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Abstract

Neural stem and progenitor cells can be expanded under growth factor stimulation in vitro. It is likely that different mitogens and
different culturing techniques selectively expand specific subclasses of cells, but this selection has not been well studied. We have expanded
human cells isolated from the lateral ganglionic eminence (LGE) of a 10-week-old embryo in the presence of serum and epidermal growth
factor. We provide evidence that culturing in this manner favors expansion of cells with characteristics similar to a subpopulation of LGE
cells, the olfactory bulb progenitors, as revealed by their expression of Er81 in vitro. After transplantation into neonatal rats, the cells
displayed similar properties to endogenous olfactory bulb progenitors when exposed to local cues present in the subventricular zone (SVZ)
and rostral migratory stream (RMS). However, the human LGE cells do not migrate or undergo region-specific differentiation when placed
outside the SVZ and RMS.
© 2003 Elsevier Science (USA). All rights reserved.

Introduction

The ability to in vitro expand multipotent human neural
stem and progenitor cells, here collectively called human
neural precursors (hNPs), has attracted a lot of attention in
recent years because these cells are a potential source for
cell replacement therapies (Björklund and Lindvall, 2000;
Martinez-Serrano et al., 2001; Svendsen and Caldwell,
2000; Svendsen and Smith, 1999). Human NPs of embry-
onic origin have been isolated using both genetic and epi-
genetic methods (for review see Martinez-Serrano et al.,
2001). Epigenetic expansion has been carried out in the
presence of epidermal growth factor (EGF) and/or basic
fibroblast growth factor (bFGF) as neurosphere (Brüstle et
al., 1998; Flax et al., 1998; Carpenter et al., 1999; Svendsen
et al., 1997; Svendsen et al., 1998) or adherent cultures
(Buc-Caron, 1995; Skogh et al., 2001). Recently, it has been
shown that hNPs also can be isolated from the adult and
even the postmortem human brain (Arsenijevic et al., 2001;

Johansson et al., 1999; Kirschenbaum et al., 1994; Kukekov
et al., 1999; Palmer et al., 2001; Pagano et al., 2000).
In several intracerebral transplantation experiments, hu-

man immortalized or growth factor expanded cells have
demonstrated the capacity to integrate, migrate, and differ-
entiate into neurons, astrocytes, and oligodendrocytes after
grafting into the developing and adult rodent, as well as the
embryonic primate brain (Brüstle et al., 1998; Englund et
al., 2002a, 2002b; Flax et al., 1998; Fricker et al., 1999;
Ourednik et al., 2001; Rosser et al., 2000; Rubio et al.,
2000; Svendsen and Caldwell, 2000; Uchida et al., 2000).
The in vitro characteristics of expanded human and ro-

dent cells, as well as their ability to integrate, migrate, and
differentiate after transplantation, have been found to vary
with both the age and origin of the donor cells, the graft site
and age of the recipients, and different techniques used for
cell preparation and culturing (Gaiano and Fishell, 1998;
Martinez-Serrano et al., 2001; Svendsen and Caldwell,
2000).
We have previously reported a method for long-term

expansion of neural precursor cells isolated from the em-
bryonic mouse and human forebrain (Skogh et al., 2001). In
this culturing system, the NP cells are propagated as adher-
ent cultures, in 10% serum, with EGF as mitogen. When
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cultured in this manner, the cells express markers typical of
undifferentiated NPs, such as nestin (Frederiksen and
McKay, 1988; Hockfield and McKay, 1985) and vimentin
(Frederiksen and McKay, 1988). The cells also express glial
acidic fibrillary protein (GFAP), classically used as a
marker for astrocytes (Bignami et al., 1972), but also ex-
pressed by some adult NP cells (Alvarez-Buylla et al., 2001;
Doetsch et al., 1999; Seri et al., 2001). These cultures have
been shown to have a neurogenic capacity, and a portion of
the newly formed neurons are generated from the GFAP-
positive cells (Laywell et al., 2000; Skogh et al., 2001).
In this study, we have investigated the phenotypes of

human lateral ganglionic eminence (LGE) cells expanded
under the conditions described above, both in vitro and after
transplantation into the neonatal rat brain. We show that the
culturing paradigm used here selects for olfactory bulb-like
(OB) progenitors. They express Er81, which has been
shown to mark the olfactory bulb progenitor pool in the
developing LGE and adult subventricular zone (SVZ) (Sten-
man et al., 2003). Following transplantation into the lateral
ventricle and anterior SVZ (SVZa), the cells behave simi-
larly to endogenous olfactory bulb progenitors. After trans-
plantation into the striatum, the cells display moderate mi-
gration and differentiation in the striatal parenchyma. The
cells do not adopt striatal phenotypes in response to local
cues; instead, they home to the lateral wall of the lateral
ventricle, SVZ, and RMS.

