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Abstract
One of the most significant interactions between Schwann cells and neurons is myelin sheath
formation. Myelination is a vertebrate adaptation that enables rapid conduction of action potentials
without a commensurate increase in axon diameter. In vitro neuronal systems provide a unique
modality to study both factors influencing myelination and diseases associated with myelination.
Currently, no in vitro system for motoneuron myelination by Schwann cells has been
demonstrated. This work details the myelination of motoneuron axons by Schwann cells, with
complete node of Ranvier formation, in a defined in vitro culture system. This defined system
utilizes a novel serum-free medium in combination with the non-biological substrate, N-1[3
(trimethoxysilyl) propyl] diethylenetriamine (DETA). The myelinated segments and nodal
proteins were visualized and quantified using confocal microscopy. This defined system provides
a highly controlled, reproducible model for studying Schwann cell interactions with motoneurons
as well as the myelination process and its effect on neuronal plasticity. Furthermore, an in vitro
system that would allow studies of motoneuron myelination would be beneficial for understanding
peripheral demyelinating neuropathies such as diabetes induced peripheral neuropathy and could
lead to a better understanding of CNS demyelinating diseases like multiple sclerosis, as well as
neuromuscular junction maturation and maintenance.

Introduction
The rapid conduction of action potentials in both the central nervous system (CNS) and
peripheral nervous system (PNS) depends on the formation of a myelin sheath around
neuronal axons. In the PNS, myelination initiation requires an interaction between Schwann
cells and an individual axon, a process known as radial sorting [1]. During myelination,
Schwann cells form an insulating, multilamellar sheath around associated axonal segments,
resulting in the formation of four specialized domains: the internode, the juxtaparanode, the
paranodal region and the node of Ranvier. In the internode, axons are ensheathed by
compact myelin consisting of the Schwann cell membrane and expressed myelin basic
protein (MBP). The juxtaparanodal region sits adjacent to the paranode and contains
localized clusters of voltage-gated potassium channels (vgpc’s) in the axon. In the paranodal
region, the axon and myelin sheath form axo-glial junctions where Schwann cell express
neurofascin 155 form heterodimers with the axonal protein contactin-associated protein
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(CASPR) [2]. At the Nodes of Ranvier, which are specialized regions of unmyelinated axon
between two myelin segments, the presence of clusters of voltage-gated sodium channels
(vgsc’s) facilitate the saltatory conduction of action potentials [3].

Model systems that can represent the myelination of motoneurons by glial cells have
previously proven difficult to develop. Myelination of neurons by Schwann cells has been
extensively studied using dorsal root ganglia (DRG) cultures in a variety of serum
containing and serum-free in vitro systems [4]. However, while many groups have reported
the successful co-culture of primary motoneurons and Schwann cells, the success of
myelinating sensory neuron systems has not been translated to motoneuron systems [5– 10].
The development of a functional myelinating motoneuron/Schwann cell system is a
necessary first step in describing the molecular events surrounding the interactions between
these cells that have myelination as the end result. Additionally, such a system would benefit
scientists’ ability to study both central and peripheral demyelinating neuropathies such as
multiple sclerosis, Guillain-Barré Syndrome, diabetes associated peripheral neuropathies
and progressive muscular atrophy, under controlled conditions. Previous studies have
described methods to created defined systems to understand hippocampal function [11] and
motoneuron regeneration [12]. The adaptation of these culture systems to motoneurons/
Schwann cell co-culture would be an ideal solution to this problem.

In this study, we demonstrate the myelination of motoneurons in a chemically defined,
serum-free medium on the biomimetic, non-biological substrate N-1[3 (trimethoxysilyl)
propyl] diethylenetriamine (DETA). The utility of this substrate comes from its ability to
form a self-assembled monolayer on any hydroxalated surface [13], the ease of
photolithographic patterning [14] and the postulation that cells do not degrade this surface
modification due to its non-biological origins and covalent attachment to the surface [11,
15]. In the defined medium we have identified the minimum combination of growth factors
required for neuronal growth, as well as Schwann cell survival, proliferation and
myelination of motoneuron axons that results in complete Node of Ranvier formation.
System maturation was determined by analysis of the clustering of voltage gated sodium
(vgsc’s) and potassium channels (vgpc’s) at the nodes as well as from the presence of
contacting-associated protein (CASPR). This defined system provides a reproducible model
for studying Schwann cell interactions with motoneurons as well as the myelination process,
and most importantly, remyelination.

