactone-co-ethyl ethylene phosphate)
(PCLEEP) copolymer (Mw=59,102, Mn 25,542) was a gift
from Dr. Yucai Wang’s lab. It was synthesised as reported
previously.>* PCLEEP was dissolved in TFE at 33% (wt./wt.)
and settled overnight before use to ensure homogeneity. A
two-pole air gap electrospinning technique was adopted to
fabricate aligned PCLEEP fibres (Figure 1(a)). Briefly, the
electrospinning solution was first loaded into a 3ml syringe
and then capped with a 21-gauge blunt-tipped needle. This
electrospinning solution was subsequently extruded at a con-
stant flow rate of 1.5ml/h by a syringe pump. A positive
charge (+8kV) was applied to the blunt-tip needle while a
negative charge (—4 kV) was applied to the two-pole air-gap
collector. PCLEEP fibres were deposited within a 5.0cm air
gap area that was between the stationary poles. Each layer of
fibres was obtained after 6min and 30s of spinning before
combining into a stack that contained seven sets (Figure 1(b)).
All fibre layers were UV sterilised for 30 min prior to stacking
and rolling these layers into a bundle of fibres. A sterilised
cylindrical mould (8.0mm in length and 3.5mm in inner
diameter) was used to set the fibre bundle in the core region
before adding the collagen matrix — fibre bundle was embed-
ded within the collagen matrix.

Collagen matrix. Rat-tail type 1 collagen matrix was used to
fabricate the hydrogel matrix. All procedures were con-
ducted in accordance with the manufacturer’s protocol.
Briefly, 10x PBS, 1.0N NaOH, de-ionised (DI) water and
type 1 collagen stock solution were added into a sterile
600 pl micro-tube in the listed order and mixed gently to get
a final collagen concentration of 3.0 mg/ml. Collagen matrix
was incorporated either with growth factors only or a com-
bination of growth factors with Cx43 asODN. Growth fac-
tors were incorporated into this matrix to promote infiltration
of neurofilaments. NT-3 was reconstituted in 0.1% BSA and
400 pg/pl heparin at 1:1 (v/v) to arrive at a stock concentra-
tion of 2 ug/ul. 4 ul of NT-3 stock solution was used to sub-
stitute 4l of DI water in the 250 ul collagen mixture per
8 mm mould. Hence, a total of 8 ug of NT-3 was loaded into

this mixture. Cx43 asODN was reconstituted in nuclease-
free water to achieve 6 mM stock concentration. Then, 18 ul
of Cx43 asODN stock solution was used to further substi-
tute 18ul of DI water in the 250ul collagen mixture per
8 mm mould. Thus, 1 mg of Cx43 asODN was loaded into
this mixture for the matrix containing both growth factors
and Cx43 asODN. This was the maximum possible mass of
asODN that can be added into the collagen matrix without
affecting stability of the structure. The theoretical loading of
both NT-3 and Cx43 asODN, per animal, were based of our
previous work.''** Table 1 depicts the mass of growth fac-
tors and Cx43 asODN used per animal. All collagen mix-
tures were kept on ice until dispensed into the moulds that
contained the electrospun fibre bundle in the core region.
Hydrogel formation occurred at room temperature for
30min before freezing the scaffolds at —20°C for 4 h prior to
overnight lyophilisation. Subsequently, scaffolds were cut
into 2mm long lengths under sterilised conditions before
implantation into each animal.

Physical characterisation of fibre-hydrogel
scaffolds

The morphology of the aligned PCLEEP fibre layers and
fibre-hydrogel scaffolds were evaluated by scanning elec-
tron microscopy (SEM) (JOEL, JSM-6390LA, Japan) under
an accelerating voltage of 10kV after sputter-coating with
platinum at 10mA for 100 and 120s, respectively. The
diameter of PCLEEP fibres were quantified by measuring at
least 100 fibres per layer. Three fibre layers were quantified
to arrive at an average fibre diameter value. All measure-
ments were performed with ImageJ software (NIH, USA).

Quantification of asODN loading and release

Each NT-3 + asODN loaded scaffold (2.01 =0.09mg)
was incubated in 1 ml of 1X PBS at 37°C. At each time
point, 500 ul of supernatant was collected and replaced by
an equal volume of fresh 1X PBS. The amount of asODN
release was measured using the Quant-iT™ OliGreen™
ssDNA Assay Kit, following manufacturer’s protocol. The
percentage of cumulative release of asODN was finally
presented as mean * standard deviation (S.D.)

To evaluate the experimental loading efficiency of
asODN, NT-3 + asODN scaffolds (n=3) were dissolved
in 1 ml of TFE. Thereafter, 200 ul of 1X PBS was added.
After shaking for 30 min, the aqueous phase was collected,
and this process was repeated three times. The amount of
asODN within the extracted aqueous solution was then
determined using the OliGreen assay. Subsequently, the
experimental loading efficiencies were computed using
the following equation:

Total asODN released + Total asODN extracted

x100%

Loading efficiency =

Total theorectical asODN loading
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Figure I. Schematic of (a) air-gap electrospinning setup, (b) fibre-hydrogel scaffold fabrication and (c) implantation of scaffold into
2mm spinal cord injury gap. Physical characterisation of fibre-hydrogel scaffolds. (d) SEM images of cross-section of fibre-hydrogel
scaffolds showing that aligned fibres were well orientated and uniformly distributed in the collagen matrix. (e) SEM image of aligned
electrospun PCLEEP fibres. (f) Cumulative release profile of asODN from fibre-hydrogel scaffolds over 30 days.
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Table I. Mass of growth factors and Cx43 asODN used per animal.

