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@ PERSPECTIVE
Bridging large gaps in the injured
spinal cord: mechanical and
biochemical tissue adaptation

Incidence and consequences of spinal cord injuries: World-
wide, every year 250,000-500,000 people suffer from spinal cord
injury (SCL; www.who.int, 2013). Traumatic lesions of the spinal
cord lead to primary and secondary injury mechanisms, which
result in axon damage, loss of signal conduction, demyelination
of axons and long-lasting deficits in motor and sensory func-
tion. The extent of the damage and the subsequent functional
loss depend on the spinal level and the severity of the primary
injury. Furthermore, pathophysiological and pathomorpholog-
ical responses in acute and chronic SCI share similar but also
different requirements for treatment.

To date, SCI is a generally incurable condition, and, although
numerous therapeutic strategies to treat SCI have been devel-
oped and tested in the last decades (Bradbury and McMahon,
2006), no experimental treatment to achieve substantial axonal
regeneration and myelination with accompanying significant
behavioral recovery has been successfully translated into a clin-
ical therapy. In this regard, it is also important to take into con-
sideration that even sophisticated combinatorial and sometimes
ethically problematic treatment approaches (i.e., embryonic
stem cell grafting) face limitations and lack substantial addi-
tive benefit regarding functional outcome compared to single
component treatments in complete SCIL. In SCI patients, reha-
bilitative training is currently the treatment of choice (Awai and
Curt, 2016) that can facilitate the process of recovery to certain
but limited extents particularly in severely injured patients.

Making use of the basic concepts and safe methods of me-
chanical and biochemical bridging, it is, however, possible to
achieve a remarkable improvement of locomotor function after
complete thoracic transection of the spinal cord as shown in
adult rats. Two novel treatment procedures, the low pressure
mechanical adaptation of severed spinal stumps (Brazda et
al., 2013, 2016) and a simple biochemical polymer approach
(Estrada et al., 2014; Brazda et al., 2016), as introduced here,
promoted beneficial effects on axon growth as well as invasion
and activity of various other cell types, which are also affected
by SCI. Examples are endothelial cells which were involved in
angiogenetic events, and peripheral Schwann cells which my-
elinated regenerating axons. Very importantly, both treatments
led to locomotor improvements after complete thoracic spinal
transection, which has, to our knowledge, not been exceeded by
any other single component or combinatorial treatment.

Applying basic treatment concepts for acute and chronic
spinal cord injuries: Currently there are numerous treatment
approaches for experimental SCI (Kabu et al., 2015), which
have been developed in the past decades. However, it is widely
accepted in the field that there is an urgent need for the devel-
opment and optimization of combinatorial (multi-component)
therapies in order to treat this multifactorial disease. Although
to date, there is no clinical treatment for SCI, which has proven
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to result in significant locomotor recovery in human patients,
occasional individual reports have previously described impres-
sive outcomes (Tabakow et al., 2014). However, such anecdotic
reports are received rather critically by SCI experts. Reasons
are (1) the extremely low number of treated subjects and the
resulting lack of reproducibility of described outcomes, and (2)
the great variety of spontaneous improvements observed in SCI
patients.

Two innovative and safe basic treatment approaches to bridge
tissue gaps in severely injured spinal cord that yielded impres-
sive results regarding, i.e., hindlimb locomotion in rat, could be
modified and optimized for future preclinical and eventually
clinical application. The first approach uses the implantable me-
chanical microconnector system (Brazda et al., 2013, 2016), a
device that was specifically designed to re-adapt severed spinal
tissue in a submillimeter range (Figure 1b). The microconnec-
tor system is equipped with two ports, one outlet and one inlet
port, and both are attached to plastic tubes. The outlet can be
used to connect the system to an external vacuum pump for the
application of gentle negative pressure after its implantation.
Via the inlet port therapeutics can be delivered through, e.g.,
minipumps and/or catheters directly into the lesion center. Ei-
ther single, repeated or long-term continuous infusions are pos-
sible. Design and application of the mechanical device, which
brings the two spinal cord stumps into close apposition merely
by mechanical means via negative pressure, are unique. How-
ever, to bridge larger gaps after experimental SCI, polymer scaf-
folds and/or cell transplantation are frequently used (Madigan
et al,, 2009; Li and Lepski, 2013). And nerve guidance channels
are common to provide directional axon growth (Straley et al.,
2010). While the directional growth is a reasonable goal, guid-
ance channels have the disadvantage that, although they support
axonal regeneration through the channel, the fibers usually have
difficulties to exit the implants due to the presence of inhibitory
scar tissue in the border regions. The microconnector system
was designed to bypass such problems: in addition to mechan-
ical stabilization of the lesion, the system allows pharmacologi-
cal modulation of unwanted processes such as scar formation at
any time point via drug infusion into the internal microchannel
system.

