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Into the Neonatal Parkinsonian Rat
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The present study analyzed whether grafts of the mesencephalic progenitor cell line CSM14.1 into the neonatal rat caudate putamen (CPu) differentiate into neurons
and whether this is accompanied by a functional improvement in 6-hydroxydopamine (6-OHDA)-lesioned
animals. As in previous studies, a neuronal differentiation of CSM14.1 cells transplanted into the CPu of adult
animals could not be observed, so we here used neonatal rats, because graft location and host age seemingly
are crucial parameters for neural transplant differentiation
and integration. Rats bilaterally lesioned at postnatal day
1 by intraventricular 6-OHDA-injections 2 days later received 100,000 CSM14.1 cells prelabelled with the ﬂuorescent dye PKH26 into the right CPu. Five weeks after
grafting, the cylinder test was performed, and the data
compared with data from age-matched intact controls
and bilaterally lesioned-only animals. Brain slices immunostained for tyrosine hydroxylase (TH) were quantiﬁed by
optical densitometry. We observed a signiﬁcant preference
of left forelimb use exclusively in transplanted animals. In
these rats, TH-containing perikarya were found in the
grafted CPu, presumedly leading to the signiﬁcant increase of TH-immunoreactive ﬁbers in this region. Moreover, confocal laser microscopy revealed a differentiation
of transplanted PKH26-labelled CSM14.1 cells into neuronal nuclei antigen or TH-immunoreactive cells. Thus,
CSM14.1 cells differentiate into TH-containing neurons,
which most probably contribute to the preferred forelimb
use, indicating a functional integration of CSM14.1 cells
into the host basal ganglia loops during early postnatal
development. These ﬁndings that are in contrast to observations in adult rats suggest instructive cues for neuronal differentiation and integration given by the neonatal
microenvironment. VC 2007 Wiley-Liss, Inc.

1991; Dunnett and Björklund, 1999), fetal mesencephalic
xenografts from pig (Deacon et al., 1997; Dunnet and
Björklund, 1999), or human mesencephalic neurons from
aborted fetuses (Herman and Abrous, 1994; Olanow et al.,
1996, 2003; Dunnet and Björklund, 1999; Piccini et al.,
1999; Freed et al., 2001). The rationale for these clinical trials was to reconstitute the dopaminergic innervation. This
approach has been pursued for 30 years and has proved to
be successful in animal models of PD (Björklund, 1992;
Brundin and Wictorin, 1993; Herman and Abrous, 1994).
Moreover, since 1987, over 300 patients have received
human fetal mesencephalic dopaminergic cells (Björklund
and Lindvall, 2000; Lindvall and Hagell, 2002a). In some
of these patients, L-Dopa could be withdrawn (Lindvall,
1997; Olanow et al., 1997), and, in post-mortem studies
(Kordower et al., 1995), an extensive reinnervation of
the striatum for up to 10 years was reported. However, in
humans, success is still limited (Freed et al., 2001; Olanow
et al., 2003), mainly because of the variety of cell-source
material and posttransplantation treatment. Grafting of primary fetal cells as a routine therapeutic option (Piccini et al.,
1999) is not available because of technical and ethical limitations (Martinez-Serrano and Björklund, 1997; Björklund
and Lindvall, 2000).
In a search for alternatives for restorative therapies,
other cell types have been investigated. For example, autologous cell grafts derived from the carotid body, containing catecholaminergic neurons, were applied for the
treatment of experimental Parkinsonism in rodents and
primates, which exhibited improvement in motoric functions (Espejo et al., 1998; Luquin et al., 1999). Neural
progenitor cells obtained from the adult primate brain
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In clinical transplantation studies, patients suffering
from Parkinson’s disease (PD) received autografts of adrenal cells (Backlund et al., 1985; Goetz et al., 1989, 1991;
Apuzzo et al., 1990; Kordower et al., 1991; Olson et al.,
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have also been autotransplanted with success (Brunet
et al., 2005), indicating that neural progenitor cells are a
promising source.
In the past, several conditionally immortalized cell
lines of neural progenitor or neural stem cells were established from brain tissue of rodent embryos (Frederiksen
et al., 1988; Redies et al., 1991; Snyder, 1994; Cattaneo
and Conti, 1998). Such cells are promising candidates for
restorative therapies of neurodegenerative disorders such
as PD, because of their highly reproducible differentiation
characteristics and ease in handling.
Our group demonstrated that the nestin-containing,
temperature-sensitive, immortalized mesencephalic progenitor cell line CSM14.1 (Zhong et al., 1993; Anton et al.,
1994, 1995), derived from a 14-day-old rat embryo, differentiates in vitro into tyrosine hydroxylase (TH)- and aldehyde-dehydrogenase 2-containing neurons (Haas and Wree,
2002). However, it has been reported that transplantation
into the adult rat caudate putamen (CPu) did not result in
a dopaminergic differentiation (Anton et al., 1994, 1995;
our unpublished data). One possible reason for this observation could be the lack of instructive clues resulting from
the nonpermissive ectopic microenvironment. Therefore,
in the present study, we performed transplantation into the
neonatal rat CPu. The hypothesis underlying these experiments is that a speciﬁc niche facilitates the differentiation
and integration of CSM14.1 cells by morphogenic signals
(Panchision and McKay, 2002; Doetsch, 2003), namely,
the developing brain being a more permissive environment
(Costantini and Isacson, 1999).
In addition to exploring the morphological changes
of CSM14.1 cells transplanted into the CPu of neonatal
rats that were dopamine depleted, the scope of this contribution is to investigate behavioral tests as a functionally
and therapeutically relevant readout. Especially, we studied the survival, migration, integration, and differentiation
of transplanted cells. Aditionally, the motor behavior in
the lesioned and subsequently unilaterally transplanted
group was compared with an intact control group and
bilaterally lesioned-only animals.