Results

In vitro properties of the human neural precursors

When growing the human LGE precursors under expan-
sion conditions, most cells had a large, flat, glial-like mor-
phology (Fig. 1A). After switching the medium and allow-
ing the cells to differentiate in the absence of EGF and
serum for 6 days, many cells with neuronal-like morpholo-
gies were present in the cultures (Fig. 1B). For each trans-
plantation experiment, we analyzed the in vitro composi-
tions of the cultures before and after differentiation. Both
types of cultures were found to contain cells positive for the
neural precursor marker nestin (Figs. 1D and H), the glial/
neural precursor marker GFAP (Figs. 1E and I), the neuro-
nal marker !-tubulin III (Figs. 1C and G), and the oligo-
dendrocyte marker GalC (Figs. 1F and J). However, the
morphologies of the GFAP and nestin expressing cells dif-
fered between the two cultures (Figs. 1E vs I for GFAP and
D vs H for nestin), suggesting a reorganization of the fila-
ments. The compositions of cell types in the expansion and
differentiation cultures were also different. The fractions of
astrocytes and oligodendrocytes remained constant, but the
number of nestin-positive cells decreased (Fig. 1K),
whereas the number of !-tubulin III-positive neurons
present in the cultures increased significantly, from 3.6 "

0.4% to 29.0 " 2.4%, when the cells had been kept under
differentiation conditions for 6 days (Fig. 1K).
Er81, here used as a marker for olfactory bulb progeni-

tors, was found to be expressed at low levels in 8.6 " 0.3%
of the cells in the expansion cultures, and at higher levels in
22 " 0.8% of the cells in the differentiation cultures (Fig.
1L).

Survival of grafted cells

The overall graft survival and distribution of cells were
analyzed using human-specific antisera recognizing human
nuclei (h nuc) and the reporter gene GFP. The h nuc anti-
body has been reported to successfully detect cultured hu-
man cells and transplanted human cells, including both
neuronal and glial cell populations (Englund et al., 2002a,
2002b; Rubio et al., 2000; Uchida et al., 2000). The exper-
imental groups are presented in Table 1. Graft survival rate
is given as number of animals with surviving grafts out of
the total number of grafted animals. At 4 weeks post-
transplantation in group A and B, graft survival was the
same between animals receiving cells grown in expansion
media [100% (A); 75% (B)] or in differentiation media
[100% (A); 75% (B)]. However, in group C, graft survival
was better among animals injected with differentiated cells
(95%) compared to animals receiving expanded cells
(67%). At 12 weeks after grafting, surviving cells could
only be detected in animals injected with cells grown in
expansion media (40%), and we found no surviving cells in
the differentiation group. The decrease in survival rate at the
longer survival time is probably due to a slow rejection of
the human cells. Although xeno-transplants generally sur-
vive well in neonatal rat hosts, the immunotolerance is not
absolute, and a delayed rejection is commonly seen in a
subportion of the transplanted animals (Englund et al.,
2002b; Lund and Banerjee, 1992). Tumor formation was not
observed in any of the grafted animals.
In the three transplantation experiments, we found no

overall difference in cellular distribution, pattern of migra-
tion, or differentiation capacity of the grafted cells depend-
ing on their differentiation state (expansion and differenti-
ation cultures) or graft session. Therefore, we have, for the
most part, combined the different groups when reporting the
results concerning the behavior of the grafted cells.

