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Repeated Mesenchymal Stem Cell Treatment after Neonatal
Hypoxia-Ischemia Has Distinct Effects on Formation and
Maturation of New Neurons and Oligodendrocytes Leading
to Restoration of Damage, Corticospinal Motor Tract
Activity, and Sensorimotor Function
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Birth asphyxia is a frequent cause of perinatal morbidity and mortality with limited therapeutic options. We show that a single mesen-
chymal stem cell treatment at 3 d (MSC-3) after neonatal hypoxia-ischemia (HI) in postnatal day 9 mice improved sensorimotor function
and reduced lesion size. A second MSC treatment at 10 d after HI (MSC-3+ 10) further enhanced sensorimotor improvement and recovery
of MAP2 and MBP (myelin basic protein) staining. Ipsilateral anterograde corticospinal tract tracing with biotinylated dextran amine
(BDA) showed that HI reduced BDA labeling of the contralateral spinal cord. Only MSC-3+ 10 treatment partially restored contralateral
spinal cord BDA staining, indicating enhanced axonal remodeling. MSC-3 enhanced formation of bromodeoxyuridine-positive neurons
and oligodendrocytes. Interestingly, the second gift at day 10 did not further increase new cell formation, whereas only MSC-10 did. These
findings indicate that increased positive effect of MSC-3+10 compared with MSC-3 alone is mediated via distinct pathways. We hypoth-
esize that MSCs adapt their growth and differentiation factor production to the needs of the environment at the time of intracranial
injection. Comparing the response of MSCs to in vitro culture with HI brain extracts obtained at day 10 from MSC-3- or vehicle-
treated animals by pathway-focused PCR array analysis revealed that 29 genes encoding secreted factors were indeed differentially

regulated. We propose that the function of MSCs is dictated by adaptive specific signals provided by the damaged and regenerating brain.

Introduction
Perinatal cerebral hypoxia—ischemia (HI) remains a major cause of
neonatal morbidity and mortality. Current options for treatment are
limited (Volpe, 2001; Ferriero, 2004). Until recently, it was thought
impossible to achieve regeneration of brain tissue after HI. However,
recent research shows that transplantation of several types of stem
cells, including neural stem cells, multipotent adult progenitor cells,
mesenchymal stem cells (MSCs), and human umbilical cord blood
cells, can have beneficial effects on ischemic brain injury (Meier et al.,
2006; Yasuhara et al., 2008; Daadi et al., 2010; Lee et al., 2010;
Pimentel-Coelho et al., 2010; van Velthoven et al., 2010) (for review,
see Pimentel-Coelho and Mendez-Otero, 2010).

Orthotopic MSCs support hematopoietic stem cells to differen-
tiate into mature blood cells by secretion of cytokines and growth
factors. In the injured brain, transplanted MSCs are thought to im-
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prove endogenous repair processes by release of growth and differ-
entiation factors enhancing the local trophic milieu (Li et al., 2002;
Quetal., 2007; van Velthoven et al., 2009). It has also been suggested
that MSCs can differentiate into neurons and oligodendrocytes and
thereby contribute to repair of the injured brain (Mezey et al., 2000;
Shen et al., 2007). Restoration of function and regeneration of lost
tissue not only requires neurogenesis but also restoration of func-
tional networks via axonal sprouting and synaptogenesis (Car-
michael, 2006; Zhang and Chopp, 2009).

Recently, we demonstrated that MSC transplantation after
neonatal HI decreased gray and white matter loss and enhanced
neurogenesis and oligodendrogenesis (van Velthoven et al.,
2010). In addition, we and others have shown that transplanta-
tion of bone marrow-derived MSCs markedly improves functional
outcome after neonatal hypoxia ischemia (Yasuhara et al., 2006,
2008; Lee et al., 2010; van Velthoven et al., 2010). Previously, we
treated neonatal mice with MSCs at 3 d after HI. Although sensori-
motor function markedly improved when measured at 10 and 21 d
after HI, functional impairment still increased over time in both
vehicle (VEH)- and MSC-treated HI mice. This led us to investigate
here whether a second injection with MSCs at 10 d after HI attenu-
ates the additional loss of sensorimotor function over time.
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The corticospinal tract (CST) repre-
sents the primary transmission tract for
brain-controlled voluntary movement
(Fromm and Evarts, 1982) and consists of
axons from pyramidal neurons originat-
ing in the motor cortex extending to the
contralateral spinal cord. The injury in
our model of neonatal HI brain damage
causes contralateral sensorimotor impair-
ment as attested by an increased prefer-
ence for ipsilateral forepaw use when
rearing (Chang et al., 2005; van der Kooij
et al., 2010). We hypothesized that HI
caused motor impairment by damaging long tracts as suggested
by Weidner et al. (2001) and that CST remodeling contributes to
sensorimotor improvement after MSC treatment in our model of
neonatal HI brain damage. We also analyzed the effect of MSC
treatment at 3 or 3 and 10 d after HI on cerebral cell proliferation,
formation of new neurons and oligodendrocytes, and gray and white
matter loss. In addition, we determined the effect of HI brain extract
on growth and differentiation factor expression by MSCs.

