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A 3D disease and regeneration model of peripheral

nervous system-on-a-chip
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Demyelinating diseases involve loss of myelin sheaths and eventually lead to neurological problems. Unfortunately,
the precise mechanisms remain unknown, and there are no effective therapies. To overcome these limitations, a
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reliable and physiologically relevant in vitro model is required. Here, we present a three-dimensional peripheral
nervous system (PNS) microfluidic platform that recapitulates the full spectrum of myelination, demyelination,
and remyelination using primary Schwann cells (SCs) and motor neurons (MNs). The platform enables reproducible
hydrogel patterning and long-term stable coculture of MNs and SCs over 40 days in vitro based on three distinct
design factors. Furthermore, the on-demand detachable substrate allows in-depth biological analysis. We demon-
strated the possibility of mimicking segmental demyelination by lysophosphatidylcholine, and recovery of myelin
structure by application of two drugs: benzatropine or methylcobalamin. This 3D PNS disease-on-a-chip may
serve as a potential platform for understanding the pathophysiology of demyelination and screening drugs

for remyelination.

INTRODUCTION

Myelin is a multilayered membrane produced by glial cells, particu-
larly Schwann cells (SCs) in the peripheral nervous system (PNS)
and oligodendrocytes in the central nervous system (CNS) (I, 2).
These glial cells stretch and form myelin sheaths along axons
through numerous processes called myelination. Myelin structures
are important for the propagation of action potentials, enhancing
the speed and efficiency of electrical communication between
neurons via electrical shielding.

Demyelinating diseases involve the loss of myelin, which is
caused by multiple factors: genetic mutations, inflammation, and
other chemical or environmental factors (3, 4). Among demyelinat-
ing diseases, the types of PNS neuropathy are classified as seg-
mental demyelination, Wallerian degeneration, and distal axonopathy
(5). In particular, segmental demyelination leads to the loss of
myelin sheaths without axonal damage, while the other two types
affect both axons and SCs (6). SCs are unwrapped from axons,
and myelin sheaths are destroyed. Moreover, repetitive segmental
demyelination and remyelination processes cause onion bulb-like
structures with concentric layers of SCs around axons (7). Unfortu-
nately, the mechanisms underlying these diseases (e.g., Charcot-
Marie-Tooth and Guillain-Barre syndromes) remain unclear
(8, 9). Furthermore, there are few treatments for regenerating lost
myelin (10, 11).

To more fully understand the relevant mechanisms and develop
therapeutic drugs, organ-on-a-chip technology has recently emerged
to recapitulate physiological and pathological in vivo conditions
(12, 13). Some studies have presented neural development models
(14, 15) and disease models such as Alzheimer’s disease (16),
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Parkinson’s disease (17), and amyotrophic lateral sclerosis (ALS)
(18). Furthermore, other research groups introduced new approaches
such as photolithography and three-dimensional (3D) printing and
demonstrated the relationship between artificial axon fibers and
oligodendrocytes to understand the underlying cellular mecha-
nisms and achieve efficient drug screening (19, 20). In contrast to
the in vitro model of the CNS, there have been few studies regarding
the reconstruction of PNS motor nerves (18, 21, 22). Human spheroid
models have been widely adapted to reconstruct the microphysiology
of the PNS (18, 21). With these models, development or disease
stage with spheroid motor neuron (MN) units could be reliably
established, which allowed the confirmation of the nerve function
through electrophysiological recording. In addition, optogenetic
simulation promotes the maturation of myelination during the de-
velopmental process (22). Among these various models, to the best
of our knowledge, no 3D PNS disease models have mimicked both
the demyelination and remyelination processes on a single platform
while focusing on SCs and MNss.

Here, we present an in vitro 3D PNS disease model, consisting of
primary SCs and MNs cocultured in a 3D hydrogel microenviron-
ment. This platform is designed to recapitulate a broad range of
myelination procedures, such as development of myelin, acute
demyelination upon biochemical stimulation, and subsequent re-
covery with the aid of pharmaceutical agents. This 3D organ-on-a-
chip platform enables long-term coculture of essential cells for PNS
modeling such as SCs and MNs over 40 days in vitro (DIV). It also
allows in-depth biological analysis [e.g., Western blot analysis and
transmission electron microscopy (TEM)] with the aid of on-demand
detachable substrates. In terms of pathology, we established a
robust demyelination model by the introduction of lysophosphati-
dylcholine (LPC) and a remyelination model by the application of
benzatropine (Benz) or methylcobalamin (MeCbl). We confirmed
our model at the cellular and molecular levels, as well as at the func-
tional and morphological levels, by measuring electrophysiological
signals and the thickness of the myelin sheath. Hence, our platform
can help clarify the underlying mechanisms of normal and diseased
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myelination. Moreover, the platform is expected to aid in the dis-
covery of new therapeutic drugs for remyelination.

RESULTS

Design of the 3D PNS disease microfluidic platform

Our 3D PNS disease microfluidic platform provides a method to
reconstruct a full myelination process of normal, disease, and re-
generation (Fig. 1A). This platform is fabricated by bonding the
micromolded polydimethylsiloxane (PDMS) compartment to a
pressure-sensitive adhesive (PSA)-coated polycarbonate (PC) film
(fig. S1A). The platform consists of one hydrogel channel (cell culture
area filled with Matrigel located in the middle, shown in sky blue),
two cell-loading channels for SCs (left channel shown in green), and
MNss (right channel shown in red) (Fig. 1B). A micropost array
(Fig. 1B, shown in white) separates the two cell-loading channels,
thus enabling only sprouted cells to make physical contact in the
hydrogel channel. The platform is composed of three distinct ele-
ments: a tail, an N-gap, and a bump (Fig. 1, B to D). We designated
the narrow gap between microposts as the N-gap (pink arrowheads
in Fig. 1, B and D, and pink circle in Fig. 1C) and the semicircle as
the bump (blue arrowheads in Fig. 1, B and D, and pink circle in
Fig. 1C). All microstructures have a height of 100 um.

