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Receptors of the Glial Cell Line-Derived Neurotrophic Factor Family
of Neurotrophic Factors Signal Cell Survival through the
Phosphatidylinositol 3-Kinase Pathway in Spinal Cord Motoneurons

Rosa M. Soler, Xavier Dolcet, Mario Encinas, Joaquim Egea, Jose R. Bayascas, and Joan X. Comella
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The members of the glial cell line-derived neurotrophic factor
(GDNF) family of neurotrophic factors (GDNF, neurturin, perse-
phin, and artemin) are able to promote in vivo and in vitro
survival of different neuronal populations, including spinal cord
motoneurons. These factors signal via multicomponent recep-
tors that consist of the Ret receptor tyrosine kinase plus a
member of the GDNF family receptor a (GRFa) family of
glycosylphosphatidylinositol-linked coreceptors. Activation of
the receptor induces Ret phosphorylation that leads the
survival-promoting effects. Ret phosphorylation causes the ac-
tivation of several intracellular pathways, but the biological
effects caused by the activation of each of these pathways are
still unknown. In the present work, we describe the ability of the
GDNF family members to promote chicken motoneuron sur-
vival in culture. We show the presence of Ret and GFRa-1,
GFRa-2, and GFRa-4 in chicken motoneurons using in situ

hybridization and reverse transcription-PCR techniques. By
Western blot analysis and kinase assays, we demonstrate the
ability of these factors to induce the phosphatidylinositol 3
kinase (Pl 3-kinase) and the extracellular regulated kinase
(ERK)-mitogen-activated protein (MAP) kinase pathways acti-
vation. To characterize the involvement of these pathways in
the survival effect, we used the Pl 3-kinase inhibitor LY 294002
and the MAP kinase and ERK kinase (MEK) inhibitor PD 98059.
We demonstrate that LY 294002, but not PD 98059, prevents
GDNF-, neurturin-, and persephin-induced motoneuron sur-
vival, suggesting that Pl 3-kinase intracellular pathway is re-
sponsible in mediating the neurotrophic effect.
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signaling pathway

Glial cell line-derived neurotrophic factor (GDNF), neurturin
(NTN), persephin (PSP), and artemin (ART) are the members of
a new family of neurotrophic factors distantly related to the
members of the TGFB family (Lin et al., 1993; Buj-Bello et al.,
1995; Trupp et al., 1995; Kotzbauer et al., 1996; Maxwell et al.,
1996; Klein et al., 1997; Baloh et al., 1998; Horger et al., 1998;
Milbrandt et al., 1998). All of them can support the survival of a
wide variety of neuronal populations in both the peripheral ner-
vous system and CNS, including motoneurons (MTN) (Hender-
son et al.,, 1994; Oppenheim et al., 1995; Klein et al., 1997
Milbrandt et al., 1998). GDNF family members signal via multi-
component receptors that consist of the Ret receptor tyrosine
kinase plus a glycosylphosphatidylinositol (GPI)-linked corecep-
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tor named GDNF family receptor a (GFRa), which gives binding
specificity. GDNF binds preferentially to GFRa-1, NTN shows
binding preference to GFRa-2, PSP to GFRa-4, and ART to
GFRa-3 (Buj-Bello et al., 1997; Klein et al., 1997; Baloh et al.,
1998; Enokido et al., 1998). Recently, deficient mice for the
GDNF family members GDNF (Moore et al., 1996; Pichel et al.,
1996; Sanchez et al., 1996) and NTN (Heuckeroth et al., 1999),
for their cognate receptors GFRa-1 (Cacalano et al., 1998; Eno-
moto et al., 1998) and GFRa-2 (Rossi et al., 1999) or for Ret
(Schuchardt et al., 1994), have been generated. Analysis of the
trigeminal motor nucleus and the spinal cord show moderate loss
of MTNs in GDNF (Moore et al., 1996; Sanchez et al., 1996) and
GFRa-1 (Cacalano et al., 1998) mutants. However, the facial
nucleus does not show significant variation in the number of
MTNs in the same animals.

Binding of GDNF family of neurotrophic factors to Ret and
GFRa family members induce Ret phosphorylation (Durbec et
al., 1996; Jing et al., 1996; Treanor et al., 1996; Trupp et al., 1996).
After phosphorylation, Ret induces the activation of several in-
tracellular pathways, among which the extracellular regulated
kinase (ERK)-mitogen-activated protein (M AP) kinase and the
phosphatidylinositol 3 kinase (PI 3-kinase) are of particular in-
terest (Kotzbauer et al., 1996; Creedon et al., 1997). PI 3-kinase
has been implicated in the survival-promoting mechanisms (Yao
and Cooper, 1995; Dudek et al., 1997; Miller et al., 1997; Crowder
and Freeman, 1998; Dolcet et al., 1999) and ERK-M AP kinase
seems to be involved in differentiation processes (Qiu and Green,
1992; Cowley et al., 1994; Fukuda et al., 1995; Pang et al., 1995).
To understand the mechanisms implicated in the GDNF family-
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mediated MTN survival and the intracellular pathways involved
in this process, we have investigated the ability of GDNF, NTN,
and PSP to activate PI 3-kinase and ERK-M AP kinase pathways.
We provide evidence showing that all these neurotrophic factors
are able to activate both pathways in our culture system, and the
PI 3-kinase pathway has an important role on MTN survival,
whereas the Ras/M AP kinase does not have a relevant contribu-
tion in this process.

MATERIALS AND METHODS

MTN isolation, survival evaluation, and cell death characterization. MTNs
were purified from embryonic day 5.5 (E5.5) chick embryos according to
Comella et al. (1994) with minor modifications described by Dolcet et al.
(1999). Survival evaluation was performed as described by Soler et al.
(1998).