Restricted migration and phenotypic differentiation in
striatum

After grafting into the striatum, h nuc-positive cells were
primarily found in three areas; the striatum, the corpus
callosum, and within or close to the lateral wall of the lateral
ventricle and SVZ (Figs. 2A–C). A thin, elongated aggre-
gate of h nuc-positive cells was located at the striatal injec-
tion site, and occasional grafted cells were observed in the
adjacent striatal gray matter (Figs. 2A1 and A2). In the
corpus callosum overlying the striatal implant a deposit of
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Fig. 1. In vitro properties of expansion and differentiation cultures. Cells grown under expansion conditions (A) display mostly glial-like morphologies with
large flat cells bodies, whereas more neuronal-like cells appear in cultures that have been grown under differentiation conditions for 6 days (B). Both types
of cultures were immunostained for phenotypic markers [(C–F) expansion culture; (G–J) differentiation culture]. Both the expansion and differentiation
cultures contained cells immunopositive for the neuronal marker !-tubulin III (C and G), the neural precursor marker nestin (D and H), as well as the glial
marker GFAP (E and I) and the oligodendrocytic marker GalC (F and J). However, the proportions of the different cell types were different between the two
conditions (K) with less nestin-positive and more !-tubulin-III-positive cells after differentiation. A significant amount of the cells grown under differentiation
conditions expressed the olfactory bulb progenitor marker Er81 (L). Scale bar # 50 "m. Scale bar in A is also for B; scale bar in C is also for D, E, F, G,
H, I, and J. The asterisk indicates significant difference (P $ 0.05).



grafted cells was frequently found (Figs. 2B1 and B2). The
h nuc-positive nuclei were often oriented in parallell with
the white matter fibers (see Fig. 2B1). A small fraction of
the grafted cells had migrated a short distance within the
corpus callosum.
In the vast majority of the grafted animals, a large num-

ber of h nuc-positive cells were detected close to or within
the lateral ventricular wall, SVZ and RMS (Figs. 2C1 and
C2). Grafted cells were often observed as dense clusters
dorsally in the lateral wall of the lateral ventricle and also in
the SVZ (see Fig. 2C1). A small fraction of these cells
expressed the proliferation marker Ki67 (data not shown).
Neuronal differentiation was detected at the striatal im-

plantation site as a dense cluster of hTau-positive cell bod-
ies and fibers (Figs. 3A1 and A2). The hTau-positive cells at
or close to the implantation site displayed immature neuro-
nal morphologies, often with bipolar cell bodies with few
and short unbranched processes (see inset Fig. 3A1). In
addition, clusters of immature hTau-positive cell profiles
were also detected in the corpus callosum (Figs. 3B1 and
B2). Occasional hTau-positive cells were found at a dis-
tance from the striatal implantation site. Some of these cells
displayed more mature neuronal morphologies, with multi-
polar cell bodies and long processes. In the lateral wall of
the lateral ventricle, a few hTau-immunoreactive cells dis-
playing profiles resembling migrating neuroblasts with fusi-
form cell bodies and a short leading process were observed
(inset Fig. 3A2). Neuronal differentiation was further as-
sessed by fluorescent double-labeling with the h nuc and
hTau antibodies in combination with the striatal projection
neuron marker dopamine and cAMP-regulated phosphopro-
tein (DARPP-32). Single-labeled DARPP-32-positive cells
were found intermingled with grafted h nuc- and h Tau-
positive cells; however, colocalization studies showed that
they were not of donor origin (data not shown). The use of
GFP to detect grafted cells confirmed the distribution of
cells of both neuronal and glial phenotypes after transplan-
tation into the striatum (data not shown).

Distribution and phenotypes of cells grafted into the SVZa
or lateral ventricle

Human cells injected unilaterally into the lateral ventri-
cle were detected only on the ipsilateral side (see the illus-
tration in Fig. 4 for the typical distribution of the grafted
cells). The cells were primarily found dispersed along the
lateral wall of the lateral ventricle (Fig. 4A). However,
occasional h nuc-positive cells had attached to the medial
wall as well as crossed the ventricular wall and integrated
into the septum (Fig. 4A). After intraventricular injection, h
nuc-positive cells were frequently found as dense clusters
within or close to the SVZ (Figs. 2C1 and C2 and 4A and
B), as well as migrating along the RMS (Figs. 4C and D).
Some cells in these clusters were Ki67-immunoreactive
(data not shown). In many of the transplanted animals,
especially after intraventricular injections, h nuc-positive
sphere-like cell clusters were noticed at the lateral wall of
the lateral ventricle (Fig. 4E). These clusters were often
attached to the ventricular wall by a stalk-like structure (Fig.
4E), which was formed, in part, by GFAP-positive fibers
(data not shown).