The importance of those design parameters was confirmed using
a COMSOL multiphysics simulation. N-gap and tail structures help
with successful 3D liquid patterning, which is defined as preserva-
tion of the 3D liquid interface integrity only in the hydrogel chan-
nel. Considering the Young-Laplace equation, we designed the
N-gap, which acts as a capillary valve that resists high capillary pres-
sure against the penetration of liquid into SC and MN channels
(23, 24). The N-gap structure allows liquid pinning at the end of the
micropost. Without the N-gap, the liquid interface cannot with-
stand pressure, which leads to bursting (Fig. 1E and fig. S1C). The
tail structure allows higher fluidic resistance due to its serpentine
structure of microfluidic channel. This extended fluidic channel
structure helps the efficient filling of hydrogels within the hydrogel
channel by inhibiting flowing out of hydrogels during the gel-filling
process (Fig. 1F and fig. S1B). Therefore, considering the aforemen-
tioned factors, we successfully patterned Matrigel within the hydrogel
channel for 3D cell culture (Fig. 1G and fig. S1D).

In addition, a bump structure was incorporated in this platform to
establish a stable SC-MN microenvironment. When seeding cells or
changing culture medium, flow inevitably occurs in the MN and SC
channels, which subsequently generates shear stress (fig. S1E). Because
shear stress affects the cell viability and MNs are very sensitive cells
(25, 26), this mechanical stress on MNs should be minimized as much
as possible. The simulation results revealed that the bump structure
reduced the shear stress on the side surface of the hydrogel channel to
which cells were attached (Fig. 1, H and I, A-A' position). Furthermore,
as the low number of MNs can be acquired from one mouse (27),
efficient use of cells is important to reconstruct the SC-MN model. We
observed that more cells were captured on the hydrogel surface with
the bump than without the bump during cell seeding (fig. S1F).

Moreover, we investigated the diffusion of chemicals from the
cell channels to the hydrogel channel, because various chemicals are
introduced to induce demyelination and remyelination (fig. S1G).
In this platform, the concentration of exogenously injected bio-
chemical becomes uniform within 240 min, suggesting a minimized
region-to-region variability.
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Together, we verified that the platform design was suitable for
3D fluid patterning, stable coculture environment, and diffusion of
chemicals into the cell culture area. Considering microscale design
factors in the microfluidic platform, we fabricated a reliable micro-
fluidic platform that guarantees reproducible gel filling, reduced
fluidic shear stress, and uniform distribution of exogenously added
reagents.

Modeling of 3D MN demyelination by LPC treatment

We reconstructed a normal 3D PNS myelination model on the plat-
form to be used in demyelination experiments. (Fig. 1, ] and K). In
the PNS motor system, the nuclei of MNs are located in the spinal
cord and extend their axons, while SCs have direct contact with the
axons and form the myelin sheath. To mimic these structures, SCs
and MNs were seeded in each cell channel and incubated to induce
myelination in the gel channel prefilled with Matrigel at DIV 0
(Fig. 1L). SCs rapidly proliferated and grew toward the MN channel,
whereas axons of MNs extended longitudinally into the hydrogel
channel within DIV 3. SCs wrapped around the axons and interacted
directly with the axons of MNs within DIV 7. Abundantly prolifer-
ating SCs and axons filled in the hydrogel channel, forming a
myelin sheath at DIV 14.

To model the demyelination in vitro, we used LPC, a chemical
compound that causes dedifferentiation of readily differentiated
SCs (28, 29). We assessed the viability of SCs or MNs upon expo-
sure to LPC. Because of the low MN survival rates in the absence of
SCs (30, 31), the viability of each cell type was confirmed in a co-
culture environment. To this end, we used a Transwell system, in
which two cellular components are physically separated for individ-
ual cell imaging, while paracrine-mediated cell-cell interactions are
promoted in a culture medium. Each SC or MN was plated on cov-
erslips at the bottom compartment of a Transwell, with the other
cell type cultured on the Transwell insert (fig. S2A). Two different
concentrations of LPC (0.35 or 0.7 mM) were added to the Tran-
swell at DIV 3. For SCs, the viability was greater than 93% under all
conditions [control (ctrl): 94.7 + 2.4%; DMSO: 93.5 + 4.3%; 0.35 mM
LPC: 95.2 + 2.3%; 0.7 mM LPC: 96.3 £ 0.1%] (fig. S2, B and C).
Similarly, MNs also exhibited greater than 80% viability under all
conditions (ctrl: 90.5 + 3%; N.C.: 86.1 + 5.4%; 0.35 mM LPC:
85.8 + 3.3%; 0.7 mM LPC: 80.3 + 4.5). These results suggested that
0.35 and 0.7 mM LPC did not affect the viability of SCs and MNs.

After mature myelination at DIV 14 (22, 32), LPC was added to
the SC-MN myelination model at either of the two concentrations
(0.35 or 0.7 mM). We analyzed the effect of LPC at three incubation
times (DIV 17, 20, and 23) (Fig. 2A). At DIV 20, we observed
partially broken myelinated forms, and some axons appeared to be
unmyelinated (Fig. 2, B and C, yellow arrowheads). To determine
the dose- and time-dependent effects of LPC on the completed
demyelination in the 3D microfluidic platform, we investigated the
effects of LPC on the expression of myelin-related proteins at the
cellular level. Under demyelination conditions, dedifferentiation of
myelinated glial cells affects the expression levels of proteins such as
c-Jun and myelin basic protein (MBP) (33, 34). Specifically, c-Jun is
an important negative regulator of the myelination process, which
is typically seen in injured nerves and demyelination, while MBP is
highly expressed in myelinating glial cells. These indicators exhibit
an inverse relationship with each other.

