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Transforming growth factor (TGF) b-like trophic
actors have been shown to be protective in acute
euronal injury paradigms. In the current study, we
nalyzed and compared members of this growing fam-
ly, including glial cell line-derived neurotrophic fac-
or (GDNF), neurturin, nodal, persephin, and TGFb1,
or protection against chronic glutamate toxicity. In
arallel, we developed a organotypic spinal cord cul-
ure system to study the ability of these factors to promote
otor axon outgrowth across white matter. Using these

ystems, we were able to differentiate the neuroprotec-
ive effect of the TGFb-like factors from their motor
xon outgrowth-promoting activity. GDNF, neurturin,
ersephin, nodal, and TGFb1 all protected against excito-
oxic motor neuron degeneration. Low amounts of
DNF (1 ng/ml) and high concentrations of neurturin

nduced vigorous motor axon outgrowth. In contrast,
odal, persephin, and TGFb1 did not induce motor
xon outgrowth. Both GDNF and neurturin bind to Ret
eceptor complexes and were capable of activating the
AP kinase pathway. A specific inhibitor of MAP ki-

ase kinase, PD98059, inhibited the motor axon out-
rowth-promoting activity of the GDNF but not the
europrotective activity. Similarly, the specific PI3K

nhibitors, LY294002 and wortmannin, were able to in-
ibit the promotion of motor axon outgrowth by GDNF,
ut did not affect neuroprotective activity. Our results
uggest that the neurite outgrowth-promoting effect of
DNF is mediated through the PI3K and MAP kinase
athways. The neuroprotective effect of GDNF appears
o be through a separate pathway. r 2000 Academic Press

Key Words: amyotrophic lateral sclerosis; TGFb;
DNF; persephin; neurturin; nodal; axon outgrowth;
otor neuron; MAP kinase; PD98059; PI3K; LY294002;
ortmannin.

INTRODUCTION

Neurotrophic factors play an important role in sur-
ival, development, and maintenance of the nervous

ystem. Some factors can protect neurons against acute t

664014-4886/00 $35.00
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nd chronic insults and some are able to promote
eurite outgrowth. Understanding the cellular mecha-
isms responsible for these effects may be important in
eveloping treatment for many neurological diseases.
Multiple transforming growth factor b (TGFb)-like

eurotrophic factors have been identified recently, in-
luding glial cell line-derived neurotrophic factor
GDNF), neurturin, nodal, and persephin (20–22, 49).
DNF exhibits trophic effects on central dopaminergic
eurons, spinal cord motor neurons, forebrain choliner-
ic neurons, cerebellar Purkinje cells, and dorsal root
anglia (5, 13, 17, 23, 42, 50) and protects them from a
ariety of insults (1–3, 18, 27). GDNF also promotes
ber outgrowth of fetal ventral mesencephalic grafts in
nimal models of Parkinson’s disease (40).
Neurturin is a neurotrophic factor that shares 42%

omology with GDNF (20). Like GDNF, neurturin
upports superior cervical ganglia, nodose neurons,
nd dorsal root ganglia. Persephin was recently cloned
ased on homology with the GDNF and neurturin
equences (22). Persephin promotes survival of ventral
idbrain dopaminergic neurons in culture and pre-

ents their degeneration after 6-hydroxydopamine
OHDA) treatment in vivo (22). It supports motor
eurons in vitro and after sciatic nerve axotomy (22).
inally, nodal, another newly described member (49),
ppears to be essential for the formation of asymmetric
eft–right body axis (9).

