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a b s t r a c t

One reason for the lack of regeneration, and poor clinical outcomes, following central nervous system
(CNS) injury is the formation of a glial scar that inhibits new axon growth. In addition to forming the glial
scar, astrocytes have been shown to be important for spontaneous SCI recovery in rodents, suggesting
some astrocyte populations are pro-regenerative, while others are inhibitory following injury. In this
work, the effect of implanting hyaluronic acid (HA) hydrogels containing extracellular matrix (ECM)
harvested from mouse embryonic stem cell (mESC)-derived astrocytes on histologic outcomes following
SCI in rats was explored. In addition, the ability of HA hydrogels with and without ECM to support the
transplantation of mESC-derived V2a interneurons was tested. The incorporation of ECM harvested from
protoplasmic (grey matter) astrocytes, but not ECM harvested from fibrous (white matter) astrocytes,
into hydrogels was found to reduce the size of the glial scar, increase axon penetration into the lesion,
and reduce macrophage/microglia staining two weeks after implantation. HA hydrogels were also found
to support transplantation of V2a interneurons and the presence of these cells caused an increase in
neuronal processes both within the lesion and in the 500 mm surrounding the lesion. Overall, proto-
plasmic mESC-derived astrocyte ECM showed potential to treat CNS injury. In addition, ECM:HA
hydrogels represent a novel scaffold with beneficial effects on histologic outcomes after SCI both with
and without cells.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

One of the major inhibitors of spinal cord regeneration is the
glial scar that develops around the spinal cord lesion [1]. This scar
has a stereotyped morphology with astrocytes forming a scar
penumbra that represents both a physical barrier, due the woven
morphology of astrocyte processes, and a biochemical barrier to
new axon growth. One major class of axon growth inhibitors pre-
sent within the glial scar is chondroitin sulfate proteoglycans
(CSPGs) [2]. Degradation of CSPGs with the enzyme chondroitinase
ABC has been show to improve SCI outcomes in rodents, indicating
the importance of CSPGs in axon growth inhibition [3,4]. These
a-Elbert).
observations, coupledwith the role astrocytes play in the formation
of a physical barrier in the glial scar, led to the belief that astrocytes
are primarily inhibitory following SCI.

Recent studies have challenged the conclusion that astrocytes
are solely inhibitory following SCI, with astrocyte knockout studies
demonstrating that astrocytes are required for recovery following
SCI. In particular, glial fibrillary acid protein (GFAP)-thymidine ki-
nase (TK) mice, which allow ganciclovir administration to be used
to ablate all dividing GFAPþ cells, have been used to study the
conditional ablation of astrocytes either at the time of injury or 5
weeks post injury. These studies have found that the lack of as-
trocytes around the SCI lesion acutely results in a larger lesion area
and decreased axonal growth into the lesion [5,6]. Delivery of
ganciclovir 5 weeks after injury caused delayed scar ablation, but it
did not result in increased axonal growth suggesting that the
presence of astrocytes is required for axon growth even in the
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absence of the scar at later time points. Furthermore, it was found
that hydrogel-based delivery of neurotrophin-3 (NT-3) and brain-
derived neurotrophic factor (BDNF) improved axon penetration
into the lesion only when the glial scar was intact [6]. These data
suggest that some astrocytes can promote axon growth following
SCI, and that they are required for recovery.

These knockout observations are supported by recent astrocyte
reactivity studies, which found that reactive astrocytes exist on a
phenotypic spectrum from pro-regenerative to inhibitory for axon
growth [7]. One illustration of this reactivity spectrum is the
changes in astrocyte phenotype depending on insult. In particular,
an inflammatory insult from lipopolysaccharide has been found to
lead to inhibitory reactive astrocytes, while an ischemic insult leads
to pro-regenerative reactive astrocytes [8]. In addition, cytokines
have also been found to manipulate reactive astrocyte phenotype
as well, with acute IL-6 exposure promoting inhibitory, scar as-
trocytes [9,10] and IL-10 promoting pro-regenerative astrocytes
[11]. These observations suggest that there is a role of the immune
response in regulating the regenerative potential of astrocytes.

Astrocyte populations from different regions of the central
nervous system (CNS) have also been found to have different re-
sponses to injury. Injury to fibrous (white matter) astrocytes has
been found to cause process hypertrophy and overlap reminiscent
of the glial scar [12], while protoplasmic (grey matter) astrocytes
exhibit minimal process overlap following injury [13]. Functional
differences between protoplasmic and fibrous astrocyte pop-
ulations have also been observed in transplantation following
right-side cervical dorsal column transection SCI. In particular,
transplantation of human or mouse glial restricted progenitor-
derived astrocytes exhibiting a protoplasmic phenotype led to
improved outcomes, both histologically and behaviorally,
compared to transplantation of astrocytes exhibiting a fibrous
phenotype [14,15]. Recently, methods were developed to specif-
ically derive these astrocyte populations from mouse embryonic
stem cells (mESCs). Studies of in vitro neuron growth on substrates
derived from these astrocytes revealed that neurons extended
significantly longer neurites on protoplasmic-derived substrates
than fibrous-derived substrates, particularly when only decellu-
larized extracellular matrix (ECM) from each type of astrocyte was
tested [16].

The ability of astrocyte-derived ECM alone to support neurite
extension is particularly appealing because ECMs often contain
many bioactive molecules that can promote regeneration [17]. The
capacity for ECM to promote regeneration has been harnessed to
improve recovery from bone and cartilage injury [18], peripheral
nerve injury [19] and myocardial infarction [20]. Importantly for
implantation into patients, ECM xenografts have been successfully
used without any indication of immune rejection from the host
[21e23]. Given both their bioactivity and low immunogenicity,
compared to cell transplantation, ECM-based materials have sig-
nificant appeal for promoting tissue regeneration; however, many
ECM-derived materials require animal sacrifice for tissue harvest.
One way to avoid the animal harvest requirement is to derive ECMs
from in vitro cell sources, such as ESC-derived or induced pluripo-
tent stem cells (iPSCs)-derived cell populations. One drawback to
in vitro harvested ECM is that they do not form a hydrogel without
additional crosslinking. This means that the in vitro ECM needs to
be incorporated into a gelation system or crosslinked to be useable
as a scaffold.

Hyaluronic acid (HA) plays themajor structural role in the native
CNS ECM and naturally binds to other CNS ECM components, such
as fibronectin, CSPGs and heparin sulfate proteoglycans [24],
making HA a logical choice as a base scaffold for SCI treatment [25].
HA is degraded by hyaluronidase and thus needs to be crosslinked
to be stable after implantation. The Diels-Alder click-reaction
between HA-furan and polyethylene glycol (PEG)-bismaleimide
results in an injectable, biocompatible HA hydrogel that forms
under physiological conditions [26,27]. Injectability of the hydrogel
is a desirable trait since it allows the entire, irregular lesion cavity to
be filled without requiring significant dissection of the glial scar to
create space [28].

Interneurons are the main neuronal population that facilitates
local connectivity between spinal cord neurons. This role makes
interneurons key for coordination, left-right alteration, reflex cir-
cuits, and central pattern generation. Interestingly, rodents have
been found to demonstrate recovery from spatially and temporally
separated left and right lateral transections, but not just spatially
separated left and right lateral transections. This suggests that local
rewiring, which is likely due to local interneuron populations, is
important for spontaneous recovery from SCI [29]. One interneuron
population that has known involvement in spontaneous SCI re-
covery is V2a interneurons. These cells have been implicated as
required for normal left-right alternation in the lumbar spinal cord,
especially at high speeds of locomotion, as well as respiratory re-
covery following cervical SCI [30e32]. Recently, a mESC line has
been developed that allows for highly enriched populations of V2a
interneurons to be derived in vitro, making transplantation of this
specific interneuron population possible [33,34].