Transplanted cells display characteristics similar to
migrating neuroblasts in the RMS

A majority of the h nuc-positive cells located within the
lateral wall of the lateral ventricle or in the SVZ, indepen-
dent of the graft site, coexpressed the neuroblast marker
doublecortin (DCX) (Fig. 4B–E). In the ventricular wall,
h nuc-/DCX-positive cells displayed immature cell profiles,
with rounded cell bodies having few and short processes
(Fig. 4B). h nuc-/DCX-positive cells in the SVZ/RMS were
found intermingled with the endogenous neuronal progeni-
tors, forming typical chainlike structures (Figs. 4B and C).
In addition to expressing DCX, transplanted cells migrating
in the RMS displayed profiles of migrating neuroblasts,
with fusiform nuclei and short leading processes oriented in

Table 1
Transplantation groups, donor cells used for transplantation, implantation sites, and graft survival

Transplantation
group

Donor cells Graft sitesa and number of grafted
animals in parenthesis

Survival
time
(weeks)

Animals with surviving
grafts/total no of grafted
animals

A E str ! hpc (6) 4 6/6
D str ! hpc (6) 4 6/6

B E str ! hpc (4), SVZa (4) 4 6/8
D str ! hpc (4 ! 3*), SVZa (5) 4 9/12
E str ! hpc (6), SVZa (4) 12 4/10
D str ! hpc (5 ! 1*), SVZa (4 ! 2*) 12 0/12

C E str ! hpc (10), LV (11) 4 14/21
D str ! hpc (10), LV (11) 4 20/21

Note. Two different cell types were grafted. Abbreviations: E, cells cultured in the presence of EGF and serum; D, cells cultured in the absence of EGF
and serum; hpc, hippocampus; str, striatum; LV, lateral ventricle; SVZa, anterior subventricular zone.
a Animals received either unilateral grafts into the str and hpc or bilateral grafts into the SVZ.
* GFP-labeled cells.
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Fig. 2. Distribution of h nuc-positive cells at 4 weeks post-transplantation into the neonatal striatum. The vast majority of grafted cells, originating either from
expansion (left panel) and differentiation culture (right panel), was primarily found in three areas; at the injection site, in the corpus callosum or close to or
within the lateral of wall of the lateral ventricle (see schematic drawing, upper left; A1-2, B1-2, and C1-2). At the striatal implantation site, transplanted cells
were found as a dense elongated cluster (A1-2). In the corpus callosum human cells were often located as aggregates dorsally to the striatal graft (B1-2). Here
some h nuc-positive cells had also migrated a short distance, many of which had elongated nuclei (see arrowheads in B1). In addition, dorsally in the lateral
wall of the lateral ventricle human cells formed dense clusters (C1, arrowheads) and grafted cells were dispersed at all ventrodorsal levels in the lateral
ventricle wall (C2, arrowheads). Abbreviations: cc, corpus callosum; cx, cortex; GP, globus pallidus; LV, lateral ventricle; str, striatum. Scalebar (shown in
A): A1 and C1 # 150 "m; A2 # 100 "m, B1 # 50 "m, and C2 # 75 "m.
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Fig. 3. Neuronal differentiation in the striatum at 4 weeks after grafting into the neonatal striatum. A similar capacity for neuronal formation was seen between
animals receiving expanded (left panel) or differentiated cells (right panel). Grafted cells with a neuronal phenotype detected by the human-specific Tau
antibody, were most frequently found at three sites; the striatal implantation site, in the corpus callosum, and within the dorsal part of the lateral wall of the
lateral ventricle (see schematic drawing (upper left; A1-2, B1-2, C1-2)). At the striatal injection site a high density of hTau-positive immature cell profiles
and fibers were found (A1-2). h Tau-reactive cells at some distance from the graft site displayed morphologies of migrating neuroblasts with elongated cell
bodies and a leading apical process (see inset in A1-2, arrowheads). In addition, a few cells had cell profiles resembling differentiating cells, with branching
processes (see inset A1, arrowheads). In the corpus callosum and dorsally in the lateral ventricle, dense clusters of immature hTau-reactive cell bodies were
detected (B1-2 and C1-2). Abbreviations: cc, corpus callosum; cx, cortex; LV, lateral ventricle; str, striatum. Scalebar (shown in A): A1, B2, C1, and C2 #
150 "m; A2 # 200 "m; B1 # 100 "m.
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the direction of the RMS, similarly to that reported for the
endogenous cells (Figs. 4C and D). Such cells were detected
throughout the entire migratory path and in the subependy-
mal zone of the OB. The migration was further confirmed
by observation of hTau- and GFP-positive cells in the RMS,
possessing the same morphological features (data not
shown). A large fraction of the cells found in the septum
double-stained for h nuc and DCX (Fig. 4F). A few of these
cells expressed morphologies of differentiating neurons, but
predominantly immature cell profiles were seen.

