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ABSTRACT
Specification and differentiation of neural precursors into
dopaminergic neurons within the ventral mesencephalon
has been subject to much attention due to the implication
of dopaminergic neurons in Parkinson’s disease and the
perspective of generating sources of therapeutically active
cells to be used for cell replacement therapy for the disease.
However, despite intensive research efforts, little is known
about the characteristics of the dopamine neuron progeni-
tors in human. We show that the dopamine neuron deter-
minant LMX1a is expressed in the diencephalic and mesen-
cephalic dopaminergic neuron domains during human de-
velopment. Within the mesencephalon, LMX1a is expressed
in the dopaminergic neurons and their progenitors located
in the ventricular zone of the floor plate region. Further-
more, the neural progenitors in the developing human ven-
tral mesencephalon have a radial morphology and express
the radial glial markers Vimentin and BLBP. These radial
glia are mitotic and act as precursors for the dopaminergic
neurons. Finally, we show that progenitors isolated from
the human ventral mesencephalon maintain their radial
glial characteristics and neurogenic capacity after expan-
sion in vitro, making them a promising future source of
cells to be used in cell replacement therapy for Parkinson’s
disease. VVC 2009 Wiley-Liss, Inc.

INTRODUCTION

Studies in animal models of Parkinson’s disease have
shown that neuronal replacement and partial recon-
struction of damaged neuronal circuitries is possible
(Bjorklund and Lindvall 2000; Herman and Abrous,
1994; Winkler et al., 2000), and pioneering fetal cell
transplantation trials have provided proof-of-principle
that neuronal replacement therapy can also work in the
disease-affected human brain (Hagell and Brundin,
2001; Kordower et al., 1998; Lindvall and Bjorklund,
2004; Olanow et al., 1997). Clinical studies on Parkin-
son’s disease patients have all been performed using
cells obtained from neural tissue of aborted fetuses
(Hagell and Brundin, 2001; Kordower et al., 1998; Lind-
vall and Bjorklund, 2004; Olanow et al., 1997). This cell

source, however, is unsatisfactory because of the limited
availability as well as difficulties with standardizing the
quality and viability of the cell material. Further devel-
opment of cell replacement therapy for Parkinson’s dis-
ease critically depends on the development of alternative
sources of therapeutically effective cells. To achieve this
it is essential to learn more about human mesencephalic
dopaminergic (mesDA) neuron development and to iden-
tify the mesDA progenitors in vivo that are amenable to
in vitro expansion.

Until recently, the nature of the mesDA neuron pro-
genitors has been elusive, but studies have now shown
that the floor plate cells in the murine ventral mesen-
cephalon (VM) become neurogenic and give rise to dopa-
minergic (DA) neurons (Ono et al., 2007). Fate-mapping
studies in the mouse using the astrocyte specific gluta-
mate transporter GLAST, which is expressed by radial
glia during development (Shibata et al., 1997), showed
that DA neurons are derived from GLAST-expressing
radial glia within the VM floor plate region (Bonilla et al.,
2008). Radial glia are descendants of neuroepithelial
cells and can be identified based on their glial character-
istics, such as the expression of Vimentin, brain-lipid-
binding protein (BLBP) and GLAST (Bignami et al.,
1982; Feng et al., 1994; Houle and Fedoroff, 1983; Kurtz
et al., 1994; Shibata et al., 1997), in addition to their
characteristic elongated bipolar morphology with one
endfoot at the ventricular wall and one at the pia sur-
face, thus the name radial glia (Rakic 1972, 1995).

Despite all the attention on mesencephalic develop-
ment, little is known about the radial glial characteris-
tics of the neural progenitors within this region in
humans. In this study we have performed a detailed
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spatiotemporal molecular analysis of the radial charac-
teristics of neural progenitors within the developing
human VM during the period of DA neuron neurogene-
sis. We show that neural progenitors of the human VM
have a radial morphology, express the radial glial
markers Vimentin and BLBP. Furthermore, and like in
the mouse, radial glia within the human mesencephalon
serve as progenitors for DA neurons. We also investi-
gated the in vitro potential of these cells and present
data demonstrating their expandability and neurogenic
capacity. These findings are of importance for further de-
velopment of protocols for the generation, expansion and
directed differentiation of transplantable mesDA neuron
precursors of human origin to be used in cell replace-
ment therapy for Parkinson’s disease.

MATERIALS AND METHODS
Human and Murine Tissue Sources

The human fetal tissue was obtained from VM subdis-
sections of post conception (PC) week 6–7.5 legally
aborted fetuses with approval of the Swedish National
Board of Health and Welfare. Mice (NMRI) and rats
used were maintained and handled according to the
guidelines set by the Ethical Committee for the use of
animals at Lund University. For staging of embryos, the
morning of the vaginal plug was considered as embry-
onic day 0.5 (E0.5).