MATERIALS AND METHODS
Animals
In total, 33 male Wistar rats (Charles River, Sulzfeld,
Germany) were used in the experiments. Litters were reared by
the mothers until weaning at 25 days of age. They were housed
at 228C 6 28C under a 12-hr light/dark cycle with free access
to food and water, ﬁrst with their mothers, then in groups of
four to six. All animal care and handling were conducted in
compliance with the regulations of and under license from the
local authorities. Animals were divided into three groups: intact
control (n ¼ 10), bilaterally lesioned only (n ¼ 17), or bilaterally lesioned and subsequently unilaterally grafted (n ¼ 6). At
postnatal day 40 (P40), the cylinder test was performed, and, at
P42, the animals were ﬁxed by perfusion and the brains taken
for histologic stains and immunohistochemistry.
Journal of Neuroscience Research DOI 10.1002/jnr
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6-OHDA Lesion
On the day after birth (P1), 23 animals received bilateral
intraventricular injections of 2 ml 6-OHDA-HCl (Sigma, St.
Louis, MO; 120 mg/10 ml 6-OHDA-HCl in 0.2 mg/ml ascorbic
acid/saline) using the coordinates (according to bregma): AP
0.6, L 60.8; V –2.1 (dura). Details of the handling and the operative procedures using a neonatal stereotaxic device (Stoelting)
have been described by Cunningham and McKay (1993).
Cultivation and PKH 26 Labelling of CSM14.1 Cells
Conditionally immortalized CSM14.1 cells (Zhong et al.,
1993; Haas and Wree, 2002) were cultured and expanded in
DMEM supplemented with 10% fetal calf serum (FCS), 100 U/ml
penicillin, and 100 mg/ml streptomycin (all reagents from Gibco,
Grant Island, NY) in a humidiﬁed incubator (95% air/5% CO2,
at 338C). The cells were passaged every third day before reaching conﬂuence. PKH26 labelling (Sigma) prior to transplantation
was conducted as described elsewhere (Haas et al., 2000). Viability, after labelling, was over 95% as determined by trypan blue.
The ﬁnal cell concentration was equilibrated to about 100,000
viable cells/ml, and the cell suspensions were stored on ice until
grafting.
Cell Transplantation
Unilateral grafting of PKH26-labelled CSM14.1 cell suspensions in the developing forebrain was conducted according
to a microtransplantation approach (Nikkhah et al., 1995a,b).
The transplantation surgery was performed at P3 in lesioned
rats (n ¼ 6), the time point when nearly all endogenous dopaminergic neurons are dead (Shimohama et al., 2003). Brieﬂy,
the hypothermic anesthetized pups were ﬁxed in the neonatal
stereotaxic device (Stoelting). The micrografts were implanted
by using a glass capillary with an outer diameter of 50–70 mm
connected to a 5-ml Hamilton microsyringue. A 1-ml deposit of
the cell suspension (about 105 viable cells) was implanted into
the right developing CPu at the following coordinates
(according to bregma): AP +0.7, L –1.8, V –2.9 (dura).
Behavioral Assessment
Five weeks after transplantation, forelimb preference was
evaluated by using the cylinder test (Schallert et al., 2000) in agematched, intact controls (n ¼ 10), bilaterally 6-OHDA-lesioned
rats (n ¼ 17), and unilaterally transplanted animals that were also
bilaterally 6-OHDA lesioned at P1 (n ¼ 6). The use of forepaws
during vertical exploration in a glass cylinder with a diameter of
20 cm was documented and analyzed with a Sony videocamera
system as described by Kirik et al. (2000). Thirty consecutive
forepaw contacts with the glass cylinder were counted per animal, and differences between the right (ipsilateral to the graft)
and the left (contralateral to the graft) paw were evaluated for
the different groups. The required time to perform these contacts was not monitored because it is of no relevance for this behavioral test.
Immunohistochemical Procedures
Preparation of the animals for immunohistochemistry and
histology were performed 6 weeks after birth. After anesthesia
with pentobarbital-Na+ (60 mg/kg), the rats were perfused
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transcardially with ice-cold 0.9% sodium chloride (50 ml), followed by 400 ml of 3.7% paraformaldehyde (PFA). Brains
were postﬁxed for 4 hr, cryoprotected, and frozen in isopentane (–508C).
For immunoﬂuorescent stainings of brain sections, containing the PKH26-labelled grafted cells, immunohistochemistry
was performed as described previously for the staining of brain
tissue sections without the use of detergents (Haas et al., 2000).
In brief, 30-mm-thick coronal cryostat sections containing the
CPu were stored freely ﬂoating overnight in phosphate-buffered
saline (PBS) containing 30% sucrose at 48C. Cryoprotected
brain sections were pretreated for immunohistochemical staining
by successive freeze/thaw cycles (ﬁve times) in hyperosmotic
medium and liquid nitrogen, to make intracellular epitopes
accessible for antibodies. Free-ﬂoating sections were washed in
0.1 M PBS (pH 7.4) and preincubated in PBS containing 3%
bovine serum albumin (BSA; Sigma) and 5% normal goat serum
(Gibco), followed by an incubation overnight at 48C with primary antibodies (solved in PBS, 1% BSA). Antibodies directed
against glial ﬁbrillary acidic protein (GFAP; mouse monoclonal,
1:400 or rabbit polyconal, 1:100; both from Sigma), anti-TH
(mouse monoclonal, clone TH-2, 1:500; Sigma), or neuronal
nuclei antigen (NeuN; mouse monoclonal, 1:1,000; Chemicon,
Temecula, CA) were used. After washing, an incubation with
Cy2-conjugated anti-mouse IgG (goat polyclonal, 1:400; Dianova, Hamburg, Germany), and AMCA-conjugated anti-rabbit
IgG (goat polyclonal, 1:100; Dianova) followed. After rinsing in
PBS, specimens were mounted on glass slides.
For light microscopy of TH immunohistochemistry—in
the substantia nigra and the basal ganglia—coronal sections
were visualized by the ABC method (Vector Laboratories, Burlingame, CA). The same staining procedure for all sections was
performed for all animals to guarantee a standardized staining
protocol. Thirty-micrometer-thick sections were incubated for
20 min in 3% H2O2, then rinsed and preincubated in PBS containing 0.05% Triton X-100 (Sigma), 3% BSA, and 3% normal
horse serum (Vector Laboratories), followed by an incubation
with anti-TH (mouse monoclonal, clone TH-2, 1:1,000;
Sigma). After rinsing, sections were incubated with biotinylated
secondary antibodies (horse polyclonal, 1:200; Vector Laboratories), followed by washes and incubation in the ABC complex (1:50; Vector Laboratories). Final visualization was performed in 0.02% diaminobenzidine (DAB) for 8 min at room
temperature (RT).
Densitometry and Statistical Analysis
Densitometry was performed on TH-DAB-stained sections. Sections were scanned at a resolution of 5.04 mm using a
dynamic range of 256 gray levels (Nexscan 4100, Heidelberger,
Germany). Optical densities (Oberholzer and Östreicher, 1996)

