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Abstract

A critical element of any stem cell differentiation protocol is the ability to compare its effects relative to an undifferentiated population

of the same cells. In an attempt to standardize pre-differentiation conditions of adult derived mesenchymal stem cells prior to neural

induction experiments, we asked what is the simplest chemical surface that supports the growth and maintenance of these cells in a pre-

differentiation state. Adult bone marrow-derived rat mesenchymal stem cells (BMSCs) were expanded in vitro on Permanox Lab-Teks

tissue culture treated plastic (TCP), poly-D-lysine (PDL) coated glass, PDL-laminin-1 coated glass, and untreated glass. TCP provided

the best surface for maintaining morphologies generally considered to be undifferentiated, while PDL coated glass and uncoated glass

provided the least suitable surfaces. Expansion of BMSCs on PDL-laminin-1 coated glass resulted in expression of nestin, a marker

associated with neuronal and other progenitor cells, and therefore may confound experimental results if used as a pre-differentiation

surface.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Adult bone marrow-derived mesenchymal stem cells
(BMSCs) are precursor cells that may present an ideal
source of stem cells for cellular replacement therapies
because of their relative ease of isolation, high in vitro
expansion rate, and demonstrated multipotency. These
properties allow for an autologous cell source, which in
some cases circumvents host immune response issues.
Under specialized induction conditions, BMSCs have been
shown to give rise to cell types derived from all three germ
layers [1–3]. In addition to differentiating into mesenchy-
mal cell types such as osteoblasts, chondrocytes, and
adipocytes, recent evidence also suggests their potential for
neural differentiation both in vitro [4–9] and in vivo [10,11].
e front matter r 2006 Elsevier Ltd. All rights reserved.
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Murine BMSCs implanted into neonatal mouse brains
have been shown to develop into astrocytes [10] and
cultured BMSCs have been shown to display neuron-like
morphologies and express neuronal protein markers
following induction with a wide variety of signaling factors
[1,4–7,9,10,12–19]. Transplanted BMSCs into the neural
retina of a rat model of retinal degeneration have been
shown to integrate with host tissue and provide regen-
erative support to injured photoreceptor neurons [13].
As a precursor to induced neural differentiation and

transplantation experiments with these cells, we asked the
fundamental question what is the simplest and most
reproducible surface that would support the growth and
proliferation of undifferentiated BMSCs prior to differ-
entiation. Different published methods for the expansion
and growth of BMSCs can produce varying results, with
some resulting in early neural protein expression that
may confound induced differentiation conditions. Further-
more, it is difficult to compare and draw conclusions
from experimental protocols which make use of different
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surfaces. In an attempt to standardize pre-differentiation
conditions of adult derived mesenchymal stem cells prior to
neural induction experiments, we directly compared four
simple chemical surfaces for their ability to support the
growth and maintenance of these cells in a pre-differentia-
tion state. Specifically, we cultured BMSCs on tissue culture
treated plastic (TCP), poly-D-lysine (PDL) coated glass,
PDL-laminin-1 coated glass, and untreated glass. During
cell expansions we tracked changes in BMSC morphology,
protein expression, and growth. Specifically, we measured
the expression of CD90, a membrane protein specific for
undifferentiated BMSCs [4,9,20]; glial fibrillary acidic
protein (GFAP), an intermediate filament protein specific
for mature macroglial cells [21–23]; and nestin, an inter-
mediate filament protein specific for neuronal progenitor
cells [24–26]. We conclude that for the purpose of expanding
and maintaining multipotent undifferentiated BMSC popu-
lations aimed at neural differentiation experiments, simple
TCP provides the most consistent and reliable surface,
allowing the comparison of differentiation parameters
without confounding experimental variables. The other
surfaces we tested either displayed reduced cell growth,
morphologies associated with early committed phenotypes,
and/or resulted in the positive expression of proteins
associated with early committed phenotypes. Therefore,
attempting to expand BMSCs on these routinely used cell
culture surfaces (specifically, untreated glass, PDL-glass,
and PDL-laminin-1 on glass) prior to controlled experi-
mental differentiation conditions may result in unintended
and subtle early phenotypic and/or morphological condi-
tions that may confound the analysis and interpretation of
experimental results. The only surface chemistry that in our
hands reliably and reproducibly resulted in truly undiffer-
entiated BMSCs after multiple passages was TCP.