Neurotrophic factors were obtained from E. M. Johnson and J. Mil-
brandt (Washington University, St. Louis, MO) and were prepared as
described by Creedon et al. (1997).

To evaluate the cell death process, cultures were stained with the
Hoechst 33258 dye (Sigma, Madrid, Spain). MTNs (2 X 10°) were grown
in 35 mm culture dishes for 48 hr in the presence of muscle extract
(MEX), and then cells were washed and grown for an additional 15 hr
with culture medium containing different supplements or drugs. At that
time, medium was removed, and cells were washed once with PBS and
fixed with 4% (w/v) paraformaldehyde (Fluka, Buchs, Switzerland) in
PBS for 30 min. Neurons were stained for 30 min with 0.5 ug/ml Hoechst
33258 and were mounted with glass coverslips using Fluoprep (Bi-
omerieux, Marcy-I’Etoile, France). Stained cells were observed and
counted with a vertical microscope equipped with epifluorescence and
UV filters. Results are expressed as the percentage of apoptotic cells with
respect to the total cell number counted in each condition (1000 cells)
and show the mean = SEM of the percentages for three independent
experiments. Where applicable, statistical analysis was performed with
the Student’s ¢ test.

To assess the enzymatic activity of caspases in dying MTNs, cultures
were grown in the presence of MEX during 48 hr. After this period of
time, cells were washed and treated in the indicated culture media. At the
adequate time, cells were rinsed with ice-cold PBS and lysed in a buffer
containing 100 mm HEPES, pH 7.4, 5 mm DTT, 5 mm EGTA, 0.04%
NP-40, and 20% glycerol. Extracts were then centrifuged at 5000 X g for
10 min, and protein concentrations were determined by Bradford assay
(Bradford, 1976). Eight micrograms of cell extracts were diluted in 50 ul
of reaction buffer (100 mm HEPES, pH 7.4, 5 mMm DTT, 5 mm EGTA,
0.04% NP-40, and 20% glycerol) and incubated with 100 uM fluorescent
substrate Z-DEV D-AFC (Enzyme System Products, Livermore, CA) at
37°Cfor 1 hr. The fluorescent signals were determined with a spectrofluo-
rometer (Bio-Tek Instruments, Winooski, Vermont) at an excitation
wavelength of 360 nm and an emission wavelength of 530 nm. Protease
activity was expressed as the amount of cleaved substrate per microgram
of protein per minute (pmol of AFC - min™" - ug of protein).

In situ hybridization. Probes were generated by transcribing linearized
plasmids containing the cDNA for the desired chicken gene, obtained
from Alun M. Davies (University of St. Andrews, Fife, Scotland). The
GFRa-1-, GFRa-2-, and GFRa-3-containing plasmids were linearized
with PstI, Sphl, and Sacll, respectively, and transcribed with T7, T3, and
SP6 RNA polymerases to generate 686, 626, and 800 bp antisense probes,
respectively. The Ret probe was synthesized from total RNAs of MTNs
using specific primers corresponding to positions 983-1007 for the for-
ward direction and 2035-2059 for the reverse direction of the published
sequence (Robertson and Mason, 1995). The amplified fragment gives a
product of 1076 bp that was subcloned in pBluescript SK (Stratagene, La
Jolla, CA). Antisense probes were obtained by digesting the plasmid with
BamHI and transcribed with T7.

For in situ hybridization, chicken embryos were immersion-fixed for
12-16 hr at 4°C in 4% paraformaldehyde in 0.1 M sodium phosphate
buffer, pH7.4, cryoprotected overnight in 30% sucrose, embedded in
Tissue-Tek(Miles, Inc, Elkhart, IN), and frozen. Fourteen micrometers
of transversal sections were cut using a cryostat, collected onto
3-aminopropyltriethoxysilane-coated slides, and stored at —80° until they
were used. Sections were air dried for 2-3 hr before use, treated during
30 min with 1% Triton X-100 in PBS, post-fixed with 4% paraformalde-
hyde for 10 min, and acetylated in 0.25% acetic anhydride and 0.1 m
triethanolamine HCI for 10 min. Sections were prehybridized 1 hr at
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room temperature in a solution containing 50% formamide, 5X SSC, 2%
blocking reagent (Boehringer Mannheim, Barcelona, Spain), 1 mm
EDTA, 1 mg/ml tRNA, 0.5 mg/ml Herring sperm DNA, 0.1% CHAPS,
and 0.1% Tween 20. Hybridization was performed in the same solution
containing 500 ng/ml the respective denatured probe for 16-20 hr at
60°C and subsequently washed three times for 15 min in 0.2X SSC at the
hybridization temperature. Sections were blocked with 10% fetal calf
serum (Life Technologies, Barcelona, Spain) and 2 mg/ml BSA in 0.1 M
Tris, pH7.5, and 0.150 M NaCl 1 hr at room temperature. Digoxigenin-
labeled nucleotides were detected with an alkaline phosphatase-
conjugated anti-digoxigenin antibody. The antibody was developed with
4-nitro blue tetrazolium chloride and 5-brom-4-chlor-indolyl-phosphate.

