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Abstract

Objective—Neonatal White Matter Injury (NWMI) is the leading cause of cerebral palsy and
other neurocognitive deficits in prematurely-born children, and no restorative therapies exist. Our
objective was to determine the fate and effect of glial restricted precursor cell (GRP)
transplantation in an ischemic mouse model of NWMI.

Methods—Neonatal CD-1 mice underwent unilateral carotid artery ligation on postnatal-day 5
(P5). At P22, intracallosal injections of either eGFP+ GRPs or saline were performed in control
and ligated mice. Neurobehavioral and postmortem studies were performed at four and eight
weeks post-transplantation.

Results—GRP survival was comparable at one month but significantly lower at two months
post-transplantation in NWMI mice compared to unligated controls. Surviving cells showed better
migration capability in controls; however, the differentiation capacity of transplanted cells was
similar in control and NWMI. Saline-treated NWMI mice showed significantly altered response in
startle amplitude and pre-pulse inhibition paradigms compared to unligated controls, while these
behavioral tests were completely normal in GRP-transplanted animals. Similarly, there was
significant increase in hemispheric myelin basic protein density, along with significant decrease in
pathologic axonal staining in cell-treated NWMI mice compared to saline-treated NWMI animals.

Interpretation—The Reduced long-term survival and migration of transplanted GRPs in an
ischemia-induced NWMI model suggests that neonatal ischemia leads to long-lasting detrimental
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effects on oligodendroglia even months after the initial insult. Despite limited GRP-survival,
behavioral and neuropathological outcomes were improved after GRP-transplantation. Our results
suggest that exogenous GRPs improve myelination through trophic effects in addition to
differentiation into mature oligodendrocytes.
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INTRODUCTION

Approximately two percent of all children born in the United States between 2001-2010
were born very preterm (www.marchofdimes/peristats), and 5-20% of these infants develop
spastic cerebral palsy(Hamrick et al. 2004; Marret et al. 2013). An additional 25-50%
experience attention deficit disorder, learning disabilities, or visual cortical impairments(Litt
et al. 2005), and they have a higher incidence of psychiatric morbidities(Johnson 2007).
Neonatal white matter injury (NWMI) is the predominant cause of brain injury in this
population(Volpe 2009; Volpe et al. 2011). The period of highest risk for NWMI is between
approximately 23 and 32 weeks post-conception age(VVolpe 2009). Epidemiological and
pathological studies suggest a strong role of perinatal inflammation and perfusion deficits in
NWMI(Leviton et al. 2010; O'Shea et al. 2009), and it is postulated that these stressors along
with developmentally dependent cell-specific vulnerability of oligodendroglia result in
NWMI. In the early stages of injury, NWMI can be distinguished pathologically by the
presence of numerous active microglia within the periventricular white matter(\olpe 2003)
along with a 50%-90% depletion of oligodendrocyte progenitor cells (OPC) and immature
oligodendrocytes(Back et al. 2001; Back et al. 2007). These cells represent the predominant
oligodendroglial developmental stage during the peak period of NWMI(Back et al. 2007).
There is also evidence that surviving immature oligodendroglia undergo a maturational
arrest in NWMI lesions(Billiards et al. 2008; Buser et al. 2012; Fancy et al. 2014). At later
stages, NWMI lesions show astrogliosis and extensive myelin pallor along with axonal
spheroids(Folkerth 2005). In comparison to these human studies, we have previously shown
that CD1 mice with neonatal unilateral carotid artery ligation at P5 show increased apoptosis
of oligondedrocyte progenitor cells (OPC) during the acute stages after injury leading to an
acute transient drop in OPC counts (Fatemi et al. 2011). While OPC counts recovered after
48 hours, we had shown that OPCs in injured mice expressed a more immature morphology
suggesting arrested differentiation (Falahati et al. 2013), and animals with this form of injury
exhibited myelin pallor during adulthood (Fatemi et al. 2011).

As of today, the only intervention known to reduce the incidence of cerebral palsy in the
preterm population is the use of Magnesium Sulfate given to pregnant mothers with
anticipated preterm labor(Cahill et al. 2010). The lack of any disease modifying intervention
in patients with NWMI underscores the need for novel therapeutic strategies.

Human glial restricted precursor cells (GRPs) can be derived from fetal brain and spinal
tissue (Campanelli et al. 2008; Dietrich et al. 2002; Phillips et al. 2012; Rao and Mayer-
Proschel 1997). Several centers and companies have established manufacturing protocols for

Glia. Author manuscript; available in PMC 2016 March 01.


http://www.marchofdimes/peristats

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Porambo et al.

Page 3

these cells and transplantation of these cells is currently being debated as a therapeutic
strategy in a number of neurologic diseases, including spinal cord injury, multiple sclerosis,
transverse myelitis, leukodystrophies, amyotrophic lateral sclerosis, and cerebral
palsy(Goldman et al. 2006). Preclinical studies have been conducted in several white matter
disease and other CNS disease models and while several studies have shown a beneficial
effect in some of these models(Kim et al. 2012b; Lepore et al. 2011; Maragakis et al. 2005;
Walczak et al. 2011), the mechanisms of action of these cells remain somewhat elusive. The
objective of this study was to determine the survival, migration and differentiation capacity
of GRPs as well as the efficacy of GRP transplantation for improving neurobehavioral and
neuropathological outcomes in a previously published mouse model of NWMI(Fatemi et al.
2011).