Materials and Methods

MSCs. Bone marrow from femur and tibia of 6- to 8-week-old C57BL/6-
Tg(UBC-GFP)30Scha/] mice (The Jackson Laboratory) was cultured in
DMEM/15% fetal bovine serum as described previously (van Velthoven
et al,, 2010). Cells were negative for myeloid and hematopoietic cell
lineage-specific antigens and positive for Sca-1, CD90, CD29, CD44, and
MHC class I (van Velthoven et al., 2010).

Animals. Experiments were performed according to international
guidelines and approved by the University Medical Center Utrecht ex-
perimental animal committee. At postnatal day 9 (P9), C57BL/6] mice
underwent HI by right common carotid artery occlusion under isoflu-
rane anesthesia [3% induction, 1% maintenance in O,:N,O (1:1)] fol-
lowed by 45 min exposure to 10% oxygen in nitrogen (Nijboer et al.,
2008). This procedure induced a lesion involving hippocampus, neocor-
tex, and striatum (van der Koojj et al., 2010). Sham controls underwent
anesthesia and incision only. Pups from at least five different litters were
used in each experimental group, and pups of each litter were randomly
assigned to all experimental groups, taking gender into account in a way
that both genders were equally distributed among experimental groups.
Data were obtained in at least two independent experiments. Mortality
(~10%) only occurred during or immediately after HI, and there were
no gender differences in mortality. All analyses were performed in a
blinded set-up.

A total of 100,000 MSCs in 2 ul of PBS or vehicle were infused into the
ipsilateral hemisphere at 2 mm caudal to bregma, 2 mm right from
midline, and 2 mm below dural surface under isoflurane anesthesia.

To evaluate cell proliferation/survival, mice received bromodeoxyuridine
(BrdU) (50 mg/kg, i.p.; Sigma-Aldrich) at days 3, 4, and 5, and ethy-
nyldeoxyuridine (EdU) (50 mg/kg, i.p.; Invitrogen) at days 10, 11, and 12
after HI (Fig. 1). We confirmed that BrdU and EdU are equally sensitive in
labeling proliferating cells (data not shown) (Chehrehasa et al., 2009).

At 21 d after HI, animals received an injection of 1 ul of 10% biotin-
ylated dextran amine (BDA) (10,000d; Invitrogen) in PBS into the fore-
limb sensorimotor cortex ipsilateral to the ischemic hemisphere (0.5 mm
anterior, 2.25 mm lateral, 0.55 mm depth relative to bregma).

Animals were killed at day 21 or day 28 after HI with pentobarbital and
perfused with 4% paraformaldehyde in PBS.

Functional outcome. The cylinder rearing test was used to assess
forelimb use asymmetry as described previously (van Velthoven etal.,
2010). The weight-bearing forepaw(s) to contact the wall during a full
rear was recorded as left (impaired), right (nonimpaired), or both.
Paw preference was calculated as follows: ((nonimpaired — impaired)/
(nonimpaired forepaw + impaired forepaw + both)) X 100% (van der
Kooij et al., 2010; van Velthoven et al., 2010). Interobserver reliability
was 0.87 at 21 or 28 d after HI and 0.76 at 10 d after HI.
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Figure 1.

Experimental protocol.

Motor function was also analyzed using a rotarod treadmill (Stoelting)
at constant speed (10 rpm). The mean time (maximum, 3 min) each
animal stayed on the rotarod was determined in five consecutive trials
with 10 min intervals.

Histology and immunohistochemistry. Coronal paraffin sections (6 um)
were incubated with mouse anti-myelin basic protein (MBP) (Sternberger
Monoclonals), mouse anti-microtubule-associated protein (MAP2)
(Sigma-Aldrich), rabbit anti-GAP43, or rabbit anti-synaptophysin (Ab-
cam), and binding was visualized with a Vectastain ABC kit (Vector
Laboratories). Brain damage was analyzed at a location equivalent to
—1.58 mm from bregma in adult mice by outlining both hemispheres on
full section images using Image]J software (W. S. Rasband, Image]J, Na-
tional Institutes of Health, Bethesda, MD; http://rsb.info.nih.gov/ij/;
1997-2009). Ipsilateral MAP2 and MBP area loss were calculated as de-
scribed previously (Nijboer et al., 2008).

For cell proliferation and differentiation analysis, sections were incu-
bated with biotinylated sheep anti-BrdU (Abcam) and mouse anti-NeuN
or rabbit anti-Olig2 (Millipore). Visualization was done with Alexa Fluor
594-conjugated streptavidin and Alexa Fluor 488-anti-IgG (Invitrogen).
EdU incorporation was detected by incubating sections in 100 mm Tris
containing 0.5 mm CuSO,, 50 mMm ascorbic acid, and 10 um Alexa Fluor
594-azide (Invitrogen). BrdU-positive or EdU-positive cells were
counted in hippocampus and six cortical high magnification fields in
three sections per brain. BrdU/NeuN, BrdU/Olig2, EdU/NeuN, and
EdU/Olig2 double-positive cells were counted in hippocampus and six
cortical high-magnification fields (0.18 mm? per field) in three sections
per animal. For BDA tracing, cervical spinal cord sections (15 um) were
incubated with Vectastain ABC kit at 4°C for 24 h and visualized with
DAB-nickel (Sigma-Aldrich). BDA intensity in the dorsal funiculus of
the spinal cord was quantified using ImageJ software.