Discussion

Both the olfactory bulb and the striatum are parts of the
forebrain, but their organization and cell type constituents
are quite different. The striatum has a nuclear organization
and is largely composed of medium sized spiny projection
neurons (Gerfen, 1992). The olfactory bulb is a laminated
structure and is composed of a variety of neuronal cell
types, including projection neurons (the mitral and tufted
cells) and several types of interneurons (Pinching and Pow-
ell, 1971).
Studies in rodents have shown that during embryonic

development, both striatal projection neurons and interneu-
rons of the olfactory bulb are generated from the LGE
(Deacon et al., 1994; Olsson et al., 1995, 1997, 1998;
Wichterle et al., 1999, 2001). The ETS-related transcription
factor Er81 is expressed in the olfactory bulb progenitors in
the LGE, and in agreement with the continuous postnatal
production of OB interneurons, Er81 is also expressed in the
adult SVZ, RMS, and granule and periglomerular interneu-
rons in the OB (Stenman et al., 2003; Yun et al., 2001). The
striatal projection neurons are generated from a different
progenitor pool in the LGE and can be identified by the
expression of the LIM homeodomain protein islet-1 (ISL-1)
(Thor et al., 1991; Toresson and Campbell, 2001; Toresson
et al., 2000; Wang and Liu, 2001).
Here, we have studied the in vitro and in vivo charac-

teristics of epigenetically expanded hNPs originating from
the LGE of a 10-week-old human fetus. This culture, like
other epigenetically stimulated cultures, are characterized
by some degree of heterogeneity of the cells that compose it

(for review see Martinez-Serrano et al., 2001; Svendsen and
Caldwell, 2000; Whittemore and Onifer, 2000). When cells
were expanded in serum and EGF as a monolayer cultures,
the majority of the cells expressed high levels of the neural
precursor marker nestin and glial marker GFAP, but few
cells expressed the neuronal marker !-tubulin III. Removal
of serum and EGF from the medium resulted in a significant
increase in the number of the !-tubulin III-positive cells.
This is in agreement with the previous study by Skogh and
collaborators (2001). We transplanted both undifferentiated
and differentiated cells, but after transplantation there was
no obvious difference in the number of cells that expressed
neuronal morphologies. This might be explained by predif-
ferentiated cells being more vulnerable to the transplanta-
tion procedure than their undifferentiated counterparts.
Therefore, the neurons observed after grafting may all be
generated by the undifferentiated GFAP-nestin-positive pre-
cursors present in both types of cultures at the time of
transplantation.
It is likely that the use of different culturing methods for

the expansion of neural precursors selectively expands only
certain subtypes of the precursors present at the time of
isolation. The murine counterparts of the human LGE cul-
tures used here express proteins widely expressed in the
developing LGE, such as MEIS2 and DLX (Skogh et al.,
2001), and new data show that they express the olfactory
bulb progenitor marker Er81 but not the striatal projection
neuron progenitor marker ISL1 (C. Skogh, M. Parmar, and
K. Campbell, unpublished observations). Using the same
culture paradigm, we have previously reported that the in
vitro expanded and differentiated human LGE cells express
DLX and GABA (Skogh et al., 2001). Here we show that a
portion of the cells in the human cultures also express ER81.
GABA and DLX are expressed by both olfactory bulb and
striatal progenitors/neurons, but the combined expression
with ER81 is unique for olfactory bulb progenitors. This
expression pattern strongly suggests that a portion of the
expanded hNP cells represents olfactory bulb progenitors.
Taken together, our in vitro data imply that the culturing
method used here (10% serum and EGF) expands the ol-
factory bulb progenitor population from human LGE.
With the suggestion that the expanded hNPs represent an