2. Materials and methods

2.1. Cell cultures

Rat BMSCs were obtained from the Tulane Center for Gene Therapy

at Tulane University. Primary cultures were harvested and expanded

based on a modification of published protocols [27]. For all experiments

only passage 8 BMSCs were used. BMSCs were cultured on Permanox

Lab-Teks chamber slides (Nalgene Nunc International, Rochester, NY),

PDL coated culture slides (Becton Dickinson, Franklin Lakes, NJ), PDL-

laminin-1 coated culture slides (Becton Dickinson, Franklin Lakes, NJ),

and untreated glass culture slides (Becton Dickinson, Franklin Lakes, NJ).

BMSCs were seeded into wells at 1000 cells/cm2 in culture media

consisting of a minimum essential media (aMEM), 20% fetal bovine

serum (FBS; Atlanta Biologicals, Atlanta, GA), 4mM L-glutamine, and

antibiotic–antimycotic (10,000 U/ml penicillin G sodium, 10,000mg/ml

streptomycin sulfate, 25mg/ml amphotericin B as Fungizone in 0.85%

saline), which were all obtained from Invitrogen (Carlsbad, CA) unless

otherwise specified. Media changes, in which all the media was removed,

were performed every other day.

2.2. Immunocytochemistry

Immunocytochemistry (ICC) was performed on day 6 of culture.

BMSCs were fixed at room temperature in 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) for 15min. After fixing,

the cells were washed twice with PBS (Invitrogen, Carlsbad, CA) and some

cultures permeabilized in 0.2% Triton X-100 (Fisher Scientific Interna-

tional, Hampton, NH) for 30min. The remaining cultures were not

permeabilized and instead incubated in PBS for 30min. Cultures were

incubated at room temperature for 2 h with either one of the following

primary antibodies: CD90 (1:160; Pharmingen, San Diego, CA), glial

fibrillary acidic protein (GFAP; 1:1000; Sigma, St. Louis, MO), or nestin

(1:1000; Pharmingen, San Diego, CA) with 10% FBS in PBS. Cultures not

permeabilized were stained using CD90, since this protein is expressed on

the cell membrane surface. All other proteins were intracellular and

therefore required permeablization in order to allow the antibodies access

to their epitopes. Routine negative controls for all conditions included the

omission of the primary antibody and incubation with 10% FBS in PBS

during the primary incubation step in order to control for background

fluorescence of the secondary antibodies. For secondary antibody staining,

cells were incubated with tetramethylrhodamine isothiocyanate (TRITC)

conjugated anti-mouse IgG (1:200; Sigma, St. Louis, MO). Following

ICC, all slides were mounted using Molecular Probes Prolongs Gold

antifade reagent with DAPI (Eugene, OR).

2.3. Imaging

All images were acquired using an Olympus IX81 inverted fluorescent

confocal microscope (Olympus Optical, Tokyo, Japan) that included

epifluoresence, confocal, phase, brightfield, and Hoffman differential

interference contrast (DIC) modalities. Our microscope was equipped with

a Hamamatsu ORCA-ER digital camera (Hamamatsu Photonics K.K.,

Hamamatsu City, Japan) and Image-Pro Plus data acquisition and

morphometric software (version 5.1.0.20, Media Cybernetics, Inc., Silver

Spring, MD).

2.4.1. Morphology counts

Morphology cell counts were conducted using ImageJ (version 1.34j)/

Cell Counter (v2), an application that permits counting of multiple object

types in an image. This enabled the selected labeling and counting of cells

from each morphology category in each image. To avoid bias, for each of

the four chemical surfaces five randomly selected fields of view

(670mm� 670mm) were counted for each of the 6 days in culture. Cells

were categorized into one of three morphology classifications: (1)

fibroblastic, (2) flat, and (3) other morphologies (see Results for details).