Acutely Dissociated Cell Preparations

Narrow subdissection of E11.5 murine VM (!70,000
cells/VM) and PC week 7 human VM (!740,000 cells/
VM) were performed. In the murine dissections, VM
from 1 to 2 litters were pooled and single cell suspen-
sions were generated by mechanical dissociation and the
cells plated at a density of 50,000 cells/well (70,000 cells/
cm2) in NS-A medium [Euromed medium (Euroclone)
with N2 hormone mix, 100 lg/mL pen/strep, and 2 nM
L-Glutamine] on poly-L-lysine-coated chamber slides.
The cells were allowed to adhere for 3 h before fixation.
The human sample was treated with accutase (PAA Lab-
oratories) for 20 min at 37!C. After incubation, the cells
were dissociated by trituration, spun and plated as
described for the murine cell preparations.

Establishment and Expansion of Human
Monolayered Cell Cultures

Single cell suspensions of neural progenitors were
generated as described above for the human tissue and
monolayer cell cultures were subsequently established
following the published protocol (Conti et al., 2005). The
established monolayer cell cultures were expanded in
NS-A medium supplemented with 20 ng/mL basic fibro-
blast growth factor (bFGF, R&D Systems), 20 ng/mL epi-
dermal growth factor (EGF, R&D Systems) and optional

leukemia inducing factor (LIF). Cultures were routinely
passaged every 7–14 days using accutase and split 1:1
to 1:3.

Differentiation of the Human VM-Derived
Monolayer Cell Cultures

To induce differentiation of the human monolayer cell
cultures the cells were detached as described above.
Cells were plated on 10 lg/mL laminin-coated (Sigma) 4-
well chamber slides in NS-A expansion medium. After
"3 h of adhering the medium was exchanged to exclude
the accutase. The cells were left to expand for 3–14
days, depending on morphology. Half the NS-A expan-
sion medium was exchanged every 2–3 days. When the
cultures have expanded to 50% confluency, differentia-
tion was induced by exchanging the medium to NS-A
medium supplemented with B27 (Invitrogen), 5 ng/mL
bFGF, 200 ng/mL sonic hedgehog (SHH, R&D Systems)
and 100 ng/mL fibroblast growth factor 8 (FGF8, R&D
Systems). Cells were left to differentiate for "7 days
with half of the medium being exchanged every 3–4
days. After the initial differentiation the medium was
exchanged to NS-A:NB:DMEM medium (Euromed me-
dium, Euroclone; Neurobasal, Gibco; and Dulbecco’s
Modified Eagle Medium, Gibco, diluted 1:1:1 with 2 nM
L-Glutamine, 100 lg/mL pen/strep) supplemented with
2/3 N2, 1/3 B27, 2 ng/mL bFGF, 10 ng/mL brain derived
neurotrophic factor (BDNF, R&D Systems), 10 ng/mL
glia derived neurotrophic factor (GDNF, R&D Systems),
and 100 lM ascorbic acid. Cells were differentiated for
additional 21 days with medium exchange every 7 days.

Immunochemical Analysis

For histological analysis murine heads and the subdis-
sected human tissue piece were immersion fixed over-
night with 4% paraformaldehyde (PFA) in PBS at 4!C.
Cell preparations were fixed 15 min at RT in ice-cold 4%
PFA. The sections and cell preparations were blocked in
5% normal serum/0.25% Triton X-100/PBS prior to incu-
bation with primary and secondary antibodies diluted in
the blocking solution (Jensen et al., 2004). Primary anti-
bodies used were: rabbit anti-tyrosine hydroxylase (TH,
1:1,000, Pel-Freeze Biological), mouse anti-SOX2 (1:50,
R&D Systems), guinea pig anti-GLAST (1:1,000, Chemi-
con), mouse anti-Nestin (1:200 in vivo, 1:500 in vitro,
BD Bioscience), chicken anti-Vimentin (1:10,000, Chemi-
con), goat anti-Vimentin (1:40 in vivo, 1:1,000 in vitro,
Sigma), goat anti-Neurogenin2 (Ngn2, 1:500, Santa
Cruz), mouse anti-microtubule associated protein-2
(Map2, 1:250, Sigma), rabbit anti-glial fibrillary acidic
protein (GFAP, 1:1,000, DAKO), mouse anti-4A4
(1:2,000, Medical & Biological Laboratories), rabbit anti-
BLBP (1:5,000, Chemicon), rabbit anti-PAX6 (1:500,
BioSite) and rabbit anti-LMX1a (1:10,000, gift from Dr
German). The specimens were incubated with primary
antibodies over night at 4!C and with secondary
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antibodies for 1–2 h at room temperature. Cell nuclei
were visualized by staining with DAPI (1:1,000, Sigma)
or TO-PRO3iodide (1:2,000, Invitrogen).

Histological Analysis

All histological analyses were performed using confo-
cal microscope (Leica) at 20 and 643 resolution. Double
and triple labeling was confirmed by conduction of confo-
cal Z-stacks. Cell preparations were analyzed and
imaged at 403 on an epifluorescence miscroscope (Leica)
using either Openlab or Leica Application Suite (LAS)
software.

