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Abstract

Ligands of the glial cell line-derived neurotrophic factors (GDNF)-family are trophic factors for the development and survival of
multiple cell types, however their effects on non-neuronal stem cells are unknown. We examined the action of neurturin on a can-
didate stem cell population isolated from adult skeletal muscles. When grown as spheres, these cells expressed mRNAs for GDNF,
persephin, GFR-02, GFR-04 (neurturin receptor), and Ret. Exposure of these cells to neurturin significantly augmented cell
numbers via increased cell proliferation. After addition of retinoic acid, the cells exited the cell cycle, developed thin processes,
and became immunoreactive for BIII-tubulin, while Ret mRNA expression decreased, without changes in the level of GFR-02
mRNA. Neurturin induced an outgrowth of processes on these BIII-tubulin positive cells. Neurturin may therefore be beneficial
in the use of these multipotent cells isolated from adult muscles for autologous transplants in neurological applications.

© 2005 Elsevier Inc. All rights reserved.
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The ability of multipotent cells isolated from accessi-
ble organs such as skeletal muscles to differentiate along
a neuronal lineage may lead to important advances in
regenerative medicine because they could allow for
autologous cell replacement in neurodegenerative dis-
eases and after brain injury. We have previously shown
that the adult skeletal muscle contains a candidate stem
cell population, which may be interesting for transplan-
tation strategies in the central nervous system (CNS)
[1-5]. The nature of these cells present in the connective
tissue in the skeletal muscle is unknown. They have been
termed “pluripotent stem cells” (PPSCs) to indicate
their ability to differentiate into cells that express mark-
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ers of various cell lineages [1-3], and this term will be
used for consistency in the present report. These cells
can be safely and easily harvested from adult patients,
making them an interesting candidate population for
autologous replacement therapy. Little is known, how-
ever, about the effects of trophic factors expressed in
the nervous system on multipotent cells isolated from
non-neural adult tissue.

The glial cell line-derived neurotrophic factor
(GDNF) family consists of GDNF [6], neurturin [7],
artemin [8], and persephin [9]. This family is an impor-
tant class of neurotrophic factors in regenerative medi-
cine [10,11]. Indeed, ligands of the GDNF family are
expressed in several adult CNS regions of particular
interest for neurorepair strategies, such as the spinal
cord, the substantia nigra, the striatum, and the
cortex [12,13]. Studies have shown that the expression
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of these molecules increases in various CNS regions
after insults such as epileptic seizures, forebrain ische-
mia, and lesions of the nigrostriatal dopaminergic
pathway [14-17]. Moreover, in vitro and in vivo studies
have implicated the GDNF family in the development
and survival of several subtypes of neurons both in the
peripheral nervous system (PNS) and the CNS, includ-
ing motor, sensory, sympathetic, cholinergic, and dopa-
minergic neurons [18-20]. Specifically, direct infusion of
GDNF, injection into the striatum of a virus producing
GDNF, or transplantation of cells expressing ligands of
the GDNF family into the striatum induced partial
functional recovery in animal models of Parkinson’s
disease [11,21-25]. Beneficial actions of GDNF have
also been described in a rat model of amyotrophic lat-
eral sclerosis [26].

Ligands of the GDNF family mediate their effects
through the formation of receptor-complexes consisting
of one of the GDNF receptors (GFR-al, 2, 3 or 4) and
the tyrosine kinase receptor Ret [19]. In vitro experi-
ments have demonstrated preferred receptor—ligand
interactions; GDNF, neurturin, artemin, and persephin
bind preferentially to GFR-al, GFR-a2, GFR-a3, and
GFR-04, respectively. The binding of a ligand of the
GDNF family to its receptor results in the activation
of Ret, and the subsequent activation of signalling path-
ways. The activation of Ret appears to be particularly
important for neuronal differentiation [27].

In the present study, we analysed the expression of li-
gands of the GDNF family and their receptors by the
cells termed PPSCs isolated from adult skeletal muscle
that we have previously characterized [2,5]. Based on
their receptor profile, we examined the effects of neurtu-
rin on these cells. We show that neurturin is a prolifer-
ative factor for these cells when grown as spheres and
induces process outgrowth in those cells after pre-treat-
ment with retinoic acid.