The second approach, polyethylene glycol (PEG) biopolymer
treatment (Figure 2), was developed in a rat model of chron-
ic complete spinal cord transection injury to overcome larger
tissue gaps (Estrada et al., 2014). Following the resection of the
inhibitory scar tissue, PEG filling of the resection cavity resulted
not only in the invasion of regeneration promoting cells such as
endothelial and glial cells followed by the formation of a stable
tissue bridge, but it also supported long-distance growth and (re-)
myelination of axons accompanied by significant functional lo-
comotor improvements of the hindlimbs. The use of PEG is often
described for the “PEGylation” of agents and therapeutics since it
facilitates the uptake of molecules, increases their solubility and
decreases their immunogenicity and antigenicity. PEGs are often
cross-linked into networks to form hydrogels due to their hydro-
philic properties. The previously proposed mechanism of action
of systemic PEG treatment after acute SCI in dogs and rodents
is based on the fusogenic nature of PEG presumably leading
to rapid fusion of axonal membranes thus reconstituting some
morphological continuity of the transected spinal cord (Borgens
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Figure 1 Mechanical adaptation as treatment
for spinal cord injury (SCI) using a novel
microconnector system.

(a) Hypothetical paradigm for a personalized
SCI treatment using the implantable micro-
connector system for adaptation of spinal cord
stumps. (b) Schematic representation of one
half of the microconnector system; inlet port
for infusion (blue) and outlet port for vacuum
application (red) are marked with arrows.
Note the honeycomb structures on the con-
nector’s inner surface, which are important for
tissue anchorage.
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Figure 2 Biochemical treatment for spinal
cord injury (SCI) with polyethylene glycol
(PEG) implantation as a basis for future
combinatory treatments.

Schematic representation of chronically in-
jured spinal cord, tissue resection, and PEG
grafting.
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and Shi, 2000). For the chronic PEG approach we propose other
physicochemical properties of PEG 600 for its efficacy as a ther-
apeutic. The fusion of membranes must definitely be ruled out
as the mechanism of action in our chronic injury model, which
comprises degeneration of the separated distal axon fragments,
the removal of an entire segment of spinal cord tissue (contain-
ing fibrotic scar) and filling of the resulting gap with pure and
undiluted PEG solution. Out of several PEGs with different
molecular weights that were tested only PEG 600 led to the
formation of a stable biomatrix in the resection cavity, which,
in turn, resulted in the beneficial cellular invasion and func-
tional outcome. Since the tested PEGs with different molecular
weights led to different outcomes after their implantation into
the injured spinal cord, it can be concluded that the biophysical
properties of the material — most of all the viscosity - is crucial
for the effectiveness. Moreover, in our paradigm PEG acts as the

only active component of the treatment. Therefore, it presents a
highly promising approach, which can easily be combined with
other molecular and cellular treatments and may thus further
enhance their efficacy.

Personalized and combinatory treatments to improve the
outcome of spinal cord injuries: The resection of tissue is a
standard procedure for, e.g., the removal of tumors, and the re-
section of scar tissue after SCI has been tested preclinically and
clinically. Both the microconnector as well as the PEG biopoly-
mer are suitable to bridge the resulting tissue gap and they each
have their specific advantages: While the microconnector brings
separated spinal stumps into very close proximity again via low
pressure mechanical bridging, PEG 600 biopolymer can - due
to its biophysical properties - easily be applied also to larger and
irregularly shaped tissue gaps, where it promotes, the formation
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of a tissue bridge via enhancing beneficial cellular invasion and
regeneration processes.

The internal microchannel system that is integrated into the
microconnector turns the device into an excellent tool for com-
binatory treatments. Via these internal channels therapeutics
can be delivered directly into the lesion center (see schematic
presentation Figure 1b). Thus, the connector holds great poten-
tial as a treatment device for personalized medical treatment for
spinal cord trauma. While it has already proven a remarkable
efficacy when composed of a rigid material (polymethylmeth-
acrylate), on-going and future studies will make use of im-
plantable microconnector systems composed of biodegradable
material for a controlled degradation over time. Compared to
rodent models, the SCI lesion gaps, which need to be bridged in
large animal models and eventually in human patients, will be
more extensive. The controlled degradation of the connector’s
material is necessary after the formation of a stable tissue bridge
has developed since non-biodegradable long-term implants
might cause late side effects and result in additional impair-
ments. The microconnector can be adjusted in its size to fit
between severed tissue stumps in both small and large animals
or in patients, respectively. A further step into the direction
of an optimal tool for personalized medical treatments, which
will most likely be the future of the multi-symptom disease, is
to customize the connector system according to the specific
shape and size of the individual spinal lesion via bioprinting
techniques. Ideally, the respective requirements for personal-
ized design will be determined by imaging techniques, such as
MRI scans, which will allow the precise representation of the
position and shape of the severe injury. Finally, because of its
unique properties the microconnector system is ideally suited
for the application of combinatory therapies. The possibility of
customizing the connector’s shape and size makes it a useful
medical tool not only for acute but also for chronic lesions af-
ter the resection of scar tissue. The different prospective steps
of the so far hypothetical personalized medical treatment cas-
cade are summarized in Figure la.

The efficacy of both treatments presented here needs to be
further investigated in preclinical large animal models since
the treatment success in rodent models of SCI does not neces-
sarily imply the same outcome in larger species. Therefore, an
extensive collaborative investigation to study the effects of the
implantation of the microconnector system into the severely in-
jured porcine spinal cord is currently in progress to analyze the
cross-species transferability of the beneficial therapeutic effects
from rodents into a large animal model.

Although the road to recovery is long and rocky, both the
mechanical adaptation and the PEG biopolymer treatment —
with the challenges and opportunities they entail - are prom-
ising new therapeutic concepts as both individually effective
approaches offer the possibility and the basis for multiple inno-
vative treatment combinations.
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