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Abstract
Numerous studies have explored the potential of different stem and progenitor cells to replace at-
risk neuronal populations in a variety of neurodegenerative disease models. This study presents
data from a side by side approach of engrafting two different stem/progenitor cell populations
within the postnatal cerebellum of the weaver neurological mutant mouse: cerebellar-derived
multipotent astrocytic stem cells (MASCs) and embryonic stem cell-derived neural precursor
(ESNPs), for comparative analysis. We show here that both donor populations survive, migrate,
and appear to initiate differentiation into neurons within the granuloprival host environment.
Neither of these disparate stem/progenitor cell populations adopted significant region-specific
identities despite earlier studies that suggested the potential of these cells to respond to in vivo
cues when placed in a permissive/instructive milieu. However, data presented here suggest that
molecular and cellular deficits present within weaver homozygous or heterozygous brains may
promote a slightly more positive donor cell response towards acquisition of neuronal phenotype.
Hence it is likely that a fine balance exists between a compromised host environment that is
amenable to cell replacement and that of a degenerating cellular milieu where it is perhaps too
deleterious to support extensive neuronal differentiation and functional cellular integration. These
findings join a growing list of studies that show successful cell replacement depends largely on the
interplay between the potentiality of the donor cells and the specific pathological conditions of the
recipient environment, and that emergent therapies for neurological disorders involving the use of
neural stem cells still require refinement.
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Introduction
Restoring tissue integrity and function following injury or neurological disease remains
challenging due to the limited regenerative potential of the central nervous system (CNS).
Recent advances in therapeutic strategies include enhancing recruitment of newly generated
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endogenous neurons to a lesioned or degenerating area and transplantation of exogenously
generated stem/progenitor cells to replace at-risk or lost cells1–3. Neural stem/progenitor cell
transplantation has been studied extensively with cells isolated and expanded from
neurogenic regions within the CNS: the subependymal zone4 (SEZ) or the dentate gyrus of
the hippocampus5–8. Another region that has not been widely viewed as a source of
multipotent cells, but nonetheless retains transiently active cell proliferation, is the postnatal
cerebellum. The cerebellar cortex continues to generate granule cells and forms the transient
external granule cell layer up to postnatal day 159, and we and other groups have shown that
cells derived from this area are capable of forming multipotent proliferative clones, or
neurospheres, with the ability to form all three primary CNS cell types: neurons, astrocytes,
and oligodendrocytes10–13. These cerebellar-derived neurogenic cells are glial fibrillary
acidic protein (GFAP)-expressing astrocytes similar to the stem cells derived from the SEZ
areas surrounding the lateral ventricle, and we refer to both the forebrain and cerebellar
clonogenic cells as multipotent astrocytic stem/progenitor cells (MASCs). MASCs represent
potential therapeutic candidates for replacement and repair following cell loss in the CNS
resulting from injury or disease as they have the ability to respond to intrinsic environmental
cues by anatomically integrating into a host brain and differentiating into neurons and
astrocytes when transplanted into the lateral ventricles of normal adult mice 14. In these
previous studies, engraftment in the hindbrain was less robust following intraventricular
transplantation, possibly due to the extensive distance and other factors that could hinder the
migration and integration of the MASCs.

Enhanced green fluorescent protein (EGFP)-expressing ESNPs also have been well
characterized by our lab and others, with previous studies showing the ability of these cells
to acquire multiple neuronal phenotypes and to functionally integrate into the developing
brain both in vitro and in vivo15–20. Following transplantation into the lateral ventricle, a
large percentage of the ESNPs were found to differentiate into glutamatergic neurons
despite the failure to acquire region-specific identities, and they might be predisposed to
respond to intrinsic cues when placed in an optimal environment.

