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Abstract Nerve regeneration after injury requires proper axon alignment to bridge the lesion site and myelination to

achieve functional recovery. Transplanted scaffolds with aligned channels, have been shown to induce axon growth to

some extent. However, the penetration of axons into the microchannels remain a challenge, influencing the functional

recovery of regenerated nerves. We previously demonstrated that the size of microchannels exerts significant impact on

Schwann cells (SCs) migration. Here we demonstrate that migration of SCs promotes, significantly, the dorsal root

ganglion (DRG) neurons to extend axons into three-dimensional channels and form aligned fascicular-like axon tracts.

Moreover, the migrating SCs attach and wrap around the aligned axons of DRG neurons in the microchannels and initiate

myelination. The SCs release growth factors that provide chemotactic signals to the regenerating axons, similar to the

response achieved with nerve growth factor (NGF), but with the additional capability of promoting myelination, thereby

demonstrating the beneficial effects of including SCs over NGF alone in enhancing axon penetration and myelination in

three-dimensional microchannels.

Keywords Nerve regeneration � Axon length � Schwann cell migration � Scaffold � Microchannel

1 Introduction

In both the central nervous system (CNS) and the periph-

eral nervous system (PNS) axons regenerates for a period,

followed by demyelination, leading to failure of the axons

to fully regenerate after nerve injury [1], resulting in per-

manent deficits of motor, sensory or autonomic function.

Limited axonal plasticity occurs during nerve regeneration

after injury because of the presence of inhibitory molecules

both in the extracellular matrix [2] and myelin [3]. In

addition, the lack of appropriate spatial and temporal gra-

dients in the growth factor to promote growth of the axons

[4, 5].

Tissue engineered scaffolds could aid the organized

growth and guidance of axons across the injury site after

spinal cord injury (SCI) jury [6–8]. Tremendous strides

have been made to enhance the alignment, length, thick-

ness, and myelination of the injured axons. For example,

bone marrow stromal cells expressing neurotrophin-3 (NT-

3) were seeded in templated agarose scaffolds, which

induced 83% of the axons to grow over a 2 mm distance

[9]. Concomitantly, we demonstrated that axons of dorsal

root ganglion (DRG) neurons can successfully be induced

to align, grow in thickness, and myelinate on a pre-stret-

ched anisotropic surface [10], emphasizing the importance

of anisotropy on tissue regeneration. Despite growing and
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promising results of animal models, challenges remain in

achieving functional recovery for nerve injury repair that

traverses long distance. Multiple factors contribute to this

failure, including disruption of the axon growth, molecules

secreted by the scar tissue that inhibit axon growth, lack of

molecules that promote axon growth, and partial remyeli-

nation [11–13]. Therefore, a multifaceted strategy is

required to address these challenges, namely the engi-

neered scaffold needs to be able to deliver growth factors

and promote myelination, in addition to enhancing axon

growth and alignment.

Schwann cells (SCs) are critical to the survival and

function of neurons in the PNS. They maintain and aid

axon regeneration [14], and promote axon growth by pro-

viding trophic support [15]. SCs secrete glial cell line-

derived neurotrophic factor (GDNF) and NT-3, which

participate substantially in promoting axon growth

[16, 17]. Transplanting engineered SCs to secrete growth

factors enhanced axonal regeneration, and improved

function [18]. SCs also migrate into the CNS and

remyelinate axons SCI [19, 20]. Since SCs secrete multiple

growth factors, their inclusion show promise in therapeutic

strategies for spinal cord repair [21–24]. In light of these

benefits of SCs [25–27], we propose that SCs coupled with

3D channel scaffolds could aid axon regeneration in SCI.

Previously we demonstrated that the scaffold channels size

strongly influenced the speed migration of SCs [20]. In this

study, we extend our design of multifunctional scaffold to

incorporate both neurons and SCs within linear channels,

and characterized their synergistic effects on axon growth

as a function of channel size.

We hypothesize that the axon growth in channels are

influenced by both the channel size and SC migration, as

migrating SCs not only offer trophic support to the

regenerating axons but also provide myelination. We

designed micropatterned channels using polydimethyl-

siloxane (PDMS) and co-cultured DRG neurons with SCs

for 21 days to investigate the presence of migrating SC on

the penetration of axon into the channels. The results

demonstrate that the migrating SCs through the

Table 1 Materials and company list

Material Company

Poly-L-lysine Trevigen (Gaithersburg, MD)

Sodium bicarbonate Sigma-Aldrich (St. Louis)

Poly-D-lysine Sigma-Aldrich (St. Louis)

Fluoro-2 deoxy-uridine Sigma-Aldrich (St. Louis)

Uridine Sigma-Aldrich (St. Louis)

Cytosine b-D-arabinofuranoside (AraC) Sigma-Aldrich (St. Louis)

Anti-Thy 1.1 antibody (cat. no. M-7898) Sigma-Aldrich (St. Louis)

Rabbit complement Sigma-Aldrich (St. Louis).

