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Abstract
Mechanisms that control the differentiation and function of oligodendrocytes in the central
nervous system are complex and involve multiple inputs from the surrounding environment,
including localized concentrations of growth factors and the extracellular matrix. Dissection and
analysis of these inputs are key to understanding the pathology of central nervous system
demyelinating diseases such as multiple sclerosis, where the differentiation of myelinating
oligodendrocytes from their precursors underlies the remission phase of the disease. In vitro co-
culture models provide a mechanism for the study of factors that regulate differentiation of
oligodendrocyte precursors but have been difficult to develop due to the complex nature of central
nervous system myelination. This study describes development of an in vitro model that merges a
defined medium with a chemically modified substrate to study aspects of myelination in the
central nervous system. We demonstrate that oligodendrocyte precursors co-cultured with rat
embryonic motoneurons on non-biological substrate (diethylenetriamine trimethoxy-
silylpropyldiethylenetriamine), can be induced to differentiate into mature oligodendrocytes that
express myelin basic protein, using a serum-free medium. This defined and reproducible model of
in vitro myelination could be a valuable tool for the development of treatments for demyelinating
diseases such as multiple sclerosis.
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1. INTRODUCTION
Oligodendrocytes are the myelin-producing cells of the central nervous system (CNS).1,2

Their most prominent function is to produce the insulation for axons and thus facilitate
saltatory conduction of action potentials. These cells arise from neuroepithelial cells during
embryonic development of brain and ventral spinal cord. Oligodendrocyte precursor cells
(OPCs) proliferate, migrate and undergo many developmental stages.3,4 OPCs, initially
bipolar A2B5 expressing cells, differentiate, begin to extend multiple processes and express
O4 sulfatide on their surface. Committed oligodendrocytes lose A2B5 reactivity after they
begin to express O1 galactocerebroside. Differentiated oligodendrocytes are post-mitotic
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multipolar cells, expressing myelin basic protein (MBP) and upon maturation initiate the
myelination of axons in the CNS. One oligodendrocyte can contact and wrap its processes
around multiple axons to form compact myelin segments.1,5–10.

Understanding the mechanisms that regulate the differentiation of oligodendrocytes and
their myelination of axons is crucial to understanding the pathology underlying
demyelinating diseases such as multiple sclerosis. A characteristic of this disease is periods
of remission associated with the differentiation of OPCs to mature oligodendrocytes and
remyelination of demyelinated axons. Oligodendrocyte differentiation and myelination is
regulated in response to a complex cascade of cues, including contacts with other cells and
the extracellular matrix, and secreted factors such as growth factors.2,11,12 Studies of
myelination in the peripheral nervous system have benefited greatly from the use of
simplified co-culture systems featuring purified dorsal root ganglion (DRG) and Schwann
cells. These studies have indicated an important role for axon derived cues in regulating
myelination.13,14 However, it has been very difficult to establish similar systems to study
CNS myelination due to its complexity. Common approaches include the use of DRG
neurons as an axonal source,15–17 or the use of dissociated CNS tissue, explants or
aggregates.18–21 However, these cultures have certain drawbacks that limit their application
to the study of factors regulating OPC differentiation and myelination. These include the
requirement for a high cellular density that limit optical approaches to studying myelination
as well as the use of poorly defined substrates that exhibit problems with long-term cell
attachment. In addition, the requirement for serum in many of these models undermines their
usefulness in dissecting out the contribution of various growth factors to OPC differentiation
and myelination.