This work examines the effect of HA hydrogels containing ECM
derived from different mESC-derived astrocyte populations on
motoneuron growth in vitro and the effects of these astrocyte ECMs
on histologic outcomes in rats following a thoracic dorsal hemi-
section SCI. The ability of HA hydrogels with and without ECM to
support transplantation of mESC-derived V2a interneurons into a
SCI lesion is also explored. This work represents the first implan-
tation of an astrocyte-derived ECM for the treatment of SCI. The
utility of the implanted ECM was found to depend on the pheno-
type of the astrocyte-containing population from which it was
produced. Fibrous ECM (F-ECM) was found to confer no benefit and
in some cases detrimental histological outcomes, while protoplas-
mic ECM (P-ECM) was found to decrease the size of the glial scar,
decrease macrophage/microglia infiltration, and increase axonal
ingrowth. mESC-derived V2a interneurons were found to survive in
HA hydrogels both with and without incorporation of protoplasmic
ECM, and the presence of V2a interneurons was found to increase
the presence of neuronal processes within and around the SCI
lesion. These data demonstrate a novel material platform that
shows significant promise as a material for development of future
CNS injury treatments.

2. Materials and methods

2.1. mESC culture

RW4 (ATCC, SCRC-1018), Hb9-PAC CAG-TdTomato and Chx10-
PAC bact-TdTomato mESCs were maintained in complete media
(CM) (10% Fetal Bovine Serum (Invitrogen, Carlsbad, CA), 10%
Newborn Calf Serum (Invitrogen), 132 mM beta mercaptoethanol
(BME) (Sigma, St Louis, MO), 10,000 units/mL mouse leukemia
inhibitory factor (Life Technologies, Carlsbad, CA) and passaged
every 2e3 days (60e80% confluency). 0.25% Trypsin-EDTA (Life
Technologies) incubation at 37 �C for 5min was used to dissociate
mESCs from the culture flask. This reaction was then quenched
with fresh CM and cells were seeded into a new T25 flask coated
with 0.1% gelatin (Sigma).

2.2. Astrocyte ECM production

Fibrous and protoplasmic populations were derived from RW4
ESCs as previously described (Fig. 1A) [16]. Briefly, 1� 106 RW4



Fig. 1. Schematic representation of astrocyte ECM production and V2a derivation. A) Protoplasmic-like and fibrous-like astrocytes were derived from mouse embryonic stem
cells (mESCs) using a 15-day protocol. Following the 15 days of induction, astrocytes were allowed to mature in appropriate media for 6 days (D15-D21) prior to being seeded for
matrix deposition (D21-27). After deposition, plates were decellularized, and the ECM scraped off the plates and lyophilized in 50mM trehalose solution. B) V2a interneurons were
derived from a mESC line that expresses puromycin resistance under the control of the Chx10 promoter and has constitutively active TdTomato expression. Following selection,
interneurons were seeded onto aggrewell plates for 2 days to allow neuroaggregates to form prior to embedding them into HA hydrogels.
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ESCs were cultured in suspension on agar-coated 10 cm dishes in
10mL DFK5 (DMEM/F12 (Life Technologies) plus 5% Knockout
Serum Replacement (Life Technologies), 50 mM nonessential amino
acids (Life Technologies), 1x Insulin-Transferrin-Selenium (Life
Technologies), 100 mM beta-mercaptoethanol (Sigma), 5 mM
thymidine, and 15 mM of the following nucleosides: adenosine,
cytosine, guanosine, and uridine (Life Technologies) for two days to
form embryoid bodies (EBs) followed by 4 days in 10mL DFK5 plus
2 mMRA and 600 nM Smoothened Agonist (SAG) [35]. On day 6, EBs
were dissociated and 4� 106 cells were seeded onto a gelatin-
coated low adherence 10 cm dish (ThermoFisher) in DFK5 media
plus 20 ng/mL epithelial growth factor (EGF) (Peprotech, Rocky Hill,
NJ), 10 ng/mL fibroblast growth factor 1 (FGF-1) (Peprotech) and
1 mg/mL laminin (Fisher Scientific) for 5 days. On day 11, the cul-
tures were switched into lineage-specific media for 10 additional
days. Fibrous media: DMEM/F12 plus 1x G5 supplement (Invi-
trogen), 10 mg/mL ciliary neurotrophic factor (CNTF) (Peprotech);
Protoplasmic media: DFK5 plus 10 mg/mL FGF-1, 10 mg/mL bone
morphogenetic protein 4 (BMP4) (Peprotech).

At D21, astrocytes were seeded onto gelatin-coated TC treated
10 cm dishes (ThermoFisher) at a density of 20,000 cells/cm2 and
culture in appropriate lineage media for 6 days to allow for matrix
deposition. After matrix deposition, cells were removed from the
culture plates using a modified Hudson decellularization protocol
[36]. Following decellularization, 1mL of 50mM trehalose was
added to each plate and the proteins on the plate were scraped
from the plate surface with a cell scraper. The resulting suspension
of ECM proteins was then lyophilized overnight and stored
at �20 �C until use in hydrogels.
2.3. Preparation of V2a interneuron neuroaggregates

V2a interneurons were generated from Chx10-PAC bact-
TdTomato mESCs as previously described [33]. After induction,
EBs were dissociated with 0.25% trypsin and 2.5� 107 cells were
seeded onto a poly-L-ornithine/laminin coated T25 flask. Chx10þ

cells were then selected in half neural basal (Life Technologies)-half
DFK5 media with 1x GlutaMAX (Life Tech), 1x B27, 2 mg/mL puro-
mycin and 10 ng/mL of the following growth factors for 24 h: glial-
derived neurotrophic factor (GDNF) (Peprotech), NT-3 (Peprotech),
and BDNF (Peprotech). After selection, neurons were lifted from the
flasks using Accutase® (Sigma) treatment for 30min and then
500,000 cells/well were placed into an AggreWell 400 plate with
1200 small aggregation wells (Stemcell Technologies, Vancouver,
BC). V2a interneurons were maintained in V2a neuronal media
(half neurobasalehalf DFK5 media plus 1x GlutaMAX, 1x B27, and
10 ng/mL of the following growth factors: BDNF, GDNF, NT-3) on
the AggreWell™ plate for 2 days to allow for neuroaggregate for-
mation (Fig. 1B) [37]. After aggregate formation, neuroaggregates
were washed from the AggreWell plates with 100 mL of V2a
neuronal media.
2.4. Preparation of HA hydrogels

30% conjugated HA-furan and 39% conjugated HA-methylfuran
were synthesized as previously described from 250MDaMWHA
(Creative PEGWorks, Chapel Hill, NC) [26,61]. Percent conjugation
signifies the percentage of carboxylic acid groups within the HA
macromolecules that have been reacted to add the furan functional
group. For ECM incorporation, lyophilized ECMs were dissolved in
50 mL water and the protein concentration determined using a
Pierce 660 nm assay (ThermoFisher) according to manufacturer
instructions. All hydrogels had a final HA concentration of 1mg/mL
and a 3.5:3.0M ratio of the PEG-bismaleimide (Creative PEGWorks)
crosslinking molecule to furan groups added. For in vitro moto-
neuron assays, ECM was added to 2mg/mL HA-furan at different
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weight ratios prior to PEG addition, and then sterile phosphate-
buffered saline, pH 7.4 (PBS) was added until final HA concentra-
tion was 1mg/mL. To form thin HA gels, 50 mL of gel was added to
each well of a 48 well plate, and the plates were incubated over-
night at 37 �C prior to motoneuron seeding.