In amyotrophic lateral sclerosis (ALS), chronic excito-
oxicity is thought to contribute to the motor neuron
egeneration (37, 38). Chronic excitotoxicity due to the
oss of glutamate transport can be modeled in vitro by
sing organotypic spinal cord cultures and has been
hown to produce slow degeneration of motor neurons
33). This system has been used as a preclinical screen
or potential neuroprotective agents; for example, rilu-
ole, insulin growth factor (IGF-1), and gabapentin
ere protective, whereas ciliary neurotrophic factor

CNTF) and brain-derived neurotrophic factor (BDNF)
ailed to protect against chronic motor neuron degenera-

ion (10, 35).
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665TGFb TROPHIC FACTORS: AXONAL GROWTH AND NEUROPROTECTION
In this study, we modified our organotypic spinal cord
ulture model to investigate the ability of different
rophic factors to induce motor axon outgrowth across
he surrounding white matter. We studied the new
embers of the growing family of TGFb-like trophic

actors, GDNF, nodal, neurturin, and persephin, for
heir ability to protect motor neurons against chronic
lutamate toxicity and to promote motor axon out-
rowth. All these factors were protective of motor
eurons against chronic glutamate toxicity, but only
DNF and neurturin were able to induce motor axon
utgrowth across the surrounding white matter. This
ffect on motor axon outgrowth may be mediated
hrough the MAP kinase and PI3K pathway.

METHODS

aterials

Rodent neurturin and persephin were prepared as
reviously described (12). GDNF was supplied by Am-
en (Thousand Oak, CA). Human neurturin and per-
ephin were provided by Genentech (San Francisco, CA).
ll peptide factors were dissolved in phosphate-buffered
aline. Each week, fresh media were prepared with
ewly thawed factors. In all cases, the vehicle never
xceeded 1% (v/v) of the final culture medium. (D,L)-
hreohydroxyaspartate (THA), LY294002, and wort-
annin were obtained from Sigma Chemical Company

St. Louis, MO). All other reagents were culture grade.

rganotypic Spinal Cord Cultures

Organotypic spinal cord cultures were prepared from
umbar spinal cords of 8-day-old rat pups, as described
reviously (33). Lumbar spinal cords were collected
nder sterile conditions and sectioned transversely into
50-µm slices with a McIlwain tissue chopper. Slices
ere cultured on Millicell CM semipermeable culture

nserts at a density of five slices/well in an incubator at
7°C (5% CO2, 95% humidity). Under these conditions,
95% of cultures retained cellular organization, and a

table population of motor neurons survived for more
han 3 months. Culture media (50% minimal essential
edium and Hepes (25 mM), 25% heat-inactivated
orse serum, and 25% Hanks’ balanced salt solution
Gibco) supplemented with D-glucose (25.6 mg/ml) and
lutamine (2 mM), at a final pH of 7.2) were changed
wice weekly. Drugs and factors were added when
edia were changed. No drugs were added for the first
days after culture preparation. In most cases, trophic

actors were added either alone or in combination with
HA (100µM) for 4 weeks.

dentification of Motor Neurons

Motor neurons were identified immunochemically by
wo independent markers: SMI-32 (an anti-nonphos-

horylated neurofilament antibody) and in some cases i
he motor neuron-specific marker islet-1. These mark-
rs provided more reliable indices of motor neurons
han the previously used biochemical assays for choline
cetyltransferase (33). Lower motor neurons were visu-
lized in cultures with monoclonal antibodies, SMI-32
Sternberger Monoclonals Incorporated, Baltimore, MD)
nd in some cases verified with anti- Islet-1 antibody
Developmental Studies Hybridoma Bank, Iowa City,
A). Cultures were fixed with 4% paraformaldehyde in
.1 M phosphate buffer for 30 min and then permeabi-
ized with cold methanol or 0.1% Triton X-100 for
MI-32 and islet-1 staining, respectively. Cultures were

ncubated with monoclonal SMI-32 antibodies (1:8000)
r monoclonal islet-1 antibodies (1:100) overnight at
°C. After incubation with biotinylated horse anti-
ouse antibodies and ABC reagents (Vector Labs), the

tandard diaminobenzidine (DAB) reaction was used
or color development. SMI-32 specifically stains non-
hosphorylated neurofilaments, which are abundant in
otor neuron cell bodies and can be readily used to

dentify motor neurons by morphological criteria. Mo-
or neurons were quantified using the following three
riteria: immunostaining of SMI-neurons with SMI-32,
ize .25 µm, and localization to the ventral gray region
f spinal cord slices. The motor neuron count assessed
y SMI-32 was verified by islet-1 staining in some
ases. Counts of SMI-32-stained large ventral horn
eurons agreed closely with motor neuron counts ob-
ained from counts of serially sectioned slices and from
etrograde labeling of DilC18 (Molecular Probes, Eu-
ene, OR) (33).