In this study, we have established a CNS co-culture that consists of OPCs and embryonic
motoneurons cultured on a self-assembling monolayer composeds of the silane
diethylenetriamine trimethoxy-silylpropyldiethylenetriamine (DETA), in the presence of a
defined serum free medium. This medium formulation has previously been shown to
enhance the growth and long-term survival of motoneurons as well as promote their
myelination by Schwann cells with accompanying node of Ranvier formation.22 Using this
co-culture we were able to observe the differentiation of OPCs into mature MBP expressing
oligodendrocytes. In addition, the use of DETA allowed us to control the topography of the
co-culture by micropatterning using photolithography. This advance now allows for the
acute optical visualization of the interaction between the oligodendrocyte and axon, which is
not possible in denser organotypic-like cultures. This defined and reproducible system also
provides precise control over individual cell behavior and allows other cell types to be added
in a controlled manner. This system can be used to further improve understanding of CNS
myelination and ultimately for development of therapies for demyelinating diseases such as
multiple sclerosis.

2. MATERIAL AND METHODS
2.1. DETA Surface Modification

Glass coverslips (VWR 48366067, 22×422 mm2, No. 1) were first cleaned using 1:1 HCl–
methanol followed by a concentrated H2SO4 soak for 2 h. The DETA (United Chemical
Technologies Inc. T2910-KG) film was formed by the reaction of the cleaned surfaces with
a 0.1% (v/v) mixture of the organosilane in freshly distilled toluene (VWR BDH1151).
Coverslips were then boiled in deionized water and rinsed with acetone. 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
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spectrometer (VG Scientific) by monitoring the N 1s peak. The values are reported as the
mean±SEM.

2.2. Patterns Preparation
DETA/Silane (Si) Polyethyleneglycol (PEG) SAMs patterns were utilized in order to
determine interaction on single cell level, in which the patterns consisted of a co-planar
monolayer of non-permissive (SiPEG) and permissive regions (DETA). The SiPEG
monolayer was patterned using a deep UV (193 nm) excimer laser (Lambda Physik) at a
pulse power of about 200 mJ and a frequency of 10 Hz for 45 seconds through a quartz
photomask (Bandwidth Foundry, Eveleigh, Australia). A negative photomask consisting of
transparent patterns on chromium background was used to fabricate the DETA/SiPEG SAM
patterns. The energy dosage (8–15 J/cm2) was sufficient to ablate the regions of the SiPEG
monolayer exposed to the UV light to yield reactive hydroxyl groups, and the irradiated
surfaces were subsequently rederivatized with DETA. The rederivatization with DETA was
done as described above, but at a lower temperature, 60 °C.

2.3. Contact Angle Measurements
Water contact angle measurements were measured with a Ramé-hart goniometer (Mountain
Lakes, NJ). The contact angle of a static sessile drop (5 µl) of water was measured three
times and averaged. Water contact angle on DETA was 48±2. Water contact angle on
SiPEG was 37±2.

2.4. X-Ray Photoelectron Spectroscopy
The XPS characterization of DETA and SiPEG surfaces was performed utilizing a Thermo
ESCALAB 220i-XL X-Ray photoelectron spectrometer equipped with an aluminium anode
and a quartz monochromator. The surface charge compensation was achieved by using a
low-energy electron flood gun. Survey scans were recorded in order to determine the
relevant elements (pass energy of 50 eV, step size = 1 eV). High resolution spectra were
recorded for Si 2p, C 1s, N 1s, and O 1s (pass energy of 20 eV, step size = 0 = 1 eV). The
spectrometer was calibrated against the reference binding energies of clean Cu, Ag and Au
samples. In addition, the calibration of the binding energy (BE) scale was made by setting
the C 1s BE of carbon in a hydrocarbon environment at 285 eV. N 1s and Si 2p peak
deconvolution was performed with Avantage version 3.25 software, provided by Thermo
Electron Corporation.

2.5. 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
Committee at the University of Central Florida and conformed to NIH guidelines. For the
oligodendroglial cultures, neonatal rat pups were anesthetized and sacrificed at day 1 after
the birth and cortical tissue was removed and dissected. Pregnant rats were anesthetized and
sacrificed at embryonic day 15 for the motoneuron cultures. Embryos were removed by
caesarean section and fetuses dissected under a stereomicroscope (Carl Zeiss, Stemi, 2000).