MSC gene expression profile after culture with ischemic brain extracts. To
assess the effect of signals provided by the ischemic brain on MSC gene
expression, MSCs were cultured in vitro with extracts from the brain as
described previously with minor modifications (Qu et al., 2007). Mice
were treated at 3 d after HI with MSCs or vehicle and brains were col-
lected at 10 d after HI. A standardized section of the ischemic hemi-
sphere, centered at the HI lesion (bregma, —2 ~ 0 mm) was obtained by
dissection on ice. Brain sections were homogenized at 150 mg/ml in
knock-out DMEM (Invitrogen), clarified by centrifugation for 10 min at
10,000 X gat 4°C. Protein concentration was determined using a protein
assay (Bio-Rad) with BSA as standard and stored at —80°C until use. A
total of 1 X 10° MSCs per well was seeded in six-well plates in complete
MSC medium. After 24 h, culture medium was replaced with knock-out
DMEM containing brain extract (final concentration, 1 mg protein/ml)
from HI+vehicle-treated or HI+MSC-treated ischemic brain extract
(n = 4 per condition). After 72 h in culture, total RNA was isolated from
the MSCs using the RNeasy mini kit (QIAGEN) and transcribed to cDNA
using the RT? first-stand synthesis kit (SABiosciences). cDNAs from
each experimental condition were pooled and PCR array analysis was
performed according to manufacturer’s protocol with the RT? Real-
Time SYBR Green PCR Master Mix on the Bio-Rad iQ5. Expression of
200 genes was analyzed using the following RT? profiler PCR arrays:
Growth Factors (PAMM-041), Neurogenesis and Neural Stem Cell
(PAMM-404), and Neurotrophin and Receptor (PAMM-031) (SABio-
sciences). Data were normalized using multiple housekeeping genes and
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analyzed by comparing 2 ~*“" of the normalized data. Fold changes were
calculated relative to MSCs cultured in brain extracts from HI animals
treated with vehicle at 3 d after HI and killed at 10 d after HI. The results
were confirmed by quantitative reverse transcription (qQRT)-PCR analy-
sis on the individual samples for four genes that showed the strongest
upregulation and three with the strongest downregulation.

Culture supernatants were collected after 72 h in culture and analyzed
for interleukin-13 (IL-1B), IL-6, and IL-10 production with a Luminex
Multiplex kit according to manufacturer’s instructions (fluorokine MAP
multiplex mouse cytokine panel; R&D Systems).

Statistical analysis. All data are expressed as means = SEM. Functional
outcome measured with cylinder rearing test and rotarod were ana-
lyzed using two-way ANOVA with Fisher’s least significant difference
posttests. A value of p < 0.05 was considered statistically significant.
Histological measures were analyzed using two-way ANOVA with Bon-
ferroni’s posttests. A value of p < 0.05 was considered statistically signif-
icant. The relationship between BDA staining and impairment in the
cylinder rearing test was analyzed by Pearson’s correlation. Data were
analyzed for the presence of outliers using Grubbs’ outlier test. This
resulted in removal of one outlier in the MSC3 + 10 group with extremely
high BDA staining from the analysis of this parameter. For all other
parameters, we did not detect outliers. qRT-PCR data were compared by
Student’s ¢ test, and for these analyses p < 0.001 was considered statisti-
cally significant.

Results

Effect of MSC treatment after HI on sensorimotor function
Mice underwent HI on P9 and were treated with MSCs or vehicle
at 3 and 10 d (MSC-3+10 or VEH) after HI. A third group of
mice was treated with MSCs at 3 d and vehicle at 10 d after HI
(MSC-3). In the cylinder rearing test performed at 10, 21, and
28 d after HI, VEH HI animals showed a marked increase in
functional impairment over time (Fig. 2A). MSC-3 treatment
significantly improved performance in the cylinder rearing test at
all time points tested. However, in line with our previous results
(van Velthoven et al., 2010), there was still an increase in paw
preference over time, indicating that impairment increased over
time. MSC-3+10 treatment reduced paw preference when com-
pared with vehicle- and single MSC-treated HI animals at 21 and
28 d after HI (at 28 d: MSC-3+10 vs VEH, 46 = 6% improve-
ment; MSC-3+10 vs MSC-3, 28 = 4% improvement; p < 0.05).
Notably, MSC-3+10 treatment prevented the increase in senso-
rimotor impairment over time (Fig. 2A).

Performance on the rotarod at 21 and 28 d after HI was im-
paired. MSC-3 treatment improved rotarod performance at 21
and 28 d after HI. Moreover, at 28 d after HI MSC-3+10, animals
performed significantly better than MSC-3 animals (Fig. 2 B).