The present study was designed as a comparative analysis to examine the potential of
somatic tissue-derived MASCs versus embryonic stem cell-derived neurons to potentially
thrive within a CNS environment, that might be conducive for such integration, using the
neurological mutant mouse model, weaver (gene symbol wv). Weaver mice have been well
characterized for cerebellar development studies due to the histopathological hallmark of
severe granule cell loss, leading to a “granuloprival” cerebellum that results in reduced brain
size21–23 as well as deficits within the Purkinje cell population24–27, dopaminergic neurons
in the substantia nigra28–29, and the deep cerebellar nuclei27, 30–31. Clinical and pathological
features are similar to patients suffering from cerebellar ataxia, including instability of gait
and tremor of the extremities. These symptoms can be attributed to a single base pair
mutation in the gene coding for a G-protein-coupled, inward rectifying potassium channel of
the GIRK2 family32 that is expressed in all cell groups suffering defects in weaver but also
expressed in regions where no damage has occurred or been detected to date33. The severe
depletion of the granule interneurons makes weaver mouse an attractive model for studying
and providing comparison of these two different donor populations because it has been
shown that the MASC default neuron generation program is interneurons10, 14, 34 while the
ESNPs have been shown to differentiate largely into glutamatergic neurons16.

There have been many previous transplantation studies in which fetal or embryonic
cerebellar cells were transplanted into other neurological mutant mouse models such as the
Purkinje cell degeneration (pcd) mutant35–40, including the use of an immortalized neural
progenitor cell line41 for functional recovery or restoration of molecular homeostasis42–44,
as well as many other studies3 attempting to replace at-risk neuronal populations, but there
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has been a paucity of successful cell integration findings leading up to the in vivo bioassay
tested here. That is, we use a well-characterized cerebellar neurological mutant mouse with
defined cell loss that occurs gradually beginning in early postnatal life, as a host for two
completely different neural stem/progenitor cell populations. One of the cells studies here,
MASCs, represents a potential indigenous source of cerebellar granule interneurons10–13,
and the other, ESNPs, is believed to be amongst the most potent of stem cells capable of
generating numerous types of neural cells15–20,45. Thus the current study provides insights
into the developmental potential, cell fate choice and differentiation of both MASCs and
ESNPs within an injured host CNS environment, and for attempting cell replacement
following intra-parenchymal transplantation during a peak period of cell loss.

Materials and Methods
Generation of astrocyte monolayers and τESNP-GFP cells

MASCs—Astrocyte monolayers were derived from cerebella of neonatal (P1–P8)
transgenic mice constitutively expressing GFP (strain #003116, Jackson Laboratory).
Following decapitation, cerebella were removed for dissociation into single-cell suspensions
as previously described11. Briefly, cerebellar tissue was isolated and minced with a razor
blade before incubation in trypsin for 5 minutes in 37° water bath. Cells were triturated
serially beginning with 5ml pipettes followed by glass Pasteur pipettes 3 times or until
single-cell suspension is achieved. After being pelleted and washed several times in
medium, cells were cultured in standard T75 tissue culture flasks with growth medium
consisting of Dulbecco’s Modified Eagle Medium with F12 supplements (DMEM/F12,
Invitrogen) containing N-2 supplement (Invitrogen) and 20μg/mL bovine pituitary extract
(BPE, Invitrogen), 5% fetal bovine serum (FBS, Atlanta Biologicals), 20ng/mL epidermal
growth factor (EGF, Sigma), and 10ng/mL basic fibroblast growth factor (bFGF, Sigma).
Astrocyte monolayers within the culture flasks were passaged 1–4 times before being
collected for transplantation.

ESNPs—Cells were derived from the J1 ES cell line carrying the EGFP cDNA knock-in at
the tau gene and collected at stage IV of a four-step culture protocol as previously
described15. Briefly, cells were expanded in mitomysin C-inhibited embryonic fibroblasts
and gelatin in step I, followed by induction of embryoid bodies (EBs) in step II, and
attachment of the EBs to laminin-, poly-L-ornithine (LPO)-coated surface to derive neural
precursor cells in step III. Cells were transferred to another LPO-coated surface in stage IV
and cultured with bFGF before dissociation into single-cell suspension for transplantation.