otor Axon Outgrowth

To assess motor axon outgrowth, we modified the
rganotypic spinal cord cultures described above by
oating the culture inserts with collagen (5µg/cm2) and
reated with selective trophic factors. Neurite outgrowth
as seen and quantified by immunostaining for neuro-
laments by using SMI-32 antibody. Neurite growth
as quantified by counting the number of fibers exiting

he spinal cord slices after 2 weeks in culture. In some
xperiments, a specific MAP kinase kinase (MEK) inhibi-
or, PD98059, and PI3K inhibitors, LY294002 and
ortmannin, were added at various concentrations.

loning and Expression of Nodal

To study the effect of nodal, we first cloned and
xpressed murine nodal. Nodal was cloned by PCR by
sing an N-terminal primer, CCCGTCGACATGAGT-
CCCACAGCCTCCGC, and a C-terminal primer,
CCCTCGACTCAGAGGCACCCACACTCCTC, which
ere designed to include SalI and XhoI sequence sites

or cloning. After the sequence of the cloned product
as confirmed, it was ligated into pFastBac HTc.
ositive colonies from transformed BRL SE cells were
dentified by restriction digestion, followed by genera-
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FIG. 1. Motor neurons identified by SMI-32 were stable for more t
edia containing GDNF (10 ng/ml, solid circles).

FIG. 2. Cloning and detection of nodal protein. (A) Mouse nodal w
nd purification of nodal in sf9 resulted in a single band on Coomassie
nickel column and was more than 95% pure (gel) and represented no

pinal cord immunoblots by using affinity-purified, oligopeptide antib
han 4 weeks when cultured with either standard media (solid squares) or
as cloned and expressed in a baculovirus expression system. The growth
blue-stained polyacrylamide gel. The expressed protein was purified by
dal protein by immunoblot. (B) Nodal protein was detected in brain and
odies to nodal. The antibodies recognized the predicted 38-kDa protein.
he lower MW band may be fragments of nodal, as it was not seen with peptide blocking controls (not shown).
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667TGFb TROPHIC FACTORS: AXONAL GROWTH AND NEUROPROTECTION
ion of recombinant bacimid from transposed DH10Bac
ells. The nodal containing recombinant bacimid was
ransfected by lipofection into sf9 cells. The titer of the
odal lipofection supernatant fraction was expanded by

nfection of a T-25 flask of sf9 cells. A 3-liter volume was
ubsequently prepared and after 72 h, cells were centri-
uged and lysed. The nodal protein was purified over a
ickel-NTA resin column at 4°C.
For detection of nodal protein, an oligopeptide from

he presumed mature region of nodal (K324 to L339) was
sed to generate rabbit polyclonal antibodies. The
PLC-purified peptide was then coupled to thyroglobu-

in by using glutaraldehyde. Antisera were generated
gainst the protein-conjugated synthetic peptides in
ew Zealand White rabbits (Covance, Denver, PA) as
reviously described (36). The crude antisera were
ffinity purified on a column prepared by coupling
ovine serum albumin-conjugated nodal peptide to
ffi-Gel 15 (Bio-Rad, Rockville Center, NY). Sera con-

FIG. 3. TGFb-like trophic factors can protect against THA-indu
otor neurons in THA-treated cultures dropped by approximately 5

gainst THA toxicity. Neurturin (NTN) was protective at 200 ng/m
europrotection. TGFb1 was protective at 10 ng/ml. Statistical sig

ultures. Numbers of spinal cord sections in the experiment are shown in
aining nodal-immunoreactive antibody were con-
rmed on immunoblots containing sf9 cell lysates, rat
rain, and spinal cord.

tatistical Analysis

All experiments were replicated two to three times
nd yielded reproducible results. Results are expressed
s means 6 SEM. Intergroup differences were deter-
ined byANOVAwith Tukey’s post hoc comparison to com-

are between all groups.(Statview, SAS Institute, Cary,
C). Differences were considered significant at P , 0.05.