Materials and methods

Cell culture. Biopsy of the flexor digitorum and gastrocnemius
muscles of adult Sprague-Dawley rats (6 months old; Charles River
Laboratories, Wilmington, MA, USA) was performed as described
previously [1,3]. Cells were cultured on gelatin-coated flasks in Opti-
Mem medium (Invitrogen, Grand Island, NY, USA) supplemented
with 15% fetal bovine serum (Omega Scientific, Tarzana, CA, USA).
The cells were released by trypsin and replated in OptiMem medium
containing 10% horse serum (Gemini Bioproducts, Calabasas, CA,
USA), 100 U/ml penicillin G, streptomycin, 250 ng/ml amphotericin B
(Invitrogen), 0.028 M sodium bicarbonate, and 0.0l mM p-mercap-
toethanol (Sigma, St. Louis, MO, USA). For cryopreservation, cells
were resuspended in fresh medium with 7.5% of dimethyl sulfoxide
(DMSO) and placed at —80 °C for at least 1 week. Cells used in the
present study were passaged 1214 times and cryopreserved four times.
Cryopreserved cultures were thawed and cells were cultured in a med-
ium designed for the culture of “neurospheres” (sphere medium) con-
sisting of Neurobasal A (Invitrogen), penicillin, streptomycin (both
100 U/ml, Invitrogen), 2 mM L-glutamine (BioWhittaker, Walkersville,

MD, USA), B27 (Invitrogen), and 20 ng/ml epidermal growth factor
(EGF, Invitrogen); 40 ng/ml basic fibroblast growth factor (bFGF,
Alomone Labs, Jerusalem, Israel).

Proliferation study. The fourth generation spheres were centrifuged
and triturated using a polished glass pipette. Single cell suspensions
were passed through a 70 pm filter (Fisher, Pittsburg, PA, USA) before
cell counting with the trypan blue exclusion method. For the prolif-
eration and differentiation experiments, the cells were cultured at 37 °C
in low oxygen (1%) conditions. For the proliferation study, the cells
were plated on coverslips coated with poly-ornithine/laminin (Sigma)
in 24-well plates at a density of 20,000 cells/well and incubated for 2-6
days in a basal medium consisting of neurobasal A, N2 supplement
(Invitrogen), 2 mM r-glutamine, 1 pg/ml laminin (Sigma), penicillin,
and streptomycin (both 100 U/ml, Invitrogen) in the absence or pres-
ence of either neurturin (20 ng/ml, neurturin, PreproTech, Rocky Hill,
NJ, USA) or EGF/bFGF (both at 20 ng/ml). Bromodeoxyuridine
(BrdU) was used as a marker of cell division. Cells were treated with
10 uM BrdU for 1 day before fixation for 30 min with 4% parafor-
maldehyde at room temperature. The cells were incubated for 1 h in
2 N HCI, in borate buffer, pH 8.5, for 10 min, and then with a mouse
monoclonal anti-BrdU (1:2200; Chemicon, Temecula, CA, USA) at
4 °C overnight. For detection, the cells were incubated for 2 h at room
temperature with a goat anti-mouse secondary antibody labelled with
Cy3 (1:200; Jackson ImmunoResearch, West Grove, PA, USA).
Coverslips were mounted with Vectashield containing DAPI (1.5 pg/
ml) for nuclear counterstaining (Vector Laboratories, Burlingame, CA,
USA) before analysis with fluorescence microscopy (Axioskop, Zeiss,
Thornwood, NY, USA).

Differentiation study. Cells were plated on coverslips coated with
poly-ornithine/laminin at a density of 20,000 cells/well (24-well plates)
and cultured for 2 days in basal medium containing 20 ng/ml neurturin
alone. Retinoic acid (RA; Sigma, St. Louis, MO, USA), resuspended in
dimethyl sulfoxide (DMSO), was then added to the culture. Control
cultures were exposed to 0.01% DMSO. All experiments were
performed in dark conditions because RA is light sensitive. The
medium was refreshed every 2 days before fixation of the cells in 4%
paraformaldehyde for 30 min at room temperature. The number of
BrdU-positive cells was determined as described in the proliferation
study. Cells previously cultured for 4 days in the presence of 1.5 uM
RA were then transferred into media containing no growth factor,
20 ng/ml neurotrophin-3 (NT3) alone, 20 ng/ml neurturin alone, or
neurturin/NT3 (both 20 ng/ml) and cultured for 4 more days. Immu-
nocytochemistry for PIII-tubulin was performed as follows: after
blocking for 45 min at room temperature in 0.1 M PBS containing 7%
normal goat serum, 2% bovine serum albumin, and 0.2% Triton X-100,
cells were incubated at 4 °C overnight with a rabbit antibody against
BIII-tubulin (1:1500; Covance, Princeton, NJ, USA) and for 2 h at
room temperature with a goat anti-rabbit secondary antibody labelled
with Cy3 (1:200, Jackson Immunoresearch).

