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Novel functions and signalling pathways for GDNF
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Summary

Glial-cell-line-derived neurotrophic factor (GDNF) was  of GDNF, except in motoneurons, requires the presence
originally identified as a survival factor for midbrain of transforming growth factor B, which activates the
dopaminergic neurons. GDNF and related ligands, transport of GFRal to the cell membrane. GDNF can also
neurturin  (NRTN), artemin (ARTN) and persephin signal RET independently through GFRIi. Upon ligand
(PSPN), maintain several neuronal populations in the binding, GDNF in complex with GFRal may interact with
central nervous systems, including midbrain dopamine heparan sulphate glycosaminoglycans to activate the Met
neurons and motoneurons. In addition, GDNF, NRTN and receptor tyrosine kinase through cytoplasmic Src-family
ARTN support the survival and regulate the differentiation  kinases. GDNF family ligands also signal through the
of many peripheral neurons, including sympathetic, neural cell adhesion molecule NCAM. In cells lacking RET,
parasympathetic, sensory and enteric neurons. GDNF has GDNF binds with high affinity to the NCAM and GFRal
further critical roles outside the nervous system in the complex, which activates Fyn and FAK.

regulation of kidney morphogenesis and spermatogenesis.

GDNF family ligands bind to specific GDNF family

receptor o (GFRa) proteins, all of which form receptor ey words: Glial-cell-line-derived neurotrophic factor, RET receptor
complexes and signal through the RET receptor tyrosine tyrosine kinase, Met receptor tyrosine kinase, GDNF family receptor
kinase. The biology of GDNF signalling is much more a, NCAM, Neuronal survival, Kidney morphogenesis,