MATERIALS AND METHODS

Animals

This study was approved by the Johns Hopkins Animal Care and Use Committee (protocol
no. MO09M422). Newborn litters of CD-1 mice were purchased from Charles River
Laboratories (Wilmington, MA, USA) for induction of white matter injury. The day of birth
was defined as P1. For GRP derivation, a colony of C57BL/6-Tg(UBC-GFP)30Scha/J mice
(Jackson Laboratories, Bar Harbor, Maine) was established. These mice express enhanced
Green Fluorescent Protein (eGFP) under the direction of the human ubiqutin C promoter in
all tissues.

GRP Derivation

Timed pregnant eGFP-transgenic mice were euthanized at E13.5 and cells were derived
from embryonic spinal cord and grown in a defined ‘GRP’ medium as previously
published(Phillips et al. 2012). Briefly, it contains DMEM/F12 1:1 (Invitrogen), B27(50X;
Invitrogen), N2 (100X; Invitrogen), Bovine Serum Albumin (BSA; 0.5%), FGF-2 (10-20
ng/ml; Invitrogen) and heparin (1ug/ml;Sigma). Further selection was performed by
immunopanning with an A2B5 antibody (Millipore) as previously published(Phillips et al.
2012). For the transplantation procedure, cells were suspended in normal saline and kept on
ice for a maximum period of 3 hours prior to transplantation.

Carotid Artery Ligation

On P5, CD-1 pups were placed in an incubator at 35°C for 15 to 30 minutes and were then
anesthetized with isoflurane (4% induction 1% to 1.2% maintenance), and the right common
carotid artery was ligated (right hemisphere referred to as ipsilateral, left hemisphere as
contralateral). Pups recovered at 36°C for 30 to 60 minutes and were returned to the dam.
Rectal temperatures were 36°C+0.5°C before surgery and 34.5°C+1°C postoperatively;
surgery time was standardized to 12 to 15 minutes. We have shown previously that
standardizing the surgery time with this procedure in the CD-1 strain at P5 results in
selective white matter injury.(Fatemi et al. 2011)
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GRP Transplantation

On P22, animals were anesthetized again with isoflurane (2 min induction at 4% then 1.5%
for maintenance) and placed in a stereotaxic device. Hair on scalp was gently shortened
using dissection scissors, a small incision was made to the scalp and a 5 microliter Hamilton
syringe with 31 gauge needle was inserted through the skull at 1 mm lateral, 3.3 mm anterior
to lambda with a depth of 1.2 mm. 100,000 cells were injected in a volume of 1 microliter
over the course of 2 minutes. The needle was then left in place for 4 minutes and then slowly
removed over 4 minutes. The total duration of each surgery was between 25-30 minutes.

Neurobehavioral Testing

Histology

The behavioral protocols used are standard protocols used at the Johns Hopkins animal
behavioral core, we focused our behavioral testing on the following protocols in which we
had previously found significant abnormalities in our NWMI mouse model (Breu et al.
under review): Novelty-induced activity in open field was measured using two identical
activity chambers with infrared beams (San Diego Instruments Inc., San Diego, CA, USA).
In 6 consecutive sessions of 5 minutes each, horizontal and vertical activities, stereotypic
activities, as well as the time spent in the center or the periphery of the chamber were
automatically monitored. Startle reactivity and plasticity to acoustic stimuli were measured
in two identical startle chambers (San Diego Instruments Inc., San Diego, CA, USA). To
avoid locomotion artifacts, each mouse was restrained in a Plexiglas cylinder (5cm in
diameter) that was placed on an accelerometer. A loudspeaker mounted 24cm above the
cylinder produced the broadband background noise and acoustic stimuli. The SR-LAB
software and interface system controlled start, stop, and quality of acoustic stimuli and
recorded movement responses from the accelerometer. The maximum readings within 100-
ms after stimulus onset were registered to represent startle amplitudes. Sound levels were
measured inside the startle chambers using a digital sound level meter (Realistic, Tandy,
Fort Worth, TX, USA). Both accelerometer and sound level meter of each startle chamber
were calibrated regularly. After a 5-min acclimatization period to a 70-dB background noise
(continuous throughout the session), the presentation of stimuli started with 10 40-ms 120-
dB white noise impulses at a 20-s inter-stimulus interval (habituation session). The
habituation session was followed by a 5-min resting time without any stimulus. Next, the
pre-pulse inhibition (PPI) session started in which the animals were exposed to the following
trials: pulse-alone trial (a 120-dB, 100-ms, broadband burst); no-stimulus trial; and five pre-
pulse— pulse combinations (pre-pulse—pulse trials) consisting of a 20-ms broadband pre-
pulse burst followed by a 120-dB pulse 80 ms later. The amplitudes utilized as pre-pulses
were 74, 77, 82, 87, and 91 dB. In each session, mice were exposed to six sets of trials in
pseudorandom order. The calculation of differences between pulse-alone trial and pre-pulse
trials produced the PPl measures for each animal. The habituation amplitudes and
percentage of PPI for each animal were used as the dependent variables in statistical
analysis.