After the cells in each image were counted, the percentages of cells in each

morphology category for each chemical surface was calculated for each

day, along with the standard deviation and standard error of the mean. All

data analysis was done using Microsoft Excel. All counts were done by

one of the co-authors (M.H.).

2.4.2. Fluorescence counts

Using our Olympus IX81 inverted fluorescent confocal microscope

fluorescence counts for BMSCs cultured on PDL-laminin-1 were

conducted by scanning over the entire area (0.7 cm2) of the culture wells

through a field of view of 170mm� 170mm. Non-specific nuclear DAPI

fluorescence was used to count the total number of cells in the wells, cells

positive for both DAPI and TRITC were counted as positive for nestin

expression, and the percent positive for antibody labeling was calculated.

3. Results

3.1. Tissue culture treated plastic provided the most

consistent and robust culture surface

We expanded and characterized the morphology of
BMSCs over the course of six days on four different culture
surfaces with distinct functional chemistries: Permanox
Lab-Teks TCP, PDL coated glass, PDL-laminin-1 coated
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glass, and untreated glass. TCP and PDL promote cell
adhesion through non-specific electrostatic interactions
[21,24], while PDL-laminin-1 presented a bioactive surface
with laminin being a strong inducer of neuronal differ-
entiation in neural progenitor cells [12,24,28–33]. This
condition was tested to see if laminin-1 alone could induce
some degree of neural differentiation in untreated BMSCs,
or if the cells would remain undifferentiated. If they
remained undifferentiated, growing BMSCs on a neuronal
promoting surface would provide a supportive environ-
ment for neural differentiation in conjunction with other
differentiation manipulations. If not, then we wanted to
avoid potential confounding results between this surface
and experimental induction parameters. We classified cell
morphologies as: (1) fibroblastic, exhibiting an elongated
cell body with directional lamellopodia and pseudopodia;
(2) flat, having an indistinct cell body with extensive spread
of lamellopodia; and (3) other morphologies, which
included subpopulations of pod-shaped cells with exten-
sions of lamellopodia along one edge of the cell body,
rounded cells with round cell bodies and circumferen-
tial extension of lamellopodia, or globular cells with
rounded cell bodies and little processes (Fig. 1). A CD90
+/GFAP�/nestin�fibroblastic morphology (as defined
above) was interpreted as BMSCs in a completely
undifferentiated pluripotent state [20], while the positive
expression of either GFAP and/or nestin, which is
associated with committed neural lineages [33–37], or a
flat morphology, which is associated with osteogenic
60 µm

Permanox tissue 
culture plastic 

1 DIV, 20x 2 DIV, 20x 

Glass and PDL 

3 DIV, 10x 
Glass 

3 DIV, 20x
PDL 

PDL-laminin 

5 DIV, 10x 

Fig. 1. Representative fields showing BMSC morphologies for different cultu

classified as (1) fibroblastic, exhibiting elongated cell body with directional

extensive spread of lamellopodia; (3) other morphologies, which includes subp

edge of the cell body, rounded cells with round bodies and circumferential exte

processes.
lineages [35,36], were interpreted as BMSCs that were not
in a completely undifferentiated state.
There were some common morphological patterns but

also noticeable differences in the way cells developed on the
different surfaces over the culture period we investigated
(Figs. 1 and 2). With the exception of cells cultured on
PDL-laminin-1, most cells initially displayed the fibroblas-
tic morphology typically associated with undifferentiated
BMSCs [28]. As a function of time in culture, there were
changes in cell shape in about 10% of the cells counted that
suggested a transition from the initial state, through
morphologies listed in the ‘other’ category, into the flat
morphology that has been previously characterized by
others to be indicative of dedifferentiation, senescence, and
loss of multipotency [16,27,53]. This morphology has been
shown to have differentiation capabilities limited to the
osteogenic pathway intrinsically taken by BMSCs [52,54].
During 1–4 days in vitro (DIV), the morphology of