Collagen matrix

Mass of NT-3 (ug) Mass of Cx43 asODN (ug)

Growth factors only (NT-3)

2 0

Combination of growth factors with Cx43 asODN (NT-3 + asODN) 2 250

Spinal cord complete transection and scaffold
implantation

All animal procedures were approved and performed in
accordance with the Institutional Animal Care and Use
Committee (IACUC) in Nanyang Technological University
(TACUC Project Number A19005). Female Sprague Dawley
rats were obtained from InVivos Pte. Ltd. (Singapore) and
used in experiments at 7-9weeks old (200-250g). Animals
were randomly divided into two groups to receive scaffolds
loaded with NT-3 or NT-3 + asODN.

Anaesthesia was induced using intraperitoneal injection of
ketamine (73 mg/kg) and xylazine (7.3 mg/kg). Animals were
injected subcutaneously with 0.05mg/ml buprenorphine as
analgesia before the surgery. Before incision, the surgical
field was shaved, cleaned with 70% ethanol and further disin-
fected with betadine. An incision on the skin was made above
the thoracic level to expose the vertebra at the T8-T11 level.
Subsequently, the T9 vertebra was located and a dorsal lami-
nectomy was performed at the T9-T10 level. The dura was
then opened before performing a 2mm complete transection
on the spinal cord with a pair of fine micro scissors. Thereafter,
the respective scaffolds were implanted into the incision site —
reconnecting the rostral and caudal parts of the resected spinal
cord (Figure 1(c)). Of note, all scaffolds were randomised with
allocation concealment and the sole investigator who con-
ducted the surgery was blinded to the contents of the scaffolds.
To close the incision, the dura was first sutured before covering
the injury area with a 50pm thick PCL film. Afterwards, the
surrounding muscle was sutured, and the skin was closed with
wound clips. Bladders were manually expressed at least twice
daily until bladder function recovered.

Tissue harvesting and processing

At 4 weeks post-injury, all animals were perfused with 0.9%
saline followed by ice cold 4.0% PFA. After perfusion,
1.5 cm of spinal cords (inclusive of the injury site) were dis-
sected and further post-fixed for 2h with 4.0% PFA at 4°C.
Tissues were cryoprotected by transferring fixed tissues into
15% sucrose for 24 h followed by 30% sucrose at 4°C until
cryosectioned. Spinal cord samples were sectioned in the
coronal plane into 20um thick sections before directly
mounting the sections onto poly-lysine coated glass slides.

Quantification of neurons from Haematoxylin
and eosin-stained spinal cord sections

Haematoxylin and eosin (H&E) staining. All staining was per-
formed with an autostainner (Leica Biosystems, ST5010

Autostainner XL, Germany). Frozen spinal cord sections
were gently rinsed with 1x PBS to remove residual OCT
compounds. Sections were then immersed in 100% ethanol
for 2min, a second container of 100% ethanol for 2 min, 95%
ethanol for 2min, a second container of 95% ethanol for
2min, 70% ethanol for 2min and rinsed in a container of run-
ning tap water for 2min to rehydrate the tissues. Thereafter,
sections were submerged in haematoxylin for 1min and
rinsed in a container of running tap water for 3s to remove
excess dye. Sections were then immersed in 0.3% acid alco-
hol (0.3% (v/v) concentrated hydrochloric acid, 70% (v/v)
ethanol and 29.97% (v/v) distilled water) and further rinsed in
running tap water for 2min to remove any background stain-
ing. To enhance the contrast of the haematoxylin stain, sec-
tions were dipped into Scott’s tap water (0.5% (w/v) sodium
bicarbonate and 5% (w/v) magnesium sulphate dissolved in
distilled water) for 5s before rinsing the sections again with
running tap water for 2min. Haematoxylin-stained sections
were then immersed into alcoholic eosin Y 515 for 2min.
Subsequently, sections were submerged in 70% ethanol for
2min, 95% ethanol for 2min, a second container of 95% etha-
nol for 2min, 100% ethanol for 2min, a second container of
100% ethanol for another 2min and Clearene for 2min to
dehydrate the sections. Slides with stained sections were then
individually removed, covered with one drop of Limonene
and then sealed using a coverslip.

Quantification of neurons. Images of H&E-stained sections
were obtained using a brightfield microscope (Leica, DMi8,
Germany) at 20x magnification and automatically stitched
using Leica LAS X software to obtain tilescan images of
these tissue sections. Whole tissue sections were analysed in
a blinded fashion using Zeiss Zen Black software (Carl Zeiss,
Germany) where regions of interest (1500 um by 1500 pum)
were exported for further quantification of neurons per field
of view in Image J. One tissue slice per animal, at the middle
of the spinal cord, was chosen for analysis to capture the max-
imum width of the implanted scaffold. Four regions of inter-
ests were exported: 1 mm away from scaffold boundary at
both rostral and caudal ends as well as 200um away from
scaffold boundary at both rostral and caudal ends. Neurons
were identified based on their size and location within the
grey matter.>® Notably, damaged neurons were not included
in quantification. Healthy and damaged neurons were identi-
fied based on their sizes and appearance of nuclei®®.

Immunohistochemistry

Immunohistochemistry was performed to evaluate axonal
ingrowth, cyst formation, glial scarring, Cx43 protein
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Table 2. Details of primary and secondary antibodies.