Mice were anesthetized and perfused with phosphate-buffered saline (PBS) and then with
4% paraformaldehyde in phosphate buffer. Brains were post-fixed in PFA for 24 h,
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cryoprotected in sucrose and sectioned at 40 um. Sections were mounted onto 10 slides in a
1 in 10 series, with each slide having sections with 400um displacement. Sections and
images were identified using a standardized numbering system, so that antigen expression in
near-adjacent sections of the same animal stained with different antibodies could be
correlated. Slides were incubated in blocking solution, followed by primary antibody
incubation at 4°C overnight: anti-Platelet Derived Growth Factor Receptor Alpha (PDGFR-
a) antibody (BD Pharmingen, San Jose, CA, rat, 1:250), anti-CC1 antibody (Calbiochem,
San Diego, CA, mouse, 1:1000) for detection of oligodendrocytes, anti-glial fibrillary acidic
protein (GFAP) antibody (Dako, Carpinteria, CA, rabbit, 1:2500) for detection of astrocytes,
anti-Ki67 (Abcam, Cambridge, UK, rabbit, 1:500) for visualization of proliferation, anti-
myelin basic protein (MBP) antibody (Millipore, mouse, 1:2500) for myelin staining, anti-
SMI-32 antibody (Covance, mouse, 1:5000) for detection of non-phsophorylated
neurofilament, characteristic of abnormal axons. Fluorescent secondary antibodies labeled
with Cy5 (emission spectrum does not overlap with that of GFP) were used to detect co-
staining with GFP, and all sections were counterstained with Hoechst 33342. The
fluorescence signal strength of GFP was tested by staining slides with an anti-GFP antibody
(Life Technologies, rabbit, 1:200) in 5 cell-transplanted animals, and it was determined that
endogenous GFP signal was detectable in all anti-GFP stained cells (data not shown). For
slides stained for brightfield measurements, biotinylated secondary antibodies were used and
the antigen-antibody complex was visualized using an ABC ELITE kit (Vector Labs).

GRP cell survival, migration pattern, and differentiation analysis—Fluorescence
images were acquired using the Zeiss Axio Imager M5 microscope with ApoTome
functionality using structured illumination to optimize resolution. Using this technique the
total exposure of the specimen is slightly greater because the grid projection is typically not
completely opaque. However, the resolution is comparable to that achieved by either
confocal or deconvolution techniques. To reduce bias due to bleaching of the fluorescent
antibody, all images used for analysis were acquired the first time the slides were
illuminated under the microscope. Mosaic settings, Z-stack settings, and anatomical regions
were defined and set in the microscope software prior to acquisition to reduce illumination
time and thereby bleaching, using the robotic microscope controls. Fluorescent channels
switched automatically and were acquired sequentially for each field of view, in the same
order for each sample. Regions to be acquired were selected based on Hoechst 33342
nuclear staining. All images and channels were post-processed in the Zeiss Axiovision
software following standardized protocols for optimal quantification. For estimation of
transplanted cell survival, the section showing the injection track was identified, and all GFP
+ cells of that section and the adjacent anterior and posterior sections were manually
counted in three layer z-stack images by two individuals in a blinded fashion. Inter-rater
reliability between these individuals was 99.5%. Migration patterns were defined as
‘injection track only’, *‘medial or lateral migration’, and ‘migration to contralateral
hemisphere’ and noted for each cell-transplanted animal. For quantification of
differentiation capacity of GRPs into oligodendrocytes and astrocytes, mosaic images were
taken under a 40x objective of anti-CC1 or anti-GFAP-stained sections, counterstained with
Hoechst 33342, that were adjacent to those used for GFP+ cell counts. Within the corpus
callosum, GFP+CC1+Hoechst+ and GFP+GFAP+Hoechst+ cells were manually counted,
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and the proportion of GFP+ cells that were also CC1+ was determined within outlined areas.
There were too few GFP+GFAP+ cells (only 0-2 cells seen on each section) to determine a
ratio.

MBP and SMI-32 densitometry and CC1 cell counts—For quantification of MBP
and SMI32 immunostaining, semiquantitative densitometry was performed using MCID
Core (InterFocus Imaging, Ltd. Cambridge, UK) after calibration with optical density
standards, as we have previously reported(Fatemi et al. 2011). Subdivisions of the corpus
callosum (right, right periventricular, medial, left, and left periventricular) were manually
delineated in three sections, at the level of the anterior commissure, anterior hippocampus,
and posterior corpus callosum, as well the left and right fimbriae and the left and right
internal capsules (Figure 2). Average density values for each of these areas were calculated
in each animal and used for further statistical comparisons. For quantification of mature
oligodendrocytes, images were taken under a 40X objective on CC1-stained sections in the
same regions. Images were stitched together using the mosaic module of the Zeiss
AxioVision software (Zeiss Microimaging, LLC, Thornwood, NY), and threshold-based
automated cell counting was performed in MCID, as previously reported.