BMSCs cultured on TCP remained relatively stable (Fig. 1,
top panels). About 55% of the cells appeared fibroblastic
with directional lamellopodia along one edge of the
elongated cell body and pseudopodia extending in other
directions. About 9% of the BMSCs were flat with a
significantly large spread of lamellopodia and the remain-
ing 36% appeared small with distinct pod-shaped or
rounded cell bodies (Fig. 2). The percentage of fibroblastic
cells remained constant for the initial 4 days in culture, but
by 6 DIV �24% of cells on tissue culture plastic adopted a
flat morphology (Fig. 1, top panels). BMSCs cultured on
30 µm
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re surfaces (see text for details; DIV ¼ days in vitro). Morphologies were
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opulations of pod-shaped cells with extensions of lamellopodia along one

nsion of lamellopodia, or globular cells with rounded cell bodies and little
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Fig. 2. Summary data for cell counts of morphological changes as a function of the culture surface. The different morphologies were classified as described

in Fig. 1 and in the text. Error bars represent standard deviations.
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PDL coated glass and untreated glass showed similar
morphologies across all time points. At 1 and 2 DIV there
were 40–50% fibroblastic and 10–15% flat cells (Fig. 2).
However, the transition to the flat morphology was
observed earlier (as early as 3 DIV) on these two surfaces
in comparison with tissue culture plastic. In addition to
cells with a large circumferential spread of lamellopodia, a
few flat cells appeared to have large loop-shaped cell bodies
with branching pseudopodia. By 6 DIV, only �33% of the
cells on PDL and untreated glass still displayed the
fibroblastic morphology (compared to �49% on TCP;
Fig. 1, middle panels).

The most significant morphological differences were
observed for BMSCs cultured on PDL-laminin-1 coated
glass. Throughout the 6-day culture period, BMSCs on
PDL-laminin-1 exhibited sub-confluent cultures presum-
ably due to a reduced proliferation rate in comparison to
cells grown on the other surfaces. While 32% of cells
remained fibroblastic and only 1% appeared flat, an
overwhelming majority (67%) were noticeably small and
globular in shape between 1 and 4 DIV (Fig. 1, bottom
panels). Some cell spreading was observed during later
days in culture, but in general each cell occupied
significantly less surface area than BMSCs grown on other
culture surfaces.

3.2. Laminin-1 alone was able to induce progenitor cell

characteristics

Immunocytochemistry was done to detect the expression
of CD90, nestin, and GFAP in all experimental conditions
at 6 DIV. As expected, cells on PDL-laminin labeled
positive for CD90 in upwards of 80%, indicating that most
of the BMSCs were to some degree in an undifferentiated
state (Fig. 3, left column of panels). GFAP labeled negative
for all four experimental conditions (Fig. 3, third column
of panels). There have been conflicting reports in the
literature regarding the presence of GFAP in cultured
BMSCs [13,14,40] and our results suggest that BMSCs
cultured on standard surface chemistries under basic
conditions that only sustain growth do not inherently
express GFAP. Nestin stained negative on TCP, untreated
glass, and PDL coated glass (Fig. 3, second column of
panels). However, there was strong positive nestin labeling
in PDL-laminin-1 cultures. The presence of this cell
progenitor protein (i.e. specific to neuronal progenitors in
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Fig. 3. Immunocytochemical characterization of MSCs cultured on different surfaces for anti-CD90, anti-nestin, and anti-GFAP antibodies, specific

markers for undifferentiated multipotent BMSCs, neural progenitor cells, and mature macroglial cells, respectively. In all cases nuclei were stained non-

specifically with dapi.
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the nervous system but also expressed by other cell types
outside of the nervous system) suggests a bioactive
signaling role for laminin-1 in the induction of BMSCs
towards a potential neuronal lineage. Of the total number
of cells counted (32pnp100 between different experi-
ments), 84% of BMSCs cultured on PDL-laminin-1
expressed CD90, while about half of them (53%) expressed
nestin. In all cases, negative controls with omitted primary
antibodies to assess levels of background fluorescence and
verify specific labeling showed no non-specific signal (data
not shown).