olfactory bulb progenitor population, we performed a series

Fig. 4. Distribution and phenotypes of human cells after grafting into the neonatal lateral ventricle and SVZa. Schematic drawing shows the rostrocaudal
levels from where the underlying images were captured (A–F). After transplantation into the lateral ventricle the cells integrated predominantly into the lateral
wall, but in some cases also into the medial wall (A). The dense aggregates of grafted h nuc-positive cells (red) were found in the dorsal part of the lateral
wall of the lateral ventricle were often found intermingled with glial GFAP-positive cell bodies (green) and fibers. A large fraction of the h nuc-reactive cells
found in the SVZ, RMS, and adjacent or within the lateral ventricle were double-stained for DCX, a marker for migrating and differentiating neuroblasts [B–F;
h nuc (red), DCX (green)]. h nuc/DCX-positive cells found intermingled with the endogenous DCX-positive cells in the SVZ/RMS displayed immature
neuronal (B) and chain-migrating (C) morphologies. Migrating h nuc/DCX-reactive cells were distributed along all rostrocaudal levels of the RMS, including
the most anterior part (C and D), exhibiting profiles typical of migrating neuroblasts, with elongated cell bodies (arrows, D) and apical leading processes
(arrowheads, D). After intraventricular injections, h nuc/DCX-positive cells were observed as spherelike clusters attached by a stalklike structure (arrows)
to the ventricular wall (E). In addition, h nuc/DCX-positive immature and differentiating cells were also detected in the septum (F). Abbreviations: cc, corpus
callosum; cx, cortex; hpc, hippocampus; LV, lateral ventricle; OB, olfactory bulb; RMS, rostral migratory stream; str, striatum. Scalebar (shown in A): A
# 150 "m, B and E # 40 "m, C # 60 "m, D # 30 "m, and F # 30 "m.
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of explorative transplantations where we homo- and hetero-
topically grafted the expanded undifferentiated and differ-
entiated cells into the neonatal rat brain.
Progenitor cells in the SVZ have been shown to migrate

to the olfactory bulb along a well-defined pathway, the RMS
(Lois and Alvarez-Buylla, 1994; Luskin, 1993). Supporting
the hypothesis that our EGF and serum expanded hNP
cultures represent olfactory bulb progenitors, we observed
that when the cells were grafted to the lateral ventricle or
SVZa, they behaved similarly to endogenous olfactory bulb
precursors in that they migrate along the RMS into the OB
(Lois and Alvarez-Buylla, 1994; Luskin, 1993; Zigova et
al., 1996). More strikingly, also when the cells were im-
planted in the striatum or hippocampus, they tended to move
toward the ventricle. After grafting to the striatum, the cells
integrated into the SVZ and migrated along the RMS. The
migrating cells of human origin were found intermingled
with endogenous cells in the RMS and were phenotypically
similar to the endogenous cells; displaying a morphology
typical of migrating neuroblasts in the RMS and expressing
DCX, described as a marker for migrating neuroblasts
(Francis et al., 1999; Gleeson et al., 1999).
The fact that the transplanted cells localized almost ex-

clusively to the wall of the lateral ventricle, SVZ, and RMS
supports the theory that the expanded hNP cells represent an
OB-like progenitor population. The directed migration of
the expanded cells along the RMS shows that their in vitro
protein expression is combined with an ability to respond to
local migratory cues present in the SVZ/RMS of the host
brain.
Although we detected a significant number of cells of

human origin in the SVZ and at all rostrocaudal levels of the
RMS, including the anteriormost part, we found relatively
few grafted cells in the OB. This can be explained by a
longer maturation time for human cells, or a possible down-
regulation of h nuc expression in differentiated cells, as
previously suggested (Englund et al., 2002b). Alternatively,
the expanded cells that reach the olfactory bulb are unable
to switch their mode of migration from chain migration to
radial migration, a process that requires reelin as a detach-
ment signal (Hack et al., 2002).
Some of the cells grafted into the striatum were detected

in the corpus callosum. Likely the cells were deposited
along the injection tract into the corpus callosum during the
transplantation procedure. Recent studies have shown that
white matter tracts, such as the corpus callosum, serve as
migration routes for transplanted mitogen-expanded cells of
human origin. In these studies, the cells have been shown to
migrate extensively within white matter tracts, in the RMS,
and in an undirected manner in gray matter (Caldwell et al.,
2001; Englund et al., 2002a, 2002b; Ostenfeld et al., 2000;
Tamaki et al., 2002 ). The lack of long-distance migration of
the cells in the corpus callosum and from the striatal im-
plantation site in the present study further suggests that EGF
and serum expanded hNP cells are specified to generate OB

progenitors, as they respond to migratory cues present in the
RMS, but do not migrate extensively outside the RMS.
hNPs isolated from the embryonic forebrain and ex-

