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ABSTRACT

Transplanting mesenchymal stromal cells (MSCs) or their derivatives in a neurodegenerative envi-
ronment is believed to be beneficial because of the trophic support, migratory guidance, and neu-
rogenic stimuli they provide. There is a growing need for in vitro models of mesenchymal-neural cell
interactions to enable identification of mediators of the MSC activity and quantitative assessment of
neuropoietic potency of MSC preparations. Here, we characterize a microplate-format coculture
system in which primary embryonic rat cortex cells are directly cocultured with human MSCs on
cell-derived extracellular matrix (ECM) in the absence of exogenous growth factors. In this system,
expression levels of the rat neural stem/early progenitor marker nestin, as well as neuronal and
astrocytic markers, directly depended on MSC dose, whereas an oligodendrogenic marker exhibited
a biphasic MSC-dose response, as measured using species-specific quantitative reverse transcrip-
tion-polymerase chain reaction in total cell lysates and confirmed using immunostaining. Both neu-
ral cell proliferation and differentiation contributed to the MSC-mediated neuropoiesis. ECM’s
heparan sulfate proteoglycans were essential for the growth of the nestin-positive cell population.
Neutralization studies showed that MSC-derived fibroblast growth factor 2 was a major and diffus-
ible inducer of rat nestin, whereas MSC-derived bone morphogenetic proteins (BMPs), particularly,
BMP4, were astrogenesis mediators, predominantly acting in a coculture setting. This system en-
ables analysis of multifactorial MSC-neural cell interactions and can be used for elucidating the
neuropoietic potency of MSCs and their derivative preparations. STEM CELLS TRANSLATIONAL
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INTRODUCTION

The benefits of transplanting mesenchymal stro-
mal cells (MSCs) or MSC derivatives into the ner-
vous system have been demonstrated in many
models of neurodegenerative diseases including
stroke, Parkinson’s disease, spinal cord injury,
multiple sclerosis, and neonatal hypoxic-isch-
emic brain injury [1-8]. Although the precise
mechanisms are not fully understood, the bene-
ficial effects of MSC transplantations are thought
to be due to the activation of endogenous regen-
eration mechanisms in the host neural tissue.
These regenerative processes include the en-
hanced proliferation of endogenous neural stem
cells [9-13], as well as the increased survival of
newly formed neurons [9-10], gliogenesis [6],
and the modulation of inflammatory cytokine
production [14]. Transplanted MSCs or their de-
rivatives most likely trigger these processes by
secreting diffusible neurotrophic factors and cy-
tokines. MSCs produce a broad range of these
factors in culture [15-17], and the spectrum may
be modulated by transplantation in neurodegen-
erative environment [18]. Transplanted cells
may also produce locally acting factors, such as

extracellular matrix (ECM) molecules and matri-
cellular proteins, which may accumulate and
modulate the activity of MSC-derived as well as
host tissue-derived neurotrophic factors [19],
thereby providing guidance cues and regulating
cell recruitment and survival [20, 21].

The effects of MSCs on proliferation and dif-
ferentiation of neural stem cells into various neu-
ral lineages (neuropoiesis) are usually studied in
vitro using mitogen-driven neurospheres as a
source of neural stem/early precursor cells; sub-
sequently, their differentiation is induced by
plating neurospheres on an adhesive substrate
and withdrawing the mitogenic growth factors
[22-25]. However, cells in neurospheres may not
reflect a natural pool of neural precursors be-
cause their growth conditions select for respond-
ers to nonphysiologically high concentrations of
growth factors and unattached growth [26, 27].
Furthermore, induction of neural differentiation
through the change of cell attachment status
may obscure the effects of test substances (MSCs
or their conditioned medium [MSC-CM]).

SB623 cells are produced from MSCs using
transient transfection with a vector encoding
the human Notch1 intracellular domain (NICD).
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SB623 cells are currently in a clinical trial for intracranial treat-
ment of chronic stroke. We have previously shown that ECM pro-
duced either by MSCs or by SB623 cells supports the growth and
differentiation of rat embryonic cortical cells, with SB623 cell-de-
rived ECM supporting more robust cell growth [28]. In other in vitro
models comparing SB623 cells with their parental MSCs, SB623 cells
exhibited advantageous immunosuppressive [29] and similar neu-
rotrophic properties [30].

The goal of this study was to develop and validate an in vitro
system enabling mechanistic and quantitative analysis of MSC-
induced neuropoiesis in a medium-throughput format. The sys-
tem described here uses a primary rat neural cell population and
human MSC “off-the shelf” preparations, which are cocultured
at a low plating density on SB623 cell-derived ECM. The ECM
substrate appears to be permissive for the growth of cells with
different attachment requirements, including neural precursors,
neurons, glial cells, and MSCs.

We established the MSC-dose dependence and the time
course of accumulation of rat neural differentiation markers in
cocultures; we also demonstrated the role of MSC-derived fibro-
blast growth factor 2 (FGF2) and bone morphogenetic proteins
(BMPs) in these processes, where FGF2 and BMP exemplify dif-
fusible and cell/ECM-associated products of MSC activity, corre-
spondingly. The data suggest that the system can be useful for
identifying MSC neurogenic and gliogenic factors and for com-
paring the neuropoietic potency of various MSC preparations.