Materials and Methods
DETA Surface Preparation and Characterization

Glass coverslips (VWR 48366067, 22×22 mm2 No. 1) were first cleaned using 1:1 HC l-
methanol followed by a concentrated H2SO4 soak for 2 hours. The DETA (United Chemical
Technologies Inc. T2910-KG) film was formed by the reaction of the cleaned surfaces with
0.1% (v/v) mixture of the organosilane in freshly distilled toluene (VWR BDH1151). The
cleaned surfaces were heated to about 100 °C in the organosilane mixture, rinsed with
toluene, reheated to about 100 °C in toluene, and then dried in the oven overnight (100 °C).
Surfaces were characterized by static water contact angle measurements using a Rame-Hart
Model 250 goniometer, and by X-ray photoelectron spectroscopy (XPS) using an Escalab
200i spectrometer (VG Scientific) by monitoring the N 1s peak [15–17]. The values are
reported as the mean ± SEM.

Animals
Dated pregnant Sprague-Dawley rats were housed in an animal facility at the University of
Central Florida. All research was approved by the Institutional Animal Care and Use
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Committee at the University of Central Florida and conformed to NIH guidelines. Pregnant
rats were anesthetized and sacrificed at embryonic day 15, embryos were removed by
caesarean section and fetuses dissected under a stereomicroscope (Carl Zeiss, Stemi 2000).

Purified Embryonic Motoneuron Culture
Rat spinal cord motoneurons were purified from the ventral horn cords from embryonic day
15 (E15) embryos as described by Henderson et al. [18]. Briefly, pregnant rats were
anaesthetized and killed by inhalation of excess CO2. Spinal cords were removed from the
E15 pups and the ventral horn tissue was dissected out and digested in 0.05% trypsin-EDTA
for 15 minutes in a 37°C water bath (Gibco 25300-120). Following incubation, the trypsin-
EDTA was aspirated and the cells suspended in dissection media + 10% FBS and the tissue
gently triturated. The dissociated cell suspension was then centrifuged at 500g for 10
minutes at 4°C to pellet the cells. Next, the tissue was layered on a density gradient of
Optip-rep (Sigma D1556) solution and centrifuged at 500g for 15 minutes at 4°C. After
centrifugation, the resulting top two bands were collected in a 15 ml tube and the pellet
discarded. The ventral horn cells were then applied to an immuonpanning dish coated with
goat affinity purified antibody to rat IgG and the low affinity nerve growth factor receptor
p75 (Chemicon MAB365) in dissection medium for 45 minutes. This positive selection
process provides attachment for the motor neurons while the other cells remain in
suspension. After immuonpanning the non-adherent cells were aspirated and the adherent
motor neurons were removed from the dish in dissection medium to a 15mL tube. Lastly, the
neurons were pelleted by centrifugation at 500g for 10 minutes and then resuspended in
culture medium and plated at 100 cells / mm2 (Table 1).

Neonatal Schwann Cell Culture
Primary rat Schwann cells (SC) were cultured from neonatal rat sciatic nerves as described
originally by Brockes et al. [19]. Briefly, sciatic nerves from newly born Sprague-Dawley
(Charles River; Raleigh, NC) rat pups were dissected from the hind limb and then digested
with 0.3% collagenase in Dulbecco’s modified Eagle’s medium (DMEM) + 10% FBS,
forskolin and pituitary extract on poly-L-lysine coated 100 mm tissue culture dishes. After
two days in culture, fibroblasts were eliminated using Thy1.1 antibody/complement
mediated lysis (Chemicon MAB1406). Purified SC cultures were passaged no more than
three times before plating with the embryonic motoneurons for the myelination experiments.