Antibody Dilution Catalogue number
Primary NF-200 (Chicken) 1:1000 Biolegend (822601)
GFAP (Rabbit) 1:1000 DAKO (Z0334)
Cx43 (Rabbit) 1:1000 Sigma (C6219)
Ox42 (Mouse) 1:100 Bio-Rad (MCA275G)
Secondary Goat anti-Chicken, Alexa Fluor 555 1:1000 Life Technologies (A-21437)
Goat anti-Rabbit, Alexa Fluor 488 1:1000 Life Technologies (A-11034)
Goat anti-Rabbit, Alexa Fluor 633 1:1000 Life Technologies (A-21070)
Goat anti-Mouse, Alexa Fluor 555 1:1000 Life Technologies (A32727)

expression and the presence of microglia. All steps were
performed at room temperature unless otherwise men-
tioned. The frozen spinal cord sections were first gently
rinsed with 1X PBS to remove residual OCT compound.
Enzymatic antigen retrieval was conducted on sections
that were stained for Cx43 protein expression and micro-
glial activity to enhance the staining and reduce back-
ground signals. Two drops of Histo/Zyme were added to
each of these sections and incubated for 5min. Histo/
Zyme was rinsed with 1X PBS to remove all residues. All
sections (treated with or without antigen retrieval) under-
went the subsequent steps. Sections were permeabilised
by treating with 0.3% Triton X-100 for 5min and then
incubated in 10% goat serum for 1h to reduce non-spe-
cific antibody binding. Thereafter, the sections were incu-
bated overnight with primary antibodies diluted in 5.0%
goat serum at 4°C. These sections were subsequently
washed 3 times with 1X PBS and incubated with the
respective secondary antibodies for 1.5h. Similarly, sec-
ondary antibodies were diluted in 5.0% goat serum.
Nuclear counterstaining was performed by incubating
these sections with DAPI (1:1000) for 15 min after the
secondary antibodies. Details of primary and secondary
antibodies used along with their dilutions are listed in
Table 2. All stained slides were mounted with
Fluoromount-G and sealed with coverslips.

Fluorescent microscopy

Images of DAPI, NF-200 and GFAP stained spinal cord
sections were captured at a 10x magnification using a
fluorescent microscope (Leica, DMi8, Germany) and
automatically stitched using LAS X software (Leica,
Germany) to obtain tilescan images of these tissue sec-
tions. Polarised light images were taken concurrently to
capture the scaffold implanted at the injury site in these
sections. For each animal, at least three sections were
imaged (one section at the maximum width of the
implanted scaffold, another section 40 um before the

Percentage of GFAP + area within 500 um of scaffold interface=

maximum width of the implanted scaffold and the last
section 40 um after the maximum width of the implanted
scaffold). The sections were chosen with respect to the
maximum width of the implanted scaffold to evaluate the
response of the injury to the scaffold.

Quantification of axonal ingrowth. The scaffold area was
identified and traced from these polarised light images
before quantifying the pixel area of NF-200 within this
scaffold area using Image J (NIH, USA). The percentage
of scaffold stained with NF-200 was calculated based on
the following equation:

Percentage of scaffold stained with NF —200
_ Total NF —200 positive pixel area "
Scaffold area

100

Size measurement of cystic cavity. Cell-free areas in the
lesion sites rostral and caudal to the scaffold were identi-
fied as cystic cavities. Images of GFAP-stained sections
were cross-referenced with DAPI images of the respec-
tive spinal cord section and thresholded to reveal these
cell-free areas. Subsequently, the size of these cavities
was highlighted and measured using Image J. The sum of
these cavity areas was tabulated for each tissue section. At
least three sections were quantified and averaged.

Extent of glial scarring. GFAP-positive area in the scar areas
rostral and caudal to the scaffold was measured. The dense
lining of GFAP-positive astrocytes in the lesion sites rostral
and caudal to the scaffold was identified as the glial scar
border. Subsequently, based on an established protocol, a
region of interest within 500 pum from the glial scar border
was demarcated.’” Using Imagel, a frechand line was
drawn along the glial scar border and this line was then
translated 500 pum away from the scaffold. The region
flanked within these two lines was defined as the region of
interest where the following equation was applied:

Total GFAP positive pixel area <100%

Area of regionof interest
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Cystic cavities were excluded from this analysis. Both
rostral and caudal glial scars were quantified. At least three
sections were quantified and averaged.

Confocal microscopy

Single optical section images of DAPI, Cx43 and Ox42
stained spinal cord sections were acquired using a confocal
microscope (Leica, SP8, Germany) with a 40x oil objec-
tive. This optical section was chosen based on the z slice
with maximum Cx43 signal with the primary objective of
evaluating changes to Cx43 expression with asODNs
treatment and consequently, the activation state of micro-
glial. Fluorophores were excited sequentially (DAPI using
405 nm wavelength laser, Alexa 488 using a 488 nm wave-
length laser and Alexa 555 using a 555nm wavelength
laser). 8-bit images were acquired using a frame average of
5 at a resolution of 1024 by 1024 pixels. Image acquisition
settings were adjusted with reference to NT-3 treated spi-
nal cord sections to prevent oversaturation and these set-
tings remained identical between the treatments and across
all sections to allow comparison to be made during image
analysis. Imaging was performed at three regions: scaffold
boundary at the rostral end, within the centre of the scaf-
fold and scaffold boundary at the caudal end. At least three
sections per animal were imaged at these regions.

