Engineered axon tracts within tubular biohybrid scaffolds
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Abstract

Injuries to the nervous system that involve the disruption of axonal pathways are
devastating to the individual and require specific tissue engineering strategies. Here we
analyse a cells-biomaterials strategy to overcome the obstacles limiting axon
regeneration in vivo, based on the combination of a hyaluronic acid (HA) single-channel
tubular conduit filled with poly-L-lactide acid (PLA) fibres in its lumen, with pre-
cultured Schwann cells (SC) as cells supportive of axon extension. The HA conduit and
PLA fibres sustain the proliferation of SC, which enhance axon growth acting as a
feeder layer and growth factor pumps. The parallel unidirectional ensemble formed by
PLA fibres and SC tries to recapitulate the directional features of axonal pathways in the
nervous system. A dorsal root ganglion (DRG) explant is planted on one of the
conduit’s ends to follow axon outgrowth from the DRG. After a 21-day co-culture of
the DRG+SC-seeded conduit ensemble, we analyse the axonal extension throughout the
conduit by scanning, transmission electronic and confocal microscopy, in order to study
the features of SC and the grown axons and their association. The separate effects of SC
and PLA fibres on the axon growth are also experimentally addressed. The biohybrid
thus produced may be considered a synthetic axonal pathway, and the results could be

of use in strategies for the regeneration of axonal tracts.
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1. Introduction

Axon regeneration in the central nervous system (CNS) is severely restricted after
traumatic brain injury, stroke, spinal cord injury (SCI) and related conditions that
involve axonal disruption. In contrast, peripheral nervous system (PNS) axons can
regenerate in some cases allowing functional recovery when the damage involves a
relatively short distance [1,2]. After damage, CNS axons have an intrinsically limited
capability to regenerate and they are surrounded by a local inhibitory environment [3].
Moreover, the loss of neuronal populations and synaptic connections is most
irreversible due to the limited outgrowth capacity of mature neurons [4].

In axonal pathways, the axons form parallel bundles (in nerves in the PNS, in tracts in
the CNS). Therefore, approaches that facilitate axonal guidance are sought for the
regeneration of axonal pathways, both in the PNS and the CNS. Strategies for
promoting axon guided growth in vivo after injury include reversing the inhibitory
stimuli for axon growth [5], increasing intrinsic neural regenerative programs [6],
providing a substrate to guide axon growth [7], adding neural elements facilitating axon
growth [8], and cell transplantations. Cells transplants, in most cases, are limited to
local effects on the host's circuits without rebuilding the damage. For instance,
numerous attempts have been made to integrate various types of cells after SCI, like
neural stem/progenitor cells [9], oligodendrocyte progenitor cells [10] or Schwann cells
(SC) [11][12]. Transplantation approach has mostly shown poor or null ability to
rebuild damaged circuits and reinstating the cytoarchitecture of damaged or lost CNS
tracts [13]. However, Kumamaru and collaborators recently showed that grafted foetal
NPCs into the injured spinal cord adopt certain sensory and motor spinal interneuron
fate, which innervate to growing host damaged corticospinal tract recapitulating motor

domains without the need of additional exogenous guidance [14].



SC play an important role in neuroregeneration and protection in the PNS [15,16] and
are responsible for the myelination of axons. After injury, SC activate, divide, de-
differentiate and proliferate distally contributing to nerve repair [17]. SC are a source of
neurotrophic, angiogenic factors, and surface proteins that are involved in the
maintenance of normal nervous system function and the activation of an innate immune
response after injury [18], Their regenerative potential when transplanted in the CNS
has also been assessed [11,12,19]; after a phase I clinical trial, SC transplantation
proved to be safe, and there were no adverse effects due to the transplants, the surgery,
or the methods used for cell delivery. For these reasons, use of SC has been proposed
for regenerative purposes both in the PNS [20,21] and the CNS [22,23].

Tissue engineering approaches employing biomaterials emerged in order to improve
over the limitations of purely cell-based therapies. These approaches propose the
combination of natural or artificial nerve guidance conduits with cell transplantation
and/or growth factor delivery to facilitate guiding axonal regrowth [24]. A nerve
conduit should provide a suitable environment for neuron survival and axonal
extension, guide axonal projections, and mimic the biomechanics with adequate
mechanical properties [25]. Use of biocompatible scaffolds represents a benefit when
used as a vehicle with minimal tissue invasiveness in comparison with intra-
parenchymal transplantation approaches, conferring protection of the transplanted cells
against the hostile environment generated at the injury site [26].

Two different types of biomaterials were employed in the conduit scaffolds here
proposed: a HA hollow conduit and poly-L-lactide acid (PLA) microfibers in their
lumen [27,28]. HA is a hydrogel with good biocompatibility, biodegradability, and
therapeutic benefits on neuronal regeneration processes [29], and exhibits mechanical
properties similar to soft nervous tissues [30]. As previously shown [27,28], SC seeded

into crosslinked HA conducts with suitable diameters and wall pore structure filled



with PLA fibres were able to proliferate and self-organize into a continuous cylindrical
cell sheath spanning the whole distance of the conduit and cover the fibres [27]. The
present study builds on this finding exploiting the thus-produced SC structure as a
feeder layer for directed axon growth. PLA is a synthetic polyester with a long history
as a biomedical material due to its outstanding mechanical properties, biocompatibility
[31], and biodegradability [32]. PLA fibres raised interest as part of the tubular conduit
concept when allocated in the lumen [33,34] providing a support for cell adhesion,
migration and elongation in a guided way. As previously shown [35] HA conduits filled
with PLA fibres induced preferential neuronal differentiation of progenitor cells in vitro
and showed total biocompatibility and beneficial effects in vivo in a SCI model. Smaller
fibre diameters have shown better guided axonal growth effects than larger diameter
[36], and in our study we opted to employ PLA fibres of 30 um diameter.