MATERIALS AND METHODS

MSC and SB623 Cell Preparations

Our MSC and SB623 cell preparations and their properties were
described previously [28]. Briefly, human adult bone marrow as-
pirates (Lonza, Walkersville, MD, http://www.lonza.com) were
grown in a-minimum essential medium («MEM) (Mediatech
Inc., Manassas, VA, http://cellgro.com) supplemented with 10%
fetal bovine serum (FBS) (HyClone, Logan, UT, http://www.
hyclone.com), 2 mM L-glutamine, and penicillin/streptomycin
(both from Invitrogen, Carlsbad, CA, http://www.invitrogen.
com). On the second passage, some cells were cryopreserved
(MSC preparation) and some cells were plated for the prepara-
tion of SB623 cells. For SB623 cell preparation, MSCs were trans-
fected with a pCl-neo expression plasmid encoding the human
NICD. The next day, transfected cells were selected for 7 days
using G418 (Invitrogen), followed by two passages for culture
expansion, harvesting, and cryopreservation. MSCs from seven
donors and SB623 cells from five donors were used in this study.
For coculture experiments, cells were thawed, washed, and re-
suspended in a neural growth medium consisting of Neurobasal
medium supplemented with B27 and 0.5 mM GlutaMAX (NB/
B27/GLX) (all from Invitrogen). For the production of ECM coating
or conditioned media, cells were plated in «MEM supplemented
with 10% FBS and penicillin/streptomycin («aMEM/FBS/PS).

Plate Coating

For the preparation of wells coated with ECM, SB623 cells were
plated at 3 X 10* cells per cm? in 96-well plates (Corning Inc.,
Corning, NY, http://www.corning.com) or on glass coverslips
(Fisher Scientific, Pittsburgh, PA, http://www.fisherscientific.
com), which were placed into 12-well plates (Corning). After 5
days of culturing, the medium was changed to serum-free and
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culturing was continued for 2 days followed by cell removal using
a modification of the protocol described previously [28]. Briefly,
cells were treated with 0.2% Triton X-100 (Sigma-Aldrich, St.
Louis, MO, http://www.sigmaaldrich.com) in water at room tem-
perature for 40 minutes; then, cell lysates were aspirated, and a
1:100 solution (vol/vol) of concentrated NH,OH (Sigma-Aldrich)
was added, incubated for 5-7 minutes, and then removed. After-
ward, the wells were filled with phosphate-buffered saline (PBS)
and incubated for at least 3 hours at room temperature. Wells
were either used immediately or stored at 4°C not longer than 3
weeks. In some experiments, ECM was pretreated overnight
with Heparinase 1 (Sigma-Aldrich) at the indicated concentra-
tions; the pretreatment was carried out at room temperature,
and the wells were washed once.

Ornithine/fibronectin coating (Orn/Fn) was prepared by in-
cubating wells with poly-L-ornithine (Sigma-Aldrich), 15 ug/mlin
PBS, overnight at 37°C, then washing wells three times, followed
by incubation overnight with PBS at 37°C. Then wells were incu-
bated with bovine fibronectin (Sigma-Aldrich), 1 wg/ml in PBS,
for at least 3 hours and washed once before plating cells.

Conditioned Medium (MSC-CM) Preparation

MSCs were plated at 3 X 10* cells per cm? and grown in «MEM/
FBS/PS for 3—4 days until confluent. The medium was replaced
with Neurobasal medium for 1 hour, and then again with Neuro-
basal medium, half of the volume used for cell growth (for exam-
ple, 25 ml of Neurobasal medium was conditioned in a T225
flask) for 24 hours. This medium was collected, centrifuged, ali-
quoted, and stored at —80°C. MSC-CM preparations were sup-
plemented with B27 and 0.5 mM GlutaMAX before use.

Preparation of Rat Embryonic Brain Cortical Cells

Rat embryonic day 18 (E18) brain cortex pairs were purchased
from BrainBits (Springfield, IL, http://www.brainbitsllc.com),
and a cell suspension was prepared as described previously [28].
Briefly, cortices were incubated with 0.25% trypsin/EDTA (Medi-
atech) at 37°C for 5-7 minutes and then washed with «aMEM
containing 10% FBS, and then with PBS. Deoxyribonuclease
(DNase) (MP Biomedicals, Solon, OH, http://www.mpbio.com)
at 0.25 mg/ml was then added, and the tube was vortexed for 30
seconds. The resulting cell suspension was triturated, washed
with PBS, and resuspended in NB/B27/GLX.

Coculture Experiments

Plates coated as described above were prewarmed at 37°C with
50% of final volume of NB/B27/GLX, followed by the addition of
MSCs at varying plating densities and neural cells at a constant
plating density of 1.5 X 10” cells per cm®. In some experiments,
all ingredients were added to an intermediate plate, mixed, and
then distributed to ECM-coated culture plates. For each time
point, a separate plate with samples in quadruplicates was
used. For the MSC-dose response, MSC plating densities were
between 0 and 1.5 X 103 cells per cm? (in 96-well plates this
corresponded to 0500 cells per well). For immunostaining,
cultures were plated on ECM-coated coverslips in 12-well plates,
and MSCs were used at 1.5 X 10> cells per cm? unless indicated
otherwise.

In experiments comparing the effects of live MSCs to MSC-
CM, a cryopreserved aliquot of MSCs was used to generate the
MSC-CM prior to an experiment, and another aliquot was used to
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generate a corresponding cell suspension. In experiments com-
paring adherent and nonadherent cell growth, Ultra-Low Attach-
ment (ULA) Costar 96- or 24-well plates (Corning) were used for
nonadherent growth. Recombinant FGF2 and epidermal growth
factor (EGF) (R&D Systems Inc., Minneapolis, MN, http://www.
rndsystems.com, or Peprotech, Rocky Hill, NJ, http://www.
peprotech.com) were added at 20 ng/ml each as a positive con-
trol to some ULA wells.