Quantification of Cx43 protein expression. Cx43 protein
expression was quantified by counting positive pixel area
from images of Cx43 stained spinal cord sections using
Image J using the method outlined by a previous study.* All
images were identically thresholded prior to analysis. The
total number of cells per field of view was counted from the
corresponding DAPI images. Cx43 protein levels were
expressed and calculated with the following equation:

Cx43 area per nuclei

Total Cx43 positive pixel area

= x100%
Total cell count per field of view

Quantification of Ox42 positive cells. Ox42 stains integrin alpha
M which is involved in interactions with macrophages and is
used here to recognise microglia*'. Images of Ox42 stained
spinal cord sections were overlapped with the corresponding
DAPI images and cells with defined Ox42 cytoplasmic
expression were identified as Ox42 positive cells. The total
number of cells per field of view was counted from the cor-
responding DAPI images. The percentage of Ox42 positive
cells per field of view were quantified with this equation:

Percentage of Ox42 positive cells
_ Number of Ox42 positivecells

= x100%
Total cell count per field of view

Statistical analysis

Statistical analysis was carried out using GraphPad Prism
software. All results were presented as mean * standard
deviation. The Brown-Forsythe test was used to test for
equal variances while the Shapiro—Wilk test was used to
test for normality. If the variances of the groups were equal
and normally distributed, One-way ANOVA and Tukey’s
Post-hoc tests were used to compare the means of more
than two samples. Where variances were not equal, the
non-parametric tests, Kruskal Wallis and Mann-Whitney
tests, were used.

Results

Sustained release of Cx43sODNs from
fibre-hydrogel scaffolds

Topographical cues were provided to neurons to guide
axonal outgrowth. This was achieved through aligned
fibres that were supported by the collagen hydrogel, for-
mulating a 3D implantable structure at the SCI injury site.
Figure 1(d) shows the cross-sectional view of fibre-
hydrogel scaffolds that were loaded with NT-3 only or
with both NT-3 and Cx43asODN. The presence of the col-
lagen hydrogel did not compress the fibres or induce fibre
fusion. Instead, the fibre orientation and alignment were
preserved. This observation is consistent even in the pres-
ence of Cx43asODN. The average diameter of these
aligned fibres was 1.17 = 0.23 um (Figure 1(e)). Besides
topographical cues, the fibre-hydrogel scaffolds also
delivered biochemical signals. Specifically, Cx43sODN
was delivered alongside with NT-3 as previous SCI stud-
ies have suggested that the presence of NT-3 is crucial to
promote neuronal survival, axonal sprouting, and regen-
eration.’***“ Through our release kinetics study, we
observed that these NT-3 + Cx43sODN loaded scaffolds
(Cx43sODN loading efficient of 2.56 = 0.61%) displayed
burst release profiles within the first 3 days where ~80%
of the loaded Cx43sODN was released (Figure 1(f)).
Thereafter, ~15% of these loaded Cx43sODN was
released over the next 20 days before its release started to
plateau at Day 25 (Figure 1(f)).

Scaffold-mediated delivery of Cx43sODNs
preserved neurons around injury site after SCI

To evaluate the efficacy of delivering Cx43asODNs via
scaffolds, histological examination was conducted on the
excised spinal cord tissues with scaffolds implanted at the
SCI injury site. In particular, the number of neurons near
and far away from the injury border was examined (Figure
2(a)). We observed distinct neurons in the NT-3 +
Cx43asODN treated group at regions both near and far
away from the injury border (Figure 2(b)). This is unlike
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Figure 2. ASODN treatment preserved neurons after SCI. (a) H&E image of a spinal cord section, with scaffold implanted at injury
site, as a representative image to show cropped regions for quantification. Blue box: Rostral, | mm away from scaffold interface. Red
box: Rostral, 200 pm away from scaffold interface. Green box: Caudal, 200 um away from scaffold interface. Magenta box: Caudal,
I mm away from scaffold interface. (b) Representative H&E images of the cropped regions. Black arrows point to examples of cell
that are considered as neurons. Yellow arrows point to other cell types which are significantly smaller than the identified neurons.
(c) Quantification of number of neurons per field of view. More neurons were observed with asODN treatment especially at the
regions near to the injury site (i.e. 200 um away from scaffold interface). Data suggested that asODN treatment plays a role in neuron
preservation after SCI. Mann Whitney test (n=3, where n represents | biological repeat). *: p < 0.05.



Chin et al.

the NT-3 treated group where neurons appeared to be
undergoing cell death especially at regions near the injury
border (Figure 2(b)). Furthermore, we found significantly
more neurons at the regions near the injury border in NT-3
+ Cx43asODN treated group (p <0.05, Figure 2(c)).

Scaffold-mediated delivery of Cx43asODNs
promoted axonal extension after SCI

Axonal extension from injury borders were examined with
axonal marker NF-200 (Figure 3(a)). We found that NT-3
alone was insufficient to stimulate robust axonal ingrowth
into the scaffold after complete spinal cord transection
(Figure 3(b)). In contrast when NT-3 was coupled with
Cx43asODN, extensive axonal ingrowth into the scaffolds
was observed (p<<0.01, Figure 3(b) and (c)). Notably,
these axonal extensions were well distributed within the
scaffolds. In addition, we observed that these axons regen-
erated along the aligned fibres and were parallel to the spi-
nal cord (Figure 3(b)).