2.6. Purified Embryonic Motoneuron Culture
Rat spinal cord motoneurons were purified from the ventral horn cords from embryonic day
15 (E15) embryos as described previously.23,24 Briefly, pregnant rats were anaesthetized
and terminated 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
min in a 37 °C water bath (Gibco 25300-120). Following incubation, the trypsin–EDTA was
aspirated and the cells suspended in dissection media, containing 10% FBS, and the tissue
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gently triturated. The dissociated cell suspension was then centrifuged at 500 g for 10 min at
4 °C to pellet the cells. Next, the tissue was layered on a density gradient of Opti-prep
(Sigma D1556) solution and centrifuged at 500 g for 15 min 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 immuopanning 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 min. This positive selection process
provides attachment for the motoneurons while the other cells remained in suspension. After
immuopanning the non-adherent cells were aspirated and the adherent motoneurons were
removed from the dish in dissection medium to a 15 ml tube. Lastly, the neurons were
pelleted by centrifugation at 500 g for 10 min and then resuspended in culture medium and
plated at a cell density of 300 cells/mm2.

2.7. Preparation of Glial Culture and Isolation of OPCs
Mixed glial cell cultures were prepared following the previously published protocol.25 The
cerebral cortexes were obtained from 1 day old rat pups and dissociated using 0.01%
trypsin. Tissue was cultured in poly-d lysine (PDL) coated tissue culture flasks (T75) and
maintained in a growth medium composed of Dulbecco’s Modified Eagle Media–high
glucose (DMEM, Gibco BRL, Rockville, MD) with the addition of 15% fetal bovine serum
and 1% Antibiotic Antimycotic (Gibco BRL) at 37 °C in a humidified atmosphere of 5%
CO2. The medium was changed every 3–4 days. The length of the culture period was 9 days.
After 7 days, the culture was rinsed three times with culture medium to remove floating
microglia. After 9 days, the medium was replaced with 10 ml of fresh growth medium and
flasks were secured on the surface of an orbital shaker and shaken for 15–18 h (37 °C, 250
rpm, stroke diameter of 1.5 in). OPCs were then harvested from the media by centrifugation
and plated on the top of 3 day old EMN cultures, at a plating cell density of 300 cells/mm2.

2.8. Morphological Analysis
Phase-contrast images were taken with a commercial Nikon Coolpix 990 camera using the
Zeiss Axiovert S100 microscope. Pictures were analyzed using Scion Image Software
(Scion Corp., Frederick, MD).

2.9. Immunocytochemistry
To characterize cells by immunocytochemistry, they were briefly washed with Hanks’
balanced salts solution and fixed in 4% paraformaldehyde for 18 min. Fixed cells were
rinsed in PBS, permeabilized with 0.5% Triton 100× in PBS for 7 min, and then blocked
with 5% donkey serum for 1 hr. Incubation with the primary antibody took place overnight
at 4 °C. Primary antibodies used were mouse monoclonal A2B5 (MAB312, 1:250), O4
(MAB345, 1:100), O1 (MAB344, 1:200), MBP (1:25), and anti-neurofilament heavy chain
(1:1000) (AB5539), all from Chemicon (Temecula, CA). Following rinsing in PBS, cells
were incubated with an Alexa Fluor 488- conjugated anti-mouse IgG or Alexa Fluor 594-
conjugated anti-chicken IgG for 2 hours at room temperature, rinsed with PBS again and
mounted on glass slides under Vectashield mounting medium (H1000, Vector Laboratories,
Burlingame, CA). For general visualization of cellular nuclei, the specimens were
counterstained with DAPI. Immunoreactivity was observed and analyzed by using an Ultra
VIEW™ LCI confocal imaging system (Perkin Elmer).

2.10. Quantification
Morphological and immunocytochemical quantification was performed on cells during
various differentiation stages. For each coverslip, at least 10 pictures were taken from
randomly chosen views under 200× magnification. All the marker-positive cells were
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counted, as well as the total number of cells in these views. At least three cover slips in each
group were quantified and data were expressed as an average±standard deviation (SD).