For acellular implantation studies: 2mg/mL HA-furan was dis-
solved in water, or 50mM trehalose for HA alone implantation,
followed by addition of the reconstituted astrocyte ECM at a
1:100wt ratio of ECM to HA, and finally the solution was diluted
with sterile PBS. PEG-bismaleimidewas then added and 50 mL of gel
solutionwas loaded into a Hamilton syringe and the syringe placed
at 37 �C overnight to allow gelation to occur prior to implantation.
For V2a interneuron transplantation: HA-methylfuran was dis-
solved in V2a neuronal media at a concentration of 4mg/mL, and
then astrocyte ECM was added at a 1:100wt ratio of ECM to HA
followed by addition of sufficient neuroaggregate suspension to
obtain a final concentration of approximately 6 NAs/mL. The final
solutionwas then diluted with V2a neuronal media to 1mg/mL HA.
The neuroaggregate number used results in roughly 60 NAs, or
25,000 cells, being transplanted per animal. Once the gel solution
was prepared, 50 mL of gel was loaded into a Hamilton syringe, and
the syringe placed at 37 C for 2 h to allow gelation to occur prior to
transplantation.

2.5. Motoneuron culture on thin HA hydrogels

Motoneurons were derived from Hb9-Puro CAG-TdTomato
mESCs that constitutively express TdTomato under the control of
the synthetic CAG promoter, as previously described [38]. To obtain
pure motoneuron cultures, EBs were selected with 4 mg/mL puro-
mycin from day 5e6 prior to dissociation and seeding onto the
prepared HA hydrogels at a density of 20,000 cells/cm2. Motoneu-
rons were then cultured in half DFK5 and half Neurobasal media
plus 1x B27 and imaged daily over the next 2 days. To facilitate
automated analysis, a single motoneuron was imaged per 20x field
to ensure the entire neuron was included with the image. A mini-
mum of 3 neurons were imaged per well with 3 wells used per
condition for each of the 4 replicates performed.

2.6. Dorsal hemisection surgery

All animal procedures used in this work were approved by the
Institutional Animal Care and Use Committee at the University of
Texas at Austin, followed the NIH Guide for the Care and Use of
Laboratory Animals, and were supported by the Animal Resources
Center at the University of Texas at Austin. Animals (female Long-
Evans rats, 225e275 g, Envigo, Indianapolis, IN) were anes-
thetized with 1.5e5% isoflurane and subcutaneous (SQ) injection of
5mg/kg xylazine, surgery was performed on a heated pad. A single
incision was made through the skin on the back from
Table 1
Study design of acellular implantation study to compare astrocyte ECM effects on SCI

Treatment Group

Sham Implant (Injury Only)
HA alone Implant
HA þ Fibrous Astrocyte ECM (F-ECM)
HA þ Protoplasmic Astrocyte ECM (P-ECM)
approximately T4 to T12, then blunt dissection was used to expose
the muscular layer. Parallel cuts were made on either side of the
spinal cord from T7 to T10 and the muscles along the spinal cord
were retracted. To expose the spinal cord, a T8 dorsal laminectomy
was performed using fine tipped rongeurs and the dura mater was
removed with fine-tipped tweezers and microscissors.

To ensure a consistent injury, the spinal column was stabilized
with spinal clamps attached to a stereotactic frame (Narishige,
Tokyo, JP) and vitrectomy scissors, attached a micromanipulator,
were lowered 1.5mm into the spinal cord. To ensure a consistent
dorsal hemisection, three cuts were administered at three separate
locations moving from left to right across the entire spinal cord.
Following hemisection, the muscular layer was closed with
degradable suture and the skin stapled closed. Post-op animals
were given cefazolin (25mg/kg SQ) to limit infection and cefazolin
injections were continued 2x/day for 5 days. For pain management,
animals were given buprenorphine (0.04mg/kg SQ) 2x/day for the
first 2 days post-op followed by 0.01mg/kg SQ buprenorphine in-
jections 2x/day for an additional 3 days. Bladders were expressed
manually 2x/day until spontaneous bladder emptying resumed.

2.7. Hydrogel transplantation surgery

Two weeks after the dorsal hemisection procedure was per-
formed, injured spinal cords were re-exposed via the same
approach used in the injury surgery. Once the spinal cord was
exposed, a small hole was made in the scar tissue to allow access
into the SCI lesion cavity for a blunt-tipped Hamilton syringe. HA
hydrogels were prepared as described above and 10 mL of gel was
injected into each lesion cavity, which is sufficient gel to slightly
overfill the cavities. For sham implants, the lesion cavity was
exposed as in the HA implantation animals and 10 mL sterile 50 mM
trehalosewas injected. For the acellular implantation study animals
were divided into 4 groups: sham implant, HA alone, HA þ Fibrous
ECM (F-ECM), HAþ Protoplasmic ECM (P-ECM) (Table 1). In the V2a
interneuron transplantation study animals were divided into 5
groups: sham implant, HA-mF alone, HA þ P-ECM, HA þ Cells (V2a
interneuron neuroaggregates), HA þ P-ECM þ Cells (V2a inter-
neuron neuroaggregates) (Table 2). Post-op care was performed as
in the injury surgeries, all animals in the V2a interneuron trans-
plantation study were immune suppressed with daily SQ injections
of cyclosporine-A (10mg/kg, Novartis, Basel, CH) starting on the
day of transplantation and continuing for the duration of the study.

Two weeks after the transplantation surgery animals were
euthanized via overdose of FatalPlus (pentobarbital) and trans-
cardial perfusion was performed with 4% paraformaldehyde (PFA)
(Fisher Scientific) in phosphate buffered saline (PBS). After dissec-
tion, spinal cords were post-fixed in 4% PFA for 4 h at 4 �C and
washed overnight with phosphate buffer at 4 �C prior to being
cryoprotected in 30% sucrose in water for 3 days at 4 �C.
recovery.

N

8
8
7
8



Table 2
Study design of V2a interneuron transplantation study to confirm benefits of P-ECM incorporation in a different HA hydrogel and explore the ability of HA hydrogels to
support cell transplantation.

Treatment Group N

Sham Implant (Injury Only) 7
HA alone Implant 7
HA þ Protoplasmic Astrocyte ECM (P-ECM) 7
HA þ V2a Interneuron Aggregates (Cells) 8
HA þ P-ECM þ Cells 8
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Cryoprotected cords were embedded in Tissue-Tek OCT compound,
frozen and cut into 20 mm sagittal sections on a Leica CM1950
cryostat.