RESULTS

dentification of Motor Neurons in Organotypic Spinal
Cord Cultures

Motor neurons in organotypic cultures remained
iable for more than 3 months. In this culture system,

chronic glutamate toxicity. After 4 weeks of culture, the number of
compared to control. GDNF at concentrations at 10 ng/ml protected
hile nodal and persephin (PSP) required higher doses to achieve

cance: **P , 0.01 and *P , 0.05, when compared to THA-treated
ced
0%
l, w

nifi

parentheses.
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668 HO ET AL.
otor neurons can easily be identified both by their mor-
hology (size .25µm, large axon) and by their localization
o the ventral horn in the spinal cord with SMI-32 immuno-
taining. When studied over 4 weeks, cultures were shown
o maintain a stable population of approximately 18–20
otor neurons (Fig. 1). This is comparable to the counts

f individual motor neurons obtained previously by ei-
her choline acetyl transferase immunocytochemistry
r counts of large ventral horn neurons seen in serial
emithin plastic sections of the cultures (33).

loning and Expression of Nodal

With use of the BRL bac-to-bac baculovirus system,
odal was produced in sf9 and resulted in a single band
n polyacrylamide gel after purification (Fig. 2A), which
hen immunoblotted was reactive with anti-nodal anti-
ody. The anti-nodal antibody did not recognize other
GFb-like trophic factors including GDNF, NTN, and
ersephin (results not shown). This resulted in the

FIG. 4. Effect of GDNF (10 ng/ml) on organotypic spinal cords gr
ulture with medium alone. Motor axons remained confined to the g
rrows). (B) With addition of GDNF (10 ng/ml), neurites (black arrow
s 5 days. (C) At 19 days of culture, abundant numbers of large caliber
xiting the ventral roots. Some fibers wrapped around the spinal co
ppear to be derived from dorsal horn. (D)Similar results are shown at

H, dorsal horn. Bars, 250 µM in A, C, and D; 100µM in B.
urification of approximately 1–2 mg of .95% pure
odal protein from each 3-liter sf9 harvest.
On the basis of nested RT-PCR studies (first PCR prim-

rs: nodal F1, CTTCAACCTGATGGCTGG; nodal R1,
GAGTTCATCAGCATTGTG; second PCR primers:
odal F2, GCTCCTGGATCATC; nodal R2: GCAAGCCAA-
TCCAGCAC), nodal was detected in brain and spinal
ord (not shown). With the affinity-purified oligopeptide
ntibody to nodal, immunoblots of rat whole brain or
pinal cord homogenates (20µg/lane) revealed a 38-kDa
and, the predicted size for nodal (Fig. 2B). A second
ower molecular band was also observed, which may be
omprise of proteolytic fragments of nodal, as it was not
een with peptide blocking controls (not shown).

hronic Glutamate Toxicity Can Be Blocked by TGFb
Superfamily of Trophic Factors

None of five trophic factors, GDNF, neurturin, per-
ephin, nodal, and TGFb1, appeared to have any

