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Abstract
The controlled differentiation of embryonic stem (ES) cells is of utmost interest to their clinical,
biotechnological, and basic science use. Many investigators have combinatorially assessed the role
of specific soluble factors and extracellular matrices in guiding ES cell fate, yet the interaction
between neighboring cells in these heterogeneous cultures has been poorly defined due to a lack of
conventional tools to specifically uncouple these variables. Herein, we explored the role of cell-cell
interactions during neuroectodermal specification of ES cells using a microfabricated cell pair array.
We tracked differentiation events in situ, using an ES cell line expressing green fluorescent protein
(GFP) under the regulation of the Sox1 gene promoter, an early marker of neuroectodermal germ
cell commitment in the adult forebrain. We observed that a previously specified Sox1-GFP+ cell
could induce the specification of an undifferentiated ES cell. This induction was modulated by the
two cells being in contact and was dependent on the age of previously specified cell prior to coculture.
A screen of candidate cell adhesion molecules revealed that the expression of connexin (Cx)-43
correlated with the age-dependent effect of cell contact in cell pair experiments. ES cells deficient
in Cx-43 showed aberrant neuroectodermal specification and lineage commitment, highlighting the
importance of gap junctional signaling in the development of this germ layer. Moreover, this study
demonstrates the integration of microscale culture techniques to explore the biology of ES cells and
gain insight into relevant developmental processes otherwise undefined due to bulk culture methods.
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The isolation of embryonic stem (ES) cells has galvanized the field of regenerative medicine
by identifying a potential renewable source of primary cells that can be differentiated into any
cell type in the body [1]. Moreover, ES cells allow for a basic science platform to understand
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embryonic and fetal development in vitro [2]. To form one distinct cell type, an ES cell makes
many lineage-specific decisions that are influenced by cell interactions with its
microenvironment, namely surrounding cells, soluble factors and extracellular matrix (ECM)
proteins. Many investigators have exploited different combinations of soluble factors and
ECMs to drive ES cell fate in vitro [3–8]. Yet, the effect of cell-cell interaction on ES cell
differentiation has remained relatively unexplored, in part due to the inability to precisely
control cell-cell interactions using conventional culture methods. Nevertheless, intercellular
contact in the developing embryo and in cultured ES cells undergoes changes during different
stages of neuronal differentiation [13–16] and ES cells in culture differentiate asynchronously
into neuroectodermal precursors in a manner that suggests an important role for intercellular
interactions [17].

Soluble and insoluble inductive cues (e.g., retinoic acid, sonic hedgehog, and laminin) have
been investigated to determine their role in neuroectodermal specification [10], including
studies performed with the aid of microfabricated devices [11,12]. In order to explore the
relative importance of diffusible factors versus cell-cell interactions in the developing
neuroectoderm, we decided to employ a microfabrication technique to create cell pairs with
defined cell contact states in this work. We have also investigated the role of known cell
adhesion molecules on neuroectoderm differentiation in a conventional culture system.

Microwells [9] were fabricated using standard polyethylene glycol (PEG) photolithography
techniques as previously described [18,19] with the following modifications: (1) PEG-DA
(MW 575) with 1% DMPA was spin-coated on silane modified wafers at approximately 900
rpm using a spin coater (Machine World Inc., Redding, CA, USA); (2) PEG-coated wafers
were aligned with a photomask and pulse exposed (1.2 seconds, 3x) at 15 mW cm−2 to stabilize
small feature sizes; and (3) prior to cell seeding, microwells were incubated with 0.1% gelatin
for 1 hr. The total surface area for cell attachment was 1250 um2 per well and there was an
indexed array of 1 × 104 wells per 2″ borosilicate wafer (Fig. 1A).

The ES cells were the ES-D3 mouse embryonic stem cell line (ATCC, Virginia, US). Sox1-
GFP+ embryonic stem cells expressing green fluorescent protein (GFP) under the regulation
of the Sox1 gene promoter [17] were a gift from Dr. Austin Smith of the Institute for Stem Cell
Research at the University of Edinburgh. Cx43−/− cells, a Cx43 knockout ES cell line [21],
were a kind gift of Dr. Janet Rossant of the Department of Molecular and Medical Genetics of
the University of Toronto.

