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ABSTRACT 
 
Neurotrophic factors control a range of activities in developing neurons, including 

survival, proliferation, migration and neuronal differentiation. Two classes of 

neurotrophic factors that are strongly linked to neuronal development of the peripheral 

nervous system are the neurotrophins and GDNF family ligands. Like other trophic 

factors they act by triggering signalling through receptor tyrosine kinases. This thesis 

addresses novel functions for the receptor of GDNF family ligands in peripheral 

nervous system development and how specificity is achieved at different levels of the 

trophic factor signalling pathway. 

        In paper I, NT3, which has been considered to be a promiscuous neurotrophin, is 

demonstrated to only signal through the TrkC receptor, despite the presence of TrkB. In 

genetically modified mice, NT3/TrkC, but not NT3/TrkB, could promote survival in 

the majority of cochleovestibular neurons. Furthermore, NT3/TrkC could not substitute 

for BDNF/TrkB in final target innervation of the vestibular system of the inner ear. 

       In paper II and III, Ret, the receptor for GDNF family ligands, is shown to require 

the binding of the adaptor protein Frs2 to its phosphorylated tyrosine 1062 for 

migration. In addition, phosphorylated tyrosine 981 was also necessary for a full 

migratory response, showing cooperation between these tyrosines. Moreover, the 

subcellular localization of Ret was dependent on which adaptor that binds to tyrosine 

1062, highlighting a new function for adaptor proteins. 

      In paper IV we have ablated Ret in a subpopulation of nociceptive neurons in vivo. 

We show that Ret was important for the proper expression of ion channels and G 

protein-coupled receptors. The loss of Ret also led to behavioural changes when 

mechanical and hot stimuli were applied to the genetically modified mice. This 

demonstrates the necessity of Ret for normal development of mechano- and 

thermosensation. 

       In conclusion this thesis contributes to the elucidation of how specificity in 

neurotrophic factor signalling is achieved and the definition of new roles for 

neurotrophic factors in development. 
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1 INTRODUCTION 
 

1.1 NEUROTROPHIC FACTORS AND RECEPTOR TYROSINE KINASE 
SIGNALLING 

 

1.1.1 Neurotrophic factors 

 
The concept of target-secreted factors for neurons was postulated already during the 

first half of the 20th century. At the time, Samuel Detwiler and Viktor Hamburger 

demonstrated that the number of sensory neurons in dorsal root ganglia of amphibian 

embryos was dependent on the limb they innervate. When they transplanted an 

additional limb bud, the number of neurons increased, and reversibly the number 

decreased when a limb bud was removed. However, at this time it was not clear by 

what mechanism the neuronal numbers were affected. In the 1940s Rita Levi-

Montalcini and Viktor Hamburger discovered that neurons die during normal 

development and that removing a limb bud in chick caused excessive neuronal death. 

This finding led to the neurotrophic factor hypothesis stating that the target of 

innervation secretes a limited amount of trophic factor that is taken up by the nerve 

terminal and supports the survival of the neuron. Today we know that cells that do not 

receive enough neurotrophic support will die by apoptosis during the period of 

naturally occurring cell death. In this way the number of neurons is matched with the 

target size. 

 

Currently, several neurotrophic factors have been identified with diverse effects in the 

nervous system. Examples of these are neurotrophins, GDNF family ligands, cilliary 

neurotrophic factor, leukemia inhibitory factor, fibroblast growth factors (FGFs) and 

insulin-like growth factor (IGF). Recently a new neurotrophic factor, conserved 

dopamine neurotrophic factor (CDNF), was discovered (Lindholm et al. 2007). 

Neurotrophic factors are secreted peptides that dimerize and activate receptor tyrosine 

kinases expressed in neurons and neuronal precursors. In addition to their role in 

survival, they are involved in early developmental events such as patterning and 

proliferation and also play important roles during migration, innervation and 

differentiation of the neuron. Some neurotrophic factors are also important during 

adulthood for maintenance of the trophic state of the neuron and exert neuroprotective 
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effects during injury. The majority do also act on other cell types outside of the nervous 

system. 

