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ABSTRACT

Introduction: Forming a bridge made of functional axons to span the lesion is essential to reconstruct the
motor circuitry following spinal cord injury (SCI). Dorsal root ganglion (DRG) axons are robust in axon
growth and have been proved to facilitate the growth of cortical neurons in a process of axon-facilitated
axon regeneration. However, whether DRG transplantation affects the axon outgrowth of spinal motor
neurons (SMNs) that play crucial roles in motor circuitry remains unclear.
Methods: We investigated the axonal growth patterns of co-cultured DRGs and SMN aggregates (SMNAs)
taking advantage of a well-designed 3D-printed in vitro system. Chondroitin sulphate proteoglycans
(CSPG) induced inhibitory matrix was introduced to imitate the inhibitory environment following SCI.
Axonal lengths of DRG, SMNA or DRG & SMNA cultured on the permissive or CSPG induced inhibitory
matrix were measured and compared.
Results: Our results indicated that under the guidance of full axonal connection generated from two
opposing populations of DRGs, SMNA axons were growth-enhanced and elongated along the DRG axon
bridge to distances that they could not otherwise reach. Quantitatively, the co-culture increased the
SMNA axonal length by 32.1 %. Moreover, the CSPG matrix reduced the axonal length of DRGs and SMNAs
by 46.2 % and 17.7 %, respectively. This inhibitory effect was antagonized by the co-culture of DRGs and
SMNAs. Especially for SMNAs, they extended the axons across the CSPG-coating matrix, reached the
lengths close to those of SMNAs cultured on the permissive matrix alone.
Conclusions: This study deepens our understanding of axon-facilitated reconstruction of the motor cir-
cuitry. Moreover, the results support SCI treatment utilizing the enhanced outgrowth of axons to restore
functional connectivity in SCI patients.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Globally, there were estimated 6.2 million people living with
disability of spinal cord injury (SCI) in 2019 [1]. Traumatic SCI leads
to disruptions in the neural circuitry and results in refractory para-
or tetraplegia. Due to the limited capacity for self-repair in central
nervous system (CNS) neurons, patients with complete injuries
have a low chance to gain functional recovery. In the last decades,
replacement therapy based on stem cells (SCs) transplantation has
been shown to be capable of repairing the neural circuitry due to its
potential effect on connecting the injured proximal and distal ends
by differentiating into neurons [2,3].

In spite of the progress in cells transplantation, it still faces the
difficulty in long distance of axonal elongation, glial scar barrier and
local inhibitory environment, which ought to be carefully consid-
ered before the goal of functional connectivity can be achieved [4].
Numerous efforts have been undertaken to date targeting the
myelin associated inhibitors (MAIs) and receptors [4—6], inhibitory
components of the glial scar (e.g. chondroitin sulphate pro-
teoglycans, CSPG) [7,8], as well as pathological conditions (excito-
toxicity, lipid peroxidation, inflammation and edema, etc.) [9,10].
Furthermore, promoting neuromodulation (brain/spinal cord
stimulation strategies and brain-machine interfaces) [11],
screening and optimizing the candidates of cells and grafts [12,13]
have also been extensively investigated.

So far, SCs including mesenchymal stem cells (MSCs), induced
pluripotent stem cells (iPSCs), and embryonic neural stem cells
(eNSCs) have shown the ability to differentiate into neurons and
replace the damaged neural tissue [3,14,15]. However, the adverse
effects, such as immune rejection and tumorigenicity, are still of
major concerns. Neural cells derived from central or peripheral
nervous system such as schwann cells [16], olfactory ensheathing
cells (OECs) [17] and dorsal root ganglion (DRG) neurons [18,19]
have also been applied as candidates to reconstruct neural circuits.
DRG neurons served as a donor for SCI repair has not been fully
investigated. In our previous work, axons generated from DRG
neurons were robust in growth and have been proved to facilitate
the growth of cortical neurons (CNs) in a process of axon-facilitated
axon regeneration [20]. Further, DRG axons were mechanically
stretched and encapsulated in a collagen hydrogen to repair a SCI
model in rats with a 5 mm complete transection at the thoracic
level. The stretch-grown DRG axons in engineered grafts were
found to overcome the obstacle by penetrating into glial scar tissue
[21]. Overall, DRG neurons might be a favorable candidate for SCI
treatment.