Immunocytochemistry & Laser Scanning Confocal Microscopy
The co-cultures were fixed in fresh 4% paraformaldehyde in PBS for 5 minutes and then
rinsed twice with PBS. Next, cells were permeabilized with a solution of 0.5% Triton-X 100
in PBS + 5% bovine serum albumin (BSA) for 5 minutes, rinsed once with PBS and then
blocked with permeabilization solution + 5% donkey serum. The cells were then incubated
with primary antibody solutions in blocking buffer overnight at 4°C. The following primary
antibodies were obtained commercially from Chemicon: anti-neurofilament heavy chain
(1:12,000) (AB5539), anti-voltage-gated sodium channel pan (1:200) (AB5210), anti-
voltage gated potassium channel (1:200) (AB5483) and MBP (1:40) (MAB382). The anti-
CASPR antibody (1:500) (sc-14340) was obtained from Santa Cruz Biotechnology, Inc. The
next day primary antibody solutions were aspirated and the cells rinsed three times with
PBS. Then, AlexaFluor® 488 nm, 594 nm and 647 nm secondary antibodies diluted 1:200 in
blocking solution were added to the cells and incubated for 2 hours at room temperature in
the dark. The secondary antibody solution was then aspirated and the coverslips rinsed three
times in PBS and allowed to dry. Finally, coverslips were mounted on glass slides using
VectaShield mounting medium with DAPI (Vector Labs, H-1200) and fixed using clear nail
polish.
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Results
DETA Surface Modification

The aminosilane, trimethoxy-silylpropyl-diethylenetriamine (DETA), functions efficiently
as a non-biological substrate due to its self-assembling monolayer properties and the
multiple amines contained in the terminal group. This group confers hydrophilic properties
to the surface, and that combined with the partial positive change on the amines at
physiological pH make it an ideal surface for neuronal cellular attachment and survival. The
system is similar to poly-D-lysine, but has been found to be more robust and consistent [11].
XPS measurements of the DETA coated coverslips indicated a complete monolayer formed
during the self-assembly process (Fig.1). The normalized area values of N1s (401 and 399
eV) to the Si 2p3/2 peaks were stable throughout the study at 1500 ± 200 and were similar to
previously published results (Fig1A–C) [11, 14, 15, 17, 20]. Static contact angle
measurements of 45.6 ± 2° validated the hydrophilicity of the DETA surfaces (Fig.1D).
Stable XPS readings and contact angles across coverslips throughout the study indicate
uniformity and reproducibility of the self-assembly of the DETA monolayer.

Myelination Promoting Medium Formulation
As previously reported, embryonic and adult motoneurons, grown in serum-free medium on
DETA recovered morphologically and electrically, firing repetitive action potentials under
patch clamp conditions [12]. In this study, rat motoneurons and Schwann cells were isolated
and grown in serum-free medium on DETA substrates. The defined medium formulation
described in Table 1 supported the growth and development of motoneurons and Schwann
cells as shown in Figure 2. Rat motonuerons and Schwann cells were first individually
isolated and grown separately as controls to ensure suitable morphology. In the individual
cultures these motoneurons developed a singular axonal process and branching dendritic
field (Fig. 2A). Schwann cells exhibited a spindle-like morphology characteristic of this
cell-type (Fig. 2B). Cultured together, motoneurons and Schwann cells exhibited similar
morphologies to the individual cultures (Fig. 2C). Furthermore, with the temporal
supplementation of ascorbic acid, Schwann cells formed myelin sheaths and this also caused
the subsequent clustering of the nodal proteins (Fig. 3–4).

Immunocytochemical Evaluation and Quantification of Myelination
As compact myelin forms around neuronal axons, Schwann cells express MBP as a
component of the myelin sheath. Using immunocytochemistry MBP expression was
evaluated as a standard for compact myelin formation in the culture system for day 25 to day
30. The neuronal processes were imaged using anti-neurofilament-H (NF-H) antibodies and
then the fluorescence co-localization was determined using the two antibodies. Myelin
segments were observed in motoneuron+Schwann cell co-cultures (Figure 3). After staining,
myelin segments were quantified in order to determine the efficiency of Schwann cells
myelination in the co-culture system. As shown in Table 2,63.11±1.70 myelinated segments
per coverslip were identified in the motoneuron+Schwann cell co-culture. Additionally,
myelination resulted in the rearrangement and clustering of voltage-gated sodium channels
(vgsc’s) and voltage-gated potassium channels (vgpc’s) in the axonal segment. This
clustering resulted in the formation of physiologically correct Nodes of Ranvier as defined
below.