Media were not changed during coculture experiments,
which typically lasted for 7 days in 96-well format and up to 14
days on coverslips in 12-well plates without signs of culture de-
cline. The cell viability was above 90% at the end of culturing
when tested using trypan blue exclusion. For morphological as-
sessments, cocultures were fixed with 4% paraformaldehyde
(PFA) (Electron Microscopy Science, Hatfield, PA, http://www.
emsdiasum.com/microscopy) and stained with Accustain Hema-
toxylin Gill#1 and Eosin Y solutions (both from Sigma-Aldrich).

Growth Factor Neutralization Experiments

Effects of neutralizing antibodies in cocultures were tested in the
presence of 600 cells per cm? MSCs. Anti-FGF2 antibodies, neu-
tralizing and non-neutralizing, were mouse 1gG1 clones bFM1
and bFM2, correspondingly, from Millipore (Billerica, MA, http://
www.millipore.com); they were used at 0.2 ug/ml. Polyclonal
goat anti-BMP4 and normal goat IgG control were used at 2 ug/
ml, and recombinant human noggin was used at 30 ng/ml. These
reagents, as well as mouse 1gG1 isotype control, were from R&D
Systems. For immunoprecipitation, the MSC-CM was incubated
with either specific antibody (bFM1 or anti-BMP4) or control
(mouse IgG1, goat IgG, or no antibody) at 5 wg/ml overnight at 4°C
on a rotisserie shaker following by the addition of protein A/G-plus
Agarose (Santa Cruz Biotechnology Inc., Santa Cruz, CA, http://www.
scbt.com) for 1 hour. After beads were removed by centrifuga-
tion, supernatants were collected and sterilized by filtration.

For small interfering RNA (siRNA) transfection, MSCs were
plated at 0.4 X 10° per six-well plate in «MEM/10% FBS. Next day
cells were transfected with either ON-TARGETplus SMARTpool hu-
man BMP4 siRNA or control nontargeting pool at 25 nM, using Dhar-
maFECT 1 (all reagents from Thermo Scientific Dharmacon, Lafay-
ette, CO, http://www.thermoscientificbio.com) according to
the manufacturer’s instructions. The next day cells were har-
vested by trypsinization, washed with «MEM/10% FBS and
then twice with Neurobasal medium, and plated in cocultures
at 1.5 X 103 cells per cm? (their viability was >95%). After
incubation for 5 days, cultures were lysed for gene expression
quantification as described below.

Immunocytochemistry

Cultures grown on glass coverslips were fixed with 4% PFA for 20
minutes, washed once with PBS, and incubated in a blocking
solution containing 10% normal donkey serum (Jackson Immu-
noresearch Laboratories, West Grove, PA, http://www.
jacksonimmuno.com), 1% bovine serum albumin (Sigma-Aldrich),
and 0.1% Triton X-100 for 30 minutes. Incubation with rat nestin-
specific goat polyclonal antibody (1:1,000; R&D Systems) was
performed overnight at 4°C. Other primary antibodies (rabbit
polyclonal antibody against glial fibrillary acidic protein [GFAP]
[1:2,000; Dako, Glostrup, Denmark, http://www.dako.com],
mouse monoclonal antibody against microtubule-associated
protein 2 [MAP2] [1:1,000; Sigma-Aldrich], or mouse monoclonal
antibody against 2',3'-cyclic nucleotide 3’-phosphodiesterase
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[CNP] [1:200; Millipore]) were added for 1 hour. After washing,
coverslips were incubated for 1 hour with the corresponding
secondary antibodies (suitable for multiple labeling, from Jack-
son Immunoresearch Laboratories): DyLight 488-conjugated Af-
finiPure donkey anti-goat F(ab’), fragments of IgG (1:1,000) with
either DyLight 549-conjugated AffiniPure anti-rabbit F(ab’), frag-
ments of 1gG (1:2,000), or Cy3-conjugated AffiniPure donkey an-
ti-mouse 1gG (1:1,000). After washing, the slips were mounted
with ProLong Gold antifade reagent containing 4',6-diamidino-
2-phenylindole (DAPI) (Invitrogen). In proliferation experiments,
prior to fixation, cells were incubated for 7-8 hours with 10 um
of 5-bromo-2’-deoxyuridine (BRDU) (Sigma-Aldrich). Cultures
then were fixed with 2% PFA, permeabilized with 0.5% Triton,
and treated with DNase (MP Biomedicals) in the buffer contain-
ing 150 mM NaCl and 4.2 mM MgCl, for 1 hour at 37°C. The
cultures were then postfixed with cold methanol for 10 minutes,
blocked, and incubated with anti-BRDU monoclonal antibody (BD
Pharmingen, San Jose, CA, http://www.bdbiosciences.com) and
then with anti-mouse secondary antibody mentioned above, then
with the TUJ1 antibody conjugated with Alexa Fluor (against neu-
ronal class Il B-tubulin) (Covance, Princeton, NJ, http://www.
covance.com). Fluorescent microscopy was done using a Nikon
Eclipse50i (Nikon, Melville, NY, http://www.nikon.com) and a Nikon
DXM1200C digital camera. Under the conditions we used, none of
the antibodies reacted with the human cells.