Qualitative and quantitative analysis of MASCs and ESNPs used for transplantation
Both populations of donor cells were characterized extensively as previously described11,15,
including the ability of MASCs to give rise to neurospheres that can differentiate into
neurons, astrocytes, and oligodendrocytes, and the potential of ESNPs to give rise to various
neuronal populations based on substrate specificity. In this study, MASCs cultured as
astrocyte monolayers containing mostly astrocytes, and ESNPs cultured on LPO-coated
surface containing mostly neural precursors were used for transplantation. To confirm the
identity of our donor populations, MASCs and ESNPs were plated onto LPO-coated glass
coverslips and processed for immunofluorescence with antibodies against the following
antigens: chicken GFP (1:1000, Aves), mouse β-III tubulin (1:1000, Promega), mouse NeuN
(1:1000, Chemicon), rabbit GFAP (1:10, Thermo Fisher), rat CD11b (1:100, PharMingen),
mouse S-100β (1:500, Sigma), mouse O4 (1:150, Chemicon), and mouse CNPase (1:250,
Chemicon). For quantification of both cell types, 16 random fields on the coverslips were
counted at 40X magnification for the number of cells immunopositive for the specific
antibody applied and for the total number of cells observed with DAPI nuclear staining.
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Cell transplantation and tissue analysis
For transplants, GFP+ MASCs or ESNPs were collected, triturated into single cell
suspension and resuspended at a concentration of 5 × 104 or 1 × 105 cells/μl in serum-free
DMEM/N-2 medium. Postnatal day 1– 8 weaver (strain B6CBACaAw-J/A-Kcnj6wv/J,
Jackson Laboratory) mouse pups, including homozygous (wv/wv), heterozygous (wv/+), or
control wildtype (+/+) littermates, were first cryo-anesthetized before unilaterally injected
with 1μl of the cell suspension into the right hemisphere of the cerebellum using a Hamilton
syringe with 25s gauge needle. A total of 23 mice received MASCs and 28 received ESNPs
grafted within the cerebellar cortex. Animals were sacrificed at one, two, three, four, or five
weeks post transplantation and transcardially perfused with 4% paraformaldehyde in 0.1M
phosphate buffered saline (PBS, pH=7.4). Brains were then removed, postfixed overnight in
perfusate, and sectioned through the coronal plane at a thickness of 30μm using a vibratome.
Immunohistochemical analysis was carried out with the following antibodies using standard
immunostaining procedures: rabbit GFP (1:1000, Invitrogen), chicken GFP (1:1000, Aves),
mouse β-III tubulin (1:1000, Promega), mouse NeuN (1:1000, Chemicon), rabbit GFAP
(1:10, Thermo Fisher), rabbit glutamate (1:500, Sigma), rabbit RU49/ZFP-38 (1:1000,
CeMines), rabbit gamma-aminobutyric acid(A) Receptor alpha 6 subunit (GABAAα6)
(1:500, Chemicon), rabbit MATH-1 (mouse atonal homolog 1) (1:200, Chemicon), mouse
S100β (1:1000, Sigma), guinea pig glial glutamate transporter (GLAST; 1:1000, Chemicon)
and mouse stage-specific embryonic antigen-1 (SSEA-1) (1:200, Abcam).

Quantification of Cell Survival and Migration Distance
Each 30um coronal cerebellar section containing GFP+, donor-derived cells was counted
manually under fluorescent microscope, and there should not be an overlap of cells during
the counting process since the size of the donor derived cells is estimated to be less than
20um in diameter. Due to the tendency of the donor populations, both MASCs and ESNPs,
to re-aggregate in vivo following transplantation, cell numbers within clusters were
estimated based on the number of nuclei visible in DAPI staining and thus quantification
may be lower than actual number of cells present. For migration distance along the rostral/
caudal orientation, an injection point was first determined based on either the presence of a
needle tract or on the location containing the largest number of cells and then serial sections
were followed until donor-derived cells were no longer visible. The distance was therefore
estimated based on the number of sections containing GFP+ donor cells from the injection
point to the last visible location and the thickness of the tissue sections. A two way ANOVA
analysis was performed to determine whether there was any statistical significance in cell
migration and survival when the two different donor populations were transplanted into
wildtype and weaver (wv/−, wv/wv) mice.