on collagen-coated culture inserts. (A) Spinal cord after 4 weeks of
matter or at the margin between the gray and white matter (white
tained by SMI-32 can be seen exiting the spinal cord culture as early
rites, mostly derived from the ventral motor neuron pool, can be seen
nd grew toward the dorsal horn. At higher power, only a few fibers
days of culture. White arrowheads, motor neurons; VH, ventral horn;
own
ray
s) s
neu
rd a
30
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669TGFb TROPHIC FACTORS: AXONAL GROWTH AND NEUROPROTECTION
ntrinsic toxicity when added to spinal cord cultures for
p to 4 weeks (data not shown). All five factors signifi-
antly protected motor neurons against toxicity result-
ng from blockade of the glutamate transporter with
HA (Fig. 3). GDNF and TGFb1 appeared to be the
ost potent trophic factor against THA toxicity, with
europrotective activity at concentrations as low as 10
g/ml. Neurturin was protective at 100 ng/ml. How-
ver, at higher doses, the protective effect became
nsignificant. Persephin prevented excitotoxic motor neu-
on degeneration in a dose response manner starting at
00 ng/ml. Rat and human neurturin and persephin
ere equally neuroprotective. Nodal was also signifi-

antly neuroprotective at a relatively high dose of 200
g/ml. As a comparison, several non-TGFb neurotrophic
actors were not found to be protective including BDNF
1–100 ng/ml), NT4–5 (1–50 ng/ml), CNTF (1–100
g/ml), leukemia inhibitory factor (LIF, 10–100 ng/ml),
nd cardiotropin-1 (1–100 ng/ml) (results not shown).

nly GDNF and Neurturin Are Able to Induce Motor
Axon Outgrowth

Under standard culture conditions, motor axons re-
ained confined to the gray matter or at the margin

etween the gray and white matter that comprised the
riginal spinal cord in vivo (Fig. 4A, white arrows).

FIG. 5. (A) Effect of GDNF (black bar) and neurturin (open bar
utgrowth at doses as low as 1 ng/ml. In comparison, a higher concent

B) GDNF neurite outgrowth continued and increased over time.
owever, when culture inserts were first coated with
ollagen (5µg/cm2) or laminin (20µg/ml) and spinal cord
ultures were then treated with GDNF, vigorous out-
rowth of motor axons was observed. The motor axons
ere able to ‘‘penetrate’’ the white matter and even exit

he spinal cord slice to re-form ventral root-like struc-
ures. Without collagen coating, the outgrowth contin-
ed to exit the spinal cord, but tended to grow by
rapping around the edge of the spinal cord without
xtending on to the insert. This growth occurred as
arly as 5 days after treatment with GDNF (Fig. 4B)
nd continued for the entire 4-week culture period (Fig.
B). By tracing back to their neuronal cell bodies, more
han 90% of all neurites were derived from the large
entral horn motor neurons (Figs. 4C and 4D). Without
clear target, these neurites tended to branch and to

row into a matted field of neurites. The response could
e seen with doses of GDNF as low as 1 ng/ml.
ncreased doses of GDNF produced a greater outgrowth
f axons (Fig. 5A, black bars). Neurturin was also able
o promote motor axon outgrowth (Fig. 6A). This effect
equired higher doses, however, with significant effects
tarting at 100 ng/ml (Fig. 5A, open bars). Neither
ersephin, nodal, nor TGFb1 up to 500 ng/ml had any
ignificant effect on neurite outgrowth (Figs. 6B–6D).
imilarly, other non-TGFb-like factors failed to pro-

n neurite outgrowth at 2 weeks of culture. GDNF induced neurite
ion of neurturin (100 ng/ml) was needed to induce neurite outgrowth.
) o
rat
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670 HO ET AL.
ote significant motor axon growth in this culture
odel, including IGF-1, BDNF, CNTF, or LIF at doses
p to 100 ng/ml (results not shown).

he PI3K and MAP Kinase Pathways Are Implicated
in Induction of Motor Axon Outgrowth but Not for
Neuroprotection by GDNF

Both GDNF and neurturin were able to induce motor
xon outgrowth and prevent excitotoxic motor neuron
egeneration. Among the potential common pathways
hared by these two factors is that both can bind to the
et receptor complex and activate the PI3K and MAP
inase. To determine if the PI3K and MAP kinase
athways are central to the biological actions of GDNF
oth in promoting motor axon growth and in neuro-
rotection, PD98059, a specific MEK inhibitor, and

