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In the adult mammalian brain, multipotential neural stem cells (NSC) persist throughout life in areas where
neurogenesis is maintained. A distinctive trait of NSCs growing in vitro as neurospheres (NS), is their ability
to self-renew, differentiate and migrate to sites of injury, such as gliomas. We have studied the role of Reelin,
an extracellular matrix protein involved in brain development, in NSCs derived from normal newborn mice
or from reeler, a natural mutant in which Reelin is not expressed. We show that the absence of Reelin
negatively affects proliferation, NS-forming ability, and neuronal differentiation. Reeler NSCs are unable to
migrate in chains, a migration mode typical of neural precursors homing to injury sites in adult CNS. All these
effects are partially rescued by ectopic Reelin supplementation. Finally, we show that reeler NSCs fail to
migrate in vivo towards gliomas. Overall, our results indicate that Reelin affects all major features of

Glioma postnatal NSCs, and that it is required for the proper homing of NSCs to tumor sites in adult brain.
© 2009 Elsevier Inc. All rights reserved.
Introduction Verdugo, 2002; Lledo et al., 2006; Wichterle et al., 1997). These cells

The mammalian brain was previously considered an organ with
very low turn-over and poor regenerative capacity of neuronal cells.
However, many lines of evidence have now convincingly demon-
strated the existence of adult, multipotential neural stem cells in
specific areas of the brain, the same where neurogenesis persists in
the adults. These cells respond to the definition of progenitor cells,
able to self-renew, differentiate throughout the neuraxis into cells of
all glial and neuronal lineages, and capable to re-populate developing
or degenerating CNS regions, especially under pathological conditions
(Reynolds and Weiss, 1992; Morshead et al., 1994; Doetsch et al.,
1999; Johansson et al., 1999; Luskin, 1993; Eriksson et al., 1998; Gage,
2000; Alvarez-Buylla and Garcia-Verdugo, 2002; Taupin and Gage,
2002). Two main sources of adult neural stem cells have been
described in the adult brain: the subgranular zone of the hippocampus
and the subventricular zone (SVZ) (Doetsch et al 1999; Johansson
et al, 1999). Neural stem cells derived from SVZ, the largest
population of proliferating cells in the adult rodent brain, gather in
“chains,” through which they migrate tangentially along the rostral
extension of the SVZ into the olfactory bulb (OB), forming the so-
called “rostral migratory stream” (RMS) (Lois and Alvarez-Buylla,
1994; Doetsch and Alvarez-Buylla, 1996; Alvarez-Buylla and Garcia-
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can be isolated and cultured in vitro as self-adherent cell clusters
called neurospheres (Johansson et al., 1999), recapitulating the main
biological properties of the original cells.

The recognition that neural stem cells, both mouse and human, can
be propagated in culture, re-implanted into mammalian brain, where
they can precisely migrate to distant pathological areas and
permanently express foreign, therapeutic genes, makes their use
quite attractive in the perspective of CNS gene therapy (Flax et al.,
1998; Park et al.,, 2002a,b; Snyder et al., 1997). Specifically, NSCs can
respond to homing cues from glioma tumors and disseminated cells,
thus reaching and specifically targeting them. (Aboody et al., 2000;
Benedetti et al., 2000; Aboody et al., 2008). For further exploitation of
these cells in CNS gene and cell therapies, the molecular mechanisms
underlying neural stem cell migration through brain matter toward
glioma sites need to be understood, together with a deeper
elucidation of neural stem cell biology.

Reelin is a large extracellular matrix (ECM) secreted glycoprotein
(D'Arcangelo et al., 1995) which binds to very low density lipoprotein
receptor (VLDLR), and Apolipoprotein E receptor 2 (ApoER2),
triggering the adaptor function of the cytosolic protein disabled-1
(Dab-1) (D'Arcangelo et al., 1999) and the phosphorylation of src-
family kinases. Reelin expression starts in the developing brain and
continues in GABAergic neurons of the cortex and the hippocampus
and in glutamatergic granule cells of the cerebellum in adult rodents
(Alcantara et al., 1998; Pesold et al., 1998; Ramos-Moreno et al.,
2006), non-human primates (Martinez-Cerdeno et al., 2002) and
adult humans (Abraham and Meyer, 2003). Besides its well defined


mailto:ciafre@uniroma2.it
http://dx.doi.org/10.1016/j.mcn.2009.08.006
http://www.sciencedirect.com/science/journal/10447431

342 S. Massalini et al. / Molecular and Cellular Neuroscience 42 (2009) 341-349

role in brain development, Reelin was more recently studied in the
context of adult mammalian brain, where its function remains quite
obscure. It was shown that exogenous Reelin affects the migration of
neuronal precursors from explants of postnatal murine subventricular
zone (Hack et al., 2002), suggesting a role in adult neurogenesis. In
fact, SVZ neurogenesis is impaired in mice lacking reelin (reeler mice),
and this affects the initial stages of migration from SVZ via the RMS
(Won et al., 2006). Reelin expression was also demonstrated in
human neural stem cells, leading to the hypothesis that Reelin
transduction signaling pathway might represent an important factor
in neural stem cell migration (Kim et al., 2002).