 

There are three prevalent modes of action of neurotrophic factors: autocrine, paracrine 

and target-derived. In autocrine signalling the neurotrophic factor is secreted by the 

same neuron that also respond to the signal by expressing the corresponding receptor. 

In paracrine signalling a nearby cell releases the factor that will trigger the response of 

the neuron. If the factor is target-derived, it implies that the innervation target of the 

neuron secretes the factor. In this case the neurotrophic factor bound to its receptor can 

be retrogradely transported through the axon to the soma, where some of the effects are 

exerted. Likewise neurotrophic factors can be anterogradely transported from the soma 

to the tip of the axon, where they are released postsynaptically. 

  

Neurotrophins and/or GDNF family ligands have effects on virtually all classes of 

neurons of the peripheral nervous system (PNS) during development. These 

neurotrophic factors are the main focus of this thesis and a more detailed description of 

their properties is given in chapter 1.2 and 1.3. 

 

 

1.1.2 Neurotrophic factor signalling 
 

1.1.2.1 Receptor tyrosine kinases 

Trophic factors signal through receptor tyrosine kinases (RTKs), which appear to be an 

evolutionary solution to facilitate cell-to-cell communication in multicellular organisms 

(Hunter and Cooper 1985; King 2004). So far RTKs have only be found in one 

unicellular organism (King and Carroll 2001). RTKs are transmembrane proteins with 

an intracellular kinase domain and feature a wide range of different extracellular 

structures for the purpose of ligand engagement (Pawson 2002). Upon binding of a 

trophic factor, RTKs dimerize and trans-autophosphorylate the tyrosines in the 

activation loop of the kinase domain (Schlessinger 2000). This phosphorylation further 

facilitates the phosphorylation of other intracellular tyrosines on the receptor. Once 

phosphorylated, these tyrosines make up docking sites for adaptor and effector proteins 

with phospho-tyrosine binding domains. Adaptor proteins can further recruit other 

scaffolding and effector proteins to create a multicomponent signalling complex on the 

receptor. Depending on the constituents of the complex and the availability of other 
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signalling components, certain intracellular signalling pathways will be triggered. 

These pathways will ultimately affect transcription, intracellular calcium levels and/or 

cytoskeletal rearrangements, generating a biological response to the trophic factor 

signal. Many RTKs also exist in oncogenic forms, for example as the result of chimeric 

fusions to other proteins or point mutations that render them constitutively active. 

 

1.1.2.2 Domains and modules 

Intracellular signalling downstream of RTKs is constructed in a modular fashion 

(Pawson 2002) . These modules can recognize different motives such as modified 

peptides and lipids or display a catalytic activity. SH2 and PTB domains bind 

phosphorylated tyrosines, while FHA domains associate with phosphorylated 

threonines. SH3 domains do not recognize a post-translational modification, but binds 

to proline-rich motives. PH domains recognize lipids modified by phosphoinositides 

and in this way can recruit the protein to the membrane. By combining a limited 

number of functional modules present in the genome, a great number of signalling 

proteins exist within the cell, including scaffolds, enzymes and transcription factors. 

Via the different domains, these proteins are able to interact and transmit the signal. 

The modules are important for the specificity of intracellular signalling, by assuring 

which signalling proteins are brought into proximity of each other and where in the cell 

these interactions take place.  

 

Adaptor proteins are a class of scaffolding proteins that dock to activated RTKs by SH2 

or PTB domains (Schlessinger and Lemmon 2003). The affinity between a phospho-

tyrosine and a certain SH2 or PTB domain is determined by the amino acids 

surrounding the tyrosine. Thus different adaptors bind different phospho-tyrosines. 

Adaptors lack enzymatic activity, but act by recruiting other scaffolds and effectors. 

This is facilitated by the phosphorylation of tyrosines on the adaptor itself and the 

additional domains present within the adaptor. 