Effect of MSC treatment on cell proliferation/survival

To determine whether improved motor function after MSC
treatment was associated with increased cerebral cell prolifera-
tion/survival, animals were treated with BrdU after the first MSC
treatment and, to be able to discriminate between proliferation
after the first and the second injection, with EdU after the second
MSC treatment. BrdU was administered at days 3, 4, and 5 after
HI (Fig. 1). MSC-3 treatment significantly increased the number
of BrdU-positive cells in the hippocampus as determined at 21 d
after the insult. At 28 d after HI, the number of BrdU-positive
cells in the hippocampus did no longer differ between VEH- and
MSC-3-treated animals (Fig. 3A). In the cortex, MSC-3 treat-
ment significantly increased the number of BrdU-positive cells at
both 21 and 28 d after HI compared with VEH HI animals (Fig.
3B). Notably, MSC-3+10 treatment did not further increase the
number of BrdU-positive cells as determined at 21 or 28 d after
HI (Fig. 3A, B). The selective effect of the second MSC treatment
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Figure2. Effectof MSCtreatmentat 3 and 10d after Hl on functional outcome. Mice received
MSCsor VEH at 3 and 10 d after HI. A, Paw preference in the cylinder rearing test was determined
at 10,21, and 28 d after the insult. B, Performance on the rotarod at 21 and 28 d after HI. Data
represent mean == SEM. VEH, n = 12; MSC-3 and MSC-3-+10,n = 14. 3p < 0.01 versus VEH
at10d; %p < 0.01versus MSC-3 at 10 d; *p << 0.01 versus VEH at same time point; p < 0.01
versus MSC-3 at same time point.

on proliferation/survival was determined after EAU injection on
days 10—12 after HI (Fig. 1). Interestingly, the data demonstrated
that the second MSC injection at 10 d after HI did not have any
effect on the number of EdU-positive cells in hippocampus and
cortex at 21 and 28 d after HI (Fig. 3C,D). We did not observe any
effect of MSC treatment on the number of BrdU- or EdU-positive
cells in the contralateral hemisphere. BrdU-positive cell number
was very low in the subventricular zone at 28 d after HI and was
therefore not quantified (data not shown).

We determined whether the lack of effect of the second MSC
injection at 10 d after HI on brain cell proliferation was attribut-
able to the previous injection at 3 d after HI. Mice were treated
with a single injection of MSCs at 10 d (MSC-10) after HI and
with EdU at 10, 11, and 12 d after HI. Treatment with MSCs once
only at 10 d after HI, significantly increased the number of hip-
pocampal EdU-positive cells (VEH, 27.4 * 5.9, vs MSC-10,
50.1 £ 4.9; p < 0.05) and of cortical EdU-positive cells (VEH,
57.8 £ 5.7, vs MSC-10, 87.8 * 8.4; p < 0.05) at 21 d after the
insult. These data show that we could reliably detect cell prolifer-
ation/survival using in vivo EdU labeling and indicate that the
first MSC treatment at 3 d after HI altered the response to the
second treatment so that endogenous cell proliferation/survival
was no longer stimulated.

Effect of MSC treatment on differentiation of recently

divided cells

To determine whether the second treatment with MSCs enhanced
differentiation/survival of cells that proliferated after the first treat-
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ment toward neurons or oligodendrocytes, we performed double
immunohistochemical analysis. MSC-3 treatment increased the
percentage of BrdU */NeuN * cells (Fig. 44, B) and BrdU */Olig2 *
cells (Fig. 4C,D) in hippocampus and cortex at both 21 and 28 d after
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HI when compared with VEH animals. However, we observed no
additional increase in the percentage of double-positive cells after the
second injection with MSCs at 10 d in comparison with MSC-3-
treated mice.
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Since no increase in EDU-positive cells was observed after the
second injection, we could not further determine the effect of the
second injection of MSCs on formation of new neurons or
oligodendrocytes.