complex than originally assumed. The neurotrophic effect Spermatogenesis

Introduction populations in the central nervous system, including midbrain
Neurotrophic factors regulate many critical aspects of th€opamine neurons and motoneurons. In addition, GDNF,
ontogeny of neurons, such as the number of neurons inNRTN and ARTN promote the survival and regulate the
given population, neurite branching and synaptogenesis, add@lifferentiation of many peripheral neurons, such as
synaptic plasticity and maturation of electrophysiologicalsympathetic, parasympathetic, sensory and enteric neurons
properties. Neurotrophic factors include neurotrophins(reviewed by Airaksinen et al., 1999; Manié et al., 2001,
neurokines and glial-cell-line-derived neurotrophic factorAiraksinen and Saarma, 2002).
(GDNF) family ligands (GFLs). GDNF was purified and GDNF has several roles outside the nervous system. It
characterized in 1993 as a growth factor promoting the survivdiinctions as a morphogen in kidney development and regulates
of the embryonic dopaminergic neurons of the midbrain, i.espermatogonial differentiation. In the embryonic kidney,
those neurons that degenerate in Parkinson disease (Lin et &@DNF acts as a mesenchyme-derived signal promoting
1993). Subsequently, it was shown that GDNF is also a vemyreteric branching. In the testis, the GDNF dosage controls the
potent trophic factor for spinal motoneurons (Henderson et alcell fate decision of undifferentiated spermatogonia (reviewed
1994) and central noradrenergic neurons (Arenas et al., 1999y Saarma and Sariola, 1999; Airaksinen and Saarma, 2002).
Therefore, this trophic factor raised great expectations The cellular responses to GFLs are mediated by a
as a potential therapeutic agent for the treatment ofulticomponent receptor complex consisting of RET receptor
neurodegenerative diseases. In animal models of Parkinstyrosine kinase and a glycosyl phosphatidylinositol (GPI)-
disease, GDNF rescues the neurotoxin-induced death bifiked ligand-binding subunit known as GDNF family receptor
dopamine neurons and stimulates functional recovery (Grondim (GFRo). Several recent in vitro findings demonstrate that
and Gash, 1998). However, in early clinical trials, in whichGFLs also signal independently of RET, and in particular
GDNF was delivered into the lateral ventricles of patients withthrough NCAM. Here we focus on the new receptors for
Parkinson disease, the growth factor was ineffective and caus&DNF and the functional implications.
severe side-effects. A recent clinical trial indicates that, when
the GDNF is infused directly in putamen, it is an effective
treatment for Parkinson disease and does not have significdaPNF receptors
side-effects (Gill et al., 2003). All GFLs share the receptor tyrosine kinase RET as their
GDNF and the related GFLs artemin (ARTN), neurturincommon signalling receptor. The ligand-binding specificity
(NRTN) and persephin (PSPN) support several neuronaf GFLs is determined by GFERproteins that have unique
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binding affinities for each GFL. GDNF, NRTN, ARTN and phospholipase ¥ (PLC+) pathway regulates the intracellular
PSPN specifically bind to GER, GFRi2, GFRx3 and level of C&* ions by increasing the level of inositol (1,4,5)-
GFRo4, respectively. The GFLs first form a high-affinity trisphosphate. GDNF signalling also employs Src-family
complex with one of the four GFERproteins. The complex, kinases, which elicite neurite outgrowth, neuronal survival and
containing GFL and GFR homodimers, then brings two ureteric branching (Airaksinen and Saarma, 2002). In most
molecules of RET together, triggering transphosphorylation ofases tyrosine residues Tyr905, Tyr1015, Tyr1062 and Tyr1096
specific tyrosine residues in their tyrosine kinase domains araf RET are phosphorylated, but after the elevation of cyclic
intracellular signalling (Airaksinen and Saarma, 2002) (Fig. 1)AMP levels, Ser696 is also phosphorylated. Protein kinase A
RET activates several intracellular signalling cascadegPKA)-dependent Ser696 phosphorylation is important for
which regulate cell survival, differentiation, proliferation, GDNF-induced Rac activation and lamellipodia formation
migration, chemotaxis, branching morphogenesis, neurit@Fukuda et al.,, 2002). RET contains additional tyrosine
outgrowth and synaptic plasticity. The MAP kinase pathwayesidues that are phosphorylated upon GFL binding (Tyr687,
may be involved in ureteric branching during nephrogenesisyr826 and Tyr 1029), but the role of these in GFL signalling
(Fisher et al.,, 2001) and neurite outgrowth in the nervousemains obscure.
system, but it also contributes to neuronal survival (Kaplan and RET activation affects different downstream targets inside
Miller, 2000). The phosphoinositide 3-kinase (PI3K) pathwayand outside lipid rafts (the dynamic assemblies of cholesterol
is crucial for both neuronal survival and neurite outgrowth. Thend sphingolipids scattered within the disordered phase of the
lipid bilayer). Lipid rafts are proposed to serve as essential
signalling compartments in the cell membrane, and are
A GDNF dimer Ret important for cell adhesion, axon guidance and synaptic
transmission. GPIl-anchored proteins, certain transmembrane
a0 proteins, doubly acylated proteins, and cholesterol-linked and
/ \ palmitoylated proteins are enriched in the rafts. However, the
protein motifs responsible for their targeting to lipid rafts are
largely unknown. The GFd&R proteins, by the virtue of their
GPIl anchors, also localize to lipid rafts. Inactive RET is outside
rafts, and only upon GDNF stimulation does @HARrecruit
RET into lipid rafts; the mechanism is unknown. Soluble
PM  GFRal also targets RET to lipid rafts (reviewed by Paratcha
GFRa1 and Ibafiéz, 2002; Tsui-Pierchala et al., 2002a). Moreover, it
prolongs GDNF-mediated activation of cyclin-dependent
l kinase 5 (CDK5) and acts as an attractive guidance signal for
) ) axons (Ledda et al., 2002). Activated RET is preferentially
signalling associated with the adaptor SHC outside rafts, and with FGF
receptor substrate 2 (FRS2) in rafts (Paratcha and Ibafiéz,
B GDNF NRTN Ret ARTN PSPN 2002). These data suggest that differences in GDNF signalling
- through RET within and outside the rafts could lead to
' l dramatically different cellular responses.
PM

> & —_— —

RET9 and RET51, which differ only in their C-termini. Recent
evidence suggests that RET9 and RET51 do not associate with
each other. Furthermore, RET51- and RET9-associated
signalling complexes are markedly different (Tsui-Pierchala et
al., 2002b). The long isoform, RET51, associates more
strongly with the ubiquitin ligase Cbl than does RET9, which