The number of c-Jun™ cells was very low and remained consist-
ent in the control over time, while it increased gradually in both
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Fig. 1. Design of 3D PNS disease platform. (A) Schematic illustrations displaying the full process of myelination, demyelination, and remyelination. (B) Schematics of
the design of the platform: SC channel (green), MN channel (red), micropost array (white), and hydrogel channel (sky blue). (C) Enlarged 2D view of the microstructure of
the chip with or without an N-gap (a pink circle) and bump structure (a blue circle). (D) (bottom of B) Enlarged 3D view of the microstructure of the chip with the micropost
array consisting of the N-gap (magenta arrowhead) and bump (blue arrowheads) and tail. COMSOL finite-element simulation results for liquid patterning in the platform
without an N-gap (E) or without a tail (F) and with an N-gap and a tail (G). The volume fractions of air (red) and liquid (blue) were simulated. (H) Simulation results of
fluidic shear stress depending on the bump structure and (1) distribution of shear stress on hydrogel surface to which cells were attached (A-A"). Schematic diagram

(J) and illustration (K) showing the time course of mature myelination in the SC-M
MNs, leading to the wrapping process. Representative microscopic images showin

0.35 and 0.7 mM LPC treatments (Fig. 2, D and E). In particular,
at DIV 17, the number of c-Jun® cells did not vary among cocul-
tures according to LPC treatment. After 0.7 mM LPC treat-
ment, approximately half of all cells were c-Jun* at DIV 20, while
74.7% of cells were c-Jun* at DIV 23. Similar results were ob-
tained under the 0.35 mM LPC condition, although the percentage

Hyung et al., Sci. Adv. 2021; 7 : eabd9749 29 January 2021

N coculture model. (L) In the hydrogel channel, migrated SCs interacted with axons of
g the process of mature myelination at DIV 3, 7, and 14.

of c-Jun® cells was 1.3-fold lower than that in the 0.7 mM LPC
condition.

In contrast to c-Jun, MBP expression decreased progressively
after LPC treatment (0.35 or 0.7 mM), while it increased gradually
in the control (Fig. 2, D and F). Specifically, 0.7 mM LPC treatment
caused the MBP expression to decrease significantly at DIV 20
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Fig. 2. Reconstruction of 3D demyelination in SC-MN coculture by LPC treatment. (A) Schematic diagram displaying the time course of LPC introduction and
demyelination analysis in the SC-MN myelination model. To induce demyelination, cocultures were treated with 0.35 or 0.7 mM LPC, and the demyelination of SC-MN
cocultures was measured by immunocytochemistry at DIV 17, 20, and 23. Fixed samples were immunostained with antibodies against c-Jun (gray), myelin basic protein
(MBP; green), tubulin beta Ill (TuJ1; red), and 4',6-diamidino-2-phenylindole (DAPI) (blue). (B) Schematic illustrations displaying the SC-MN coculture from myelination to
demyelination. (C) Representative bright-field image for establishment of a demyelinating coculture system. Demyelination was rapidly induced by LPC treatment, and
uneven nerve fiber (yellow arrowheads) was observed in the gel channel at DIV 20. (D) Representative confocal images of cocultures and quantification of c-Jun* cells
(E) and MBP intensity (F) with or without 0.35 or 0.7 mM LPC treatment, respectively. The graph shows mean + SEM values from at least three independent experiments
using different mice. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control. /P < 0.05 and T"'P < 0.001 compared with each value at DIV 17 [one-way analysis of
variance (ANOVA), Tukey’s multiple comparison tests]. a.u., arbitrary units.
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and 23. Similar results were obtained under the 0.35 mM LPC condi-
tion. The difference between the MBP expression under the two
concentrations of LPC was significant at DIV 20, while it became
barely detectable at DIV 23. Notably, the MBP expression level
decreased significantly compared with the control, while the MBP
levels under the 0.35 or 0.7 mM LPC conditions were 1.4- and
3.2-fold or 2.5- and 5.6-fold lower than the control at DIV 20 or 23,
respectively. Together, these results demonstrate that LPC induces
dedifferentiation of SCs and the demyelination process, showing an
inverse relationship between increased expression of c-Jun* and
decreased MBP expression.

Protein-level validation of SC dedifferentiation in the 3D
demyelinating MN model

The cultured cells were easily accessible for the in-depth biological
analysis, because we used a removable substrate that could be easily
detached on demand (Fig. 3A). After detachment of PSA film from
a PDMS piece, we tested the molecular and structural changes on
the myelination model. To more precisely confirm demyelination
by the LPC, we analyzed the expression of c-Jun and MBP at the
molecular level using Western blotting (Fig. 3B).

Consistent with our immunocytochemistry results, c-Jun ex-
pression increased gradually over time following treatment with
LPC (both 0.35 and 0.7 mM), which was almost consistent with the
results from the control (Fig. 3C). The c-Jun levels were increased
by 14- and 12-fold, compared with the control at DIV 20 and 23,
respectively. Notably, under the 0.7 mM LPC condition, the c-Jun
expression at DIV 20 increased significantly. Under the 0.35 mM
LPC condition, c-Jun expression was slightly enhanced at DIV 20
and increased further at DIV 23.

The MBP expression was inversely correlated with expression of
c-Jun under all conditions over time (Fig. 3D). In the control, we
observed a gradual increase in MBP expression over time. At DIV
20, the MBP expression level was slightly lower in the 0.7 mM LPC
condition than the control, while there were no significant differ-
ences between the 0.35 mM LPC condition and the control. Nota-
bly, we detected a remarkable decrease in MBP expression at DIV
23 under both LPC concentrations, and the MBP level decreased by
7.1- and 6.5-fold under the 0.35 and 0.7 mM LPC conditions, re-
spectively, compared with the control.