Reverse transcription-PCR. A semiquantitative reverse transcription
(RT)-PCR assay was used to compare the expression levels for Ret,
GFRa-1, GFRa-2, and GFRa-4 in E7.5 chicken spinal cord and 48 hr
cultured MTNs. One microgram of total RNA (Chomczynski and Sacchi,
1987) was digested with 2 U of DNase I RNase-free (Amersham Phar-
macia Biotech, Uppsala, Sweden) and was reverse transcribed using 1
nmol of random hexamers (Boehringer Mannheim) and 200 U of Molo-
ney Murine Leukemia Virus Reverse Transcriptase (Promega, Madison,
WI) for 1 hr at 37°C. Ten nanograms of cDNA were used to perform a
multiplex PCR amplification, with 200 nm each Ret, GFRa-1, GFRa-2,
and GFRa-4 set of primers and 20 nM each housekeeping L.27 ribosomal
protein as an internal control. Samples were subjected to 27-30 cycles of
94°C for 20 sec (60°C for Ret and GFRa-4, 50°C for GFRa-1, and 53°C
for GFRa-2) and 72°C for 30 sec on a Perkin-Elmer (Emeryville, CA)
thermal cycler, with hot start at 94°C. All products were analyzed on 3%
ethidium bromide-stained gels. Care was taken to arrest the amplification
in the linear phase that was determined in pilot experiments. To achieve
this, the amount of product was plotted against number of cycles and
amount of starting sample.

Primer sequences were as follows: Ret forward, TCGCTACCACAA-
GAATTCTCCAAAG; Ret reverse, GATGGGATATGACTGGGCT-
GGGCGC; GFRa-1 forward, ACCTGAGAAGGAGGATGG; GFRa-1
reverse, TGACATCCTTGATAATCT; GFRa-2 forward, CCTTTGTG-
GATCAGAAGGC; GFRa-2 reverse, AGCTTCAGCAGCACAATGG;
GFRa-4 forward, ACCATCGTTCCGGCCTGCTCC; GFRa-4 reverse,
GCATAACGCGACCTACAGACG; L27 forward, AGCTGTCATCGT-
GAAGAACAT; and L27 reverse, CTTGGCGATCTTCTTCTTGCC.

Primers for GFRa-1 and GFRa-2 were described previously by
Thompson et al. (1998) and those for L27 by Allsopp et al. (1993). The
amplified products for Ret, GFRa-1, GFRa-2, GFRa-4, and L27 were
82, 99, 82, 101, and 128, respectively.

Immunoprecipitation, Western blot analysis, and kinase assays. Ret
phosphorylation assay was performed as described by Creedon et al.
(1997) with minor modifications. Briefly, 100 ug of protein was immu-
noprecipitated with 1 ug of 4G10 anti-phospho-tyrosine antibody (Up-
state Biotechnology, Lake Placid, NY). Immunocomplexes were col-
lected with a mixture of Protein A and Protein G (Sigma) and resolved
by Western blot as described below. Before the immunoprecipitation, 10
g of protein was removed and blotted to assess equal loading of the
lanes.

For detection of the phosphorylated forms of MAP kinase and ERK
kinase (MEK), ERK2, and Akt in total cell lysates, 10 ug of total protein
was resolved in SDS-polyacrylamide gels and transferred onto polyvi-
nylidene difluoride Immobilon-P transfer membrane filters (Millipore,
Bedford, MA) using an Amersham Pharmacia Biotech semidry Trans-
Blot according to the manufacturer’s instructions. The membranes were
blotted with specific anti-phospho-MEK (anti-P-M EK), anti-phospho-
ERK (anti-P-ERK), and anti-phospho-Akt (anti-P-Akt), antibodies
(New England Biolabs, Beverly, MA) following the instructions of the
provider. To control the content of the specific protein per lane, mem-
branes were stripped with 100 mm B-mercaptoethanol and 2% SDS in
62.5 mm Tris-HCI, pH 6.8, for 30 min at 70°C and reprobed with a rabbit
anti-pan-M EK antibody (New England Biolabs), a mouse monoclonal
anti-pan-ERK antibody (Transduction Laboratories, Lexington, KY), or
a goat anti-pan-Akt antibody (Santa Cruz Biotechnology, Santa Cruz,
CA) as described by the providers. Ret was detected with a similar
protocol, but antibodies specific for this protein were used (Santa Cruz
Biotechnology). Blots were developed using the Super Signal Chemilu-
minescent Substrate (Pierce, Rockford, IL).

ERK-MAP kinase activity assay was performed as described by Dol-
cet et al. (1999). Kinase activity was assayed on whole-cell lysates using



9162 J. Neurosci., November 1, 1999, 79(21):9160-9169

Figure 1. Ret and GFRa receptors are
expressed in embryonic chick spinal cord.
In situ hybridization analysis of GRFa-1
(4, B), GRFa-2 (C, D), GRFa-4 (E, F),
and Ret (G, H) expression in E7.5
chicken.  Serial transversal sections
through the spinal cord were hybridized to
antisense riboprobes against the four re-
ceptors. B, D, F, and H are amplifications
of the lateral motor column showing the
expression in MTNs of GRFa-1, GRFa-2,
GRFa-4, and Ret, respectively. Control
sense probe did not show any specific pat-
terns of hybridization signal (data not
shown).

as substrates [y**P]JATP (Amersham Pharmacia Biotech) and a specific
peptide provided by the BIOTR AK p42/p44 M AP kinase enzyme assay
(Amersham Pharmacia Biotech) following the manufacturer’s instruc-
tions. Incorporation of radioactivity was measured in a scintillation
counter. Results were obtained as picomoles of inorganic phosphate
incorporated per minute per microgram of protein extract and are
expressed in the figures as the fold induction over the activity found in
nonstimulated cultures.

