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Released GFR␣1 Potentiates Downstream Signaling, Neuronal Survival, and Differentiation via a Novel Mechanism of Recruitment of c-Ret to Lipid Rafts c-Ret kinase (cis signaling). The two receptors also interact with low affinity in the absence of ligand, resulting in the formation of a less selective receptor complex capable of interacting with other members of the GDNF ligand family as well as several GDNF mutants with de

Eketja ¨ll et al., 1999). Three close mammalian 17177 Stockholm homologs of GDNF have been identified, all of which Sweden utilize c-Ret as signaling receptor with the aid of different members (GFR␣1-4) of the GFR␣ family of GPI-linked coreceptors (see Airaksinen et al. [1999] for a recent Summary review). Thus, in the GDNF system, the tasks of ligand binding Although both c-Ret and GFR␣1 are required for reand transmembrane signaling are divided between the sponsiveness to GDNF, GFR␣1 is widely expressed in GFR␣ and c-Ret receptors. Because both receptors are the absence of c-Ret, suggesting alternative roles for necessary for GDNF signaling, this would predict a high "ectopic" sites of GFR␣1 expression. We show that degree of colocalization of c-Ret and GFR␣ subunits in GFR␣1 is released by neuronal cells, Schwann cells, vivo. However, GFR␣s are in fact much more widely and injured sciatic nerve. c-Ret stimulation in trans by expressed than c-Ret in nervous tissue, suggesting alsoluble or immobilized GFR␣1 potentiates downternative roles for these "ectopic" sites of GFR␣ expresstream signaling, neurite outgrowth, and neuronal sursion (Trupp et al., 1997; Yu et al., 1998). One possibility vival, and elicits dramatic localized expansions of is that GFR␣s may also signal independently of c-Ret, axons and growth cones. Soluble GFR␣1 mediates presumably in collaboration with novel transmembrane robust recruitment of c-Ret to lipid rafts via a novel proteins. In fact, recent evidence obtained in c-Ret-defimechanism requiring the c-Ret tyrosine kinase. Acticient cell lines and sensory neurons isolated from c-Ret vated c-Ret associates with different adaptor proteins knockout mice indicates the existence of alternative inside and outside lipid rafts. These results provide signaling mechanisms mediated by GFR␣s acting in a an explanation for the tissue distribution of GFR␣1, cell-autonomous manner independently of c-Ret (Potersupporting the physiological importance of c-Ret actiyaev et al., 1999; Trupp et al., 1999). On the other hand, vation in trans as a novel mechanism to potentiate GFR␣s also bind ligand and activate c-Ret when proand diversify the biological responses to GDNF. vided exogenously in soluble form or immobilized on agarose beads (Treanor et al., 1996; Klein et al., 1997; Introduction Yu et al., 1998). Thus, another possibility is that "ectopic" GFR␣s may also function in a non-cell-autonomous Signaling by many neurotrophic factors involves the acmanner to capture and concentrate diffusible GDNF tivation of receptors with intrinsic tyrosine kinase activfamily ligands from the extracellular space and then ity. The c-Ret receptor tyrosine kinase is an essential present these factors in trans to afferent c-Ret-expresscomponent of the receptor for a class of structurally ing cells (trans signaling) (Trupp et al., 1997; Yu et al., and functionally related neurotrophic factors, the GDNF 1998). ligand family (Durbec et al., 1996; Trupp et al., 1996; Vega The relative importance of cis and trans mechanisms et al., 1996). GDNF (glial cell line-derived neurotrophic of c-Ret activation is, however, not understood. Other factor) was originally discovered as a potent survival GPI-anchored receptors, such as the ciliary neurofactor for ventral midbrain dopaminergic neurons (Lin trophic factor (CNTF) receptor ␣ (CNTFR␣), are released et al., 1993) but later found to also have pronounced by expressing cells and act as soluble mediators of the effects on motorneurons, sensory neurons, and other biological activities of their ligands (Davis et al., 1993). neuronal subpopulations (Airaksinen et al., 1999). Out-However, it is unknown whether GFR␣s are normally side the nervous system, GDNF has important roles as released by producing cells in vivo, nor whether soluble a morphogenetic factor in developing kidney and in the receptors are able to mediate physiologically relevant differentiation of spermatogonia (Sariola and Saarma, responses to GDNF family ligands. Expression studies 1999; Meng et al., 2000). c-Ret is unable to bind GDNF of GDNF and its receptors indicate that many GDNFon its own but can be activated in a complex with GFR␣1 responsive neurons expressing both c-Ret and GFR␣1 (GDNF family receptor ␣-1), a glycosyl phosphatidylinoproject to sites rich in GFR␣1 expression, suggesting sitol (GPI)-anchored protein that binds GDNF with high that they may normally be exposed to both cis and trans affinity (Jing et al., 1996; Treanor et al., 1996). In cells signaling in vivo (Trupp et al., 1997; Yu et al., 1998). It coexpressing c-Ret and GFR␣1, GDNF induces and/or is not obvious, however, what benefit a cell that already stabilizes the formation of a complex between the two expresses endogenous GFR␣1 may gain from an addireceptors, resulting in dimerization and activation of the tional supply of exogenous GFR␣ molecules. The possibility that cis and trans mechanisms cooperate in the overall GDNF response of a cell has not been investi-