Together with the confirmation at the cellular and molecular
levels, we observed that demyelination of MN occurred at DIV 20
under the 0.7 mM LPC condition. These findings support the no-
tion that we established a demyelination model with SCs-MNs by
the introduction of chemicals. Next, we verified the disease model
in terms of its electrophysiological signals.

Reduced intracellular calcium level in the 3D demyelinating
MN model

Ca®* signals play a pivotal role in our understanding of both physi-
ological and pharmacological functions in neuronal networks (35).
To investigate how neuronal networks change in both normal and
diseased MN models, we measured the real-time intracellular Ca**
in the SC-MN coculture model with or without 0.7 mM LPC treat-
ment at DIV 20 using live-cell imaging (movie S1). Cultured SC-
MN cocultures were treated with or without LPC at DIV 14, and the
concentration of LPC was maintained throughout the culture peri-
od until calcium imaging analysis. For the analysis, we removed ex-
tracellular Ca** by washing with a standard buffer (see Materials
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and Methods) and recorded the neural activity upon loading a Ca**
indicator (Oregon Green BAPTA-1 AM). When we measured in-
tracellular Ca®" signals in two random fields in the hydrogel channel
(Fig. 3E, left), Ca®" signals from the SC-MN coculture with 0.7 mM
LPC were considerably reduced compared with the control, in
terms of both frequency and amplitude (Fig. 3E, middle and right
panels). Under the 0.7 mM LPC condition, there was a very small
intensity difference between the resulting peak and the baseline
(Fig. 3, E and F, yellow arrowheads). Furthermore, cell recordings
revealed that intracellular Ca®" signals were reduced upon LPC
treatment compared with the control (Fig. 3F). The intensity differ-
ence (maximum AF/Fy minus minimum AF/Fy) was 1.99-fold lower
than that of the control (control: 0.41 + 0.032; 0.7 mM LPC:
0.25 + 0.034) (Fig. 3G). Therefore, these results revealed that LPC
decreased the intracellular Ca** concentration, indicating similarity
to the pathophysiological environment.

On the basis of validation at the cellular, molecular, and functional
levels, we confirmed that demyelination of MN occurred under 0.7 mM
of LPC treatment at DIV 20. Accordingly, we created stable and robust
3D myelinating and demyelinating MNs in our microfluidic platform.

Modeling of 3D MN remyelination by Benz or

MeCbl treatment

Many therapeutic candidates have been investigated to promote re-
myelination. Benz and MeCbl are known as potent differentiating
chemicals for oligodendrocytes or SCs, accelerating remyelination
after injury (29, 36). Thus, to induce a remyelination process in our
LPC-induced demyelination model, we introduced Benz or MeCbl
at DIV 20 after demyelination with 0.7 mM LPC treatment and then
analyzed MBP expression 8 days later (DIV 28) (Fig. 4A). Untreated
cocultures without chemicals were used as controls. With the aid of
Benz or MeCbl, dedifferentiated SCs were processed to redifferentiate
their structures, and many axons exhibited remyelinated morphologies
(Fig. 4, B and C, yellow arrowheads).

After treatment with the two chemicals, the 3D MN demyelinating
model exhibited increased MBP expression (Fig. 4D). Compared with
LPC treatment only, the addition of Benz and MeCbl significantly
accelerated MBP expression, increasing the level by 6.6- or 6.7-fold,
respectively (Fig. 4E). Notably, after Benz or MeCbl treatment,
MBP expression in the demyelination model recovered, reaching
approximately the same level as the control. The two drugs had
similar effects, with no significant differences in the recovery rate of
the MBP expression level.

Furthermore, our Western blotting data revealed that MBP
expression was substantially increased compared with the LPC-
induced demyelinated model, which is consistent with the MBP
intensity data obtained from MBP immunostaining (Fig. 4, F and G).
Similar levels of MBP expression were observed in the three groups
(control, Benz, and MeCbl), in contrast to the LPC-treated SC-MN
model. These remarkable effects were consistent with previous
in vivo remyelination tests of demyelinated nerve mice (29, 36).

We also observed intracellular Ca** signals in the LPC-induced
demyelination model upon application of Benz or MeCbl to demon-
strate functional regeneration of disease model (movie S2). The
results showed that the initially reduced intracellular Ca** signals
were considerably enhanced upon the addition of Benz or MeCbl
(Fig. 4, H to J). Cell recording data revealed that Ca** signals in
Benz or MeCbl treatment were markedly activated, compared with
the LPC treatment only (Fig. 4I). In addition, the signal intensity
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Fig. 3. Confirmation of 3D demyelination with effective biochemical analysis on a 3D PNS disease platform. (A) Schematic descriptions of our easy-to-use platform

with the PSA-coated PC film for efficient biological analysis [Western blot (WB), TEM,

and imaging]. (B) Representative immunoblots and quantification of c-Jun (C) and

MBP (D). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control. *P<0.05 and TP < 0.001 are compared with each value at DIV 17 (one-way ANOVA, Tukey’s
multiple comparison tests). Intracellular Ca?* levels of coculture with or without LPC were analyzed at DIV 20 using the Oregon Green 488 BAPTA-1 AM staining kit.
(E) Representative inverted confocal images of BAPTA-1 AM signals in two random gel channel regions—R1 and R2 (left)—showing the time points of the baseline (Fo) and
peak (AF) levels (middle and right), (F) cell recording, and (G) quantification of the relative change of intracellular Ca®* on coculture with or without LPC. Arrowheads indicate
cocultured cells at the Fp and AF levels. The graph shows mean + SEM values from three [in (B)] and at least seven independent experiments [in (G)] using different mice.
In (G), an average of 14 cells per independent experiment was calculated. **P < 0.01 compared with control (unpaired, two-tailed t test with Welch’s correction).

differences of Ca** level increased 1.9- and 2.0-fold, respectively,
compared with the LPC treatment only (Fig. 4]). Notably, the signal
intensity differences did not differ significantly between the control and
the Benz or MeCbl treatment, indicating that these remyelination
reagents can aid in the functional recovery of the PNS neural net-
work. These results support our conclusion that we induced remye-
lination in our 3D PNS disease platform. In addition, we were able to
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screen the efficacy of two therapeutic candidates that promote SC-MN
remyelination.