Fig. 1. Results of the cylinder test are shown. Intact controls used left
and right forepaws equally (left paw: 15 6 1.76, right paw 15 6 1.76).
Lesioned animals also used both paws equally (left paw: 15.2 6 2.1,
right paw 14.8 6 2.1). Lesioned and subsequently transplanted animals
preferentially used their left forepaws (left paw: 17.2 6 2.1, right paw
12.8 6 1.72), with a statistical signiﬁcance (*P ¼ 0.042, U-test). Error
bars show SEM.

of images were calculated by the formula OD ¼ S – log[(I –
B)/(W – B)]/n, where I ¼ intensity image, B ¼ background
image, W ¼ white image, and n ¼ number of pixels. Images
were corrected with regard to nonspeciﬁc background staining
to allow comparisons. The background of the corpus callosum of
all slices was always used to obtain a correct background for substraction. The right CPu was outlined interactively and OD calculated in terms of percentage of theoretical maximal immunoreactivity (black). In six different sections of the same animal,
ODs were analyzed and averaged. The densitometric data were
analyzed statistically by applying the U-test of Mann-Whitney
for nonparametric data because of small sample sizes. Results
were expressed as means 6 SEM of the different treatment
groups. For statistical evaluation, data from the cylinder test were
subjected to the Wilcoxon test. For all statistical analyses, P <
0.05 was considered signiﬁcant. Tests were performed with SPSS
11.01 (SPSS Inc.).

RESULTS
Behavioral Assessment
The ability for preferential forepaw use was evaluated
by the cylinder test, in a nondrug-induced voluntary exploration task (Fig. 1). In the intact control group, the animals
used left and right forepaws equally, without signiﬁcant differences (left paw: 15 6 1.76, right paw 15 6 1.76). In the
3