Heat inactivated fetal bovine serum Hyclone (Logan, Utah)

Bovine pituitary extract (BPE) Clonetics (Allendale, NJ)

Forskolin Calbiochem (Billerica, MA)

Type I collagenase Worthington (Lakewood, NJ)

Neurobasal medium 19 Invitrogen (Carlsbad, CA)

B-27 supplement Invitrogen (Carlsbad, CA)

Glutamax-I Invitrogen (Carlsbad, CA)

Albumax-I Invitrogen (Carlsbad, CA)

Nerve growth factor Invitrogen (Carlsbad, CA)

Dulbecco’s modified Eagle medium (DMEM) Invitrogen (Carlsbad, CA)

Penicillin and streptomycin Invitrogen (Carlsbad, CA)

0.25% trypsin–EDTA Invitrogen (Carlsbad, CA)

19 phosphate buffered saline (PBS) Invitrogen (Carlsbad, CA)

HEPES buffer Invitrogen (Carlsbad, CA)

Fluo-4 AM ThermoFisher Scientific (Grand Island, NY)

Cell permeant (cat. no. F-14201) ThermoFisher Scientific (Grand Island, NY)

Bovine serum albumin (BSA) US Biological (Marblehead, MA)

Rabbit anti-myelin protein zero antibody (cat. no. ab31851) Abcam (Cambridge, MA)

Mylar films InfinityGraphics (East Lansing, MI)

Type I collagen (cat. no. #354236) Corning (Corning, NY)
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microchannels contributed to increasing the penetration

depth of the axons. In addition, the migrating SCs attached

to the penetrating axons and produced components of the

myelin sheath. The SCs were found to induce similar

positive effects as the release of nerve growth factor (NGF)

from a collagen gel on the axon penetration but with the

added benefit of myelination. We show that using

microchannels, the linear axonal regeneration is enhanced,

as is the migration of the SC.

2 Materials and methods

2.1 Materials

PDMS substrates were prepared as described previously in

[10, 20]. Table 1 provides a materials list.

2.2 Patterned microchannel cell co-culture system

fabrication

The design of the patterned microchannel cell culture

system is shown in Fig. 1. Micropatterned PDMS channels

are prepared as previously described [20]. Two cut squares

are placed at the two ends of the channels for seeding the

cells. The channel pattern is placed upside down (faced

Fig. 1 Design of

micropatterned co-culture

platform. A Side view of the

sealed channels. A thin layer of

PLL is coated onto polystyrene

substrate before the

micropatterned PDMS is

attached to the substrate. The

PDMS channel is placed side

faced down to achieve sealed

channels for the axons to grow

and extend. B Top view of the

platform. Freshly isolated DRG

neurons are seeded onto one of

the open area at one end of the

channels, and the regenerating

axons extend into the channels.

The open area on the opposite

side remains empty as the

negative control. C To promote

axon extension, SCs are seeded

on the open area (opposite to the

DRGs) as the regenerating DRG

axons approach that end of the

channels
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down) and attached tightly to the PLL coated polystyrene

substrate to seal the channels to the substrate. To prevent

the cells from being flushed out of the channels, we used

crosslinked collagen gel (375 ll type I collagen ? 27 ll
NaHCO3 ? 50 ll DMEM) as a glue to seal the edges.

2.3 DRG neuron and schwann cell isolation

and culture

The cell isolation procedures were approved by the Insti-

tutional Animal Care and Use Committee at Michigan

State University (IACUC no. 10/13-227-00). All applicable

international, national, and/or institutional guidelines for

the care and isolation of cells from the animals were

followed.