Gene Expression Quantification

The quantification of the mRNA expression of neural markers in
adherent cultures was done in 96-well format. After culturing for
indicated time, the culture medium was completely aspirated
using a Nunc Immuno washer (Nalge Nunc International, Roch-
ester, NY, http://www.nalgenunc.com) equipped with 10-ul pi-
pette tips, and cells were lysed with either Cell-to-Signal (Am-
bion/Life Technologies, Pleasanton, CA, http://www.lifetechnologies.
com) or SideStep lysis buffer (Agilent Technologies, Santa Clara,
CA, http://www.agilent.com), 20 wl/well, for 3 minutes. Then
the lysates were carefully pipetted up and down, and samples in
quadruplicates were combined pairwise (thus making biological
duplicates), transferred to a storage plate, and frozen at —80°C.
For gene expression analysis, aliquots of lysates were diluted
1:10 with polymerase chain reaction (PCR)-grade water. In each
experiment, all culture conditions were tested on the same PCR
plate against the same standard curve for each neural marker.
QuantiTect Probe RT-PCR Master Mix (Qiagen, Germantown,
MD, http://www.giagen.com) was used for one-step PCR with
TagMan gene expression assays (Applied Biosystems/Life
Technologies). The species specificity of expression assays
was established in preliminary experiments involving human
MSCs and rat neural lysates, as well as purified RNA from rat
and human brain. The following assays were used: rat-spe-
cific: nestin (Rn00564394_m1), MAP2 (Rn00565046_m1),
GFAP (Rn00566603_m1), CNP (Rn01399463_m1), doublecor-
tin (DCX) (Rn00584505_m1), and glyceraldehyde 3-phosphate
dehydrogenase (rGAP) (Rn-1462661_g1); and human-specif-
ic: glyceraldehyde 3-phosphate dehydrogenase (huGAP)
(4333764F), BMP4 (Hs00370078_m1), and FGF2 (Hs00266645
m1). A LightCycler 480 (Roche, Mannheim, Germany, http://www.
roche.com) was programmed according to the Master Mix manufac-
turer’s protocol, with 40—60 amplification cycles. The data were ana-
lyzed using the second derivative maximum method.
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Figure 1. Coculture of rat cortical cells and human mesenchymal
stromal cells (MSCs) on extracellular matrix (ECM), day 5. Note un-
derlying ECM fibrils (asterisk), sparsely plated MSCs (arrows), and
neural cells (distinct morphological types are indicated with arrow-
heads). The culture was paraformaldehyde-fixed, hematoxylin/eo-
sin-stained, and microphotographed using phase contrast; magnifi-
cation, X200.

Neural Cell Proliferation in Cocultures

The proliferation of neural cells plated with or without MSCs
(neural cells/MSCs, 10:1) was quantified by counting DAPI-
stained nuclei on slides prepared for immunochemistry anal-
ysis as described above. Five microscopic fields at X200 magnifica-
tion were counted and averaged per condition, from two
experiments. Very condensed or fragmented nuclei were consid-
ered dead. MSC nuclei excluded from counting based on their dis-
tinctive size.

RESULTS

Morphological and Immunocytochemical
Characterization of Cocultures on ECM

Cortical cells and MSC cocultures grown on ECM were easily
monitored microscopically during culturing, and the underlying
ECM was visible until covered by cells. Figure 1 shows a typical
coculture, fixed and stained on day 5. Neural cultures grown with
or without MSCs were first analyzed using immunocytochemis-
try for rat nestin (Nes), a marker of neural stem cells/early pro-
genitors, and MAP2, a neuronal marker (Fig. 2A). All cultures
were also counterstained with nuclear dye DAPI (not shown). On
day 1, single-positive green-stained Nes® and red-stained
MAP2™ cells were present in all tested cultures, along with some
MAP2 " Nes™ double-positive cells (stained yellow because of
overlapping green and red). Nes™, MAP2 ", and Nes "MAP2™ cell
populations each made up approximately 30% of the total pop-
ulation, and double-negative cells (DAPI only, not shown) made
up approximately 10%. Between days 3 and 7, no double-posi-
tive cells were detected, whereas both MAP2™ and Nes™ single-
positive cells extended processes. The disappearance of double-
positive Nes™MAP2™ cells after 2-3 days in culture could be
explained by the maturation of Nes*MAP2™ neuronal precur-
sors to young Nes” MAP2 ™ neurons. Nes™ cells significantly in-
creased in numbers forming colonies. In the presence of MSCs,
the colonies appeared larger and more numerous. By day 9, how-
ever, there were striking numbers of MAP2 " Nes " -double-posi-
tive (yellow-stained) cells appearing among abundant well-de-
veloped MAP2™"-only neurons and Nes*-only cells, both in the
absence and in the presence of MSCs. These MAP2 " Nes™ cells
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could be clearly observed at later time points as well (supple-
mental online Fig. 1, day 12).

Double-staining of ECM-based cultures for astrocyte marker
GFAP and nestin revealed the absence of GFAP reactivity before and
on day 3 (Fig. 2B). Around day 5, red-stained GFAP™ cells started
appearing within colonies of green-stained Nes™ cells in the pres-
ence, but not in the absence, of MSCs as single- or double-positive
cells. Different colonies of Nes™ cells had variable proportions of
double-positive GFAP*Nes™ cells (yellow because of colocalization
of red and green staining) and single-positive GFAP™ cells (red). On
day 9, all three phenotypes (GFAP"Nes™, GFAP Nes™, and
GFAP"Nes™) were present in all cultures, with GFAP*Nes™ pre-
dominating (details in supplemental online Fig. 2).