RETis alternatively spliced, producing at least two isoforms,

GFRa1 GFRa2 GFRa3 GFRa4 leads to faster turnover of RET51. RET51 also interacts with
l, l the adaptor Crkl, producing sustained activation of Erkl and
signalling  ? l ? ? Erk2 (R. P. Scott, Signal transduction mechanisms mediated by

the GDNF family ligands and receptors, PhD thesis,
Karolinska Institute, Stockholm, 2002). Mice lacking the long
Fig. 1. GDNF-family ligand interaction with their receptors. (A) A RET isoform seem to be normal, whereas mice lacking the

signalling

dimer of GDNF brings together two molecules of GARThis short isoform have kidney abnormalities and enteric

complex dimerizes two molecules of Ret leading to aganglionosis. Only the short RET9 isoform can rescue the
transphophorylation of their tyrosine kinase domains. (B) All GFLs phenotype of the RET-null mutation in the kidney and enteric

activate RET tyrosine kinase via different GFReceptors. Solid nervous system (de Graaf et al., 2001).

arrows indicate the preferred functional ligand-receptor interactions, GELg belong to the transforming growth facBo(TGF-B)
whereas dotted arrows indicate putative crosstalk.cGpigteins are uperfamily, although the amino acid sequence similarity

attached to the plasma membrane through a GPl-anchor and ConSi%etween them is low. Surprisingly, the neurotrophic effect of

of three (GFR4 has only two) globular cysteine-rich domains joined GDNE in vi din vi f ;
together by adapter sequences?*Gans bound to one of the four In vitro and In vivo, except for motoneurons, requires

extracellular cadherin-like domains of RET are needed for its the presence of TGB-(Peterziel et al., 2002). Blocking the
activation by GFLs. ERK/MAPK pathway inhibits this co-operative effect, whereas
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inhibition of the PI3K signalling does not. Pre-treatment ofhigh concentrations of GDNF activate RET even in cells
primary neuronal cultures with TGF- confers GDNF  depleted of surface heparin sulphates (Barnett et al., 2002).
responsiveness on the cells. This is not due to upregulation Birthermore, the mice lacking heparan sulphate 2-
GDNF receptor mRNA and protein but to T@HAduced sulfotransferase, which is an essential enzyme in the synthesis
recruitment of the GF®RL to the plasma membrane. In the of heparan sulphates, lack kidneys (Bullock et al., 1998). These
absence of TGB; GDNF supports neuronal survival if the mice have an interesting phenotype. The ureteric bud invades
soluble form of GFR1 is present. Thus, TGFis involved in  the metanephric mesenchyme but is unable to undergo
GFRol membrane translocation and in a novel way regulatdsranching morphogenesis, which is a GDNF-dependent
GDNF signalling and neurotrophic effects. It would be of greaprocess. Molecular analysis has shown that these mice cannot
interest to know whether TGF-also regulates other GEBR maintain GDNF and RET expression in the kidneys (Bullock
proteins. et al., 1998).

GDNF signalling requires glycosaminoglycans GDNF can signals independently of RET
Recent data indicate that GDNF signalling is more complicatedn enigma in GDNF research has been the widespread
than originally supposed. Notably, GDNF signalling requiresexpression of GF& proteins in many tissues without
heparan sulphate glycosaminoglycans in addition to the knoweoexpression of RET. One explanation is that GDNF-GFR
receptors GFR1 and RET (Barnett et al., 2002; Tanaka et al.signalling makes use of other receptor systems. GDNF indeed
2002). Without heparan sulphate, GDNF-dependent RETSignals independently of RET through GFR In RET-
phosphorylation, GDNF-induced axonal growth, and scatterindeficient cell lines and primary neurons, GDNF triggers Src-
of epithelial cells do not occur (Barnett et al., 2002). Thus, ifamily kinase activation and phosphorylation of ERK/MAP
is logical to assume that heparan sulphate proteoglycans, sudhase, PLCy and the transcription factor CREB, and
as syndecans and glypicans, concentrate GDNF in the vicinitgduction of Fos (Poteryaev et al., 1999; Trupp et al., 1999).
of GFRu proteins and RET, and play an important role in theGDNF partially restores ureteric branching morphogenesis in
modulation of GDNF signalling. A model, in which GDNF is RET-deficient mice that exhibit severe renal hypodysplasia
locally concentrated by heparan sulphate proteoglycans at t(leopsueva et al., 2003). In MDCK cells expressing GFBut
plasma membrane is also supported by the finding that venot RET, GDNF stimulates branching but not chemotactic
migration. Both branching and chemotaxis are
promoted by GDNF in cells co-expressing RET and
A HGF GFRa1, which mimics the effects of hepatocyte growth
factor (HGF) signalling through the Met receptor
. “ tyrosine kinase in wild-type MDCK cells. GDNF
induces Met phosphorylation in several Rédficient
l but GFRx1-positive cells, as well as in cell lines co-
expressing GF&®1L and RET. Met might therefore
if contribute to RET-independent GDNF signalling.
H However, GDNF does not immunoprecipitate Met,
which makes a direct interaction between GDNF and
Met highly improbable. In cultured neuronal and
. family kinases. The GDNF-triggered RET-independent