Scaffold-mediated delivery of Cx43asODNs
modulated glial scar formation but did not

significantly reduce cystic cavity formation after
scl

Cystic cavity formation and glial scarring were analysed to
understand the effect of Cx43asODN on host-implant inte-
gration. We first measured the size of the cystic cavities at
the injury border to examine the extent of cavity formation
around the scaffolds (Figure 4(a) and (b)). No significant
difference was observed in the size of cavity formation
between both treatment groups (p=0.8701, Figure 4(b)
and (c)). Subsequently, we went on to evaluate the extent
of glial scarring around the scaffolds based on the expres-
sion of the reactive astrocyte marker, GFAP. A clear GFAP-
positive glial scar was observed at the injury sites for both
treatment groups 4weeks after scaffold implantation
(Figure 4(d)). A region of interest (ROI) was defined
within 500 um from the glial scar border and the GFAP-
positive area proportional to this ROI was measured. We
observed significantly reduced glial scarring at the injury
borders with Cx43asODN treatment after SCI (p<0.01,
Figure 4(d) and (e)).

Scaffold-mediated delivery of Cx43asODNs
reduced Cx43 expression and decreased
microglia activation after SCI

To confirm the efficacy of delivering asODNSs via our scaf-
folds, we exam suggested that the presence of NT ined the
Cx43 protein expression at the injury borders and within
the scaffold. Generally, we observed lower Cx43 protein
expression at all regions for Cx43asODN treated group

(»=0.0831 for the injury border at rostral end and
p=0.0573 within the scaffold, Figure 5(b) and (c)).
Downregulation of Cx43 was significantly enhanced at the
injury border at the caudal end (p <0.05, Figure 5(b) and
(c)).

Connexin expression in microglia depends heavily on
their state of activation. In their resting state, Cx43 protein
expression is rarely detected.!' Upon CNS injury, micro-
glia shift from resting to an activated state causing Cx43
expression to increase.!! During chronic CNS damage,
activated microglia behave as uncontrolled sources of
inflammatory mediators that cause neuronal damage.*3*4
Hence, regulating microglial activation could dampen sec-
ondary damage to the injured CNS. We studied the activa-
tion of microglia after SCI in the presence of Cx43asODN
treatment. Reduced expression of Cx43 protein with
Cx43asODN treatment was observed to be correlated to
the reduction in microglial activation (p <0.05 for the
injury border at rostral end, p <0.0001 within the scaffold
and p < 0.01 for the injury border at the caudal end, Figure
5(c) and (d)).

Discussion

Neuroprotection is key to minimising secondary damage
after spinal cord injury so as to prevent further destruction
of neurons away from the local injury site.***¢ Although
there were several attempts to minimise the secondary dam-
age after SCI, the clinical efficacy of these neuroprotective
treatments when tested on humans remains controver-
sial.¥*% Gap junction communication has been associated
with the spread of inflammatory mediators and cell death
signals.!” To suppress the spread of damage to intact tis-
sues, from the injury sites, nucleic acids that target the
expression of these gap junctions have been used. Unlike
the most commonly used pharmacological gap-junction
blockers,'??! these nucleic acids have greater specificity
and minimal side effects in the CNS. However, delivery of
these nucleic acids to the CNS remains challenging.
Furthermore, to the best of our knowledge, there is a lack
of research on scaffold-mediated nucleic acid delivery
approaches that also provide topographical cues to support
axonal outgrowth while offering neuroprotection.
Correspondingly, this study highlights the use of scaffolds
to deliver antisense oligodeoxynucleotides, targeting Cx43
protein expression, that modulates secondary neuronal
damage while promoting and guiding axonal outgrowth
from the injury border.

Current asODN delivery strategies have largely been con-
fined to the use of nanocarriers.?6° Although some of these
nanocarriers have achieved success in clinical settings, such
nanocarrier approaches are unable to satisfy the unique
requirements of the harsh SCI environment. Specifically,
asODN: s targeted at improving the SCI condition have to sur-
vive the chronically inflamed environment post SCIL.
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Figure 3. asODN stimulated axonal ingrowth into scaffolds 4 weeks after SCI. (a) Representative fluorescent microscopy image of
fibre-hydrogel scaffold implanted at injury site. Yellow dotted line demarcates boundary of scaffold. (b) Representative fluorescent
microscopy images of NF-200 (red) expression at injury site. Green boxes represent the magnified regions. (c) Quantification of the
percentage of scaffold stained with NF-200. Data suggested that the presence of asODN promoted axonal ingrowth after SCI. Mann
Whitney test (n=3, where n represents | biological repeat). **: p <0.01.

Moreover, SCI repair involves tissue reconstruction, which
requires a scaffold instead of carriers to facilitate the process.
Consequently, our success in adopting Cx43asODN-coated
electrospun collagen scaffolds for skin wound healing*® has
inspired the use of electrospun scaffolds for the delivery of
asODNSs to SCT sites. Electrospinning is a versatile fabrica-
tion technique that could allow scaffolds of various morphol-
ogies to be manufactured.®® Hence, we believe that
electrospun scaffolds could potentially be designed and fab-
ricated for delivery of asODNSs to SCI sites.