Ultrastructural analysis of demyelination and remyelination

To investigate ultrastructural changes in myelin sheaths under Benz
or MeCbl treatment, we analyzed the thickness of nerve fibers using
TEM at DIV 40. By using TEM imaging, we frequently found
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Fig. 4. Reconstruction of 3D remyelination by either Benz or MeCbl treatment on demyelinated SC-MN coculture. (A) To verify remyelination, cocultures were
cotreated with Benz (1.5 uM) or MeCbl (10 uM) in the presence of LPC at DIV 20 and analyzed at DIV 28. (B) Schematic illustrations displaying the coculture from
demyelination to remyelination. (C) Representative bright-field image for establishment of a remyelinating coculture system. (D) Representative confocal images of
cocultures with MBP (green), TuJ1 (red), and DAPI (blue); (E) quantification of MBP intensity and (F) immunoblots; and (G) quantification of MBP on cocultures with Benz
or MeCbl in the presence and absence of LPC are shown. (H) Representative inverted confocal images of BAPTA-1 AM signals showing the time points of the baseline (Fo)
and peak (AF) levels, (I) cell recording, and (J) quantification of the relative changes in intracellular Ca*" in cocultures with LPC only and with LPC plus Benz or MeCbl
treatment. In (F) and (J), the graph shows mean + SEM values from three independent experiments using different mice. In (J), an average of 13 cells per independent
experiment was calculated. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control; p<0.01 and P < 0.001 compared with the LPC treatment (one-way
ANOVA, Tukey's multiple comparison tests). n.s., no statistically significant difference.

Hyung et al., Sci. Adv. 2021; 7 : eabd9749 29 January 2021 7 of 12



SCIENCE ADVANCES | RESEARCH ARTICLE

“onion bulb” formation and thin myelin structures (Fig. 5, A and B).
These results implied that our model has characteristics of segmen-
tal demyelination (6, 7). These observations support the usefulness
of our PNS demyelination/remyelination platform for studying the
segmental demyelination.

In terms of demyelination, the LPC treatment almost completely
destroyed the myelin structure (Fig. 5C, top right). Notably, even
under LPC treatment, only SCs were damaged, whereas axons
exhibited a normal ultrastructure, suggesting the features of seg-
mental demyelination. By contrast, the treatment with Benz or
MeCbl led to a considerably more compact structure, although
these conditions required additional time to reach a level similar
to that of control (Fig. 5C). Therefore, we confirmed that Benz
or MeCbl treatments promote remyelination and significantly
thicker ultrastructure, despite considerable demyelination by the
LPC treatment.

Next, we measured the g-ratio of the transected nerve fiber. The
g-ratio is defined as the ratio of the axonal diameter to the total
nerve fiber diameter, which is used as a criterion to classify remye-
lination (Fig. 5D) (32, 37). In particular, a g-ratio of 0.6 serves wide-
ly as the theoretical estimated value for optimization. The g-ratio of
the control was almost 0.6 (0.6 + 0.02). Unexpectedly, the g-ratio of
the nerve fibers under Benz (0.7 + 0.05) or MeCbl (0.7 + 0.04) treat-
ment was significantly smaller than LPC only (0.9 + 0.008) and was
thus closer to the control (Fig. 5E). No significant differences were
observed between the control and MeCbl conditions, while differ-
ences were detected between the control and Benz conditions. This
result was presumably due to the accelerated redifferentiation of
dedifferentiated SCs, which was induced more robustly by MeCbl
than by Benz. Therefore, we established a remyelination model in
LPC-induced demyelinated MNs by Benz or MeCbl treatment,
validated at the cellular, molecular, and morphological levels. We

A

Mature myelination Segmental demyelination

LPC

Onion bulb
formation

Thin myelin

D

g-ratio =djidy ___

confirmed that both Benz and MeCbl play critical roles in the remy-
elination of SC-MNs and can be used as therapeutic agents.

DISCUSSION

Here, we have presented a 3D PNS disease model that recapitulates
a sequential demyelination and remyelination process in PNS MNs
in a 3D microfluidic platform. After establishment of a stable long-
term environment for SC-MN coculture (40 days), we introduced
several chemical that induced dysfunction in myelinated MNs
and subsequent recovery of myelin. The disease and regeneration
models were demonstrated at the cellular, molecular, functional,
and morphological levels. Therefore, our reliable and reproducible
model is expected to aid our understanding of disease mechanisms
and facilitate drug screening for PNS disease.

We developed a full-spectrum 3D PNS demyelination and remy-
elination model process, with particular emphasis on tight SC-MN
interaction. For demyelination, we verified the dedifferentiation of
SCs and decrease in intracellular calcium levels. Notably, only
SCs were destroyed by LPC, while MNs were not damaged. Thin
myelinated axons and onion bulb-like structures were also observed.
These results suggest that we recapitulated important features of
segmental demyelination (6, 7). Furthermore, we expanded our dis-
ease model to a regeneration model using Benz and MeCbl. To the
best of our knowledge, no in vitro PNS models have been reported
that reconstruct normal to disease and disease to regeneration states
in a single platform. Therefore, our platform serves as a powerful
tool for both basic and applied PNS research, which would be difficult
to undertake using conventional in vivo or in vitro models.