Akt activity was performed essentially as described by Khwaja et al.
(1998). Briefly, 150 ug of total protein was immunoprecipitated with 1
g of anti-Aktl antibody (C-20) (Santa Cruz Biotechnology) for 1 hr
at 4°C. Immunocomplexes were collected with protein G (Sigma),
washed, and incubated with 3 uCi of [y**P]ATP (Amersham Pharma-
cia Biotech) and histone H2B (Boehringer Mannheim) as substrates.
Reaction was performed for 30 min at room temperature and stopped
by adding sample buffer and boiling for 5 min. Immunocomplexes were
resolved by SDS-PAGE. Quantification of H2B phosphorylation was
performed by PhosphorImager Analysis (Molecular Dynamics, Sunny-
vale, CA).
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RESULTS

Ret and GFRa« receptors are expressed in embryonic
chicken MTNs in vivo and in vitro

GDNF family of neurotrophic factors mediate neuronal survival
through a receptor complex composed of Ret and a member of
the GFRa family of GPI-linked receptors (GFRa-1, GFRa-2,
and GFRa-4) (Jing et al., 1996; Buj-Bello et al., 1997; Enokido et
al., 1998; Trupp et al., 1998). Because we wanted to study whether
this family of neurotrophic factors promoted cell survival in our
culture system, we were first interested to know whether the
functional receptors were present in the corresponding embry-
onic day in chicken spinal cord MTNs. Thus, in situ hybridization
analysis using antisense riboprobes specific for each of the recep-
tors were performed in E7.5 chicken sections. In the spinal cord,
low-to-moderate levels of Ret and moderate-to-high levels of
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Figure 2. Ret and GFRa receptors are expressed in cultured MTNs. A4,
Agarose gel showing the RT-PCR products for Ret, GFRa-1, GFRa-2,
and GFRa-4 in E7.5 spinal cord (SP) and 48 hr cultured MTNs (M).
Coamplification of the L27 mRNA (fop band in each lane) serves as an
internal control. All RNAs were present at similar levels in spinal cord
and cultured MTNs, and for all, except GFRa-4, there was an enrichment
of these transcripts in cultured MTNs. Control reactions performed
without reverse transcriptase synthesis [C(—)] show that there was no
detectable contamination by genomic DNA. m corresponds to the 50 bp
molecular size marker (Amersham Pharmacia Biotech). The same results
were obtained without L27 amplification (data not shown). B, Western
blot analysis of Ret expression in 0, 12, 24, and 48 hr MEX-cultured
MTNs. After these periods of time in culture, cells were lysed, and
protein extracts were analyzed by Western blot with an anti-c-Ret anti-
body. To assess the protein content in each lane, membranes were
stripped and reprobed with an anti-p-tubulin antibody. C, GDNF induces
Ret tyrosine phosphorylation in MTNs. Cultures were deprived of MEX
for 5 hr and then treated with medium containing no additions (NS) or
100 ng/ml GDNF. After 7 min, cultures were lysed. Western blot of
phospho-tyrosine immunoprecipitates (left) or total lysates (right) were
probed with an anti-Ret antibody.

GFRa-1, GFRea-2, and GFRa-4 expression were observed in the
ventral horn in which MTN cell bodies are located (Fig. 1). The
GFRa-1 and GFRa-4 expression patterns were found to be
complementary, and GFRa-2-positive cells were found in the
peripheral area of the ventral horn. This expression pattern
suggests that the GFR family receptors could be expressed in
different MTN subpopulations located in the ventral horn,
whereas Ret expression was homogeneously distributed in this
spinal cord area (Fig. 1).

To investigate further the expression of these receptors in our
system, MTNs were cultured in the presence of MEX for 48 hr.
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After this period of time, we used semiquantitative RT-PCR with
specific primers to detect Ret, GFRa-1, GFRa-2, and GFRa-4
mRNA. Figure 24 shows that the four transcripts were present in
cultured MTNs with levels similar to those detected in the E7.5
chicken dissociated spinal cord, suggesting that, after 48 hr in
culture, MTNs are still expressing all these genes. Moreover, we
could also detect an enrichment of Ret, GFRa-1, and GFRa-2
mRNA levels in the cultured MTN with respect to the entire
spinal cord. This is probably caused by an enrichment of cells
expressing these genes during the MTN purification process.
Furthermore, we were able to detect the expression of Ret protein
in cultured MTNs by Western blot analysis. The expression
increased with time in culture, and the maximum levels were
observed after 24 hr (Fig. 2B). Thereafter, the levels tend to
slightly decrease (Fig. 2B). Moreover, we also investigated the
ability of GDNF to induce Ret tyrosine phosphorylation. Thus,
after GDNF stimulation, cells were lysated and immunoprecipi-
tated with an anti-phospho-tyrosine antibody. Figure 2C shows
that cultures treated with GDNF contained tyrosine-
phosphorylated Ret protein, whereas nonstimulated control cul-
tures did not. We can conclude that GFRa family of receptors
and Ret are expressed in chicken spinal cord MTNs both in vivo
and in vitro and that GDNF treatment is able to activate Ret in
cultured MTN:s.

GDNF, NTN, and PSP promote chick MTN survival

in culture

To analyze the effect of GDNF family of neurotrophic factors on
chicken spinal cord MTN survival in culture, MTNs were isolated
from E5.5 embryos essentially as described by Comella et al.
(1994). Isolated MTNs are able to survive in culture in the
presence of a saturating concentration (300 ug/ml) of muscle
extract (MEX) (Comella et al., 1994). However, when MTN were
cultured in the absence of MEX, <30% of the cells initially
plated remained alive after 36 hr in culture (data not shown). To
study the ability of GDNF, NTN, and PSP to promote MTN
survival, MTNs were cultured in the presence of MEX for 2 d.
Afterward, the culture medium was replaced and the different
conditions were established. On readdition of a medium contain-
ing 10 ng/ml GDNF, NTN, or PSP, ~90% of the MTNs re-
mained alive after an additional 24 hr of culture (Fig. 34). These
survival percentages were comparable with those observed in
cultures supplemented with MEX (94.7 = 6.2). However, when
they were deprived of M EX and maintained in the basal medium
(no extract medium, NE), significantly lower percentages of
MTNs (~60%) survived. The survival-promoting effect of
GDNF family of neurotrophic factors was clearly dose-dependent
(Fig. 3B). Concentrations above 100 pg/ml were saturating, and
~90% of viable MTNs were maintained. These results showed
that GDNF family members are able to maintain the survival of
chicken cultured MTNs to approximately the same level of that
observed with MEX. No major morphological differences were
observed between MTNs treated with MEX and those treated
with any of the different trophic factors assayed.