Effect of MSC treatment on brain damage

We analyzed loss of ipsilateral MAP2 staining as a measure of
neuronal damage or gray matter injury and loss of ipsilateral
MBP staining as a measure of oligodendrocyte loss or white mat-
ter injury at 21 and 28 d after the insult. At 21 d after HI, we
observed no effect of MSC-3+10 treatment on MAP2 loss. How-
ever, at 28 d after HI, there was a decrease in loss of MAP2 * cells
with 60 * 12.5% (p < 0.01) after MSC treatment when com-
pared with VEH animals. MSC-3 treatment was significantly less
powerful with respect to MAP2 loss than MSC-3+10 treatment
(34 = 6% reduction of MAP2 loss; p < 0.05) (Fig. 54). At21d
after HI, there was a decrease in the loss of MBP ™ cells with 36 =+
6% (p < 0.01) in MSC-3+10 animals compared with VEH ani-
mals. At this early time point, MSC-3 treatment did not influence
MBP staining. At 28 d after HI, MBP loss was significantly de-
creased in both MSC-3+10 (53 * 13%; p < 0.01)- and MSC-3
(33 £ 4%; p < 0.05)-treated groups. Moreover, the effect of
MSC-3+10 treatment was significantly larger than that of MSC-3
treatment ( p < 0.05) (Fig. 5B).
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Corticospinal tract remodeling after neonatal HI and MSCs
We observed marked improvement in sensorimotor function by
MSC-3+10 treatment, and we therefore hypothesized that the
second MSC treatment might stimulate axonal remodeling and
growth. In our model of HI brain damage, we do not have evi-
dence for extensive neuronal loss in the ipsilateral motor cortex
(Fig. 6 A). Therefore, we hypothesized that impaired functioning
of the corticospinal tract (e.g., because of damage to long tracts)
(Weidner et al., 2001) may underlie the impaired motor function
we observed. To visualize the effect of MSC-3+10 treatment on
the functional activity of the CST, animals were injected with
BDA in the ipsilateral motor cortex at 21 d after HI. Cervical
spinal cord was analyzed for distribution of BDA 1 week later (28
d after HI). In sham-operated animals, we observed the normal
projection pattern with clear positive staining in the dorsal funic-
ulus of the contralateral spinal cord (Fig. 6B) (Weidner et al.,
2001; Hsu et al., 2006). In VEH HI mice, contralateral spinal cord
BDA staining was markedly reduced, indicating decreased CST
axon density or activity (Lapash Daniels et al., 2009; Liu et al.,
2009). Notably, after MSC-3+10 treatment, we observed a sig-
nificant increase in BDA staining in the dorsal funiculus of the
contralateral spinal cord compared with VEH HI mice (Fig. 6C).
However, MSC-3 or MSC-10 treatment did not give a significant
increase in BDA staining in the contralateral dorsal funiculus.
These data indicate that the second MSC treatment is necessary
for effective remodeling of the CST. To determine whether the
remodeling of the CST was related to sensorimotor outcome, we
analyzed the relationship between BDA intensity in the contralateral
spinal cord and paw preference in the cylinder rearing test at 28 d
after HI. We included VEH, MSC-3, and MSC-3+10 animals in this
analysis. Interestingly, we observed a clear inverse relationship be-
tween contralateral spinal cord BDA-staining intensity and sensori-
motor impairment (r = —0.75; p < 0.001) (Fig. 6 D).

As a measure of neuronal plasticity, we also analyzed the effect of
MSC treatment on GAP43 staining as a marker for neuritogenesis
(Meiri et al., 1998) and on synaptophysin staining as a marker for
synaptogenesis (Leclerc et al., 1989). At 21 d after HI, we did not
observe an effect of MSC-3 or MSC-3+10 on ipsilateral GAP43 or
synaptophysin staining. At 28 d after HI, the ipsilateral area of
GAP43 (Fig. 6 E) and synaptophysin (Fig. 6 F) was increased after
MSC-3 treatment when compared with VEH animals. Consistent
with a stronger effect of MSC-3+ 10 treatment on axonal remodel-
ing, the increase in GAP43 or synaptophysin staining was more pro-
nounced after MSC-3+ 10 compared with MSC-3 treatment.

MSC gene expression profile after culture with ischemic

brain extracts

We have shown that a single treatment with MSCs at 3 or at 10 d
(MSC-3 or MSC-10) after HI stimulated endogenous cell prolif-
eration and improved functional outcome. When a second injec-
tion with MSCs was given, cell proliferation was not further
stimulated. However, in response to the second treatment, func-
tional outcome further improved and functional improvement
was directly related to remodeling of the CST.

These findings indicate that the beneficial effects of the first
and second MSC treatment are mediated via different pathways.
We hypothesized that MSCs respond to signals from the environ-
ment into which they are transplanted and adapt the expression
of growth and differentiation factors to signals provided by the
environment resulting in activation of specific repair pathways.
To examine this possibility, MSCs were cultured in conditioned me-
dium containing brain extracts obtained 10 d after HI from mice
treated either with MSCs at 3 d after HI or receiving vehicle at 3 d
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after the insult. Gene expression profiles of
the MSCs were examined in pooled samples
using three pathway focused PCR arrays.
With an arbitrary cutoff of more than two-
fold change, expression of 29 genes encod-
ing secreted factors differed between MSCs
cultured with HI-vehicle brain extracts
compared with MSCs cultured with HI- y
MSC brain extracts (Table 1). In addition, :
16 genes encoding nonsecreted factors were
differentially regulated when comparing
MSC:s cultured with HI-vehicle versus HI-
MSC-3 brain extracts (see supplemental
Table 1, available at www.jneurosci.org as
supplemental material).

To validate PCR array results, we ana-
lyzed four upregulated and three down-
regulated secreted factors by real-time
RT-PCR on the individual samples (Fig.
7A,B). The data confirm the results ob-
tained in the PCR array. In response to
culture with HI-MSC brain extracts com-
pared with HI-vehicle brain extract, 0.0
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MSCs significantly upregulated IL-10, IL- o
18, Methallothion-3 (MT3), and nerve
growth factor (NGF) (Fig. 7A). A signifi-
cant downregulation was observed for
bone morphogenetic protein 2 (BMP2),
Inhibin B-B (Inhbb), and transforming
growth factor B-1 (TGFB1) (Fig. 7B)
when comparing MSCs cultured with HI-
MSC brain extracts to MSCs cultured with
HI brain extracts treated with vehicle. We
also determined the level of the proin-
flammatory cytokines IL-18, IL-6, and
IL-10 in the culture supernatant. In re-
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sponse to in vitro culture of MSCs with 0
HI+MSC brain extracts, the level of IL-
1B, IL-6, and IL-10 protein in the culture
supernatant was increased compared with
MSCs cultured with HI+VEH brain ex-
tracts (Fig. 7C-E).
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Corticospinal tract remodeling after treatment with MSCs. Mice received VEH, MSC-3, or MSC-3+ 10 treatment and at