Statistical analysis

RESULTS

Data is expressed as the mean + standard error for each group of mice. Unpaired two-tailed
t-tests were performed to look for significant differences in cell counts between cell
transplanted NWMI and controls mice. ANOVAs were performed to determine effects of
treatment on each outcome variable (cell counts, density values, behavioral values) at each
time point. Power analysis, using an alpha of 0.05, showed the sample size to be sufficient to
achieve a power of >0.8 for all group comparisons. When main effects were significant
(p<0.05), Tukey’s multiple comparison tests were performed to evaluate differences
between individual treatment groups, while for the open field testing variables and PPI
analysis, the Holm-Sidak method of pairwise multiple comparisons was performed. For all
figures *p < 0.05, **p < 0.01 and ***p < 0.001. Graphs were plotted and statistics assessed
using the program GraphPad Prism 5.0 (GraphPad Software) and IBM SPSS 22.

Post-operative Survival

A total of 88 animals underwent carotid artery ligation with a 95.5% survival rate. Four
animals were excluded due to the complete necrosis of the ipsilateral cerebral hemisphere
observed after tissue extraction. In a first set of experiments, 29 ligated animals and 34
control animals received cell injections and 14 ligated and 11 controls received saline
injection on P22 and post-mortem immunofluorescence and IHC were performed at either
P50 (4 weeks post-transplantation) or P78 (eight weeks post transplantation). In a second set
of experiments, 6 ligated animals received cell injections, and 6 ligated and 8 naive controls
received saline injections at P22; these mice underwent behavioral testing on P64-P78 (6-8
weeks post-transplantation) and were then euthanized.
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Purity of GRPs

The immunopanning procedure for selection of GFP+ GRPs, resulted in 95% (range 92—
97%) yield of A2B5 positive cells in the three different batches of cells used for the
transplantation experiments (see Figure 1). On average 39% (+/— SD 4.3) of these cells also
expressed Nestin. A subset of cells were maintained in culture for a week after
immunopanning and became nearly all PDGFR-a positive, indicating differentiation into
oligodendrocyte progenitors.

GRP Cell Survival and Migration Patterns in NWMI and in Controls

At four weeks, transplanted GFP+ cells were detected in 13 (86.7%) NWMI mice, and in 16
(88.9%) controls. At eight weeks, transplanted cells were detected only in six (42.9%) of
NWMI, while compared to 4 weeks, a comparable number of control animals (13 animals;
81.3%) still showed surviving cells (see Table 1). Figure 3 illustrates the different patterns
of cell migration seen in cell-transplanted animals.

Interestingly, at 4 weeks migrating cells were found in the contralateral hemisphere in both
NWMI mice and controls. However, the pattern of cell migration at 8 weeks was very
different in control and NWMI mice. As shown in table 1, cells migrated to the contralateral
side in six (37.5%) control animals at 8 weeks, but no cells were detected in the contralateral
hemisphere in any of the NWMI mice.

Overall counts of transplanted GFP+ cell were comparable between NWMI and unligated
controls at 4 weeks post-transplantation (Figure 4C). In contrast, the overall number of GFP
+ cells at 8 weeks was approximately four-fold greater in the control group than in NWMI
mice (Figure 4F), which may contribute to the observed difference in migration. In order to
confirm that the assessment of cell death was accurate, we stained cell transplanted brain
sections which did not show any visible eGFP expression with an anti-eGFP antibody and
no staining was seen.

In order to assess proliferation of transplanted cells, we conducted co-staining with Ki67.
We did not find any single GFP+ cell that co-stained with Ki67 in both NWMI and controls
at 4 and 8 weeks post-transplantation. Ki67 staining was clearly observed in stem cell niches
(subventricular and subgranular zones).

Differentiation Capacity of Transplanted Cells

At 8 weeks post-transplantation, 40.6% (SD 33.2%) of the GFP+ cells co-stained with CC1
in NWMI mice, suggesting differentiation into oligodendrocytic phenotype (Figure 5).
Furthermore, the percent of GFP+ cells expressing this differentiation marker was
comparable in control and NWMI animals (Figure 5E). On the other hand, there was almost
no co-staining of GFP+ cells with GFAP, suggesting that these cells rarely differentiate into
astrocytes (Figure 5F). As anticipated, a large fraction of the transplanted cells were still
expressing PDGFR-a, a marker for OPCs. We observed a trend towards higher fraction of
GFP+ cells at OPC stage in NWMI mice (mean 75.1%, SD 21.1) compared to unligated
controls (mean 60%, SD 9.1), however it did not gain significance, t(13)=1.630, p=0.13. A
qualitative assessment of stained sections suggests, that in areas closer to injection tract
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(Figure 6A), the fraction of GFP+ cells that were at OPC stage was higher compared to other
areas (Figure 6B) which is in line with the finding that transplanted cells migrate less in
NWMI mice.