In these survival experiments, we found that saturating con-
centrations of a single factor rescued ~90% of the cultured
MTNs. Because the expression of the GFRa receptors is distrib-
uted in different neuronal subpopulations in the spinal cord, we
were interested to know whether combinations of factors used at
10 pg/ml would improve MTN survival. Figure 3C shows that all
of the combinations of factors studied did an additive effect on
cell survival. This result suggests that, at high concentrations, a
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Figure 3. GDNF family of neurotrophic
factors promote MTN survival in culture.
A, Percentages of MTN survival after 24
hr in the presence of 10 ng/ml GDNF,
NTN, or PSP. B, Dose-dependence curves
of MTN survival after 24 hr in the pres-
ence of different doses of GDNF, NTN, or
PSP. C, In the left half, bars show the per-
centage of MTN survival after 24 hr in the
presence of 10 pg/ml GDNF, NTN, or
PSP. In the right half, bars show the per-
centage of survival in cultures treated dur-
ing 24 hr with different combinations of
factors, all of them added at doses of 10
pg/ml. D, Percentage of MTN survival af-
ter 24 hr in 10 ng/ml GDNF-, NTN-, or
PSP-treated cultures in the absence ( filled
bars) or presence (open bars) of 1 U/ml
PIPLC. Broken lines in A-D show survival
of cells in sibling control cultures main-
tained in the presence (top line, MEX) or
absence (bottom line, NE) of MEX culture
medium for the same culture period. Val-
ues are the mean = SEM of eight wells
from a representative experiment that was
repeated twice more with results compara-
ble with those presented. Asterisk in C in-
dicates that the values are significantly dif-
ferent (p < 0.01) between cultures treated
with a single factor and cultures treated
with a combination of factors as deter-
mined by the Student’s ¢ test. Asterisk in D
indicates survival values significantly dif-
ferent ( p < 0.01) when comparing cultures
treated with PIPLC or not as determined
by the Student’s ¢ test.

Figure 4. Effect of GDNF family of neu-
rotrophic factors treatment on the activa-
tion of MEK, ERK, and Akt. MTNs were
cultured for 48 hr in the presence of
MEX, deprived of MEX for 5 hr, and
then stimulated as indicated for 7 min with
50 ng/ml (for Western blot analysis) or
100 ng/ml (for kinase activity) GDNF,
NTN, or PSP. After treatment, cells were
lysed, and protein extracts were obtained.
A, Protein extracts were analyzed by
Western blot with an anti-P-MEK1/2
antibody (a-P-MEK1/2) or with an anti-
P-ERK1/2 antibody (a-P-ERKI/2) and
stripped and reprobed with an anti-
MEK1/2 antibody («-MEK1/2) or an anti-
pan-ERK antibody (a-pan-ERK). NS
indicates nonstimulated control cultures.
Arrows labeled P-MEKI/2, MEKI)/2,
P-ERK2, and ERK? indicate the position
of the phosphorylated and nonphosphory-
lated forms of MEK1/2 and ERK2 pro-
teins, respectively. Protein extracts were
subjected to an ERK-M AP kinase assay.
Results are expressed as fold induction
over basal activity. Asterisk indicates sur-
vival values significantly different (p <
0.01) when comparing cultures treated
with GDNF or not as determined by the
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Student’s ¢ test. B, Protein extracts were analyzed by Western blot with an anti-P-Akt antibody (a-P-Akt) and stripped and reprobed with an anti-Akt
antibody (a-Akt). NS indicates nonstimulated control cultures. Arrows labeled P-Akt and Akt show the position of the phosphorylated and nonphospho-
rylated forms of Akt protein, respectively. Protein extracts were subjected to immunoprecipitation with an anti-Akt antibody, and the immunoprecipitates
were tested by an Akt kinase assay. Results are expressed as fold induction over basal activity. Asterisk indicates survival values significantly different (p <
0.01) when comparing cultures treated with GDNF or not as determined by the Student’s ¢ test.
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Figure 5. Effects of MEK and PI 3-kinase inhibitors on MTN survival
mediated by GDNF family of neurotrophic factors. 4, MTN survival in
cultures treated during 24 hr in basal medium (NE), MEX, or 10 ng/ml
GDNF, NTN, or PSP medium in the absence ( filled bars) or presence
(open bars) of 50 um LY 294002. Asterisk indicates survival values signif-
icantly different (p < 0.01) when comparing cultures treated with LY
294002 or not as determined by the Student’s ¢ test. B, MTN survival in
cultures treated during 24 hr in basal medium (NE), MEX, or 10 ng/ml
GDNF, NTN, or PSP medium in the absence (filled bars) or presence
(open bars) of 20 um PD 98059. No significant differences in cell survival
were found after this MEK inhibitor treatment.

single factor could also promote survival acting through any of
the GFRa receptors.

To know whether GPI-linked proteins are normally required
for the survival response of MTNs to GDNF, NTN, and PSP, we
treated 48 hr cultured MTNs with phosphoinositide-specific phos-
pholipase C (PIPLC), an enzyme that specifically cleaves GPI
linkages (Koke et al., 1991). PIPLC treatment reduced the num-
ber of surviving neurons in the presence of GDNF, NTN, or PSP
to the level observed in basal medium (NE) (~60%) (Fig. 3D).
However, addition of PIPLC to NE-, MEX-, or BDNF-
supplemented cultures did not have any effect on MTN survival
(data not shown). All of these results suggest that PIPLC treat-
ment eliminated the specific survival response of cultured MTNs
to GDNF family of neurotrophic factors, indicating the involve-
ment of the GPI-linked receptors in this process.