Quantification

In vivo

To unambiguously identify mitotic Lmx1a-positive
cells, only cells with mitotic figures characteristic for the
prometaphase were included in the analysis. The ven-
tricular surface was screened for mitotic figures in
prometaphase within the Lmx1a-positive DA neuron do-
main. All sections including mesDA neurons were
included in the analysis. To ensure detection of true co-
localization, confocal Z-stacks was performed for each
mitotic figure and its expression of 4A4 revealed after
sampling.

In vitro

Images were taking at 403 magnification at random
spots distributed across the wells. For the acute murine
cell preparations and the expanded cell cultures, cells in
at least three wells from three-four separate experi-
ments were quantified. The acute human cell prepara-
tion was derived from one dissected VM tissue piece and
cells counted in four wells per staining. Data from the
acute murine cell preparations and the human mono-
layer cell cultures are presented as mean 6 s.e.m.

RESULTS
LMX1a is Expressed Within the DA Neuron

Domain of the Human VM

In order to delineate the ventricular zone (VZ) and
mantle region in the developing human VM, we charac-
terized the spatial expression domains of the neural pro-
genitor marker SOX2 and the postmitotic DA neuron
marker TH, respectively. At mid DA neuron neurogene-
sis (PC week 7.5) TH is found in the mantle region in a
spatial expression pattern corresponding to that
described in mouse [Fig. 1A (human) and Fig. 2A
(mouse)]. The VZ above the TH-positive mantle zone
was identified by SOX2 (Fig. 1A). Also at PC week 6,
which is at the onset of DA neuron formation (Freeman

et al., 1991; Verney et al., 1991), TH and SOX2 could be
used to delineate the VZ and mantle zone, respectively
(Fig. 1F).

In addition to SOX2 and TH, we used an antibody for
LMX1a to label all of the cells in the mesDA neuron do-
main. The Lim homedomain transcription factor LMX1a
has recently been shown to be a key regulator of mesDA
neuron specification, and labels all the mesDA neuron
progenitors and neurons in the murine VM (Andersson
et al., 2006b). When investigating the expression of
LMX1a in the developing human VM, we found an
expression pattern identical to that reported in chicken
and rodents (Fig. 1B): LMX1a is expressed within the
DA neuron domain in the proliferative progenitors and
in the postmitotic cells (Fig. 1B). All SOX2-positive pro-
genitors co-express LMX1a within the DA neuron do-
main (Fig. 1C), and LMX1a expression is maintained in
the mantle region containing the TH-positive postmitotic
DA neurons (Fig. 1D). The LMX1a-expressing DA neu-
ron precursors start to express TH as they migrate lat-
erally towards the mantle zone (Fig. 1E). The same
expression profile of LMX1a was detected in sections
from earlier embryos at PC week 6 (Fig. 3N). Analysis of
the PC week 6 embryo also showed that the expression
of LMX1a extends anteriorly into the DA neuron domain
of the diencephalon. Here, LMX1a is also expressed in
the area of the neural progenitors as well as in the area
of the TH-expressing DA neurons (Fig. 1G–H). Thus
using SOX2, TH and LMX1a, we could clearly label our
area of interest allowing for accurate identification and
quantification in the mesDA neuron domain.

Radial Glia Reside in the Floor Plate Region
Within the DA Neuron Domain of the Human VM

To better characterize of the neural progenitors in the
floor plate region of the human VM, and to compare
them to the radial glial progenitors of the murine VM,
we stained both murine E10.5–E15.5 and human PC
week 6–8 sections with a panel of radial glial and neural
progenitor markers.

In the murine VM at E11.5, immunofluorescence
staining for TH, SOX2 (Pevny and Lovell-Badge, 1997;
Wood and Episkopou, 1999) and the radial glial marker
Vimentin shows Vimentin-positive radial fibers spanning
from the ventricular wall through the SOX2-positive VZ
and the TH-positive mantle zone to the pia surface
(Fig. 2A). As the subcellular distribution of Vimentin
and SOX2 does not allow for proper analysis of co-local-
ization of Vimentin expression in the SOX2-positve neu-
ral progenitors we stained for Vimentin and the neural
progenitor marker Nestin, both of which are intermedi-
ate filament proteins (Bignami et al., 1982; Frederiksen
and McKay, 1988; Houle and Fedoroff, 1983; Lendahl et
al., 1990). As Vimentin, the Nestin-positive progenitors
show a radial morphology and there is a large overlap
between the two markers (Fig. 2B). Additionally, Nestin
co-labels with the radial glia/astrocyte specific glutamate
transporter GLAST (Shibata et al., 1997) at all stages
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analyzed (E10.5, E11.5, and E12.5) (Fig. 2C, data not
show).