All cells were propagated on gelatin coated culture flasks in LIF-supplemented medium that
was changed daily. Cultures were routinely passaged at 60–75% confluency using 0.25%
trypsin/0.1% EDTA and subcultured at a density of approximately 1×103 cells/cm2.
Experiments were performed on cells of passage number 6–25. Neuroectodermal
differentiation was induced in an adherent, monolayer culture as previously described [17].
Briefly, LIF-supplemented medium was removed from undifferentiated adherent ES cells at
75% confluency, cells were washed with PBS and placed in N2B27 medium, which is a 1:1
mixture of DMEM/F12 medium supplemented with N2 and Neurobasal medium supplemented
with B27 (all from Invitrogen, US). The differentiation (N2B27) medium was changed every
two days for the duration of the experiment.

ES cells at different stages of differentiation were plated into poly(ethylene glycol) (PEG)
microwells [18,19]. The microwells were fabricated in the shape of an hourglass (Figure 1A)
so as to force the cell pairs into either interaction by physical contact (Figure 1C) or by diffusion
of secreted molecules (Figure 1F). For seeding into microwells, undifferentiated Sox1-GFP+
cells were incubated with CyberRed (Molecular Probes, Eugene, OR) for 5 minutes prior to
harvesting. Undifferentiated and differentiated Sox1-GFP+ cells of 3, 7, 11, 14 and 17 day in
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N2B27 were trypsinized, made into single cell isolates, and were mixed to a total of 2×106

cells that were seeded on the device at a 1:1 ratio. After 6 hours of incubation, non-adherent
cells were removed and fresh medium was added. Fluorescence microscopy was used to
determine the initial location (based on index array format) and identity of cell pairs with
respect to cell contact and differentiation (Fig. 1). The GFP expression of the undifferentiated
cells was monitored after two days of coculture using fluorescence microscopy. After two days
of culture, the yield of the experiment was scored as the number of pairs where the
undifferentiated cell became specified to a neuroectodermal cell and expressed Sox1-GFP
divided by the total cell pairs analyzed. For cell viability experiments, cells were seeded in
microwells or standard 25 cm2 tissue culture flasks and cultured for 0–72 hours. At t = 24, 48,
and 72 hours, a live/dead assay using calcein AM/ethidium homodimer (Molecular Probes,
Eugene, OR) was performed on cultures using the vendor’s protocol. Experiments were
performed in triplicate and data was normalized to initial seeding viability.

Endpoint and kinetic PCR were used to determine gene expression of cell adhesion molecules
known to be involved in neuroectodermal differentiation. RNA was extracted from ES cells
using the Nucleospin RNA purification kit (BD Biosciences, Palo Alto, CA) as previously
described [20]. Approximately 100ng-1 μg of total mRNA was reverse transcribed to cDNA
using the TwoStep RT-PCR Kit (Qiagen, Valencia, CA) per manufacturer’s instructions and
amplified in a Perkin Etus Thermal Cycler 480. Primers used for amplification were designed
using the public software algorithm Primer3 or developed within the ATRC and are listed in
Supplementary Table 1.

Results from microscale experiments were statistically analyzed using a Wilcoxon Ranked
Sum Test. Experiments in bulk cultured were analyzed using unpaired student’s t-tests. Data
is presented as the mean ± s.e.m.

Studies on cell viability demonstrated cellular integrity within the microwells during the two
day duration of experiments (Supplementary Fig. 1). Initial experiments sought to determine
if a neighboring, lineage-committed cell could alter the fate of an undifferentiated cell by
contact dependent and/or independent mechanisms. Thus, two cell co-cultures consisted of a
Sox1-GFP+ cell (differentiated for 3 days) and an undifferentiated cell with (Fig. 1C–E) or
without cell contact (Fig. 1F–H).