GDNF family of neurotrophic factors activates PI 3-
kinase and ERK-MAP kinase pathways in

cultured MTNs

Neurotrophic factors, such as neurotrophins, induce tyrosine
phosphorylation of Trk receptors and the activation of several
intracellular pathways in several neuronal populations, including
chicken MTNs (Dolcet et al.,, 1999). Two of these pathways,
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ERK-MAP kinase and PI 3-kinase, are the best characterized
signaling pathways activated by Trk receptors, and they have been
related in neuronal differentiation and survival (Kaplan and
Miller, 1997). To know whether GDNF family of neurotrophic
factors induces activation of ERK-M AP kinase and PI 3-kinase
intracellular signaling pathways, MTNs were cultured in the pres-
ence of MEX during 48 hr. Then, cells were washed and stimu-
lated with 50 ng/ml GDNF, NTN, and PSP for 7 min. MTNs
were lysed, and cell lysates were analyzed by immunoblotting
using anti-P-MEK, anti-P-ERK antibodies (two kinases of the
MAP kinase pathway), and anti-P-Akt antibodies (a well known
downstream effector of the PI 3-kinase). Figure 4 shows an
increase of tyrosine phosphorylation of MEK, ERK, and Akt
after GDNF, NTN, and PSP treatment compared with the basal
level observed in nonstimulated cultures. When the same filters
were stripped and reprobed with anti-pan-M EK, anti-pan-ERK,
and anti-pan-Akt antibodies, bands with similar intensities ap-
peared in nonstimulated and stimulated cultures.

Moreover ERK-M AP kinase and Akt kinase assays were per-
formed in cell lysates of MTNs stimulated with 100 ng/ml GDNF
for 7 min. Results in Figure 4 show that GDNF stimulation
caused an induction of Akt (2.8-fold induction) and ERK-M AP
kinase (2.1-fold induction) activity when we compared it with the
level of kinase activity in nonstimulated cells.

Taking together all of these observations, we conclude that
both ERK-M AP kinase and PI 3-kinase pathways could be acti-
vated by GDNF, NTN, and PSP, suggesting the possibility that
they could transduce the survival effect of these neurotrophic
factors on MTNs.

Inhibition of Pl 3-kinase, but not ERK-MAP kinase,
reverts GDNF family of neurotrophic factors-promoted
MTN survival

To further investigate the role of PI 3-kinase and ERK-M AP
kinase intracellular pathways mediating the survival-promoting
effect of GDNF family members, we analyzed the effect of the PI
3-kinase inhibitor LY 294002 and the MEK inhibitor PD 98059
on cultured MTNs. Cells were cultured for 2 d in the presence of
MEX, washed with L15H, and switched to culture medium sup-
plemented with neurotrophic factors (10 ng/ml) in the presence
or absence of LY 294002 (Fig. 54) or PD 98059 (Fig. 5B). After
24 hr, evaluation of MTN survival showed that LY 204002, but
not PD 98059, reverted the survival-promoting effect mediated by
GDNF, NTN, and PSP (Fig. 5). The effect of LY 294002 was
dose-dependent (data not shown) and, at 50 um, the number of
surviving neurons was comparable with the one obtained in
control cultures maintained in basal medium (NE). The same
dose of LY 294002 was also able to prevent the increase in the
Akt phosphorylation levels after GDNF, NTN, or PSP stimula-
tion, demonstrating the functional blockade of PI 3-kinase activ-
ity (Fig. 6B).

On the other hand, Western blot analysis of 20 um PD 98059-
treated cultures showed that ERK phosphorylation was prevented
after neurotrophic factor treatment (Fig. 64). At the same dose
of PD 98059, the level of MTN survival was not affected, and the
number of surviving neurons after 24 hr of treatment was the
same as the one obtained in control cultures (MEX, GDNF,
NTN, or PSP) (Fig. 5B). Moreover, the 20 um dose of PD 98059
was unable to alter the level of phosphorylation of Akt after
GDNF, NTN, or PSP stimulation (data not shown). Together,
these results suggest that the downstream elements activated by
ERK-MAP kinases are not necessary for GDNF-, NTN-, and
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Figure 6. Effect of MEK and PI 3-kinase inhib-
itors on the activation of ERK and Akt, respec- a-P-ERK
tively. MTNs were cultured for 48 hr in the
presence of MEX, were MEX-starved for 5 hr,
pretreated (+) or not (—) for 30 min with 50 um o-ERK
PD 98059 (A) or LY 294002 (B), and then stim-
ulated (+) or not (—) for 7 min with 50 ng/ml
GDNF, NTN, or PSP. After treatment, cells
were lysed, and protein extracts were analyzed by PSP -
Western blot with ti-phospho-ERK1/2 anti-
estern blot with an anti-phospho /2 anti PD 98059

body (a-P-ERKI/2) or an anti-phospho-Akt an-
tibody (a-P-Akt) and stripped and reprobed with
an anti-pan-ERK antibody (a-pan-ERK) or with
an anti-Akt antibody (a-Akt). Arrows labeled
P-ERK2, ERK2, P-Akt, and Akt indicate the po-
sition of the phosphorylated and nonphosphory-
lated forms of ERK2 and Akt, respectively.

a-P-ERK

a-ERK

PSP-mediated survival; however, the PI 3-kinase pathway is one
of the key elements involved in the survival process induced by
the GDNF family of neurotrophic factors.