Effect of GRP Transplantation on Neuropathologial Outcome in NWMI

To evaluate axonal pathology and myelination, SM132 and MBP hemispheric densitometry
were performed 4 weeks and 8 weeks after transplantation. At 4 weeks, NWMI mice that
received saline injections showed significantly higher SMI32 in both the ipsilateral and
contralateral internal capsule compared to controls, while cell-treated NWMI mice showed
significantly less SMI32 staining than saline-injected NWMI mice (Figure 7). Furthermore,
we stratified the GRP treated NWMI mice based on survival of transplanted cells
(NWMI/GRP+: animals that showed GFP positive cells; NWMI/GRP-: animals without any
GFP positive cells). Interestingly, cell survival status did not have any effect on the degree
of axonal SMI32 staining. At 8 weeks post-transplantation no significant differences were
seen in hemispheric SMI132 staining between the three experimental groups. This is
consistent with our previous work, where a transient axonopathy was seen following
neonatal ischemia.

MBP densitometry 4 weeks post-transplantation showed significant reduced MBP in saline
treated NWMI mice compared to controls on the ligated hemisphere, t(14) = 2.25, p < 0.05,
while GRP transplanted NWMI animals were comparable to unligated controls and showed
significantly higher MBP expression on the ligated side compared to saline treated NWMI
mice, t (14) = 7.5, p < 0.001. At 8 weeks post-transplantation, densitometry revealed a
significant reduction in MBP in both hemispheres in saline-treated NWMI mice, but GRP-
treated NWMI mice were comparable to healthy controls (Figure 8). Again, this
improvement in myelination at 8 weeks was seen in both NWMI/GRP+ and NWMI/GRP-
mice.

Effect of GRP Transplantation on Behavioral Outcomes

NWMI mice displayed a highly abnormal startle response. When administered a 120-dB
pulse, NWMI mice exhibited a significantly lower startle amplitude, suggesting a
sensorimotor deficit. However, transplantation of GRPs successfully ameliorated this
abnormality (Figure 9A). NWMI mice also behaved abnormally in PPI testing. In control
mice, startle amplitude decreased as expected with increasing pre-pulse intensity. However,
NWMI mice responded similarly in each trial, regardless of pre-pulse intensity, indicative of
a neurological abnormality. NWMI mice treated with GRPs responded in a similar fashion
to the controls, with startle amplitude decreasing as pre-pulse intensity increases (Figure
9B). There was a significant difference between the three animal groups (repeated measure
ANOVA F(2, 55) = 5.133, p < 0.05) while there was not a statistically significant
interaction between each different group and pre-pulse intensity (p = 0.247). Tukey’s
multiple comparison analysis, showed significant differences between control and saline-
treated NWMI mice (p <0.05), and between GRP- and saline-treated NWMI mice (p <
0.01), while no significant differences were seen between control and GRP-treated NWMI
mice. There was no correlation between behavioral outcomes and cell survival or migration
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pattern. No significant differences were seen among the three groups in any of the open field
testing variables.

DISCUSSION

NWMI is a major medical, social, and economic burden, and while no curative treatment
currently exists, cell-based therapy is widely discussed as a treatment option(Phillips et al.
2013). This study is the first to determine the effect of glial restricted precursor cell
transplantation in a model of NWMI. In an initial set of experiments, we found that GRP
cell survival is diminished in animals with neonatal ischemia compared to controls, even
though the intracerebral cell injection was not performed until weeks after the initial
ischemic insult. However, despite reduced cell survival in NWMI animals, our results show
that the differentiation capacity of transplanted GRP cells into mature oligodendrocytes is
comparable between healthy and NWMI mice. Furthermore, we found that GRP
transplantation after NWMI can induce dramatic recovery in myelination and reduced
axonal injury that is irrespective of long-term GRP cell survival. Finally, in a separate set of
animals we demonstrated that GRP transplantation after NWMI prevents the behavioral
deficits observed in untreated NWMI mice. We conclude that GRP cell transplantation
results in amelioration of NWMI by mechanisms not directly related to long-term survival of
the transplanted cells.

The NWMI model used here does not have any evidence of motor deficits. However, the
diminished startle amplitude and abnormal pre-pulse inhibition seen in this model, improved
significantly with GRP transplantation. This is of great clinical relevance since neurosensory
deficits are common and debilitating problems in preterm infants. A study comparing the
visual cortex responses in preterm infants with white matter injury found decrease in
motion-specific suggesting delayed maturation of cortical motion processing(Birtles et al.
2007). Others have shown, that younger, smaller, preterm infants with a complicated
perinatal course are at higher risk for auditory problems and is assumed to be caused by
injury in primary auditory pathways or processing(Pettigrew et al. 1988). Another study,
involving children born preterm, revealed auditory attention processing deficits suggesting
impairment of complex auditory reaction circuits (Dupin et al. 2000).