Fig. 2. Tyrosine hydroxylase distribution in the brains of various
groups. a–a00 : Frontal sections containing the SNc of an intact control
animal (a), a bilaterally lesioned rat (a0 ), and a bilaterally lesioned and
transplanted animal (a00 ). b–b00 : Frontal sections through the region of
the CPu. A section of an intact control animal displaying a strong TH
immunoreactivity (b). A section of a bilaterally lesioned animal is
shown in b0 and a section of a lesioned and transplanted (right hemi-

sphere) animal in b00 . c–c00 : Magniﬁcations of the CPus. The control
CPu exhibits a strong TH-ir (b,c), whereby TH-ir in the deafferentiated CPu is weak (b0 ,c0 ). Within sections of transplanted animals, we
found several TH-ir neurons that also developed outgrowing ﬁber
processes (b00 ,c00 ). These TH-ir neurons are magniﬁed and shown in
d–g, corresponding to the letters at arrowheads in c00 .
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bilaterally lesioned-only group, a similar ratio was observed
that was also not signiﬁcantly different (left paw: 15.2 6
2.1, right paw 14.8 6 2.1), indicating a comparable dopaminergic deafferentiation in both hemispheres. In contrast
to these two groups, animals that were lesioned and transplanted with CSM14.1 cells into the right CPu preferentially used their left forepaws (left paw: 17.2 6 2.1, right
paw 12.8 6 1.72) with a statistical signiﬁcance (P ¼ 0.042,
U-test).
Morphology and Densitometry
Injections of 6-OHDA into both lateral ventricles of
neonatal rats result in a nearly complete dopaminergic
(DA) neuron cell loss in the left and right substantia nigra
(SN; Fig. 2a,a0 ), leading to a bilateral DA deafferentiation
of the CPu (Fig. 2b,b0 ) as demonstrated by TH immunohistochemistry. Grafting of CSM14.1 cells into the right
CPu of bilaterally lesioned pups is followed by an increase
in TH immunoreactivity (ir) compared with 1) the contralateral lesioned and nontransplanted CPu of the same
animals (Fig. 2b00 ) and 2) the CPu of bilaterally lesionedonly rats (Fig. 2b0 ). Along the injection path of the glass
capillary, TH-ir in the cerebral cortex was also observed.
However, in other parts of the cortex, TH-ir zones were
not observed (Fig. 2b00 ). Inside the needle track in dorsal
parts of the cortex, PKH26-containing cells were found
that were also TH-ir, whereas transplanted cells were
never found in the lateral parts of the cortex (not shown).
Moreover, TH-ir in the lateral part of the transplanted
CPu showed a clear delineation to the cerebral cortex
and corpus callosum (Fig. 2b00 ). At higher magniﬁcation,
the CPu of intact controls exhibited a dense network of
TH-ir ﬁbers (Fig. 2c), which is drastically reduced in
bilaterally lesioned-only animals (Fig. 2c0 ). In the transplanted CPu, a graft-derived high density of TH-ir ﬁbers
is reestablished, and TH-containing perikarya can be
found (Fig. 2c00 ,d–g). In these transplanted animals, the
SN is still devoid of TH-ir neurons, resembling the SN
of lesioned-only rats (Fig. 2a0 ,a00 ).
Densitometry of TH content in the right CPu of
the three groups revealed (Fig. 3) that the CPu of intact
controls had a mean OD of 11.11% (62.73%) and that of
lesioned-only animals possessed a signiﬁcantly lower OD
of 2.08% (60.39; P ¼ 0.02). The CPu transplanted with
CSM14.1 cells had an OD of 14.45% (61.84%), which
was signiﬁcantly increased compared with lesioned-only
animals (P ¼ 0.03), but not signiﬁcantly different from
intact controls (P ¼ 0.116).
Cell Migration and Differentiation
Most of the PKH26-labelled transplanted CSM14.1
cells were localized around the injection site within the
CPu, but considerable amounts migrated over a distance of
about 800–1100 mm into the host parenchyma (Figs. 2b00 ,
4a,b). Using CLSM, we identiﬁed transplanted CSM14.1
cells by the red ﬂuorescence of PKH26 dye. The position
of the grafted cells around the injection site is shown in
Figure 4a,b, and we found NeuN-ir and PKH26-labelled

Fig. 3. Mean optical densities of the TH-ir of CPus of the three experimental groups. By the nonparametric U-test, signiﬁcant TH-ir differences exist between the intact control group and the lesion group as
well as between the lesion and the transplant group. However, no signiﬁcant changes between the intact control group and the lesioned
and subsequently transplated group were found. Error bars show SEM.
*Signiﬁcant difference from the respective group; P < 0.05.