panded as neurospheres have the potential to differentiate
into DARPP-32-expressing striatal projection neurons upon
transplantation into the intact striatum of adult rats (Fricker
et al., 1999). When grafting the hNPs expanded as adherent
cultures in the presence of serum and EGF into the striatum,
a portion of the cells did not home toward the lateral
ventricle but remained at the injection site. However, we
never detected any DARPP-32-expressing cells of human
origin in the striatum, indicating that the cultures are lacking
progenitor cells that are specified to generate striatal pro-
jection neurons. It remains to be determined whether the
lack of striatal differentiation observed here reflects a com-
mitment of the hNPs to the OB interneuron lineage or if the
signals regulating striatal differentiation are missing in the
neonatal striatum.
The discrepancies in migration and differentiation poten-

tial of the cells used in the present study and the growth-
factor expanded neural precursors used in the previous stud-
ies are probably due to the fact that the free-floating
neurosphere cultures contained a wider cell population. In
these studies (Englund et al., 2002a, 2002b; Fricker et al.,
1999), the cultures were initiated from the whole human
forebrain (including the LGE) and were propagated as neu-
rospheres; serum free, both EGF and bFGF were used as
mitogens, with leukemia inhibitory factor (LIF) added to the
medium. They are therefore likely to contain additional
progenitor populations with characteristics different from
the progenitors present in the LGE cultures used in this
study.
In conclusion, we have expanded hNP cells from the

human LGE as adherent cultures in the presence of serum
and EGF. Based on specific protein expression in vitro and
the behavior of the cells after grafting into the neonatal rat
brain, we conclude that this culturing technique expand
OB-like progenitors, but not striatal-like progenitors from
the embryonic LGE. Our results highlight the importance of
the starting material and the culturing technique for expan-
sion of specific subsets of neural precursor cells and the
necessity to carefully examine the properties of the isolated
precursors and their differentiation potential, not only in
vitro, but also after transplantation in vivo.

Experimental methods

Generation and expansion of the human neural
precursors

LGE tissue was dissected from a 10-week-old human
embryo according to Swedish governmental guidelines and
under the permission of the local ethics committee. The
dissection and culturing procedures have been described in
detail (Eriksson et al., 2000; Skogh et al., 2001). In brief, the
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tissue pieces were trypsinized, mechanically dissociated
into single cells, and plated at high density into uncoated
culture flasks (Falcon). For expansion, cells were cultured in
DMEM/F12 (Gibco), with a defined hormone and salt mix-
ture (Reynolds et al., 1992), including 25 "g/ml insulin, 100
"g/ml transferrin, 20 nM progesterone, 60 "M putrescine,
and 30 nM sodium selenite, supplemented with 10% fetal
calf serum (all from Sigma), and EGF (20 ng/ml, R&D
systems). The medium was changed every 3–4 days and the
cultures passaged 1:3 when confluent.
In the differentiation experiments, serum and EGF were

removed from the expansion medium. The switch from
expansion to differentiation medium was made on confluent
cultures. Parallel cultures were kept in the expansion media.
After 6 days, both expansion cultures and differentiation
cultures were either transplanted or fixed for immunocyto-
chemical analysis. Cultures passaged 11–13 times were
used for all experiments.

Preparation of cells for transplantation

At the day of grafting, the expansion and differentiation
cultures were prepared into single-cell suspensions by
trypsinization (4 min, 37°C), followed by centrifugation,
and resuspended at a cell density of 100,000 cells/"l in
DMEM/F12. All cell suspensions were kept on ice during
the transplantation procedure and the total cell number and
viability were estimated before and after the transplantation
procedure.

GFP labeling

Selected cultures were labeled using a recombinant len-
tiviral vector system carrying the gene encoding the en-
hanced green flourescent protein (GFP) (Naldini, 1998).
The lentiviral vector was produced as described previously
(Englund et al., 2000; Zufferey et al., 1997). Cells were
transduced with the viral vector at an MOI of 0.1 and added
to the growth media of differentiation cultures 48 h prior to
transplantation. The percentage of GFP expressing cells was
analyzed in parallel cultures fixed at the day of transplan-
tation for in vitro immunocytochemical analysis. Controls
for transfer of GFP to host cells after transplantation from
the grafted cells were performed by killing the cells with
repeated cycles of freeze-thawing prior to transplantation
(Englund et al., 2000; Lundberg et al., 2002). No GFP-
positive cells could be detected, which is in agreement with
corresponding control experiments with cells transduced
with another reporter gene, LacZ (Shihabuddin et al., 1995).