Our model is expected to elucidate the underlying mechanisms
and novel biological pathways of myelination. Recent evidence suggests
that Benz and MeCbl are effective for remyelination in multiple

do

o
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Fig. 5. Confirmation of 3D remyelination based on myelin thickness of demyelinated SC-MN cocultures. The extent of myelin sheath formation of LPC-induced
SC-MN demyelination by Benz or MeCbl was analyzed by TEM at DIV 40. (A) Schematic diagram of structural alterations of mature myelin sheaths by LPC. (B) Representative
TEM images of nerve cross sections of SC-MN cocultures with LPC, demonstrating segmental demyelination, including onion bulb formation (left and middle) and
thin myelinated axons (right). (C) Representative TEM images of transected nerve fibers in the control, Benz, or MeCbl conditions in the presence and absence of LPC.
(D) Schematic illustration of the g-ratio, defined as the ratio of the axonal diameter to the total nerve fiber diameter. A g-ratio close to 0.6 indicated a more mature
myelinated axon. (E) Quantification of g-ratios of transected nerve fibers in the control, Benz, or MeCbl samples in the presence and absence of LPC. The graph shows
mean + SEM values from at least seven independent experiments using different mice. **P < 0.01 and ***P < 0.001 compared with the control; 1P < 0.01 and 7P < 0.001

compared with LPC (one-way ANOVA, Tukey’s multiple comparison tests).
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sclerosis or peripheral neuropathies (29, 36). Benz is currently
approved by the U.S. Food and Drug Administration for treatment
of Parkinson’s disease and acts as a regulator of oligodendrocytes,
which are precursors for cell differentiation and remyelination after
cuprizone-induced toxic demyelination (38). MeCbl is a vitamin
B12 analog, which promotes remyelination through down-regulation
of the Efk1/2 pathway in the rat sciatic nerve model (39). LPC activates
protein kinase C, MAP (mitogen-activated protein) kinase, and the
JNK (c-Jun N-terminal kinase) pathway, which stimulate the
transcription of c-Jun (40). Together, we speculate that the activity
of Benz or MeCbl may be correlated with these pathway cascades,
based on the remyelination results in our demyelination model.
Further research will be of interest to investigate the key pathways
governing remyelination.

Furthermore, our platform serves as a drug screening model. For
an organ-on-a-chip to be of practical use in drug screening, it must
be easy to use. We used PSA film to develop a user-friendly platform
in terms of fabrication and analysis. PSA film has been adapted as a
substrate in many organ-on-a-chip studies, because it is attachable
and detachable, as well as biocompatible and transparent similar to
glass (14, 41). Compared with conventional PDMS-based platforms,
the fabrication process is simpler because no plasma treatment is
required for bonding. Furthermore, the on-demand removal of
substrates could facilitate in-depth biological assays such as Western
blotting and TEM, serving as a new tool for fundamental study.
Therefore, we straightforwardly demonstrated the effects of two drugs
by carrying out various analyses in a high-throughput microfluidic
platform.

Emerging evidence suggests the importance of SCs for both
developmental and pathological processes in the PNS (1, 11). SCs
are essential for the growth of axons, regulation of myelination, and
recovery of function at nerve lesions. Furthermore, the viability of
MNs is very low without SCs in vitro (30, 31). Because our model
showed pathophysiological changes in SCs during demyelination and
remyelination, glial biology will be of interest to establish the mech-
anism of demyelination, the contributions of proteins to myelin dam-
age, and the factors that drive regeneration of damaged myelin, in
terms of SCs.

To improve our model, several modifications could be considered.
First, introduction of muscle cells may broaden our model to in-
clude PNS motor units, especially neuromuscular units (42, 43).
Many PNS diseases (e.g., ALS and myasthenia gravis) are related to
muscle cells, as myelinated MNs propagate axon potentials to muscle
fiber, causing muscle contractions (18). Therefore, if we establish a
triculture environment of muscle cells with SC-MNs, our model could be
applied to various PNS disease models, beyond segmental demye-
lination. Second, induced pluripotent stem cell (iPSC)-derived cells
from patients provide more reliable pathological results, similar to
in vivo conditions. Recent in vitro models have attempted to intro-
duce patient samples or human iPSC cells (44, 45). If we use iPSC
cells from patients, our model could be improved to mimic both
demyelination and remyelination more accurately.

MATERIALS AND METHODS

Fabrication of the 3D disease microfluidic platform

The microfluidic platform fabrication process is described in detail
previously (13, 24). Briefly, the 3D microfluidic platform was fabri-
cated using photolithography and soft lithography. An SU-8 master
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mold (MicroChem) on a 101.6 mm silicon wafer was manipulated by
photolithography. A mixture of PDMS (Sylgard 184, Dow Corning)
and curing agent was prepared at 10:1 ratio. The mixture was poured
onto the master mold, degassed in a vacuum chamber, and thermally
cured to obtain a replica PDMS piece. The medium reservoirs and
hydrogel injection ports were punched out with a biopsy punch (6 mm)
and a syringe needle (0.5 mm). Instead of a glass coverslip for the
substrate, a PSA-coated PC film was used, which is easily detachable
(14, 41). The complete chip was fabricated by bonding the PDMS
piece to the PSA-coated PC film. Before the experiment, the chip
was sterilized under ultraviolet irradiation.

Simulation analysis

COMSOL multiphysics software (COMSOL, Burlington, MA) was
used to perform simulations on the 3D PNS disease platform. For
finite-element analysis of hydrogel filling, computer-aided design of
the platform was imported, and laminar flow and phase field mod-
ules were applied (46, 47). Under the laminar flow condition, a pres-
sure gradient of 500 Pa between the inlet and outlet pressure was set.
Under the phase field condition, the volume fractions of air (red)
and liquid (blue) were simulated. The inlet was set as water, and the
other part was set as air to represent the air/liquid interface. For the
analysis of shear stress, a laminar flow module was used to simulate
50 pul of medium changes. The pressure gradient of 20 Pa was set as
medium height difference of 2 mm. To analyze the biochemical dif-
fusion effect that induces demyelination and remyelination, a diluted
species transport module was used (48, 49). A porous media mod-
ule was applied to simulate Matrigel with a porosity of 0.99. The
chemical inlet was set to the side of the hydrogel channel where cells
were attached. The diffusion coefficient of chemicals was set to 5 x
107" m* 57", which is the diffusion coefficient of 5-kDa fluorescein
isothiocyanate (FITC)-dextran in Matrigel (50). As LPC and MeCbl
have respective molecular weights of 299.26 and 1344.4 Da, the dif-
fusion coefficient of these chemicals was presumed to be greater than
the coefficient of 5-kDa FITC-dextran and diffusion, which would
result in more rapid diffusion. Dynamic viscosity of culture medi-
um at 37°C of 0.748 cP and density of 1000 kg m ™ were used in the
simulation (51, 52).