Since the discovery of GRPs by Rao and Mayer-Proeschl in 1997(Rao and Mayer-Proschel
1997), several studies have examined the effect of transplanting these cells in various CNS
disease models(Kim et al. 2012b; Lepore et al. 2011; Maragakis et al. 2005; Noble et al.
2011b; Walczak et al. 2011). GRPs generate both oligodendrocytes and astrocytes following
transplantation into brain or spinal cord and do not generate neurons, even when they
migrate into such neurogenic zones as the rostral migratory stream and olfactory
bulb(Herrera et al. 2001). It has been shown that these cells can differentiate into different
types of astrocytes in-vitro(Noble et al. 2011a); GRP cells exposed to bFGF and CNTF
differentiated almost entirely into A2B5+ process-bearing astrocytes, and those cells
exposed to bone morphogenetic protein-4 (BMP-4) differentiate almost entirely into A2B5-
astrocytes with a fibroblast-like morphology(Davies et al. 2008). Interestingly,
transplantation of BMP-4-induced astrocytes in a rat model of spinal cord injury led to
significant motor recovery, while transplantation of CNTF-induced astrocytes led to
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allodynia and no motor recovery (Davies et al. 2008). The same group has also shown that
human-derived GRPs (hGRPs) did not result in apparent motor-recovery after spinal cord
injury (Davies et al. 2011). Another study using human-derived GRPs treated with the same
medium we used in this study showed that transplantation of these cells into rats the
immune-deficient shiverer mouse led to extensive remyelination of the CNS (Walczak et al.
2011). In contrast, hGRPs transplanted into focally demyelinated rat spinal cord
differentiated mainly into GFAP-positive astrocytes(Walczak et al. 2011); interestingly,
despite the lack of remyelination in these rats, the hGRP treated group had improved
electrophysiological function. Based on these reports, we anticipated that a large fraction of
our transplanted GRPs would become astrocytes in the NWMI group. In contrast, while the
cell survival was lower in these animals compared to control, almost no exogenous cells
acquired GFAP positivity. A large percentage of the transplanted cells were still expressing
the PDGFR-a receptor, which is a marker for oligodenrocyte progenitors, and a substantial
fraction of surviving GRPs had differentiated into oligodendrocytes, as illustrated by CC1
co-staining, in both healthy controls and NWMI mice. We did not find any significant
differences in terms of differentiation capacity between NWMI mice and controls. A
limitation of this study is our inability to determine what percent of the myelin repair
observed is due to myelin expression of the transplanted cells as opposed to endogenous
cells. Despite an attempt using confocal microscopy of Fluoromyelin™ stained sections, it
was impossible to determine whether there was true co-localization of GFP and
FluoroMyelin™ in the transplated cells or whether the myelin was being expressed by the
processes of adjacent endogenous oligodendrocytes (data not shown). Future studies using a
second reporter gene under MBP-promator in the transplanted cells would allow such
determination. While this is clearly a limitation of this study, CC1 is considered to be a
mature oligodendrocyte marker, and the fact that the many of the transplanted cells showed
extensive long parallel processes that appear to be wrapping axons (as seen in Figures 4, 5
and 6), we suspect that the exogenous cells partially contribute to remyelination by direct
differentiation.

The local tissue environment may impact the differentiation potential of transplanted cells.
As an example, inflammation caused by the inclusion of a MOG/cytokine component in a
rat focal demyelination model may influence the ability of the cells to myelinate(Walczak et
al. 2011); yet other studies have shown that inflammation has a pro-myelinating effect in
retinal transplants of oligodendrocyte precursors(Setzu et al. 2006). In our study, the fact
that GRP survival was significantly higher in control animals suggests that neonatal white
matter injury generates a toxic environment that leads to death of transplanted cells; this
insult generates a persistent inflammatory response(Falahati et al. 2013) that may contribute
to transplanted cell death.

Several studies have shown that while transplanted stem cells or precursor cells may not
survive long-term in the host, they exert a beneficial effect in the injury(Kim et al. 20123;
Kim et al. 2012b; Titomanlio et al. 2011). In a study by Titomanlio et al, neurosphere-
derived precursors implanted into ibotenate-injured brains of neonatal pups migrated to the
lesion site and differentiated into oligodendrocytes and neurons, but ultimately died a few
weeks later(Titomanlio et al. 2011). However, despite the limited survival, a reduction in
lesion size and an improvement in memory performance were seen in transplanted animals
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compared with untreated animals. Another study by Kim H et al showed that human
embryonic stem cell-derived oligodendrocyte precursors, transplanted in the ventricles of
EAE mice, remained within the cerebroventricular system and did not survive for more than
10 days(Kim et al. 2012a). However, EAE mice that received these cells showed a
significant improvement in neurological disability scores compared to that of controls. Our
results in NWMI mice are consistent with these other reports that despite limited long-term
survival, GRPs are able to exert a beneficial effect. It is quite interesting that this effect was
seen even in animals that had no evidence of surviving GRPs at 2 months post-transplant. It
is yet to be determined how long the transplanted cells are able to survive and when
remyelination is initiated in our model. A potential methodological pitfall in our transplanted
cell survival assessment could be the fact that some cells may completely downregulate their
eGFP expression, and it is possible that there are more transplanted cells that we are unable
to detect. However, given that the cell survival was much higher in control group that was
survived for the same duration as the injured mice, it is hard to justify why eGFP expression
would only be downregulated in cells transplanted into NWMI mice. Utilization of in vivo
bioluminescence studies combined with in vivo MRI cell-tracking studies would allow
studying the spatiotemporal relationship between exogenous cell death and remyelination.