cells (Fig. 4c–e) in the proximity of the graft host-border,
demonstrating that CSM14.1 cells differentiated to neurons. Colabelling of TH and PKH26 indicated the differentiation of transplanted cells into dopaminergic nerve cells
(Fig. 4f–h). However, for the core of the transplants, we
never observed PKH26-labelled and NeuN-containing
CSM14.1 cells, whereas in this region PKH26-labelled
cells were mainly colocalized with GFAP (not shown).
DISCUSSION
In this study, we transplanted cell suspensions of the
temperature-sensitive large-T-antigen immortalized neural
progenitor cell line CSM14.1, derived from the embryonic
(E14) ventral mesencephalon, into the CPu of postnatal
day 3 Parkinsonian Wistar neonates (ectopic allotransplantation in a nonneurogenic region). The transplantation was
performed on the right 6-OHDA-lesioned CPu.
In a prior study, Haas and Wree (2002) described
the neurogenic potential of CSM14.1 cells and the absence of immunoreactivity for glial proteins at nonpermissive temperature in vitro. However, it seems that these
cells posses a wider phenotypic differentiation potential in
vivo after transplantation than in vitro, as has been shown
for other neural progenitor cells (Whittemore and Onifer,
2000). The CSM14.1 cells have been transplanted by
Anton et al. (1994, 1995); however, so far there exist no
published reports on their in vivo differentiation or phenotypic characterization in the CPu. Hence, a key point
of this contribution is the investigation of the posttransplantational differentiation of CSM14.1 cells.
In our own experiments, we never observed a neuronal differentiation of CSM14.1 cells after ectopic transJournal of Neuroscience Research DOI 10.1002/jnr
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Fig. 4. Differentiation of transplanted cells (a–h). In the 0.2-mm-thick
confocal planes. PKH26 labelling is red, and NeuN-ir or TH-ir is
green. In a, the graft localization within the CPu is shown in a
NeuN-stained brain slice, and, in b, a parallel section stained for TH
also demonstrates graft localization in the CPu. At the border of the
grafts (arrowheads in a), NeuN- and PKH26-labelled cells can be
observed at higher magniﬁcations (c–e). Single-channel CLSM images
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of NeuN-ir neurons (c) and the PKH26 signal (d) are merged in e.
Note that PKH26-labelled cells in the core of the graft are not doubly
labelled (a). Dopaminergic differentiation was demonstrated by colabelling of TH-ir with PKH26 dye (f–h). Single-channel CLSM images
of TH-ir cells (f) and the PKH26 signal (g) are merged in h and show
that considerable amounts of transplanted cells contained TH.
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plantation into the CPu of adult rats, whereas now they
expressed mainly the glial marker GFAP. However, evidence was provided that neural progenitor cells showed a
better survival, integration, and differentiation in neonate
hosts (Herman et al., 1991; Bentlage et al., 1999; Sortwell
et al., 2001). Most probably, speciﬁc, time-dependent
patterns of promoting and inhibiting factors of the extracellular matrix and neural receptors of the neonate and
adult CPu differ (Mendez et al., 1996; Krobert et al., 1997;
Saunders et al., 1999; Mohapel et al., 2005). These patterns
should contribute primarily to the survival, differentiation,
and functional integration of grafted neural progenitors
(Lindvall and Hagell, 2002b).
Indeed, we detected a dense TH-ir network of ﬁbers
around the transplant in the CPu and colocalization of the
lipophilic ﬂuorescent marker PKH26 with TH. For the
ﬁrst time, TH-ir perikarya of transplanted and differentiated CSM14.1 cells were found after transplantation into
the neonatal brain. These morphologic ﬁndings coincide
with behavioral improvement measured by the cylinder
test and a signiﬁcant densitometric increase of TH-ir of
regions containing the transplants.
After bilateral 6-OHDA lesion in neonatal rats, no
obvious motor deﬁcits were observed. We never found
severe deﬁcits such as adipsy or aphagy as are observed
sometimes after lesioning of adult animals (Snyder-Keller
et al., 1989; Luthman et al., 1994; Neal-Beliveau and
Joyce, 1999). The motoric behavior followed after lesioning and prior transplantation could not be monitored,
because in neonates the visual and the motoric systems are
not fully developed (Joyce et al., 1996), and the cylinder
test was performed only 5 weeks after birth. The growth of
axons of transplanted cells mainly occurs 2 weeks after
transplantation, as shown by Snyder-Keller et al. (1989). At
a later time point, the axonal pattern stays unaltered. The
strong TH-ir that we have observed could be induced by a
known normal up-regulation of TH resulting from physiologic development within P1–P14 (Hedner and Lundborg,
1981). We believe that the observed improvement of
motoric impairment of forelimb use is due to this process
of de novo synthesis of TH by transplanted cells, as shown
here by colabelling for PKH26 and TH; moreover, we
never found TH-ir cell somata in lesioned-only animals.
This is corroborated by observations of Kirik et al. (1998)
and Reader and Dewar (1999), who found that only 5–
10% of dopaminergic neurons have to be substituted or
10% of TH synthesis has to be reached in order to yield signiﬁcant motor improvements. Insofar as densitometric
measurements (Oberholzer and Östreicher, 1996; Ermert
et al., 2001; Xavier et al., 2005) gave rise to signiﬁcant
increases of TH-ir, the correlation of motoric improvement
and TH up-regulation seems to be plausible.
We assume that the adult CPu synthesizes much
more inhibiting factors, which may suppress differentiation and integration of neural progenitors and are not
found in the neonate brain, as described elsewhere
(Mendez et al., 1996; Olsson et al., 1997; Sortwell et al.,
2001). Furthermore, adult astroglia may not support as
strongly as in neonates a differentiation and synaptic inte-