The aim of our study was to investigate the involvement of Reelin
in the migratory potential of neural stem cells. We chose postnatal
neural stem cells (NSC) isolated from both reeler and wild type mice
as our experimental model, and compared their in vitro and in vivo
migratory behaviors, specifically focusing on the migration induced
by glioblastoma cells or established tumors. The data we collected
hint at a new important role for Reelin as a mediator of a specific mode
of migration, called “chain migration”, a typical property distinguish-
ing this specific category of neural precursors in the injured adult
mammalian brain.
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Results
Establishment of postnatal neural stem cells from reeler mice

As in vitro culture of postnatal neural stem cells from the SVZ
recapitulates in great part the biological features of these cells in vivo,
we took advantage of the natural Reelin knock-out mouse, called
reeler, to set up neural stem cell cultures, and compare their
properties with those of the wt NSCs derived from wild type
littermates. Primary neurospheres were produced from both wild
type and reeler neural stem cells in about seven days. By Western blot
analysis of the conditioned media of the cultured neurospheres, we
confirmed the total absence of Reelin production by reeler NSCs, in
contrast with a clearly detectable secretion from wild type cells
(Fig. 1A). Under culture conditions favoring the undifferentiated state
of NSCs (i.e. in the presence of bFGF and EGF), cells in both reeler and
wild type neurospheres showed a strong immunoreactivity to nestin,
a stem cell marker, thus validating their stem nature; this was also
confirmed by negligible presence of GFAP (an astroglial marker) or 3-
tubulin III (a neuronal marker) immunoreactive cells (Fig. 1B). As
Reelin is known to play its extracellular role by binding to very low

Nestin
GFAP
DAPI

Dab1
WT RL

Tud
GFAP
DAPI

T

3000000
2500000
2000000
1500000
1000000

500000

cell number

)

200

heres
N
w
o

P
~
o
=]

neuros
(4.
o

o

0 500 1000 1500 2000 2500
number of plated cells

Fig. 1. Molecular and immunocytochemical characterization of reeler (reln—/—) neural stem cells (NSCs). (A) Western blot of the conditioned media of the cultured wild type (WT)
and reeler (RL) neurospheres, showing the total absence of Reelin production by reeler NSCs, in contrast with a clearly detectable secretion from wild type cells. The 180 kDa Reelin
isoform is shown, which is the only one produced by wild type stem cells. (B) Immunocytochemical staining of undifferentiated reeler NSCs using anti-nestin (red) and anti-GFAP
(green) antibodies (upper panel), or anti-p-tubulin III (TuJ, red) and anti-GFAP (green) antibodies (lower panel). A strong immunoreactivity to nestin is evident, as well as an almost
total lack of GFAP or 3-tubulin III immunoreactive cells. Nuclei were counterstained with DAPI (blue). (magn 40x) (C) RT-PCR analysis showing that both Dab1 and VLDLR are
expressed in wild type (WT) and reeler (RL) NSCs. M = molecular weight marker. (D) Microphotographs of neurospheres formed 10 days after plating 6x 10 reeler (RL, upper
panel) or wild type (WT, lower panel) dissociated NSCs. (E) Graph representing the quantitative analysis of RL vs. WT neurosphere diameters. Data are presented as the means 4 SD
of two independent experiments. *, P<0.05 (F) The number of cells composing the neurospheres at increasing time after plating. The number of cells making up the neurospheres at
each time point was significantly higher for WT cells as compared to RL cells. Data are presented as the means + SD of two independent experiments. *, P<0.05. (G) The number of
neurospheres produced after 11 days from plating a defined number of dissociated cells. Data are presented as the means4 SD of two independent experiments. *, P<0.05,

** P<0.01.
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Fig. 2. Lack of Reelin negatively influences neuronal differentiation of NSCs. (A-B)
Immunocytochemical staining of differentiated wild type (A) or reeler (B) NSCs using
anti-GFAP (green) or anti-B-tubulin IIl (red) antibodies. Nuclei were counterstained
with DAPI (blue). (C) Bar graph representing the percentage of WT or RL cells
expressing the neuronal markers, B-tubulin III (Tuj), the heavy chain of the
neurofilament (NF-H) or Map2, or the astrocytic marker GFAP. Reeler neural stem
cells showed a significant reduction in neurons while the number of astrocytes
remained unvaried as compared to wild type cells. Data are presented as the means 4+
SD of two independent experiments. *, P<0.05.
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density lipoprotein receptor (VLDLR), and then triggering the
intracellular adaptor protein Dab1l (D'Arcangelo et al., 1999), we
also checked by RT-PCR the expression of the corresponding genes in
wild type and reeler NSCs. As shown in Fig. 1C, both genes are
expressed in NSCs from both genotypes.

Reelin affects neurosphere and neural stem cell growth

The first aspect of neural stem cells we studied with regard to
Reelin function was their growth ability as single, dissociated cells,
and that as neurospheres as a whole. When we plated the same
number (6x10%) of dissociated cells and followed the formation of
neurospheres along time, we observed that the diameters of reeler
neurospheres were reproducibly smaller than those of wild type ones
(wt 2mm=+0.3, reeler 1.2 mm=0.2, after 10days in culture. *,
P<0.05) (Figs. 1D and E). This result was confirmed by counting the
cells composing the neurospheres at increasing time after plating: as
shown in Fig. 1F, the number of cells making up the neurospheres at
each time point was significantly higher for wild type cells as
compared to reeler cells (*, P<0.05). Moreover, when we assayed the
“spherogenic” ability (i.e. the number of neurospheres produced after
plating a defined number of dissociated cells) of reeler cells, we found
that this aspect too was negatively affected by the lack of Reelin
production (Fig. 1G. *, P<0.05, **, P<0.01). Thus, these results point
toward an involvement of Reelin in growth potential of postnatal
neural stem cells, both at the level of single cell proliferative capacity
and ability of stem cells to grow and divide inside neurospheres.