2.8. Immunohistochemistry

After sectioning, immunohistochemistry (IHC) was performed
on 7 spinal cord sections, spaced 200 mm apart, for each animal in
the study. For cord staining, OCT was washed from the slides with
PBS and the sections were permeabilized with 0.1% Triton X-100 for
15min. Following permeabilization, cord sections were washed 3x
with PBS and blocked with 5% normal goat serum in PBS (NGS) for
1 h. Primary antibodies were then applied overnight at 4 �C at the
following dilutions in 2% NGS: Tuj-1 (BioLegend, San Diego, CA,
Clone AA-10, 1:1000), GFAP (ImmunoStar, Hudson, WI, 1:100),
chondroitin sulfate (CS56, Sigma, 1:250), CD68 (ED1, Bio-Rad An-
tibodies, Oxford, UK, 1:200), CD8a (Bio-Rad Antibodies, 1:1000),
CD11b (Bio-Rad Antibodies, 1:1000), NeuN (EMD Millipore, Bill-
erica, MA, 1:500), VGlut-2 (Millipore, 1:1000), NeuN (Millipore,
1:500). Following primary incubation, cords were washed 3x with
PBS and were then incubated for 2 h at room temperature in a
1:500 dilution of the appropriate AlexaFluor secondary antibody
(Life Technologies) in 2% NGS. Finally, cords were washed 3 times
with PBS and the sections mounted using ProLong Gold anti-fade
reagent with DAPI (Life Technologies).

2.9. Immunohistochemistry image analysis

To quantify IHC staining, tile scan images were taken using a
CMOS camera attached to a Leica DMi8 inverted fluorescent mi-
croscope with a 10� objective. Lesion areas were then traced using
ImageJ and the traced lesion expanded by 500 mm to assess the host
response to the implant. The resulting lesion area and lesion
area þ500 mm images were quantified using a custom Matlab
(Mathworks, Natick, MA) script as previously described [4]. This
script determines the intensity of each pixel and then determines
whether the pixel is positive or negative for a given stain based on a
user defined threshold. To facilitate comparison between animals
and groups, all sections for a given groupwere stained, imaged, and
analyzed at the same time. Additionally, data reported represents
percent positive area for each stain which is defined as (positive
pixels/all non-black pixels)*100. Using this approach helps to
control for sectioning artifacts that result holes in the section.
Quantification for the 500 mm surrounding the lesion alone was
achieved by subtracting the positive and total pixel count in the
lesion only image from the equivalent pixel counts in the
lesion þ500 mm images. For colocalization analysis, images were
processed using CellProfiler (Broad Institute, Cambridge, MA) and
the number of pixels positive for both the stain of interest (Tuj-1 or
VGlut-2) and TdTomato was quantified.

2.10. Statistics

In vitro datawas analyzed by two-way ANOVAwith a Bonferroni
post-hoc correction using a 95% confidence threshold. For in vivo
studies, significance was determined using the non-parametric
Kruskal-Wallis analysis of variance followed by Dunn's test to
determine significance with 95% confidence. Power analysis was
performed prior to starting the in vivo studies. Both studies were
powered to show a 30% difference with 80% confidence.

3. Results

3.1. Protoplasmic ECM incorporation improves motoneuron growth
on HA hydrogels

Previous work has demonstrated that motoneurons exhibited
longer neurite extension on decellularized mESC-derived proto-
plasmic astrocyte substrates than decellularized mESC-derived
fibrous astrocytes substrates [16]. Since decellularization leaves
only the ECM on the plate [36], the ability of ECMs harvested from
decellularized mESC-derived astrocyte substrates to improve
motoneuron growth was explored. To form a growth substrate,
ECM was combined with a previously described HA-furan PEG-
bismaleimide hydrogel system. This HA systemwas chosen because
of the gentle crosslinking reaction and its ability to be used in vivo.
To preserve bioactivity, ECMwas scraped from decellularized plates
into 50mM trehalose and then lyophilized. The resulting ECM
powder was then dissolved in water with HA-furan in three
different weight to weight ratios of ECM to HA (1:500, 1:100, 1:25
ECM:HA) prior to the addition of the PEG-bismaleimide crosslinker.
A thin layer of gel was then allowed to form overnight in the culture
plate prior to motoneuron seeding.

Motoneuron growth on ECM:HA hydrogels was assessed after
48 h, and it was found that 1:25 Fibrous ECM (F-ECM) to HA, and
1:100 and 1:25 Protoplasmic ECM (P-ECM) to HA gels significantly
improved motoneuron neurite extension when compared to HA
gels with no added ECM (Fig. 2B, C, F, H). There was also a trend
demonstrating some dose dependency of the ECM with increasing
ECM concentration improving neurite growth as evidenced by
1:100 P-ECM:HA (20,464 ± 2415 (Std. Err) pixels/nucleus) showing
significantly improved growth compared to 1:500 P-ECM:HA
(11,956± 2022 (Std. Err) pixels/nucleus) (Fig. 2E). Finally, P-ECM
demonstrated greater potency than F-ECM as illustrated by moto-
neurons extending significantly longer neurites on 1:100 P-
ECM:HA (20,464± 2415 (Std. Err) pixels/nucleus) gels than 1:100 F-



Fig. 2. Protoplasmic ECM incorporation improves motoneuron growth after 48 h in culture on HA hydrogels. Ratios given are weight of ECM to weight of HA. Specifically, 1:500
gels have 100 ng ECM and 50 mg HA; 1:100 gels have 500 ng ECM and 50 mg HA; and, 1:25 gels have 2 mg ECM and 50 mg HA. A-G) Representative images of motoneurons grown on
different HA hydrogel substrate after 48 h. AeC: HA hydrogels containing protoplasmic ECM; DeE: HA hydrogels containing fibrous ECM. Scale bars: 100 mm. H) Quantification of
neurite area/nucleus of motoneurons after 48 h in culture. Error bars ¼ std error, n ¼ 25e45, *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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ECM:HA gels (10,276± 1423 (Std. Err) pixels/nucleus) (Fig. 2B, E, H).
These data indicate that ECM can be harvested from mESC-derived
astrocyte cultures, and that the ECMmaintains its ability to support
neuronal growth. Based on these in vitro results, 1:100 ECM:HA
ratio gels were used to determine the effect of astrocyte-derived
ECM on histologic outcomes following SCI in vivo.
3.2. Protoplasmic ECM can be detected in HA hydrogels in vitro and
in vivo

Next, the ability of the HA hydrogels to retain ECM in vivo and
in vitro was investigated using antibodies against collagen XIIa1.
Collagen XIIa1 staining was used because previous proteomic data
showed that collagen XIIa1 was the most prevalent protein within
P-ECM that was significantly enriched in P-ECM over F-ECM, and it
is too large to readily diffuse away [16]. Immunohistochemistry
revealed that the collagen XIIa1 within the P-ECM could be
detected in P-ECM:HA gels, but not in HA alone gels after 1 week
in vitro, and that the incorporated collagen XIIa1 forms aggregates
that are over 100 mm across within the gel (Figure S1A, B). Beyond 1
week in vitro the gels began to lose integrity.

Collagen XIIa1 staining was also used to determine if the P-ECM
was present twoweeks after implantation into a SCI lesion. Staining
revealed collagen XIIa1 aggregates within the SCI lesion of animals
implanted with P-ECM:HA gels that were similar in size to those
observed in the in vitro staining (Figure S1B, D). These aggregates
were not present in animals transplanted with HA alone gels, but
more diffuse collagen XIIa1 staining was detected in the HA alone
and P-ECM:HA gels suggesting that some native cells within the SCI
lesion produce collagen XIIa1 (Figure S1C).