To confirm the double labeling of the neural progenitor
and radial glial markers detected in our histological
analysis, we stained acutely dissociated cell preparations
from narrow subdissections of E11.5 VM containing
mainly the DA neuron domain. In these cell prepara-
tions all of the Nestin-positive cells co-stained with the
radial glial marker Vimentin (100 6 0%, n 5 629 cells
from three independent dissection rounds, Supp. Info.
Table 1). The in vitro approach also allowed for analysis
of the SOX2 and Vimentin co-localization and showed
that 90.6 6 4.5% of the SOX2-expressing progenitors co-
expressed Vimentin (n 5 689 cells from three independ-
ent dissection rounds, Table S1).

Next, we performed a similar analysis on the human
VM at mid DA neuron neurogenesis. As with midgesta-
tion in the murine VM, Vimentin-positive radial fibers
are present in the human floor plate region where the
TH-positive DA neurons are situated (Fig. 2D). The
Vimentin-positive cells span the full thickness of the VM
within this region and co-label with Nestin (Fig. 2E), sug-
gesting that the neural progenitors in the human VM are

radial glia. As in the murine VM, the majority of the cells
co-labeled with Nestin and Vimentin (Fig. 2F). Quantifi-
cations on acutely dissociated cell preparations showed a
complete overlap between the two markers (98% of the
Nestin-positive cells express Vimentin, n 5 174, Table
S1). In contrast to the developing cerebral cortex where
radial glia are known to express GFAP in primates
including humans (Choi, 1986; Levitt and Rakic, 1980),
GFAP could not be detected in the human VM at the
stages analyzed (Data not shown) supporting previous
studies stating that GFAP is not expressed within this
region prior to PC week 10 (Silani et al., 1994).

BLBP Expression Highlights Species Differences
in VM Radial Glial Cells

To further establish the radial glia identity of the pro-
genitors within the mesDA neuron domain, we stained
for BLBP, which is exclusively expressed by radial glia
during the early embryonic period (Kurtz et al., 1994).
Expression and fate-mapping of BLBP cells in the mu-
rine telencephalon has been well studied (Anthony et al.,
2004; Malatesta et al., 2003), but a careful analysis

Fig. 1. LMX1a expression within the DA neuron domain during
human development. SOX2 and TH was used to delineate the VZ and
mantle zone in the DA neuron domain of the developing human VM at
both PC week 7.5 (A) and 6 (F). As in mouse, LMX1a expression is re-
stricted to the DA neuron domain (A–B) where it is expressed by all
SOX2-positive neural progenitors in the VZ (C) and co-expressed with

TH in the mantle zone (D–E). The expression of LMX1a extends into
the DA neuron domain of the diencephalon (G–H). Scale bars in A, F,
and G represent 100 lm and apply to A–B, D, F, and G–H, respectively.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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of BLBP expression in the murine or human VM has
not been reported. Therefore, we first investigated BLBP
expression in the murine VM. We found that at E11.5,
BLBP expression is restricted to the lateral part of the
VM where it is co-expressed with Nestin (Fig. 3A–C).
Double staining with TH showed that BLBP is highly
expressed until the border of the DA neuron domain.
Within the DA neuron domain very few radial fibers are
BLBP-positive (Fig. 3D–F). In agreement with these

results, quantitative analysis showed that only 54.9 6
8.6% of the Nestin-expressing progenitors in acutely dis-
sociated cell preparations from narrow subdissections of
the VM expressed BLBP (n 5 1,091 cells from three
independent dissection rounds, Table S1). E11.5 repre-
sents the peak of mesDA neuron neurogenesis in the
mouse (Bayer et al., 1995), thus our data suggest that
BLBP is not expressed in the mesDA progenitors. A spa-
tiotemporal expression analysis of BLBP confirmed this
and showed that the BLBP-negative/low domain in fact
narrows as DA neurogenesis progresses: BLBP expression
has moved closer to the midline in anterior sections 1 day
later (E12.5, data not shown), and at E14.5 BLBP is
expressed almost across the midline in the anterior part
of the VM where DA neurogenesis is completed (Fig. 3G).
More posterior, where DA neurogenesis is still ongoing, a
well-defined BLBP-negative/low domain persists medially
(Fig. 3H). At E15.5, when all DA neurons in the mesen-
cephalon have been formed, BLBP is evenly expressed
across the midline at all levels of the VM (Fig. 3I–J). This
spatiotemporal expression pattern of BLBP in the mouse
shows that BLBP expression follows the wave of DA neu-
rogenesis within the mesDA neuron domain such that
BLBP becomes expressed as neurogenesis declines.