Reelin affects neuronal differentiation of neural stem cells

Neural stem cells can be induced to differentiate by depriving their
medium of growth factors. In fact, in the absence of EGF and bFGF, these
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Fig. 3. Reelin rescue restores the differentiation defects of reeler neural stem cells. (A) Western blot analysis of conditioned media from HeLa cells transfected with an expression
vector for Reelin (pCrl) or the empty vector pPCDNA3 (mock). (B-C) Bar graphs representing the percentage of WT or RL cells expressing the neuronal marker 3-tubulin III (TuJ) (B) or
the astrocytic marker GFAP (C) after incubation of cells in the presence of the conditioned medium of HeLa cells transfected with an expression vector for Reelin (pCRL) or the empty
vector pCDNA3. Exogenous Reelin positively affected the number of 3-tubulin III positive cells, but had no effect on the percentage of GFAP-expressing cells. Data are presented as the
means + SD of two independent experiments. *, P<0.05. (D) Bar graph representing the percentage of WT or RL cells expressing the neuronal marker 3-tubulin III (TuJ) after
incubation in the presence of the conditioned medium of wild type (WT cm) neural stem cells. The conditioned medium from reeler NSCs was employed as the negative control (RL
cm). Data are presented as the means + SD of two independent experiments. *, P<0.05. (E) Western blot analysis of conditioned media from reeler NSCs stably transduced with the
Reelin-encoding plasmid pCrl (pCrl), or with the empty vector pPCDNA3 (mock); as a positive control, the supernatant of wild type NSCs was run in the right lane (wt). (F) A bar graph
depicting the percentage of empty vector-transduced (pCDNA3) or pCrl-transduced reeler NSCs expressing the neuronal markers 3-tubulin IIl (Tu]) or Map2. Data are presented as

the means 4 SD of two independent experiments. *, P<0.05.
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cells exit cell cycle and change their morphology and their gene
expression pattern (Doetsch et al., 2002). When put in differentiation
conditions, wild type stem cells showed their typical multipotency,
generating mainly astrocytes (70%45%) and neurons (30%43%)
(Figs. 2A and C). Moreover, we could recognize several types of neurons,
expressing distinct markers, some of which, as R-tubulin III, are
distinctive of early neurogenesis, and others, like the heavy chain of
the neurofilament (NF-H) and Map2, depict more mature neurons
(Fig. 2C). Reeler neural stem cells, though maintaining the multipotency,
showed a significant reduction in neurons (B-tubulin Il 17% + 3% vs.
30% £ 4%, NF-H 6%42% vs. 12%4+2; Map2 2%+£1% vs. 8%+ 1%. *,
P<0.05), while the number of astrocytes, measured by GFAP positive
staining, remained unvaried as compared to wild type cells (Figs. 2B and
C). These data suggest that Reelin affects only neurogenesis but not
gliogenesis of murine postnatal neural stem cells.

To prove the direct implication of Reelin on neurogenesis of neural
stem cells, we treated reeler and wild type neural stem cells with
conditioned medium prepared from HeLa cells transfected with an
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expression vector for Reelin (pCrl) or the empty vector pcDNA3
(mock) (Fig. 3A). When we added the Reelin-containing medium to
differentiating NSCs, we observed an increase (+ 5%) of B-tubulin III
expressing neurons, both in wild type and reeler cells, as compared to
the mock medium (Fig. 3B. *, P<0.05). Again, the number of GFAP-
expressing astrocytes remained constant, not being affected by Reelin
exogenous supplementation (Fig. 3C). To exclude any unwanted
effect due to toxic factors possibly contained in HeLa conditioned
medium, we performed the same rescue experiments by using the
supernatants of wild type neural stem cells as a source of exogenous
Reelin, and reeler cells conditioned medium as the negative control.
Fig. 3D shows that neural stem cell-produced Reelin was even more
efficient than HeLa-produced Reelin in re-inducing the neurogenic
potential of both reeler and wild type cells. In fact, p-tubulin III
positive cells increased by 15% in reeler cells and by 8% in wild type
cells (*, P<0.05).

As a further step, we tried to restore Reelin expression in reeler
neural stem cells by an alternative approach which is the stable
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Fig. 4. Reelin affects the in vitro migratory behavior of NSCs. (A-D) Wild type (A and C) or reeler (B and D) neurospheres were harvested and plated onto 6-well plates precoated with
fibronectin. The spheres were monitored on a Nikon inverted microscope (A and B 4x; Cand D 10x), and phase-contrast images were taken 72 h after plating. (E-F) The same cells as
in A-D were marked with an anti-nestin antibody (red), showing that reeler cells (F) failed to form chains and migrated in a dispersed way, as compared to wild type cells (E). Nuclei
were counterstained with DAPI (blue). (magn 40x). (G) Boyden's chamber assay, measuring the migration of single cells. Growing neurospheres were dissociated, counted, and
4x10° cells were seeded into the upper chambers of the Transwell, while the lower chambers were filled with U87MG conditioned medium. Cell migration in response to serum-free
DMEM was used as the basal migration rate. After 22 h of incubation, migrating cells on the bottom of the insert membrane were fixed and stained with DAPI. 6 fields were counted
per membrane. Values are expressed as the mean + SD of two independent experiments. No significant difference could be detected between the number of wild type and reeler
migrating stem cells. (H) Immunocytochemical staining of chain-migrating NSCs with an anti-nestin antibody (red). Reeler (left panel) and wild type (right panel) migrating NSCs
were compared to reeler NSCs incubated in the presence of the conditioned medium of wild type (reeler + reelin) neural stem cells. Nuclei were counterstained with DAPI (blue).
(magn 40x). (I) Empty vector-transduced (mock) or pCrl-transduced (pCrl) reeler neurospheres were harvested and plated onto 6-well plates precoated with fibronectin. The
spheres were monitored on a Nikon inverted microscope (magn 4x), and phase-contrast images were taken 36 h after plating. Reelin rescue was able to partially re-induce a chain-
like migratory modality in reeler stem cells.
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LEFT HEMISPHERE

transfection with pCrl. Even if stable transduction of neural stem cells
is difficult to obtain by traditional methods, we successfully set up a
lipofectamine-based protocol allowing us to select stable transfec-
tants actively secreting Reelin at levels comparable to those produced
by wild type stem cells (Fig. 3E). As a confirmation of the data
previously obtained with exogenously added Reelin, also in this
experimental set up Reelin rescue was able to increase the number of
p-tubulin II- and Map2-positive cells generated from reeler stem cells
under differentiation conditions (Fig. 3F. *, P<0.05).