Results
Cerebellar-derived MASCs show extensive migration but limited differentiation following
intracerebellar transplantation in postnatal weaver mice

Astrocytes derived from postnatal mouse cerebella have been shown to harbor stem-like
characteristics through the expression of stem cell markers such as nestin, and their ability to
give rise to neurons, astrocytes, and oligodendrocytes when cultured in neurosphere-like
conditions (Fig 1, B and C). When cultured as monolayers, MASCs are highly purified
astrocyte populations that are greater than 90% immunopositive for markers including
GFAP and S100β with a few CD11b positive microglia mixed in (Fig 1, A and D). Collected
cells were directly injected into the right hemisphere of the cerebella of wv/+, wv/wv, and +/
+ littermates between postnatal day 1–8, with 23 mice injected with MASCs and 28 with
ESNPs. Donor cells are distinguished from the host tissue through their expression of GFP,
and analysis of cell survival, migration, and integration were done following survival
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periods ranging from one week to five weeks post transplantation. As early as one week post
transplantation, cells can be seen to migrate away from the site of injection and to settle in
all three primary cerebellar layers -molecular, Purkinje, and granule cell layers (Fig 2, A and
B) -with predilection towards the white matter. No specific migration pattern was observed
and the age at which the mice received the donor cells did not seem to have any major
impact based on the range chosen for this study. The majority of cells that survived and
showed active migration seemed to adopt an astrocyte-like morphology with numerous, fine
processes, but only some were found to be immunopositive for the glial marker GFAP (Fig
2, D) as well as S100β (Fig 2, E). Most of the cells remained immature in morphology with
some expression of radial glial marker such as the glutamate transporter GLAST (Fig 2, F),
but a small population of MASCs did express the neuronal marker β-III tubulin (Fig 2, C). A
majority of the cells also did not possess antigenic expression for mature neuronal cell
markers such as NeuN or for cerebellar specific markers such as MATH-1, RU49, and
GABAAα6. Overall, transplanted MASCs survived and migrated in all three host
environments consisting of +/+, wv/+, and wv/wv cerebella without significant differences
between the experiment groups, but cells found to express the antigenic profiles mentioned
above, including β-III tubulin, GFAP, S100β, and GLAST, seemed to be more prevalent (15
out of 23 animals) in the wv/+ and wv/wv transplants as opposed to the wildtype littermates
(8 out of 23). The number of surviving cells found within the transplanted cerebella
compared to the number of cells initially grafted ranged from 0.3% to 9% and averaged 3%
for survival (Fig 5, A). For migration distance, an average of 691um was found for MASCs
post transplantation (Fig 5, B).

ESNPs exhibit multiple neuronal morphologies and phenotypes upon transplantation
within the postnatal weaver cerebellum

ESNPs carry the EGFP reporter gene behind the tau promoter and GFP fluorescence was
shown to be restricted to neuronal progeny through in vitro characterization15. Specifically,
after one day in culture, GFP positive cells were found to be immunopositive for β-III
tubulin (Fig 1, F) but did not colocalize with GFAP-expressing cells (Fig 1, E). The same
trend was observed after 4 days in culture where majority of the cells became both GFP and
β-III tubulin immunopositive (Fig 1, G). As seen with the MASCs, ESNPs exhibited the
ability to survive, migrate, and differentiate post-transplantation in the weaver mouse model.
However, as compared to MASCs, ESNPs seemed to show a greater affinity towards each
other following injection into the host environment and had the tendency to re-aggregate
into clusters and remained at the site of injection. However, ESNPs remained viable and
appeared to exhibit the same survival and migration trends as the MASCs without any
significant differences between the average number of cells surviving or the average
migration distance between the two donor populations. Small groups of cells did have the
ability to migrate and were capable of moving away from the injection site into all three
cerebellar layers once out of the cell clusters (Fig 3, A). The appearance of these cells also
was vastly different from that of MASCs, with more varied cell morphologies having
neuronal characteristics, including long processes and small cell bodies (Fig 3, B). For
example, bipolar cells resembling young migratory neurons, and cells with more complex,
somatic-neuritic morphologies including ramified processes that gave rise to thin varicose
axons were observed. A small number of cells were also found to acquire processes that
bifurcate into T shapes (Fig 3, C), resembling the parallel fibers that characterize cerebellar
granule neurons, but the processes were much shorter than typical granule neuron parallel
fibers and did not extend into the molecular layer. Immunohistochemical analysis showed
that the majority of ESNPs expressed both neuronal cell markers β-III tubulin (Fig 3, D) and
NeuN (Fig 3, E), but still seemed to lack region-specific gene/marker expression when
tested for granule cell-specific antibodies MATH-1, GABAAα6, and RU49. However, a
small population of ESNPs was immunolabeled for the excitatory neurotransmitter
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glutamate (Fig 3, F) which is expressed exclusively by granule cells within the cerebellum.
Donor cells exhibiting the antigenic profile mentioned above, including β-III tubulin, NeuN,
and glutamate were found in 20 wv/+ and wv/wv animals and in only eight +/+ littermates
out of 28 successful transplants. As observed with the MASCs donor populations, there was
no significant statistical differences in the number of survived cells or in migration distances
between the three (+/+, wv/+, and wv/wv) experimental groups. The number of surviving
cells post-transplantation ranged from 0.3% to 12% and averaged 3% (Fig 5, A), and the
average migration distance in ESNPs post-transplantation was found to be 620um (Fig 5, B).