A co-culture of two undifferentiated cells, with or without cell contact, served as negative
controls and showed a baseline yield of 32 +/− 6% and 42 +/−8%, respectively (Fig. 2A). This
yield can most likely be attributed to the differentiation medium, substratum and potentially
stochastic mechanisms. In contrast, when an undifferentiated cell was co-cultured with an early
Sox1+ committed cell, neuroectodermal specification was induced in the undifferentiated cell,
independent of cell contact. These data suggest that early interactions with a differentiated cell
can increase the degree of specification of uncommitted cells (Fig. 2A).

We explored the effect of cell maturity (measured as time in differentiation culture) of Sox1+
neuroectodermal cells on the specification of ES cells in the presence or absence of cell contact
by microwell co-cultures of undifferentiated ES cells and cells differentiated in N2B27 medium
for up to 14 days.

Contact-independent experiments followed a saturating exponential trajectory with a threshold
yield of 56 +/− 2% on Day 7 (Fig. 2B). On the contrary, contact-dependent yields followed a
sigmoidal trajectory, increasing to a maximal yield of 72 +/− 7% on Day 7 and to a minimal
yield of 31 +/− 12% on Day 14 (Fig. 2B). The differential effect of cell contact is shown in
Fig. 2C. These time points (Day 7) may be indicative of lineage committed states where cell-
cell interaction may have an impact on the fate of a primitive cell.
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Based on the insight into the effects of cell contact on neuroectodermal specification gained
using microscale culture, we next studied whether cell contact affected ES cell differentiation
in bulk culture. Indeed, when observing cell morphology in differentiating ES cells over time,
distinct changes in cell contact were associated with differentiation time (Fig. 3A–C). Over
time, ES cells adopted a more network-like configuration with qualitatively less reliance on
cell junctional complexes. These morphological changes may correlate to the cooperative
effect of cell contact stated previously.

To evaluate these findings in depth, we elected to take a candidate approach based on previous
reports to identify molecular mediators involved in cell contact modulation of neuroectodermal
specification. For a molecule to be implicated in the cooperative effect of cell contact, we
qualitatively would expect dynamic changes in expression over time that would have
accentuated patterns on Days 7 when significant differences were observed. We examined the
gene expression of cell adhesion molecules known to be involved in neuroectodermal
specification at days 0–14 of differentiation of ES cells in N2B27 medium. Of the three gene
products (Cx-43, N-cadherin, and neuronal cell adhesion molecule (NCAM)-1) analyzed with
endpoint PCR, Cx-43 expression was correlated with the temporal effects of cell contact based
on our microwell experiments (Fig. 3D). When quantified by qPCR, only Cx-43 (Fig. 3E) had
dynamics that were consistent with our previous observation of induction at Day 7.
Specifically, Cx-43 had a “two-tailed” expression with a maximum at Day 7. These data suggest
that Cx-43-mediated pathways may be involved in the inductive effects of cell contact on
neuroectodermal specification and link ES cell differentiation contact dependence found at the
microscale with gene expression findings in bulk culture.

We tested our hypothesis that Cx43 is integral in the stabilization of a neuroectodermal germ
layer by differentiating Cx43−/− ES cells in N2B27 medium and comparing the expression of
genes involved in self-renewal, germ layer specification and lineage commitment to wild-type
(wt) ES cells.