With collagen XIIa1 staining indicating the continued presence
of implanted ECM for up to 2 weeks in vivo, the effect of F-ECM and
P-ECM on histological outcomes after SCI was explored to deter-
mine whether the observed in vitro effects of astrocyte ECMs
translated into any in vivo effects. To address this question, a sub-
acute implantation model in rats was used where a T8 dorsal
hemisection SCI was performed, followed two weeks later by an
implantation (treatment) surgery. The two-week delay between
injury and treatment allows the glial scar and lesion cavity to fully
develop and stabilize in size. This limits the continued expansion of
the lesion following implantation, which can impede the ability of
native cells to penetrate the implant [39]. Rats were chosen for this
work because rats, like humans, tend to cavitate following SCI.
Furthermore, the use of a mouse ECM in rats could demonstrate the
therapeutic viability of xenogenic ECM. Two weeks after implan-
tation, histological changes resulting from HA gel implantation
were assessed by immunohistochemistry staining for immune
cells, astrocytes, and neurons.



Fig. 3. Protoplasmic ECM decreases immune cell infiltration into a SCI lesion. A-D) Representative images of CD8a (Cytotoxic T-cells, red) staining and the CD11b (myeloid
lineage cells, green) staining 2 weeks after implantation (4 weeks after injury). Scale bars: 500 mm, dashed line denotes lesion boundary. E,F) Quantification of CD11bþ area both
within the SCI lesion (E) and in the 500 mm surrounding the SCI lesion (F). G,H) Quantification of CD8aþ area both within the SCI lesion (G) and in the 500 mm surrounding the SCI
lesion (H). J,K) Quantification of ED1þ area (macrophages) both within the SCI lesion (J) and in the 500 mm surrounding the SCI lesion (K). *: p < 0.05, **:p < 0.01. n ¼ 7 HA þ Fibro
ECM, 8 for all other groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Protoplasmic ECM modulates host immune response in
acellular implants

Since the ECMs used for this study were harvested from mouse
cells and transplanted into a rat host, it was important to ensure
that there were no signs of implant rejection by the immunocom-
petent host. The immune response to HA hydrogel implantation
was assessedwith staining for CD11b (general myeloid cell marker),
CD8a (cytotoxic T-cell marker), and ED-1 (CD68) (marker of acti-
vated macrophages and microglia). Immune staining revealed no
signs of rejection of the xenogenic ECM based on the lack of any
increase in immune cell staining in the presence of ECM (Fig. 3). In
fact, the implantation of P-ECM:HA gels was found to significantly
reduce infiltration of myeloid cells (CD11bþ area) into the lesion
compared to all other groups (P-ECM: 8.3± 1.4 (Std. Err.)% vs Sham:
17± 0.93 (Std. Err.)%) (Fig. 3AeE), and decrease CD11b staining
around the lesion compared to the sham implant group (P-ECM:
5.2± 1.1 (Std. Err.)% vs Sham: 11± 2.2 (Std. Err.)%) (Fig. 3A, D, F).
Staining for microglia and macrophages (ED-1þ area) was found to
mirror the pattern observed in the CD11b staining with P-ECM
incorporation causing a significant decrease in the percent ED-1þ

area surrounding the lesion compared to both the sham implant
group and the HA hydrogel group (P-ECM: 5.5± 0.97 (Std. Err.)% vs
Sham: 9.7± 1.6 (Std. Err.)%) (Fig. 3JeK).

3.4. Protoplasmic ECM incorporation decreases the presence of
inhibitory CSPGs and size of the glial scar following acellular
implantation

The glial scar forms around the lesion core following SCI and is
known to represent both a physical and biochemical barrier to
axonal regeneration following SCI. To determine the level of
astrocyte reactivity, GFAP (a pan-reactive astrocyte marker) was
used. The production of inhibitory molecules within the cords was
also determined with an antibody against CS56, which detects
CSPGs. GFAP staining revealed that P-ECM:HA gel implantation
decreased the size of the glial scar (based on percent GFAPþ area in
the 500 mm surrounding the lesion) compared to both the sham
implant group and the F-ECM:HA implant group (P-ECM: 9.7± 1.1
(Std. Err.)% vs Sham: 16± 3.3 (Std. Err.)%) (Fig. 4A, C-D, F). CS56
staining also showed that P-ECM:HA gels decreased the presence of
inhibitory CSPGs within the lesion (Fig. 4A, D, G). The presence of
the HA itself was sufficient to cause a decrease in the presence of
inhibitory CSPGs in the glial scar (500 mm surrounding the lesion);
interestingly, this effect was lost in the F-ECM:HA gel group, but
maintained in the P-ECM:HA gel group (P-ECM: 9.8± 1.6 (Std. Err.)%
vs Sham: 15± 1.8 (Std. Err.)%) (Fig. 4AeD, H). Taken together these
data show that the type of astrocyte ECMwithin the implant affects
the response of the host astrocytes to the HA hydrogels with P-ECM
decreasing the GFAPþ area surrounding the lesion and F-ECM
potentially negating the reduction in CSPG staining surrounding
the lesion seen in the HA alone group.

3.5. Protoplasmic ECM incorporation increases neurite growth into
a SCI lesion following acellular implantation

With encouraging results in terms of the immune and astrocyte
reaction to P-ECM:HA gels, the next important question was
whether these scaffolds had any impact on the growth of axons into
the SCI lesion. This is important tomeasure since the penetration of
native axons into the transplanted material could aid in future
reconnection of the signaling pathways within the spinal cord.
Staining for b-tubulin III (Tuj-1) was used to assess the presence of
neuronal processes within and around the SCI lesions. Based on
percentage of the lesion/border area staining positive for b-tubulin
III, it was found that P-ECM:HA gels increased axonal growth into
the lesion compared to both the sham implant control and the F-
ECM:HA gel group (P-ECM: 14± 1.0 (Std. Err.)% vs Sham: 9.2± 1.9,
F-ECM 8.0± 0.6 (Std. Err.)%) (Fig. 5AeE). This increase in b-tubulin
III indicates that the presence of P-ECM improves the ability of
native neurons to extend into the SCI lesion and glial scar envi-
ronment, consistent with the improvement seen in in vitro neuron
growth in the presence of P-ECM (Fig. 2) [16].

Overall, P-ECM:HA hydrogel implantation appeared to improve
histological outcomes following SCI injury, so the ability of these
hydrogels to support the transplantation of a neuronal population
was explored. For cellular transplantation within the HA gels to be
possible, the HA crosslinking had to be modified to accelerate the
gelation kinetics to enable viable cell encapsulation. Changing from
HA-furan to HA-methylfuran (HA-mF) was recently described as a
method that utilizes the same crosslinking chemistry and material
properties, but allows for faster gelation [40]. By maintaining as
much of the same material properties and similar chemistry, it
seemed likely that the P-ECM:HA-mF gel implants would exhibit
the same benefits that were observed in P-ECM:HA implants.