Reeler neural stem cells show an impaired chain migration proficiency

Another important aspect of neural stem cells, both in normal and
in pathological contexts, is their ability to migrate. Specifically, these
cells were shown to employ a specialized migratory mode, called
“chain migration”, characterized by the formation of “cords” of cells
sliding along each other toward a physiological or even a pathological
cue (Zhao et al., 2008). This mechanism can be reproduced in vitro
through neurosphere-based assays, where single neurospheres are
allowed to adhere to the surface of a fibronectin-coated culture dish,
and cells start migrating outward the neurosphere in a chain-like way.
The different behaviors of reeler neural stem cells in this assay as
compared to wild type cells are shown in Figs. 4A-D. While cells
derived from wild type mice generated chain-like structures that
resembled the migratory behavior of stem cells along the rostral
migratory stream in vivo (Zhao et al., 2008), neural stem cells that do
not express Reelin showed a different pattern of migration, failing to
form evident chain structures. The same association pattern is clearly
visible in more detail, when the cytoplasms of migrating cellsare
marked with an anti-nestin antibody: reeler cells failed to form chains
and migrated in a dispersed way (Figs. 4E-F). No staining was
obtained for B-tubulin III (data not shown), allowing to exclude that
migrating cells might be differentiating ones. We also checked the
general migration ability of reeler stem cells vs. their wild type
counterparts, to determine whether Reelin absence is relevant to
migration in general or only to chain-like migration. By using a
Boyden's chamber assay, where single migrating cells are measured,
we demonstrated that no significant difference could be evaluated
between the number of wild type and reeler migrating stem cells
(Fig. 4G).

Exogenously administered Reelin was tested also in the chain
migration assay, demonstrating that reeler cells treated with Reelin-
enriched medium partially recovered the chain migratory ability
(Fig. 4H). Interestingly, the stable transfection with pCrl partially re-
induced a chain-like migratory modality in reeler stem cells (Fig. 4I).
Altogether these results indicate that Reelin is specifically involved in
the mode, but not in the extent, of migration of murine postnatal
neural stem cells.

Reeler NSCs show impaired tropism towards gliomas

The further step we took was the analysis of the in vivo behavior of
reeler NSCs, specifically focusing on their ability to migrate through
brain parenchyma towards a pathological stimulus represented by an
experimentally induced glioma. To investigate the fate and the
migrating capacity of NSCs derived from wild type vs. reeler mice,
we stereotactically injected GL261 mouse glioma cells into the left
nucleus caudatus of C57BL6N mice (day—7, Fig. 5, upper panel);
seven days later we injected NSCs (either wild type or reeler) into the
controlateral, right hemisphere (day 0, Fig. 5, upper panel). Both wild
type and reeler cells had been previously infected with a lentiviral
reporter construct expressing GFP, thus allowing for a precise
evaluation of NSC localization throughout the brain. We then searched
for migrated NSCs by flow cytometry and by histologic analysis at two
time points, 7 and 14 days, after NSC injection. Fig. 5A shows that on
day 7 only NSCs from wt mice started to migrate away from the
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Fig. 5. Migratory potential of wild type or reeler NSCs towards GL261 gliomas. The
upper part of the figure provides a schematic representation of the experimental
design. The day of GL261 glioma cell injection into the left hemisphere is indicated as
day “—7". Panels A-B. Flow cytometry analysis of GFP-NSCs after injection into mouse
brain. NSCs were injected into the right brain hemisphere one week after implantation
of GL261 glioma cells into the left hemisphere, and the migratory potential was
investigated 7 (A) and 14 days (B) after NSC injection. The histograms show the
percentage of GFP-positive cells detected in each type of hemisphere at two subsequent
time points. Panel A: on day 7, a fraction of wt GFP-NSC was still detected in the right
hemisphere, but a significant amount of GFP-positive cells was present in the left
hemisphere, where tumor cells had been injected. Reeler GFP-NSCs were only detected
in the right hemisphere. Panel B: on day 14, the fluorescence corresponding to wild
type NSCs was detected almost exclusively in the left hemisphere; on the contrary, GFP
fluorescence from reeler NSCs was confined to the right hemisphere where NSCs had
been injected. (n=>5 for each experimental group).

injection site and to partially invade the tumor area in the
contralateral hemisphere. On day 14 (Fig. 5B), the large majority of
GFP-NSCs had migrated to the vicinity of the tumor (day 7: 2.8 +
0.34% right hemisphere, 1.7 4+ 0.7% left hemisphere, P=0.02; day 14:
0.3 +0.2% right hemisphere, 4.3 4+ 1.1% left hemisphere, P=0.0001).
This significant difference was not observed when we injected GFP-
NSCs from reeler mice: in that case the majority of injected cells
remained in the right hemisphere at both time points (day 7: 3.9+
0.5% right hemisphere, 0.4 + 0.2% left hemisphere; day 14: 3.7 4+ 0.9%
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Day 7 :
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Day 14
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Fig. 6. Morphological analysis of migration of wild type or reeler NSCs in the presence of
GL261 gliomas. Top panel. Left: immunohistochemical staining (40x) with anti-GFP
antibody of wild type (wt) GFP-positive NSCs inside the tumor mass. On day 7, a
significant amount of GFP-positive cells was present in the left hemisphere, where
tumor cells had been injected. Right: tumor area (40x) stained by anti-GFP antibody
7 days after injection of reeler GFP + NSCs. No infiltrating GFP + cells are detectable in
the tumor mass. Lower panel. Larger pictures show hematoxylin-eosin staining (5x) of
GL261 gliomas present in the left hemisphere 14 days after the controlateral injection
of wild type NSCs (left) or reeler NSCs (right). GFP-positive, wild type NSCs were
detected in the left hemisphere (smaller picture on the left, magn. 40x), while GFP-
positive reeler NSCs were absent (smaller figure on the right, magn 40x). n=>5 for each
experimental group.