21 d after Hl were injected with 10k biotinylated dextran amine in the ipsilateral motor cortex. A, Analysis of MAP2 staining of the

Discussion

We show here that two MSC injections at 3
and 10 d after neonatal HI markedly im-
proved sensorimotor function 4 weeks after
the insult. MSC-3+10 treatment was more
powerful in improving functional outcome
and in reducing gray and white matter loss
than a single MSC injection at 3 d after HI.
Furthermore, only MSC-3+10 treatment
induced significant remodeling of the corticospinal tract after neo-
natal HI. Notably, although the second injection had significant
additional effects on sensorimotor function and lesion size, only
the first injection of MSCs stimulated formation/survival of new
neurons and oligodendrocytes. These findings indicate that the
beneficial effects of the first and second MSC treatment are me-
diated via different pathways.

In line with our data, Yasuhara et al. (2006, 2008) showed that
both intracranial and intravenous transplantation of bone marrow-
derived multipotent adult progenitor cells have beneficial effects af-
ter neonatal HI. Similarly, Lee et al. (2010) described that a single

motor cortex at 28 d after HI did not reveal any signs of damage. B displays representative examples of BDA staining in the dorsal
funiculus of the spinal cord. Scale bar, 20 wm. C, Relative BDA intensity in the dorsal funiculus of the contralateral cervical spinal
cord. Sham controls, n = 7; VEH, n = 7; MSC-3, n = 10; MSC-10, n = 11; MSC-3+10, n = 10. *p << 0.05. D, Relationship
between BDA intensity in the dorsal funiculus of the contralateral cervical spinal cord and performance in the cylinder rearing test
at 28 d after HI. VEH, n = 7; MSC-3, n = 10; MSC-10, n = 11; MSC-3+10,n = 10.r = —0.75; *p << 0.001. E, F, Quantifi-
cation of ipsilateral GAP43 * (E) and synaptophysin ™ (F) area expressed as ratio of ipsilateral/contralateral area and represen-
tative examples of GAP43 and synaptophysin staining at day 28 after HI. Data represent mean ipsilateral area = SEM. Sham
controls,n = 7; VEH, n = 12; MSC-3, n = 14; MSC-10, n = 11; MSC-3+10, n = 13.*p < 0.05.

intracardial transplantation of MSCs 3 d after HI in the neonatal rat
also improved contralateral forepaw use. Lesion size was not reduced
in that study, which may be attributable to the different route of
MSC administration compared with our study.

It has been suggested that MSC treatment decreases brain
damage by inhibiting injurious processes, by replacing lost tissue,
and/or by enhancing endogenous repair processes (Li et al., 2002,
2005; Chen et al., 2003; Deng et al., 2006; Ohtaki et al., 2008; van
Velthoven et al., 2009; Zhang and Chopp, 2009). We detected
only very few green fluorescent protein (GFP)-positive cells or
GFP/BrdU-positive cells indicative of transplant origin at 28 d



van Velthoven et al. @ Stem Cell Treatment after Neonatal Brain Injury

J. Neurosci., July 14, 2010 - 30(28):9603-9611 * 9609

Table 1. Gene expression profile of MSCs after culture with HI brain extracts treated with vehicle or MSCs at 3 d after HI

