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Sustained delivery of bioactive neurotrophin-3
to the injured spinal cord+

Irja Elliott Donaghue,®® Charles H. Tator“®® and Molly S. Shoichet**P

Spinal cord injury is a debilitating condition that currently lacks effective clinical treatment. Neurotrophin-
3 (NT-3) has been demonstrated in experimental animal models to induce axonal regeneration and func-
tional improvements, yet its local delivery remains challenging. For ultimate clinical translation, a drug
delivery system is required for localized, sustained, and minimally invasive release. Here, an injectable
composite drug delivery system (DDS) composed of biodegradable polymeric nanoparticles dispersed in
a hyaluronan/methyl cellulose hydrogel was injected into the intrathecal space to achieve acute local
delivery to the spinal cord after a thoracic clip compression injury. NT-3 was encapsulated in the DDS and
released in vitro for up to 50 d. With a single injection of the DDS into the intrathecal space of the injured
spinal cord, NT-3 diffused ventrally through the cord and was detectable in the spinal cord for at least
28 d therein. Delivery of NT-3 resulted in significant axon growth with no effect on the astroglial response to
injury in comparison with vehicle and injury controls. NT-3 treatment promoted functional improvements
at 21 d according to the Basso Beattie Bresnahan locomotor scale in comparison with the DDS alone. The
sustained delivery of bioactive NT-3 to the injured spinal cord achieved in this study demonstrates the
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Introduction

Spinal cord injury is a permanently disabling condition that
substantially reduces a patient’s life expectancy and quality of
life." The majority of spinal cord injuries are impact/compres-
sive injuries,” and after the initial mechanical tissue damage a
secondary injury cascade follows which results in neuronal
and glial apoptosis, inflammation, axon degeneration, and the
formation of a fluid-filled cystic cavity surrounded by a glial
scar."”? Since endogenous repair mechanisms in the central
nervous system (CNS) are insufficient to promote recovery,’
many treatment strategies currently under investigation focus
on neuroprotection or tissue repair with the goal of promoting
neurological function. These strategies include: endogenous
stem cell stimulation, stem cell transplantation, and the deli-
very of therapeutics.” Currently, only methyl prednisolone (an
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promise of this DDS for central nervous system repair.

anti-inflammatory corticosteroid) is administered clinically; no
approved clinical therapies for SCI exist that can induce tissue
regeneration and repair.

A promising area of research is the delivery of neurotrophic
factors.> Neurotrophic factors, such as brain-derived neuro-
trophic factor, glial-derived neurotrophic factor, and neurotro-
phin-3 (NT-3), which are essential for CNS development, have
also been shown to induce neuronal growth and tissue repair
following injury.®”® In particular, NT-3 has been demonstrated
to induce axon sprouting and functional recovery.®"* However,
the challenge for clinical translation of NT-3 and other thera-
peutic proteins is their sustained and localized delivery to the
injured spinal cord.'*'® Previous methods of delivering NT-3
include genetically modified transplanted fibroblasts," viral
transfection,"® intrathecal infusion via a catheter/minipump,"°
and direct injection into the spinal cord.'* Genetically modi-
fied cells and viral transfection result in variable dosing, and
these methods are currently not approved for clinical use.
Osmotic minipump delivery provides sustained and controlled
delivery of NT-3, yet is highly invasive and can result in infec-
tions and increased scarring around the injury site, hampering
recovery.'”'® Direct injection carries the risk of causing further
tissue injury. A minimally invasive, sustained delivery system
is therefore required to effectively deliver NT-3 to the injured
spinal cord.

Previously, a minimally invasive drug delivery system (DDS)
capable of providing tunable delivery of proteins to the injured
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CNS was developed.'® ! The DDS of PLGA nanopatrticles alone
(without encapsulated therapeutic) dispersed in hyaluronan/
methyl cellulose (HAMC) hydrogel is well-tolerated after
intrathecal injection, having a minimal inflammatory
response.'® In vitro release of encapsulated NT-3 in the PLGA/
HAMC DDS was demonstrated over a 7-28 day period.>* Here
we study, for the first time, the in vivo sustained release of bio-
active NT-3 from this composite DDS and the tissue and func-
tional benefits of its delivery in a clinically relevant model of
compressive SCI.