A epithelial cells, Met activation is mediated by Src-

Src and Met activation might be modulated by heparan

Syndecan sulphate proteoglycans and mediated by neural cell

Met Met GFRa1 Ret TrkA .
el My i adhesion molecule (NCAM) (see below). The GDNF-
sigraiiing saneiing Sonaling induced branching of MDCK cells requires Src
activation, whereas the HGF-induced branching does
not (Fig. 2A) (Popsueva et al., 2003). The in vivo
B NCAM

Fig. 2.Non-Ret signalling for GDNF and GER
independent signalling for RET. (A) GDNF promotes
phosphorylation of Met. Its activation is indirect and is
mediated by Src-type kinases. Various types of evidence
suggest that GDNF is locally concentrated by heparan
sulphate proteoglycans, such as syndecan. By contrast, RET
is phosphorylated, by an unknown mechanism, through the
activation of TrkA. Heparan sulphate proteoglycans may
PM modulate GDNF signalling by local concentration of the
GFRo1 active ligand. (B) NCAM is an alternative sig'nalling receptor for
Fvn O O GFLs. It interacts with a GDNF-GERdimer leading to
y @ activation of Fyn, a Src-like kinase, for instance. It is not
E— inhibition known whether Fyn activates Met in NCAM-mediated
of cell adhesion GDNF signalling.