right hemisphere, 0.3 +0.2% left hemisphere). The histology con-
firmed these findings. On day 7 GL261 tumors in all mice investigated
were small and localized in the vicinity of the injection site; a sizable
number of wild type NSCs had migrated out of the injection point,
attracted towards the left hemisphere where they infiltrated the
tumor mass (Fig. 6, upper left panel). Reeler NSCs, on the contrary,
remained in the right hemisphere in the vicinity of the injection site
and no infiltrating GFP+ cells were detectable in the tumor mass.
(Fig. 6, upper right panel). Later on, fourteen days after NSC
implantation, a significant number of wild type NSCs had migrated
along the corpus callosum, populating the tumor area (Fig. 6, lower left
panels). Yet, reeler NSCs did not migrate away and remained around
the injection track (Fig. 6, lower right panels). These findings support
the hypothesis that Reelin production by NSCs is necessary to migrate
towards established brain tumors.

Discussion

Reelin function in neuronal migration during cerebral develop-
ment has been extensively investigated, establishing Reelin as a key
factor regulating the correct formation of the developing neocortex
(Gaiano, 2008). However, the documented persistence of Reelin
expression in specific areas of the adult mammalian brain (Alcantara
et al., 1998; Pesold et al., 1998; Ramos-Moreno et al., 2006) supports a
role for this protein also in the adulthood. In the adult brain the ability
of migration is retained by a very restricted category of cells, the
neural stem cells and their immediate progeny, the neural precursors,
often recruited by sites of brain injury, such as brain tumors. In this
work we have shown that the absence of Reelin severely affects some
key characteristics of postnatal mouse neural stem cells, among which
the chain migration modality is probably the most significant in the

possible frame of a role for Reelin as a regulator of NSC migration in
the adult brain. What is most notable, in our opinion, is that reeler
NSCs, totally lacking Reelin, are still able to migrate in vitro, to the
same extent as wild type cells do; however reeler cells move in a sort
of disorganized way, dispersing all around cells from the originating
neurospheres, while wild type cells get together in very well
distinguishable cell cords, called chains. In both wild type and reeler
cases, the migrating cells show stem cell features, like nestin
immunopositivity and the absence of immunoreactivity for B-III
tubulin or GFAP, suggesting that the observed migration behavior is
not due to different populations of cells engaged in the process in the
two cases. Our data about the involvement of Reelin in chain
migration of postnatal NSCs may appear in contrast with some
previously published reports (Hack et al., 2002; Andrade et al., 2007)
postulating for Reelin a role as a detachment factor. However, the
experimental systems employed in those works were different from
ours, as they both compared reeler and wild type SVZ explants. That
experimental set up did not allow to clearly distinguish the stem cells
from other cell types constituting the explants. On the contrary, our
experiments were performed with isolated and characterized in vitro
neurosphere-forming cells. Moreover, in one of those works an
observation was made which is in total agreement with our
hypothesis: in reeler mice, the rostral migratory stream was absent,
while a massive accumulation of non-migrated NSCs was observed in
the SVZ. This very well fits with our hypothesis that Reelin is needed
for the chain migration mode commonly used by NSCs to move from
the SVZ to the olfactory bulb, and employed by the same cells when
recruited to a site of brain injury. Notably, Reelin rescue, by means
either of endogenous supplementation or of stable transduction of
reeler NSCs, restored chain migration ability, even if not completely.
This is in agreement with our hypothesis that Reelin is deeply
involved in NSC chain migration. In this view, Reelin should not be
considered as a migration promoting factor, but rather as a modulator
of the migratory process, assuring that it takes place in the correct,
chain-like, way. The key importance of this finding is demonstrated by
our in vivo data, showing that reeler NSCs challenged by a pathological
stimulus, a brain tumor, are not able to reach it, as opposed to wild
type NSCs. Of note, our in vivo experiments were performed in wild
type mice. This suggests that Reelin exerts a cell-autonomous role in
this specific function, where the protein produced in each neural stem
cell is likely able to affect the migratory mode of the cell itself and of
its immediate neighbors.

The mechanism through which Reelin modulates NSC migration in
the adult brain has not been investigated and surely deserves specific
studies. We showed that the genes encoding for two key mediators of
Reelin extracellular function, the VLDL receptor and the intracellular
adaptor Dab1, are expressed in both wild type and reeler NSCs; moreover,
reeler NSCs retained the ability to respond to Reelin, as shown by rescue
experiments. This might imply that, in adult neural stem cells, Reelin acts
through similar mechanisms as in the developing brain.