5–8 day-old Sprague–Dawley rats were used to isolate

DRG neurons as described in our previous published pro-

tocol [28]. In brief, we sacrifice rats by decapitation, and

cut away the skin that overly as well as any excess tissue on

the spinal cord. We completely remove the spine from the

body and extract the spinal cord. We use a fine pair of

tweezers and a pair of microsurgery scissors, to collect

approximately 10–16 DRGs from both sides. We trim the

nerve roots and transfer the DRGs to 5 ml of ice-cold

Hanks’ Balanced Salt Solution (HBSS) buffer that contains

1 ml penicillin/streptomycin. We transfer the dissection

medium with the DRGs to a new 15-ml tube, and cen-

trifuged at 900 RCF at 4 �C for 5 min. We remove the

supernatant after centrifugation, and incubate the DRGs in

6 ml of 0.05% Trypsin–EDTA (19) (Sigma; 1 mg/ml,

45 min) at 37 �C and followed by incubation in 2 ml col-

lagenase (Sigma; 500 U/ml, 20 min) at 37 �C. We cen-

trifuge the ganglia at 900 RCF in 4 �C for 5 min after

chemical dissociation and then remove the supernatant. We

further resuspended the pellet in 10 ml of standard growth

media and centrifuged, as described above. Next, we

resuspended the cells in standard growth media containing

Neurobasal medium, which contains 2% B27, 0.5%

antibiotic (penicillin/streptomycin), 1% Glutamax, and

0.2% Albumax. We then plate the dissociated neurons on

PLL coated pre-stretched surface and incubated at 37 �C at

5% CO2.

We isolate SCs using the protocol as described previ-

ously [29] by decapitating one day old rats. We extract the

Fig. 2 Regenerating axons in

50 lm channels with addition of

the SCs. A Freshly isolated

DRG neurons are seeded and

cultured for 5–6 days in the

open area to allow the axons to

grow and extend through the

channels, whereupon SCs are

subsequently seeded on the

open area at the opposite end of

the channels. B After 21 days of

culture, Fluo-4 is added to

permit fluorescent images of

live cell staining with 910

objective. Scale bar indicates

100 lm
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sciatic nerves by making an incision from the tail up the

spine to the inner thigh near the foot. We cut the nerve

sections into small pieces and transferred the sections to a

dissociation medium that contains collagenase and trypsin

(1:9 volume ratio) and incubate the sections for 45 min at

37 �C. We perform mechanical dissociation using fire

polished glass pasteur pipette. We next centrifuge the cells

for 5 min and resuspended the cells in DMEM containing

10% heat inactivated FBS and 1% antibiotic (penicillin/

streptomycin). We add 4 mM AraC begins to the medium

after 48 h of culture to begin the purification step, which is

followed by antibody selection using 250 ll Anti-thy 1.1

antibody and 250 ll Rabbit Complement on day 5. We

culture the cells in complete SC growth medium containing

DMEM, 10% FBS, 19 Penn/Strep, 21 lg/ml BPE, and

4 lM forskolin, after the purification step, and placed the

Fig. 3 Comparison of

regenerated axons extending

into channels with and without

addition of the SCs. After

21 days of culture, fluorescent

images are taken with 910

objective. Scale bar indicates

100 lm
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cells in a humidified incubator containing 5% CO2 at

37 �C. We replace the medium every 2 days until the cells

reach 80–90% confluence. We detach the confluent cells

using 0.25% trypsin–EDTA and re-plated the cells at a

density of 5000 cells per mL, adding 100 ll of cells to one

of the open squares.

We seed freshly isolated DRG neurons in one of the

open area, and cultured the DRGs for 5–6 days to allow the

axons to grow and extend through the channels, whereupon

SCs are subsequently seeded on the open area at the

opposite end of the channels.

2.4 Fluorescent imaging

We visualize the penetration of axons into the channels

using fluorescent live cell imaging. We add 1 ll of Fluo-4
into each well and incubate the cells at 37 �C for 30 min.

We obtain fluorescent images using a 109 objective Leica

DM IL inverted microscope (Bannockburn, IL) that is

equipped with SPOT RT color camera (Diagnostics

Instruments, MI).

2.5 Collagen gel pre-loaded with NGF

We prepare the collagen gel by adding 10% reconstruction

buffer (4.77 g HEPES, 2.2 g NaHCO3 and 0.2 g NaOH in

100 ml H2O) and DMEM to a type I collagen solution at a

final concentration of 2 mg/mL collagen. To crosslink the

collagen gel, we incubate the mixed gel overnight at 37 �C.
We reconstitute the NGF to 100 mg/ml in sterile phosphate

buffered saline (PBS, Sigma). We add 20 ll of NGF stock

solution (50 lg/ml) to 1 ml collagen gel before crosslink-

ing to pre-load NGF into the collagen gel.

2.6 Axon penetration depth quantification

We define the axon penetration depth as the furthest

position the axons reach under each condition for each

channel size. We quantify the axon penetration depth, by

placing a stage micrometer on the objective to measure the

diameter through the field viewed using the eye pieces. We

use the microscope to quantify the axon penetration depth

by measuring the length of successive live images starting

from the end of channels with DRGs to the furthest end of

the axons. The penetration depth ratio is defined as pene-

tration depth of the SC group divided by the control group.

We quantified 5 biological replicates. Each batch contained

at least 4 replicates of each condition and channel size.