Oligodendrogenesis, assessed using the early oligodendro-
cyte marker CNP, was not detected before day 9. On day 12 (Fig.
2C), in the absence of MSCs, weak CNP reactivity was detected in
only a very few, usually dividing cells. At the same time in cocul-
tures, CNP™ cells appeared in clusters, with CNP staining spread-
ing to perinuclear area. CNP staining was never colocalized with
Nes staining (not shown).

Cell Proliferation in Cocultures

Counting of non-MSC nuclei in DAPI-stained cultures on cover-
slips showed that in the presence of MSCs, rat neural cells tripled
to quadrupled over the course of 7 days, whereas in the absence
of MSCs, neural cells barely doubled (Fig. 3A), in agreement with
our previous data [28]. According to the morphological appear-
ance of DAPI-stained neural nuclei (Fig. 3B), 10%—20% of cells
were dead at any given time.

By using BRDU incorporation on day 7, we also tested
whether culturing on ECM with or without MSCs provided
specifically for proliferation of neuronal precursors. Irrespec-
tive of MSC presence, cultures contained numbers of small
cells with barely developed processes, which exhibited dou-
ble reactivity with TUJ1 and anti-BRDU antibodies (Fig. 3C),
indicating the presence of proliferating neuronal precursors.
It was noted that the morphology of BRDU"TUJ1™" cells re-
sembled the morphology of Nes*MAP2™ cells observed
around days 7-9 (small cells with barely developed processes
and bilobular nucleus) (supplemental online Fig. 1), which
may imply that both these entities overlap.

The Dose Dependence and the Time Course of
MSC-Induced Rat Neuropoiesis Quantified Using
Quantitative Reverse Transcription-Polymerase
Chain Reaction

To assess the MSC-dose dependence of neuropoiesis in cocul-
tures, rat cortex cells were cultured in 96-well plates with in-
creasing numbers of MSCs. Quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) assays for rat neural
differentiation markers were used to quantify gene expression in
cocultures on day 5 for Nes and CNP and on day 7 for all other
genes. (These time points were chosen in preliminary experi-
ments and justified as optimal on the basis of the data described
below in this and subsequent sections.) A human-specific glycer-
aldehyde 3-phosphate dehydrogenase (GAP) assay was used to
confirm the MSC presence on day 7. Figure 4A shows that total
levels of Nes, CNP, MAP2, DCX, GFAP, and rat GAP expression in
cocultures were directly dependent on the number of MSCs
present. These effects were not caused by the amplification of
human sequences, since MSCs cultured alone at the maximal
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Figure 2. MSCs promote neural cell growth and differentiation on extracellular matrix; immunostaining. (A): MAP2 (red) and rat nestin
(green). MAP2"Nes™ cells (yellow) were detected on days 1 and 9 but not on day 5. Magnification, X200. (B): GFAP (red) and rat nestin
(green); GFAP"Nes™ cells (yellow). Magnification, X200. (C): CNP (red) and nuclei (blue) at day 12. Arrow indicates nucleus of an MSC.
Magnification, X400. Abbreviations: CNP, 2',3'-cyclic nucleotide 3'-phosphodiesterase; DAPI, 4',6-diamidino-2-phenylindole; GFAP, glial
fibrillary acidic protein; MAP2, microtubule-associated protein 2; MSC, mesenchymal stromal cell; Nes, nestin.
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Figure 3. Mesenchymal stromal cells (MSCs) promote neural cell proliferation on extracellular matrix (ECM). Culturing on ECM supported
proliferation of immature neurons. (A): Neural cell nuclei were counted in the presence and absence of MSCs. DAPI-stained paraformalde-
hyde-fixed cultures were assessed at a magnification of X200. p values were calculated using the unpaired t test. (B): lllustration of morpho-
logical differences among DAPI-stained nucleiin a 7-day coculture allowing differential counting of nuclei: MSC nucleus (arrow), live neural cell
nuclei (arrowheads), and dead (condensed) neural cell nuclei (asterisks). Magnification, X400. (C): Cultures double-stained for BRDU and
neuron-specific tubulin after a 7-hour incubation with BRDU on day 7. Magnification, X200. The presence of BRDU TUJ1™ cells indicated
proliferation of neuronal precursors. Abbreviations: BRDU, 5-bromo-2’-deoxyuridine; DAPI, 4’,6-diamidino-2-phenylindole; M, mesenchymal
stromal cells; N, neural cells; TUJ1, neuronal class Ill B-tubulin-specific antibody.

dose gave no signal in rat-specific reactions (not shown). Species
specificity of assays for rat neural markers was further confirmed
using purified RNA from human and rat brain: rat MAP2, DCX,
CNP, and nestin assays produced no signal with human brain
RNA, whereas the rat GFAP assay showed 10 times less efficient
signal with human versus rat brain RNA (not shown).