It must be underlined that chain migration is not only an
“emergency” response, induced by acute pathological insults in
mammalian brain: rather, it is the physiological way through which
NSCs migrate in adult rodent brains from the SVZ to the olfactory bulb
via the rostral migratory stream (Lois and Alvarez-Buylla, 1994;
Alvarez-Buylla and Garcia-Verdugo, 2002; Lledo et al., 2006; Wich-
terle et al, 1997). The ultimate fate of migrating NSCs is then to
differentiate in order to re-populate specific target areas, also in the
adult brain. Our data show an involvement of Reelin in this aspect of
NSC biology too, as reeler NSCs appear to be less neurogenic than wild
type ones, whereas their ability to differentiate towards astrocytes is
intact. Reeler NSC defect in neuronal differentiation is at least partially
rescued by exogenous Reelin, strongly supporting a direct involve-
ment of Reelin in this process. This is in agreement with a previous
report (Zhao et al., 2007), describing impaired neurogenesis, but not
gliogenesis, in the adult reeler dentate gyrus, one of the brain regions
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with ongoing postnatal neurogenesis. Recently, apparently conflicting
data have been published claiming that NSC differentiation into
neurons or astrocytes is independent of Reelin (Kwon et al., 2009). In
that work, the authors observe that the supplementation of pCrl-
transfected 293T cell conditioned medium to wild type embryonic
(E12.5) NSCs does not affect the differentiation into neurons or
astrocytes; in addition, the differentiation of reeler embryonic NSCs,
measured by Western blot of neuronal and glial markers, was not
found to be different from that of analogous wild type cells. Although
we do not have a definite explanation for these contrasting results, we
hypothesize that they might be justified by the different develop-
mental stages of NSCs employed in the experiments: postnatal cells in
our case, embryonic cells in Kwon's work. The response to Reelin with
respect to the differentiation potential of postnatal vs. embryonic
stem cells might be different, as Reelin might exert diversified
functions along time. In our work we also link, for the first time, Reelin
expression to the ability of NSCs to proliferate and to form
neurospheres: reeler neurospheres are reproducibly smaller and less
abundant than their wild type counterparts. This might be mediated
by multiple mechanisms, including not only the mere proliferation
ability, but also the interaction and direct contact among cells. In fact,
Reelin is involved in the modulation of cytoskeletal structure
(Kawauchi and Hoshino, 2008), tightly linked to cell-cell interactions.
Once again, the underlying mechanism awaits a further demonstra-
tion, as we cannot exclude that Reelin effects may be indirect: Notch-
mediated cell aggregation due to Reelin presence in wild type cells
might act as an inducer of cell proliferation, as previously demon-
strated to be the case for neural stem cells (Mori et al., 2006). This can
be relevant due to recent evidence for a tight interaction of Reelin and
Notch in regulating neuronal migration (Hashimoto-Torii et al., 2008).

The three biological effects of Reelin that we have described in
NSCs might be independent, representing the multi-task activity of
this protein, or tightly interconnected. In both cases, however, they
affect three basic features of neural stem cells: self-renewal,
differentiation and migration. These observations may shed new
light on Reelin and its role as a modulator of NSC biology and could be
relevant to explain the lifelong presence of Reelin in the adult brain.
This is very important, specifically when considering neural stem cells
as “anti-tumor bullets” targeting glioblastoma and possibly carrying
therapeutic molecules to the tumor area. Our in vivo data, besides
suggesting the importance of chain-migration for this function of
NSCs, indicate Reelin as an indispensable signal needed by migrating
NSC to correctly find their way to the tumor site.

Experimental methods
Cell cultures

The murine glioma cell line, GL261 adherent cells, was grown in
DMEM (EuroClone, Wetherby, United Kingdom), 20% fetal bovine serum
(Life Technologies, CA), L-glutamine, and penicillin/ streptomycin.

Animals and genotyping

Heterozygous reeler (reelin4+/—) mice were obtained from the
Jackson Laboratory (B6C3Fe a/a-Relnrl/+ crossed with C57BL6/]). All
mice were treated in accordance with the policy of the Italian Ministry of
Health on the use of animals in research and all experiments were
approved by the Ethical Committee of the University of Rome Tor
Vergata and of the Istituto Neurologico Besta, Milano. Mouse littermates
were obtained by heterozygous crossing, and genotyped by PCR of tail
genomic DNA. The PCR primers used for genotyping were as follows:

Up: 5'TAATCTGTCCTCACTCTGCC3’
Down WT: 5’ACAGTTGACATACCTTAACC3’
Down RL: 5'TGCATTAATGTGCAGTGTTG3'.

Isolation of neural progenitor cells

Neural stem/progenitor cells were isolated from the brains of wild
type or homozygous reeler mice at postnatal days 1 to 3. Brains were
isolated, deprived of the cerebellum and of the frontal part containing
the OB. Tissues were mechanically dissociated and the resulting cell
suspensions were plated in the presence of 20 ng/ml human
recombinant EGF (Peprotech) and 10 ng/ml human recombinant
bFGF (Peprotech) in NS-A basal serum-free medium (Celbio)
supplemented with 0.1x DMEM-F12 (Invitrogen), 2 mML-glutamine
(Invitrogen), 1% penicillin-streptomycin (Gibco), 0.5 mM hepes
(Sigma-Aldrich), 0.06% glucose, 12.5pM apotransferrine (Sigma-
Aldrich), 43 uM insulin (Sigma-Aldrich), 60 UM putrescine (Sigma-
Aldrich), 0.03 uM selenium (Sigma-Aldrich), and 0.02 pM progester-
one (Sigma-Aldrich). In these conditions, cells rapidly grow to form
neurospheres (Gritti et al., 1996). After 7 days, cultures were collected,
mechanically dissociated and re-plated in the same conditions. Bulk
cultures were generated by passaging the cells every 5-7days (1:5) in
the same growth medium. Cell number and viability were determined
at every passage by trypan blue exclusion. All experiments were
performed employing cells from 20th to the 30th passage.