FIG. 6. Effect of other TGFb-like trophic factors on neurite ou
utgrowth. Other trophic factors nodal (B; 200 ng/ml), persephin (C;
ar, 250µM.
Y294002 and wortmannin, specific PI3K inhibitors, P
ere used in both the excitotoxicity protection and the
eurite outgrowth assays. PD98059 was able to block
he promoting effect of GDNF on motor axon outgrowth
t doses of 10µM and 50µM (Fig. 7). However, PD98059
id not prevent neuroprotection by GDNF in the model
f chronic excitotoxicity (Fig. 8). In the chronic gluta-
ate toxicity model, GDNF was able to protect motor

eurons against THA toxicity (Fig. 9A) and induced
ome motor axon outgrowth (Fig. 9A, inset) in the
resence of the lower concentration of PD98059 (10µM).
hen the higher concentration of PD98059 (50µM) was

sed, however, many motor neurons still survived THA
oxicity, but only a few neurites grew out of the spinal
ord (Fig. 9B). Similarly, the PI3K inhibitors, LY294002
nd wortmannin, were able to inhibit the GDNF-
nduced neurite outgrowth (Fig. 7). Their effect ap-
eared to be even more potent than the effect of

wth. (A) Only neurturin at 100 ng/ml was able to induce neurite
ng/ml), and TGFb1 (D;10 ng/ml) did not induce neurite outgrowth.
tgro
500
D98059. Like PD98059, the neuroprotective effect of
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671TGFb TROPHIC FACTORS: AXONAL GROWTH AND NEUROPROTECTION
DNF was not affected in the presence of these PI3K
nhibitors (Fig. 8).

DISCUSSION

In this study, we developed a novel model by modify-
ng our excitotoxicity paradigm evaluate the potential
f a trophic factor to promote motor axon outgrowth.
sing these models, we were able to distinguish the
europrotective property of TGFb-like trophic factors
rom their effect on induction of motor axon outgrowths
cross the white matter. We found that TGFb-like
actors can protect motor neurons against chronic
lutamate toxicity, although their efficacy varied dra-
atically. GDNF and TGFb1 appeared to be the most

otent among the trophic factors studied, followed by
eurturin, nodal, and then persephin. Only two of the
rophic factors studied, GDNF and neurturin, were
ble to induce motor axon outgrowth across the white
atter. Inhibitors of PI3K and MAP kinase pathways
ere able to block the neurite outgrowth, but not
europrotection by GDNF, suggesting that the mecha-

FIG. 7. Effect of MEK inhibitor PD98059 on neurite outgrowth
g/ml)-induced neurite outgrowth in a dose-dependent fashion. At
DNF-treated cultures. Similarly, PI3K inhibitors, LY294002 and w
*P , 0.01 when compared to cultures without inhibitors. Numbers o
nd growth factors were changed twice weekly.
isms for motor axon outgrowth across the white m
atter may be distinct from the mechanism respon-
ible for neuroprotection.

utgrowth of Motor Axons

Under normal culture conditions, the majority of
eurites encircle the gray–white junction and do not
ross the white matter, even when culture inserts were
oated with collagen or laminin. Only GDNF and
eurturin induced motor neurite outgrowth across the
hite matter in our system. GDNF is known to promote
eurite outgrowth in dopaminergic neurons after
-OHDA lesions (40) and in peripheral sympathetic
eurons. GDNF produced robust, bundle-like, fascicu-

ated outgrowth from chick sympathetic ganglion ex-
lants (45). Administration of GDNF enhanced sciatic
erve regeneration measured by the nerve pinch test