3. RESULTS
3.1. Co-Cultures of OPCs with EMNs in Defined In Vitro System

The main experimental steps in the OPCs–EMNs co-culture are illustrated in Figure 1.
Essentially, DETA coated cover slips were prepared as described.26,27 DETA is an
aminosilane that forms a covalently bound, uniform, self-assembled monolayer on the glass
surface. The structure of DETA, containing multiple amines in its terminal group, is shown
in Figure 1. Characterization of the DETA monolayer was carried out by determining the
nitrogen/ silicon content of the coverslip surface using XPS (Fig. 1). We have previously
identified optimum values for this determinant that support neuronal growth and have
adapted our chemistry appropriately.22,27–29 Similarly, the hydrophilicity of the coverslip
surface was determined using a static contact angle measurement (Fig. 1). Cover slips with
optimal surface characteristics were seeded with motoneurons isolated from the spinal cords
of embryonic day 15 rat embryos, by a process of density gradient centrifugation and
immunopanning. These motoneurons were cultured in the presence of the medium described
in Figure 1, which had previously been shown to support the growth and maintenance of
both motoneurons and Schwann cells,22 in co-culture. After three days in culture neurons
were seeded with OPCs isolated from the cerebral cortex of a 1 day old rat pup. Following
the enrichment, EMNs were plated on the modified glass coverslips and allowed to grow for
three days before the addition of OPCs.

3.2. Characterization of OPCs Alone Following the Isolation
To characterize the OPCs in the defined system immediately following the shake-off
isolation, cells were plated separately from EMNs on DETA coated coverslips and allowed
to attach. Following the attachment, the cellular morphology was carefully monitored.
Within 24 hrs after the plating OPCs exhibited bi-polar morphology, typical of early OPCs,
as illustrated in Figure 2(A). After 24 hrs, cells were fixed and analyzed for expression of
markers of oligodendroglial lineage using immunocytochemistry. Quantification of the
results revealed that 78.6 ± 3.1% of cells purified in this fashion expressed A2B5 and
53.6±4.7% of cells expressed O4, suggesting that the cells plated onto DETA initially
exhibited an early OPC phenotype (Figs. 2(B and C)). In support of this idea, cells were
negative for O1 and MBP, markers of differentiated oligodendrocytes.

3.3. Characterization of OPCs in Co-Culture with EMNs
A number of factors play a role in the maturation of OPCs including axonal
interactions.2,12,19 and substrate contact.30,31 Therefore OPCs were examined to determine
if they could differentiate into mature oligodendrocytes during co-culture with EMNs in the
defined system using DETA as a substrate. Within five days of co-culture, OPCs started to
exhibit a mature phenotype indicated by the elaboration of an extensive network of
processes (Fig. 3(A)) and the expression of MBP, a characteristic marker of mature
oligodendrocytes and a major constituent of the myelin sheath. EMNs were detected by
employing neuron specific neurofilament heavy chain antibody, identifying the neuro–
axonal compartments. The results indicated that at day 5, 23.6±5.7% of cells, at day 10,
42.94±3.2% of cells and at day 20, 49.1 ± 2.0% of cells expressed MBP. At day 5 in co-
culture, MBP positive oligodendro-cytes exhibited elaborate processes and by day 10 their
processes started to align with NF–H positive axons. Yet, oligodendrocytes did not extend
multiple distinctive MBP positive segments suggestive of fully mature compact myelin. The
clustering of voltage-gated sodium channels at nodes of Ranvier was also not detected,
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suggesting that the oligodendrocytes in these cultures were restricted in their ability to form
myelin.