2.7 Statistical analyses

We express all the data as mean ± standard deviation. We

used the ANOVA-Tukey’s test in Fig. 5 to assess for sig-

nificance. We used a two-sample Student’s t test in Fig. 8C

to determine statistical significance. In all cases, statistical

significant is determined by p values of\ 0.05.

3 Results and discussion

3.1 Design of patterned channel cell co-culture

system

DRGs and SCs are co-cultured at opposite ends of the

micropatterned channels of different size channels (50,

100, 150, and 200 lm) as shown in Fig. 1. The patterned

side of PDMS is attached to the PLL coated plastic surface,

forming sealed channels, allowing unidirectional axon

penetration (Fig. 1A). Freshly isolated DRGs are seeded at

one end of the channels such that the cells are attached to

the open area. The other end of the channels, is either left

blank (Fig. 1B) as a negative control, or seeded with SCs

Fig. 4 Comparison of depth of axon extension into the channels with

and without addition of the SCs. Axon extension is quantified after

21 days of culture for both the control and SC groups. The penetration

depth ratio is defined as the penetration depth of the SC group divided

by the control group. The average is across all 4 channel sizes (50,

100, 150 and 200 lm), and the standard errors are calculated from 5

replicates. *p value\ 0.05

Fig. 5 The impact of channel size on axon extension in the presence

of SCs. All the data are normalized to the control group for each

biological replicate. *[ control; #[ 150 lm, p value\ 0.05
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(Fig. 1C). As the axons grow and penetrate towards the

start (other end) of the channels, SCs are seeded at the

other end of the channels and begin to migrate towards the

axons and to provide growth factors.

3.2 Axons penetration into patterned channels

Figure 2 shows the regenerating axons penetrating into the

50 lm channels towards the SCs after 21 days of culture.

The bottom fluorescent image shows the axons penetrating

from the open area into the channel, with the axon fibers

traversing along the vertical edge at the start of channels

(on the left side of the image). The axons penetrate into the

channels and align in the channel direction. The bright dots

in the channels indicate cell body of the migrating DRG

neurons. The overall penetration depth of the axons into the

channels is the result of the aligned axon length (in the

channel direction) and the migration distance of the DRG

cell bodies. We cannot decouple the growth of the axon

length from the cell body migration, as this would occur

during in vivo transplantation, whereby nerve regeneration

involves both increasing the length of the axons and

migrating neurons. From this fluorescent image, we also

found migrated SCs both located in the channels and

overlaid with axons, which will be further illustrated by

immunostaining in Sect. 3.4.

Figure 3 shows the comparison of the axons penetrating

into different sized channels with and without the SCs

addition. In the smaller channels (50 and 100 lm), single

axons aligned straight and penetrated the channels, while in

the larger channels (150 and 200 lm), multiple axons

penetrated and with some degree of curvature. In the 150

and 200 lm channels, the axons appear to cluster together

to form fascicular-like bundles. Additionally, in the

200 lm channels, more axons are found to penetrate and

appear to form a network.

3.3 Comparison of axon penetration depth

under different conditions

Figure 4 shows the axons successfully penetrate into the

channels both with and without SCs addition. To quanti-

tatively demonstrate the impact of SCs addition on the

axon penetration, we measured the axon penetration depth

Fig. 6 Co-localization of SCs

with regenerating axons. After

21 days of culture, the co-

cultures of DRG neurons with

SCs in the different size

channels are stained with anti-

mouse b-III tubulin (green) to

indicate axons, P0 (red) to

indicate SCs, and DAPI (blue)

to indicate nuclei. First column

represents an overlay of all three

markers. Fluorescent images are

taken with 920 objective. Scale

bar indicates 100 lm. (Color

figure online)
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after 21 days of culture. Figure 5 shows the average pen-

etration depth of the DRG axons with and without SCs

addition in the 4 different sized channels. The addition of

SCs increase significantly the penetration depth of the

DRG axons into the channels. Therefore, the SCs at the

other side of the channels stimulate the neurons to pene-

trate further into the channels. To further investigate the

impact of the channel size on the penetration of the axons,

the distance traversed in each channel size are normalized

to the control group of the same sized channels (Fig. 5).

For the 50, 100, and 150 lm channels, the extension of the

axons increased as the channel size decreased, with the

50 lm channels significantly promoting axon extension as

compared to the larger 150 lm channels. This trend is

similar to what was observed in our previous SC migration

study, where the SC migration speed on the micropatterned

channels (50, 100, and 150 lm) increased as the channel

size decreased [20]. Therefore, the greater penetration

depth of the DRG axons correlates with the fastest

migration speed of the SCs in the smallest channels. It is

unclear why there is a slight increase in the axon extension

in the 200 lm channels over the 150 lm channels. This

might be due to the wider space allowing more cells to

migrate into the channel. These results indicate that the

channel size exerts an effect on the axon extension.