Reverse transcription-PCR

Total RNA was isolated using Trizol® (Invitrogen), and cDNA was
generated with M-MLV Reverse Transcriptase (Promega). Equal
amounts of first strand cDNA were used as templates for PCR
reactions (1x3’a 94 °C; 35x30” 94°C, 30" 56°C, 1’ 72°C; 1x 10" a
72 °C). The RT-PCR primer sequences were as follows:

Dab1l up 5’-TTTAACCATCTCCTTTGGAGGA-3’

Dab1 down 5’-ACGAATAGCCATTACTTACAGG-3’ producing an am-
plified band of 370 bp

VLDLR up 5’-GGCTATCAAATGGATCTTGCT-3’

VLDLR down 5’-TTGCAGTACTTTGACAGTCTC-3’ producing an am-
plified band of 990 bp.

Neurosphere formation and growth assays

Secondary neurospheres were harvested, and mechanically dissoci-
ated to obtain a single neural stem cell suspension. A defined number of
cells was plated and neurosphere formation was monitored. In detail,
6x10% cells were plated onto 6-well plates (Iwaki), and grown for
10 days, after which ten digital pictures were taken per well. The
diameter of neurospheres was measured by Photoshop software.
Neurospheres located at the edges of the pictures, or those smaller
than 200 pm in diameter were excluded. A time course of cell growth
within neurospheres was performed by collecting neurospheres at 5, 9
and 11 days after plating, mechanically dissociating them, and counting
by trypan blue. In addition, increasing numbers (250, 500, 1000 and
2000) of cells were plated onto 24-well plates (Iwaki), and the final cell
number was counted at day 11 from plating. Neurospheres smaller than
200 pm in diameter were excluded from measurements.

Quantification and assay of NSC chain migration

Seven days after plating, the neurospheres were harvested and
plated onto 6-well plates (Iwaki) precoated with fibronectin (2 pg/mlin
PBS, 24 h 4 °C), or polyornithine/fibronectin (15 pg/ml poly-L-ornithine
in PBS, 12 h 37 °C, followed by an o.n. wash in PBS, then 1 pg/ml
fibronectin in PBS, 12 h 37 °C), or gelatin (0.5% in water, o.n. 37 °C), or
polylysine (0.001% in borate buffer 0.1 M pH 8.4, 24 h RT). The culture
medium was the same as described above, but in some cases 0.1 volume
of Reelin-containing conditioned medium was included at plating, and
added again after 24 h. The spheres were monitored on a Nikon inverted
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microscope (4x and 10x ), and phase-contrast images were taken 24, 48,
72 and 96 h after plating. Digital images of neurospheres from three
different experiments were recorded and analyzed. When needed, cells
were permeabilized with 0.2% Triton X-100 and subsequently fixed with
4% paraformaldehyde for immunofluorescence analysis.

In vitro cell migration assay

In vitro migration of NSCs toward glioma conditioned medium was
examined using Boyden chamber assays. 24 mm diameter Transwell®
(Corning, Costar) were used, where each well of the plates was
separated into two chambers by an insert polycarbonate membrane of
8 um pores treated with 2.5 pg/ml fibronectin for 24 h, in order to
favor cell adhesion. Growing neurospheres were dissociated, counted,
and 4 x 10 cells in 3 ml were seeded into the upper chambers of the
Transwell, while the lower chambers were filled with U87MG
conditioned medium. Cell migration in response to serum-free
DMEM was used as the basal migration rate. After 22 h of incubation
at 37 °C, migrating cells on the bottom of the insert membrane were
fixed by methanol/acetone (3:7, 5'-20 °C), and nonmigrating cells on
the upper side of the membrane were scratched away by a scraper.
The membrane was treated with DAPI (1 ug/ml, 5 RT) and visualized
by a Nikon inverted microscope (Nikon eclipse E600, 40x magnifi-
cation). 6 fields were counted per membrane, defining as migrated
those cells located on the lower side of the membrane. Values were
expressed as the mean + SD in percentage control.

Differentiation assay

4-well culture slides (BD Falcon) were treated 1 h at RT with Low
Factor Matrigel (BD Biosciences, diluted 1:50 in differentiation
medium, see below), in order to abolish possible proliferation
stimulating action. Actively growing neurospheres (3-4 days from
plating) were collected, mechanically dissociated and live cells were
counted by trypan blue exclusion. Cell suspensions containing more
than 10% of dead cells were not used for the assay. 1x 10° cells were
plated in each well in differentiation medium (NS-A medium (Celbio)
supplemented with 0.1x DMEM-F12 (Invitrogen), 2 mML-glutamine
(Invitrogen), 100 pg/ml penicillin and streptomycin (Invitrogen),
1.5% fetal bovine serum (FBS, Lonza), 0.5 mM hepes (Gibco), 0.06%
glucose, 12.5uM apotransferrin (Sigma-Aldrich), 43 uM insulin
(Sigma-Aldrich), 60 UM putrescin (Sigma-Aldrich), 0.03 pM selenium
(Sigma-Aldrich), 0.02 uM progesterone (Sigma-Aldrich)). Some
experiments were performed by adding 0.1 volume of Reelin-
containing conditioned medium at plating, and then re-adding it
after 24 h. After four days cells were fixed by methanol/acetone (3:7,
5’-20 °C), stained and analyzed by immunofluorescence.

Immunocytochemistry

Fixed cells were rehydrated in PBS 10’ at RT. Blocking was
performed in 3% BSA (Sigma) in PBS for 1h at RT, followed by
incubation with mouse anti-nestin (1:100, Chemicon), mouse anti-
TuJ] (1:500, Covance), rabbit anti-GFAP (1:300, DakoCytomation),
mouse anti-MAP-2ab (1:500, Immunological Sciences), mouse anti-
NF-H (1:500, Immunological Sciences) and mouse anti-NFM, (1:500,
Immunological Sciences). All primary antibodies were diluted in PBS-
0.1%BSA and incubated 1h at RT. Cells were washed three times in PBS
(5’ at RT), exposed to 1:400 goat anti-rabbit IGG Alexa Fluor®
(Molecular Probes) or 1:600 goat anti-mouse IGG Cy3 (Chemicon)
secondary antibodies for 1h at RT. After incubation, cells were
washed three times in PBS (5’ at RT) and nuclei were labelled with
1 pug/ml DAPI in PBS. 1000 nuclei were counted for each well. Negative
controls omitting the primary antibodies were carried out in all
experiments. Cells were visualized by a Nikon inverted microscope
(Nikon eclipse E600, 40x magnification).