Materials and methods
NT-3 encapsulation and characterization

All chemicals were purchased from Sigma Aldrich (Oakville,
CA) unless otherwise stated. NT-3 was encapsulated in PLGA
nanoparticles by double emulsion-solvent evaporation, as pre-
viously described for other proteins.'® Briefly, PLGA (50/50,
7-17 kDa, acid-terminated, Sigma Aldrich) was dissolved in
dichloromethane (DCM, Caledon Labs, Georgetown, CA) at 13
w/v% with 0.05 w/v% Pluronic NF-127 (BASF, Mississauga, CA)
and 0.4 w/v% magnesium carbonate. NT-3 was dissolved in
artificial cerebrospinal fluid (aCSF) with 10 w/v% bovine
serum albumin (BSA). The aCSF solution was added to the
DCM solution and the mixture vortexed for 10 s and sonicated
on ice for 10 min at 20% amplitude (Vibra-Cell, Sonics,
Newtown USA) to create the primary emulsion. A solution of
2.5 w/v% of poly(vinyl alcohol) (PVA) in double-distilled water
was added, and the mixture vortexed for 10 s and sonicated on
ice for a further 10 min at 30% amplitude to create the second-
ary emulsion. The solution was stirred at room temperature for
16 h to allow the dichloromethane to evaporate, then centri-
fuged and washed with double-distilled water four times, fol-
lowed by lyophilization for 3 d. The resulting nanoparticles
were stored at —20 °C.

The diameter of the NT-3 encapsulated PLGA nanoparticles
was determined by dynamic light scattering (Malvern Zetasi-
zer, etc.) at a concentration of 1.5 mg mL™" in double-distilled
water after 5 min sonication. NT-3 loading and encapsulation
efficiency was determined by first dissolving PLGA nanoparti-
cles in 0.05 M sodium hydroxide for 1 h. Samples were then
diluted in aCSF and the concentration of NT-3 was determined
by enzyme-linked immunosorbent assay (ELISA, R&D Systems,
Minneapolis, USA).

In vitro characterization of the composite PLGA/HAMC DDS

HAMC was prepared by sequential dispersion of MC (6 w/v%,
300 kg mol™", Shin-Etsu, Tokyo, Japan) and HA (2.8 w/v%,
4-1.8 x 10° ¢ mol ™!, NovaMatrix, Sandvika, Norway) in aCSF by
a dual asymmetric centrifugal mixer. NT-3 nanoparticles were
dispersed in aCSF by bath sonication, then mixed into HAMC
for a final concentration of 15 w/v% nanoparticles, 1.4 w/v%
HA and 3 w/v% MC with an additional 0.25 pg pL™"' of
NT-3 mixed into the HAMC.
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NT-3 release from the PLGA/HAMC composite in vitro was
analyzed by incubating 100 pL of composite with 900 pL of
aCSF at 37 °C. At regular intervals, the aCSF was sampled with
complete replacement. Samples were stored at —20 °C before
analysis by ELISA. At the end of the release period, the compo-
site was dissolved in 0.05 M NaOH and any remaining NT-3
was extracted into aCSF for analysis by ELISA.

Animal surgeries

All animal work was performed according to the guidelines
established by the Canadian Council on Animal Care and all
protocols were approved by the University Health Network’s
Animal Care Committee. Adult female Sprague-Dawley rats
were anaesthetized with isofluorane and a laminectomy was
performed at the T1-2 vertebral level. A moderate compressive
injury was induced by a 26 g modified aneurysm clip for
1 min.*

In vivo delivery of NT-3 DDS

For the delivery of NT-3 in the PLGA/HAMC DDS vs. the vehicle
control of BSA encapsulated in PLGA nanoparticles in HAMC,
a durotomy was performed with a 30 G angled beveled needle
immediately caudal to the injury site and immediately after
the injury was made. 10 pL of the nanoparticle/HAMC compo-
site was injected into the intrathecal space with a 30 G angled,
blunt-tipped needle over 30 s and the needle was held in place
for an additional 1 min to allow gelation to occur. Animals in
the injury-only control group did not receive a durotomy or
injection. Following injury and injection, the overlying
muscles and fascia were sutured closed and rats were placed
under a heat lamp for recovery. Buprenorphine was adminis-
tered post-surgery for 3 d to manage pain. Clavamox was admi-
nistered orally for 5 d following surgery to prevent infection.