Since there is still a lack of data showing whether DRG trans-
plantation affect the axon outgrowth of spinal motor neurons
(SMNs) that play crucial roles in motor circuitry, based on preced-
ing works, we hypothesize that axon outgrowth of SMNs can be
enhanced and guided by the extension of DRG axons; moreover, co-
culture of SMNs and DRGs is capable of overcoming the inhibitory
environment containing CSPG after SCI. Therefore, SMN axons were
studied by co-culturing with DRGs in a three-dimensional (3D)
printed co-culture system in the present work.

2. Materials and methods
2.1. Preparation of co-culture system by 3D printing technique

The co-culture system was designed for investigating the rela-
tionship of axonal growth between DRGs and SMNs. The process
consists of three steps: (1) Preparation of 3D printed negative
molds; (2) Polydimethylsiloxane (PDMS) casting with the molds in
a 6-well plate to form culture chambers; and (3) Preparation of 3D
printed channel/baffle plates matched with the chambers. Briefly,
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negative molds used for casting culture chambers were designed in
AUTODESK 123D Design software (Version2.2.14). Then the data
was imported into Print 3D software (Version3.3.791.0) in con-
trolling of the 3D printer (FORTUS 450mc, Stratasys, USA) to
perform the printing process. The printed molds were then placed
into a 6-well plate and perfused with PDMS mixed alcohol. Next,
the plate was transferred into a vacuum pump and vacuumized for
2 h. Followed by drying and curing at 50 °C for 8 h, molds were
removed and PDMS culture chambers were harvested. The prepa-
ration of the channel or baffle plates was similar to that of culture
chambers with slight difference in the step of removing the molds.
Poly (ethylene terephthalateco-1,4-cylclohexylenedimethylene
terephthalate) (PETG) and Polyvinyl alcohol (PVA) were used for
culture chambers and channel/baffle plates printing, respectively.
PVA is water-soluble and removed after soaking with distilled
water for 1 h. PDMS mixed alcohol was prepared at a ratio of 1:10
(curing agent to PDMS). The printing parameters were listed in
Table 1.

2.2. Isolation and culture of rat DRGs

All animal procedures in the study were carried out following
the guidelines for the Welfare and Use of Laboratory Animals and
approved by the Laboratory Animal Welfare & Ethics Committee of
Fujian Medical University. DRGs obtained from the spinal cords of
day-15 rat embryos (Fujian Medical University) were isolated as
described elsewhere [22]. DRGs were cultured in Basic Medium
(BM), which was formulated using Neurobasal medium supple-
mented with B-27 (2 %, Sigma—Aldrich), 1-glutamine (0.4 mM,
Invitrogen), glucose (2.5 mg/mL, Sigma—Aldrich), 2.5S nerve
growth factor (10 ng/mL, NGF, Gibco) and fetal bovine serum (1 %,
FBS, HyClone). Cytosine 1-B-p-arabinofuranoside (5 uM, Ara-C,
Sigma—Aldrich), 5-fluoro-2’-deoxyuridine (5-FdU) (20 uM, Sigma-
—Aldrich) and uridine (20 M, Sigma—Aldrich) were added into the
BM in the first 2 days. Starting from day 3, BM containing 20 uM 5-
FdU and 20 uM uridine was used for long-term culture.

2.3. Preparation of rat SMNs and SMN aggregates (SMNASs)

SMNs were prepared from day-14 embryonic rats as described
by Graber et al. [23]. Briefly, the spinal cords were isolated from the
embryonic rats, with dorsal root ganglia and meninges gently
removed. Then, the spinal cords were placed in a 15-mL conical
tube with 2 mL of trypsin solution for incubation in a 37 °C water
bath for 3 min, followed by trituration in 0.02 % DNase to obtain cell
suspension. Next, the cell suspension was layered in a 15-mL
conical tube containing 2 mL of OptiPrep as a density gradient
medium and the cells in the interface were collected, re-suspended
in L-15 medium (Gibco), and plated on panning dishes which were
previously coated with affinity-purified goat anti-mouse IgG in
Tris-HCl buffer at 4 °C overnight. The cells then were washed and
incubated with p75NTR antibody (Abcam ab6172, 1 pg/mL in PBS).
After immunopanning, panning dishes were gently washed to
remove those loosely attached cells. Adherent cells were collected

Table 1

Printing parameters.
Parameters Values
Filament diameter (FDM, mm) 1.75
Printhead temperature (°C) 190—-220
Printing platform temperature (°C) 70
Printhead movement speed (mm/s) 30
Needle inner diameter (mm) 0.3
Layer thickness (mm) 0.1




Z.-X. Xu, D. Xu, E Fang et al.