The present study combines a nerve guidance conduit with supportive cells to overcome
the typical limitations of axon regeneration, and establishes an experimental model to
follow axon growth in vitro within the developed construct. A sequential methodology
was used:: first, we establish a SC culture within our HA-PLA conduit for a number of
days, and then we plant a dorsal root ganglion (DRG) explant at one end of the
conduitas a source of projecting neurons, thus locating the neurons at a single point and
recapitulating the in vivo situation of a lesion to some aspects. With the first SC culture,
a feeder-like structure is formed by the SC on the PLA fibres. Thus, when we cultured
the DRG explant on one end of the conduit, the growth of sprouting axons doesn’t have
to wait for migrating SC from the DRG explants, and this improves the velocity axonal
growth, also enhanced by the growth factors released by the pre-seeded SC in the HA-
PLA conduit. Axon extension from the DRG explant into the SC-seeded conduit was
then followed in time and characterized. We investigated the effects on the axon growth

of the presence or absence of the SC and the PLA microfibers in the HA tubular



scaffolds. This biohybrid construct proved effective in promoting directed axon growth,

and the results may thus be of interest for the goal of reconstructing axonal tracts.

2. Materials and methods

2.1. Cell source

Primary rat SC (P10301, Innoprot) expanded with SC Medium (P60123, Innoprot) were
employed at 4-5 cell passage for cell cultures in the materials. Sprague—Dawley rats
from Charles River and SD-Tg(GFP)2BalRrrc from Rat Resource & Research Center
(University of Missouri Columbia, Columbia, MO, USA) were used for DRG explants
dissection and were maintained following the National Guide to the Care and Use of
Experimental Animals (Real Decreto 1201/2005). After the sacrifice by decapitation,
whole DRG or DRG-GFP explants were dissected from the spinal column of neonatal
rats (P3-P4) and transferred into ice-cooled Dulbecco's modified Eagle medium
(DMEM; 11965118, Thermo Fisher Scientific) containing 10% foetal bovine serum
(FBS; 26140, Thermo Fisher Scientific), using a dissecting microscope to remove the

remaining nerves and connective tissue.

2.2. Preparation of hyaluronic acid conduits and hyaluronic acid conduit with poly-L-
lactic acid fibres

The synthesis of HA from Streptococcus equi (HA; 1.5-1.8 MDa, 53747, Sigma-
Aldrich) conduits was carried out as previously described [27,28]. Briefly, poly-g-
caprolactone (PCL, 19561, PolySciences) fibres of 400 um were extruded in Hater
Minilab and a polytetrafluoroethylene thin block with 1.5 mm-wide grooves with a
single PCL fibre of 400 um diameter was used as a mould for the conduits. 5% (w/v) of
HA was dissolved for 24 h in sodium hydroxide 0.2 M (SO0420, Scharlab). Then, the

HA was crosslinked with divinyl sulfone (DVS; V3700, Sigma-Aldrich) in a 9:10
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DVS:HA monomeric units molar ratio, and this solution was mixed and injected in a
mould. Later, the solution in the mould was lyophilised for 24 h (Lyoquest-85, Telstar).
Finally, the conduits were hydrated in distilled water, the PCL fibres were extracted,
and the conduits with a 400 um inner diameter, were cut to 6 mm length (HA hereafter).
In several conduits, 20 aligned PLA fibres of 30 um diameter and 10 mm length
(AITEX Textile Research Institute, Spain) were placed inside the lumen of the 6 mm
length conduits with the help of a needle, as a loose bundle of individual fibres. The
group constituted of conduit and PLA fibres inside was named HAf hereafter. Before
the seeding of the cells, the conduits were sanitised for 2h with 70° ethanol (ET0002,
Scharlab), then conduits were immersed in 50°, 30° ethanol and distilled water for 10
min, in order to prepare them for the culture and to eliminate the non-crosslinked DVS
to avoid the cytotoxicity of the unreacted residues. Finally, conduits were conditioned

overnight with culture medium (DMEM containing 10% FBS).

2.3. Céll culture and cell seeding within conduits

SC (P10301, Innoprot, Spain) (4-5 cell passage were grown in flasks until confluence at
37°C, 5% COgz, in SC medium (P60123, Innoprot, Spain). SC were seeded at a density
of 1x10° cells/conduit suspended in 3 pl of SC medium with Hamilton syringe (26236,
SGE Analytical Science), inserting the syringe at one end on the conduit, both in HA
and HAf groups. After 10 days of SC culture, DRG explants were placed in direct
contact with one end of the conduit and were then transferred into 48-well plates, which
was maintained with a specific DRG medium (Neurobasal medium, 21103049; D-
glucose 2mg/mL, G7021; L-glutamine 100X, 25030-024; 1% FBS; 1%
penicillin/streptomycin, 15140122; 2% B27 supplement, 17504044; 0,1% NGF,
13257019 (Thermo Fisher Scientific)) refreshed every 2 days until 21 additional days
counted from the moment the DRG was seeded. When indicated, in some experiments
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DRG-GFP explant were employed. In order to assess the different effect of the different
components of the construct, four different experimental groups were established: (1)
HA conduit with the DRG explant (named as HA+DRG), (2) the HA conduit with the
20 PLA fibres inside (HAf) with the DRG explant (HAf+DRG), (3) the HA conduit
seeded with SC (HA+SC) with the DRG explant (HA+SC+DRG), and (4) the HA
conduit with the 20 PLA fibres inside seeded with SC (HAf+SC) with the DRG explant
(HAf+SC+DRG). A schematic representation of the working groups is shown below

(figure 1).
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Figure 1. Experimental setup. Schematic cross-section representation of the different
experimental groups employed in work. In the groups with SC, SC were seeded and maintained
in the conduits for 10 days before the planting of the DRG, which was then cultured for another
21 days. In the left, groups before the seeding of DRG explant (HA, HAf, HA+SC, HA{+SC).
In the right, groups after the seeding of the DRG explant (HA+DRG, HAf+DRG,
HA+SC+DRG, HAf+SC+DRG). All groups were analysed at the experimental day 21 after

DRG seeding.