gration of neural progenitors (Krobert et al., 1997; Joosten
et al., 2004).
Taken together, these data might suggest that neonatal striatal transplantation of neural progenitor cells may
provide a platform for investigating inhibiting and promoting factors relevant to neural progenitor differentiation and
integration by compartmental (Schmitt et al., 2007) and
developmental proteomic strategies, as proposed by several
authors (Fountoulakis et al., 1999; Ballif et al., 2004; Yang
et al., 2005). The understanding and experimental control
of the above-mentioned factors in accordance with conditionally immortalized progenitor cells established from the
human fetal brain (Martinez-Serrano and Björklund, 1997;
Björklund and Lindvall, 2000) are auspicious for solving
technical and obvious ethical problems regarding prospective clinical application.
ACKNOWLEDGMENTS
We thank Prof. Dale Bredesen (Buck Institute for
Age Research, Novato, CA) for providing us with the
CSM14.1 cells.
REFERENCES
Anton R, Kordower JH, Maidment NT, Manaster JB, Kane DJ, Rabizadeh S,
Schueler SB, Yang J, Rabizadeh S, Edwards RH, Markham CH,
Bredesen DE. 1994. Neural-targeted gene therapy for rodent and primate hemiparkinsonism. Exp Neurol 127:207–218.
Anton R, Kordower JH, Kane DJ, Markham CH, Bredesen DE. 1995.
Neural transplantation of cells expressing the anti-apoptotic gene bcl-2.
Cell Transplant 4:49–54.
Apuzzo ML, Neal JH, Waters CH, Appley AJ, Boyd SD, Couldwell WT,
Wheelock VH, Weiner LP. 1990. Utilization of unilateral and bilateral
stereotactically placed adrenomedullary-striatal autografts in parkinsonian humans: rationale, techniques, and observations. Neurosurgery
26:746–757.
Backlund EO, Granberg PO, Hamberger B, Knutsson E, Martensson A,
Sedvall G, Seiger A, Olson L. 1985. Transplantation of adrenal medullary
tissue to striatum in parkinsonism: ﬁrst clinical trials. J Neurosurg 2:169–
173.
Ballif BA, Villen J, Beausoleil SA, Schwartz D, Gygi SP. 2004. Phosphoproteomic analysis of the developing mouse brain. Mol Cell Proteomics
3:1093–1101.
Bentlage C, Nikkhah G, Cunningham MG, Björklund A. 1999. Reformation of the nigrostriatal pathway by fetal dopaminergic micrografts into
the substantia nigra is critically dependent on the age of the host. Exp
Neurol 159:177–190.
Björklund A. 1992. Dopaminergic transplants in experimental parkinsonism: cellular mechanisms of graft-induced functional recovery. Curr
Opin Neurobiol 2:683–689.
Björklund A, Lindvall O. 2000. Cell replacement therapies for central
nervous system disorders. Nat Neurosci 3:537–544.
Brundin P, Wictorin K. 1993. Neural transplantation in rat models of Parkinson’s and Huntington’s diseases. Semin Neurosci 5:413–421.
Brunet JF, Rouiller E, Wannier T, Villemure JG, Bloch J. 2005. Primate
adult brain cell autotransplantation, a new tool for brain repair? Exp
Neurol 196:195–198.
Cattaneo E, Conti L. 1998. Generation and characterization of embryonic
striatal conditionally immortalized ST14A cells. J Neurosci Res 53:223–234.
Costantini LC, Isacson O. 1999. Dopamine neuron grafts: Development and
molecular biology. In: di Porzio U, Pernas-Alosno R, Perrone-Capano C,
editors. Development of dopaminergic neurons. Georgetown: R.G.
Landes. p 123–144.
Journal of Neuroscience Research DOI 10.1002/jnr