Node of Ranvier Formation
In order to visualize nodal development in this system, immunocytochemistry was used to
stain for vgsc’s, vgpc’s and CASPR localized at the nodes. As shown in Figure 4, vgsc’s
were found clustered between two myelinated segments of a motoneuron axon, verifying
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node of Ranvier formation (Fig. 4A,B). Additionally, clusters of CASPR (Fig. 4C) and
vgpc’s (Fig. 4D) were also seen in this culture system. The presence of these nodal proteins
indicates maturation of the nodes into the physiologically correct morphologies. After
staining, the number of nodes was quantified in order to determine the efficiency of
Schwann cell myelination and node formation in the co-culture system. As shown in Table
2, the formation of 20.67±0.61 Nodes of Ranvier were indentified per coverslip.

Discussion
The development of an in vitro system defining the minimum requirements for the survival,
maturation and myelination of a motoneuron + Schwann cell co-culture represents a
significant scientific and technological breakthrough. These experiments indicate that this
medium formulation is sufficient to not only recover cellular functionality, but also to
provide an environment conducive to further cell-cell interactions and relevant physiological
development that results in physiologically correct Node of Ranvier formation. Using this
basic serum-free medium formulation we have also shown the ability to grow dorsal root
ganglia sensory neurons and both intrafusal and extrafusal muscle fibers [21–23]. The ability
of the same basic serum-free medium formulation to sustain growth and facilitate
myelination of a variety of interacting cell types facilitates future studies where all cells
could be combined (Table 1). For example, studying motoneuron/sensory neuron electrical
connectivity or recreating the stretch reflex arc in vitro will require all of these cell types to
be in close proximity and will be more easily achieved using one basic medium formulation.
This also is an essential requirement for drug discovery applications. Furthermore, the
reported importance of culturing motoneurons, sensory neurons and Schwann cells together
with muscle to form a significant number of neuromuscular junctions in vitro makes this
basic medium even more critical [24, 25].

Schwann cell interaction with axons in the periphery is critical for efficient myelin sheath
formation. Here we have shown both myelin sheath formation and subsequent development
of Nodes of Ranvier using this defined in vitro system (Fig3–4). The quantity of myelinated
segments relative to Nodes of Ranvier indicate that not all myelinated segments formed in
such a fashion as to result in the clustering of nodal proteins. While the processing of nodal
proteins is influenced by the presence of myelinating Schwann cells opposing the initial
segment, what regulates the Schwann cell “decision” to elongate an initial myelin segment
or begin the process of forming a new segment? The likely candidate is interactions between
the motoneuron and the extra-nodal proteins of the myelinating Schwann cell [26]. Due to
the significant level of physiological development, the system also provides a model for
further investigation into the potential molecular differences between Schwann cell
interaction with motoneurons and sensory neurons. For example, it could be useful in the
evaluation of additional factors that could play a role in enhancing motoneuron myelination
and node formation relative to sensory neurons. This is especially true for evaluating factors
that are normally abundant in serum infused medium formulations typically used to facilitate
Schwann cell myelination of sensory neurons.

DETA’s utility from a bioengineering standpoint stems from its defined and reproducible
nature. Its role here, as a biomimetic, hydrophilic growth substrate, is especially useful
because we believe it is not degraded by the cells plated on it and because it easily facilitates
the study of deposited extracellular matrix molecules on the growth surface by the cells.
DETA can be coated onto any hydroxylated surface or material. All of these features make
DETA a useful substrate for bioengineering applications, a major goal in hybrid electronic
systems, tissue engineering and cell-based biosensors. Consequently, DETA coated micro-
electro-mechanical systems (MEMS) devices like multi-electrode arrays (MEAs) can
provide a high throughput system for evaluating the electrical differences between
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myelinated and nonmyelinated neurons. As previous studies have indicated, the deposition
of a basal lamina and the subsequent modification of that layer are required for the
formation of Schwann cell myelin [6, 7, 27]. Therefore, the use of DETA as the growth
substrate for these experiments suggests that the neurons and/or the Schwann cells are
secreting sufficient extracellular matrix (ECM) components necessary for the formation of
the myelin sheath. This raises the questions of which cells generate the basal lamina, which
cells secrete what ECM proteins, and how the ECM deposition influences cell-cell
interaction between neurons and Schwann cells. These questions are currently under
investigation in our laboratory.