4. Discussion

In order to identify the simplest culture surface that
supports BMSC expansion in a pre-differentiated state in
order to avoid experimentally confounding results in
subsequent differentiation experiments, we cultured adult
rat BMSCs on four different representative standard
surface chemistries: Permanox Lab-Teks tissue culture
treated plastic (TCP), poly-D-lysine (PDL) coated glass,
PDL-laminin-1 coated glass, and untreated glass. Over the
course of 6 days we observed morphological differences on
the different culture surfaces. Our results indicate that TCP
provided the most reliable and consistent surface for the
growth and long-term maintenance of undifferentiated
BMSCs, consistent with other reports [21,38,39,41,42].
This is most likely due to the enhanced wetability and
cell attachment properties of this surface brought about
by surface treatment of oxygen plasma. Since oxygen
plasma is the most prevalent technique used to functiona-
lize polystyrene for tissue culturing, we believe that
the result we observed on the TCP surface is a general
property of most commercially available polystyrene tissue
cultureware.
In comparison to cells grown on TCP, BMSCs cultured

on PDL and untreated glass generally displayed a lower
percentage of the fibroblastic morphology, the character-
istic morphology of undifferentiated BMSCs, and dis-
played an earlier transition to the flat morphology typical
of cell senescence and restriction to the osteogenic lineage
[16,52–54]. These results are consistent with other investi-
gations [21], indicating culture surfaces coated with PDL
alone, a suitable surface for culturing other cell types, does
not significantly enhance or support BMSC attachment.
This reduced cell attachment could putatively be a factor
that promotes commitment to the osteogenic lineage in
BMSCs as indicated by an earlier transition and higher
percentage of the flat morphology on these surfaces.
PDL-laminin-1 coated glass can itself constitute a

neuronal differentiation condition for various cell types
as shown by us and others [43–46]. Our results here
indicate that this surface combination is unsuitable for the
purpose of maintaining pre-differentiation conditions of
BMSCs during cell expansion and passaging. Our results
suggest that this surface chemistry does not support BMSC
growth particularly well, while at the same time is suffi-
cient to induce nestin expression in undifferentiated cells.
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Laminins are large multi-domain trimeric proteins that
exist in various isotypes due to alternative splicing and
post-translational modifications [47,48]. The expression of
different laminin isoforms varies spatially and temporally
between tissues as well as throughout development and
adulthood, playing key roles in signaling and coordinating
specific cell events. Laminin-1 consists of a 400 kDa a1
chain, a 200 kDa b1 chain, and g1 chain and is the most
studied of the twelve known laminin isoforms. Laminin-1
directly participates in the development of the central
nervous system [24,28] while laminin-b2 is known to
promote photoreceptor proliferation and development in
the neural retina and sub-retinal space [32]. BMSCs have
been shown to express integrin receptors under various
conditions during normal development, the principle
receptor for laminins [49–51]. It is conceivable that if
laminin-1 is able to induce early differentiation character-
istics in undifferentiated BMSCs, other extracellular matrix
derived proteins may be able to do the same, making them
unsuitable for simple cell expansion. Ultimately, in a direct
comparison of these four basic surfaces, TCP provided the
most consistent and reliable surface for maintaining and
expanding BMSCs in a pre-differentiation condition and is
the most suitable surface for avoiding confounding
experimental results that may result from the choice of
surface chemistry during an experiment.

5. Conclusions

We demonstrated that simple TCP provides the most
consistent and reliable surface for the purpose of expand-
ing and maintaining multipotent undifferentiated BMSC
populations prior to differentiation experiments. These
results suggest that TCP can be used to expand BMSCs
without the danger of unintended differentiation effects
that may confound experimental variables in subsequent
differentiation experiments. The other surfaces we tested,
untreated glass, PDL-glass, and PDL-laminin-1 on glass,
resulted in reduced cell growth and minimal proliferation,
morphologies associated with early committed phenotypes,
and/or the positive expression of proteins associated with
early committed phenotypes.

Acknowledgments

This work was supported by a Culpeper Biomedical
Initiative Grant and a grant from the Stein Institute for
Research on Aging (SIRA).

References

[1] Jiang Y, Jahagirdar BN, Reinhardt RL, Schwartz RE, Keene CD,

Ortiz-Gonzalez XR, et al. Pluripotency of mesenchymal stem cells

derived from adult marrow. Nature 2002;418:41–9.