3.4 Co-localization of SCs with regenerated axons

Figures 2 and 3 show live staining of both SCs and DRGs

migrating through the channels. To clearly indicate the

location of the migrating SCs and the relationship between

the SCs and axons, we perform immunostaining on both

the DRG neurons and SCs after 21 days of culture in the

channels. Additionally the SCs migrate in the channels and

attach onto the axons, as illustrated by immunostaining in

Fig. 6. As shown in Fig. 6, the axons are stained for b-III
tubulin (green), the SCs are stained for P0 (red), a marker

of mature SCs and a myelin sheath component, and the cell

nuclei are stained with DAPI (blue). In the 50 lm chan-

nels, SCs attached to the axons, while in the wider chan-

nels, in addition to myelinating the axons, more SCs have

migrated into the channels as indicated by the P0 staining

in the overlay images. In all the channels, SCs are found

attached to the axons and expressing the myelin component

P0. Therefore, the addition of SCs to this channel system

not only enhances axon penetration, but also initiates the

myelination process on the regenerated axons, which is

significant for functional nerve recovery.

Figure 7 shows the myelination of fascicle-like axon

bundles in the 200 lm channels. In the top channel, several

axons are bound together and form a fascicle-like bundle,

with the SCs attaching along the axons. In the bottom

channel the SCs are dispersed at the end of the axons,

showing a scattered ‘‘tail’’. This image shows two different

patterns of SCs in the channels, either attached or wrapped

around the axons and thus forming a co-localize pattern

involving myelination; or dispersed attachment on the

substrate with a flat cell morphology, similar to what is

observed in cultures of SCs. Nonetheless, the images

support that the migration of SCs in the patterned channels

facilitates myelination of the regenerated axons.

3.5 Penetration of the regenerated axons

into channels with NGF release

The addition of SCs offer two main advantages. First SCs

are known to secret growth factors that are beneficial to

axon growth, and second the migrating SCs decrease the

distance for the secreted growth factors to diffuse before

reaching the axons. To further examine the effects of SCs

addition, we designed a positive control using NGF in the

same channel system. The design of the positive control

consists of a collagen gel pre-loaded with NGF that is

added to the other side of the channels in lieu of the SCs

(Fig. 8A). A previous study demonstrated a sustained

release of NGF from crosslinked collagen gel enhances cell

growth [30]. Here, the NGF-embedded collagen gel pro-

vides sustained NGF release which diffuses into the

channels to induce chemotaxis and attract axons to extend

Fig. 7 SCs aligned with regenerated axons. An overlay image of a

co-culture of DRG neurons with SCs in a 200 lm channel shows the

SCs align with the axons to form neat thick bundles, but are dispersed

at the end of the axons. Cells are stained with anti-mouse b-III tubulin
(green) to indicate axons, P0 (red) to indicate SCs, and DAPI (blue) to

indicate nuclei. Fluorescent images are taken with 920 objective after

21 days of culture. Scale bar indicates 100 lm. (Color figure online)
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from the opposite side. The axons extend into the 200 lm
channels to form axon bundles, similar to the SC group

(Fig. 8B). The average penetration depth of the axons with

NGF release are quantified against the SC group (Fig. 8C).

There is no significant difference between the SC and NGF

groups for all the channels, indicating the SCs exert a

similar effect on the axon extension to the NGF released

from the collagen gel. These results lend support to our

hypothesis that the addition of SCs in this channel system

offers trophic support to the regenerating axons to promote

Fig. 8 Regenerating axons

extend into channels with NGF

release. A Collagen gel pre-

loaded with NGF is added to the

other end of the channels.

B Axons extend into a 200 lm
channel with NGF being

released from the other end of

the channels. C Comparison of

axon extension into channels

between the SCs and the NGF

groups
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axon extension. Future studies could quantify the growth

factors released from the SCs, by developing a computa-

tional model of the growth factor gradient secreted by the

migrating SCs in the channels.

In summary, we developed a patterned microchannel

system for evaluating the penetration of regenerating axons

with the aid of SC migration. The SCs enhance axon

penetration while the channel size exerts an effect on both

the SC migration and axon extension. The SCs offer

trophic support to the regenerating axons, with similar

effects to the NGF. The SCs migrate and attach to the

axons and initiate myelination. The results from this study

could inform on future design of transplantable scaffolds

for nerve tissue regeneration.
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