@ PDL (20 pg/mL )
@ PLM (1.67pg/mL)

@® PDL (20 pg/mL)
® PLM (1.67ug/mL)+CSPG
(2.5 pg/mL)

()
4

¥ DRG ©& SMNA

Regenerative Therapy 25 (2024) 68—76
(2 (3)
(5) (6)

permissive matrix inhibitory matrix

Fig. 1. Experimental groups for studying axon growth patterns of neuron aggregates cultured on the permissive or inhibitory matrix.

by trypsinization and centrifugation, then re-suspended by motor
neuron growth medium supplemented with brain-derived neuro-
trophic factor (BDNF, 10 ng/mL in final concentration, the same
below, Antigenix America), ciliary neurotrophic factor (CNTF,
Peprotech 450-13) and glial cell line-derived neurotrophic factor
(GDNF, Peprotech 450-10). An aliquot (10 uL) was used for counting.

SMN aggregates (SMNAs) were prepared as described previ-
ously [20]. The mold contains 9 square-based pyramids with a side
length of 4.0 mm slanted at a 60° angle. These pyramids are ar-
ranged in a 3 x 3 array. The mold is used to create PDMS templates

Design

4

3D printed mold

Design

3D printed mold

(with a ratio of 1:10 for the curing agent to PDMS) that can be
placed into a 12-well plate, which could serve as a micro-well array
that can force the formation of SMN aggregates by centrifugation.
After obtainment of the PDMS templates, spinal motor neurons
were diluted to 4.0 x 10° cells/mL, and 10 pL of suspension was
added into each micro-well, and then centrifuged at 1200 g for
5 min to fling SMNAs towards the base of each micro-well. The
plates were then cultured for 24 h at 37 °C in a humidified 5 % CO;
incubator to promote neuronal adhesion and SMN aggregates
formation.

Culture Chamber

B

Fig. 2. Schematic diagram of the procedure for preparation of co-culture system. (A) Sketch the negative mold in AUTODESK 123D Design software and print with the 3D printer,
followed by PDMS casting process in a 6-well plate to form the culture chamber. (B) Sketch the molds of channel and baffle plates in AUTODESK software and print with the 3D
printer, followed by PDMS casting process to form the channel and baffle plates. (C) Assemble the culture chamber with channel/baffle plates to form co-culture system.
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Fig. 3. A: The SMNs in dispersed culture on the 5th day (upper). 3D printed mold and PDMS template for SMNA preparation (lower left) and the RFP-transduced SMNA plated on the
3rd day (lower right). B: The cultured SMNs were immunofluorescently identified as positive for ChAT, Tuj1 and NeuN. C: Different degrees of axonal connections shown at two
populations of SMNAs plated at various distances. Robust axonal connections formed in 2 mm of distance (upper), a small number of axonal connections formed in 3 mm of distance
(middle) and no axonal connection was observed in 4 mm of distance (lower). Scale Bar: A, B: 100 pm C: 200 pm.

2.4. Co-culture of DRGs and SMNAs in vitro

Prior to the plating of DRGs, or SMNSs, the culture surfaces were
treated with 20 pg/mL poly-p-lysine (PDL, Sigma—Aldrich) for 2 h
and rinsed with culture water (Lonza, Walkersville, MD) 3 times,
and then treated again with 0.3 mL of 1.67 pg/mL human placental
laminin solution (PLM, Sigma—Aldrich). In addition, neurons were
transduced with enhanced green fluorescence protein (eGFP) or red
fluorescent protein (RFP). Adeno-associated virus vectors (AAVs)
including AAV1-hSyn-GFP (3.17 x 10> genomic copies per milli-
liter) and AAV1-hSyn-tdTomato (2.28 x 10'> genomic copies per
milliliter) that were used for transduction were provided by Vigene
Bioscience (Jinan, China). The concentration of AAVs included in
transduction medium was 1:2000 (V/V). After transduction for 24 h
at 37 °C in a humidified 5 % CO, incubator, the transduction me-
dium was entirely replaced with fresh medium.