Reverse transcriptase-polymerase chain reaction (RT-PCR). Total
RNA was extracted from cells in culture with Trizol (Invitrogen)
according to the manufacturer’s protocol and treated with RQI
DNase (Promega, San Luis Obispo, CA, USA). The reverse-tran-
scription reaction was carried out at 42 °C for 45 min in a final vol-
ume of 10 ul containing 500 ng of total RNA, 0.5 mM each of dNTP,
10 mM dithiothreitol, 1x buffer, 100 U superscript II reverse trans-
criptase (Invitrogen), and 250 pmol random hexamers (Promega). The
reaction was followed by an incubation step at 92 °C for 5 min. PCR
was performed with 0.2 mM each of ANTP, 1.5 mM MgCl,, 1x PCR
buffer, 1.5 U Tag polymerase (all from Invitrogen), and 1 pM each of
the forward and reverse primers in a final volume of 50 pl. The
amplification protocol included an initial step at 94 °C for 5 min, 30—
35 cycles of 1 min at 94 °C, 30 s at T}, (see below), and 1 min at 72 °C.
The reaction was terminated by an incubation step at 72 °C for 5 min
(Mastercycler gradient thermocycler, Eppendorf, Westbury, NY,
USA). PCR products (5 ul) were separated on 1.5% agarose gel and
visualized by staining with ethidium bromide. Reactions without
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reverse-transcriptase or without RNA were done in parallel as con-
trols. Semi-quantitative analysis was performed using the house-
keeping gene B-actin. Primer sequences and size of PCR products
were as follows: TrkC [28] (Ty,: 55°C, 141 bp), p7SNTR [29] (T\n:
55°C, 438 bp), GFR-al [30] (T, 68 °C, 717 bp), GFR-02 [30] (Ty:
68 °C, 528 bp), GFR-03 [31] (T 56 °C, 667 bp), GFR-04 (T,: 60 °C,
301 bp), GDNF [32] (T1: 56 °C, 660 and 590 bp), neurturin [31] (Ti,:
68 °C, 482 bp), artemin [15] (T}, 54 °C, 325 bp), persephin [31] (Ti,:
70 °C, 328 and 240 bp), Ret [30] (7,,: 68 °C, 525 bp), and B-actin [5]
(Tm: 56 °C, 376 bp).

Process outgrowth assay. Cells were stained for BIII-tubulin
expression as described earlier. Preparations were mounted on slides
with Vectashield (Vector Laboratories). Several randomly chosen fields
from three separate experiments were photographed (400x) under a
fluorescent microscope (Axioscop Zeiss) linked to a Spot Camera
(Diagnostic Instruments, Burlingame, CA, USA). The length of the
longest process was measured from a total of 50 randomly chosen cells
positive for BIII-tubulin in each separate experiment (rn = 3) using the
Scion Image beta 4.0.2 software [33,34]. Cells in aggregate formation
were excluded. Data from each experiment were averaged for each
experimental condition.

Statistical analysis. Data from at least three separate experiments
were statistically analysed using the software GB Stat (v6.5; Dynamic
Microsystems, Silver Spring, MD, USA) (ANOVA with post hoc
Fisher’s LSD). A value of p<0.05 was considered statistically
significant.

Results
Expression of mRNAs for GFR-02, GFR-04, and Ret

Semi-quantitative RT-PCR analysis was used to
study the expression of the receptors for the GDNF-
family and Ret by PPSCs grown as spheres or under
adherent conditions. Total RNA was prepared from
cells cultured in the “sphere medium” (Fig. 1A) or pla-
ted on poly-ornithine/laminin for 2 days in a prolifera-

tion medium (Fig. 1B) (EGF 20 ng/ml, bFGF 20 ng/ml)
[2]. In both conditions, cells expressed similar levels of
GFR-o2 and GFR-04 mRNAs, but did not express
GFR-a1 and GFR-a3 mRNAs (Fig. 1C). Ret mRNA
expression was also detected in both conditions (Fig.
1C). Using RT-PCR, we also observed the expression
of mRNA for GDNF and for persephin, the ligands
for GFR-a1 and GFR-04, respectively (Fig. 1C). How-
ever, we did not detect mRNA for neurturin and arte-
min, the ligands for GFR-02 and GFR-a3,
respectively (Fig. 1C). The absence of endogenous neur-
turin but the presence of its receptor (GFR-02)
prompted us to examine the action of neurturin on
the PPSCs.