3.4. Interaction Between OPCs and EMNs on the Single Cell Level
In order to investigate the interaction between OPCs and EMNs on the single cell level, cells
were co-cultured on glass coverslips modified with photolithography to form line patterns
composed of DETA. Line thicknesses were 10, 20, 50 and 100 µm. Areas in between the
lines contained polyethyleneglycol (PEG), to form a hydrophilic surface that was largely
resistant to cell attachment. Distances between lines were 40, 70 and 100 µm. Cells attached
and survived well in this highly restrictive micropatterned environment. Figure 4(A)
illustrates the morphology of cells at 20 days after plating on these line patterns. At day 20,
cells were fixed and analyzed for the expression of MBP and NF–H. Results indicated that
oligodendrocytes fully differentiated (as determined by MBP expression) on the DETA
lines. Furthermore, they extended their MBP positive processes and wrapped them around
multiple, precisely oriented axons as shown in Figure 4(B). The survival and interaction
between both types of cells in this controllable and highly restricted environment represents
an important step in the development of a completely defined in vitro myelination model.

4. DISCUSSION
The results of this study have demonstrated that cortical OPCs can be co-cultured with
EMNs in a defined, serum free system, on an artificial substrate which can be patterned by
photolithography. OPCs from the rat cortex initially isolated as immature A2B5 expressing
bipolar cells were able to differentiate on the DETA substrate such that greater than 50% of
them exhibited a mature morphology and expressed MBP. These OPCs/oligodendrocytes
interacted with EMNs, differentiated, expressed MBP and wrapped their processes around
axons, although they did not appear to ultimately form a compact myelin sheath. The use of
DETA allowed for micropatterning of the co-culture using photolithograpy. This now
enables the detailed optical analysis of the interaction between the myelinating glia cell and
the axon, which is not possible in the more complex organotypic-like cultures currently
being utilized.

In this defined model, an artificial substrate consisting of a self-assembling monolayer of
DETA was utilized.27,32–34 The triamine moiety of DETA resembles the structure of
spermidine, a well known growth factor.35,36 DETA is an aminosilane that forms a
covalently bound, uniform, self-assembled monolayer on glass surfaces. At physiologic pH,
the amines carry partial positive charges, providing a hydrophilic surface that promotes
cellular attachment. DETA also promotes long-term cell survival because it is non-digestible
by matrix proteases secreted by cells.29,32 Prior to its use, DETA surfaces were
characterized by XPS analysis and hydrophilicity was determined using static contact angle
measurements. This allowed for tight quality control and ensured reproducibility between
different cultures. Similarly, the use of a well-defined media composition eliminated the
vagaries associated with the use of serum due to inter-batch variability.

An interesting question raised by this series of experiments is why we were not able to
detect myelinated axonal segments in our co-cultures, despite the fact that cultures were
allowed to develop out to beyond 20 days, which is easily enough time for myelin formation
to occur. We do not believe that this reflects problems with the basics of our co-culture
system for the following reasons:

1. We have used this same media and the DETA substrate to establish co-cultures of
EMN’s with Schwann cells and have successfully observed myelination,22 and
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2. We have used the same substrate and media for a co-culture of EMNs with OPCs
derived from the E15 spinal cord and purified by immunopanning with OPC
markers, and have observed myelin segments with accompanying node of Ranvier
formation (Davis et al., manuscript in preparation).

We therefore assume that our inability to form myelin segments in this system results from
our source of OPCs. Recent studies have shown that maturation of an oligodendrocyte into
an MBP expressing cell does not necessarily reflect its ability to myelinate and that maturing
oligodendrocytes can exhibit a narrow window of myelin competency.19 The development
of the defined co-culture system described here will allow us to study this characteristic in
more detail.