2.4. Scanning (SEM) and Transmission electron microscopy (TEM)



After culture, samples for SEM were washed in Phosphate Buffer Saline (PBS) 0.1M
and fixed in 3.5% glutaraldehyde (GA; 16210, Electron Microscopy Sciences) solution
for 1h at 37°C, post-fixed with 2% OsO4 (Electron Microscopy Sciences) and
dehydrated. Later, conduits were processed in a critical point dryer (critical point
values: 328C, 1100 psi). The conduits were cut longitudinally to expose their internal
lumina and coated with an ultrathin layer of gold and observed at an acceleration
tension of 10 kV in a scanning electron microscope (Hitachi S-4800, EE.UU.).
Regarding TEM, samples were washed in PBS 0.1M and fixed in 2% paraformaldehyde
(PFA; 47608, Sigma-Aldrich)-2.5% GA solution for 5h at 37°C, post-fixed with 2%
OsO4 (19100-19134, Aname) and dehydrated in a series of ethanol solutions of
increasing concentration. Later, conduits were stained with 2% uranyl acetate (22400,
Electron Microscopy Sciences), embedded in araldite resin (A3183, Sigma-Aldrich) and
allowed to solidify at 70°C for 72h. The conduits embedded in araldite resin were cut
crosswise in semithin sections (1.5 um), stained with 1% toluidine blue (89640, Sigma-
Aldrich) and sections of interest were detached from the glass-slides by repeated
freezing and thawing in liquid N2. Selected sections were further sectioned with and
ultramicrotome (Leica EM UC6, Leica, Spain) to obtain ultrathin sections (50-60 nm).
The proximal, medium, and distal part of each conduit were visualised and studied with
a transmission electron microscope (FEI Tecnai Spirit G2, EE.UU.). Quantification of
the number of axons at the proximal and distal part of HAf+SC+DRG was performed

employing representative TEM images with a common area.

2.5. Saining and immunocytochemistry
SC seeded for 10 days were characterised with by Coomassie staining. The samples
were rinsed with PBS 0.1M and fixed in 4% PFA for 20 min. The cells were then

stained in a 0.2% solution of Coomassie brilliant blue R250 (1125530025, Sigma-



Aldrich) in methanol:acetic acid:distilled water, 46.5:7:46.5 (v/v/v) (320390, A6283,
Sigma-Aldrich) for 1h and rinsed several times in distilled water. The structure formed
by the SC inside the lumen were extracted cutting the conduits and images were
acquired with a Nikon Eclipse i80 microscope (EE.UU.). Glial and neural population
and neurite outgrowth were identified analysing the expression of different markers by
immunofluorescence with confocal laser scanning microscopy: neuron-specific class I1I
B-tubulin (Tujl; neurons), myelin basic protein antibody (MBP; glial cells and myelin
membrane), S100 calcium-binding protein antibody (S100; glial cells), growth
associated protein 43 (GAP43; growth cones), p75 NGF receptor antibody (p75; glial
marker), and neurofilament heavy polypeptide antibody (NF; neurons). For confocal
microscopy, the conduits were rinsed thoroughly with PBS 0.1M and fixed in 4% PFA
for 20 min. Cells were permeabilised and blocked with 0.1% Triton X-100 (T8787,
Sigma-Aldrich), 10% FBS in PBS 0.1M for 2h. Conduits were then incubated at 4°C
overnight with primary antibodies in PBS 0.1M with 0.1% Triton X-100 and 10% FBS:
mouse monoclonal TuJ1 (1/300; MO15013, Neuromics) and MBP (1/400; ab62631,
Abcam); rabbit monoclonal GAP43 (1/400; ab75810, Abcam) and p75 (1/200; ab52987,
Abcam); and rabbit polyclonal NF (1/800; ab8135, Abcam) and S100 (1/200; S2644,
Sigma-Aldrich). Secondary antibodies, goat anti-mouse IgG Alexa Fluor® 488 and 633
and goat anti-rabbit IgG Alexa Fluor® 488 and 633, and ActinRed™ 555
ReadyProbes™ Reagent (2 drops/ml; Thermo Fisher), in PBS 0.1M with 0.1% Triton
X-100 and 10% FBS were used for a further 2 hours of incubation at room temperature
in the darkness at 1/200 (A28175, A-21052, A-11008, A-21070; Thermo Fisher
Scientific, respectively). Afterwards, samples were incubated with DAPI in PBS 0.1M
(1/5000; D9564, Sigma-Aldrich) during 10 min to stain nuclei. As a negative control,
there was no primary antibody in the reaction before the secondary antibody was added.

Previous published studies employ specific SC and DRGs markers, and the most
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commonly used are MBP [37,38], p75 [37,39], S100 [40,41], GAP43 [42,43], NF
[44,45], and III B-tubulin [35,46]. It was necessary to make a longitudinal cut of the
conduits before performing the immunocytochemistry assay to obtain a complete view
of the lumen before using a confocal microscope (LEICA TCS SPS5, Leica
microsystems, Spain). In some samples, it was necessary to take off the PLA fibres to
take images of the whole length of the PLA fibres after removing the HA conduits. The
confocal images were processed with an overlay to make a reconstruction of the total
length of the conduits. Neurite length on conduit and fibres were measured in the
reconstruction of the confocal fluorescent images using Image J software (using three

independent replicates (n=3) of each studied group).

2.6. Satistical analyses

Each experiment was performed at least four times unless otherwise noted. For all the
experiments, three independent replicates (n=3) of each studied group were employed.
Data were expressed as mean + standard deviation (SD). The Shapiro-Wilk test was
used to confirm the data normality on GraphPad Prism 8. Results were analysed by t-
student test on normal data and Mann-Whitney test in the opposite case. A 95%
confidence level was considered significant. An asterisk * indicates statistically

significant differences, indicating a p-value below 0.05.