Proliferative effects of neurturin

To assess whether neurturin could exert survival or
proliferative effects on our cells, we compared its action
to that of epidermal growth factor (EGF) and basic
fibroblast growth factor (bFGF) on cells obtained from
suspensions of spheres and then plated on coverslips
coated with poly-ornithine/laminin. Indeed, we have pre-
viously observed that the addition of EGF/bFGF en-
hanced the survival of this cell population in culture
[2]. As we observed in our previous experiments, 2 days
after plating, cells in cultures with EGF/bFGF (both at
20 ng/ml) did not differ from control in their morphology
(Figs. 2A and B). Similarly, no change in cell mitogenesis
was observed after BrdU incorporation (Fig. 2D). How-
ever, cultures with EGF/bFGF showed a higher number
of DAPI positive cells (456 = 14 cells/area) compared to
control cultures (161 & 16 cells/area) (Fig. 2E). Further-
more, we observed an increase in BrdU positive cells in

PSP

B-actin

Fig. 1. Expression of mRNAs for the GDNF family receptors and ligands, and for Ret by PPSCs grown as spheres. Total RNA was extracted from
cells in spheres (sp) (A) or from cells plated (p) on poly-ornithine/laminin for 2 days in a proliferation medium (B). Migration of the RT-PCR
products on agarose gels. The expression of the B-actin gene was used as an internal control (C). Glial cell line-derived neurotrophic factor (GDNF),
neurturin (NTN), artemin (ART), and persephin (PSP). Scale bar: 100 pum (A), 30 pm (B).
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Fig. 2. Proliferative effect of neurturin on PPSCs. PPSCs after 2 days
in control medium (A), in medium containing EGF/bFGF (both
20 ng/ml) (B) or neurturin (20 ng/ml) (C). Scale bars: 40 um. Percent-
age of proliferating cells after 2 days (D) and 6 days (F) of culture in
the absence or presence of either EGF/bFGF or neurturin (NTN).
Proliferating cells were labelled with 10 uM bromodeoxyuridine for 1
day before fixation and immunocytochemistry for BrdU (n=3;
*p <0.05 and **p <0.01 compared to control). (E) Number of cells
after 2 days in the three different media. The number of cells
corresponds to the total number of DAPI stained nuclei in five fields
(100x) across one diagonal of coverslip. Two coverslips were analyzed
in three separate experiments (n = 3; **p < (.01 compared to control).

cultures after 6 days with EGF/bFGF (75.67 & 4.04%)
compared to control cultures (59.33 + 3.79%; Fig. 2F).
After 2 days in the presence of 20 ng/ml neurturin,

the cell morphology was similar to controls and to cells
treated with EGF/bFGF (Figs. 2A and C). The number

of cells was also significantly higher (372 4= 24 cells/field)
in cultures containing neurturin compared to control
cultures (161 =+ 16 cells/area) (Fig. 2E). The increase in
cell number seen at 2 days was not associated with a var-
iation in BrdU incorporation (Fig. 2D), which is similar
to the results obtained with EGF/bFGF. However, we
observed an increase in BrdU positive cells after treat-
ment for 6 days with neurturin (78.00 4 6.08%) com-
pared to control (59.33 4+ 3.79%; Fig. 2F). We did not
detect expression of MyoD or myogenin, two markers
of myogenic lineage, in any culture condition by RT-
PCR analysis (data not shown). Thus, the results show
that neurturin exerts a survival effect after plating and
a mitogenic effect on PPSCs, resulting in increased cell
number.