With the aim of studying the growth relationship between DRG
and SMNA axons in vitro, two populations of SMNAs were plated at
a separating distance of 6 mm (a distance that SMNAs cannot
achieve axonal connections spontaneously) in axonal growth
channels, and transduced with RFP on the 3rd day. Twenty-four
hours later, the medium with AAVs was replaced with fresh me-
dium. On the 5th day, two populations of DRGs were plated outside
the SMNAs on both sides, and the co-culture system was then
transduced with eGFP and maintained up to 14 days for
observation.

71

2.5. Co-culture of DRGs and SMNAs in CSPG induced inhibitory
environment

To study how DRG axons affect the axon outgrowth of SMNs in
CSPG environment, neurons in culture were divided into six
groups: (1) DRGs cultured on the permissive matrix; (2) SMNAs
cultured on the permissive matrix; (3) DRGs and SMNAs co-
cultured on the permissive matrix; (4) DRGs cultured on the
inhibitory matrix; (5) SMNASs cultured on the inhibitory matrix; (6)
DRGs and SMNAs co-cultured on the inhibitory matrix (Fig. 1). The
permissive matrix was prepared with PDL and PLM in sequence as
above-mentioned. The inhibitory matrix was prepared with PDL
followed by coating with PLM (1.67 pg/mL) and CSPG (2.5 pg/mL,
CC117, Sigma—Aldrich) for 5 h and rinsing for 3 times. The cultures
were maintained for 1, 3, 5 and 7 days for observation of axonal
growth.

For distinguishing the axons extended from DRGs or SMNs in
the co-culture system, neurons were transduced with RFP or eGFP
respectively in advance, using the 3D printed culture chambers as
well as baffle plates mentioned above. In general, it takes 4—5 days
for the axons to exhibit distinguishable fluorescence under fluo-
rescence microscope. After co-culturing for the specific time (5 or 7
days), the neurons and axons in the same field of view were pho-
tographed under both green (532 nm) and blue (488 nm) excitation
wavelengths. Then, the axons extended from DRGs or SMNs
exhibited red or green fluorescence respectively. The lengths of
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Fig. 4. Axonal guidance study on a co-culture system of DRGs and SMNAs. Two populations of SMNAs (transduced with RFP) were plated at a distance of 6 mm and DRGs
(transduced with eGFP) were plated 5 days later on either side of the SMNAs (see sketch map in Fig. 41). Without the guidance of DRG axons, no axonal connection was achieved in
two populations of SMNAs plated at a distance of 6 mm (A). Comparatively, with the secondary plating of DRGs, SMNA axons extended to reach the opposing SMNAs (B) on account
of the full connection of DRG axons generated from the both sides (C). A tag-merged view of the region between SMNAs shows a parallel growth relationship between DRG and
SMNA axons (D). The magnified views of the regions in the center of A—D show the details of the axon outgrowth between two populations of SMNAs (E—H). White arrows indicate
the parallel growth relationship between DRG and SMNA axons. Scale Bar: A—D: 300 um; E—H: 100 pm.

axons were measurable individually by using Neuron] plug-in for
Fiji Image ] (version 1.51n, National Institutes of Health, NIH, USA).
For quantitative analysis, each neuron aggregate in specific group
was prepared in triplicate. Ten random axons from each of neuron
aggregate were chosen for measurement. Thus, a total of 30 counts
in each group (n = 3 per group) were included for analysis.

2.6. Immunohistochemistry

Neurons were cultured on coverslips and fixed for 15 min at
room temperature with 4 % paraformaldehyde. Afterwards, the
cells were incubated in PBS containing 0.5 % Trtion X-100 for 15 min
at room temperature to increase permeabilization, followed by
incubation in 10 % goat serum for 30min. Then, the rabbit anti-ChAT
antibody (Beyotime, AF6497, 1:500), mouse anti-neuron-specific
Class Il B-tubulin antibody (Tuj1, Covance, MMS-435P, 1:500), or
rabbit anti-NeuN (Proteintech, 26975-1-AP, 1:500) was added to
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the cell slides for incubation overnight at 4 °C, followed by incu-
bation for 30 min at 37 °C with Cy3-labelled goat anti-rabbit IgG (H
& L) (Beyotime, A0516, 1:500), Cy3-labelled goat anti-mouse IgG (H
& L) (Beyotime, A0521, 1:500) or Dylight 488-labelled Goat anti-
rabbit IgG (H & L) (Abcam, ab96883, 1:1000) as the second anti-
body, respectively. Then, the coverslips were incubated with DAPI
(Beyotime, C1005, 1:1000) for 10 min. At each step, slides rinsing
with PBS for 5 min (x3) was performed. Finally, the coverslips were
flipped onto a drop of mounting anti-fading media (Beyotime,
P0126, 1:1000) placed on a slide. The motor neurons were photo-
graphed by a Confocal Microscope (LSM780, Zeiss, Germany).