We next examined the spatiotemporal expression of
BLBP in the human VM. As in the mouse BLBP is
co-expressed with Nestin, but in contrast to the murine
VM, BLBP in the human embryo showed strong expres-
sion at the ventral midline in the VM as well as more
laterally at the basal-alar-plate border at mid DA neu-
ron neurogenesis (Fig. 3K, data not shown). When com-
paring (in consecutive sections) the expression of BLBP
with that of LMX1a, which we used to delineate the DA
neuron domain, it is clear that BLBP is expressed at a
high level within the DA neuron domain specifically and
that the BLBP-expression domain and the DA neuron
domain share the same lateral border (Fig. 3K–L). We
also examined the expression profile of BLBP at PC
week 6, the onset of mesDA neuron neurogenesis in
human, and found that also at this stage BLBP was
detected within the DA neuron domain across the full
anterior-posterior extension of the VM (Fig. 3M–N, data
not shown). Co-localization analysis using an acutely
dissociated cell preparation from a narrow VM subdis-
section from a PC week 7 human embryo showed a clear
co-expression of SOX2 and BLBP in the majority of the
SOX2-expressing neural progenitors, verifying the
in vivo findings (Data not shown and Table S1).

The detected difference in BLBP protein expression in
the murine and human VM and the fact that the Blbp
gene has shown to be a down-stream target of the tran-
scription factor PAX6 in the rat but not murine cerebral
cortex (Arai et al., 2005) raise the possibility that differ-
ences in BLBP expression also exist between rodent spe-
cies. This prompted us to analyze the expression of
BLBP also in the rat VM at E12.5 and E14 (equivalent
to mouse E10.5 and E12) and stain for PAX6 in all three
species. At both time points analyzed, BLBP showed the
same lack of expression within the rat DA neuron do-
main as detected in mouse (Fig. 3O and data not

Fig. 2. Radial glial characteristics of the neural progenitors of the
human VM. Vimentin-positive radial glia are present in the floor plate
region of the murine VM where TH-expressing DA neurons are born
(A). The radial fibers co-label with Nestin (B), and co-express the astro-
cyte specific glutamate transporter GLAST (C). In the human VM,
Vimentin-positive radial fibers are present in the DA neuron domain
(D) and show co-expression with Nestin (E–F). Vim; Vimentin. Scale
bars in A–B and D, F equal 50 and 100 lm, respectively. Scale bars in
B and D apply to C and E, respectively. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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Fig. 3. Species differences in BLBP expression during mesDA neu-
rogenesis. At mid DA neuron neurogenesis (E11.5) in mouse, the radial
glia specific marker BLBP is expressed only in the lateral part of the
VM, where it is co-expressed with nestin (A–C). Staining with TH
shows that BLBP is only expressed at a low level within the DA neuron
domain (D–F). At E14.5, BLBP is expressed more homogenously across
the midline in anterior sections of the VM where the genesis of the DA
neurons is completed (G). More posterior, where the genesis is still
ongoing, a clear BLBP low/negative domain persist most medially (H).
At E15.5, when all the mesDA neurons have become postmitotic, BLBP
is expressed medially throughout the full extension of the VM (I–J). In
the developing human VM, BLBP is highly expressed within the DA

neuron domain, as delineated by LMX1a expression, (K–L). This
expression profile is seen both early and later during DA neuron forma-
tion (K–N). Similar to the murine expression pattern, BLBP shows lim-
ited expression within the medial part of the rat VM (O). However, in
the rat, the expression of BLBP is not initiated at the lateral border of
the DA neuron domain, delineated by TH and LMX1a expression (P),
but is instead initiated lateral to this. Scale bars in A and G (50 lm)
apply to A–F and G–H, respectively. Scale bars in I, K, M, and O
(100 lm) apply to I–J, K-L, M-N, and O-P, respectively. [Color figure
can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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shown). However, when comparing the border of BLBP
expression with that of LMX1a and TH in consecutive
sections it becomes evident that in the rat the border of
BLBP expression is not positioned right at the lateral
edge of the DA neuron domain but more lateral to this
(Fig. 3O–P). Thus, even between rodent species detecta-
ble differences exist in the expression of BLBP within
the VM. Despite the differences in BLBP expression,
PAX6 showed the same expression pattern in all three
species analyzed: PAX6 was limited to the lateral part of
the VM where PAX6-positive cells were detected only in
the mantle zone (Supp. Info. Fig. 1). Thus, in neither
species BLBP protein expression appears to be a down-
stream target of PAX6 in the VM.

Radial Glia Serve as Progenitors for DA
Neurons in the Human VM

Taken together, the expression data show that the
neural progenitors within the human VM express a
broad range of radial glial markers. That all neural pro-
genitors, as detected by Nestin expression, stain for the
radial glial marker Vimentin suggests that radial glia
serve as neural progenitors also within the human VM.
As human material does not allow for transgenic
approaches similar to those performed in murine studies
using GLAST- or BLBP-expression to fate-map the ra-
dial glial cells (Anthony et al., 2004; Bonilla et al.,
2008), we set out to develop an immunohistochemical
analysis to determine whether radial glia are in fact pro-
genitors of mesDA neurons also in the human brain.

To achieve this, we made use of the 4A4 antibody,
which recognizes phosphorylated Vimentin present in
mitotic radial glia during M-phase in both mouse and
human (Howard et al., 2006; Kamei et al., 1998; Noctor
et al., 2002; Weissman et al., 2003 Zecevic, 2004).