2-Ak Fold upregulation or downregulation

RefSeq Symbol Description HI+VEH extract HI+MSCextract HI-+MSC/HI+VEH extract
NM_009696 Apoe Apolipoprotein E 1.28E+01 3.02E+01 2.36
NM_009711 Artn Artemin 2.85E-04 1.12E-03 3.95
NM_007540 Bdnf Brain-derived neurotrophic factor 1.66E-03 3.64E-04 —4.57
NM_009755 Bmp1 Bone morphogenetic protein 1 6.15E-02 2.53E-02 —243
NM_007553 Bmp2 Bone morphogenetic protein 2 3.41E-03 6.13E-04 —5.57
NM_009971 Gsf3 Colony-stimulating factor 3 (granulocyte) 2.63E-04 1.00E-03 3.81
NM_008176 (x Chemokine (C-X-C motif) ligand 1 1.49E-03 4.85E-03 3.26
NM_021704 (xd12 Chemokine (C-X-C motif) ligand 12 4.50E-02 2.14E-02 =210
NM_007950 Ereg Epiregulin 2.45E-03 6.41E-03 2.62
NM_010198 Fof11 Fibroblast growth factor 11 1.04E-03 4.03E-04 —259
NM_010200 Fqf13 Fibroblast growth factor 13 4.14E-03 1.55E-03 —2.67
NM_008006 Fgf2 Fibroblast growth factor 2 4.07E-03 1.65E-03 —247
NM_010216 Figf ¢-fos-induced growth factor 1.15E-03 3.16E-04 —3.64
NM_010275 Gdnf Glial cell line-derived neurotrophic factor 1.77E-03 4.83E-04 —3.66
NM_010548 1110 IL-10 2.84E-03 1.73E-02 6.09
NM_010554 Ina -1 3.90E-03 1.84E-02 4.72
NM_008361 11b IL-18 7.81E-04 6.99E-03 8.95
NM_031168 116 IL-6 2.82E-04 8.89E-04 3.16
NM_008381 Inhbb Inhibin 3-8 5.55E-03 3.63E-04 —15.26
NM_013603 Mt3 Metallothionein 3 1.68E-03 7.17E-03 4.28
NM_013609 Ngf Nerve growth factor 6.82E-03 4.01E-02 5.89
NM_008742 Ntf3 Neurotrophin 3 2.82E-04 7.76E-04 2.76
NM_198190 Ntf5 Neurotrophin 5 2.82E-04 6.29E-04 2.3
NM_011577 Tgfb1 Transforming growth factor, 1 5.45E-01 1.37E-01 —3.96
NM_009367 Tgfh2 Transforming growth factor, 32 6.97E-03 1.74E-03 —4.01
NM_009368 Tgfh3 Transforming growth factor, 33 8.64E-03 3.73E-03 —2.32
NM_009505 Vegfa Vascular endothelial growth factor A 1.39E-02 3.31E-02 237
NM_011697 Vegfb Vascular endothelial growth factor B 4.32E-02 2.14E-02 —2.02
NM_053009 Ifp91 Zinc finger protein 91 1.42E-03 3.56E-03 2.50

Gene expression profiles were examined using three pathway-focused PCR arrays. The table shows secreted factors from which expression differed between MSCs cultured in HI+-MSC brain extract and HI+vehicle brain extract.

after HI (data not shown). Thus, our findings do not support
previous suggestions that differentiation of transplanted MSCs
into neurons and oligodendrocytes restores damage (Mezey et al.,
2000; Deng et al., 2006). However, MSC treatment at 3 d after HI
resulted in enhanced endogenous cell proliferation/survival and
differentiation of recently divided cells toward NeuN- and Olig2-
positive cells. These data indicate that MSC-3 treatment stimu-
lates endogenous cell proliferation/survival and differentiation.
In addition, inhibition of injurious processes may also contribute
to the beneficial effects of MSC treatment (Chen et al., 2003; Li et
al., 2005; Ohtaki et al., 2008).

The second injection of MSCs at 10 d after HI did not increase in
cell proliferation/survival, whereas a single injection of MSCs at day
10 did increase cerebral cell proliferation/survival. Although MSC-
3410 treatment did not further enhance proliferation/survival, it
more effectively reduced loss of MAP2 and MBP than a single treat-
ment at 3 d after HI or at 10 d after HI (van Velthoven et al., 2010).
Together, our data indicate that MSC-3+10 treatment improved
function and reduced damage via two complementary processes
(i.e., increased formation of new neurons and oligodendrocytes after
the first gift, and increased MBP formation indicative of oligoden-
drocyte maturation and remyelination as well as increased MAP2
staining indicative for neuronal repair without additional enhance-
ment of new cell formation after the second treatment).

The hypothesis that the second MSC treatment stimulated
axonal remodeling is supported by the effects we observed on
CST activity. Control of voluntary forelimb movement is medi-
ated via the CST and damage to the CST is associated with motor
impairment (Iwaniuk and Whishaw, 2000; Liu et al., 2009). Isch-
emic stroke in adult mice damages the motor cortex affecting the
use of the contralesional forelimb, from which animals can re-
cover partially by contralesional CST remodeling (Liu et al.,
2009). In the neonatal HI model, we have no evidence for major

damage in the ipsilateral motor cortex. Nevertheless, HI brain
damage impairs contralateral forelimb use markedly (Chang et
al., 2005; van der Kooijj et al., 2010). Therefore, we hypothesized
that reduced activity of the CST because of damage to long tracts
contributed to sensorimotor impairment. Indeed, we show that
neonatal HI significantly reduced BDA labeling of the dorsal funic-
ulus of the contralateral cervical spinal cord after BDA injection into
the ipsilateral motor cortex. Importantly, BDA labeling in the con-
tralateral spinal cord of MSC-3+10-treated HI animals was signifi-
cantly increased compared with VEH-treated HI animals. In
contrast, a single MSC injection at either 3 or 10 d after HI did not
significantly alter BDA labeling. In addition, we observed an inverse
relationship between sensorimotor impairment and cervical spinal
cord BDA staining. Furthermore, MSC-3+10 treatment induced a
stronger increase in GAP43 and synaptophysin, markers for axonal
outgrowth and synaptogenesis (Leclerc et al., 1989; Meiri et al,,
1998), when compared with MSC-3 treatment. Collectively, these
data indicate that motor recovery after MSC-3+ 10 treatment may
well be mediated by stimulation of axonal growth and/or remodel-
ing leading to restoration of CST integrity.