In the work presented here, we have investigated tected in supernatants or lysates of cells that did not express this receptor (Figure 1A). whether activation of c-Ret in trans represents a physiologically relevant mechanism by examining the release

In the presence of GDNF, conditioned medium from ically potentiated the response to a saturating dose of doubled (Figure 3A), indicating an increased efficacy of the combined treatment. Increased survival could also GDNF at both 24 and 48 hr (Figure 2), indicating an acceleration of the response. Soluble GFR␣1-Fc had no be observed in neurons grown on an extracellular matrix containing immobilized GFR␣1-Fc (Figure 3A). Together, effect on its own at either time point (Figure 2). Stimulation of MN1 cells with GDNF and soluble GFR␣1-Fc in these data indicated that exogenous GFR␣1 in trans can potentiate differentiation and survival responses to the presence of PD98059 and LY294002, specific inhibitors of MEK and PI3K kinases, respectively, failed to GDNF even in cells expressing endogenous GPI-anchored receptors. provoke changes in cell morphology or neurite outgrowth (Figure 2B), indicating that activation of Erk and Akt kinases is required for the biological response of Immobilized GFR␣1 Elicits Localized Differentiation of Growth Cones and Axons MN1 cells to GDNF. Developing sensory neurons from the nodose ganglion show a robust survival response

We also examined the effects of exogenous GFR␣1 on the morphological differentiation of nodose ganglion to GDNF that saturates between 10 and 20 ng/ml (i.e., 400-800 pM) [START_REF] Sanicola | GDNF is an age-specific survival factor for sensory and Glial cell line-derived neurotrophic factor-dependent ret activation autonomic neurons[END_REF]Trupp et al., 1995). sensory neurons as well as paravertebral sympathetic neurons, another neuronal subpopulation highly respon-As expected, a saturating dose of GDNF promoted a strong survival response in these cells 48 hr after plating sive to GDNF [START_REF] Sanicola | GDNF is an age-specific survival factor for sensory and Glial cell line-derived neurotrophic factor-dependent ret activation autonomic neurons[END_REF]Trupp et al., 1995).

Neurons grown on immobilized GFR␣1-Fc developed (Figure 3A). In the presence of subnanomolar amounts of soluble GFR␣1-Fc, the response to GDNF was nearly striking lamellipodia-like expansions of axons and growth to basal levels (Figure 4A). Stimulation with soluble GFR␣1-Fc of sensory and sympathetic neurons was also In vivo, nerve terminals are likely to encounter localized sources, rather than uniform fields, of GFR␣1 immo-accompanied by a marked potentiation and prolongation of c-Ret tyrosine phosphorylation in response to bilized to the extracellular matrix or to supporting cells. We modeled this situation by supplying GFR␣1-Fc im-GDNF (Figure 4B). Moreover, stimulation in trans also prolonged the activation of Akt and, to a lesser extent, mobilized onto the surface of polystyrene microspheres to neuronal cultures growing in the presence of GDNF.