3.6. Protoplasmic ECM maintains immunomodulatory effects in the
presence of systemic immune suppression

Recently there has been increased interest in the ability of in-
terneurons to support local rewiring and hence facilitate sponta-
neous recovery following SCI. Thus far interneuron transplantation
has largely focused on inhibitory, GABAergic interneuron pre-
cursors that are isolated from the forebrain. These interneurons
have been successfully transplanted into the spinal cord, and they
have been shown to integrate and improve post-SCI pain and
bladder function [41,42]. Recently, a Chx10-PAC mESC line has been
developed that allows for derivation of highly enriched V2a in-
terneurons [33]. Since V2a interneurons have been suggested as an
important type of neuron for local rewiring and represent an
excitatory population, mESC-derived V2a interneurons with
constitutively active TdTomato were used in this study. To facilitate
survival thru transplantation, V2a interneurons were aggregated
with approximately 420 cells/neuroaggregate using an Aggre-
Well™ plate before addition to the HA solution prior to gelation.
Roughly 60 neuroaggregates were transplanted into each animal
resulting in a total of ~25,000 cells per transplant. This cell trans-
plantation study had 5 groups: sham implant (to allow for com-
parison to the acellular study), HA-mF alone, HA-mF þ P-ECM, HA-
mF þ Cells and HA-mF þ P-ECM þ Cells (Table 2).

To confirm that immune suppression was sufficient and to
compare to the macrophage/microglia findings of the acellular
study, ED-1 staining was performed on sections from the second
in vivo study. Quantification of ED-1 staining revealed that, similar
to what was observed in the acellular implantation study, P-ECM
significantly decreased the percentage of the lesion area stained
positive for ED1 compared to sham and HA-mF alone (P-ECM:
11± 3.2 (Std. Err.)% vs Sham: 19± 2.8 (Std. Err.)%) (Figure S2F). The
percent ED1þ area was also found to be significantly lower in the
500 mm surrounding the lesion in P-ECM transplantation than the
sham implant group (P-ECM: 3.6± 0.9 (Std. Err.)% vs Sham: 6.1± 1.1
(Std. Err.)%) (Figure S2F-G). Importantly therewas no indication of a
significant increase in ED-1 staining when the neuroaggregates
were transplanted, indicating sufficient immune suppression
(Figure S2A, D-E, F-G).

3.7. Incorporation of V2a interneurons decreases GFAP staining
while HA-mF decreases inhibitory CSPG staining

Staining for GFAP and CS56 in the cellular transplantation study



Fig. 4. HA reduces CSPG staining and protoplasmic ECM incorporation decreases GFAP area. A-D) Representative images of CS56 (inhibitory CSPGs, green) staining and the GFAP
(reactive astrocytes, red) staining 2 weeks after implantation (4 weeks after injury). Scale bars: 500 mm, dashed line denotes lesion boundary. E,F) Quantification of GFAPþ area both
within the SCI lesion (E) and in the 500 mm surrounding the SCI lesion (F). G,H) Quantification of CS56þ area both within the SCI lesion (G) and in the 500 mm surrounding the SCI
lesion (H). *: p < 0.05, **:p < 0.01. n ¼ 7 HA þ Fibro ECM, 8 for all other groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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revealed similar effects on the glial scar to those observed in the
acellular implantation study. In particular, the presence of HA-mF
hydrogels seemed to be sufficient to significantly decrease inhibi-
tory CSPG staining within the 500 mm surrounding the lesion (HA-
mF: 3.8± 0.9 (Std. Err.)% vs Sham: 15± 3.4 (Std. Err.)%) (Fig. 6AeC,
G). Similar to the acellular study, the percent GFAPþ areawas found
to be significantly decreased in the presence of P-ECM compared to
both sham and HA alone groups (P-ECM: 8± 1.9 (Std. Err.)% vs
Sham: 15± 2.6 (Std. Err.)%) (Fig. 6J, S3). The GFAP staining was also
found to be altered in the presence of the V2a neuroaggregates with
both cellular groups showing significantly less GFAP staining
within and around the lesion than the HA alone group (HA-mF
surrounding lesion: 18 ± 1.9 (Std. Err.)% vs HA-mF þ Cells sur-
rounding lesion: 11 ± 1.1 (Std. Err.)%) (Fig. 6B, D-E, H-J). These ob-
servations indicate that HA-mF has the same effect on the scar
astrocytes as observed in the HA-furan and that P-ECM incorpo-
ration causes GFAP downregulation regardless of the HA used.



Fig. 5. Protoplasmic ECM incorporation increases neural fiber staining within an SCI lesion. A-D) Representative images of b-tubulin III (neurons, green) staining and the GFAP
(reactive astrocytes, red) staining 2 weeks after implantation (4 weeks after injury). Scale bars: 500 mm, dashed line denotes lesion boundary. E,F) Quantification of Tuj1þ area both
within the SCI lesion (E) and in the 500 mm surrounding the SCI lesion (F). *: p < 0.05, **:p < 0.01. n ¼ 7 HA þ Fibro ECM, 8 for all other groups. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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3.8. V2a interneuron aggregates survive within HA-mF hydrogels
and P-ECM:HA hydrogels and increase neuronal process staining
within and surrounding the SCI lesion

Since there was no sign of immune rejection of transplants, the
presence of V2a Interneurons within the lesion was assessed by
quantifying TdTomato fluorescence. The percentage of the area
within the SCI lesion found to be TdTomatoþ was significantly
higher in the HAþ Cells and the HAþ P-ECMþ Cells group than the
associated acellular hydrogel groups (P-ECM þ Cells: 6.4 ± 1.3 (Std.
Err.)% vs P-ECM: 3.7 ± 0.36 (Std. Err.)%) (Fig. 7BeF). However, this
difference did not extend to the 500 mm surrounding the lesion
(Fig. 7G). It is important to note that there is autofluorescence at
555 nm so there is some apparent “TdTomato positive” area in the
animals that had no transplanted cells. Together these observations
suggest that the V2a neuroaggregates are surviving with the gel for
up to 2 weeks following transplantation.

Based on the continued presence of V2a neuroaggregates within
the SCI lesion, staining for b-tubulin III was performed to see if the
presence of V2a neuroaggregates resulted in an increase of area
staining positive for neuronal processes within and around the
lesion. b-tubulin III staining revealed a similar pattern among the
acellular groups as observed in the first in vivo study with HA þ P-
ECM demonstrating significantly more neural fibers than either HA
or shamwithin the SCI lesion (P-ECM: 15 ± 1.5 (Std. Err.)% vs Sham:
8.8 ± 2.0 (Std. Err.)%) (Fig. 7H). The presence of cells also resulted in
a significant increase of b-tubulin III within the lesion compared to
both the sham implant and the HA alone implant groups (Fig. 7H).
b-tubulin III staining surrounding the lesion was also found to be
significantly increased in HA þ P-ECM, HA þ Cells, and HA þ P-
ECM þ Cells when compared to HA alone (HA-mF: 9.6 ± 2.1 (Std.
Err.)% vs HA-mF þ Cells: 17 ± 1.7 (Std. Err.)%) (Fig. 7J). Furthermore,
animals with HA þ P-ECM þ Cells transplants were found to have a
significantly higher percentage of b-tubulin IIIþ area around the
lesion than sham transplant animals (P-ECM þ Cells: 15 ± 2.6 (Std.
Err.)% vs Sham: 7.9 ± 2.7 (Std. Err.)%) (Fig. 7J).
3.9. Transplanted cells maintain V2a identity, extend neural
processes within and around lesion, and migrate into host spinal
cord

To determine whether transplanted V2a interneurons main-
tained a glutamatergic, neuronal identity, colocalization between
TdTomato fluorescence and staining for b-tubulin III, vesicular
glutamate transporter 2 (VGlut-2), or neuronal nuclei (NeuN) was
assessed. Visual inspection of cord sections revealed locations both
within and around the lesion where these stains colocalized with
TdTomato (Fig. 8AeC). The presence this colocalization around the