Preparation of the SC-MN coculture

The preparation of SC-MN was performed as described previously
(22, 32). SCs isolated from sciatic nerves and MNs isolated from the
lumbar regions of spinal cords were cocultured. For the SC culture,
the sciatic nerves isolated from CD-1 mice (postnatal 4) were treated
with 2.5% trypsin (Thermo Fisher Scientific) for 30 min, followed
by inactivation of trypsinization with 10% horse serum (Gibco). For
the MN culture, the lumbar regions of spinal cords isolated from
embryonic day 12 mice were treated with 1% TRL3 trysin solution
(Trypsin chromatographically purified, diafiltered, Worthington) for
15 min, and then 1% trypsin inactivation solution was added (Sigma-
Aldrich). MNs were purified from spinal cord cells using a p75NTR
(Abcam)-coated immunopanning dish and placed into coculture
medium containing neurobasal/B27 medium (Gibco) supplemented
with 2% horse serum, 0.5 mM 1-glutamine (Thermo Fisher Scientific),
0.5 uM forskolin (Sigma-Aldrich), 1% penicillin/streptomycin (Thermo
Fisher Scientific), 1x B27 supplement (Gibco), bovine pituitary ex-
tract (1 mg/ml; Gibco), brain-derived neurotrophic factor (10 pg/ml;
Gibco), and 1 mM B-mercaptoethanol (Sigma-Aldrich). The final con-
centration of cell suspension was 2 million/ml of MNs and 1.5 million/ml
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of SCs. All procedures and experiments were approved by the Insti-
tutional Animal Care and Use Committee of Seoul National University.
All cells were cultured in a 5% CO; incubator at 37°C.

Cell seeding and SC-MN coculture

The SC-MN coculture on the 3D PNS disease platform was performed
as described previously (22, 32). The growth factor-reduced Matrigel
(Corning, Corning, NY, USA) was injected into the hydrogel channel
and incubated for 20 min at room temperature. After gel polymer-
ization, each 50 ul of cell suspension was introduced into the cell
channel, respectively, and cells were attached to each side surface of
the hydrogel channel by tilting the chip at 90° for 30 to 60 min. The
seeded cells were settled and trapped very close to the N-gap between
bumps. To induce myelination, SCs and MNs were incubated in co-
culture medium with ascorbic acid (50 pg/ml; Sigma-Aldrich) after
DIV 7. For medium changes, 25 pl of culture medium was removed
from all cell chambers, and 50 ul of fresh coculture medium was added
to one side of each cell chamber at 3-day intervals (fig. S1F).

Transwell coculture

To evaluate the viability of SCs growing in Transwells, isolated MNs
were seeded on Transwell inserts that had been precoated with poly-
ornithine hydrobromide (0.5 mg/ml; Sigma-Aldrich) and laminin
(2.5 ug/ml; Invitrogen). In addition, SCs plated on coverslips pre-
coated with poly-L-lysine (10 pg/ml; Sigma-Aldrich) were placed in
the bottom compartment of the Transwell coculture. To assess the via-
bility of MNs, SCs were cultured on inserts precoated with poly-L-lysine
(10 ug/ml), and coverslips seeded with MNs were placed in the bot-
tom compartments of the Transwell coculture. Coverslips were coated
with poly-ornithine hydrobromide (0.5 mg/ml; Sigma-Aldrich) and
laminin (2.5 pg/ml; Invitrogen). To assess cell viability, SCs and MNs
were treated with different concentrations of LPC at DIV 3, and the
LPC concentration was maintained during the culture period.

Chemical treatments

All chemicals including LPC (Sigma-Aldrich), Benz (Thermo Fisher
Scientific), and MeCbl (Sigma-Aldrich) were purchased. LPC was
dissolved in a mixture of chloroform:methanol (1:1, v/v) to a con-
centration of 25 mg/ml and then diluted in cell culture medium to
final concentrations of 0.7 and 0.35 mM. Benz and MeCbl were, re-
spectively, dissolved in dimethyl sulfoxide (DMSO) to 1.5 uM and
ethanol to 100 uM. To maintain the concentrations of the chemicals
during the culture period, each chemical was mixed with culture medi-
um when the culture medium was changed.

Live and dead cell assays

The cell viability of SCs and MNs was assessed using a Live-Dead
cell staining kit (Abcam, Cambridge, UK), in accordance with the
manufacturer’s instructions. At DIV 7, SCs and MNs were washed
once with phosphate-buffered saline (PBS), and a mixture of live
(calcein-AM, green) and dead solution (propidium iodide, red) was
added to the cells, which were then incubated for 30 min at room
temperature. Each cell was washed twice with PBS and then examined
using confocal microscopy (IX81; Olympus). The number of stained
cells was counted in five random fields of view under a microscope.