In this respect, the scaffold used in this study con-
tained two crucial features, aligned electrospun fibres
and collagen hydrogel. This design was adopted from
our previous studies where aligned electrospun fibres
were crucial in providing topographical guidance for
axonal extension.>?** To mimic the natural extracellular
matrix while allowing cell infiltration and sufficient
nutrient exchange, these fibres were physically sup-
ported in 3D conformation by the surrounding

lyophilised collagen hydrogel — a highly porous matrix.
Beyond providing fibres with physical support, the col-
lagen hydrogel was crucial for the localised sustained
delivery of Cx43asODNs (Figure 1(f)). After a complete
transection of adult spinal cord, Cx43 expression levels
were reported to be upregulated within hours and reach-
ing over three times normal levels at 4weeks post-
injury.’! Localised sustained delivery of asODNSs, in the
presence of NT-3, via fibre-hydrogel scaffold success-
fully reduced Cx43 expression in vivo for at least 4 weeks
despite the release kinetics of asODNSs in vitro — burst
release of asODNSs for the first 3 days and this release
plateaued at Day 25 (Figures 1(f) and 5(c)). Such sus-
tained delivery of asODN could be crucial for long-term
downregulation or preventing upregulation of Cx43 at
the injury site to reduce secondary damage after SCI. On
the other hand, although the release kinetics of NT-3 was
not examined in this work, we would expect a similar
release behavior as our previous study where sustained
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Figure 4. Effect of asODN on cyst formation and glial scar modulation 4 weeks after SCI. (a) Representative fluorescent microscopy
image of fibre-hydrogel scaffold implanted at injury site. Yellow dotted line demarcates boundary of scaffold. White dotted line traces
the boundary of a cyst. Green dotted line marks the area where GFAP was quantified. (b) Representative fluorescent microscopy
images of DAPI (blue) and GFAP (magenta) expression at injury site. The area that is void of cells (i.e. no DAPI expression) was
defined as a cyst. (c) Quantification of average cystic cavity area per tissue section. No significant reduction in cystic cavity area was
observed with asODN treatment. Mann Whitney test (n=3, where n represents | biological repeat). ns: not significant, p=0.8701.
(d) Representative fluorescent microscopy images of GFAP (magenta) expression at injury site. (e) Quantification of the percentage
area of GFAP+ within 500 um of scaffold interface. Data suggested that the presence of asODN reduced astrocyte activation after
SCI. Mann Whitney test (n=3, where n represents | biological repeat). **: p <0.01.
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release of NT-3 over 90 days with a burst release within
the first 3 days was observed.’> Of note, such in vitro
release kinetics of asODNs might not precisely mimic the
release of asODNSs at the injury site. The constant replace-
ment of PBS during the in vitro release kinetics promotes
a greater extent of asODN release from the scaffold. While
there are differences to be expected in the release kinetics
of asODNSs at the injury site, the in vitro release kinetics
study conducted could still provide insights to the release
of asODNs from our fibre-hydrogel scaffold.

Notably, Cx43asODNs were delivered from the fibre-
hydrogel scaffolds in the absence of any transfection rea-
gent. This approach follows the success achieved in our
previous work. Specifically, naked Cx43asODNs, deliv-
ered via F127 Pluronic gel, penetrated into the dorsal grey
matter of an uninjured rat spinal cord and transiently
downregulated the expression of Cx43 for up to 8h.¥
Similarly, Cx43 expression was also successfully down-
regulated when naked Cx43asODNs were delivered into
the skin wound bed either with F127 Pluronic gel’*! or elec-
trospun collagen scaffolds.’® The absence of transfection
reagents could potentially minimise the difficulties during
subsequent translation into humans.

Interestingly, although the fibre bundle was embedded
within a porous collagen hydrogel matrix, we did not
observe any negative impact of the surrounding structure
on the fibres (Figure 1(d)). Since this matrix surrounds the
fibre bundle, the collagen hydrogel does not block the
growth of the axon descending from the grey matter. On
the other hand, we are unable to conclude if the collagen
matrix gets resorbed during the tissue repair process.
However, from the H&E images in Figure 2(a), a proteina-
ceous matrix (stained with eosin) can still be observed
around the fibre bundle. Therefore, complete resorption of
the collagen matrix 4weeks after scaffold implantation
seems unlikely.

In this work, the polymer used was poly (caprolactone-
co-cthyl ethylene phosphate) (PCLEEP) copolymer.
PCLEEP has higher degradation rate in comparison to
poly (caprolactone) (PCL).? Since the fibre-hydrogel
scaffold is a temporary matrix to encourage axon regenera-
tion and the eventual reconnection of the neuronal circuit,
a polymer with faster degradation rate would be more ideal
for the tissue repair application here.

In spinal cord transection injury models, neuronal loss
was initially confined to the primary lesion site.”* However,
6h post-injury, severely damaged neurons appeared within
an area about 800 um away.>* This area of cell loss increased
as time progressed.’**> Hence, to understand the neuropro-
tective effects of Cx43asODN at 4 weeks post-injury, we
examined H&E-stained spinal cord sections at two regions,
200pum away and 1mm away from the scaffold border
(Figure 2(a)). The former being near to the primary lesion
site while the latter would shed more light into any possible
secondary damage to neurons further away from this pri-
mary lesion site. In addition, 200um away from the