ESNP transplantation can give rise to neoplasia
ESNPs were dissociated into single cell suspensions at the time of transplantation but
retained the ability to re-aggregate into small to medium sized cell clusters within the host
environment (Fig 3, A) as mentioned above. More often than not, these clusters remained in
place and did not seem to invade the host tissue. However, in four out of 51 animals with
cells successfully transplanted within the cerebellum, neoplastic-like formations were found
four weeks post-transplantation within the injected hemisphere while the contralateral
hemisphere was unaffected (Fig 4, A). This was observed only in animals injected with
ESNPs but not with the MASCs transplants, and the EGFP positive cells could be found
bordering the transformed host tissue or in the center of the cell mass within the cerebellum
(Fig 4, D and E). In one case, a solid tumor-like sphere was formed and believed to have its
own source of blood and nutrient supply, being that it was separated from the rest of the
underlying parenchyma. In other cases, the host tissue seemed to undergo the process of
transformation which caused the injected hemisphere to swell and appear enlarged when
compared to the contralateral control side (arrow, Fig 4, A). Cells within the tumor-like
structures were immunopositive for β-III tubulin (Fig 4, D and E) and SSEA-1 (inset, Fig 4,
D) during the early stages of transformation. Hematoxylin and eosin (H & E) staining
showed at least one tumor to be a teratoma at its end stage, with the presence of cells
containing lineages outside of the CNS, such as skeletal muscle fibers (Fig 4, B) and hair
follicles (Fig 4, C). Overall, three wv/+ and one +/+ mice out of 28 transplants had
neoplastic formations that appeared to be teratomas. It is noteworthy that these neoplasias
occurred despite what appeared to be homogeneous ESNP starting cultures that served as
sources for these wv cerebellar transplants.

Discussion
The current study shows that two donor stem/progenitor cell populations, derived from
either a postnatal neurogenic zone or an embryonic cell line, have the ability to survive,
migrate, and initiate differentiation into neuronal phenotypes within the granuloprival
weaver mouse cerebellum. No significant differences were found between the two donor
populations or within the experimental groups for cell survival and migration patterns/
distance. However, one major disparity between MASCs and ESNPs seems to be the
morphological phenotypes adopted by the grafted cells. MASCs appear to maintain more
immature, glial-like morphologies while the ESNPs seem to acquire more mature, neuronal
morphologies, suggesting that inherent differences within differentiation potential do exist
between these two neural stem/progenitor cell populations. Regardless, neither of these
donor populations gave rise to cells with significant region-specific identities, particularly
neurons of the granule, Purkinje, or molecular layers, despite earlier studies that suggested
the potential of these stem/progenitor cells to respond to in vivo cues when placed in a
permissive/instructive environment. Specifically, cerebellar- or lateral ventricle SEZ-derived
MASCs were previously observed to enter into the rostral migratory stream after
transplantation into the SEZ, and found to migrate into the olfactory bulb where a small
population differentiated into olfactory interneurons14. This suggests that the spatially and
temporally restricted population of neurogenic astrocytes, MASCs, retain the ability to
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respond to in vivo cues provided by the host system. The low percentage of transplants that
generated olfactory interneurons reported by Zheng et al.14 was explained by the possibility
that cerebellar MASCs were not optimally primed to respond to cues related to olfactory
neurogenesis, hence it was expected that homotypic transplantation into the mutant cerebella
would prompt more impressive neural differentiation and engraftment, should the MASCs
retain a transcriptional profile capable of responding to specific cerebellar neurogenesis
cues. Klein et al.13 showed that cerebellar-derived neurospheres gave rise to both GABA-
expressing and glutamate-expressing interneurons resembling Lugaro cells and granule cells
respectively following transplantation into wildtype P4 cerebellum, but differentiated into
glial cells when transplanted into the forebrain, demonstrating those cerebellar-derived cells
retained intrinsic regional character in an uninjured CNS environment. Furthermore, it has
been shown that in vivo neurogenesis can increase in response to acute injury46–48 in the
SEZ and hippocampus, as well as in long-term pathological conditions such as Huntington’s
Disease49–50 and stroke51–52, which would suggest that the weaver mouse should be a
suitable model for inducing cellular replacement with its discrete and localized pattern of
granule neuron degeneration. However, in the present study, the majority of the MASCs
retained glial-like or undifferentiated stem/progenitor cell morphologies and lacked
expression of region specific transcription factors, with only a small number of cells
differentiating into immature neurons or astrocytes.