We found that in the murine VM, 4A4-labeled GLAST-
positive radial glia are located within the VZ along the
ventricular surface confirming that radial glia within
this region are mitotic and divide at a position where
the neural progenitors are known to undergo cell divi-
sion (Fig. S2A). To study the neural progenitors of the
DA neurons in more detail we stained for 4A4 and
LMX1a. In addition to 4A4 and LMX1a, the cell nuclei
were labeled utilizing the fluorophore TO-PRO3iodide,
allowing for morphological identification of all dividing
cells by their condensed chromatin and their arrange-
ment of chromatin into mitotic figures. Confocal imaging
showed that dividing cells both lateral to and within the
LMX1a-positive DA neuron domain label with the radial
glia-specific mitotic marker 4A4 (Fig. S2B, data not
shown). To determine the fraction of 4A4-labeled cells
within the DA neuron domain, we performed a quantita-
tive analysis. To unambiguously identify the dividing
cells, only cells with mitotic figures characteristic of
prometaphase were counted (Fig. S2C). The analysis
showed that at E11.5 96% of all the LMX1a-expressing
progenitors in prometaphase label with 4A4 (84 cells
from three embryo). The fact that virtually all mitotic

neural progenitors of the DA neuron domain label with
4A4 at mid DA neuron neurogenesis demonstrates that
in mice, mesDA neurons are derived from radial glia,
confirming what previously have been shown using
transgenic mice (Bonilla et al., 2008), and showing that
this is a valid approach to address the question also in
human sections.

Within the human VZ of the mesDA neuron domain
LMX1a is expressed in all of the neural progenitors dur-
ing the period of DA neuron formation as determined by
a complete overlap with SOX2 expression (Fig. 1C). Tri-
ple staining for LMX1a, 4A4 and TO-PRO3iodide can
therefore also be used to establish whether radial glia
give rise to mesDA neurons in humans. Stainings of
human mesencephalic sections showed that dividing pro-
genitors at the ventricular surface of the VZ both in and
outside the LMX1a-positive DA neuron domain stained
for 4A4 (Fig. 4A, data not shown). In some of the cells,
the 4A4 stain revealed maintenance of the radial profile
during mitosis (Fig. 4B), which is in agreement with
studies showing maintenance of the radial process dur-
ing mitosis in the human cerebral cortex (Weissman
et al., 2003). Quantitative confocal imaging analysis
showed that 97% of the LMX1a-positive progenitors in
prometaphase labeled with 4A4 with no variation
between the ages of the embryos studied [205 cells from
three embryos (PC week 6–7.5)] (Fig. 4B). Neurogenesis
of the mesDA neurons persists until PC week 10 in
human (Freeman et al., 1991); proliferative mesDA
neuron precursors are therefore present at the stages
analyzed. Thus, that virtually all dividing neural pre-
cursors within the human mesDA neuron domain
express the radial glial marker 4A4 at these stages
strongly suggest that as in the mouse, radial glia are
dividing and give rise to mesDA neurons during human
embryogenesis. In further support of this, Neurogenin-
2, which is known to commit progenitors to a neuronal
fate (Fode et al., 1998; Sun et al., 2001), was detected
in a fraction of the 4A4-positive radial glia within the
mesDA neuron domain (Fig. 4C). The radial glial char-
acter of the 4A4-labeled cells was confirmed by co-
expression of BLBP (Fig. 4C).

Expansion of Fetal Neural Progenitors from
the Human VM in Radial Glia-Like

Monolayer Cultures

Our analysis suggest that radial glial cultures are
likely to be advantageous for expansion of mesDA pro-
genitors for transplantation in Parkinson’s disease.
Thus, we established three independent cultures from
VM tissue subdissected from PC week 7 (n 5 2) and 7.5
(n 5 1) aborted human fetuses following a published
procedure known to support expansion of neural stem
cells with radial glia characteristics (Conti et al., 2005).
The cultures were expanded in the presence of bFGF
and EGF for a period of more than 6 months without
any detectable changes in their behavior (Fig. 5A). Con-
tinues expansion of human fetal neural progenitors in
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the neurosphere culture system requires the presence of
LIF. However, addition of LIF to the established VM-
derived monolayered cultures only had a negligible pro-
liferative effect, in agreement with previous results
obtained with monolayered human cortical neural pro-
genitor cultures (Sun et al., 2008). In all three cultures
established, Nestin, SOX2 and Vimentin were expressed
in close to all cells during the expansion phase
(Fig. 5B,C). Quantification performed on one of the cell
cultures showed that 89.9 6 3.4, 91.9 6 4.1, and 98.1 6
0.5% of the cells expressed Nestin, SOX2 and Vimentin,

respectively (Table S1). The Vimentin-positive cells
undergoing division labeled with 4A4, indicating that
Vimentin was phosphorylated during M-phase in vitro
as in vivo (Fig. 5D). The percentage of BLBP positive
cells was slightly lower than the percentage of the other
markers with 84.3 6 3.0% of the cells expressing BLBP
in the cultures (Fig. 5C and Table S1). Furthermore, up-
regulation of GFAP could be detected in approximately
half of the cells after culturing (Fig. 5E and Table S1).
No expression of the neuronal marker MAP2 was
detected during the expansion phase (Data not shown).