Preparation of Reelin conditioned media and Western blot

Reelin- and control-conditioned media were collected from HeLa
cells stably transfected with Reelin pCRL vector (D'Arcangelo et al.,
1997) and a control empty pcDNA3.1 vector (Invitrogen), respective-
ly. Conditioned medium of Reelin-synthesizing HeLa cells and the
negative control medium were collected and centrifuged at 4000 xg
for 5 min to remove dead cells. Before use, Reelin-enriched super-
natants were concentrated about 100-fold with Centricon 100
columns (Amicon, Millipore), and stored at — 70 °C. Reelin level was
confirmed by Western blotting using anti-Reelin clone E142 (Chemi-
con), recognizing the C-terminal region of Reelin, that detected the
three characteristic bands of Reelin (400kDa, 300kDa, and 180kDa).
In detail, after denaturation (95 °C 5’) by addition of 2 vol sample
buffer, 10 pl of supernatant was loaded per well, and proteins were
separated by SDS/PAGE (5%-8%) and then blotted onto polyvinyli-
dene difluride (PVDF) membranes (Hybond-P, Amersham Pharmacia
Biotech) for 150 min at 250 mA. Membranes were blocked with 5%
(w/v) nonfat milk (BioRad) in Tris-buffered saline-PBS (TBPS) at
room temperature for 1 h, and finally incubated with E142 (Chemi-
con) primary antibody (1:1000), in blocking solution at 4°C
overnight. After washing, membranes were incubated with a
horseradish peroxidase-conjugated secondary antibody (Chemicon)
at a concentration of 1:2000. The immunoreaction was visualized by
enhanced chemiluminescence (ECL) (Amersham Bioscience).

Transfection of NSCs

Actively growing neurospheres (3-4 days from plating) were
collected, mechanically dissociated and live cells were counted by
trypan blue exclusion. 5x 10° cells were then transfected with 2 pg of
DNA/well using lipofectamine according to the manufacturer's
instructions (Invitrogen). Neurospheres started to form again after
12 h. At 48 h from transfection, 0.15 mg/ml G418 (Invitrogen) was
added to the medium for selecting stable transfectants, that were
definitely established in about 5 weeks.

Lentiviral transduction of NSCs

For transduction, NSCs were mechanically dissociated by pipet-
ting, plated in 6-well plates at the density of 3 x 10°/well and infected
with a lentiviral preparation containing 50 ng of p24 in the presence
of polybrene (6 pg/ml of medium). Generation of the lentiviral vector
expressing the green fluorescent protein (GFP) was reported
previously (Pellegatta et al., 2006). Before NSC injection, efficiency
of lentiviral transduction was assessed by flow cytometry by
evaluating the percentage of GFP-positive cells: 50% of NSC and 70%
of NSC reeler were GFP-positive (data not shown).

In vivo distribution of transduced NSCs

To test the migratory ability of NSCs from wild type and reeler
mice, 24 female C57BL6N mice (5-6 weeks old; Charles River, Lecco,
Italy) were stereotactically injected into the right brain hemisphere
with 4 x 10° either wild type (12 mice) or reeler (12 mice) GFP-NSCs.
The NSC injection was performed one week after the injection of
5x10* GL261 mouse glioma cells or PBS into the nucleus caudatum
(0.7 mm posterior, 3 mm right or left with respect to the bregma, and
3.5 mm deep).

To identify GFP-positive cells, flow cytometry was performed on
brain homogenates of each hemisphere on day 7 (10 mice) and 14 (10
mice) after NSC injection. After brain excision, the two hemispheres
were carefully separated and dissected by a scalpel to produce a single
cell suspension. Large particles were removed by three consecutive
centrifugations (400xg, 5min), and the final pellet passed through
filters (70-50 um pores). Homogenized samples were diluted 20-fold
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before acquisition by flow cytometry (minimum acquisition/hemi-
sphere: 1x10% events). The basal level of autofluorescence was
evaluated by measuring cell suspensions obtained from untrasplanted
wild type mice as negative controls.

Histology and immunohistochemistry

Brains were removed, post-fixed in formaldehyde for 2-4h,
washed in PBS, and embedded in paraffin. Hematoxylin and eosin
(H&E) staining was used to identify the tumor formation.

For immunohistochemical staining, sections underwent deparaffi-
nation, and were then rehydrated, washed in PBS, and exposed for 1 h
to 10% goat serum and 0.5% BSA in PBS. Cells were then incubated at
4 °C overnight with primary antibody (rabbit polyclonal anti-green
fluorescent protein (GFP), Santa Cruz Biotechnology, USA) (1:100) in
the same buffer. After PBS washes, sections were incubated at RT with
a biotinylated anti-rabbit secondary antibody (Vector laboratories,
UK) (1:200) in PBS, and subsequently with streptavidin-HRP (1:300)
(Dako, USA). DAB substrate was used to visualize immunoreactivity.
One mouse each per experimental group was analyzed by this
method.

Statistical analysis

Statistical analysis was performed by using the paired Student's t
test. For migratory analysis, a test for repeated measures (ANOVA)
with Bonferroni correction for multiple comparisons was used. A P
value of <0.05 was considered significant.
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