The time course of total expression of rat neural markers in
cultures on ECM was analyzed in the presence and in the absence
of MSCs, 200 cells per well (Fig. 4B—4F). Samples collected and
frozen at various time points were thawed and assayed all on the
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same day. Two hours after cell plating (day 0), only the neuronal
markers (DCX and MAP2) (Fig. 4B, 4C) were detected in cultures
atappreciable levels (threshold PCR cycles or crossing points [Cp]
for DCX and MAP2 were 30 * 1.2 and 33 * 0.3, respectively),
whereas nestin expression was very low (Cp = 35 * 1.3), and
CNP and GFAP expression was below quantification (Cp > 38)
and detection levels, correspondingly. Starting from the first day,
nestin expression was constantly growing, being higher in the
presence of MSCs than in their absence (Fig. 4D). CNP gene
expression increased to quantification levels on day 4 in the
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(E): CNP. (F): GFAP. Abbreviations: CNP, 2’,3'-cyclic nucleotide 3'-phosphodiesterase; DCX, doublecortin; GFAP, glial fibrillary acidic
protein; huGAP, human glyceraldehyde-3-phosphate dehydrogenase; M, mesenchymal stromal cells; MAP2, microtubule-associated
protein 2; MSC, mesenchymal stromal cell; N, neural cells; Nes, nestin; ratGAP, rat glyceraldehyde-3-phosphate dehydrogenase; Rel.,

relative.

presence of MSCs and on day 6 in their absence (Fig. 4E). GFAP
expression was practically absent during all 7-day culturing with-
out MSCs; in cocultures, however, it could be detected on days
4-5, rising sharply by day 7 (Fig. 4F). DCX and MAP2 (Fig. 4B, 4C)
were highly expressed both in the presence and in the absence of
MSCs. However, typically at an early time point (day 1) and
around days 6—7, expression of neuronal markers was signifi-
cantly (p <.05) higher in cocultures compared with their expres-
sion in neural cells alone, preceding or coinciding with extensive
neuritogenesis (day 1) and the formation of de novo neurons
(around days 6-7) (Fig. 3B), suggesting that the presence of
MSCs stimulated these events. On the basis of data presented on
Figure 4B—4F, the optimal timing for the detection of nestin and
CNP expression was determined to be day 5 (regarding the tim-
ing of CNP, see also next section) and for GFAP, DCX, and MAP2 it
was day 7.

We also tested the effects of cell substrates on MSC-induced
neuropoiesis by comparing neural marker induction in cocul-
tures grown on either ECM or Orn/Fn or in the absence of attach-
ment substrate in ULA wells (supplemental online Fig. 3). Cocul-
tures on ECM, but not on Orn/Fn, exhibited nestin expression
levels similar to those in FGF2/EGF-driven neurospheres; on
ECM, there were also the highest levels of GFAP. Thus, ECM-
based cocultures contained the most diverse neural cell pop-
ulation.

Inhibition of CNP Expression at Higher Doses of MSCs

Although on day 5 CNP expression levels in cocultures were di-
rectly dependent on MSC dose, at later time points higher doses
of MSCs progressively inhibited a CNP expression increase, ex-
hibiting a biphasic dose-response curve (Fig. 5A). This was con-
firmed at the protein level on day 12 by immunocytochemistry.
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Figure 5. The biphasic effect of MSC dose on expression of rat CNP
in cocultures. (A): The CNP gene expression assessed using quanti-
tative reverse transcription-polymerase chain reaction was directly
dependent on MSC dose on day 5 but was inhibited by higher MSC
doses on day 7. Values are expressed relative to the highest level on
each day. (B): MSCs promoted CNP protein expression; however,
lower MSC doses promoted more advanced oligodendrocyte differ-
entiation on day 12 than did higher doses. Magnification, X200.
Abbreviations: CNP, 2’,3’-cyclic nucleotide 3’-phosphodiesterase;
MSC, mesenchymal stromal cell; Rel., relative.

Both doses of MSCs, 1,000 and 100 cells per cm?, induced CNP
protein; however, the 1,000 cells per cm? dose of MSCs induced
less CNP staining than did the 100 cells per cm? dose of MSCs
(Fig. 5B).
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Figure 6. MSC-derived FGF2 mediates the MSC-driven nestin increase
in cocultures; quantitative reverse transcription-polymerase chain reac-
tion. (A): Heparinase | pretreatment of extracellular matrix-coated wells
reduced basal levels of Nes in neural cultures. (B): Neural cells and
MSCs, 200 cells per well, were cocultured in the presence or absence of
isotype-matching anti-FGF2 antibodies, either bFM1 (neutralizing) or
bFM2 (non-neutralizing). (C): Neural cells were cultured in the presence
or absence of 40% MSC-CM, either intact, FGF2-immunodepleted, or
control-treated. Abbreviations: CM, mesenchymal stromal cell-condi-
tioned medium; FGF2, fibroblast growth factor 2; IP, immunoprecipita-
tion; MSC, mesenchymal stromal cell; Nes, nestin; Rel., relative.

The Neutralization of FGF2 Abolishes MSC-Induced Rat
Nestin Increases in Cocultures

A pretreatment of ECM with Heparinase 1 prior to the neural cell
plating resulted in dose-dependent decrease of nestin expres-
sion in cortical cells (Fig. 6A), indicating that heparan sulfate pro-
teoglycans (HSPGs) in ECM contributed to the effective support
of Nes™ neural cell growth, possibly by participating in FGF2 sig-
naling. MSC preparations expressed FGF2: by qRT-PCR, averaged
Cp = 28 = 0.6 in samples from four donors (for human GAP,
Cp = 22 * 0.4). To inhibit secreted FGF2, the FGF2-neutralizing
antibody with both anti-human and anti-rat reactivity, bFM1,
was used. In cocultures, bFM1 downregulated nestin below the
background levels, whereas the control isotype-matching FGF2-
specific antibody lacking FGF2-neutralizing activity, bFM2,
showed no significant inhibition (Fig. 6B). An FGF2-immunode-
pleted MSC-CM induced no significant increase of nestin ex-
pression, whereas intact MSC-CM or MSC-CM treated with a
control irrelevant antibody induced nestin expression (Fig.
6C). These results strongly suggested that MSC-derived FGF2
was the main factor responsible for nestin induction in cocul-
tures and in the MSC-CM. These results also indicated that the
basal nestin expression in cortical cells grown on ECM in the
absence of MSCs was dependent on FGF2, either of rat or
human origin.