3. Results

3.1. Schwann cells seeded inside the lumen of hyaluronic acid conduits generate an
internal Schwann cell sheath

We seeded rat SC in the lumen of the conduit and cultured them for 10 days (figure 2).
The SC formed a tight cell mantle with a consistency that kept them together so that it

could easily be detached from the channel’s surface and taken outside, as seen in the
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figure 2(a), stained in blue with Coomassie. The consistency of this SC sheath structure
allows its folding without breaking, as can be seen on figure 2(a), where the more
intensely coloured regions correspond to overlapped crimped parts of the length of the
cell cylinder. The SC cylindrical sheath-like tapestry spans continuously to the whole
length of the internal lumen (figure 2(b), blue), composed by several layers of cells that
contact tightly. These cells presented elongated nuclei, lax chromatin, and
homogeneously distributed organelles in their cytoplasm (figure 2(c)). These cells also
presented notable cell contacts which were particularly strong compared to surrounding
areas. Although these were not typical junctional complexes, a thickened cell membrane
could be observed due to higher density of electron-dense material (supplementary

figure 1).

HA+SC

Figure 2. Schwann cells grown inside the hyaluronic acid conduits. (a) Bright field
photograph of an entire and wrinkled SC sheath in a culture dish after having been extracted
from the HA conduit. The cell cylinder is stained with Coomassie brilliant blue R250. (b)
Scanning electron microscope image from a longitudinal cut, dividing the HA+SC conduit into

two parts, at day 10 of culture. The SC form a continuous sheath coating the inside surface of
12



the HA conduit’s lumen, which presents a smooth surface (arrow), here blue-coloured for the
sake of contrast with the material of the conduit’s wall, whose porous structure can be clearly
seen (stars). (c) Transmission electron microscope image from a transversal section of the SC
sheath in the HA conduit for the same culture time. Asterisks indicate the different cell layers

that form the SC sheath. Scale bar: 100 um (a, b), 1 um (c).

3.2. Pre-seeding of hyaluronic acid conduits with Schwann cells improves axonal
extension after 21 days culture of dorsal root ganglion explants

The postnatal P3-4 rat DRG explants were cultured for 21 days at one end of the HA
conduit without (figure 3(a), 3(c), 3(d)) and with (figure 3(b), 3(e)-3(h)) pre-seeded SC
cultured for 10 days in order to study the influence of the SC on the axonal extension
from the DRG explant. Groups HA+DRG and HA+SC+DRG showed significant
differences in what refers to axon outgrowth. Figure 3(a) and 3(b) are macroscopic
images of both kinds of samples, post-fixed with OsO4 to have the cellular content
stained in black for better visual identification. Both samples show the DRG at the ends
(indicated with a white arrow), but only the channel of sample HA+SC+DRG appears
black-stained. Cells coming from the DRG had not appreciably penetrated the HA
conduit in group HA+DRG. This was further verified in longitudinal cuts (figure 3(c))
and with confocal fluorescent images showing the axonal outgrowth immunostained
with Tuj 1 in green (figure 3(d), 3(e)). In the group HA+DRG without SC the DRG
explant maintained its original rounded shape without axonal growth out of the DRG
explant, without showing signs of cytotoxicity, so the axonal extension could not be
quantified. In contrast, the group HA+SC+DRG with pre-seeded SC showed an axonal
extension (0.66 £ 0.01 mm) in a significant way, though without any preferred
directionality (figure 3(e)). A cross-section normal to the lumen’s axis of the

HA+SC+DRG conduit was analysed by bright field microscopy after toluidine staining
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and by TEM (figure 3(f)-3(g)). Figure 3(f) and 3F’ show the compact and continuous
SC layer resting at the internal surface of the lumen without adhesive contacts to the
conduit substrate (SC sheath indicated with an arrow and HA conduit indicated with a
star). As previously, the TEM images showed the tight multilayer SC sheath now also in
the HA+SC+DGR conduit (figure 3(g)). Figure 3(h) shows that the SC in the
HA+SC+DRG sample possess a well-organized cytoskeleton distribution without
picnotic nuclear bodies, indicating a good tolerance of the SC to the DRG growth
medium after 21 days of culture. In fact, the SC sheath that appeared here is similar to
the SC sheath after 10 days of SC culture (figure 2(b)) being continuous and coating the
entire lumen, and the transversal section (figure 3(g)) is also like that in a 10-day SC

culture with SC growth medium (figure 2(c)).
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HA+DRG

HA+SC+DRG

Figure 3. Influence of pre-seeding Schwann cells on cell invasion of the conduit by dorsal
root ganglion (DRG) cells after 21-day DRG culture. Macroscopical view of hydrated (a)
HA+DRG and (b) HA+SC+DRG conduits and (c) bright-field photograph of a longitudinal
section of HA+DRG conduit post-fixed with OsO4 (cells stained in black) showing the DRG
explant in one end of the conduit indicated with a white arrow. Confocal fluorescent image
showing the longitudinal section of (d) HA+DRG and (e) HA+SC+DRG conduits after nuclear
staining with DAPI (blue) and neuronal staining with Tuj 1 (green). (f) Bright field photograph

of the transversal section of HA+SC+DRG conduit showing Toluidine blue staining of SC in
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the internal lumen of the sample and a detail (f*) of the SC sheath (indicated with an arrow). The
porous structure of HA is indicated with a star. (g) Transmission electron microscopic image
from a transverse section of the SC sheath in the HA+SC+DGR conduit for the same culture
time. Asterisks indicate the different layers that form the SC sheath. (h) Confocal fluorescent
image of a longitudinal section of HA+SC+DRG after nuclear staining with DAPI (blue) and F-
actin of SC staining with ActinRed™ 555 ReadyProbes™ Reagent (red). Dash lines delimit the
conduit’s lumen: black for samples before the longitudinally cut and white for longitudinal
sections (a, b, c, d, e). Scale bar: 1 mm (a, b), 200 um (h), 100 um (c, d, e, f), 1 um (f’), 1 um