Erk in sensory and sympathetic neurons (Figure 4C). To compare cis versus trans stimulation directly in In 2-day-old cultures, microspheres coated with GFR␣1, but not control microspheres, produced branching and the absence of endogenous GPI-anchored GFR␣1, downstream signaling was examined in MG87 fibro-reorganization of the actin cytoskeleton when associated with the terminal regions of axons (Figures 3G-3K).

blasts stably transfected with different complements of GDNF receptor subunits. In MG87 cells expressing This effect was only observed in terminals that were in direct contact with GFR␣1-coated microspheres, not in GFR␣1 and c-Ret (MG87-␣1/Ret), GDNF stimulated rapid phosphorylation of Erk kinases that returned to axons located at a distance from the beads. In addition, (defined as large, phase-dark cells with a visible nucleus) were quan-Y1062F were made by site-directed mutagenesis as described elsetified relative to the total number of neurons counted in random where (Besset et al., 2000). GDNF produced in insect cells as defields of four different wells in each experiment. GDNF was used at scribed (Trupp et al., 1995) was used at 50 ng/ml (2 nM) and GFR␣1-Fc a saturating dose (150 ng/ml, i.e., 6 nM) and soluble GFR␣1-Fc at (R&D Systems) was used at 150 ng/ml (833 pM), unless otherwise a subsaturating dose (300 ng/ml, i.e., 1.66 nM). The results reported indicated. Monomeric soluble GFR␣1 was obtained by Factor Xa are average of three independent experiments. Neuronal survival digestion of GFR␣1-Fc, followed by purification on protein G agaassays in dissociated cultures of E9 chick nodose ganglion and rose. For immobilization of GFR␣1-Fc to the culture substrate, paravertebral sympathetic neurons were performed as previously dishes or cover slips were treated with 10 g/ml GFR␣1-Fc in PBS described (Trupp et al., 1995). To ensure that any increase in the for 2 hr at 37ЊC and then washed extensively with PBS. Control response observed after addition of soluble GFR␣1 would reflect coatings were done with human IgG. Pretreatments with K252a an enhanced efficacy of the combined treatment and not merely a (Calbiochem) were done for 30 min at 37ЊC prior to stimulation. MEK suboptimal supply of factor, GDNF was used at a saturating dose and PI3K kinase inhibitors PD98059 and LY294002 (Calbiochem) (150 ng/ml, i.e., 6 nM) and soluble GFR␣1-Fc at a subsaturating were used at 50 M.

dose (150-300 ng/ml, i.e., 0.83-1.66 nM). For differentiation assays, following coating with GFR␣1-Fc (see above), cover slips were further treated with polyornithine (1 mg/ml) and laminin (100 g/ml). 

Schwann Cell and Sciatic Nerve Explant Cultures
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  Figure 1. Release of GFR␣1 from Schwann Cells and Sciatic Nerve Explants, and Activation of c-Ret in trans by Soluble and Immobilized Receptors (A) GFR␣1 in membrane rafts of RN33B cells (GPI anchored), released by PI-PLC treatment (PI-PLC) or collected from conditioned medium of RN33B cells or Schwann cells. (B) GFR␣1 in conditioned medium of explants of control (contralateral) or lesioned (ipsilateral) rat sciatic nerves. Results from four different animals are shown (numbers). Asterisk, p Ͻ 0.017, Student's t test. (C) MG87-Ret cells were treated with GDNF and soluble GFR␣1 derived from conditioned medium of RN33B or Schwann cells and analyzed for c-Ret phosphorylation (IP, immunoprecipitation; IB, immunoblotting). (D) MG87-Ret cells grown on dishes coated with GFR␣1-Fc (ϩ) or with a control IgG (Ϫ) were stimulated with GDNF as indicated and analyzed for c-Ret phosphorylation. Soluble GFR␣1-Fc was included as positive control. (E) Cocultures of RN33B (75%) and MG87-Ret (25%) cells were stimulated with GDNF as indicated and analyzed for c-Ret tyrosine phosphorylation as above.

FigureFigure 3 .

 3 Figure 2. Soluble GFR␣1 Potentiates Neuronal Differentiation of the Immortalized Motorneuron Cell Line MN1 in Response to GDNF (A) Phase contrast images of cultures of MN1 cells grown in control conditions or treated with 1.66 nM GFR␣1-Fc, 6 nM GDNF, or 1.66 nM GFR␣1-Fc plus 6 nM GDNF. GDNF-induced cell spreading is indicated with arrowheads. (B) Quantification of neurite outgrowth and cell spreading responses in cultures of MN1 cells after 24 or 48 hr treatment with GDNF, GFR␣1-Fc, or their combination. Columns labeled ϩLY294002 and ϩPD98059 indicate the response obtained in MN1 cells stimulated with GDNF and GFR␣1-Fc in the presence of 50 M of the indicated inhibitors.

Figure 4 .