Neonatal CSM14.1 Cell Transplantation
Cunningham MG, McKay RD. 1993. A hypothermic miniaturized stereotaxic instrument for surgery in newborn rats. J Neurosci Methods 47:
105–114.
Deacon T, Schumacher J, Dinsmore J, Thomas C, Palmer P, Kott S, Edge A,
Penney D, Kassissieh S, Dempsey P, Isacson O. 1997. Histological evidence
of fetal pig neural cell survival after transplantation into a patient with
Parkinson’s disease. Nat Med 3:350–353.
Doetsch F. 2003. A niche for adult neural stem cells. Curr Opin Genet Dev
13:543–550.
Dunnett SB, Björklund A. 1999. Prospects for new restorative and neuroprotective treatments in Parkinson’s disease. Nature 399(Suppl):32–39.
Ermert L, Hocke AC, Duncker HR, Seeger W, Ermert M. 2001. Comparison of different detection methods in quantitative microdensitometry. Am
J Pathol 158:407–417.
Espejo EF, Montoro RJ, Armengol JA, Lopez-Barneo J. 1998. Cellular
and functional recovery of Parkinsonian rats after intrastriatal transplantation of carotid body cell aggregates. Neuron 20:197–206.
Fountoulakis M, Schuller E, Hardmeier R, Berndt P, Lubec G. 1999. Rat
brain proteins: two-dimensional protein database and variations in the
expression level. Electrophoresis 20:3572–3579.
Frederiksen K, Jat PS, Valtz N, Levy D, McKay RDG. 1988. Immortalization of precursor cells from the mammalian CNS. Neuron 1:439–448.
Freed CR, Greene PE, Breeze RE, Tsai WY, DuMouchel W, Kao R,
Dillon S, Winﬁeld H, Culver S, Trojanowski JQ, Eidelberg D, Fahn S. 2001.
Transplantation of embryonic dopamine neurons for severe Parkinson’s
disease. N Engl J Med 344:710–719.
Goetz CG, Olanow CW, Koller WC, Penn RD, Cahill D, Morantz R,
Stebbins G, Tanner CM, Klawans HL, Shannon KM. 1989. Multicenter
study of autologous adrenal medullary transplantation to the corpus striatum in patients with advanced Parkinson’s disease. N Engl J Med 320:
337–341.
Goetz CG, Stebbins GT 3rd, Klawans HL, Koller WC, Grossman RG,
Bakay RA, Penn RD. 1991. United Parkinson Foundation Neurotransplantation Registry on adrenal medullary transplants: presurgical, and 1and 2-year follow-up. Neurology 41:1719–1722.
Haas SJP, Wree A. 2002. Dopaminergic differentiation of the Nurr1expressing immortalized mesencephalic cell line CSM14.1 in vitro. J Anat
201:61–69.
Haas SJP, Bauer P, Rolfs A, Wree A. 2000. Immunocytochemical characterization of in vitro PKH26-labelled and intracerebrally transplanted
neonatal cells. Acta Histochem 102:273–280.
Hedner T, Lundborg P. 1981. Neurochemical characteristics of cerebral
catecholamine neurons during the postnatal development in the rat. Med
Biol 59:212–223.
Herman JP, Abrous ND. 1994. Dopaminergic neural grafts after ﬁfteen
years: results and perspectives. Prog Neurobiol 44:1–35.
Herman JP, Abrous DN, LeMoal M. 1991. Anatomical and behavioral
comparison of unilateral dopamine-rich grafts implanted into the striatum of neonatal and adult rats. Neuroscience 40:465–475.
Joosten EA, Veldhuis WB, Hamers FP. 2004. Collagen containing neonatal astrocytes stimulates regrowth of injured ﬁbers and promotes modest
locomotor recovery after spinal cord injury. J Neurosci Res 77:127–
142.
Joyce JN, Frohna PA, Neal-Beliveau BS. 1996. Functional and molecular
differentiation of the dopamine system induced by neonatal denervation.
Neurosci Biobehav Rev 20:453–486.
Kirik D, Rosenblad C, Björklund A. 1998. Characterization of behavioral
and neurodegenerative changes following partial lesions of the nigrostriatal dopamine system induced by intrastriatal 6-hydroxydopamine in the
rat. Exp Neurol 152:259–277.
Kirik D, Rosenblad C, Björklund A, Mandel RJ. 2000. Long-term,
rAAV-mediated gene transfer of GDNF in the rat Parkinson’s model:
intrastriatal but not intranigral transduction promotes functional regeneration in the lesioned nigrostriatal system. J Neurosci 20:4686–4700.
Journal of Neuroscience Research DOI 10.1002/jnr

785

Kordower JH, Cochran E, Penn RD, Goetz CG. 1991. Putative chromafﬁn
cell survival and enhanced host-derived TH-ﬁber innervation following a
functional adrenal medulla autograft for Parkinson’s disease. Ann Neurol
29:405–412.
Kordower JH, Freeman TB, Snow BJ, Vingerhoets FJ, Mufson EJ,
Sanberg PR, Hauser RA, Smith DA, Nauert GM, Perl DP. 1995. Neuropathological evidence of graft survival and striatal reinnervation after the
transplantation of fetal mesencephalic tissue in a patient with Parkinson’s
disease. N Engl J Med 332:1118–1124.
Krobert K, Lopez-Colberg I, Cunningham LA. 1997. Astrocytes promote
or impair the survival and function of embryonic ventral mesencephalon
cografts: effects of astrocyte age and expression of recombinant brainderived neurotrophic factor. Exp Neurol 145:511–523.
Lindvall O. 1997. Neural transplantation: a hope for patients with Parkinson’s
disease. Neuroreport 8:iii–x.
Lindvall O, Hagell P. 2002a. Cell replacement therapy in human neurodegenerative disorders. Clin Neurosci Res 2:86–92.
Lindvall O, Hagell P. 2002b. Neural and stem cell transplantation. In:
Jankovic JJ, Tolosa E, editors. Parkinsons’s and movement disorders.
Philadelphia: Lippincott Williams and Wilkins. p 663–673.
Luquin MR, Montoro RJ, Guillén J, Saldise L, Insausti R, Del Rio J,
Lopez-Barneo J. 1999. Recovery of chronic parkinsonian monkeys by
autotransplants of carotid body cell aggregates into putamen. Neuron 22:
743–750.
Luthman J, Herrera-Marschitz M, Lindqvist E. 1994. Unilateral neonatal intracerebroventricular 6-hydroxydopamine administration in rats: I. Effects
on spontaneous and drug-induced rotational behavior and on postmortem
monoamine levels. Psychopharmacology 116:443–450.
Martinez-Serrano A, Björklund A. 1997. Immortalized neural progenitor
cells for CNS gene transfer and repair. Trends Neurosci 20:530–538.
Mendez I, Sadi D, Hong M. 1996. Reconstruction of the nigrostriatal
pathway by simultaneous intrastriatal and intranigral dopaminergic transplants. J Neurosci 16:7216–7227.
Mohapel P, Frielingsdorf H, Haggblad J, Zachrisson O, Brundin P. 2005.
Platelet-derived growth factor (PDGF-BB) and brain-derived neurotrophic factor (BDNF) induce striatal neurogenesis in adult rats with 6-hydroxydopamine lesions. Neuroscience 132:767–776.
Neal-Beliveau BS, Joyce JN. 1999. Timing: a critical determinant of the
functional consequences of neonatal 6-OHDA lesions. Neurotoxicol Teratol 21:129–140.
Nikkhah G, Cunningham MG, Cenci MA, McKay RD, Björklund A.
1995a. Dopaminergic microtransplants into the substantia nigra of neonatal rats with bilateral 6-OHDA lesions. I. Evidence for anatomical
reconstruction of the nigrostrial pathway. J Neurosci 15:3548–3561.
Nikkhah G, Cunningham MG, McKay RD, Björklund A. 1995b. Dopaminergic microtransplants into the substantia nigra of neonatal rats with
bilateral 6-OHDA lesions. II. Transplant-induced behavioral recovery.
J Neurosci 15:3562–3570.
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Olson L, Strömberg I, Ebendal T, Seiker A, Hoffer B. 1991. Grafting strategies in Parkinson’s disease: the chromafﬁn alternative. Rest Neurol 4:
3–14.
Olsson M, Bentlage C, Wictorin K, Campbell K, Björklund A. 1997.
Extensive migration and target innervation by striatal precursors after
grafting into the neonatal striatum. Neuroscience 79:57–78.