Fig. 4. Radial glia serve as neural progenitors for mesDA neurons
in human. Dividing neural progenitors within the DA neuron domain
(identified by TO-PRO3iodide) express LMX1a and stain for 4A4 pres-
ent in radial glia during M-phase (A–B). (C) The dividing 4A4-positive
cells within the DA neuron domain express both the glial specific
marker BLBP and the proneural NGN2. This strongly suggests that

the mesDA neurons in human as in mice are derived from radial glia
during development. Arrows point to LMX1a-positive cells with mitotic
figures labeling for 4A4. Scale bar in A equals 100 lm. [Color figure
can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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Fig. 5. Maintained radial glial characteristics of human fetal-
derived VM progenitors after expansion in monolayered cultures. (A)
Bright field image of PC week 7.5 culture at passage 22. The cultures
homogenously express the neural progenitor markers SOX2 (B) and
Nestin (C) as well as the radial glial markers Vimentin (B) and BLBP
(C). Cells in M-phase co-label with the radial glial markers Vimentin

and 4A4 (D). Additionally, many of the cultured cells upregulate the
expression of the radial glial and astrocyte marker GFAP (E). Upon dif-
ferentiation, the neuronal marker MAP2 becomes expressed in cells
with neuronal morphology (F). Vim; Vimentin. Scale bar in B and F
(50 lm) applies to B-E and F, respectively. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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To test if the expanded cells maintained the potential
for neuronal differentiation, cultures were differentiated
for 7 days in medium supplemented with SHH and
FGF8, two factors important for the specification of the
fetal VM (Hynes et al., 1995; Ye et al., 1998). After 7
days under these conditions, cells were further differen-
tiated for 21 days in the presence of GDNF (Burke
et al., 1998) and ascorbic acid (Yan et al., 2001) to sup-
port the generation and survival of mesencephalic neu-
rons. Low concentration of bFGF and BDNF was
included as additional trophic support (Hofer and Barde,
1988; Morrison et al., 1986). MAP2-expressing cells with
neuronal morphology started to appear in the cultures
after 15–20 days of differentiation. The neuronal content
increased further as the differentiation proceeded and
after 28 days up to 1/5 of the cells expressed MAP2 and
showed a neuronal morphology (Fig. 5F). No markers
for mature subtype specific neurons were detected and
the neurons showed rather limited neurite outgrowth
and branching suggesting that additional modification of
the differentiation protocol is needed for complete matu-
ration of the neurons in vitro. In addition to the neu-
rons, cells expressing GFAP (Fig. 5F), SOX2 and Vimen-
tin (Data not shown) could be detected suggesting that
some cells remain in an immature stage.

Thus, VM-derived human fetal neural progenitors
maintain their radial glial characteristics upon expan-
sion in vitro. These cultures can be expanded for an
extended period of time and maintain their capacity to
generate neurons upon differentiation.

DISCUSSION

In humans, formation of mesDA neurons span from
PC week 6 to 10 (Freeman et al., 1991; Verney et al.,
1991). As we have access to human material from PC
week 6 to 8, our analysis is performed from the onset of
mesDA neuron neurogenesis and extends to mid mesDA
neuron neurogenesis. For each stage, we use the expres-
sion of SOX2 and TH to determine the borders of the VZ
and mantle region, respectively and LMX1a to label the
mesDA domain of the VM (Andersson et al., 2006b). Our
analysis of LMX1a expression in the human brain shows
that similar to what has previously been reported for
mouse and chicken (Andersson et al., 2006b), LMX1a is
expressed in the DA neurons of the VM and in all DA
neuron progenitors within the part of the VZ lying
directly above the DA neurons. LMX1a can, therefore,
be used to delineate the DA domain in the VM also in
humans. Our analysis also showed that, as in the mouse
(Andersson et al., 2006b; Ono et al., 2007), the expres-
sion of LMX1a in the human fetal brain is not limited to
the mesencephalon but extends anterior into the DA
neuron domain of the diencephalon.

Radial glia exist during the developmental period and
are classically defined based on their morphology: an
elongated shape with the cell body situated in the VZ,
one process attached to the ventricular wall and one
process with its endfoot at the pial surface (Choi, 1986;

Rakic 1972, 1995). In more recent years, several struc-
tural proteins have shown to be expressed by radial glial
cells. Examples of these are GLAST, Vimentin, BLBP
and in primates also GFAP (Bignami et al., 1982; Feng
et al., 1994; Houle and Fedoroff, 1983; Kurtz et al.,
1994; Levitt and Rakic, 1980; Shibata et al., 1997). Spe-
cific combinations of these and other markers have
allowed the identification of different subtypes of radial
glia in the CNS during development (Anthony et al.,
2005; Hartfuss et al., 2001).