QO 0

GDNF O &R
1
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significance of the GDNF-induced activation of Met is stillNGF promotes RET51 phosphorylation through a novel
unresolved. GFL-independent inter-receptor-tyrosine-kinase signalling
mechanism, yielding enhanced growth, metabolism and gene
] ) ] expression. Since NGF activates only RET51 phosphorylation
NCAM is the second signalling receptor for GFLs and does not activate the short isoform of RET, it is unlikely
In many areas of the nervous system, and especially in thiat NGF simply modulates the levels of GDNF protein. These
forebrain, cortex and inner ear, GiFReceptors are much more surprising results show how growth factors and their receptors
widely expressed than RET (Trupp et al., 1997; Kokaia etngage in crosstalk to form a network of inter-related trophic
al., 1999; Ylikoski et al., 1999). This suggested that GFLsignals that guide development. The molecular mechanism of
signal in neuronal and glial cells independently of RET inthis crosstalk between Trk and RET is unknown, but it is
collaboration with other transmembrane protein(s). Carlogpparently indirect.
Ibafiéz and co-workers noticed that the signalling pathways
triggered by GDNF in an RN33B cell line expressing GER _ )
but not RET, significantly overlap with those triggered byGDNF regulates ureteric branching
NCAM. They have now demonstrated that NCAM functionsAlthough originally identified as a neurotrophic factor, GDNF
as an alternative signalling receptor for GFLs (Paratcha et ahas turned out to be essential for kidney morphogenesis, where
2003). In the absence of GE&Rproteins, GFLs interact with itis an inductive signal sent from the nephrogenic mesenchyme
NCAM with low affinity. When GFRil is associated with to the ureteric bud (reviewed by Cho and Dressler, 2003;
NCAM, GDNF binds with high affinity to p1&$AM and  Sariola et al.,, 2003). The inductive signalling during
activates in the cytoplasm the Src-like kinase Fyn and focalephrogenesis is reciprocal. The ureteric bud induces epithelial
adhesion kinase FAK (Paratcha et al., 2003) (Fig. 2B)differentiation of the nephrogenic mesenchyme, which in turn
Interestingly, association of GBR with NCAM also promotes branching of the bud. GDNF is expressed by the
downregulates NCAM-mediated cell adhesion if GDNF is nohephrogenic mesenchyme and RET is expressed by the
present. adjacent tips of the branching ureteric bud (Hellmich et al.,
The ability of GFRi1 to modulate NCAM-mediated cell 1996; Suvanto et al., 1996). G&R is expressed by both the
adhesion even in the absence of GDNF suggests independeephrogenic mesenchyme and the ureteric bud (Sainio et al.,
roles for GFRI1I-NCAM and GDNF-GFR1-NCAM 1997). In mice in which GDNF, RET or GBR is knocked
signaling. By binding to NCAM, GDNF stimulates Schwannout, the kidneys show aplasia or severe hypodysplasia (Fig. 3)
cell migration and axonal growth in hippocampal and cortica(reviewed by Sariola and Saarma, 1999). Metanephric
neurons in a RET-independent fashion. These findings suggektvelopment is initiated in 61% of REfeficient embryos
that GFRx proteins and GFLs, interacting either together(Schuchardt et al., 1994), which suggests that other, non-Ret
or alone with NCAM, use different signalling pathways signalling systems are involved in ureteric branching. Indeed,
to modulate both short- and long-range intercellulamreteric branching of RET-deficient hypodysplastic kidney
communication. Further studies are needed to reveal the in vivadiments is partially restored by exogenous supplementation
roles of GDNF-NCAM and GDNF-GFRNCAM signalling,  of GDNF (Popsueva et al., 2003). In accordance with this, the
and to dissect the specific contribution and possible interplayice lacking GDNF show a more severe renal phenotype than
of both RET and NCAM in signalling by GFLs. A recent studyRET- or GFRi1-deficient mice (Pichel et al., 1996).
demonstrating that both in vitro and in vivo effects of GDNF Tissue culture studies have further implied that, although
on midbrain dopaminergic neurons are inhibited by an NCAMGDNF is essential for ureteric bud branching, other
blocking antibody further supports the physiological relevancenesenchyme-derived signals are required. If microsurgically
of GDNF signalling through NCAM (Chao et al., 2003). isolated ureteric buds are exposed to GDNF, they do not
undergo branching. When such buds are recombined with
) _ heterologous mesenchyme, such as lung mesenchyme, the
Ret signals independently of GFLs ureteric buds branch in response to GDNF (Sainio et al., 1997).
Early studies clearly demonstrated that nerve growth factofhe identity of this factor expressed by embryonic
(NGF) is the classical trophic factor acting on sympathetienesenchyme is unknown but, in cultures of isolated ureteric
superior cervical ganglion (SCG) neurons. Duringbuds, heparin-binding growth-associated molecule (also
development, the survival of almost all SCG neurons depend®iown as pleiotrophin/osteoblast-stimulating factor 1) is
on NGF and its receptor TrkA. During recent years, evidenceequired for GDNF-induced branching morphogenesis (Qiao et
indicating that GDNF, NRTN and ARTN also act on SCGal., 1999).
neurons has accumulated (reviewed by Airaksinen and Heparan sulphate proteoglycans may also be important for
Saarma, 2002). Activation of the tyrosine kinase receptoGDNF signalling in embryonic kidneys, because the effect of
TrkA by NGF is not needed for the survival of the postnatatiepriving kidneys of heparin sulphates is similar to that of
sympathetic neurons, but it is required for their growth and foknocking out GDNF or RET (Bullock et al., 1998). The
development of a mature neurotransmitter phenotype. Theanscription factors Pax2 and Eyal control GDNF expression
level of RET phosphorylation increases with postnatal age im differentiating nephrogenic mesenchymal cells (Xu et al.,
sympathetic neurons in vitro and in vjathough its function 1999; Brophy et al., 2001), whereas expression of RET by
in these neurons during postnatal development has remainackteric bud cells is indirectly regulated by retinoic acid
unclear. Surprisingly, NGF promotes the phosphorylation ofBatourina et al., 2001). NRTN, GER and NCAM are also
the long isoform of RET independently of either GFLs orexpressed in the developing kidney, but they have no renal
GFRo co-receptors (Fig. 2) (Tsui-Pierchala et al., 2002c)phenotype when knocked out (Cremer et al., 1994; Heuckeroth
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Nephrogenic germ-line tumours in adulthood (Meng et al., 2001b). The
mesenchyme regulation of GDNF expression by Sertoli cells is still poorly
understood, but follicle-stimulating hormone is known to
control the GDNF levels in Sertoli cells (Tadokoro et al., 2002).
Also in the testis, a challenging issue will be to dissect the role
of RET-dependent and -independent signalling.