2.7. Statistical analysis

Statistical analyses were conducted using SPSS 19.0 (SPSS Inc.,
Chicago, IL, USA). Experiment data were presented as
mean + standard deviation. One-way analysis of variance (ANOVA)
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DRG+SMNA
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Fig. 5. Axon outgrowth on different matrixes. Compared to the neurons cultured on a permissive matrix in (A) (DRG) and (B) (SMNA), the axons in co-culture (the same matrix)
exhibited more robustness in axonal elongation and an obvious pattern of parallel growth relationship (C). Comparatively, the neurons cultured on the CSPG induced inhibitory
matrix showed the suppressed axon outgrowth of DRG (D) alone, SMNA (E) alone or in co-culture (F). The magnified views of the regions in C, F show the details of the DRG (red) (G,
I) and SMNA (green) (H, J) axons on the permissive (G and H) or inhibitory (I and J) matrix. The parallel growth relationship between DRG and SMNA axons was observed.

with the Fisher LSD post-hoc test was used for multiple group com-
parisons. Dunnett's T3 test was performed when variances were
unequal. A p value less than 0.05 was considered as statistically
significant.

3. Results
3.1. Co-culture system for neurons in vitro

As shown in Fig. 2, the culture chamber produced by PDMS was
8 mm in depth, 11 mm in width and 14 mm in length, with a
semicylindrical protrusion (2.0 mm of radius) in the center of each
long side to match the channel or baffle plates. The channel plate
divides the culture chamber into two connected wells capable of
exchanging nutrients through the inner channels (each 1 mm in
width). The axons generated from both sides of neurons were
maintained and extended along the channels. The baffle plate di-
vides the culture chamber into two independent wells to culture
neurons separately, in case of co-culture is in demand, it could be
removed or replaced by the channel plate. The width of the channel
or baffle plate was adjustable to meet the requirement in culture.
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The distance of two populations of neurons plated was variable
according to the width of the plate.

3.2. Separate cultures of SMNs, SMNAs and DRGs explants

Cultured SMNs/SMNAs adhered to the plate within 3 h and
extended neurites at 24 h. Neuronal cell bodies and neurites in
dispersion culture appeared to enlarge and elongate up to a num-
ber of outgrowing neurites capable of forming an interwoven
network at 4—5 days following plating (Fig. 3A). The longest dis-
tance that two populations of SMNAs plated at a separating dis-
tance were capable of forming axonal connections was 3 mm
(Fig. 3C). Different axonal connections because of the diverse dis-
tances of SMNAs plated were shown in Fig. 2C (observed on the 7th
day). The cultured SMNs were immunofluorescently identified as
positive for ChAT, Tujl and NeuN. The purity of ChAT positive
neurons was calculated as (94 + 2) % (Fig. 3B).

The culture of DRGs was consistent with our previously pub-
lished work [20]. Briefly, DRG neurons adhered tightly to the plate
and began to extend axons after 12 h of culture. Non-neuronal cells
were eliminated with time without affecting neuronal viability
because of the application of Ara-C during the first 48 h.
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Fig. 6. The statistical comparisons among the different groups. Co-culture seemed to be antagonistic against the inhibitory environment, because the lengths of SMNA axons in co-
culture on the CSPG-coating surface were not statistically different to that SMNAs cultured alone (P > 0.05). Scale Bar: A—J: 500 um %P < 0.05 versus DRG; %P < 0.05 versus
DRG + CSPG; AP <0.05 versus SMNA; AP < 0.05 versus SMNA + CSPG; MP < 0.05 versus Co-culture-DRG; [P < 0.05 versus Co-culture-CSPG-DRG; 4 P < 0.05 versus Co-culture-

SMNA; OP < 0.05 versus Co-culture-CSPG-SMNA; double symbol P < 0.001.