Notably, transplanted hESC-derived oligodendrocyte progenitor cells have been shown to
restrict infiltrating inflammatory cells within the subarachnoid space(Kim et al. 2012a). The
migration of inflammatory cells into the white matter during MS and EAE can be modulated
by the microenvironment, including chemokines and adhesion molecules from resident cells
and inflammatory cells, and by penetration conditions in the blood-brain barrier and the
blood-CSF barrier of the choroid plexus(Chabas et al. 2001; Ransohoff et al. 2003). It has
also been shown that transplanted OPCs increase CCL2, CXCL9, CXCL10, sICAM-1, and
TIMP-1 in the brain and spinal cord, possibly affecting the migration of inflammatory
cells(Kim et al. 2012a). Our previous studies were able to detect microglial activation in
some regions of the brain during chronic stages of NWM I (Falahati et al. 2013). So it is
possible that the transplanted GRPs improve outcome by modulating the post-ischemic
immune response in our NWMI model. Future studies need to determine whether GRPs
transplantation modulates a neuroinflammatory response in NWMI mice.

In terms of clinical translation, it is important to note that cell-based therapies are already
ongoing in children with a variety of neurologic conditions. Bone marrow and cord blood
derived hematopoietic stem cell transplantation is currently standard of care in a number of
childhood white matter diseases, such as adrenoleukodystrophy and Krabbe Disease(Prasad
and Kurtzberg 2010). Furthermore, two current trials of autologous cord blood cell
transplantation are currently underway in patients with cerebral palsy in the U.S. (listing on
clinicaltrials.gov: NCT01072370, NCT01147653). Most notably, a recent safety study of
intracerebral stem cell transplantation of neural stem cells in boys with the hypomyelinating
leukodystrophy, Pelizaeus-Merzbacher disease, was conducted(Gupta et al. 2012).

It is important to note that the prediction of neurologic disability remains a major challenge
during the acute phase of perinatal brain injury in prematurely born infants, and the
diagnosis of cerebral palsy (CP) is usually not made until 2-3 years of life. Furthermore,
many children with CP will significantly improve during the preschool years (Myers and
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Ment 2009). Ethical and safety issue are another major concern when it comes to clinical
trials in neonates and infants. Therefore, we chose a time point for our cell transplantation
experiments, which represents the developmental stage of an older child in whom the
diagnosis of cerebral palsy is usually confirmed at a chronic disease stage. It is well known
that many stem cells have the potential for tumorigenesis. For this reason, limited survival of
donor cells with long-term neurological recovery, as seen in this current study, is highly
desirable in terms of overall safety.

Future studies need to identify the bioactive molecules that are released by transplanted
GRPs, which could serve as novel therapeutic modalities. It is also important that the
behavioral improvements following GRP transplantation, as observed in this study, are
reproduced in other animal models of NWMI and by other laboratories, before proceeding
with the path towards clinical trials using GRPs in neonatal white matter injury.
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C

Figure 1.
In vitro assessment of Glial Restricted Precursors (GRPs): Cells were derived at E13.5 and

maintained in GRP culture. Cells were confirmed to be GRPs by their expression of A2B5
(A). As previously reported about 40% of the cells expressed Nestin (B). A week after
culturing these immunopanned cells, almost all cells were PDGFR-a positive (C).
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Figure 2. Regions of interest for densitometric analysis
In anterior and medial coronal sections (A), the lateral corpus callosum (red), the

periventricular corpus callosum (purple), and the mid corpus callosum (yellow) were
assessed. In posterior sections (B), in addition to the lateral (red) and medial (yellow) corpus
callosum, the fimbriae of the hippocampus (blue) and the internal capsules (green) were also
analyzed. Anterior section was 600 microns anterior to injection site (3.9 mm anterior to
lambda), and posterior section is was 400 microns posterior to injection site (2.9 mm
anterior to lambda).
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Figure 3. Patterns of Migration of transplanted GRPs
While in some animals transplanted cells remained mostly limited within the injection track

(A), robust migration medially and laterally was observed frequently (B, C). Cell Migration
to contralateral hemisphere was observed in controls at 2 months but not in NWMI mice.
White oblique arrows point to injection site, vertical gray arrow points at the midsagittal
line. Scale bar 100 pum.

Glia. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Porambo et al.

Page 19

1000+

800+

600+ T

4004

# GFP+ Cells

Control NWMI

800+

600+

400+

1]
o
(6]
+
o
[TH
o
H*

200+

Control NWMI

Figure 4. GRP cell survival at 1 month and 2 months post-transplantation
At 1 month, both groups showed comparable number of surviving cells (A, B, C). However,

at 2 months post-transplantation control mice (D) had significantly more surviving GFP+
cells when compared to NWMI mice (E, F, t(28)=2.33, p = 0.02). Plots (C, F) show total
number of cells counted in three sections, the one where the injection tract was most
prominent, and the immediate anterior and posterior sections. Error Bar indicates 1SE. Scale
bar 100 um.
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Figure 5. Differentiation capacity of transplanted GRPs
A large fraction of surviving GFP+ cells co-expressed CC1, a marker for mature