786

Haas et al.

Panchision DM, McKay RD. 2002. The control of neural stem cells by
morphogenic signals. Curr Opin Genet Dev 12:478–487.
Piccini P, Brooks DJ, Björklund A, Gunn RN, Grasby PM, Rimoldi O,
Brundin P, Hagell P, Rehncrona S, Widner H, Lindvall O. 1999. Dopamine release from nigral transplants visualized in vivo in a Parkinson’s
patient. Nat Neurosci 2:1137–1140.
Reader TA, Dewar KM. 1999. Effects of denervation and hyperinnervation on dopamine and serotonin systems in the rat neostriatum: implications for human Parkinson’s disease. Neurochem Int 34:1–21.
Redies C, Lendahl U, McKay RDG. 1991. Differentiation and heterogeneity in T-antigen immortalized precursor cell lines from mouse cerebellum.
J Neurosci Res 30:601–615.
Saunders NR, Habgood MD, Dziegielewska KM. 1999. Barrier mechanisms in the brain, II. Immature brain. Clin Exp Pharmacol Physiol 26:
85–91.
Schallert T, Fleming SM, Leasure JL, Tillerson JL, Bland ST. 2000. CNS
plasticity and assessment of forelimb sensorimotor outcome in unilateral
rat models of stroke, cortical ablation, parkinsonism and spinal cord injury.
Neuropharmacology 39:777–787.
Schmitt O, Lessner G, Haas SJP, Ringel B, Glocker MO, Wree A. 2007.
Compartmental proteome analysis of the adult rat brain. Anat Ges (Ann
Anat Suppl) (in press).

Shimohama S, Sawada H, Kitamura Y, Taniguchi T. 2003. Disease model:
Parkinson’s disease. Trends Mol Med 9:360–365.
Snyder EY. 1994. Grafting immortalized neurons to the CNS. Curr Opin
Neurobiol 4:742–751.
Snyder-Keller AM, Carder RK, Lund RD. 1989. Development of dopamine innervation and turning behavior in dopamine-depletet infant rats
receiving unilateral nigral transplants. Neuroscience 30:779–794.
Sortwell CE, Camargo MD, Pitzer MR, Gyawali S, Collier TJ. 2001. Diminished survival of mesencephalic dopamine neurons grafted into aged hosts
occurs during the immediate postgrafting interval. Exp Neurol 169:23–29.
Whittemore SR, Onifer SM. 2000. Immortalized neural cell lines for
CNS transplantation. Prog Brain Res 127:49–65.
Xavier LL, Viola GG, Ferraz AC, Da Cunha C, Deonizio JM, Netto CA,
Achaval M. 2005. A simple and fast densitometric method for the analysis
of tyrosine hydroxylase immunoreactivity in the substantia nigra pars compacta and in the ventral tegmental area. Brain Res Protoc 16:58–64.
Yang JW, Juranville JF, Hoger H, Fountoulakis M, Lubec G. 2005.
Molecular diversity of rat brain proteins as revealed by proteomic analysis. Mol Divers 9:385–396.
Zhong LT, Saraﬁani T, Kane DJ, Charles AC, Mah SP, Edwards RH,
Bredesen DE. 1993. Bcl-2 inhibits death of central neural cells induced
by multiple agents. Proc Natl Acad Sci U S A 90:4533–4537.

Journal of Neuroscience Research DOI 10.1002/jnr