(@)

3.3. Schwann cells coat poly-L-lactic acid fibres while still making the sheath-like
structure at the hyaluronic acid lumen’sinner surface

HAf samples, of HA conduits filled with PLA fibres, were seeded with SC and cultured
for 10 days as previously shown. Longitudinal and transversal cuts of these HAf+SC
samples were analysed with confocal fluorescent, SEM and TEM microscopies (figure
4). Images of a longitudinal section of HAf+SC after nuclear staining with DAPI and
glial staining with S100 in the lumen show that the presence of PLA fibres in the lumen
did not hinder the formation of the SC sheath at the conduit’s lumen surface (figure
4(a)), being similar to the SC sheath formed in conduits without fibres (figure 2(b)). SC
attached to and grew on the PLA fibres too, and completely covered them (figure 4(b),
4(c)). SC on PLA fibres acquired elongated shapes oriented in the direction of the PLA
fibre axis (figure 4(c)), which contrasts with the rounded and flattened SC shape that
have the cells in the SC sheath (figure 4(a)). The cells coat so densely the fibres, that
individual cells connect one PLA fibre to another, making the cell-fibre bundle into an
aggregate unit (figure 4(c)). Bright field photograph of the cross-section of HAf+SC
conduit (figure 4(d)) shows toluidine blue staining of SC surrounding the PLA fibres

and, in detail (figure 4(e)), we could see how SC embrace two PLA fibres (indicated
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with f). The TEM image of the HAf+SC conduit shows the tight packing of the SC on

the fibres’ surface (figure 4(f)).

HAf+SC

Figure 4. Schwann cells distribution inside the hyaluronic acid conduits with poly-L-lactic
acid fibres. Scanning electron microscopic image from a longitudinally cut of the SC tubular
sheath in the lumen (a) and PLA fibres (c) of HAf+SC after 10 days of SC culture. (b) Confocal
fluorescent images of a longitudinal section of HAf+SC after nuclear staining with DAPI (blue)
and glial staining with S100 (red) in PLA fibres for the same culture time. (d) Bright field
photograph of the transversal section of HAf+SC conduit showing toluidine blue staining of SC
surrounding the PLA fibres and a detail (e) with two fibres. (f) Transmission electron
microscopic image from a transverse section of HAf+SC showing SC encircling a PLA fibre.
The star indicates the HA, the f indicates a PLA fibre and asterisks indicate the different layers

of SC. Scale bar: 100 um (a, d), 50 um (b), 10 um (c, e), 500 nm (f).

3. 4. Schwann cells together with poly-L-lactic acid fibres induce directed axon
outgrowth from one end to the other of the conduit

DRG explants were cultured for 21 days on one extreme of conduits with
(HAf+SC+DRG) and without (HAf+DRG) pre-seeded SC for 10 days, as explained

above, to study the influence of aligned PLA fibres on the axonal growth. The DRG
17



explants attached faster and remained at the end of the conduit more consistently than in
the HA group, where it was not infrequent that the explants detached in contact with the
culture medium. Macroscopical observation of the entire conduits post-fixed with OsO4
(cells stained in black) shows higher cell density throughout the lumen of
HAf+SC+DRG (figure 5(c)) than in HAf+DRG (figure 5(a)) conduits. Confocal
fluorescent reconstructions in figure 5(b) and 5(d), completely spanning the whole
length of the PLA fibres after removing the HA conduits, show a nuclear staining with
DAPI (blue) and neuronal staining with Tuj 1 (green). The DRG projecting axons fully
invade the lumen of the HAf+SC+DRG conduit (figure 5(d)). In the absence of SC
(HAf+DRG group), fewer axons were identified (figure 5(b)). A closer look at the fibres
of the HAf+SC+DRG constructs shows that the projecting axons stained with Tujl
(green; figure 5(e)) and the SC stained with p75 (red; figure 5(f)) closely co-exist
(figure 5(g)). In the HAf+DRG group, axons elongated through the lumen reaching a
length of 1.97 + 0.82 mm (figure 5(b)), a longer extension than in the HA+DRG (figure
3(c)) and HA+SC+DRG groups (figure 3(h)) groups. The outgrowth found in HAf-
DRG group was also more ordered. In the case of the HAf+SC+DRG group, after the 21
days of DRG explant culture, all the analysed specimens showed axons reaching the
opposite end of the HA conduit (6 mm) and even exceeding this length growing on the
fibres that showed out of the conduit (figure 5(d)). The elongation of axons that could
be thus measured reached 7.52 £ 0.71 mm. As fibres protrude at both ends of the HA
conduit, axons extended all through the fibres’ length, even without the HA enclosure.
In the presence of SC, figure 5(d), axonal growth is ordered parallelly on the SC-coated
fibres, in the direction of the fibre axis (figure 5(d), 5(e)-5(g)). The SC coating the fibres

served as guiding support of the axons all along the whole length.
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HAf+DRG

HAf+SC+DRG

Figure 5. Cell distribution and axon growth in hyaluronic acid conduits with poly-L-lactic
acid fibres after 21 days. Macroscopical view of hydrated (a) HAf+DRG and (c)
HAf+SC+DRG conduits post-fixed with OsOs (cells stained in black) showing the DRG explant
at one end of the conduit. Representative confocal reconstruction of the conduit’s complete
length of (b) HAf+DRG and (d) HAf+SC+DRG conduits, after nuclear staining with DAPI
(blue) and neuronal staining with Tuj 1 (green). Confocal fluorescent image of a longitudinal
section of HA+SC+DRG after (e) nuclear staining with DAPI and Tuj 1 in green, (f) DAPI and
glial marker p75 in red and (g) merge. Dash lines delimit one PLA fibre. Scale bars: 1 mm (a,

¢), 100 um (b, d), 20 um (e, f, g).