In vivo quantification and tissue processing for ELISA

For the quantification of NT-3 delivery in vivo, animals were
sacrificed at 1 d, 7 d, 14 d, or 28 d (n = 4 per time point).
Animals receiving only SCI were used to control for
endogenous NT-3, and were sacrificed at the same time points
(n = 2 per time point). A 1.5 cm section of spinal cord at the
T1-2 vertebral level was harvested and flash frozen in isopen-
tane. The tissue was subsequently cut into 1 mm parasagittal
slices using a tissue chopper (Mcllwain, Redding, USA) and
the medial two slices were sectioned dorsoventrally into 500 pm
thick longitudinal sections. This allowed for the analysis of
NT-3 concentration by ELISA at 500 um intervals throughout
the depth of the spinal cord (approximately 3 mm in diameter
at the T1-2 vertebral level). Before ELISA analysis, tissue sec-
tions were suspended in a modified Tris-HCl buffer** and
homogenized with a bead-beater.

Immunohistochemistry

In a separate study, animals receiving SCI alone (n = 7), SCI +
vehicle DDS (n = 7), or SCI + NT-3 DDS (n = 13) were sacrificed
28 d after injury. Animals were transcardially perfused with
4% paraformaldehyde in 0.1 M phosphate buffered saline
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(PBS). A 1.5 cm section of spinal cord surrounding the lesion
was removed and cryoprotected in 30% sucrose in PBS. Tissue
was embedded in Cryomatrix (Thermoscientific, Nepean CA)
and sectioned parasagittally into 20 pm slices.

Tissue sections were stained with 200 kDa neurofilament
(NF200, Sigma-Aldrich) for axons and glial fibrillary acidic
protein (GFAP, Cell Signaling Technologies, Danvers, USA) for
astrocytes. Tissue sections were imaged with an Olympus
FV1000 confocal microscope. Image J was used for image ana-
lysis. For quantification of axon density, a 10 mm long area of
tissue rostrocaudally centered around the lesion site was
imaged, converted to a binary image, set to an automatic
threshold, and the pixel count was measured. This count was
divided by the total tissue area to yield % axon density. We
also assessed axon density for uninjured animals that received
a sham injection of aCSF (n = 3, 6 sections per animal). For
axon counting, the number of NF200" fibers across the medio-
lateral plane were counted at the centre of the excised cord
(corresponding to the lesion epicentre in injured animals) and
4-5 mm rostral and caudal. An average of these 3 areas was
used as the total axon count for the section. GFAP staining was
used to quantify the lesion area. The GFAP-positive perimeter
of the lesion was manually traced, and the lesion area
measured. The density of GFAP staining was assessed in the
same manner as the axon density. For each analysis, a
minimum of 4 tissue sections per animal were used, distribu-
ted across the spinal cord. All tissues were analyzed blindly to
the treatment.

In vivo behavioural analysis

Weekly behavioural testing was performed on all animals used
in the 28 d survival study. The Basso-Beattie-Bresnahan rat
score (BBB) was used to analyze locomotor function.”® All
animals were scored blindly by two independent observers.

Statistical analysis

All results are reported as mean + standard deviation. Statisti-
cal testing was performed in GraphPad Prism 6. The differ-
ences in neurofilament density and lesion area between
treatment groups were assessed by one-way analysis of variance
(ANOVA) with Bonferroni’s post-hoc at 95% confidence inter-
vals. To analyze the BBB scoring, a repeated measures ANOVA
was first performed to determine the effects of time and treat-
ments.”® Differences between treatments at 21 d and 28 d were
then separately assessed by one-way ANOVA with Bonferroni’s
post-hoc at 95% confidence intervals.

Results
Sustained release of NT-3 in vitro and in vivo

NT-3 was encapsulated in PLGA nanoparticles by double emul-
sion-solvent evaporation. The nanoparticles had a volume-
weighted average diameter of 220 nm. The encapsulation
efficiency was determined to be 47 + 2%, corresponding to a
loading of 1.03 + 0.04 pg mg ' nanoparticle. An additional
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0.025 pg PL~" of soluble NT-3 was physically mixed into the
nanoparticle/HAMC composite to increase the total delivered
dose.