Fig. 6. Hydrogel implantation modulates the response of the host astrocytes. A-E) Representative images of CS56 staining (inhibitory CSPGs, green) 2 weeks after implantation
(4 weeks after injury). Scale bars: 500 mm, dashed line denotes lesion boundary. F,G) Quantification of CS56þ area both within the SCI lesion (F) and in the 500 mm surrounding the
SCI lesion (G). H,J) Quantification of GFAPþ area both within the SCI lesion (H) and in the 500 mm surrounding the SCI lesion (J). *: p < 0.05. n ¼ 7 for Sham, HA, and HA þ Proto ECM,
8 for HA þ Cells and HA þ Proto ECM þ Cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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lesion suggests that the transplanted interneurons could migrate
into the host spinal cord. The percent of areawithin and around the
lesion that was positive for both b-tubulin III and TdTomato was
quantified to determine the level of neuronal process extension
from the transplanted cells both within the lesion and in the host.
This analysis found that the cellular groups exhibited significantly
more colocalization than the acellular groups, indicating that the
transplanted V2a NAs extended neuronal processes (P-ECM within
lesion: 0.32 ± 0.14 (Std. Err.)% vs P-ECM þ Cells within lesion:
1.2 ± 0.56 (Std. Err.)%) (Fig. 8DeE).

Similar quantification was performed on VGlut-2 staining and it
was found that the HA þ P-ECM þ Cells group had significantly
more colocalization of VGlut-2þ and TdTomatoþ both within the
lesion and in the 500 mm surrounding the lesion than any of the
acellular groups (P-ECMwithin lesion: 0.39 ± 0.085 (Std. Err.)% vs P-
ECM þ Cells within lesion: 0.83 ± 0.14 (Std. Err.)%) (Fig. 8FeG).
Together these observations suggest that the V2a neuroaggregates
are surviving within the HA hydrogels and that they continue to be
glutamatergic. These data also suggest that some combination of
the neuroaggregates extending neuronal processes and the host
increasing axonal growth (perhaps due to the presence of the
neuroaggregates) accounts for the observed increase in b-tubulin
IIIþ area both within and around the SCI lesion in the HA þ Cells
group compared to the HA alone group.
4. Discussion

4.1. HA hydrogel implantation decreases inhibitory CSPG staining
within the glial scar and protoplasmic astrocyte ECM incorporation
decreases astrocyte reactivity

Assessment of inhibitory CSPGs using CS56 staining revealed
that the presence of either HA-furan or HA-mF hydrogels within
the lesion area resulted in decreased staining for CSPGs in the
500 mm surrounding the lesion (Figs. 4 and 6). Downregulation of
CSPGs staining has been previously described in response to acute
implantation of either a photo-crosslinked high molecular weight
HA hydrogel or a poly-L-lysine (PLL) modified HA hydrogel [43,44].
This effect has been found the be dependent on the molecular
weight of the HAwith lower molecular HA (40e400 kDa) observed



Fig. 7. Protoplasmic ECM and transplanted V2a interneurons increase neuronal staining following spinal cord injury. A-E) Representative images of b-tubulin III staining
(neurons, green) and tdTomato (transplanted cells, red) 2 weeks after implantation (4 weeks after injury). Scale bars: 500 mm. F,G) Quantification of the percent TdTomatoþ area
both within the SCI lesion (F) and in the 500 mm surrounding the SCI lesion (G). H,J) Quantification of percent Tuj1þ area both within the SCI lesion (H) and in the 500 mm sur-
rounding the SCI lesion (J). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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to cause an upregulation of CSPG expression and an increase in the
size of glial scar [45]. In the present studies, HA hydrogel implan-
tation is found to cause a similar downregulation of CSPG expres-
sion when delivered two weeks after injury, unlike the acute
treatment used in previous studies. This effect of HA on CSPG
expression has not been observed in implantation studies of fibrin
[4], fetal spinal cord ECM [46], or methylcellulose hydrogels [47]
following SCI. This suggests that the observed decrease in CSPG
expression might be a specific benefit of HA hydrogels.

Despite the decrease in CSPG area, there was no observed
downregulation of GFAP in the presence of HA hydrogels compared
the sham implant animals (Figs. 4 and 6). GFAP immunoreactivity
in response to material implantation has been found to be highly
variable across with some materials, such as fibrin, leading to
decreased GFAPþ area [48,49], while others, such as poly(lactic-co-
glycolic acid) (PLGA) and gelatin sponges, increased GFAP immu-
noreactivity [50]. Incorporation of P-ECM was found to reduce the
percent GFAPþ area in the 500 mm surrounding the lesionwith both
HA hydrogel formulations tested compared to sham implantation.
The HA þ P-ECM hydrogels were also found to demonstrate a
similar decrease in CSPG staining as observed in the HA alone
hydrogels (Figs. 4 and 6). This finding suggests that P-ECM presence
may help to reduce the reactivity and/or hypertrophy of native
astrocytes surrounding the lesion, while maintaining the benefits
of HA on CSPG expression.

Interestingly, the beneficial effects of HA implantation on the
glial scar was largely lost when a F-ECM:HA hydrogel was
implanted. This change is evidenced by the significant increase in
GFAP staining in the 500 mm surrounding the lesion in F-ECM:HA
implanted animals compared to P-ECM:HA implanted groups, and
the loss of the HA-associated CSPG reduction in the F-ECM:HA
group (Fig. 4). This suggests that F-ECM incorporation may result in
some phenotype switch of native astrocytes toward a more inhib-
itory phenotype, which results in the observed increase in astrocyte
reactivity and CSPG production. The concept of ECM components
affecting astrocyte phenotype is not new, with astrocytes known to
upregulate a “scar” phenotype in response the integrin binding to
certain ECM components, such as collagen I [51,52]. Studies of some
of the major proteins found to be upregulated in P-ECM compared
to F-ECM, namely fibronectin and aggrecan [16], have also been
found to decrease GFAP and CSPG expression by astrocytes in vitro
[53]. These studies provide a potential basis for further experiments
to identify the specific components within F-ECM and P-ECM that
cause these apparent changes in native astrocyte phenotype.



Fig. 8. Transplanted V2a Interneurons maintain identity and enter the host spinal cord A-C) 20� magnification of the lesion boundary in animal transplanted with HA þ P-
ECM þ Cells showing locations where b-tubulin III (A), VGLUT2 (B), or NeuN (C) staining colocalizes with TdTomato (arrowheads) both within the lesion (L) and in the glial scar (S).
Scale bar: 100 mm. D-E) Percent of area within the lesion (D) and in the 500 mm surrounding the lesion (E) staining positive for both TdTomato and b-tubulin III. F-G) Percent of area
within the lesion (F) and in the 500 mm surrounding the lesion (G) staining positive for both TdTomato and VGLUT-2. *: p < 0.05, **:p < 0.01. n ¼ 7 for Sham, HA, and HA þ Proto
ECM, 8 for HA þ Cells and HA þ Proto ECM þ Cells.
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4.2. P-ECM decreases immune cell infiltration both in and around
the SCI lesion

Since the ECM transplants were xenogenic, it was important to
ensure that they were not being rejected by the host. Consistent
with previous decellularized ECM implantation studies [23], no
increase in immune cell infiltrationwas observed in any of the ECM
implant groups despite an immunocompetent host in the acellular
implant study (Fig. 3). In fact, the data indicated that P-ECM, but not
F-ECM, resulted in a decrease in myeloid cell and macrophage/
microglia infiltration in the 500 mm surrounding the lesion
compared to sham implantation (Fig. 3). Furthermore, HA:P-ECM
implantation was found to significantly reduce myeloid cell stain-
ing within the lesion compared to all other groups (Fig. 3). This
observation suggests that P-ECM may exhibit an immunomodula-
tory role within the spinal cord. It is also important to note that HA
hydrogels have been found to attenuate the inflammatory
response, based on ED-1 staining, when injected acutely following
injury [54,55]. In the present study a delayed implantation model
was used and we did not observe any changes to the myeloid cell
response in either the HA-furan or HA-methylfuran group
compared to sham.