GAP43 was employed to trace the active axon outgrowth along the HAf+SC+DRG
conduits (figure 6(a) and 6(b); green). The axon growth cones ultrastructure was
analysed by TEM. Figure 6(a) shows a confocal reconstruction of the conduit’s
complete length, made from a series of confocal fluorescent images of longitudinal
sections of a HAf+SC+DRG conduit and also a detail (figure 6(b)) for GAP43
immunostaining showing a continuous and abundant staining along the entire axonal

projections. We could confirm the presence of growth cones along the entire length
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thanks to the TEM images, showing growth cones at the proximal (figure 6(c)) and
distal (figure 6(d)) transversal sections of samples. Growth cones (indicated with an

asterisk) appeared located between other axons (AX) and glial processes (SC) (figure

6(b), 6(c)).

HAf+SC+DRG

Figure 6. Axonal outgrowth trace in HAf+SC+DRG group. (a) Representative confocal
reconstruction of the conduit’s complete length of longitudinal sections of HAf+SC+DRG
conduit and (b) a detail, after nuclear staining with DAPI (blue) and growth cones staining with
GAP43 (green). (c, d) Transmission electron microscopic images from a transverse section of
the HAf+SC+DRG conduit showing SC (indicated with SC), axons (indicated with AX) and
growth cones (indicated with an asterisk). Scale bars: 100 um (a), 50 um (b), 500 nm (d), 200

nm (c).

3.5. Different cells from the dorsal root ganglion explant migrate and coexist with the
pre-seeded Schwann cells within HAf+ SC+DRG

Besides the axon outgrowth from the DRG explants, different cells can migrate from
DRG explants such as SC and fibroblast. To identify these, a DRG-GFP explant was
used in the experiment. Figure 7 shows that GFP+ cells are present within the
HAf+SC+DRG samples after 21 days of DRG explants culture. Red-stained S100+ SC

coexist with green-stained GFP+ cells stemming from the explant all along the entire
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length of the samples, on the lumen’s surface of the conduit and on the PLA fibres
(figure 7(a)). TEM images of transversal cuts revealed a large number of cells that
appeared to be fibroblasts (marked with an asterisk on figure 7(b)). Fibroblasts appear
as thin cells, elongated nuclei and condensed chromatin, with a developed rough
endoplasmic reticulum and caveolae. In the direct neighbourhood, many collagen fibres,
typically found in these cells, were observed (indicated with arrows on figure 7(b)).
Besides fibroblasts, SC migration from the DRG explant into the conduit could also be
ascertained by the co-localization of both markers (S100 red and GFP green, giving rise

to the yellow colour in the merged image shown in figure 7(a)).

HAf+SC+DRG

Figure 7. Coexistence of pre-seeded Schwann cells and dorsal root ganglion-GFP explant
cells in HAf+SC+DRG group after 21 days. (a) Confocal fluorescent image of a longitudinal
section of HAf+SC+DRG conduit, after immunostaining showing S100 glial marker (red) and
DRG-GFP explants cells (green). (b) Transmission electron microscopic image from a
transverse section of the HAf+SC+DRG conduit showing fibroblast. An asterisk indicates

fibroblast and arrows indicate collagen fibres. Scale bar: 20um (a), 1um (b).
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3.6. Ultrastructural analysis of HAf+SC+DRG shows Schwann cells surrounding
unmyelinated bundles of well-preserved axons

We performed an ultrastructural analysis to gain a general sight of the distribution and
interaction of the cells inside the HAf+SC+DRG samples after 21 days of DRG explants
culture. Figure 8(a) presents a sketch of the sections analysed in TEM. In all proximal
(figure 8(b)), medium (figure 8(c)), and distal (figure 8(d)) sections SC could be found
surrounding a number of unmyelinated bundles of well-preserved axons. The cross-
sections of the axons had the expected cytoplasmic contents of microtubules and
neurofilaments), as can be seen in figure 8(e). Also, SC had the normal morphology and
structure seen in other in vitro studies [47]. Some SC enclosed scattered single axons
(figure 8(e)). In some larger bundles, a cytoplasm-rich large SC revealed a complex
interaction with the axons by extending several cytoplasmic processes that seemingly
subdivided the axon bundle into smaller groups (figure 8(b), 8(c)). All these events were
found over the entire length of the conduits. We found that the diameter of the axons
was approximately the same along the entire length of the conduit, being <3 um.
Immunostaining for neurites with NF marker (figure 8(h)) and for myelinating SC with
MBP marker (figure 8(g)) revealed the association of both cell types again (figure 8(i)).
Although the MBP marker is associated with myelinating SC, in the TEM images
(figure 8(b)-8(e)) the characteristic structures belonging to the myelin sheath, an
electron-dense multi-layered covering around the axons, were not observed.
Mpyelinization in vitro must be induced with different protocols [48,49], so it wasn’t

expected to occur in our experiments.
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Figure 8. Cell ultrastructure in the HAf+SC+DRG group. (a) Sketch of the locations of the
proximal (b), medium (c) and distal (d) cross-sections (normal to conduit axis) taken for
transmission electron microscopy (TEM). TEM images of the HAf+SC+DRG conduit at (b)
proximal, (c) medium and (d) distal sections. (e¢) Representative TEM image from a cross-
section showing a SC (indicated with SC) and an axon (indicated with AX) with its cytoplasmic
content of microtubules (indicated with mt) and neurofilaments (indicated with nf). (f)
Quantification of the number of axons at the proximal and distal sections of the conduit.
Confocal fluorescent image of a longitudinal section of HAf+SC+DRG after (g) nuclear
staining with DAPI in blue and myelinating SC marker MBP in green, (h) DAPI and neurites

marker NF in red and (i) merge. Scale bars: 200 nm (a, c, d, €), 50 um (g, h, 1).
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4. Discussion