NT-3 was released from the nanoparticle/ HAMC DDS over
50 d in vitro (Fig. 1A). The release profile was triphasic, with a
minimal burst and slow release for the first 10 d, followed by a
period of faster release from 10-28 d and finally a slower
release from 28-60 d. After 28 d, 83 + 8% of the encapsulated
NT-3 was released. A total of 1.72 + 0.6 ug of NT-3 was released
from 10 pL of composite DDS. Interestingly, the additional
NT-3 added to the nanoparticle/HAMC DDS did not result in a
burst release.

In vivo, NT-3 was detectable in the injured spinal cord for
28 d (Fig. 1B). The concentration of NT-3 in the spinal cord
was measured at 1, 7, 14 and 28 d. The highest amount of
NT-3 was detected at 1 d, with 22 + 13 ng detected throughout
the spinal cord, corresponding to 1.2 + 0.7% of the total deli-
vered NT-3. Cumulatively, 54 + 14 ng of NT-3 (2.9 + 0.8% of the
delivered dose) was detected over all time points.

NT-3 was detected throughout the depth of the spinal cord,
indicating that it was able to diffuse ventrally from the delivery
site (Fig. 2). At 1 d, the profile is fairly linear, with the greatest
concentration observed in the first 500 um (Fig. 2A). At 7 d, the
profile was flat, with a greater concentration observed at 1500 um
and below, indicating that an increased amount of NT-3 was
able to reach the ventral half of the cord (Fig. 2B). Consistent
with the in vitro release profile, a greater concentration of NT-3
was observed in the dorsal 500 pm of the spinal cord at 14 d
(Fig. 2C), indicating that the release rate increased after day
7. At 28 d, NT-3 continued to be released into the spinal cord,
with a similar concentration of NT-3 detected at all depths
(Fig. 2D).

Axon density and lesion size

The effects of NT-3 released from the PLGA/HAMC composite
on spinal cord tissue were assessed 28 d after intrathecal injec-
tion and injury. The density of axons surrounding the lesion
site was quantified with neurofilament staining (Fig. 3). Deli-
very of NT-3 resulted in significantly higher axon density sur-
rounding the lesion site in comparison with the DDS control
and SCI control (p < 0.01). However, the axon density of un-
injured tissue was significantly higher than that of all other
groups (p < 0.005). An increase in the number of axons in the
area of the lesion was observed for NT-3-treated animals, but
this method of analysis also introduced greater intra-group
variability (p = 0.072, ESI Fig. 11). The increase in axon density
as a result of NT-3 delivery indicates that NT-3 bioactivity was
maintained over 28 d in vivo and its delivery was efficacious.
Moreover, the DDS alone did not affect axon density.

The lesion size at 28 d was analyzed to determine the
impact of the DDS on tissue sparing and/or cavity formation
(Fig. 4). The lesion area was quantified by tracing the GFAP"
border. As expected from previous characterization of similar
systems,”*?” the DDS did not result in increased lesion size in
comparison with the SCI control (Fig. 4A); however, there was
also no decrease in lesion size with NT-3 delivery relative to
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Fig. 3 NF200 immunohistochemistry demonstrates that local sustained release of NT-3 promotes axonal growth. (A) A significantly greater fraction
of tissue was stained with NF200 in animals that had local sustained release of NT-3 (n = 11) vs. vehicle alone (n = 4) or injury alone (n = 5) (p < 0.01,
mean + standard deviation). Uninjured tissue had a significantly greater density of NF200 staining than all other groups (p < 0.005, mean + standard
deviation). Representative images of immunohistochemical stained tissue for NF200 (green) and DAPI (blue) surrounding the injury site at 28 d for
(B) NT-3 DDS and (C) enlarged view of lesion area outlined in (B); (D) DDS control and (E) SCI control. Scale bars = 500 um.
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Fig. 4 GFAP immunohistochemistry shows no significant difference in astroglial response among the three groups, demonstrating that neither
local delivery of NT-3 nor vehicle alone affects the lesion area vs. spinal cord injury alone. (A) The lesion area in the injured spinal cord is not signifi-
cantly different between animals that had NT-3 delivered in the DDS (n = 11) vs. DDS alone (n = 4) vs. injury alone (n = 5) (mean + standard deviation).
Representative images of immunohistochemical stained tissue for GFAP (red) and DAPI (blue) surrounding the injury site at 28 d for (B) NT-3 DDS
and (C) enlarged view of lesion area outlined in (B); (D) DDS control; and (E) SCI control. Scale bars = 500 ym.