3.3. Axonal growth patterns of DRGs and SMNASs in the co-culture
system

As the control, no axonal connection was seen in two pop-
ulations of SMNAs plated at a separating distance of 6 mm (Fig. 4A,
E). Relatively, five days after plating of SMNAs, DRG explants were
plated on either side of the SMNAs and were observed to form
axonal connections between two populations of SMNAs at day 14
(Fig. 4B—D, 4F—H). As the DRG axons extended beyond the SMNAs
and formed connections with one another (green axons), a robust
extension of the SMNA axons was observed. In addition, the SMNA

Table 2
Axonal length measured in different groups.

Group Axonal length (pum)
Day 1 Day 3 Day 5 Day 7
(1) Mean 810 2400 3190 4092
DRG SD 117 303 1001 475
(2) Mean 242 584 1070 1472
SMNA SD 124 200 163 211
3) DRG Mean N/A N/A 3226 4399
Co-culture SD N/A N/A 350 332
SMNA Mean N/A N/A 1693 1945
SD N/A N/A 272 267
(4) Mean 833 1603 2006 2203
DRG + CSPG SD 200 369 185 367
(5) Mean 216 448 911 1212
SMNA + CSPG SD 95 176 172 323
(6) DRG Mean N/A N/A 3139 3556
Co-culture + CSPG SD N/A N/A 349 385
SMNA Mean N/A N/A 1184 1456
SD N/A N/A 238 192
F 215.633 363.695 318.528 444.512
P 0.000 0.000 0.000 0.000

N/A: data not achievable before Day 5.
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axons appeared to be growing in parallel to the DRG axons (white
arrows in Fig. 4H). The schematic drawing of the experiment was
shown in Fig. 41.

3.4. Axon outgrowth of DRGs & SMNAs in CSPG induced inhibitory
environment

As controls, both of DRGs and SMNAs cultured on the permissive
matrix extended the axons over time. DRGs exhibited more robust
axonal elongation than SMNAs at all time points (P < 0.001).
Compared to neurons cultured on a permissive matrix, CSPGs
reduced the axonal length of DRGs and SMNAs by 46.2 % and 17.7 %
(data shown on the 7th day, the same below), respectively. Due to
the time window needed for the AAVs transduction mentioned
above, the data in Group (3) and (6) was not achievable before Day
5. In the study, co-culture promoted the axon outgrowth of DRGs
and SMNAs, although no statistical significance was found in DRGs.
The increase rates were 7.5 % and 32.1 %, respectively. In contrast,
CSPG limited the axonal elongation of DRGs and SMNAs in co-
culture by 19.2 % and 25.1 %, respectively. Interestingly, co-culture
seemed to be antagonistic against the inhibitory environment,
because the lengths of SMNA axons in co-culture on CSPG-coating
surface were similar to that SMNAs cultured alone without CSPG
(P> 0.05). The quantitative data and statistical comparisons among
the different groups were summarized in Figs. 5,6 and Table 2.

4. Discussion

In mammals, the corticospinal motor circuitry plays a crucial
role in controlling skilled and complex coordinating movements
that can be damaged by SCI [24,25]. Thus, the aim to achieve
functional recovery after SCI is reconstruction of the fundamental
motor circuitry consisting of the motor cortex, corticospinal tracts
(CST), and synaptic connections directly or indirectly with
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motoneurons [26,27]. Harnessing the neuroplasticity of spared
motor circuitry represents a highly promising therapeutic target for
SCI [26]. The lack of long-distance axonal generation of severed
fibers in the adult CNS was widely known, however, we have
verified that the outgrowth of cortical neuronal axons could be
guided and enhanced by the co-cultured DRGs. Furthermore, in the
present study, we demonstrate the robust axonal growth of SMNs
and their antagonistic effects against the inhibitory matrix con-
taining CSPG in co-culturing with DRGs.