24). In contrast, Sagot et al. found that GDNF treat-
ent on pmn/pmn mice significantly reduced the loss

f facial motor neurons but found no effect on nerve
egeneration (39). Studies of central nerve system
egeneration have shown that many factors, such as
yelin-associated glycoprotein (MAG), in the white

chronic glutamate toxicity. PD98059 was able to block GDNF (10
M, neurite outgrowth was inhibited to approximately 40% of the

mannin strongly inhibit neurite outgrowth. Statistical significance:
inal cord sections in the experiment are given in parentheses. Drugs
and
50µ
ort
f sp
atter hampers axonal outgrowth. One possible expla-
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672 HO ET AL.
ation of our result may be that treatment with GDNF
nd neurturin allows axon to overcome the inhibitory
ffect of the white matter and grow across the white
atter and exit the spinal cord. Our results are similar

o that of Cai and co-workers in that priming cerebellar
eurons with BDNF or GDNF, but not NGF, blocks

nhibition of neurite outgrowth by MAG and myelin (6).
Little is known about the potential for neurturin to

romote neurite outgrowth. Like GDNF, neurturin
romotes survival of sensory neurons of the nodose and
orsal root ganglia and sympathetic neurons (20).
hat accounts for this shared property of only two of

he TGFb factors studied? Both GDNF and neurturin
equire the Ret receptor complex to transduce their
hysiological effects. The Ret receptor complex is a
yrosine kinase that can activate both MAP kinase and
I3K pathways (20, 26). Inhibitors such as LY294002
nd wortmannin inhibited neurite outgrowth without
nterfering with neuronal protection afforded by GDNF.
timulation by GDNF has been shown to result in ret
yrosine phosphorylation followed by Shc phosphoryla-
ion and Ras and ERK2 activation in SK-N-MC cells
tably transfected with a full-length Ret construct (46).
n PC12 cells, both MAP kinase and PI3K pathways
lay an important role in neurite outgrowth. MAP

FIG. 8. The neuroprotective effect of GDNF against chronic gluta
arentheses, number of spinal cord sections in the experiment. Drugs
inase activation has been shown to be important in N
ediating the neurite outgrowth activity of NGF. Acti-
ation of MAP kinase is required for NGF to induce
eurite outgrowth (15, 28). Inhibition of MAP kinase
etards neurite outgrowth without affecting the ability
f NGF to support PC12 cells (11, 28) and sympathetic
eurons (47). PI3K inhibitors block neurite outgrowth

19). Our study shows that PI3K and MAP kinase
athways are also essential in the induction of neurite
utgrowth by GDNF.

rotection against Chronic Glutamate Toxicity

Glutamate metabolism is thought to play an impor-
ant role in the pathogenesis of ALS (29, 34, 38). It has
een hypothesized that excess glutamate could contrib-
te to chronic motor neuron degeneration. The organo-
ypic spinal cord culture paradigm has been used to
valuate the role of multiple different insults on motor
eurons in a system that effectively recapitulates the

‘normal’’ synaptic environment in vitro. Glutamate
ransport can be competitively inhibited by THA. By
roducing a persistent loss of glutamate transport with
se of THA, mimicking the loss of transport present in
LS patients and transgenic mice (4, 31, 37), a slow
xcitotoxic degeneration of motor neurons occurs (33).

te toxicity was not inhibited by PD98059, LY294002, or wortmannin.
d growth factors were changed twice weekly.
ma
eurotoxicity in this model is likely to be secondary to
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hronic elevations of extracellular glutamate resulting
rom inhibition of glutamate transport by THA, as well
s the exchange of intracellular glutamate by carrier-
xchange transport of THA. Accumulating data suggest
hat normal glutamate transport can modify normal
ynaptic currents. Chronic loss of glutamate transport,
hrough antisense inhibition of transporter systems or
ene knockout strategies, clearly demonstrates the
ssential role for transport in preventing chronic excito-
oxic degeneration of neurons, including motor neurons
32). Our culture system provides a preclinical screen-
ng method for the increasing numbers of drugs postu-
ated for clinical trials in motor neuron disease and a