oligodendrocytes, in two control animals (A, B) as well as in two NWMI (C, D) mice. There
was no significant difference in the percentage of CC1+/GFP+ cells between controls and
NWMI mice (E), unpaired t-test t(16) = 0.32. Little to no GFAP costaining was observed
except in a handful cells (arrow, F) suggesting that only a very small fraction of these cells
differentiated into astrocytes. Scale bar 20 pm. Error Bar indicates 1SE.
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Figure 6. Many transplanted cells Remain as oligodendr ocyte progenitor cells (OPCs)
PDGFR-a staining, as an OPC marker, conducted at 2 months post-GRP transplantation

showed that a large fraction of transplanted cells remain as progenitor cells. A qualitative
assessment of stained sections suggests, that in areas closer to injection tract (A), the
fraction of GFP+ cells that were at OPC stage was higher compared to other areas (B).
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Figure 7. Effect of GRP transplantation on axonal injury
At 4 weeks post-transplantation, there was a significant difference in degree of pathological

axonal staining between the different animal groups; ANOVA for ligated hemisphere F (2,
21) =9.093, p < 0.01; for contralateral hemisphere F (2, 21) = 3.939, p < 0.05. Saline treated
NWMI mice had significantly higher degree of pathological SMI32 staining in both
hemispheres as shown in corpus callosum (A-C) and internal capsule (D-F). Treatment with
GRPs prevented the increase in SMI32 staining (C,F). Furthermore, we stratified the GRP
treated NWMI mice based on survival of transplanted cells (NWMI/GRP+: animals that
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showed GFP positive cells; NWMI/GRP-: animals without any GFP positive cells). To our
great surprise, cell survival did not correlate with outcome (G-H), and whether transplanted
cells had survived (NWMI/GRP+) or died (NWMI/GRP-), a comparable ameliorative
effects was observed at 4 weeks in GRP treated animals. Scale bar 50 um. Tukey’s multiple
comparison tests p values are shown as * for p < 0.05, ** for p < 0.01, and *** for p <
0.001.
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Figure 8. Effect of GRP transplantation on Myelination
At 8 weeks post-transplantation, there were significant differences in hemispheric MBP

density values between the different groups; ANOVA for ligated hemisphere F (2, 25) =
4.922, p < 0.05; ANOVA for contralateral hemisphere F (2, 25) = 4.356, p < 0.05. Saline-
treated NWMI mice had significantly lower hemispheric MBP staining as shown in the mid
corpus callosum (A-C) and the internal capsule (D-F) when compared to controls, while
GRP treated NWMI mice showed comparable MBP densities as in controls (C and F). As
seen with SMI32 staining, cell survival did not correlate with outcome (G-H), and whether
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transplanted cells survived (NWMI/GRP+) or died (NWMI/GRP-), animals that had no
surviving exogenous cells still showed the same amount of recovery as those that did have
surviving cells. This recovery showed a trend that did not gain significance when broken
down by cell survival status. Scale bar 50 pm. Tukey’s multiple comparison tests p values
are shown as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.
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Figure 9. Effect of GRP transplantation on neurobehavioral outcome
There was a significant difference in the startle response between the animal groups,

ANOVA F(2, 87) = 14.057, p < 0.001. The saline treated NWMI group had severely
diminished startle response while this deficit was fully reversed by GRP transplantation (A).
Prepulse Inhibition (PPI) testing showed again significant difference between the animal
group (B); repeated measure ANOVA F(2, 55) = 5.133, p < 0.05. Again the saline treated
NWMI group showed reduced amplitudes and diminished habituation to pre-pulse intensity
change, while these deficits were fully reversed in the GRP treated group. Tukey’s multiple
comparison analysis showed significant differences between control and saline-treated
NWMI mice (p <0.05), and between GRP- and saline-treated NWMI mice (p < 0.01), while
no significant differences were seen between control and GRP-treated NWMI mice. Post-
hoc multiple comparison tests p values shown as * for p < 0.05, ** for p < 0.01, and *** for
p < 0.001.
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Patterns of Migration of Transplanted GRPs assessed at 4 and 8 weeks post-transplantation in control and

NWMI mice.
Patter ns Observed 4 weeks post-GRP transplant 8 weeks post-GRP transplant
Control NWMI Control NWMI

Animals with GFP+ GRPs Total 16/18 (88.9%) | 13/15 (86.7%) | 13/16 (81.3%) | 6/14 (42.9%)
Animals with GFP+ GRPs remaining in injection track 5/18 (27.8%) 5/15 (33.3%) 2/16 (12.5%) 2/14 (14.3%)
Average cell count (+/-1SD) 118(+/-48) 154(+/-90) 74 & 83 154 & 172
Animals with GFP+ GRPs migrating along corpus callosum 11/18 (61.1%) | 8/15(53.3%) | 11/16 (68.8%) | 4/14 (28.6%)
Average cell count (+/-1SD) 320(+/-153) 586(+/-343) 527(+/-278) | 255 (+/- 150)
Animals with GFP+ GRPs crossing midline to contralateral hemisphere | 3/18 (16.7%) 2/15 (13.3%) 6/16 (37.5%) 0/14 (0%)
Average cell count (+/-1SD) 973(+/-402) 755 & 1077 1245(+/-816) none
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