Immunocytochemistry
Cocultures were fixed with 4% paraformaldehyde (Thermo Fisher
Scientific) for 20 min at room temperature and then treated with

Hyung et al., Sci. Adv. 2021; 7 : eabd9749 29 January 2021

0.2% Triton X-100 for 15 min. Subsequently, coculture samples were
incubated in 4% bovine serum albumin (BSA; Millipore, Burlington,
MA, USA) at 4°C overnight. Primary antibodies diluted in 1% BSA
were added to cells, and the mixture was incubated at 4°C overnight.
Cells were then incubated with secondary antibodies at room tem-
perature for 2 hours. The primary antibodies used were anti-c-Jun
(1:500; Abcam), anti-MBP (1:500; Abcam), and anti-TuJ1 (1:1000;
Abcam). The secondary antibodies used were goat anti-rabbit im-
munoglobulin G (IgG) heavy and light chains (H&L) (1:500 to
1:1000; Abcam), goat anti-rat IgG H&L (1:500; Abcam), and goat
anti-chicken IgY H&L (1:500; Abcam). Last, nuclei were stained with
4',6-diamidino-2-phenylindole (DAPI) (Life Technologies, Carlsbad,
CA, USA) for 15 min. All images were acquired using an inverted
confocal laser scanning microscope (LSM 700) equipped with solid-
state lasers (405, 488, 555, and 649 nm).

Measurement of florescence signals

To assess c-Jun and MBP fluorescence signals, stained coculture sam-
ples were processed sequentially, and confocal microscopy images
were acquired in a single session using identical exposure and gain
settings. A threshold was set for both c-Jun (for Fig. 2C) and MBP
intensities (for Figs. 2D and 5C), which were analyzed in five random
fields of view. In Fig. 2F, each bar represents the average expression
level of a protein of interest normalized to that of the control at DIV 17.
Five regions in each condition were randomly chosen and analyzed.

Western blotting analysis

Expression levels of c-Jun and MBP were quantitatively analyzed using
Western blot analysis. After PC film had been detached from the 3D
PNS disease platform, all samples were lysed in radioimmuno-
precipitation assay buffer (T&I, Chuncheon, Korea) containing
protease inhibitors (aprotinin, leupeptin, pepstatin A, and phenyl-
methylsulfonyl fluoride). The protein concentrations of the coculture
lysates were measured using the Bradford assay (Sigma-Aldrich).
Twelve to 15 ug of protein from each coculture sample were loaded
in SDS-polyacrylamide gel electrophoresis gel and then transferred
to a polyvinylidene difluoride (PVDF) membrane. The membrane
was incubated with anti-rabbit c-Jun (1:500; Abcam) and anti-rat
MBP (1:500; Abcam) at 4°C overnight. The membranes were washed
three times in tris-buffered saline solution with Tween 20 and then
incubated with goat anti-rabbit IgG or anti-rat IgG conjugated with
horseradish peroxidase (1:1000; Sigma-Aldrich) for 2 hours. Bands
were visualized using an ECL system, and the intensities of the bands
were quantified using Image] software. In Figs. 3 (C and D) and 4,
each bar represents the average expression level of a protein of in-
terest normalized to that of the control at DIV 17 and 28, respec-
tively. Each protein level was normalized against -actin, which was
used as a loading control.

Calcium imaging

To measure the intracellular Ca** levels in cocultures in the demye-
lination and remyelination model, Oregon Green 488 BAPTA-1 AM
was used in accordance with the manufacturer’s instructions. Co-
cultures were rinsed three times with standard buffer (139 mM NacCl,
4 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM Hepes, and 10 mM
glucose), followed by treatment with a mixture of 3 mM Oregon
Green 488 BAPTA-1 AM and 10% (w/v) pluronic F-127 (at a 1:1 ratio)
for 30 min in an incubator. Cocultures were washed three times
with standard buffer. Time-lapse images were taken for 5 min, and
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cocultures were excited at the same intensity using a 488-nm laser
line. The intensity of intracellular Ca** in each coculture was mea-
sured using Zen software (LSM 700), and the intracellular Ca** sig-
nals were determined by calculating the ratios between changes in
fluorescence signal intensity (AF) and baseline fluorescence (F). In
Figs. 3 (E to G) and 4 (H to J), the time intervals between Fy and AF
were adjusted to be consistent among the groups.

Transmission electron microscopy

To assess myelin sheath thickness, cocultures were fixed with
2% glutaraldehyde overnight at 4°C, followed by postfixation with
1% osmium tetroxide for 30 min at room temperature. After the
samples had been washed three times with ultrafiltered water, they
were dehydrated in an ethanol series (50, 70, 80, 85, 90, 95, and 100%).
Using an ultramicrotome (Ultra Cut C; Leica, Wetzlar, Germany),
samples were sectioned and mounted on copper grids. Grids were
contrast stained with uranyl acetate and lead citrate. Images were
captured by cryo-TEM (Tecnai F20 Cryo; FEI, Hillsboro, OR, USA).
To quantitatively determine the relative thickness of individual re-
myelinated nerves, the g-ratio was analyzed with a g-ratio calculator
plug-in for Image]J software (available at https://imagej.nih.gov/ij/),
which allowed semiautomated analysis of randomly selected nerve
fibers (53, 54). At least seven remyelinated axons per group were
randomly selected for measurement, and the mean g-ratio was cal-
culated for each group by averaging across all individual g-ratios.

Statistical analysis

All statistical analyses were performed using Prism (GraphPad Software,
USA). All statistical data are presented as the means + SEM. We
performed the Shapiro-Wilk test to assess normality. Normal distri-
butions were analyzed using parametric tests [analysis of variance
(ANOVA) with Tukey’s multiple comparison test for comparing val-
ues among three or more groups in Figs. 2 (E and F), 3 (Cand D),
4 (E, G, and]), and 5E, and unpaired, two-tailed ¢ tests with Welch’s
correction in Fig. 3G]. *, **, and *** or 1, 11, and 117 in the figures
denote P < 0.05, 0.01, and 0.001, respectively. n.s. indicates no sta-
tistically significant difference. Calculated P values are specified in
table S1.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/5/eabd9749/DC1
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