Transplantation

Neonatal postnatal days 1–2 (P1–2) Sprague–Dawley rat
pups (B&K Universal, Stockholm) were used. All animal-
related procedures were conducted in accordance with local
ethical guidelines and approved animal care protocols. The

rats were maintained on a 12-h light/dark cycle, with ad
libitum food and water.
Stereotaxic surgery was performed under deep hypother-

mia (Cunningham and McKay, 1993). Rats received 1 "l
(100,000 cells) of cell suspension in the lateral ventricle,
anterior subventricular zone (SVZa), striatum, or hippocam-
pus. The following coordinates were used: lateral ventricle:
(A) # 0.2, lateral (L) # %2.4, ventral (V) # %2.7, %3.2;
SVZa: (A) # 1.0, (L) # !/%1.8, (V) # %1.8; hippocam-
pus: A # %1.3, L # 1.5, V # %1.5, %1.8; and striatum: A
# 0.2, L# %2.4, V# %2.7,%3.2. The bregma and lambda
were set to the same ventral coordinate, to orient the scull in
a horizontal plane, and thereafter all ventral coordinates
were taken from the dura. Cells were implanted via a glass
capillary (inner diameter approximately 70 "m) attached to
a 2-"1 Hamilton syringe.
Three independent transplantation experiments were per-

formed, called transplantation rounds A–C (see Table 1 for
details). In transplantation round A the expansion culture (n
# 6) and differentiation culture (n # 6) were injected into
the striatum and hippocampus and all grafts were analyzed
at 4 weeks. In transplantation round B, expansion (n # 18)
and differentiation (n # 24) cultures were grafted into the
striatum and hippocampus, or SVZ, and the transplants were
studied at 4 and 12 weeks. Selected predifferentiated cul-
tures were transduced with the reporter gene GFP. In trans-
plantation round C expansion (n # 21) and differentiation
(n # 21) cultures were grafted into the striatum and hip-
pocampus or the lateral ventricle and were analyzed at 4
weeks posttransplantation.

Tissue processing

At 4 or 12 weeks post-transplantation (see Table 1), rats
were anesthetised with pentobarbital (70 mg/kg, Apoteks-
bolaget, Sweden) and transcardially perfused with 0.1 M
phosphate-buffered saline (PBS) followed by 5 min of rapid
fixation with ice-cold 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer. Brains were removed and postfixed in 4%
PFA for 4 h before being transferred to 30% sucrose in PBS.
Coronal or sagittal sections were cut on a freezing mic-
rotome at a thickness of 40 "m. In each case, six series were
collected for further processing.

Immunocytochemistry

Details of all antibodies used in this study are found in
Table 2. Immunostainings of the grafted cells were per-
formed on free-floating sections, and when DAB (3.3-dia-
minobenzidine, Sigma) was used as the chromogen, sec-
tions were pretreated with 3% H2O2 in 10% methanol to
quench endogenous peroxidase activity.
Sections and cell cultures were preincubated in potas-

sium phosphate-buffered saline (KPBS) containing 5% nor-
mal serum and 0.25% Triton X-100. Incubations in primary
antisera were carried out overnight at room temperature or
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for 36 h at 4°C. Detection with secondary antibodies was
carried out using standard protocols. Both fluorescent
(1:400, Jackson) and biotin-conjugated (1:200, Vector) an-
tibodies were diluted in the 2–5% normal serum/0.25%
Triton X-100 in KPBS and incubated for 2 h at room
temperature. DAPI nuclear stain (4&,6-diamidino-2-phe-
nylindole 1:1000, Sigma) was added to the secondary anti-
body mix when staining the cell cultures. The biotinylated
antibodies were detected using the ABC method (Vector)
with streptavidin-conjugated Cy2 (Jackson) or with DAB as
the final chromogen. The sections were mounted on
chrome-alum-coated slides, and coverslipped using PVA-
DABCO (Peterson, 1999) or DPX (BDH, U.K) for fluores-
cence- and DAB-reacted specimens, respectively.

Microscopy

Antigen colocalization, as observed in a regular Olympus
binocular epifluorescence microscope, was verified by ana-
lyzing serial sections of 1–2 "m throughout the specimens
in a Bio-Rad MRC1024UV confocal scanning light micro-
scope. Images were captured using the Openlab software.

Cell counting

To determine the percentage of cells labelled with a
particular antibody in vitro, the total number of cells
(stained with DAPI) and the number of labeled cells were
counted using a 40X objective in 18 randomly selected
fields. Three independent cultures were counted per exper-
iment and four separate experiments were performed. Sig-
nificance was tested for by using one-way analysis of vari-

ance (ANOVA), followed by Bonferroni post hoc test with
P $ 0.05.
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