 

1.1.2.3 Classical signalling pathways 

RTKs activate a number of intracellular signalling pathways or cascades. Originally, 

they were discovered as simple linear pathways, but today we know that they branch 

and even interact with each other at multiple levels. Some commonly activated 

signalling pathways are described below. 

 



 

4 

The phosphatidylinsositol 3 (PI3) kinase is mainly associated with cellular processes 

such as survival and proliferation. Activated PI3 kinase generates 3-phosphorylated 

phosphoinositides (i.e. PIP2 and PIP3) that facilitate the activation of other kinases (i.e. 

PDK-1), and the recruitment of proteins to cellular membranes. One such protein is the 

serine/threonine kinase Akt. Akt, which is phosphorylated at the membrane by PDK-1, 

becomes activated and phosphorylates a number of substrates influencing survival. 

Examples of this are the phosphorylation of Bad and GSK3β that otherwise promote 

apoptosis. Phosphorylation of IκB by Akt leads to its degradation and release of the 

transcription factor NFκB that promotes the transcription of pro-survival genes. 

 

The mitogen-activated protein (MAP) kinase signalling cascade is involved both in 

neuronal survival and differentiation. It is initiated by the activation of a small GTPase 

(i.e. Ras) via a nucleotide exchange from GDP to GTP, a process facilitated by a 

guanine nucleotide exchange factor (GEF). The active GTPase binds and activates the 

serine/threonine kinase Raf. In turn, Raf activates MEK1 and 2 that subsequently 

phosphorylates ERK1 and 2. Active ERK1/2 translocate to the nucleus where they 

effect gene expression by activating trasnscription factors such as Elk1, STATs and 

Myc. 

 

Phospholipase C gamma (PLCγ) 1 catalyzes the hydrolysis of phosphoinositides to 

yield diacylglycerol (DAG) and inositol tris-phosphate (IP3). DAG stimulates DAG-

regulated protein kinase C (PKC) isoforms, while IP3 promotes release of Ca2+ from 

internal stores. The released Ca2+ activates enzymes such as Ca2+-regulated PKC 

isoforms and Ca2+-calmodulin-regulated protein kinases. PLCγ signalling is implicated 

in diverse processes such as survival and neuronal branching. 

 

GEFs make up an interesting category of signalling molecules for cross-talk between 

different signalling pathways. Apart from being a link in the linear signalling between 

RTKs and ERK1/2, GEFs can also be activated by DAG, Ca2+ and protein kinase A. 

 

1.1.2.4 Specificity in signalling 

A central question in the field of signalling addresses how different biological 

responses are generated by RTKs. For example, the activation of the RTK Ret in 

enteric neuronal precursors induces migration (Young et al. 2001; Natarajan et al. 

http://en.wikipedia.org/w/index.php?title=Phosphoinositides&action=edit
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2002), whereas activation in nociceptive neurons causes the expression of ion 

channels and maintenance of the trophic state (Luo et al. 2007) . This stresses the 

importance of the cellular milieu that receives the signal and the competence of the 

cell. For example, what signalling components and transcription factors are available 

and what is their subcellular location. In contrast, epidermal growth factor signalling 

in rat medulloblastoma (PC12) cells leads to proliferation, while nerve growth factor 

signalling instead induces differentiation (Marshall 1995). This line of evidence 

suggests that there are intrinsic differences in RTK signalling. It is possible that the 

RTKs reside in different subcellular locations and are able to recruit different sets of 

adaptors and/or trigger a different set of signalling pathways. In the study by Marshall 

et al. it was shown that the resulting length of activation of MAPK was different and 

that this was crucial for the different biological responses. One could envision that 

both the cellular milieu and the properties of a trophic factor/RTK pair affect the 

biological outcome. 