In both mouse and human, Nestin-positive progenitors
have a radial morphology with processes spanning the
entire region between the ventricular wall and pia sur-
face. The neural progenitors within the murine VM also
express the radial glial markers Vimentin, GLAST and
BLBP. Interestingly, BLBP is absent from the DA neu-
ron domain during the period of mesDA neuron neuro-
genesis and its expression is upregulated medially
towards the end of the DA neurogenic period. The neu-
ral progenitors of the human VM also express the ra-
dial glial markers Vimentin and BLBP. However, in
contrast to the expression pattern detected in the
rodent brain, BLBP is specifically expressed within the
DA neuron domain in the human VM both early and
later in development.

Radial glia has long been known to function as migra-
tory scaffold for new neurons during development (Rakic
1972, 1995), but compiling evidence show that radial
glial cells also can act as progenitors and produce post-
mitotic neurons both in the murine and in the human
forebrain (Howard et al., 2006; Malatesta et al., 2000;
Noctor et al., 2001, 2002; Weissman et al., 2003; Zecevic
2004). Recent fate-mapping studies showed that DA
neurons are derived from GLAST-expressing radial glia
within the murine VM (Bonilla et al., 2008). Here, we
investigated whether this is also the case in the develop-
ing human brain. Stainings with the 4A4 antibody,
which recognizes phosphorylated Vimentin present in
mitotic radial glia during M-phase in both mouse and
human (Howard et al., 2006; Kamei et al., 1998; Noctor
et al., 2002; Weissman et al., 2003; Zecevic 2004),
showed that radial glia are in fact undergoing division
in the floor plate region of the developing human VM at
a position along the ventricular wall where neural pro-
genitors are known to divide.

To confirm that the radial glia serve as progenitors for
mesDA neurons during human development, we per-
formed an immunohistochemical analysis that allowed
us to investigate the potential role of radial glia as
mesDA neuron progenitors in situ. The identity of the
dividing LMX1a-positive cells within the DA neuron do-
main of the VM is determined by triple staining for
LMX1a, expressed by DA neuron progenitors; TO-
PRO3iodide which allows us to identify all dividing cells
by their condensed chromatin; and 4A4 that marks
radial glia in M-phase. As LMX1a is expressed in all
neural progenitors within the DA neuron domain of the
VM (Andersson et al., 2006b), one would expect all
dividing LMX1a-positive cells to also express 4A4 if ra-
dial glia are the progenitors that divide and give rise
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to the mesDA neurons. Our analysis show that this is
the case in the murine VM, supporting already pub-
lished observations that radial glia serve as mesDA
neuron progenitors during mouse development
(Bonilla et al., 2008) and confirms the validity of our
analysis. The fact that virtually all mitotic LMX1a
expressing neural progenitors of the DA neuron do-
main in human embryos also label with 4A4 at early
and mid DA neuron neurogenesis therefore shows that
DA neurons are derived from radial glia also during
human development.

Ngn2 is known to promote neuronal differentiation
(Fode et al., 1998; Sun et al., 2001) and cell-grafts
derived from the Ngn2-expressing cell population of the
murine fetal VM are devoid of glia (Thompson et al.,
2006), showing that Ngn2 in this region is expressed in
committed neuronal precursors. The Ngn2-expressing
cell population also contains all of the precursors with
potential for DA neuron differentiation after transplan-
tation (Thompson et al., 2006). Furthermore, the num-
ber of DA neurons is dramatically reduced within the
VM of Ngn2 mutant mice (Andersson et al., 2006a; Kele
et al., 2006). Thus, the expression of NGN2 within the
DA neuron domain of the human VM in cells labeling
with the mitotic radial glial marker 4A4 and the glial
specific marker BLBP further support the conclusion,
that radial glia within this region are neurogenic and
give rise to DA neurons also in human fetal brain.

From these results, one can conclude that the radial
glia from the VM are very good candidates for in vitro
expansion in order to generate large numbers of trans-
plantable mesDA neurons. We show here that VM-
derived human fetal neural progenitors maintain their
radial glial characteristics upon expansion in vitro and
that their neurogenic capacity is maintained even after
prolonged time in culture. Future studies will reveal to
what extend the cells in the expanded cultures maintain
the potential for mesDA neuron differentiation and to
what extent they retain the capacity to form neurons
upon transplantation into the brain.

That radial glia are proliferative, neurogenic and act
as mesDA neuron progenitors in the human VM is inter-
esting from a developmental aspect but also has implica-
tions for generation of cells to be used for cell replace-
ment therapy. That the progenitor cells maintain radial
glial characteristics and can be expanded for extended
period of time in vitro without loosing their capacity to
generate neurons upon differentiation make them a
promising future source of cells to be used for cell
replacement therapy for Parkinson’s disease.
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