The transcription factor, Oct-4, is one of the core transcriptional elements that maintain an ES
cell in a self-renewal state. During differentiation we saw an expected decline in Oct-4
expression over time in both wild-type and Cx43−/− ES cells indicating that lineage
commitment in general was unaffected by the mutation in Cx43 (Fig. 4A). We then studied
Sox1 to determine if there was any effect on neuroectodermal specification. Prior studies have
shown that Sox1 rises to a maximal level at approximately E11.5 and is subsequently
downregulated [17], which we reproduced in wild-type ES cells (Fig. 4B). In contrast, Cx-43
−/− ES cells had a bimodal expression pattern of Sox1 mRNA suggesting an alteration in germ
layer populations within the neuroectoderm. As a surrogate for individual lineage commitment,
we chose cell-specific mRNA indicative of neurons, oligodendrocytes, and astrocytes.
Expression of neuronal marker, β-III tubulin, tracked precisely with the dynamics of Sox1,
which shows that Sox1 most likely is restricted in expression to differentiated neurons (Fig.
4D). These data also suggest a punctuated, rather than gradual, development of neurons without
Cx-43 signaling. Neuronal development is intimately coordinated with the maturation of glial
cells in vivo [22]. Cx-43 −/− ES cells exhibited a failure in oligodendrocyte differentiation and
a presumably compensatory rise in astrocyte differentiation as assessed by expression of myelin
basic protein (MBP) and glial fibrillar actin protein (GFAP), respectively (Fig. 4C,E). In total,
these results demonstrate the Cx-43 is necessary for the appropriate development of
neuroectodermal cells.

Embryonic development is a highly orchestrated process that involves the precise
spatiotemporal expression of appropriate cues. ES cells have been used as a platform to study
the regulation of lineage-specific differentiation in order to understand normal development
and pathogenesis as well as the therapeutic potential of adult cell derivation from ES cells. The
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role of cell contact in the specification and commitment of ES cells has not been well defined
primarily due to a lack of conventional, experimental conditions to precisely study cell-cell
interactions. We used a microfabricated approach to study the age-dependent effects of cell
contact in ES cells using cell pair experiments. We monitored lineage specification via a GFP
reporter ES cell line that allowed for in situ visualization of the expression of Sox1, an early
and specific marker of neuroectoderm [23], within the device. Microscale studies were
designed to measure the specification of an undifferentiated ES cell when paired in culture
with or without cell contact to a neuroectodermal-specified ES cell.

We observed that an early neuroectodermal-specified ES cell can induce the specification of
an uncommitted cell independent of cell contact. However, the role of cell contact was revealed
as the specified cell had matured further in age prior to co-culture. After seven days of
neuroectodermal differentiation, a specified cell in contact with an unspecified cell could
induce a significant increase in the number of cell pairs where an undifferentiated cell began
expressing Sox1. This observation motivated the study of cell adhesion molecules in
conventional ES cell cultures to determine whether these results translated to an ensemble of
cells. Morphological changes, particularly with respect to cell adhesion, during
neuroectodermal differentiation were evident in vitro. Screening of a number of candidate cell
adhesion molecules known to be expressed in the developing neuroectoderm identified Cx-43,
whose gene expression temporally correlated with the effects of cell contact in microscale
studies, as a possible mediator of the inductive effects of cell contact during certain periods of
neuroectodermal development. We then studied ES cells deficient in Cx-43 and observed three
interesting phenomena: (1) Sox1 expression tracked with neuronal differentiation and was
bimodal in Cx-43 −/− ES cells compared to a uni-modal profile in wt-ES cells; (2) a failure of
oligodendrocyte development without Cx43; and (3) an amplification of astrocytic cells in
Cx-43 −/− ES cells. These results demonstrate that Cx43-mediated signaling is an essential
component of neuroectodermal germ layer formation.

We hypothesize that shuttling of intracellular molecules, such as retinoic acid, that have size
constraints allowable for passage through Cx43 may be another viable route to deliver inductive
cues for the differentiation of a neighboring cell, although further investigation is needed to
definitively test this theory. Furthermore, the unanticipated alterations in glial cell
differentiation indicate an overall impairment in germ layer development that is ultimately
correlated with Cx-43 deficiency. It remains unclear whether these alterations in glia are a
direct or indirect consequence of Cx-43 deficiency. Homologous mutation of Cx-43 in mice
leads to a neonatal lethal phenotype, primarily due to cardiac defects, thus making in vivo
studies of the developing forebrain in Cx-43 −/− mice potentially confounded without more
elaborate genetic manipulations [21].