To asses whether LY 294002 suppresses the survival effects of
these neurotrophic factors inducing the same kind of neuronal
cell death as that observed after trophic factor deprivation (i.e.,
MEX withdrawal), we have quantified the percentage of apopto-
tic MTNs after LY 294002 treatment. Experiments were per-
formed with the Hoechst 33258 dye, which binds specifically to
the chromatinic DNA. Apoptotic cells display a highly condensed
DNA that is normally fragmented in two or more chromatin
aggregates (Fig. 74). In cultures grown in the presence of MEX,
GDNF, NTN, or PSP, the percentage of cells displaying this
morphological feature was found to be <6%. However, after 15
hr of MEX deprivation or 50 um LY 294002 treatment, the
percentage of apoptotic cells greatly increased, and the percent-
age of apoptotic cells was found to be doubled when compared
with their LY 294002 untreated counterparts (Fig. 7B). These
results suggest that LY 294002 reverted the trophic effect pro-
moted by GDNF, NTN, or PSP, inducing an apoptotic cell death
process at the same dose that blocked Akt phosphorylation in-
duced by these neurotrophic factors.

It has been reported previously that apoptotic cell death is
accompanied by the enzymatic activity of a family of proteases
referred as to caspases (for review, see Cryns and Yuan, 1998).
This activity has been established as a good criteria to character-
ize the apoptotic cell death in chicken spinal cord MTNs after
trophic factor deprivation (Li et al., 1998; Dolcet et al., 1999). To
analyze caspase activity in our culture system, we performed an in
vitro assay using the fluorogenic substrate DEV D-AFC (Talanian
et al., 1997). Once DEVD-AFC is cleaved by caspases, the AFC
group is released from the whole molecule, becoming fluorescent
(Nicholson et al., 1995). Using this approach, we observed an
induction of caspase activity in MEX-deprived cells (NE) when
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we compared it with the level of caspase activity found in MEX-
treated (2.3-fold induction), GDN F-treated (2.6-fold induction),
NTN-treated (2-fold induction), or PSP-treated (1.7-fold induc-
tion) cultures (Fig. 7C). To know whether LY 294002 treatment
on GDNF family-maintained cells induced the same effect on
caspase activity as deprived cultures, MTN were treated with
GDNF, NTN, or PSP (10 ng/ml) in the presence or absence of 50
M LY 294002. Figure 7C shows that the level of caspase activity
in LY 294002-treated cultures was similar to that obtained in
basal medium (NE)-treated cultures and higher (p < 0.01) than
that obtained in GDNF-, NTN-, or PSP-treated cells. These
results suggest that GDNF family of neurotrophic factors inhibit
the activation of caspases through a PI 3-kinase-dependent
pathway.

DISCUSSION

We have shown in the present study that the members of GDNF
family of neurotrophic factors promote MTN survival through
the activation of the PI 3-kinase intracellular signaling pathway.
These neurotrophic factors are potent survival factors for differ-
ent neuronal populations, including spinal cord MTNs (Hender-
son et al., 1994; Oppenheim et al., 1995; Yan et al., 1995; Klein et
al., 1997; Horger et al., 1998; Milbrandt et al., 1998). In our
culture system, GDNF, NTN, and PSP promoted the survival of
MTNs deprived of MEX. The effect was dose-dependent, and it
was reverted by adding PIPLC in the culture medium. This
enzyme specifically cleaves the GPI linkage of the GFRa to the
cell membrane, thus precluding the activation of Ret (Koke et al.,
1991). Our results indicated that these neurotrophic factors need
to bind to a GPI-linked receptor to do their survival effect on
cultured MTNs. It has been described previously that GDNF,
NTN, and PSP act through their binding to the GPI-linked
coreceptors GFRa-1, GFRa-2, and GFRa-4, respectively (Buj-
Bello et al., 1997; Klein et al., 1997; Enokido et al., 1998) (for
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Figure 7. Cell death induced by LY 294002 shared apoptotic features with
that observed after MEX deprivation. 4, MTNs were maintained in culture
in the presence of MEX for 48 hr. Then, cells were grown for 15 hr in
different culture conditions: basal medium without any trophic support (NE);
supplemented with MEX; or supplemented with 10 ng/ml GDNF, NTN, or
PSP in the presence or absence of 50 um LY 294002. After this time, MTN
nuclei were stained with Hoechst. Representative photomicrographs of cul-
tures treated with basal medium (NE), MEX, GDNF, or GDNF plus LY
294002. B, Percentage of apoptotic cells in each condition. Quantification of
apoptotic nuclei was performed as described in Materials and Methods. The
percentages in control cultures were 8.5 £ 2.7 for NE and 5.9 = 1.3 for MEX.
C, Assay of caspase activity performed in cultures treated for 8 hr with 10
ng/ml GDNF, NTN, or PSP in the presence (open bars) or absence ( filled
bars) of 50 um LY 294002, MEX, or basal medium (NE). At the end of the
treatment, cells were lysed, and protein extracts were assayed for its caspase
activity as described in Materials and Methods. Results are expressed as
pmol of AFC - min™ - ug of protein. Asterisk indicates significant differences
(p < 0.01) on caspase activity between GDNF-, NTN-, or PSP-treated
cultures and NE- or GDNF, NTN, or PSP plus LY 294002-treated cultures.