vehicle and/or spinal cord injury alone controls, possibly due
to the high degree of variability in the measured lesion area
for the SCI control group. Representative images of immuno-
histochemically-stained tissues (Fig. 4B-E) reflect these quanti-
tative data. Similarly, the density of GFAP staining in the area
of the lesion for NT-3-treated animals or DDS-treated and
untreated controls was not significantly different (ESI Fig. 27).

This journal is © The Royal Society of Chemistry 2015

Behavioural recovery

The locomotor function following SCI was assessed using the
BBB score. In all animals, the BBB score improved over the 28 d
study period, consistent with moderate compressive injury
(Fig. 5A). At 21 d, NT-3-treated animals had a significantly
higher BBB score in comparison with the DDS alone (p < 0.05).
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Fig. 5 The locomotor function of rats was followed by the Basso, Beattie Bresnahan scoring method weekly for 28 days. (A) At 21 d, NT-3-treated
animals had a significantly greater BBB score in comparison with DDS control (p < 0.05, n = 13 for NT-3-treated, n = 7 for DDS control, SCI control).
(B) At 14, 21, and 28 d, a greater percentage of NT-3-treated animals exhibited frequent to consistent coordination, as reflected by the percentage

of animals that had BBB scores greater than 13.

Due to higher intra-treatment variability, this effect was not
significant at 28 d. Interestingly, a greater percentage of NT-3
animals were able to achieve a BBB score of 13 or higher,
indicative of frequent to consistent forelimb-hindlimb coordi-
nation, in comparison with both DDS vehicle controls and SCI
controls (Fig. 5B). Thus, sustained NT-3 delivery was able to
elicit modest effects on locomotor function.

Discussion

Controlled protein delivery to the injured CNS has been most
commonly studied with hydrogel 28,29
release from hydrogels has been typically controlled by simple
diffusion or non-covalent interactions, and is usually charac-
terized by a high burst release.? In this work, the PLGA/HAMC
DDS was able to provide sustained release of NT-3 for up to
50 d in vitro and 28 d in vivo. The in vitro release profile showed
slow release, with a minimal burst, in the first 10 d even with
the addition of soluble NT-3. This suggests either hydrophobic
or electrostatic interactions between the NT-3 and the PLGA
nanoparticles.

In vivo, NT-3 released from the DDS was able to diffuse ven-
trally through the spinal cord from the delivery site and was
detectable for 28 d. After implantation of the DDS, NT-3 can
diffuse into the spinal cord tissue or into the CSF. Once in the
spinal cord tissue, NT-3 can be eliminated before reaching its
target, the TrkC" axons located primarily in the corticospinal
and rubrospinal tracts’® (Fig. 6). Importantly, the depth
profile, determined by ELISA, indicates that NT-3 released
from this DDS can reach the entire thickness of the cord.
However, the low concentration of detected NT-3 at each time
point in comparison with the delivered dose (less than 5%)

systems. However,
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Fig. 6 The pathways for NT-3 release, diffusion, and clearance from
the spinal cord after intrathecal delivery in the DDS. NT-3 released from
the DDS can diffuse into spinal cord tissue or into the CSF. NT-3 can
also diffuse into and out of the spinal cord. In spinal cord tissue, NT-3 is
detectable by ELISA until it binds to the receptor TrkC or p75NTR (not
shown), or until it is eliminated from the cord by diffusion into vascula-
ture, degradation, or cellular uptake.

indicates that the NT-3 is rapidly eliminated from the spinal
cord. Clearance mechanisms that are responsible for the elimi-
nation of NT-3 from the spinal cord tissue include intra- and
extracellular degradation, internalization and transport of the
NT-3-TrkC complex, and diffusion into the CSF and vascula-
ture.”® While a mass balance analysis is desirable, it was not
possible to remove the PLGA/HAMC DDS to determine the
amount of remaining NT-3 after sacrifice due to limitations
associated with tissue preparation. The data collected in vivo
therefore represent only a snapshot of the total NT-3 that was
released from the DDS at each time point.