\
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FIstihEr condene e RET receptor tyrosine kinase and GDNF in diseases

[GdnEtanh ol RET (rarranged during_réansformation) was originally

the mesenchyme Uretaric bud identified following a transfection assay of NIH 3T3 fibroblasts
with the DNA of a human T-cell lymphoma. It was soon
discovered that mutations in tRRETgene cause a number of
different diseases. They are found in the majority of families
who have multiple endocrine neoplasia type 2A (MEN2A) and
type 2B (MEN2B) cancer syndrome. MENZ2A is characterized
by medullary thyroid carcinoma, pheochromocytoma (a
malignancy of the adrenal medulla) and hyperparathyroidism.
In MEN2B, half of the patients develop pheochromocytoma,
but hyperparathyroidism is rare. Other features of MEN2B
include marfanoid habitus, thickened corneal nerves, and
neuromas of lips, tongue and gastrointestinal tract. In these
sporadic or familial cancer syndromes, RET is constitutively
activated by missense mutations, insertions or deletions either
in the extracellular domain, critical for the receptor
dimerization, or in the intracellular catalytic tyrosine kinase
domains (reviewed by Hansford and Mulligan, 2000; Manié et
al., 2001; Takahashi, 2001).

Various factors influence the type of RET mutation found in
Fig. 3. GDNF regulates kidney development. GDNF (red) is different cancers, such as exposure to radiation, age and the
expressed by the metanephric mesenchyme, and RET (green) by the
Wolffian duct, from which the ureteric budding is promoted by
GDNF. When the tip of th(_e bu_d ha_s induc_eo_l two subsets of GDNF dosage
mesenchymal cells for epithelial differentiation, these cells strongly
upregulate GDNF. This leads to formation of a double-gradient of NORMAL HIGH

LOW
GDNF around the ureteric tip and its branching. .@
¥ X ;

¥ i
- STEM
et al., 1999; Rossi et al., 1999). Therefore, their in vivo role \ e ,,\‘
in renal differentiation remain unclear. o @ @
COCONIN=OM |
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... and spermatogenesis DS

GDNF is expressed in the testis by Sertoli cells that regulat
spermatogenesis in a paracrine manner. RET anchGRiRe .
displayed by a subset of undifferentiated spermatogonii
including the spermatogenic stem cells (Meng et al., 2000 D8}

Gene-targeted mice that have oG®NF-null allele show DS (@

partial depletion of spermatogenic stem cells, whereas mic l\ o

overexpressing GDNF show clusters of undifferentiatec 2

spermatogonia. Both  GDNF and NRTN stimulate DNA DS

synthesis in spermatogonia (Viglietto et al., 2000). In vivo dat: =

from transgenic mice show that GDNF, but not NRTN,

contributes to the paracrine regulation of spermatogonial sel _ ) _ L

renewal and diferentation (Fig 4 (Weng et al, 2000; Men! % o0l L rermacagni s ool Aeenionr i sel.
et tal.,. 20?1ad). tReduced %Qf?age t(.)ftGDNfF In Gﬂrl?llmoclk— th the semi_niferous tubules. These cells contrc_)l sperm differentiation in
out mice leads to excess dilierentiation of spermatogonia, the, paracrine manner. When the GDNF level is low, the spermatogenic

depletion and finally to Sertoli-cell-only histology. An giem cells enter the differentiation pathway. When its level is high,
increased dosage of GDNF allows undifferentiatecthe stem cells only self-renew and are unable to differentiate. In

spermatogonia to self-renew but not differentiate. Such GDNFtransgenic mice with loss- and gain-of-function of GDNF, both
overexpressing mice are infertile and develop seminoma-likconditions lead to disturbed spermatogenesis.
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branching