ECM-dependent immune modulation has been previously
described in the transplantation of other ECM materials [56], and
has been observed in transplantation of either decellularized uri-
nary bladder or decellularized whole spinal cord ECM following SCI
[57]. One potential explanation for P-ECM, but not F-ECM, dis-
playing evidence of immunomodulation is the presence of
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significantly more fibronectin and laminin in P-ECM. Fibronectin
and laminin together have been found to cause tumor necrosis
factor alpha (TNF-a), a known pro-inflammatory cytokine, to bind
to fibronectin and adopt a pro-adhesive function [58]. This binding
of TNF-a limits its diffusion and could help to control and localize
the inflammatory response.

Another possible explanation is that P-ECM may alter the ratio
of classically activated M1 macrophages, that cause tissue
destruction, to “alternatively” activated M2 macrophages, which
have been shown to be important to normal tissue repair
throughout the body and CNS [59]. In support of this idea,
decreased macrophage infiltration and increased M2 macrophage
presence has been described in response to implantation of
increasing concentrations of decellularized urinary bladder ECM
into a stroke cavity [60]. Based on these studies, it would be
potentially enlightening to explore the macrophage activation state
following P-ECM implantation to determine if P-ECM implantation
is causing an increase in the presence of M2 macrophages. Overall,
the immunomodulation effects observed in this study are a rela-
tively unique advantage of ECM-based treatments, since many
materials used for implantation are immunologically inert.

4.3. Protoplasmic, but not fibrous, astrocyte ECM improves neuron
growth on acellular HA hydrogels both in vivo and in vitro

In vitro motoneuron growth assays on thin HA hydrogels found
that both F-ECM and P-ECM increased average neurite extension. P-
ECM exhibited more potency demonstrating an effect at a 1:100wt
ratio of ECM to HA, while no significant effect was observed with F-
ECM until a 1:25wt ratio (Fig. 2). These in vitro findings were
somewhat replicated in the in vivo implantation studies with
1:100 P-ECM:HA hydrogel implantation resulting in significantly
more axon growth into the SCI lesion thanwhen a 1:100 F-ECM:HA
hydrogel or nothing was implanted (Fig. 5). Both ECMswere used at
1:100 ratios for the in vivo studies to better facilitate comparison
between them. P-ECM incorporation was also found to increase
axon growth in the HA-mF hydrogel system with acellular P-
ECM:HA-mF hydrogels demonstrating significantly more axon
growth into the lesion compared to HA-mF alone hydrogels and
sham implant animals. Previous studies have shown implantation
of either decellularized fetal spinal cord or urinary bladder ECM
following dorsal hemisection SCI increases neuronal growth, sup-
porting the idea that the naïve spinal cord ECM could have pro-
regenerative properties [57].

In both in vivo studies, there is an observable inverse correlation
in the acellular treatment groups between the percent GFAPþ area
in the 500 mm surrounding the lesion and the percent b-tubulin IIIþ

area within the lesion (Figs. 4e7). This suggests that the axonal
growth benefits observed in the presence of P-ECM may be related
to a phenotypic switch of the native astrocytes to a less reactive
state. Further experimentation is required to determine the precise
nature of any astrocyte phenotype change and what specific factors
within the implanted ECMsmight be responsible for these changes.

4.4. V2a interneurons survive within HA hydrogels, migrate/extend
processes into the host, and increase neuronal process area both
within and around the SCI lesion regardless of P-ECM presence

Quantification of the continued presence of the V2a interneuron
neuroaggregates, using TdTomato fluorescence, revealed that both
HA-mF hydrogels and P-ECM:HA-mF supported cellular trans-
plantation (Fig. 7). Staining for b-tubulin III revealed that the
presence of V2a neuroaggregates led to a significant increase in
neuronal processes within and around the lesion area. This V2a
interneuron-associated increase in neuronal process staining could
be the result of two different sources: growth from the transplanted
interneurons, and/or increased axon ingrowth from the host pro-
moted by the interneurons within the lesion. Quantification of the
colocalization TdTomato and b-tubulin III suggests that a combi-
nation of these two effects is occurring, since the TdTomatoþ

neuronal processes only explain some of the observed increase in
neuronal processes (Fig. 8DeE). Colocalization analysis also
revealed that some TdTomatoþ processes entered the host spinal
cord, indicating that these transplanted cells might be able to
integrate with the host or at least are able to move out the lesion
site itself (Fig. 8E). The ability of the transplanted cells to migrate
into the host is further supported by the presence of NeuNþ

TdTomatoþ nuclei in the region surrounding the lesion (Fig. 8C).
Analysis of VGlut-2 staining showed that VGlut-2þ TdTomatoþ

pixels represented a significantly larger percent of the area within
and around the lesion in the HA þ P-ECM þ Cells group than
observed in any acellular group (Fig. 8FeG). This finding indicates
that the transplanted V2as aremaintaining a glutamatergic identity
following transplantation.

Overall, neuronal staining data demonstrated that either V2a
interneuron neuroaggrgate transplantation or P-ECM incorporation
conferred a significant benefit on neuronal growth compared to HA
alone, but the combination of these factors did not significantly
increase the area staining positive for neuronal processes (Fig. 7).
Importantly, TdTomato colocalization with NeuN, VGlut-2, and b-
tubulin III indicates that the transplanted V2a interneurons main-
tain their identity as glutamatergic neurons, migrate into the host,
and extend neuronal processes both within the lesion and into the
surrounding cord (Fig. 8). Future long-term recovery studies will be
required to determine if these transplanted V2a interneurons are
able to functionally integrate into the host spinal cord, and if the
presence V2a interneurons and/or the increased neuronal area
caused by P-ECM incorporation translates into any behavioral
improvements.

This work, as a whole, demonstrates that mESC-derived P-ECM,
but not F-ECM, incorporation into HA hydrogels results in signifi-
cant improvements in histological markers of recovery following
SCI. Furthermore, ECM implantation was found to alter the
behavior of immune cells, astrocytes, and neurons within the
context of the injured spinal cord, showing the multifactorial
functionality of the HA:P-ECM material. The HA hydrogels were
also found to support the transplantation of V2a interneurons into
the SCI lesion and the presence of these cells was found to cause
similar increases in neuronal process staining to those observed
with P-ECM implantation. HA is the primary component of the
native CNS ECM and HA alone implantation was found to decrease
CSPG staining around the lesion, and support cellular trans-
plantation. These observations indicate that HA may be preferable
to other materials for CNS injury treatment. This work also shows
thatmESCs can be used as a scalable source of bioactive ECM aswell
as a source of V2a interneurons. The use of mESCs increases the
potential clinical impact of this work, since the materials used do
not require donor tissue to be generated.
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