Induction of growth arrest by retinoic acid
We tested the effects of retinoic acid (RA) on PPSCs

that were previously cultured for 2 days with 20 ng/ml
neurturin. RA concentrations were chosen based on
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Fig. 3. Retinoic acid (RA) induces growth arrest of PPSCs. (A)
Percentage of proliferating cells after 2 and 4 days in control medium
(DMSO) or in media containing 0.5 uM RA or 1.5 uM RA. RA was
resuspended in DMSO before addition to culture. Proliferating cells
were labelled with 10 uM BrdU for 1 day before fixation and BrdU
immunocytochemistry (n = 6; *p < 0.05 compared to control medium).
(B-D) Representative photomicrographs showing that addition of RA
is associated with a decrease in the number of Brdu labelled nuclei
(arrowheads) (arrows: non-labelled nuclei). Scale bar: 20 pm.
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experiments performed on neural stem cells [35]. The ef-
fect of addition of 0.5 or 1.5 uM RA on cell proliferation
was measured with BrdU incorporation. As shown in
Fig. 3A, no difference in the number of BrdU positive
cells was observed after 2 days of RA treatment. After
4 days, cells cultured with 0.5 uM RA showed a slight
but not significant reduction in BrdU incorporation
(66.71 £+ 1.13%) compared to control (78.38 + 4.22%)).
However, a significant reduction in BrdU incorporation,
and consequently in the number of cycling cells, was ob-
tained with 1.5 uM RA (47.81 & 5.79%) after 4 days
(Figs. 3A-D). This concentration of 1.5 pM RA was
also associated with a significant increase in cells posi-
tive for the immature neuronal marker BIII-tubulin
(13.36 £ 1.81%) compared to control (4.36 + 1.62%)
(Fig. 4A). Semi-quantitative RT-PCR analysis showed
that RA induced a decrease in Ret mRNA expression,
but did not affect the level of expression of mRNA
encoding GFR-02, the receptor for neurturin (Fig.
4C). We also analyzed the expression of TrkC and
p75NTR, two receptors for neurotrophin-3 (NT3), an
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Fig. 4. RA induces the differentiation of PPSCs into BIII-positive cells.
(A) Percentage of BlII-positive cells in the presence of RA (n=3;
*p <0.05 compared to control medium). (B) Photomicrograph of a
culture of PPSCs after 4 days in the presence of 1.5 uM RA. The
arrows indicate cells with thin process, a refractile cell body, and
positive for BIII-tubulin after immunocytochemistry. Scale bar: 40 pm.
(C) Semi-quantitative RT-PCR analysis of the expression of the genes
for GFR-02, Ret, TrKc, and p7SNTR. Total RNA was extracted from
cells cultured for 4 days in control medium (C) or in presence of
1.5 uM RA (RA). The expression of the B-actin gene was used as an
internal control.

important trophic factor in the CNS [36]. TrkC mRNA
expression was significantly increased after treatment
with 1.5 pM RA. We did not detect mRNA encoding
for p75NTR, a low affinity binding receptor for NT3
(Fig. 4C).

Induction of process outgrowth by neurturin

Because RA induced the expression of TrkC mRNA,
we considered the possibility that neurotrophin-3 (NT3)
could act on PPSCs that had been previously treated for
4 days with 1.5 uM RA. To examine this possibility, we
determined the number of cells positive for BIII-tubulin
after treatment for 4 days in the presence or absence of
20 ng/ml of NT3. Addition of NT3 did not affect the
number of PIII-tubulin positive cells (control:
60.00 + 12.29 cells, NT3: 58.33 4 17.01 cells). We then
asked whether neurturin could have an effect on cells
cultured for 4 days with 1.5 uM RA, as these cells ex-
pressed GFR-a2 mRNA and low levels of Ret mRNA
(Fig. 4C). Neurturin did not increase the number of cells
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Fig. 5. Neurturin induces process outgrowth on BlIII-tubulin positive
cells. (A) Mean length of the longest process on BIII-tubulin positive
cells and in media containing 20 ng/ml neurturin or 20 ng/ml of both
neurturin and NT3 compared to cultures in control medium C (n = 3;
*p <0.05 compared to control medium). (B,C) Photomicrograph of
PPSCs after 4 days in the presence of neurturin. BIII-tubulin negative
cells (arrowhead in C) displayed a large and flat morphology
(arrowhead in B,C), whereas BlII-tubulin positive cells (arrow in C)
showed round and refractile cell bodies with long processes (arrow in
B,C). Scale bar: 40 pm.