ESNPs, on the other hand, have been shown to acquire complex morphologies and adopted
excitatory neurotransmitter phenotypes both in vivo and in vitro15–20, and therefore were
expected to generate more neuronal phenotypes following induction into a dominant
neuronal lineage prior to transplantation. Morphologically, these donor cells did appear to be
more mature than those derived from cerebellar MASCs, exhibiting extensive numbers of
varicose processes and round somata, and they also express mature neuronal markers
including NeuN and the neurotransmitter glutamate not seen with the MASC population.
Despite the more mature antigenic and morphological profiles, ESNPs still did not appear to
significantly commit to regional differentiation identities as indicated by the lack of
cerebellar-specific transcriptional factor expressions for MATH-1, GABAAα6, and RU49.
This is in keeping with many previous studies that showed engraftment of neural progenitor
cells into metabolic disease models42,53 or neurological mutants43–44 seem to exert
corrective, therapeutic effects on the at-risk neuronal population, but did not show the
acquisition of region specific phenotype through appropriate expression of transcriptional
factors or morphological profiles, e.g. including parallel fiber axonal arbors typical for
granule cells or the dense and elaborate dendritic trees characteristic of Purkinje neurons.
More specifically, some grafted cells within the granule cell layer in this study were found
to express the neurotransmitter glutamate that is expressed solely by the granule neurons
within the cerebellum but we do not believe that was enough to pronounce a de novo genesis
of cerebellar granule neurons because they lack evidence of the characteristic parallel fibers
associated with granule neurons. On the other hand, we also observed donor-derived cells
differentiated into neuronal phenotypes with axon-like processes that bifurcated into T-
shapes resembling that of parallel fibers (Fig 3, C) but again, we hesitate to label those cells
as granule neurons due to lack of expression for regional-specific markers such as
GABAAα6, MATH-1, or RU49.