 

 

1.2 NEUROTROPHINS AND TRK RECEPTORS 

 
1.2.1 A promiscuous system? 

 
1.2.1.1 Neurotrophins and cognate Trk receptors 

The neurotrophin family consists of four members in the mouse: Nerve growth factor 

(NGF), Brain-derived neurotrophic factor (BDNF), Neurotrophin-3 (NT3) and 

Neurotrophin-4 (NT4). Neurotrophins are synthesized as precursors (pre-pro-proteins) 

that can be subsequently proteolytically cleaved to its mature form. The secreted 

mature form acts as a non-covalently linked homodimer on the Trk RTKs. NGF was 

the very first neurotrophic factor to be identified. It was isolated in the 1950’s as a 

nerve growth activity for sensory and sympathetic neurons encountered in snake venom 

and the mouse submandibular glands (Levi-Montalcini 1987). Thirty years later a 

second neurotrophin, BDNF, was isolated from pig brain and the corresponding mRNA 

cloned (Barde et al. 1982; Leibrock et al. 1989). This was in turn followed by several 

research groups cloning NT3 and NT4 based on sequence homology (Leibrock et al. 

1989; Ernfors et al. 1990; Jones and Reichardt 1990; Maisonpierre et al. 1990; 

Hallbook et al. 1991). 
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The Trk (tropomysin-related kinase) receptors contain 2 immunoglobulin domains in 

their extracellular region that are important for neurotrophin binding. In parallel to the 

discoveries of neurotrophins, TrkA was identified as a chimeric oncoprotein in humans 

(Martin-Zanca et al. 1986; Martin-Zanca et al. 1989) and TrkB was cloned in mouse 

(Klein et al. 1989). NGF was then shown by several research groups to bind TrkA 

(Cordon-Cardo et al. 1991; Hempstead et al. 1991; Kaplan et al. 1991a; Kaplan et al. 

1991b; Klein et al. 1991a; Nebreda et al. 1991) and BDNF to bind TrkB (Klein et al. 

1991b; Soppet et al. 1991; Squinto et al. 1991). At the same time TrkC was cloned and 

shown to be a receptor for NT3 (Lamballe et al. 1991). Finally NT4 was found to be a 

ligand for TrkB (Ip et al. 1992; Klein et al. 1992). (Fig. 1) 

 

1.2.1.2 NT3 infidelity 

Some studies in vitro have demonstrated that NT3 is a promiscuous ligand. This 

includes studies in fibroblasts and neuronal cell lines, showing activation and signalling 

through the non-cognate receptors TrkA and TrkB (Lamballe et al. 1991; Soppet et al. 

1991; Squinto et al. 1991; Ip et al. 1993) (Fig. 1). The fact that some studies have failed 

to detect this, points at the existence of mechanisms that can modulate NT3 binding 

preferences, which of some are mentioned below. Using embryonic sensory neurons 

devoid of TrkC receptors, NT3 has been shown to be able to promote survival through 

TrkA and TrkB, although at high, possibly non-physiological concentrations (Davies et 

al. 1995). The in vivo literature, partly summarized below, contains numerous examples 

from knock-out studies that suggest that NT3 is indeed promiscuous, albeit with very 

little direct evidence. See also chapter 2.1 for a discussion. 

 

 

 

 

 

 

Figure 1. Neurotrophin and Trk 
receptor pairs. NGF binds TrkA. 
BDNF and NT4 share the TrkB 
receptor. The cognate receptor for NT3 
is TrkC, but NT3 can also activate 
TrkA and TrkB in vitro. 
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1.2.1.3 The p75NTR receptor 

A fourth receptor that can bind neurotrophins is p75NTR. The presence of p75NTR has 

been shown to alter the responsiveness of Trk receptors to neurotrophins. NGF 

activation of TrkA is potentiated, while NT3 activation of TrkA or TrkB becomes less 

efficient (Benedetti et al. 1993; Clary and Reichardt 1994; Lee et al. 1994; Mahadeo et 

al. 1994; Verdi et al. 1994; Bibel et al. 1999). In this way p75NTR seems to favour Trk 

signalling by cognate ligands.  Apart from affecting the affinity between neurotrophins 

and Trk receptors, neurotrophin-activated p75NTR can also signal independently of Trk 

receptors. 