220 P. Vourc’h et al. | Biochemical and Biophysical Research Communications 332 (2005) 215-223

positive for PIII-tubulin (control: 60.00 + 12.29 cells,
neurturin: 63.33 4+ 13.05) and did not improve the sur-
vival of the cells in culture (control: 101.20 & 12.39 cells,
neurturin: 95.26 & 3.30 cells; DAPI positive cells/field,
100x). Using RT-PCR analysis we observed that none
of our cells expressed markers for the myogenic lineage
(MyoD and myogenin; data not shown) suggesting that
neurturin did not induce the differentiation of the PPSCs
into myoblasts or myocytes under our culture condi-
tions. However, we observed that the cells positive for
BIII-tubulin expression displayed long and thin pro-
cesses when cultured in the presence of neurturin. Quan-
tification analysis indicated that the mean length of the
longest process of the cells positive for BIII-tubulin incu-
bated with neurturin was 114% longer than in control
cultures (Figs. SA—C). Thus, neurturin induced process
outgrowth on BIII-tubulin positive PPSCs. The presence
of NT3 did not increase the effect of neurturin on pro-
cess outgrowth (Fig. 5B).

Discussion

We examined the expression of ligands and receptors
of the GDNF family by a candidate stem cell population
isolated from adult skeletal muscle (PPSCs). We found
that these cells, when grown as spheres, expressed
mRNA for GDNF, persephin, GFR-22, and GFR-04.
Addition of neurturin, the ligand for GFR-a2, increased
proliferation of the PPSCs in culture. Their expression
of the immature neuronal marker BIII-tubulin was ob-
tained by adding RA, a vitamin A derivative. When cul-
tured in the presence of neurturin, these cells positive for
BIII-tubulin displayed longer processes. This is the first
time that a ligand from the GDNF-family has been ob-
served to act on multipotent cells isolated from adult
non-neuronal tissue in ways similar to what has been ob-
served for some neuronal precursors. In addition, the
data suggest that PPSCs may combine useful features
for cell replacement therapies in the CNS.

PPSCs grown as spheres express GDNF and persephin
mRNAs

The PPSCs are uncommitted cells present in the con-
nective tissue of adult skeletal muscle [3,4]. Although the
embryonic origin of these cells is not clear, they can be
safely and easily isolated from the skeletal muscles of
adult patients, which make them an attractive source
of cells for autologous replacement therapies. Our previ-
ous studies showed a rapid proliferation of these cells
and their ability to express neural markers in vitro
[2,5]. We report here that these cells express mRNA
for GDNF and persephin when cultured as free-floating
spheres and after treatment with retinoic acid. A recent
study from Garcia et al. [37] showed similar expression

of GDNF mRNA by undifferentiated bone marrow
stromal cells, however we have shown previously by cell
surface marker analysis that the cells we are studying are
not derived from bone marrow [5].

Current cell replacement protocols with stem cells in
the CNS are based on two main strategies. The trans-
planted cells are either used to replace the endogenous
damaged or lost cells and/or they are expected to secrete
neurotrophic factors supporting the survival and the
regeneration of surviving endogenous cells. This second
strategy, using stem cells as chaperones for degenerating
neurons [38], gave promising results in models of Par-
kinson’s disease [39] and amyotrophic lateral sclerosis
[26]. Interestingly, in both studies the authors suggested
that the observed regenerative events might be due to
the release of ligands from the GDNF family by the
transplanted cells. This idea is strongly supported in
Parkinson’s disease by results from studies using neural
stem cells over-expressing the ligands of the GDNF fam-
ily, GDNF or persephin [25,34], a virus producing
GDNF [22,40], or direct infusion of GDNF into the
CNS [24]. Further studies will be necessary to show if
the transplantation of non-neural adult stem cells, such
as the PPSCs we have examined, may also lead to the
protective and regenerative effects observed after the
transplantation of neural or embryonic stem cells in
neurodegenerative diseases. Our results suggest that
PPSCs, which can be easily harvested, may represent
an alternative source of GDNF-producing cells for in
vivo transplantation.

PPSCs grown as spheres express mRNAs for the
neurturin receptor and Ret

Our results show that the PPSCs express mRNAs for
GFR-02 and GFR-04, the receptors for the GDNF
family ligands neurturin and persephin, respectively.
We also observed that PPSCs grown in culture as
spheres expressed mRNA for Ret, a member of the
receptor tyrosine kinase superfamily which can trans-
duce signalling by the ligands of the GDNF family
[19]. Several CNS regions, which suffer cell loss during
degenerative diseases or after brain injuries, express li-
gands of the GDNF family [14-17]. These molecules
are important for both the development and the survival
of several types of neurons in vivo [18]. The fact that the
PPSCs express GFR-a2 and GFR-04 mRNA suggests
that they might respond to neurturin and persephin in
vivo, after transplantation, in ways that could affect
their proliferation and/or differentiation.