MSC-Derived BMP4 Is One of the BMPs Responsible for
Astrogenic Effects of MSCs, and Active BMP4 Is Poorly
Diffusible

Induction of rat GFAP stimulated by MSCs was generally stronger
than that stimulated by MSC-CM; this contrasted to the induc-
tion of rat nestin, which was efficiently upregulated by either
MSCs or MSC-CM. For example, similar levels of nestin were in-
duced by either 200 cells per well of MSCs or 10% MSC-CM;
however, in the same experiment GFAP expression induced by
MSC-CM was significantly lower than that induced by cells (Fig.
7A). This suggested that astrogenic activity was underrepre-
sented in MSC-CM, as compared with the astrogenic activity ex-
hibited in coculture setting.

We tested the effects of BMP inhibition on MSC-driven GFAP
induction. Various BMPs were expressed in MSC preparations:
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Figure 7. Bone morphogenetic proteins, and particularly BMP4,
mediate MSC-driven induction of rat GFAP expression in cocultures;
quantitative reverse transcription-polymerase chain reaction. (A):
Both nestin and GFAP were strongly induced by MSCs, whereas
MSC-CM mediated weak induction of GFAP and strong induction of
nestin. (B): Recombinant noggin or human BMP4-specific neutraliz-
ing antibody inhibited GFAP increase. (C): Silencing of BMP4 in MSCs
decreased GFAP induction in cocultures. MSCs transfected with ei-
ther BMP4- or control-siRNA were cocultured with neural cells for 5
days followed by gene expression analysis. Expression levels are
shown relative to levels in control cocultures, which are set as 1. In
cocultures with BMP4-siRNA transfectants, human BMP4 expression
was knocked down and rat GFAP expression was lowered, whereas
human FGF2 and human GAP expression were unchanged, com-
pared with control. Abbreviations: BMP4, bone morphogenetic pro-
tein; CM, mesenchymal stromal cell-conditioned medium; GFAP,
glial fibrillary acidic protein; huBMP4, human bone morphogenetic
protein 4; huFGF2, human fibroblast growth factor 2; huGAP, human
glyceraldehyde-3-phosphate dehydrogenase; MSC, mesenchymal
stromal cell; N, neural cells; Nes, nestin; Rel., relative; rGFAP, rat glial
fibrillary acidic protein; siBMP4-MSC, mesenchymal stromal cells
transfected with bone morphogenetic protein 4-targeted small in-
terfering RNA; siContr-MSC, mesenchymal stromal cells transfected
with negative control small interfering RNA.

averaged crossing points in gqRT-PCR analyses (four donors) for
BMP2, BMP4, and BMP6 were 36 = 0.3,31 = 1.0, and 33 = 0.6,
respectively. Recombinant noggin, a BMP antagonist, very effi-
ciently inhibited GFAP induction in cocultures, whereas a neu-
tralizing human BMP4-specific antibody had a significant but
partial effect (Fig. 7B). This strongly suggested that several
BMPs, including BMP4, were driving astrogenesis in cocul-
tures. Attempts to deplete GFAP-inducing activity from
MSC-CM by BMP4 immunoprecipitation were not successful,
although the same antibody effectively blocked GFAP induc-
tion driven by recombinant BMP4 in control experiments (not
shown).

The lower astrogenic activity of MSC-CM, as compared
with MSCs, the lack of an inhibitory effect of BMP4 immu-
nodepletion from MSC-CM, but some inhibitory effect of
BMP4 neutralization in cocultures—all suggest that either the
active BMP4 resides within the cell-ECM compartment, rather
than in the MSC-CM, or that it is produced by rat cells. To test
whether active BMP4 in cocultures was produced by MSCs,
BMP4-siRNA, or control-siRNA were transfected into MSCs
prior to coculturing. The day after transfection, equal cell
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numbers of transfectants were plated with rat cortical cells
and cocultured for 5 days. On day 5, expression of human
BMP4 was virtually undetectable in cocultures with BMP4-
siRNA transfectants but not with control transfectants,
whereas expression of human GAP and FGF2 was not signifi-
cantly different between these cocultures (Fig. 7C). Rat GFAP
was significantly reduced in cocultures with BMP4-siRNA but
not with control transfectants. This strongly suggested that in
ECM-based cocultures, BMP4 was one of the BMPs responsi-
ble for astrogenesis, that it was produced by MSCs, and that
active BMP4 stayed within cell-ECM compartment rather than
being released into the medium.

DIScussION

Here we have characterized a system that enables the quantita-
tive analysis of neuropoietic activity of MSCs in direct cross-spe-
cies cocultures. The system has the following key features: (a)
mesenchymal cell-derived ECM as substrate; (b) the same mi-
croenvironment from start to finish; (c) no external growth fac-
tors; (d) both MSC-secreted diffusible and matricellular factors
can be evaluated; and (e) microplate format, low cell plating
density, and qRT-PCR-based readout using total lysates provide
high sensitivity and versatility.