A cells-biomaterials biohybrid construct has been designed to enhance regeneration of
axon tracts that mimics in vitro aspects of the the in vivo physiological situation
produced during neural regeneration. Major findings were: 1) The tubular scaffold made
by crosslinked HA acts as a template for the development of a SC sheath and can act as
a physical shelter in case of cell transplantation, 2) on the PLA fibres the cultured SC
form a cover that acts as a directional feeder layer for the axonal extension, 3) the
presence of these SC is necessary for a more efficient axon outgrowth, 4) This conjoint
association of SC and PLA fibres induces the in vitro formation of parallel bundles of
SC plus axons arrangements that recapitulate the directional features of axon tracts..
These findings prove that both biomaterial cues with different roles and a supportive
cell supply are necessary together. Our in vitro model, having the neuron somas fixed at
one end of the construct, permits an evaluation of the process of directed axonal
extension from one fixed point to another distant one. These results may be relevant
both for the in vitro engineering and the in vivo regeneration of axonal pathways in PNS
and CNS.

The in vitro experimental model keeps the DRG explant at one fixed end of the HA
construct. In this way, it allows a study of the kinetics of asymmetric axon growth along
the direction supplied by the fibres, in a way that shares some features of physiological
situations in which axons outgrowth starts from a spatially fixed neuronal population
(proximal neurons in PNS or substantia nigra in the case of the nigrostriatal tract in
CNS). We used the DRG explants in the model since they are a source of projecting
neurons that we could easily place at a desired specific point, in contrast to other studies
where the DRG explants are let to grow in different directions [46,50-52].

The pre-seeded SC cultured for 10 days within the HA conduits developed the sheath-

like continuous cell structure (figures 2(b) and 4(a)) on the inner surface of the lumina
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previously met in studies [27,28], and grew continuously covering the PLA fibres
(figure 4(b), 4(c)). The SC sheath had enough integrity and resisted separate
manipulation as a unit, so that it could be easily detached and extracted from the conduit
(figure 2(a)). The more elongated shape of the SC on the fibres (figure 4(c)) as
compared with their more rounded shape (figure 4(a)) in contact with the HA surface
indicates the sensitivity of these cells to the radius of curvature (much greater in the
case of the HA lumen surface than in the case of the PLA fibres). Moreover, the
formation of these differing types of cellular structures is explained by the highly
hydrophilic nature of HA, which allows only for a weak cell adhesion to its surface
[53], and the much more cell-adhesive properties of PLA. In this way, the HA conduit
acts as a template of the SC sheath but not as an attaching substrate: the HA-SC bond is
weaker than the SC-SC bonds, and thus proliferation of the SC leads to an integral one-
piece self-assembled SC sheath. In contrast, the SC bind more strongly to the
hydrophobic PLA fibres remain adhered on them. PLA fibres, being more hydrophobic,
allow the adsorption of ECM proteins [54], and this causes a better adhesion of SC via
integrins, generating focal adhesions that promote cell survival. Integrins directly
activate survival pathways via the phosphoinositide 3-kinase and mitogen-activated
protein kinase pathways [55]. Hence, SC morphology and adhesive response is
decisively influenced both by the different HA or PLA chemistries and also by the
curvature radius [36].

Moreover, the fact that PLA is adherent favours cell migration compared to other
substrates [56]. So, PLA fibres are a physical support for SC, which colonize their span
efficiently. The number of PLA fibres placed in the lumen occupy a volume that
represents around an 11% of the channel’s total volume. This figure is much less that
the percentage reported as a inhibiting regeneration within conduits (15-30%) [57]. The

SC attached on the PLA fibres associated in an elongated fashion that resembles
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microarchitectures such as the Biingner bands formed by SC strands that selectively
guide growing axons containing growth-promoting molecules like glycoproteins,
laminin and fibronectin [18]. The strategy of creating tubular implants with artificial
Biingner bands is something that has been explored previously [58,59], but here we
grew SC without any surface functionalization.

The pre-culture of the SC inside the tubular conduit with PLA fibres presents two
advantages with regard to the axon growth. Once the DRG are in place, sprouting axons
from their neuron somas do encounter an already-made SC feeder layer all along the
fibre component of the conduit, and thus do not have to ‘wait’ for accompaniment in
their growth of migrating SC from the DRG itself; as previously pointed out [40,60], SC
first migrate and then the axons grow and extend on top of the SC. Second, the pre-
seeded SC in high numbers within the lumen space contribute with bioactive factors
(like BDNF, NGF, NT-3, GDNF, and VEGF) that are already concentrated in the lumen
to be colonized, thanks to the HA conduit.

Although there are studies of axon growth within tubular structures, and also studies
employing co-cultures, no study had previously considered this sequential process and
its effects on long-term axonal growth inside a tubular conduit with microfibres inside.
Chemotactic stimuli secreted by the SC within the conduit together with the presence of
the PLA fibres made axons in HAf+SC+DRG group sprout from the explant, extend
along the fibres, and reach the end of the tube with a total axonal extension of 7.52 +
0.71 mm by the end time of the experiment (21-days) in all specimens (figure 5(d)). So,
the differences between HAf+DRG group, where the axonal growth was discrete, and
HAf+SC+DRG group must most probably lie in that the growing axons of the
HAf+SC+DRG group do not have to wait for SC migrating from the explant, the SC are
already there, and the sprouting axons find larger concentrations of neurotrophic factors

in the conduit [40,60]. This difference of both experimental groups stresses the
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importance of a rich supply of auxiliary cells (here SC) in aiding and potentiating the
regeneration possibilities innate naturally in neurons. In contrast to works that employ
tubular constructs with a gel filler in the lumen [59,61], our concept critically makes use
of both the PLA fibres and the SC. They proved to be effective both in promoting and
guiding the axon growth through topographical cues (supplied by the fibres) and
biochemical signals contributed by the SC. SC without PLA fibres exerted a positive
but discrete effect on axonal growth (experimental group HA+SC+DRG, figure 3(e)).
Fibrillar structures have been seen to improve neural regeneration [33,34], and in our
work, they lent support to the proliferative capacity of the pre-seeded SC and other cells
migrating from the DRG explant [47], and guided their colonization partly thanks to
PLA’s cell-adhesive properties. This adhesiveness of PLA was advantageous not only
for the axonal extension but also for keeping the DRG stably positioned at one end of
our constructs at the beginning of the experiments (figure 3(a) and 3(b)).