Neurturin is a proliferative factor for PPSCs
Here we report that neurturin increases the prolifera-

tion of PPSCs in culture. A previous study showed sim-
ilar proliferative effects for neurturin on spermatogonial
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stem cells expressing Ret [41]. Neurturin also has a pro-
liferative effect on Ret-positive multipotential progeni-
tors extracted from the enteric nervous system [42]. In
contrast to neurturin, RA, a vitamin A derivative ex-
pressed both in the developing and adult brain, induced
a decrease in the proliferation of PPSCs that were previ-
ously incubated in the presence of neurturin and their
exit from the cell cycle. These results are in accordance
with other studies showing that RA induces growth ar-
rest in neuroblastoma cell lines [43] and leads to an exit
from the cell cycle in bone marrow mesenchymal stem
cells and neural stem cells [35,44].

Neurturin induces process outgrowth on cells expressing
PIII-tubulin

We have previously reported that PPSCs can give rise
to cells expressing BIII-tubulin, neuronal specific eno-
lase, neurofilament MW68, and NeuN, in vitro when ex-
posed to neurotrophin-3 or brain-derived neurotrophic
factor [2,5]. In the present study, we observed that RA
also induced the expression of the immature neuronal
marker BIII-tubulin. A similar observation has been pre-
viously made on neural stem cells, in which RA induced
both growth arrest and differentiation into cells express-
ing markers of neurons [35]. This differentiation of
PPSCs by RA was associated with an increased expres-
sion of TrkC mRNA, a receptor for neurotrophin-3
(NT3). Studies on neural stem cells have reported that
RA induced a similar increase in TrkC expression dur-
ing the early steps of the differentiation along the neuro-
nal lineage [35]. However, in contrast to previous
observations [45], we did not observe an effect of RA
on the expression of p75NTR, a membrane protein that
modulates the response of neurons to neurotrophins.

Based on the observation that PPSCs expressed
mRNA for GFR-02 following treatment with RA, we
analyzed the effect of the addition of neurturin to the
culture. Neurturin significantly induced process out-
growth on PPSCs expressing BIII-tubulin. Similar ac-
tions of neurturin have been reported on several
subtypes of neurons including dorsal root ganglion neu-
rons and sympathetic neurons [20,33]. Moreover, Holm
et al. [46] have shown that grafting fibroblasts over-ex-
pressing neurturin into the locus coeruleus in rats with
a 6-OHDA lesion promotes the sprouting of noradren-
ergic neurons. Here we demonstrate for the first time a
similar effect of neurturin on process outgrowth in cul-
tured cells isolated from non-neural adult tissue.

The expression of Ret mRNA was reduced but still
present after treatment of PPSCs with RA. These results
contrast with observations made by others on more dif-
ferentiated cells such as sympathetic neurons where an
increase in Ret mRNA expression was seen after treat-
ment with RA [47]. However, several studies have sug-
gested the possibility of Ret-independent signalling

pathways for neurturin [48]. Further studies will be nec-
essary to demonstrate if the effects of neurturin on pro-
cess outgrowth in PPSCs-derived cells may be mediated
by Ret-independent pathways activating Akt, MAPK,
PLCy or Src-family kinases [19,33].

Conclusion

In summary, we have shown that a candidate stem
cell population, extracted from the adult skeletal muscle
(PPSCs), expresses mRNA for the GDNF family mem-
bers GDNF and persephin, and responds to neurturin in
ways similar to that reported for some precursors of the
neuronal lineage and neurons from the CNS and PNS.
Neurturin acts as a proliferative factor on PPSCs and in-
duces process outgrowth on cells expressing the imma-
ture neuronal marker PBIII-tubulin. Non-neural adult
stem cells represent a particularly attractive source of
cells for regenerative medicine in the nervous system be-
cause they can be safely isolated from accessible periph-
eral tissue. Our results suggest that PPSCs, which are
easy to extract and proliferate, may combine interesting
features for autologous CNS transplantation. Grafted
cells releasing trophic factors like GDNF and persephin
could induce protection and regeneration of the endog-
enous cells damaged in CNS regions during neurodegen-
erative diseases or after injuries. They could also
respond to trophic factors present in the CNS, such as
the ligands of the GDNF family, which may help them
to better integrate, differentiate, and survive in the host
tissue.
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