il

Tertiary
branching




3860 Journal of Cell Science 116 (19)

histological type of the tumour. In medullary thyroid cancerdisease in a Phase | safety trial. This study demonstrated that
germline RET mutations are found in practically all familial direct intra-putamenal GDNF delivery in patients with
cases, and somatic point mutations occur in nearly half of thearkinson’s disease can be tolerated for at least 1 year, leads
sporadic cases. Papillary thyroid carcinomas (PTC) frequently a significant increase in dopamine storage in the putamen,
show gene rearrangements, which give rise to chimeric genasd improves the patient’s clinical condition (Gill et al., 2003).
referred to aRET/PTC These rearrangements occur in almostJndoubtedly, it encourages further careful examination of the
half of papillary cancers (Hansford and Mulligan, 2000;potential of GDNF as a treatment for Parkinson’s disease.
Takahashi, 2001). Since both RET and Met are pathologically GDNF is currently the most potent protein for the treatment
activated in various cancer forms, it is tempting to speculatef the Parkinson’s disease. However, the molecular events
about their possible synergistic effect in carcinogenesis. leading to the degeneration of dopaminergic neurons are
Inactivating mutations in RET are common in largely unclear. Importantly, death pathways activated in
Hirschsprung’s disease, which is characterized by the absendepaminergic neurons by removal of neurotrophic factors, and
of neuronal ganglia in various parts of the colon, leading t&GDNF in particular, have not been studied. Unravelling the
severe constipation and intestinal obstruction durindntracellular cascades that are activated in GDNF-deprived
childhood. Estimates of the frequency RET mutations in  dopaminergic neurons would offer a unique opportunity to
Hirschsprung’s patients vary, ranging in different populationglevelop pharmacological inhibitors that specifically block
from 5% to 50% (reviewed by Newgreen and Young, 2002)these death pathways but leave other pathways untouched. Use
RET mutations are more common in the familial form than irof low-molecular-weight drugs in therapy may be an
sporadic Hirschsprung’s diseaseFRa mutations have not interesting alternative to recombinant neurotrophic factors.
been found in Hirschsprung’s patients (Borrego et al., 2003), Other GFLs may also have therapeutic potential. Recent
and they are unexpectedly not significant in the pathogenestudies demonstrate that, in a rat model of Parkinson’s disease,
of the disease. Studies on the rolegG&dNF mutations in the PSPN delivered to the brain by neural stem cells is as
pathogenesis of Hirschsprung’'s disease seem contradictosfficacious as GDNF at promoting both survival and
Heterozygous GDNE- mice develop Hirschsprung-type neuritogenesis of midbrain dopamine neurons (Akerud et al.,
intestinal obstruction (Shen et al., 2002), and four differen2002). Because the expression of PSPN receptora@H&
mutations have been found in Hirschsprung’s disease. At leastuch more restricted than that of the GDNF receptor @FR
two of them reduce the affinity of GDNF for GER (Eketjall  (Lindahl et al., 2000), it is logical to assume that PSPN, even
and Ibafiéz, 2002). However, these GDNF mutations do ndtused at higher concentration, would cause fewer side-effects
reduce the activation of RET (Borghini et al., 2002; Eketjalithan GDNF.
and lbafiéz, 2002). NRTN has also been linked with the GFLs may also become useful for the treatment of drug
pathogenesis of Hirschsprung’s disease. A mutatiddRAN  addiction. It is well established that chronic administration of
has been found in a large pedigree with the disease. Tlwecaine and morphine induce neurobiological changes in the
mutation is not sufficient to cause Hirschsprung’s disease bwentral tegmental area (VTA) of the rat and mouse brain, the
modifies the disease severity caused BREd mutation in the origin of the mesolimbic and mesocortical dopaminergic
pedigree (Doray et al., 1998). neurons. In animal studies, infusion of the VTA with GDNF
Hirschsprung disease is a multigenic disease alreadylocks certain biochemical adaptations to chronic cocaine and
associated with eight disease loci. The disease phenotypenmrphine administration, as well as to the rewarding effects of
modulated by genetic interactions between two or more diseasecaine. Most interestingly, chronic cocaine and morphine
genes, and there is low penetrance. Molecular genetic analyssdministration  decreases  RET-phosphorylation  levels,
have revealed that, in particular, the interaction betweesuggesting that these drugs decrease signalling through
mutations in the genes encoding RET and endothelin receptendogenous GDNF pathways in the VTA (Messer et al., 2000).
B (EdnrB) are central to the pathogenesis of Hirschsprunglthough information about intracellular cascades triggered by
disease (Carrasquillo et al., 2002). In accordance with thi§FLs is rapidly emerging, nothing is known about the
RET- heterozygous mice show no intestinal aganglionosisieurotrophic-factor-induced signalling pathways involved in
andEdnrB-null homozygotes show agangliononsis only in thedrug addiction. Since, in addition to GDNF, NRTN and PSPN
very distal colon. When tHRET"~mice are crossed with mice protect dopaminergic neurons in the animal models of
carrying different combinations oEdnrB-null allele, the Parkinson disease, it will be of great interest to study whether
decreasing dosage of EdnrB dramatically increases the lengiRTN and/or PSPN signalling can regulate adaptations to
of aganglionosis (MacCallion et al., 2003). Thus, genetic crosstbused drugs.
talk between EdnrB and RET is essential for both normal The role of GDNF in the control of spermatogenesis is also
development of the enteric nervous system and thmtriguing, because GDNF is the first molecule that is known
pathogenesis of Hirschsprung disease. to control the cell fate decision of spermatogonial stem cells.
GDNF signalling is therefore an attractive target for the
_ development of male contraceptives. However, such efforts are
Perspectives severely shadowed by the carcinogenic consequences of
GDNF is a potent neurotrophic factor that has restorativderegulated RET activation.
effects in a wide variety of rodent and primate models of The recently identified new GFL receptor NCAM, as well
Parkinson’s disease (reviewed by Bjorklund et al., 2000). Ims crosstalk between GDNF-G&RMET and NGF-TrkA-
early clinical studies no beneficial effects were observed, blRET, make GDNF biology unexpectedly complicated.
side-effects were reported. Recently, GDNF was deliveretiiorizontal interplay of unrelated receptor systems is being
directly into the putamen of five individuals with Parkinson’sincreasingly identified and undermining the classic view of the
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ligand-receptor interaction as a one-way event. In spite of this (ed. P. Vize, A. S. Woolf and J. B. L. Bard), pp. 195-210. London: Academic
complexity, GFLs offer a unique opportunity for development Press.