review, see Ibdnez, 1998). In the present work, we also demon-
strated the presence of Ret and GFRa family receptors in em-
bryonic chicken spinal cord MTNs both in vivo and in vitro using
in situ hybridization and RT-PCR techniques. The presence of
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GRFa-1 and GFRa-2, but not GFRa-3, receptors in the ventral
horn of rat embryos spinal cord has been demonstrated previously
(Yu et al., 1998). Moreover, GFRa-4 is expressed in embryonic
chicken spinal cord MTNs (Thompson et al., 1998). However, our
results demonstrated the presence of these receptors in chicken
spinal cord MTNs by both methods. We also show that the
distinct GFRa receptors are located on different MTN subpopu-
lations. This situation could not be compatible with the fact that,
in the survival experiments, high doses of a single factor were
able to promote ~100% survival of purified MTNs, but at sub-
saturating concentrations, the combinations of factors always had
an additive effect on the survival of these cells. This situation
could be explained by the possibility that high doses of any of
these factors could also bind to another member of the GFRa
family receptors. This cross-talk between the members of both
families, neurotrophic factors and receptors, has been described
previously by different authors, especially when neuronal survival
was assessed by culture methods (Baloh et al., 1998; Enokido et
al., 1998; Ibafiez, 1998; Trupp et al., 1998). Thus, the studies
performed in mutant mice lacking GDNF, NTN, or GFRea-1
receptors show moderate or no loss of MTNs number in the
trigeminal motor nucleus, the spinal cord, or the facial nucleus
(Moore et al., 1996; Sanchez et al., 1996; Cacalano et al., 1998;
Heuckeroth et al., 1999). These results, together with the in vitro
observations, suggest that it may possible that this cross-talk also
exists in vivo. Experiments with double mutant mice lacking more
than one of the members of family receptors or of the neurotro-
phic factors will answer this question.

Little is known about the intracellular signaling pathways trig-
gered by the GDNF family of neurotrophic factors when they
activate Ret. In the present work, we show that GDNF, NTN, and
PSP increased the phosphorylation of MEK, ERK, and Akt,
indicating that the ERK-M AP kinase and the PI 3-kinase intra-
cellular signaling pathways were activated. Moreover, we present
evidence that only the blockade of the PI 3-kinase pathway using
the PI 3-kinase-specific inhibitor LY 294002 was able to revert the
survival effect induced by GDNF, NTN, and PSP. This effect was
found at the same doses that prevent the activation of the PI
3-kinase. Moreover, by morphological criteria, MEX deprivation
and LY 294002 treatment induce a comparable apoptosis, sug-
gesting that this pathway plays a central role in the survival-
promoting effects elicited by GDNF, NTN, or PSP. Furthermore,
these results were reinforced when a specific biochemical param-
eter, i.e., caspase activity, was measured. We have found that
MEX deprivation and LY 294002 treatment increased the level of
DEV D-specific caspase activity. On the contrary, when cells were
treated with the MEK inhibitor PD 98059, a drug that inhibits the
phosphorylation and the ERK-M AP kinase activity, it does not
affect MTN survival. It has been demonstrated previously that
GDNF and NTN were able to stimulate the activation of ERK-
MAP kinase and the PI 3-kinase intracellular signaling in sym-
pathetic neurons (Kotzbauer et al., 1996; Creedon et al., 1997).
However, in these reports, no evidence about the role of these
pathways in mediating survival effects were provided. Our study
expands the initial findings in GDNF and NTN to PSP. More-
over, we report that MTN behaves similarly to sympathetic neu-
rons with regard to the stimulation of these intracellular path-
ways. Therefore, we demonstrate that PI 3-kinase pathway seems
to mediate the survival-promoting effects induced by this family
of neurotrophic factors. The role of the PI 3-kinase pathway as a
mediator of the trophic effects of several trophic factors has been
described previously in BDNF-mediated survival of cultured
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cerebellar granule neurons (Nonomura et al., 1996; Shimoke et
al., 1997) or spinal cord MTNs (Dolcet et al.,, 1999), in NGF
maintained PC12 or SGC cells (Yao and Cooper, 1995; Crowder
and Freeman, 1998), and in cerebellar granule neurons main-
tained with IGF-1 (D’Mello et al., 1997; Dudek et al., 1997; Miller
et al., 1997). However, the present work is the first demonstration
of the involvement of the PI 3-kinase pathway in mediating the
survival-promoting effects of the GDNF family of neurotrophic
factors.

The activation of the ERK-M AP kinase pathway after trophic
factor stimulation has been described previously in different neu-
ronal populations, such as MTNs (Becker et al., 1998), cerebellar
granule cells (Nonomura et al., 1996), and hippocampal pyrami-
dal neurons (Marsh and Palfrey, 1996). In our culture system, the
stimulation by GDNF, NTN, or PSP also increases ERK and
MEK phosphorylation and, consequently, the activation of this
intracellular pathway. However, the inhibition of this pathway was
unable to block the survival-promoting effect caused by GDNF
family of neurotrophic factors. The present results are in accor-
dance with those reported by other authors using different ap-
proaches in several neuronal systems (Creedon et al., 1996; Marsh
and Palfrey, 1996; Virdee and Tolkovsky, 1996; Miller et al., 1997,
Soler et al., 1998). These studies suggest that the activation of the
ERK-M AP kinase pathway is not involved in the cellular events
directly related with cell survival. However, the activation of this
pathway could be an important step in mediating neuronal dif-
ferentiation. In that sense, it has been reported the involvement of
this pathway mediating neurite outgrowth, which is one of the
indicators for neuronal differentiation (Qiu and Green, 1992;
Cowley et al.,, 1994; Fukuda et al., 1995; Pang et al., 1995;
Creedon et al., 1996).

In conclusion, our work demonstrated the involvement of the
PI 3-kinase intracellular pathway mediating neuronal survival
after GDNF family of neurotrophic factors stimulation. It seems
that this will be a general process in signaling transduction mech-
anisms of different neurotrophic factors on many neuronal pop-
ulations. The involvement of other pathways mediating different
processes others than neuronal survival could allow us to under-
stand the mechanisms by which neurotrophic factors regulate
diverse neuronal responses.
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