The loss of motor function results from the disruption of signal
transmission between the brain and distal neural host. Therefore,
forming a bridge made of functional axons to span the injury and
reconnecting the neural tissue above and below the lesion is a
primary task to overcome the neural network disconnection [28].
The significance of long distance of axon outgrowth following SCI is
not only bridging the lesion site, but also promoting the intrinsic
axonal sprouting via axon-facilitated effects [18,29]. DRG axons
have been proved to form robust axonal connections spontaneously
up to a separating distance of 10 mm [20]. They facilitate and guide
the axon outgrowth of CNs in a model of two separating pop-
ulations of CN aggregates plated at a distance of 4 mm. This phe-
nomenon has also been demonstrated in co-culturing with SMNAs
in the present work, even though we have extended the distance up
to 6 mm. Our results show that compared to the negative control
without DRG bridges, the SMNAs plated with DRGs demonstrated
enhanced outgrowth along the DRG axon bridge to distances that
they could not otherwise reach. The promotion was quantitatively
verified by the co-culture study showing that the SMNA axonal
length was increased by 32.1 %. In this study, SMNs were isolated
and cultured from rat embryonic spinal cords by an immunopan-
ning protocol taking advantage of several distinct properties of rat
motor neurons to isolate them from neighboring cells. High level
expression of ChAT was observed in our isolated SMNs. ChAT is
exclusively expressed in motoneurons in the ventral spinal cord
[30]. In addition, the SMNs were also positive for mature neuronal
markers NeuN and Tuj1.

Following SCI, the microenvironment containing significantly
increased inhibitory molecules in the extracellular matrix (ECM)
and myelin sheath which limits the plasticity and regeneration
ability of axons [31]. The up-regulation of inhibitory molecules
comprised of CSPGs is the result of hyperplasia of reactive astro-
cytes [32]. Although astrocyte proliferation reduces and repairs the
SCI damage, it also obstructs the elongation of the regenerated
axons because of the formation of glial scar [33]. The scar border is a
physicochemical barrier composed of astrocytes, fibroblasts, and
microglia secreting CSPGs, collogen, and the dense ECM [34].
In vitro studies revealed that CSPG largely exhibits a repulsive effect
on axonal regeneration, and a signal from CSPG modulates the actin
cytoskeleton of outgrowing neurites through the Rho/ROCK
pathway [35—37]. In this work, the CSPG induced inhibitory envi-
ronment reduced the axonal length of DRGs and SMNAs by 46.2 %
and 17.7 %, respectively. However, the inhibitory effect was antag-
onized by the co-culture of DRGs and SMNAs. Especially for SMNAs,
they extended the axons across the CSPG-coating matrix, reached
the lengths close to those of SMNAs cultured on the permissive
matrix alone.

Our study adopts the 3D printing technology with following
advantages: (1) the distance between two populations of neuron
aggregates is adjustable to meet the experiment design; (2) the
process of the culture is simplified due to the individualized culture
chamber; (3) the outgrowth of axons is restricted in the specific
channels and the observation is easily achievable. There are also
several drawbacks in the study that needs to be considered. First,
the study is limited and focuses only on the in vitro relationship of
DRG and SMNA axons. The in vitro study has difficulty in fully
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simulating the complex environment of an injured spinal cord.
Second, the culture system doesn't involve astrocytes and micro-
glia, although CSPG is introduced to imitate the inhibitory envi-
ronment following SCI, there's still a lack of complete components
(such as myelin-associated glycoprotein, Nogo, and semaphorin) of
the glial scar. Third, the molecular mechanism of how the DRG
axons affect the axonal growth patterns of SMNs is still unclear that
remain to be investigated. To our knowledge, axon outgrowth is
guided by growth cones which control the activity of actin-binding
proteins (ABP) via intracellular signaling cascades. ABP emerged as
critical regulators of axon growth and synaptic formation by con-
trolling filamentous actin (F-actin) dynamics [38,39]. The promo-
tion of axon elongation by co-culture is probably related to changes
of expression in ABP (e.g., profilin and cofilin), which are regulated
by RhoA and its downstream kinase, ROCK. This conjecture can be
verified by using comparative transcriptomic analysis.

5. Conclusions

In the present study, we have verified the hypothesis that axon
outgrowth of SMNs can be enhanced by the co-cultured DRG axons,
and the co-culture facilitates the SMN axons to overcome the ob-
stacles in CSPG induced inhibitory environment. A well-designed
co-culture system was 3D-printed to test that hypothesis. This
study deepens our understanding of axon-facilitated reconstruc-
tion of the motor circuitry. Moreover, the results support the SCI
treatment utilizing the enhanced outgrowth of axons to restore
functional connectivity in SCI patients.
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