We hypothesized that the differential effect of MSC treatment at
3 or3and 10 d was dependent on the response of MSCs to the milieu
in the brain. To test this hypothesis, we cultured MSCs with HI brain
extracts obtained at 10 d after HI from mice treated with vehicle or
MSCsat 3 d after HI. Gene expression analysis showed that previous
treatment with MSCs changed the microenvironment in the brain so
that MSCs responded by changing expression of several secreted
factors that are known to regulate brain cell proliferation, differenti-
ation, and/or maturation. For example, IL-10 mRNA and protein
expression by MSCs increased in response to HI+MSC compared
with HI+VEH brain extracts. In an animal model of multiple scle-
rosis, administration of neural stem cells overexpressing IL-10 pro-
moted remyelination (Yang et al., 2009). In neonatal brain damage,
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a similar mechanism might be operative
since upregulation of IL-10 production by
MSCs cultured with HI+MSC brain ex-
tracts was associated with increased MBP
staining after MSC3+10 treatment.
mRNA and protein expression of the
proinflammatory cytokines IL-13 and
IL-6 was also increased in MSCs exposed
to HI+MSC compared with HI+VEH
brain extracts. The majority of studies
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suggests that IL-13 aggravates damage in-
duced by ischemia, excitotoxicity, or reac-
tive oxygen species (Relton and Rothwell,
1992; Allan et al., 2005). However, in most
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studies, the role of IL-1 was examined by 10- ”
administering the IL-1 antagonist IL-IRA 5 —
early after the insult, when the injurious 2 8

process was ongoing. When we translate g e
our in vitro findings to the in vivo situation, S 61

the increased production of IL-1B takes 2

place after the second MSC injection (i.e., E 4

>10 d after the insult). It may well be that at g

this time point proinflammatory effects of g 29

IL-1B contribute to differentiation of neu- = —

rons and oligodendrocytes. Interestingly, 0

both IL-18 and IL-6 promote neuron sur-

vival after excitotoxicity (Hama et al., 1991; C_IMSC
Toulmond et al., 1992; Loddick et al., 1998),

and IL-18 promotes oligodendrocyte Figure7.

remyelination after excitotoxicity, sti-
mulates neurite outgrowth and nerve
regeneration in neuronal cultures, and
promotes Schwann cell proliferation
(Relton and Rothwell, 1992; Carlson et al.,
1999; Mason et al., 2001; Temporin et al., 2008).

Expression of several growth and differentiation factors was
increased, whereas others were clearly decreased when compar-
ing MSCs cultured with HI-VEH versus HI-MSC brain extracts.
For example, CSF3, NGF, and NT-3 expression was upregulated.
Administration of these factors induces neurogenesis and pro-
motes functional recovery after stroke (Shyu et al., 2004; Schneider
etal., 2005; Frielingsdorf et al., 2007; Zhang et al., 2008). Expres-
sion of TGF31 and BMP2 was clearly decreased in MSCs cultured
with MSC-treated brain extracts. Although these factors can have
beneficial effects on regeneration, decreased expression of BMP2
can also be positive by shifting differentiation of progenitor cells
from astroglia toward neurons (Nakashima et al., 2001; Zhang et
al., 2006; Koike et al., 2007). TGEB1 stimulates proliferation of
neural progenitors, and production of TGFf by MSCs was re-
duced under conditions in which we no longer observed en-
hanced cell proliferation in vivo (Ma et al., 2008).

In summary, we showed that MSC-3+10 treatment more effi-
ciently restored sensorimotor function and reduced lesion size com-
pared with MSC-3 treatment without an additional increase in
formation of new neurons or oligodendrocytes after the second in-
jection of MSCs. Moreover, MSC-3+ 10 treatment partially restored
CST activity, reduced MAP2 and MBP loss, and enhanced GAP43
and synaptophysin staining. We also showed that previous treat-
ment with MSCs alters the effect of brain extracts on the pattern of
growth and differentiation factors expressed by MSCs. Therefore, we
propose that, in the damaged brain, MSCs adapt to the milieu in the
brain by secretion of growth factors that stimulate endogenous for-
mation of new neurons and oligodendrocytes, or enhance oligoden-
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Changes in mRNA levels and protein of selected secreted factors in MSCs cultured with ischemic brain extracts. MSCs
were cultured for 72 h with brain extracts obtained from HI mice treated with MSCs at 3 d after Hl or with brain extracts from HI mice
treated with vehicle (n = 4 per group). A, B, To validate PCR array results, four strongly uprequlated (4) and three strongly
downregulated (B) genes were quantified by real-time RT-PCR on single samples. (—E, The level of IL-10 (C), IL-13 (D), and IL-6
(E) protein were determined in the culture supernatant. Data represent mean == SEM. *p << 0.05; **p << 0.001; ***p << 0.0001.

drocyte maturation, and axonal outgrowth and remodeling. Based
on our data, we conclude that the efficacy of MSC treatment for
restoration of brain integrity and function can be optimized by re-
peated treatment and will involve mechanisms dependent on the
actual milieu in the brain at the time of treatment.
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