In humans, axon growth rate during peripheral nerve regeneration can reach 1 mm/day
[62], and this rate is significantly reduced in the CNS [63]. DRG axons grow with rates
between 130 and 300 um/day in vitro [64]. In the present work, we can estimate the
axonal extension rate achieved in vitro to lie between 350 and 400 um/day, a value
obtained by dividing the maximum length reached at day 21 by axons through that time.
It must be born in mind that this figure represents a lower bound for the actually
occurring growth rate since we cannot know whether axons had covered the maximum
length of our conduits already before day 21. Considering that the most effective
implantable medical devices for functional regeneration currently do not exceed rates of
0.5-1 mm/day [65], our biohybrid construct compares favourably with those types of
devices.

Axons growing in our HAf+SC+DRG samples had growing neurites, as evidenced by
the appearance of growth cones stained with GAP43 (figure 6). SC aligned in the PLA
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fibres could intervene in the extension of the growth cone of the axon pathfinding,
which is responsible both for the neuronal circuitry development in the brain [66], and
for the regrowth of damage axonal tracts after an injury or disease [67]. It is the growth
cone that recognises the molecular cues present in the environment and integrates the
information to determine the pathway the growing axon will take by the structural
reorganization of the F-actin and microtubules, which modified different intracellular
pathways that results in the formation of focal adhesions in the growth cone during
axonal extension [68] due to the recognition of cell external adhesion molecules
expressed by glial cells such as SC [69]. In vitro, DRG adhesion is a prerequisite for
neurite extension, and the PLA has demonstrated to serve as a substrate for cells and
also ECM proteins [70]. GAP43 is a neuron-specific, membrane-associated
phosphoprotein and the most abundant proteins in neuronal growth cones [71].
However, this protein is not confined to neurons but is also expressed by glial cells like
SC precursors and in mature non-myelin-forming SC [72]. So, fluorescence images
presented here could show these different cell types (figure 6(a), 6(b)). However, it
could be confirmed that there are growth cones along the entire length thanks to the
TEM images (figure 6(c), 6(d)), similar to other authors results [63].

As previously mentioned, SC surrounded unmyelinated bundles of well-preserved
axons (figure 8(b)-8(e)), extending cytoplasmic processes that embraced and subdivided
the axon bundles. These axons presented a typical cytoplasmatic content of
microtubules (mt) and neurofilaments (nf). Figure 8(f) shows a rough quantification of
the number of axons at the proximal and distal section using TEM images. This
quantification is not representative of what happens throughout the section, it should be
understood as an approximation, since we have not monitored the intermediate zone of

the conduits. Approximately 21% of the axons we count at the beginning of the conduit
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reach the end of the 6 mm conduit after 21 days of DRG explant culture, understanding
this percentage as extrapolated data from the quantification of TEM images.

SC with myelinic potential were observed thanks to the MBP marker (figure 8(g), 8(1)),
although in the TEM images (figure 8(b)-8(e)) the characteristic structures of the myelin
sheath were not observed. Probably the absence of myelin was due to the insufficient
time in which the experiments are carried out for the myelination process to develop
[73]. It could be observed that the neurites were in contact with the SC (figure 5(e)-5(g))
and the way they appeared to extend throughout the cells resembles the neuronal
behaviour in vivo during regeneration when SC align longitudinally to form the bands of
Biingner that regrowing axons use to extend [58]. The ultrastructure of neurites and all
the neural tissue developed within the HAf+SC+DRG constructs after 21 days is similar
to an unmyelinated nerve in vivo, where SC interact with multiple small axons (<3 um),
resulting in non-myelinated nerve fibres formed by axonal bundles surrounded by SC
processes [74]. It remains hypothetical whether these structures would evolve towards
myelinated structures with a contribution of additional factors and with more time of
culture[48]. Altogether, these molecular-biological findings point to a process of axon
growth within our conducts that reproduces many features of the natural neural
regenerative process, recapitulating hallmarks for axonal pathfinding and cellular
organization for axonal tracts regeneration.

The results here presented firmly establish that synergistic effects provided by adhesion
and guidance cues of PLA fibres and feeder-like effects of SC grown on them greatly
improve the density of axon sprouting and the speed of asymmetrical axon growth from
a DRG explant along a desired direction in vitro. Future research must study longer
distances for axonal regeneration in order to confirm if this combination of PLA fibres
and SC confined in a tubular scaffold could overcome the typical limitations of this

regeneration.
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5. Conclusion

The results obtained suggest that the concept consisting of a tubular conduit of HA with
PLA fibres in its interior promotes retention and differential growth of the SC in the two
substrates (HA and PLA fibres), allowing a better axonal growth and constitutes a
structure that favours the axonal regeneration. The axonal growth takes place directedly,
guided by the PLA fibre bundle. This fact allowed the neuron somas placed on one end
project their neurites and reach the other end of the tube. The conjoint association of SC
and PLA fibres recapitulates directional hallmarks of axonal tracts and induces a more
efficient process of axon extension than either SC or PLA fibres per separate. Such
structures may represent a step towards the regeneration of injured axonal pathways like

nerves in PNS and neural tracts in CNS.
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