[2] Kotobuki N, Hirose M, Takakura Y, Ohgushi H. Cultured

autologous human cells for hard tissue regeneration: preparation

and characterization of mesenchymal stem cells from bone marrow.

Artif Organs 2004;28:33–9.
[3] Song L, Tuan RS. Transdifferentiation potential of human mesench-

ymal stem cells derived from bone marrow. FASEB J 2004;1:

980–2.

[4] Woodbury D, Schwarz EJ, Prockop DJ, Black IB. Adult rat and

human bone marrow stromal cells differentiate into neurons. J

Neurosci Res 2000;61:364–70.

[5] Sanchez-Ramos J, Song S, Cardozo-Pelaez F, Hazzi C, Stedeford T,

Willing A, et al. Adult bone marrow stromal cells differentiate into

neural cells in vitro. Exp Neurol 2000;164:247–56.

[6] Deng W, Obrocka M, Fischer I, Prockop DJ. In vitro differentiation

of human marrow stromal cells into early progenitors of neural cells

by conditions that increase intracellular cyclic AMP. Biochem

Biophys Res Commun 2001;282:148–52.

[7] Woodbury D, Reynolds K, Black IB. Adult bone marrow

stromal stem cells express germline, ectodermal, endodermal, and

mesodermal genes prior to neurogenesis. J Neurosci Res 2002;69:

908–17.

[8] Hermann A, Gastl R, Liebau S, Popa MO, Fiedler J, Boehm BO,

et al. , Efficient generation of neural stem cell-like cells from adult

human bone marrow stromal cells. J Cell Sci 2004;117:4411–22.

[9] Tondreau T, Lagneaux L, Dejeneffe M, Massy M, Mortier C,

Delforge A, et al. Bone marrow-derived mesenchymal stem cells

already express specific neural proteins before any differentiation.

Differentiation 2004;72:319–26.

[10] Kopen GC, Prockop DJ, Phinney DG. Marrow stromal cells migrate

throughout the forebrain and cerebellum, and they differentiate into

astrocytes after injection into neonatal mouse brains. Proc Natl Acad

Sci 1999;96:10711–6.

[11] Zhao LR, Duan WM, Reyes M, Keene CD, Verfaillie CM, Low WC.

Human bone marrow stem cells exhibit neural phenotypes and

ameliorate neurological deficits after grafting into the ischemic brain

of rats. Exp Neurol 2002;174:11–20.

[12] Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R,

Mosca JD, et al. Multilineage potential of adult human mesenchymal

stem cells. Science 1999;284:143–7.

[13] Prockop DJ. Marrow stromal cells as stem cells for nonhematopoietic

tissues. Science 1997;276:71–4.

[14] Azizi SA, Stokes D, Augelli BJ, DiGirolamo C, Prockop DJ.

Engraftment and migration of human bone marrow stromal cells

implanted in the brains of albino rats–similarities to astrocytes grafts.

Proc Natl Acad Sci 1998;95:3908–13.

[15] Kohyama J, Abe H, Shimazaki T, Koizumi A, Nakashima K, Gojo

S, et al. , Brain from bone: efficient ‘‘meta-differentiation’’ of marrow

stroma-derived mature osteoblasts to neurons with Noggin or a

demethylating agent. Differentiation 2001;68:235–44.

[16] Jaiswal N, Haynesworth SE, Caplan AI, Bruder SP. Osteogenic

differentiation of purified, culture-expanded human mesenchymal

stem cells in vitro. J Cell Biochem 1997;64:295–312.

[17] Alhadlaq A, Mao JJ. Mesenchymal stem cells: isolation and

therapeutics. Stem Cells Develop 2004;13:436–48.

[18] Mackay AM, Beck SC, Murphy JM, Barry FP, Chichester CO,

Pittenger MF. Chondrogenic differentiation of cultured human

mesenchymal stem cells from marrow. Tissue Eng 1998;4:415–28.

[19] Tropel P, Noel D, Platet N, Legrand P, Benabid AL, Berger F.

Isolation and characterisation of mesenchymal stem cells from adult

mouse bone marrow. Exp Cell Res 2004;295:395–406.