In conclusion, we describe the modulatory effect of cell contact in the development of ES-
derived neuroectodermal cells that was systematically motivated by the use of microfabricated
cell pairs. These findings are a proof-of-principle that microfabrication technology can enable
the study of cell-cell contact in stem cell differentiation and potentially discover novel
pathways that cannot be precisely explored using conventional culture methods.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
ES  

embryonic stem cell

ECM  
extracellular matrix

PEG  
poly(ethylene)-glycol

NCAM  
neural cell adhesion molecule

MBP  
myelin basic protein

GFAP  
glial fibrillary acidic protein

RT-PCR  
reverse transcriptase-polymerase chain reaction

GFP  
green fluorescent protein
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Figure 1. PEG microwell array and cell tracking
(A) Microwells were fabricated using standard photolithography modified for a PEG substrate.
The total surface area for cell attachment was 1250 um2 per well and there was an indexed
array of 1 × 104 wells per 2″ borosilicate wafer. (B) Depiction of experimental design.
Undifferentiated ESCs were labeled with a cell tracker dye and mixed at a 1:1 ratio with Sox1-
GFP+ cells that have been differentiated for a certain amount of time. The cell mixture was
seeded on the PEG array and cell pairs were verified and tracked using fluorescence
microscopy. Phase micrographs of cell-cell contact dependent (C) and independent (F)
conditions. Cell pair criteria was determined after initial seeding in microwells as an
undifferentiated cell with a differentiated partner (D; denoted U:D) or an undifferentiated
partner (G; denoted U:U). Sox1+ cells (green) have differentiated for a certain period of time
prior to coculture with an undifferentiated cell loaded with cell tracker dye (red). After two
days of coculture each cell pair in the array was analyzed for induction of GFP expression in
the undifferentiated cell (E, H).
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Figure 2. Neuroectoderm-committed cells induce specification of undifferentiated ES cells in a
dynamic, cell-contact interaction
(A) Undifferentiated ES cells were cocultured with either another undifferentiated ES cell
(U:U, striped bar) or a Sox1+ cell, differentiated for 3 days prior (U:D, solid bar). Induction
of Sox1-mediated GFP expression in the undifferentiated cell was monitored after two days.
The ordinate is cell-cell contact. The abscissa is the number of cell pairs, in which Sox1-GFP
expression was induced in the undifferentiated cell, divided by the total number of cells pairs
monitored. GFP expression was enhanced in U:D compared to U:U and was independent of
cell-cell interaction (contact-independent: P = 0.05; contact-dependent: P = 0.02). The ordinate
in panels B-C is the duration of differentiation culture (0–14 days) experienced by the Sox1-
GFP+ cell prior to coculture with the undifferentiated cell. The abscissa is the same yield term
previously used. Neuroectoderm specification was increased in undifferentiated ES cells in
contact with a 7-day committed cell relative to no cell contact (B; P = 0.06). (C) The subtractive
differentiation variable is defined as the difference between the yields of cell contact dependent
and independent data. Data represent the mean ± s.e.m. of three separate experiments analyzing
between 5–25 cell pairs/experiment.
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Figure 3. Morphological maturation and temporal expression of cell adhesion molecules during
neuroectodermal differentiation
Phase contrast images ES cells differentiated in N2B27 medium for (A) 5, (B) 11 or (C) 17
days. (D) Detection of mRNA transcripts by endpoint RT-PCR in ES cells after 0, 3, 7, 11, 14
and 17 days of differentiation in N2B27 medium. Mouse brain tissue (Br) served as an external
control and 18S and primers only served as internal controls. Quantitative RT-PCR of Cx-43
(E) expression, relative to an internal housekeeping gene, normalized to expression of Day 0
ES cells. Error bars represent s.e.m. of three independent experiments.
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Figure 4. Cx-43 −/− ES cells have altered expression kinetics of Sox1 and neuronal lineage-specific
genes
Quantitative RT-PCR of (A) Oct-4, (B) Sox1, (C) β-III tubulin, (D) MBP, and (E) GFAP
expression in wt-ES and Cx-43 −/− ES cells, relative to an internal housekeeping gene,
normalized to expression of Day 0 ES cells. Results are representative of two independent
experiments.
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