of drugs for treatment and possibly prevention of severdf'eme" M. Lang de\/’vilr?]”SChlr(irS:é?nhe’rAls Pé‘;?]":frf‘”'s'\"e't' ;ﬁggig ©., Roes, J.,
diseases, particularly neurodegenerative diseases. Howeverof the N-CAM gene in mice results in size reduction of the olfactory bulb

GFL prOt_einS are di_ﬁiCU“_ and expensive to produce, they are and deficits in spatial learintjature 367, 455-459.
often labile and their delivery to the target is complicated byle Graaf, E., Srinivas, S., Kilkenny, C., D'Agati, V., Mankoo, B. S.,
the fact that they do not cross the blood-brain barrier. ThereforeCostantini, F. and Pachnis, V,(2001). Differential activities of the RET

: ! _ A tyrosine kinase receptor isoforms during mammalian embryogeGesiss
the next challenge is to find low-molecular-weight drugs Dev. 15, 2433.2444.

th.at.af.fec'[ intrace!lular signalling pathways' involving andporay, B., Salomon, R., Amiel, J., Pelet, A., Touraine, R., Billaud, M.,
mimicking the action of natural neurotrophic factors. The Attig, T., Bachy, B., Munnich, A. and Lyonnet, S(1998). Mutation of the
development of such drugs will be dependent on detailed RET ligand, neurturin, supports multigenic inheritance in Hirschsprung
understanding of the 3D structure of GFLs and their receptors diseaseHum. Mol. Genet7, 1449-1452.

- etjall, S. and Ibafiéz, C. F(2002). Functional characterisation of mutations
as well as the molecular, cellular and pathc’IOg'Cal aspects Ohn the GDNF gene of patients with Hirschsprung disedee. Mol. Genet.

their signalling mechanisms. 11, 325-329.
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