[20] Kicic A, Shen WY, Wilson AS, Constable IJ, Robertson T, Rakoczy

PE. Differentiation of marrow stromal cells into photoreceptors in

the rat eye. J Neurosci 2003;23:7742–9.

[21] Qian L, Saltzman WM. Improving the expansion and neuronal

differentiation of mesenchymal stem cells through culture surface

modification. Biomaterials 2004;25:1331–7.

[22] Altshuler D, Lo Turco JJ, Rush J, Cepko C. Taurine promotes the

differentiation of a vertebrate retinal cell type in vitro. Development

1993;119:1317–28.

[23] Libby RT, Hunter DD, Brunken WJ. Developmental expression of

laminin beta 2 in rat retina. Further support for a role in rod

morphogenesis. Invest Ophthalmol Vis Sci 1996;37:1651–61.



ARTICLE IN PRESS
M. Ho et al. / Biomaterials 27 (2006) 4333–4339 4339
[24] Silva GA, Feeney C, Mills LR, Theriault E. A novel and rapid

method for culturing pure rat spinal cord astrocytes on untreated

glass. J Neurosci Methods 1998;80:75–9.

[25] Sockanathan S, Jessell TM. Motor neuron-derived retinoid signaling

specifies the subtype identity of spinal motor neurons. Cell 1998;

94:503–14.

[26] Levine EM, Fuhrmann S, Reh TA. Soluble factors and the develop-

ment of rod photoreceptors. Cell Mol Life Sci 2000;57:224–34.

[27] Javazon EH, Colter DC, Schwarz EJ, Prockop DJ. Rat marrow

stromal cells are more sensitive to plating density and expand more

rapidly from single-cell-derived colonies than human marrow stromal

cells. Stem Cells 2001;19:219–25.

[28] Okano H. Stem cell biology of the central nervous system. J Neurosci

Res 2002;69:698–707.

[29] Mehler MF, Kessler JA. Progenitor cell biology: implications for

neural regeneration. Arch Neurol 1999;56:780–4.

[30] Fan W, Lin N, Sheedlo HJ, Turner JE. Muller and RPE cell response

to photoreceptor cell degeneration in aging Fischer rats. Exp Eye Res

1996;63:9–18.

[31] de Sampaio e Spohr TC, Martinez R, da Silva EF, Neto VM, Gomes

FC. Neuro-glia interaction effects on GFAP gene: a novel role for

transforming growth factor-beta1. Eur J Neurosci 2002;16:2059–69.

[32] Long X, Olszewski M, Huang W, Kletzel M. Neural cell differentia-

tion in vitro from adult human bone marrow mesenchymal stem cells.

Stem Cells Dev 2005;14:65–9.

[33] Eng LF, Ghirnikar RS, Lee YL. Glial fibrillary acidic protein: GFAP-

thirty-one years (1969–2000). Neurochem Res 2000;25:1439–51.

[34] Lendahl U. Gene regulation in the formation of the central nervous

system. Acta Paediatr Suppl 1997;422:8–11.

[35] Madigan MC, Penfold PL, Provis JM, Balind TK, Billson FA.

Intermediate filament expression in human retinal macroglia.

Histopathologic changes associated with age-related macular degen-

eration. Retina 1994;14:65–74.

[36] Sotelo J, Toh BH, Lolait SJ, Yildiz A, Osung O, Holborow EJ.

Cytoplasmic intermediate filaments in cultured glial cells. Neuro-

pathol Appl Neurobiol 1980;6:291–8.

[37] Wiese C, Rolletschek A, Kania G, Blyszczuk P, Tarasov KV,

Tarasova Y, et al. Nestin expression—a property of multi-lineage

progenitor cells? Cell Mol Life Sci 2004;61:2510–22.

[38] Rodriguez JP, Gonzalez M, Rios S, Cambiazo V. Cytoskeletal

organization of human mesenchymal stem cells (MSC) changes

during their osteogenic differentiation. J Cell Biochem 2004;93:

721–31.

[39] Colter D, Sekiya I, Prockop DJ. Identification of a subpopulation of

rapidly self-renewing and multipotential adult stem cells in colonies

of human marrow stromal cells. PNAS 2001;98:7841–5.