Few studies that examine NT-3 delivery to the injured spinal
cord have quantified the delivered dose, or determined the
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in vivo release profile. Piantino et al. used a cross-linked poly
(lactide)-block-poly(ethylene glycol)-block-poly(lactide) (PLA-b-
PEG-b-PLA) hydrogel to deliver NT-3, and determined that
in vivo concentrations of NT-3 peaked at 3 h after delivery, but
were still elevated in comparison with controls at 14 d."* A
total of 1 pg of NT-3 was delivered, and the maximum detected
concentration in the tissue was approximately 70 ng mL ™" g~*
tissue. The concentration of NT-3 detected was not normalized
to the endogenous level of NT-3, which was determined to be
approximately 10 ng mL™" g~" tissue. As a hemisection model
was used by Piantino et al. for the PEG-PLA-PEG hydrogel, a
greater surface area between the hydrogel and tissue may have
resulted in faster diffusion. In addition, release from that
hydrogel was diffusion-mediated, resulting in a high burst
release.”® In contrast, our PLGA/HAMC DDS delivered NT-3
without a burst release, yet with a similar dose (1.72 + 0.6 pg),
but a maximum concentration of 28 ng g~' tissue was
detected. The lower detected dose in the current study may be
due to these differences in injury models, drug delivery
systems and detection methodology.

Previous studies of NT-3 delivery to the spinal cord have
also used widely varying doses, from 4.2 ng’* to 336 pg.'’
Although the in vitro effective dose of NT-3 to induce axon
growth has been determined to be 25 ng mL™%** the
minimum required dose in vivo is not known. In the present
study, a total of 1.72 pg of NT-3 was delivered, and was
sufficient to induce axon growth after 28 d. While this dose
elicited functional recovery that was significant at 21 d, it did not
persist at 28 d. The increase in hindlimb-forelimb coordi-
nation observed for NT-3-treated animals in comparison with
controls points to effects on fine motor function that could
be further assessed in future studies with the ladder-walk
behavioural task.**

The effects of delivered NT-3 were assessed in this study
in a compressive model of SCI whereas previous studies on
NT-3 delivery have primarily investigated the effects of NT-3
on a hemisection SCI model, in which the corticospinal tract
(CST) is completely severed. Axons observed in the injury site,
therefore, have sprouted or regenerated from severed axons
rostral or caudal to the injury site. In a compressive injury,
some axons in or close to the injury site are spared, and thus
quantification of axon regeneration due to NT-3 delivery is
more difficult. Yet, for clinical translation, it is necessary to
demonstrate efficacy in relevant animal models. The present
study demonstrates that NT-3 delivered over 28 d from an
intrathecal DDS can elicit significant axon growth in a clini-
cally relevant model.

Our group has previously shown that the PLGA/HAMC DDS
is well-tolerated by the injured spinal cord.>®*” The results of
the present study are consistent with the previous findings
where comparable lesion sizes amongst all groups, as deter-
mined by GFAP staining, underscore the minimal host
response to this DDS. Importantly, we build on previous
knowledge and show, for the first time, the controlled release
of a growth factor to the injured spinal cord from this DDS,
and the consequent tissue and functional benefit.

This journal is © The Royal Society of Chemistry 2015
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Conclusions

In this study, a minimally invasive DDS was investigated for
the sustained delivery of NT-3 to the spinal cord after com-
pression injury. NT-3 was released from the DDS over 28 d and
induced the growth of axons surrounding the injury site. No
adverse tissue effects were observed. Importantly, the delivered
NT-3 induced statistically significant improvements in loco-
motor function. This study demonstrates that the PLGA/HAMC
DDS is able to provide sustained, bioactive protein delivery in
a clinically relevant model of SCI. This DDS is therefore prom-
ising for the application of protein therapeutics and combi-
nation therapies for CNS regeneration.
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