Conclusion
We have used a completed defined in vitro system to demonstrate Node of Ranvier
formation by Schwann cells on motoneurons with concurrent K channel clustering and
(CASPR) formation. The development of this system, one where motoneurons are
myelinated by Schwann cells, is a critical breakthrough in understanding the interactions
between these two cell types and represents significant progress towards culturing a stretch
reflex arc in vitro [24, 28, 29]. Additionally, it provides a novel system to evaluate the utility
of a variety of factors not easily analyzed using an in vivo model. Such a system could
provide enhancement to or recovery of myelin segments for patients suffering from
demyelinating neuropathies. This defined system provides a reproducible model for studying
Schwann cell interactions with motoneurons as well as the myelination process, and most
importantly, remyelination.
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Figure 1.
XPS and contact angle analysis of DETA monolayer on glass coverslips. (A) XPS survey
spectra analysis of DETA coverslip, (B) XPS high resolution spectrum of N1s peak on
DETA coverslip, (C) XPS high resolution spectrum of Si2p peak on DETA coverslip, (D)
contact angle image of water on DETA coverslip.
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Figure 2.
Phase contrast images of motoneuron + Schwann cell co-cultures. (A) EMN culture image at
day seven, (B) pure neonatal Schwann cell culture at day 14 (C) EMN+SC co-culture at day
7 (arrow indicating MN). Scale bars = 60µm.
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Figure 3.
Immunocytochemical evaluation of the myelination of motoneurons by Schwann cells. (A–
D) embryonic MN+SC co-culture images at day 29, (A) phase contrast image of the MN
+SC co-culture, (B) NF-H antibody staining neuronal processes throughout the culture, (C)
MBP antibody staining showing a segment of compact myelin and the outline of the
Schwann cell, (D) merge image showing the colocalization of the NF-H and MBP antibody
staining, (E–H) embryonic MN+SC culture images at day 27, (E) phase contrast image of
the MN+SC co-culture, (F) NF-H antibody staining showing neuronal process, (G) MBP
antibody staining revealing a segment of compact myelin in the culture, (H) merge image
showing co-localization of the NF-H and MBP antibody staining. Scale bars = 50µm.
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Figure 4.
Immunocytochemical characterization of node of Ranvier formation on motoneurons. (A)
phase contrast image of day 29 MN+SC co-culture showing an axonal segment and multiple
Schwann cell bodies, (B) MBP and vgsc staining indicating node formation, (C) CASPR
staining indicating paranode formation, (D) vgpc staining indicating juxtaparanode
formation. Scale bar = 50µm.
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Table 1

Serum-free medium composition for growth and myelination of motoneurons by Schwann cells

Component Amount / Concentration Company Catalog Number

Neurobasal 500ml Gibco 10888

B27 50µl/ml Gibco 17504-044

Glutamax 10µl/ml Invitrogen 35050-061

Antibiotic / Antimycotic 10µl/ml Invitrogen 15240-062

aFGF 20ng/ml Invitrogen 13241-013

VEGF 165 20ng/ml Invitrogen P2654

h BDNF 20ng/ml Cell Sciences CRB 600B

h GDNF 20ng/ml Cell Sciences CRG 400B

r CNTF 50ng/ml Cell Sciences CRC 401B

h CT-1 20ng/ml Cell Sciences CRC 700B

NT-3 20ng/ml Cell Sciences CRN 500B

NT-4 20ng/ml Cell Sciences CRN 501B

Heparan sulfate 80ng/ml Sigma D9809

Vitronectin 100ng/ml Sigma V0132

1L-ascorbic acid 50ng/ml Sigma-Aldrich 396-HB

1
Supplemental component added only at indicated medium changes
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Table 2

Quantification of myelin segments and Nodes of Ranvier

Culture 1 Culture 2 Culture 3

Myelinated segments 61.67±3.71 63.67±4.91 64.00±2.65

Nodes of Ranvier 20.33±0.88 20.00±1.73 21.67±1.20

The data shown is a mean of four coverslips evaluated per culture. The values are the mean ± the standard error of the mean (SEM).
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