Many of the previous models that have studied oligodendrocyte-axon interactions in vitro
have co-cultured oligodendrocytes with DRG neurons.12,15,37 However the cell bodies of
DRG neurons are located outside of the CNS with their axons being limited in their
exposure to the CNS environment. As it is known that similar signals can differentially
regulate CNS and PNS myelination then the combination of oligodendrocytes with DRG
axons does not represent a useful recapitulation of CNS myelination.38 In order to represent
a more accurate representation of the CNS environment, several studies have reported
oligodendrocyte-CNS neuron co-cultures.18,20,21,39,40 These co-cultures have involved
mostly explants or cell aggregates grown on PDL or matrigel coated coverslips.18–20,41

These reported methods have significant disadvantages and technical challenges, involving
difficulties with the attachment of the explant or aggregates to the substrate and an inability
to optically track or distinguish individual cells within the culture.42

This study has documented the development of an improved CNS model for
oligodendrocyte-axonal interactions. Both type of cells, OPCs and EMNs, originate from
different sources, which overcomes difficulties that require specialized cell labeling to
determine cellular origins. In addition, cells were plated as dissociated cultures, overcoming
the challenge of poor attachment of aggregates to biological tissue culture substrates and
allowing greater optical resolution of culture cellular components. In co-cultures, OPCs
were observed to interact with EMNs, and after 5 days start to become differentiated and
exhibit the ramified phenotype of a mature, MBP positive oligodendrocyte.
Immunocytochemical analysis revealed that at this stage 23.6±5.7% of cells expressed MBP
and by day 20 of co-culture almost 50% of the cells were MBP positive and wrapped their
processes around NF–H positive axons.

Another advantage to using a defined substrate is the ability to micropattern the surface to
allow the study of oligodendrocyte-axon interactions on the single cell level. Lines,
composed of DETA, were separated by a cell repellent surface represented by PEG. Co-
cultures attached to the lines, differentiated and survived for over a month in this highly
restrictive environment. Line patterns allowed for the analysis of single oligodendrocytes
aligning and wrapping their processes around multiple axons. Further studies and
development of this novel, defined in vitro model will allow for a more precise assessment
of factors and environment in which CNS myelination occurs. The results could be used to
elucidate underlying causes of demyelinating diseases such as multiple sclerosis, central
pontine myelinolysis, transverse myelitis, Devic’s disease and others.

5. CONCLUSIONS
This work has documented the establishment of an in vitro CNS myelination model. The
model utilizes a serum-free defined medium and a chemically defined synthetic substrate.
The defined conditions promote cell attachment, growth and survival. Furthermore, they
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allow for precise control and evaluation of factors influencing OPC-axon interactions and
further the understanding of CNS myelination in vivo.
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Fig. 1.
Schematic representation of co-cultures of OPCs with EMNs in defined in vitro system.
Diagram illustrates the main steps in the OPCs–EMNs co-culture and development of a
defined in vitro system. This system involves modification of a glass coverslip with a
monolayer of the synthetic, growth promoting substrate DETA. Cells attached to DETA
were cultured in the serum free medium shown, containing factors that are optimal for cell
survival and the differentiation of OPCs.
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Fig. 2.
Characterization of newly isolated OPCs from the rat pup cortex. (A) A typical bipolar
morphology of OPCs 24 hrs after “shake-off” isolation. (B) Results of immunocytochemical
analysis revealed that 78.6±3.1% of cells expressed A2B5 and 53.6±4.7% of cells expressed
O4. (C) Immunocytochemistry for A2B5 and O4 expression 24 hrs after shake off. Scale
bars 100 µm.
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Fig. 3.
Expression of markers of oligodendroglial lineage in co-culture. (A) Light microscopy
images indicating the morphology of OPCs at day 5, 10 and 20 in co-culture. (B)
Immunocytochemical analysis detecting MBP, NF–H and DAPI at day 5, 10 and 20 of co-
culture. Images illustrate details of mature ramified oligodendrocytes at day 5 and
oligodendrocytes wrapping their processes around axons at day 10 and 20. Scale bars 100
µm.
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Fig. 4.
Co-culture of OPCs with EMNs and MBP expression on a line pattern. (A) Light
microscopy images of co-cultures grown on line patterns composed of DETA/SiPEG SAMs,
for 20 days. (B) Immunocytochemical analysis of mature MBP positive oligodendrocyte
interacting with multiple NF-positive axons. Scale bars 100 µm.
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