scaffold was selected as our previous study, using the same
scaffold design,*? found that nucleic acids were taken up by
cells in the surrounding tissues, up to a distance of 300 um.
When comparing these regions, we observed significant
difference in neuronal cell morphology between the treat-
ments. In the presence of Cx43asODNs, the shape of neu-
rons remained distinct even in further away regions from
the primary lesion site, that is, | mm away. This observation
is true at both caudal and rostral ends (Figure 2(b)).
However, in the absence of Cx43asODNSs, neurons were
observed to have lost their distinct morphology and their
cytoplasm appeared to be less intense for the cosin stain
(Figure 2(b)). Furthermore, the number of neurons were
reduced in the absence of Cx43asODNs especially near the
primary lesion site, that is, 200 um away from the scaffold
(Figure 2(b) and (c)). Both the loss of neurons and changes
in neuron morphology are consistent with literature that
report the fate of neurons after traumatic spinal cord injury
in rats.>* We speculate that the preservation of neurons, in
the Cx43asODN treated tissues, could be due to the down-
regulation of Cx43 protein expression or preventing its
upregulation. The absence or blockage of Cx43 hemichan-
nels after SCI reduced the presence of small molecules,
such as glutamate, potassium ions, nitric oxide, and reac-
tive oxidative species (ROS), in the extracellular space — all
of which in excessive amounts are found to be toxic to
neurons.>*%’

Neuron preservation is crucial after SCI as the surviv-
ing neurons can support axon regeneration into the injury
site.*® Indeed, when examining the axonal ingrowth within
the NT-3 + Cx43asODN scaffolds, more NF-200 signals
were observed (Figure 3(b) and (c)). Axonal ingrowth
within the scaffold was also observed to be guided along
the aligned fibres, an observation that is consistent with
our previous work where the same scaffold design was
adopted.?>3* Although NT-3 has been reported to encour-
age neuronal survival and axon regeneration, we did not
observe significant neuron preservation or axonal ingrowth
in the scaffold. This limited axonal ingrowth is consistent
with our previous work where NT-3 alone was insufficient
to promote significant axonal extension and other molecu-
lar interventions were required to stimulate extension of
axons.>* We speculate that the lack of robust axonal
ingrowth into our electrospun fiber hydrogel scaffolds,
even in the presence of NT-3, could be due to insufficient
biochemical signaling.®*%* This, however, could be
resolved either through the synergistic use of appropriate
microRNAs 34 or as shown in this study, the inclusion of
antisense Cx43.

Interestingly, although the Cx43asODN treatment pre-
served neurons even up to 1 mm away from the scaffold
boundary, we did not observe any differences in NF-200
signals along the intact spinal cord tissue. This observation
is contrary to existing literature where axonal degeneration
and neuronal death are closely related.’® We speculate that
the extent of axonal degeneration might not be obvious at
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4 weeks post-injury. Longer time points might be needed
to observe such differences.

In addition to enhancing axonal ingrowth, NT-3 +
Cx43asODN scaffolds also tended to reduce glial scarring at
the lesion site 4weeks post-injury. Astrocytes are major
component of the glial scar.” They are predominantly inter-
connected by Cx43 gap junction proteins.®'%% Reactive
astrocytes enveloping both brain and spinal cord lesions
showed significant upregulation in their Cx43 expres-
sion.>>®! Here, GFAP was used as a marker to study astro-
cytes. Of note, both resting and activated astrocytes express
GFAP. However, increased GFAP expression is known and
associated with astrocyte activation.®’ In our work, reduced
presence of reactive astrocytes was observed in associated
with reduced GFAP expression, up to 500 um away from the
scaffold boundary, with asODN treatment. We speculate
that the downregulation or preventing upregulation of Cx43
protein expression, as a result of the Cx43asODN treatment,
could have reduced the proliferation of reactive astrocytes
and prevented the formation of larger glial scars.* On the
other hand, no significant difference in cystic cavity forma-
tion between the treatments were observed. This could be
attributed to the severity of the injury model that disrupted
the overlaying vasculature crucial to reduce cyst formation
after complete spinal cord transection in rats.®®

Phagocytes accumulating at CNS injury sites are typically
from two sources — resident microglia that proliferate at the
site and circulatory macrophages that are recruited from the
bloodstream.® Upon spinal cord injury, resting microglial
become activated in response to the pro-inflammatory
cytokines.”® Activated microglia further release a wide range
of pro-inflammatory signals and substances that are toxic to
neurons including ROS, proteases, and cytokines.** Upon
activation, microglia were found to express Cx43."" In par-
ticular, activated microglia were observed to be coupled to
each other via Cx43 gap junctions and thereby, facilitating the
spread of activation further from the lesion site.”"” In this
work, we observed reduced Cx43 protein expression even at
4weeks post scaffold implantation. The localised sustained
delivery of Cx43asODN provided by the scaffolds could have
facilitated this extended period of downregulation or pre-
vented upregulation of Cx43 protein expression. This reduc-
tion in Cx43 protein expression was concurrently observed
with reduced microglial activation. In particular, in the pres-
ence of Cx43asODNs, microglia within the scaffold appeared
stellate, a stark contrast to the activated microglia in the NT-3
treatment group that appeared rounded. Besides downregulat-
ing Cx43 expression of activated microglia residing at the
injury site, the sustained delivery of Cx43asODNs to the
injury site could have also downregulated Cx43 expression in
recruited microglia. This could have further suppressed the
activation of microglia as observed from our work.