 4 Figure 4. Stimulation with Exogenous GFR␣1 in trans Potentiates and Prolongs Downstream Signaling in Response to GDNF (A) Erk (top) and Akt (bottom) phosphorylation in total extracts of MN1 cells treated with GDNF in the presence or absence of soluble GFR␣1-Fc. (B) c-Ret phosphorylation (P-Tyr) in lysates of sensory and sympathetic neurons treated with GDNF in the presence or absence of soluble GFR␣1-Fc. (C) Erk (top) and Akt (bottom) phosphorylation in total extracts of sensory and sympathetic neurons treated with GDNF in the presence or absence of soluble GFR␣1-Fc. (D) Erk phosphorylation in total extracts of MG87-␣1/Ret cells treated with GDNF (cis signaling, top panels). The bottom panels show Erk phosphorylation in total extracts of MG87-Ret cells treated with GDNF and soluble GFR␣1-Fc (trans signaling).
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 57 Figure 5. Both GPI-Anchored and Soluble GFR␣1 Receptors Mediate Recruitment of c-Ret to Lipid Rafts (A) Sucrose gradient fractions of Triton X-100 lysates prepared from the indicated cell lines treated with GDNF and soluble GFR␣1-Fc as indicated analyzed for GFR␣1 and c-Ret. Raft proteins are in fractions 3 to 5. Detergent-soluble proteins are at the bottom of the gradient in fractions 9 to 12. The histogram shows the amount of c-Ret present in rafts relative to the total amount of c-Ret in the gradient. (B) Visualization of c-Ret in detergent-insoluble membrane compartments in situ by confocal microscopy. The top three rows show Neuro2A-␣1 cells (stably expressing GFR␣1) transiently transfected with a c-Ret-GFP construct (green) either fixed directly (control) or treated with Triton X-100 prior to fixation (TX) and staining with a rhodamine-labeled cholera toxin fragment B (red). Treatment with GDNF was done for 10 min. The last row shows parental Neuro2A cells transfected and treated as above except that soluble GFR␣1-Fc was added together with GDNF, and cells were stimulated for 60 min.

Figure 9 .

 9 Figure 9. Summary of Results (A) Different modes of action of exogenous GFR␣1 molecules in the activation of c-Ret in trans. GPI-anchored GFR␣1 can be released by the action of membrane phospholipases or proteases. Soluble GFR␣1 molecules can capture GDNF in the extracellular space and activate c-Ret in trans on target cells (1). Released GFR␣1 can also be immobilized to the extracellular matrix and present GDNF to axons growing on this substrate (2). GPI-anchored GFR␣1 molecules on standby cells can bind GDNF and present it in trans to c-Ret receptors on adjacent cells (3). (B) Initial signaling events in rafts for the GDNF receptor complex. During activation in cis (left), GDNF binds to GPI-anchored GFR␣1 receptors in lipid rafts (1), resulting in the recruitment and activation of c-Ret in this compartment (2). c-Ret associates with and activates FRS2 inside and SHC outside lipid rafts. Activated c-Ret is in equilibrium between raft and nonraft compartments (3). During activation in trans (right), a complex of GDNF and soluble GFR␣1 (sGFR␣1) released from neighboring cells binds to and activates c-Ret outside rafts (1), where the activated receptor associates with and phosphorylates SHC. c-Ret is then recruited to rafts by a mechanism dependent on its tyrosine kinase activity and phosphorylation of Tyr-1062 (2). Inside lipid rafts, c-Ret associates with and activates FRS2. Both c-Ret and GFR␣1 are believed to function as homodimers; for simplicity, only monomers are represented here.

  Schwann cells were extracted from P1 rat sciatic nerves by collage-Polysterene 5 m microspheres (Polysciences) were coated with 25 g/ml GFR␣1-Fc or BSA in borate buffer (pH 8.0) overnight at nase treatment and cultured in serum-containing medium supplemented with bFGF and forskolin. At confluency, cultures were room temperature, followed by several washes in PBS. For biochemical analyses, cultures of nodose or sympathetic neurons were main-switched to serum-free medium and incubated for an additional 48 hr at which time conditioned medium was harvested, clarified by tained in the presence of BDNF or NGF, respectively, for 48 hr prior to acute stimulation with GDNF or GDNF plus soluble GFR␣1. high-speed centrifugation, and concentrated by ultrafiltration in
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Ikonen, E., and Simons, K. (1998). Protein and lipid sorting from the trans-Golgi network to the plasma membrane in polarized cells. 

The analysis of c-Ret-GFP distribution in