odel to evaluate the mechanisms of chronic gluta-

FIG. 9. Organotypic spinal cord cultures treated with THA
100µM), GDNF (10 ng/ml), and MEK inhibitor, PD98069. (A) In the
resence of a low dose 10µM PD98059, GDNF protected motor
eurons (white arrowheads; inset, black arrowheads) against chronic
lutamate toxicity. Many neurites can be seen growing out of the
pinal cord even though the inserts were not coated with collagen
inset, black arrows). (B) With a higher concentration of PD98059
50µM), GDNF continued to protect motor neurons (white arrow-
eads) against chronic glutamate toxicity. Only a few neurites can be
een growing out of the spinal cord (black arrow). Bar, 250µM.
ate toxicity. In this model, riluzole, a drug that a
ncreases survival of ALS patients and of transgenic
ice with ALS SOD1 mutations, also protects motor

eurons from dying. Using this paradigm, we have
hown that the most potent neuroprotectants are agents
hat can inhibit glutamate release (riluzole, tetrodo-
oxin), glutamate synthesis (methionine sulfoximine,
abapentin), or block non-NMDA receptors (CNQX,
BQX, GYKI-52466) (35). It now appears that TGFb

actors, especially GDNF, are also potent neuropro-
ectants from chronic excitotoxicity.

The mechanism for GDNF neuroprotection from exci-
otoxicity is not clear, but it is shared by most of the
GFb factors. Our data suggest that it may be medi-
ted by a pathway independent of PI3K and MAP
inase activation, as inhibitors of these pathways have
o effect on neuroprotection by GDNF. However, we
annot exclude the possibility that outgrowth of neu-
ites is inhibited by these drugs first than neuroprotec-
ion. Several possible mechanisms could underlie GDNF
europrotection: alterations of glutamate receptor sub-
nits, induction of antioxidant enzymes to diminish
xidative stress secondary to excitotoxicity, or induc-
ion of glutamate transporters. Indeed, recent data
uggest that certain neuronal factors can induce gluta-
ate transporters (43). In addition, preliminary stud-

es suggest that GDNF, neurturin, and persephin can
nduce synthesis of the glutamate transporter (16).
lternatively, TGFb1 has been shown to prevent neuro-
al Ca21 overloading of rat hippocampal neurons in
esponse to NMDA or the Ca21 ionophore 4-Br-A23187.
t can also increase expression of neuronal Bcl2 pro-
ein, which may protect against apoptosis (30). GDNF
s known to inhibit apoptosis and promote neuronal
urvival (7, 8, 25). GDNF can also rescue neonatal
acial motor neurons and attenuate the lesion-induced
ecrease of choline acetyltransferase immunoreactivity
n adult facial motor neurons after axotomy (48). How-
ver, the exact mechanism of the anti-apoptotic effect of
DNF is not known.

odal

Recently a new class of TGFb-like factors was identi-
ed on the basis of sequence similarity to nodal (14, 41).
ice with null mutations of nodal were found to lack

ppropriate notochord development (49). Subsequent
tudies established a role for nodal in the development
f left–right asymmetry (9, 44). Many protein factors
ave multiple physiological properties throughout de-
elopment and in adult animals. In the present study,
e provide initial evaluation of nodal biology in rodent
ostnatal tissue. Immunoblot studies with oligopeptide
ntibodies to a carboxy terminal domain and to other
omains suggest that nodal can be expressed in adult
eural tissues (unpublished observations). This tissue
istribution was confirmed by our preliminary PCR

nalysis of nodal RNA expression. More detailed stud-
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es of nodal cellular localization are under way. Al-
hough nodal appears to protect against excitotoxicity,
igh doses are required for this effect, and we suspect
hat other biological functions for nodal will ultimately
e uncovered.

CONCLUSIONS

Members of TGFb-like trophic factors family, includ-
ng GDNF, neurturin, persephin, nodal, and TGFb1,
an protect motor neurons against chronic glutamate
oxicity. Only GDNF and neurturin can induce motor
xon outgrowth and this effect appears to be mediated
hrough the RET receptor and the MAP kinase/PIK3
athways. These compounds may be useful as potential
herapeutic agents in treating neurodegenerative dis-
ases such as ALS, as well as spinal cord/motor neuron
nd peripheral nerve regeneration.
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