One possibility for this lack of impressive regional specification for cerebellar-derived
MASCs studied here is that they did not undergo appropriate, terminal phenotypic
differentiation due to a downregulation of receptors or transcription or other morphogenetic
factors during the in vitro culturing process prior to transplantation; an alternative
explanation could be there is a lack of requisite fate choice and differentiation signals within
the abnormal weaver cerebellum which may result from a severe homeostatic imbalance
within the injured host environment that could be non-conducive for complete functional
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integration. The weaver mutation is shown to be intrinsic32 to the affected granule neurons,
but earlier reports54–55 have shown that some mutant granule cells can be rescued
phenotypically and functionally when co-cultured with wildtype cells in vitro or after
transplantation into a wildtype cerebellum. This suggests that the host environment plays a
critical role in the proper differentiation of the granule cells and that the mutant gene actions
may indirectly hinder host-donor cell interactions through effects brought on by the severe
loss of granule neurons that would then trigger a cascade of downstream events affecting the
rest of the host environment. However, data presented here also seem to suggest that the
cellular deficits present within some of the wv/+ or wv/wv brains may promote a slightly
enhanced donor cell response towards acquisition of neuronal phenotypy with more cells
acquiring neuronal/glial marker expression in heterozygous and homozygous animals as
compared to the wildtype littermates. Hence it is likely that a fine balance exists between an
impaired host environment that is amenable to cell replacement versus one that may be too
toxic for immediate (and within the timeframes, albeit rather protracted here) and desired
repair. This is also supported by the observations on the embryonic cell line-derived donor
population, ESNPs, studied here. This is a donor population primed for the generation of
neuronal lineage diversity and expected to be more responsive to neurogenic cues within the
host environment, so a lack of regional commitment suggests, again, that successful
engraftment is highly dependent upon the interplay between the host environment and the
donor populations, and that the context of the injury conditions can be specific and crucial
for the promotion of preferential cell replacement. An approach to get around the potentially
suppressive environment would be to induce the donor populations into cerebellar neuronal
lineages prior to transplantation. Growth factors such as the bone morphogenetic protein
(BMP) have been shown to specify granule cell identities56 and it was added to the ESNP
cultures in vitro here in an attempt to guide differentiation of ESNPs toward a cerebellar cell
fate. MASCs were also cultured in conditioned media derived from primary cultures of
wildtype cerebellar granule neurons, but no apparent changes were observed with either
donor population based on in vitro and in vivo characterization of the cells following
priming conditions. Many of the culture conditions for fate determination seem to be
specific towards the particular population of cells under study so further optimization of the
priming conditions for MASCs and ESNPs would be needed in the future.

Another phenomenon observed here was the aggressive nature of the neoplastic formations
within a small number of ESNP transplants. Previous studies reported that donor cell
clusters of varied sizes with teratoma appearances were found when ESNPs were
transplanted into the SEZ, but they did not seem to disrupt the parenchyma nor was there
evidence of infiltration by non-neural donor cells16. In contrast, our study shows that host
tissue surrounding the GFP+ neoplastic formation was also transformed and adjoined with
the neoplasm as confirmed by H & E staining. The difference could be attributed to
particular locations of the injection sites, but it does not preclude the possibility of ESNPs
giving rise to neoplastic formations. In comparison, previous studies have shown similar
invasive sphere-like structures forming within ventricular walls of animals intraventricularly
transplanted with cerebellar MASCs, but in these experiments no changes were detected in
the surrounding tissues57. These same donor cells did not give rise to neoplastic formations
in any of the current transplants when injected directly into the cerebellum. It is possible that
the neoplastic formations arose due to excessive cell proliferation in culture, but not every
animal within the same experimental group developed tumor-like structures despite
receiving the same starting donor population. While excessive Ki67 expression was found
within the transformed tissue as expected, a similar degree of Ki67 expression was found
between the MASCs and the ESNPs cultures in vitro. This suggests, once again, that
differences exist between the in vivo proliferation and differentiation potential of the two
different stem/progenitor cell populations following transplantation. Another possibility for
these neoplastic formations is that undifferentiated, GFP− ES cells were among the ESNP
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donor population at the time of engraftment and were responsible for the tumor-like
formations. One strategy to circumvent such undesired tissue growth is to pre-sort for the
GFP+ ESNPs using fluorescence-activated cell sorting (FACS) to ensure transplantation of
lineage-restricted cells only.