After SCI, Cx43 expression increases within 4 h and
triples the normal levels at 4 weeks post injury — Cx43
mRNA expression was observed to be in an upward trend

even on the fourth week possibly suggesting continuous
upregulated Cx43 expression®. Previously, asODN treat-
ment was shown to downregulate connexin expression
transiently thereby reducing connexin signalling detrimen-
tal during the early injury phase>. Consequently, connexin
expression and gap junction communication were both
recovered after this transient downregulation to facilitate
the recovery of the tissue®>. Here, given the burst release of
asODN:s in the first 3 days, the neuroprotection and reduc-
tion of secondary damages could have been primarily con-
ferred and mitigated during these 3 days. Cx43 expression
would have increased after the first 3 days possibly either
due to the ongoing inflammatory response to clear out
cellular debris or to facilitate the recovery process>>7°.
Nonetheless, the scaffold delivery system in this work
continuously delivered low levels of asODN to the injury
site in hopes of keeping Cx43 expression low but not com-
pletely absent.

Although several studies have already shown the posi-
tive wound healing effects of downregulating Cx43 on
SCI, these have heavily relied on F127 Pluronic gel as the
delivery vehicle.""””> When placed on an injured spinal
cord, F127 Pluronic gel degraded within 24 h."" Hence, the
downregulation of Cx43 was limited to the in vivo half-life
of F127 Pluronic gel.'' In this work, the fibre-hydrogel
scaffold provided topographical cues to guide axon
ingrowth while downregulating Cx43 protein expression
over extended periods of time to mitigate the spread of
pro-inflammatory mediators and cell death signals. Here,
the collagen hydrogel serves primarily as the delivery
vehicle of the Cx43-specific asODNs. Although sustained
released was observed, the rapid release of the asODNs
could be attributed to the physically crosslinked collagen
matrix which loosely encapsulated these asODNs. To slow
down the release of asODNSs, the collagen matrix could be
chemically crosslinked through the incorporation of gluta-
raldehyde or polyethylene glycol.”* However, a stiffer
matrix might induce severe glial scarring”> which could
counteract the benefits of the asODNs.

Of note, the reduction in secondary damages with
Cx43asODNs were all observed in the presence of NT-3. In
our previous work®, NT-3 is needed for signs of NF ingrowth
into the scaffold at the injury site. Poor NF regeneration was
observed in the absence of NT-3. Thereafter, in all our works,
NT-3 has been our baseline. However, the inclusion of NT-3
in the scaffold could have already substantially reduced
GFAP-positive reactive astrocytes and activated microglial
even in the absence of Cx43asODNs’®. Future work can per-
haps look into setting up additional treatment groups to com-
pare how Cx43asODNs and NT-3 can individually mitigate
such secondary damages. Additional work can also explore
if there are any synergistic effects when both Cx43asODNs
and N'T-3 are being treated on an SCI site.

Within the scope of this work, a relatively shorter time
point (4 weeks post injury) was chosen here to give early
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indications of the use of scaffolds to deliver Cx43-specific
antisense oligodeoxynucleotides for the modulation of sec-
ondary neuronal damage while promoting and guiding
axonal outgrowth from the injury border. Given such early
time points, conducting functional studies would not be
helpful given the severity of the injury model (i.e. complete
transection). Hence, we decided to explore functional stud-
ies in our future work instead where longer time points will
be considered. When compared to previous work where
functional studies was conducted at 4 weeks post injury’’,
the extent of NF ingrowth in the scaffold in this study, in the
presence of both NT-3 and Cx43 asODN:ss, likely would not
be sufficient to yield any difference in functional outcome
when compared to the NT-3 treated group. Nonetheless,
here in our work, Cx43 asODNs reduced neuronal death and
glial scarring. Thus, we speculate that Cx43 asODNs could
be adopted synergistically with NT-3 to enhance regenera-
tion while resulting in functional outcome should longer
timepoints be included in future studies.

While positive outcomes were observed with these
Cx43asODNs loaded fibre-hydrogel scaffold, these scaffolds
were implanted at the injury site immediately — unlike in
humans.”” Clinically, SCI patients often do not receive
immediate medical interventions. Hence, the results from
this study will either need further validation from larger spe-
cies (e.g. in mammals) or the experimental setup, in terms of
the surgical workflow, will need alterations to improve clini-
cal relevance upon translation to patients. Of note, the use of
this scaffold construct might not be limited for application
within the acute phase. Treatment of injury at the chronic
phase could be possible with the removal of glial scar tissue
which would elicit fresh lesion response (i.e. acute phase)
while creating a physical space for the scaffold to be
implanted. Moreover, sustained overexpression of Cx43
would be expected at the chronic phase of SCI 53 and hence,
the initial burst release of asODNSs, upon the scaffold implan-
tation, could be crucial to prevent further neuronal loss and
alleviate the ongoing inflammatory responses.

Concurrently, more in-depth studies on other cell types
(e.g. endothelial cells) could be explored in the future to
understand how sustained downregulation of Cx43 protein
can encourage healing after SCI. This work can also be
expanded, in the future, to include both early (e.g. 2 weeks)
and late (e.g. 3months) time points to study the changes
Cx43 expression at the injury site and the functional recov-
ery outcome. In addition, future work can place more
emphasis on showing quantitative results based on molec-
ular biology to strengthen our current findings. To improve
the existing platform, active delivery mechanisms (e.g.
stimuli-triggered release of Cx43asODNs) could also be
incorporated to better cater to the needs of the injury site.

Conclusion

Our study reflects the potency of sustained Cx43asODN
delivery, in the presence of NT-3, via scaffolds in offering

neuroprotection after spinal cord injury. In addition, the use of
the fibre-hydrogel scaffold has offered contact guidance to
axons, guiding axonal regeneration into the lesion site. This
work has also further established the positive effects of down-
regulating Cx43 protein expression after SCI injury, reduc-
tion in glial scarring and modulating microglial activation.
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