Previously, we have shown that human MSC-derived ECM
and, to a greater extent, SB623 cell-derived ECM, permit the
growth and differentiation of rat embryonic cortical cells at rel-
atively low cell plating densities and in the absence of growth
factors [28]. Here we have demonstrated that ECM created a
favorable environment for Nes™ cells (Fig. 2; supplemental on-
line Fig. 2) and that ECM’s integral HSPGs were essential (Fig. 6A).
The crucial role of HSPG and the below-basal level decrease of
Nes expression upon FGF2-neutralizing antibody (Fig. 6B) sug-
gested the important role of FGF2 in ECM-based cultures even in
the absence of MSCs. This FGF2 (of rat origin, human origin, or
both) seems to provide a physiological support for survival and
the slow proliferation of neural stem/precursor cells. Recent re-
ports identified mesenchymal cell-derived ECM as an integral
part of an in vivo neural stem cell niche in the form of extravas-
cular basal laminae (fractones), and its HSPGs were implicated in
the accumulation of FGF2 [31, 32]. Thus, neural cell culturing on
a mesenchymal ECM substrate could model the in vivo environ-
ment in stem cell niche. Although we optimized our system using
SB623-cell-derived ECM, an MSC-ECM-based system can pro-
duce similar results (not shown) but will require longer culturing
times and likely other adjustments. Specific properties of SB623-
derived ECM that make it a better substrate for neural growth
are being studied.

The presence of MSCs dose-dependently increased growth
and differentiation of neural cells (Figs. 2—4), and effects of as
few as 50 human MSCs per 5,000 rat neural cells could be de-
tected using qRT-PCR analysis of rat neural marker expression
(Fig. 4A). Measured expression levels reflected a cumulative
outcome of several processes in cocultures. For example, an
MSC-driven increase in total nestin expression (Fig. 4D) was a
result of increased expression of nestin per cell and of grown
numbers of both Nes™-stem cells and double-positive imma-
ture precursors (Fig. 2A). MSC-driven increases in MAP2 or
DCX expression (Fig. 4B, 4C) likely reflected MSC-enhanced
neuritogenesis at day 1 (Fig. 2A) [15, 22, 33, 34], and possibly
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an MSC-expedited appearance of de novo neurons
(MAP2*Nes™ and BRDUTTUJ1™) around day 6 or later (Figs.
2A, 3C). These results are in agreement with previous reports,
which demonstrated the stimulating effects of MSCs on pro-
liferation of neural precursors of neurosphere origin and on
neuronal differentiation [23-25].

MSCs are known to secrete many neurotrophic factors (re-
viewed in [35]), and the secretion of some of them, including
BMP4, FGF2, EGF, vascular endothelial growth factor, and plate-
let-derived growth factor-AA, has been confirmed in some MSC
batches used here [30]. Experiments with an FGF2-neutralizing
antibody demonstrated that MSC-produced FGF2 was the major
factor responsible for the MSC-driven nestin induction on ECM,
both in cocultures and in the presence of MSC-CM (Fig. 6B, 6C).
The crucial role of FGF2 in the maintenance of neural stem cells is
well known [36, 37]; our results showed that in the presence of
ECM, the effects of MSC-derived FGF2 on rat nestin over-
whelmed other possible contributors.

Astrogenesis evident from GFAP expression was a hallmark
of serum-free ECM-based neural cultures. Efficient Nes™ cell
spreading observed on ECM was likely its prerequisite [38]. MSCs
greatly promoted GFAP expression (Figs. 2B, 4F). BMPs, and par-
ticularly BMP4, which is abundantly expressed in MSCs ([39] and
our results), seemed to be major mediators of this effect, since
noggin, an inhibitor of BMP activity, reduced GFAP induction by
~90%, and BMP4-neutralizing antibody had a partial inhibitory
effect in cocultures (Fig. 7B). BMP4 was previously implicated in
mediating astrogenic effects of specially induced rat MSCs in co-
cultures with mouse neurospheres [40]. We observed that
MSC-CM was less astrogenic than MSCs (Fig. 7A, in agreement
with [25]) and that the residual astrogenic activity of MSC-CM
could not be removed by immunodepleting BMP4. At the same
time, MSCs with BMP4 silenced using siRNA showed reduced
astrogenic activity (Fig. 7C). Taken together, these results sug-
gested that astrogenic activity of MSCs was mediated in part
by BMPs, and specifically, by human BMP4, and that the active
BMP4 was associated with cells/ECM, rather than being re-
leased to MSC-CM. These results do not exclude the possibil-
ity that MSCs can induce some secretion of rat BMPs [41] or
that other MSC factors, such as transforming growth factor-f3
(TGFB), were involved [25, 42], although we were unable to
inhibit astrogenesis in cocultures by blocking TGFB1 (not
shown).

Oligodendrocytic differentiation was monitored using an
early oligodendrocytic marker, the myelin-processing enzyme
CNP, whose expression grows throughout the maturation pro-
cess [43]. In agreement with previous reports [24, 44, 45], oligo-
dendrogenesis in our cocultures was MSC-dependent; however,
only at earlier time points was there a direct MSC-dose depen-
dence; later, higher doses of MSCs inhibited the growth of CNP,
so that a dose-dependence curve became reversed, which
was demonstrated on both mRNA and protein levels (Fig. 5).
This can be explained by a previously described negative feed-
back mechanism, when cell-to-cell contact between oligoden-
drocyte precursors controls their own expansion and differ-
entiation [46, 47]. Indeed, we observed the same biphasic
dose response to high doses of MSC-CM (not shown), which
indicated that the inhibition was not due to contacts with
mesenchymal cells.
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CONCLUSION

We characterized here an in vitro system that enables the quan-
titative multifactorial analysis of MSC effects on a primary neural
cell population. The system preserves the complexity and some
of the intrinsic interactions of primary neural cell population. By
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