More studies are clearly needed to uncover ways to coax stem/progenitor cells into
appropriate patterns of cellular differentiation before neural stem/progenitor cells can be
considered for therapeutic applications within neurologically compromised patients. The
present study presents an important in vivo bioassay, within a presumptive cell-replacement-
supportive neurological mutant mouse brain, that utilizes two of the most disparate and
plastic stem/progenitor cell populations that have always been assumed to be promising
candidates for neuro-cellular replacement therapies.
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Figure 1. In vitro characterization of both donor populations shows contrasting cell types
A) Cerebellum-derived MASCs derived from p0–p8 postnatal mouse cerebellum and
cultured as GFAP+ (green) astrocyte monolayers were used for in vivo transplantation.
(blue=DAPI) B) When cultured as neurospheres, MASCs are capable of differentiating into
neurons expressing neuronal markers including β-III tubulin (red) and NeuN (green). C)
MASC-derived neurospheres are also found to contain CNPase (red)-expressing
oligodendrocytes. (blue=DAPI) D) Quantitative analysis shows that MASC monolayers
used for transplantation contain mostly astrocytes (93% as shown in blue) and a few
microglia (7% as shown in pink). τEGFP-ESNP cells, on the other hand, express mostly a
neuronal fate in culture. E) Following one day in culture, GFP+ ESNPs (green) are not
immunopositive for GFAP (red), however, F) shows that they do co-localize with the
neuronal marker β-III tubulin (red). G) ESNPs used for in vivo transplantation are mostly
immunolabeled for both GFP (green) and β-III tubulin (red) after four days in culture. H)
Quantitative analysis shows that ESNPs contain mostly GFP+ immature neurons (87% as
shown in green). (DIV=days in vitro)
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Figure 2. MASCs are able to survive, migrate, and differentiate upon transplantation into the
weaver cerebellum
A) Confocal image shows donor-derived GFP+ MASCs (green) have survived and migrated
away from the injection site on top of the cerebellar pial surface, and moved into the granule
and molecular layers of the cerebellum. B) Higher magnification micrograph of the same
field as in A) shows extended arborizations of the grafted cells with astrocyte-like
morphologies. C) A small number of the grafted cells do display neuronal phenotypes
through expression of the neuronal marker β-III tubulin (red). D) and E) show that some of
the cells maintain glial cell identities and are immuopositive for GFAP (red) in D and S100β
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in E. F) A small population of the GFP+ donor cells also express the radial glia cell marker
GLAST (red). (GL=granule layer, ML=molecular layer)
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Figure 3. Grafted ESNPs have the ability to survive, migrate, and differentiate into mature
cellular phenotypes following transplantation into the weaver mouse cerebellum
A) Confocal microscopy shows that grafted GFP+ ESNPs (green) can re-aggregate into cell
clusters, but they retain the ability to migrate away from the injection site. B) Higher
magnification image shows that some of these cells display mature neuronal phenotypes
(arrow) with ramified processes and thin, varicose axons. C) An example of a small number
of the donor-derived cells (green) found to possess axon-like processes that bifurcate into T
shapes (arrow), resembling parallel fibers of the granule neurons. D) A small population of
the donor cells also express the pan neuronal marker β-III tubulin (red), the mature neuronal
marker NeuN (red) in E), and in F) the neurotransmitter glutamate (red) which is expressed
exclusively by granule cells within the cerebellum. (GL=granule layer, ML=molecular
layer)
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Figure 4. Grafted ESNPs are capable of transforming host tissue and give rise to tumor-like
spheres
A) Montage of images from H& E staining shows the transplanted hemisphere being
disrupted by a protruding cell mass (arrow) within the parenchyma but not on the control
contralateral side. B) Non-neural lineages such as skeletal muscle fibers or in C) hair
follicles can be seen with the teratoma-like neoplasia within the cerebellum based on
morphological analysis from H&E staining of the tissue. D) GFP+ ESNPs (green) can be
seen within the transformed tissue, and they are also immunopositive for SSEA-1 (red,
inset), and β-III tubulin (red) in D and E. Presence of GFP+, β-III tubulin+ cells, same as the
grafted population, within the transformed tissue suggests the ESNPs are the most probable
cells of origin for the tumor-like neoplasias.
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Figure 5. Following cerebellar transplantation, both ESNP and MASC donor populations show a
similar trend in cell survival and migration distance
A) No statistically significant differences were found in the number of cells surviving, for
MASCs between the wildtype mice (mean=1602) and weaver mice (wv/+, wv/wv)
(mean=2857), or for ESNPs between wildtype mice (mean=3794) and weaver mice (wv/+,
wv/wv) (mean=2722), nor between the two donor populations.
B) The migration distance of the transplanted cells also showed no statistically significant
differences between the experimental conditions or between the donor populations. For
MASCs, an average migration distance of 472um was found in wildtype mice, and an
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average of 800um was found in weaver mice. For ESNPs, an average of 733um was found
in wt animals versus an average of 651um in weaver mice.
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