[40] Libby RT, Champliaud MF, Claudepierre T, Xu Y, Gibbons EP,

Koch M, et al. Laminin expression in adult and developing retinae:

evidence of two novel CNS laminins. J Neurosci 2000;20:6517–28.
[41] Neuhuber B, Gallo G, Howard L, Kostura L, Mackay A, Fischer I.

Reevaluation of in vitro differentiation protocols for bone marrow

stromal cells: disruption of actin cytoskeleton induces rapid

morphological changes and mimics neuronal phenotype. J Neurosci

Res 2004;77:192–204.

[42] Sekiya I, Larson BL, Smith JR, Pochampally R, Cui JG, Prockop DJ.

Expansion of human adult stem cells from bone marrow stroma:

conditions that maximize the yields of early progenitors and evaluate

their quality. Stem Cells 2002;20:530–41.

[43] Bellamkonda R, Ranieri JP, Aebischer P. Laminin oligopeptide

derivatized agarose gels allow three-dimensional neurite extension in

vitro. J Neurosci Res 1995;41:501–9.

[44] Mehes E, Czirok A, Hegedus B, Vicsek T, Jancsik V. Laminin-1

increases motility, path-searching, and process dynamism of rat and

mouse Muller glial cells in vitro: implication of relationship between

cell behavior and formation of retinal morphology. Cell Motil

Cytoskeleton 2002;53:203–13.

[45] Powell SK, Rao J, Roque E, Nomizu M, Kuratomi Y, Yamada Y,

et al. Neural cell response to multiple novel sites on laminin-1.

J Neurosci Res 2000;61:302–12.

[46] Silva GA, Czeisler C, Niece KL, Beniash E, Harrington DA, Kessler

JA, et al. Selective differentiation of neural progenitor cells by high-

epitope density nanofibers. Science 2004;303:1352–5.

[47] Luckenbill-Edds L. Laminin and the mechanism of neuronal

outgrowth. Brain Res Brain Res Rev 1997;23:1–27.

[48] Tunggal P, Smyth N, Paulsson M, Ott MC. Laminins: structure and

genetic regulation. Microsci Res Tech 2000;51:214–27.

[49] Klees RF, Salasznyk RM, Kingsley K, Williams WA, Boskey A,

Plopper GE. Laminin-5 induces osteogenic gene expression in human

mesenchymal stem cells through an ERK-dependent pathway. Mol

Biol Cell 2005;16:881–90.

[50] Ekholm E, Hankenson KD, Uusitalo H, Hiltunen A, Gardner H,

Heino J, et al. Diminished callus size and cartilage synthesis in alpha

1 beta 1 integrin-deficient mice during bone fracture healing. Am J

Pathol 2002;160:1779–85.

[51] Muller U, Wang D, Denda S, Meneses JJ, Pedersen RA, Reichardt

LF. Integrin alpha8beta1 is critically important for epithelial-

mesenchymal interactions during kidney morphogenesis. Cell 1997;

88:603–13.

[52] Muraglia A, Cancedda R, Quarto R. Clonal mesenchymal progeni-

tors from human bone marrow differentiate in vitro according to a

hierarchical model. J Cell Sci 2000;113:1161–6.

[53] Lange C, Schroeder J, Lioznov M, Zander A. High-potential human

mesenchymal stem cells. Stem Cell Dev 2005;14:70–80.

[54] DiGirolamo C, Stokes D, Colter D, Phinney D, Class R, Prockop

DJ. Propagation and senescence of human marrow stromal cells in

culture: a simple colony-forming assay identifies samples with the

greatest potential to propagate and differentiate. Br J Haematol

1999;107:275–81.


	Comparison of standard surface chemistries for culturing mesenchymal stem cells prior to neural differentiation
	Introduction
	Materials and methods
	Cell cultures
	Immunocytochemistry
	Imaging
	Morphology counts
	Fluorescence counts


	Results
	Tissue culture treated plastic provided the most consistent and robust culture surface
	Laminin-1 alone was able to induce progenitor cell characteristics

	Discussion
	Conclusions
	Acknowledgments
	References