 
 
1.2.2 Trk receptors in development 
 

1.2.2.1 Expression in the PNS 

Trk receptors are expressed both in the CNS and PNS, as well as in non-neuronal 

tissue. In the PNS this includes neurons of sensory ganglia, the superior cervical 

ganglion and the enteric nervous system. Correspondingly, neurotrophins are expressed 

in and around the neurons, along projection paths of nerves and in target tissue. 

 

Transcripts encoding TrkC are detected in early sympathetic development, before the 

coalescence of the superior cervical ganglion. TrkC expression decreases significantly 

after E15.5 and remains detectable only in a small subpopulation of cells. TrkA 

expression on the other hand appears at E13.5, becoming robust from E15.5 onward. 

Nt3 is synthesized around sympathetic ganglia before E15 (Verdi et al. 1996), but is 

no longer detected at E15.5. Nt3 is expressed in some but not all targets of the 

superior cervical ganglion at E17.5, including blood vessels and some glands  

(Francis et al. 1999). 

 

In the trigeminal ganglion TrkB and TrkC appear at E10.5, while TrkA appears one day 

later (Huang et al. 1999). At E11.5 there is a limited co-expression that has ceased 

before E13.5. Accompanying the changing expression of Trk receptors are matching 

changes in the expression of neurotrophins. The levels of Bdnf and Nt3 are initially 

highest in the mesenchyme through which the axons grow to the periphery, whereas 

Ngf is expressed predominantly in the target field epithelium (Davies et al. 1987; 

Arumae et al. 1993; Buchman and Davies 1993). Later in development, Nt3 is largely 
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confined to the oral epithelium and the mesenchyme underlying the skin (Wilkinson 

et al. 1996). For a description of dorsal root ganglia and the cochleovestibular system 

see 1.4.2 and 1.4.3.  

 

1.2.2.2 Findings from knock-out mice 

TrkA-/-and Ngf -/- mice appear normal at birth but fail to thrive and instead die during an 

extended period postnatally (Crowley et al. 1994; Smeyne et al. 1994). They show an 

almost complete loss of neurons in the superior cervical ganglion, which is caused by a 

neuronal death that starts before birth and continues postnatally. In the trigeminal 

ganglion about 75% of the neurons are lost in both knock-out strains. 

 

TrkB-/-and Bdnf -/- mice appear normal at birth, but most die within the three first 

postnatal weeks (Klein et al. 1993; Ernfors et al. 1994a; Jones et al. 1994; Conover et 

al. 1995).  In contrast, Nt4-/- mice are viable and fertile (Conover et al. 1995; Liu et al. 

1995). The neuronal death in sensory ganglia has been described as either similar 

between TrkB-/-and Bdnf -/- mice or enhanced in the TrkB-/- animals. In the nodose-

petrosal ganglion for example, the neuronal loss in TrkB-/- mice is 95%, while it is only 

57% in the Bdnf -/- mice (Liu et al. 1995; Silos-Santiago et al. 1997). Complementary to 

this, Nt4-/- mice show a 59% and double mutant Nt4-/-;Bdnf -/- mice a 90% reduction in 

the same ganglion, highlighting the dependence on separate neurotrophins for survival 

of different TrkB expressing subpopulations of the nodose-petrosal ganglion (Liu et al. 

1995).  

 

TrkC-/-and Nt3-/- mice have similar movement deficits and die shortly after birth 

(Ernfors et al. 1994b; Klein et al. 1994).  A recurring theme when comparing TrkC-/-and 

Nt3-/- mice is that the neuronal death is commonly greater in the Nt3-/- animals. (Ernfors 

et al. 1994b; Farinas et al. 1994; Tessarollo et al. 1997). The biggest difference is 

observed in the sympathetic superior cervical ganglion where Nt3-/- mice display 

approximately a 50% neuronal loss, whereas the TrkC-/-mice have normal neuronal 

numbers. Other ganglia such as the trigeminal, nodose-petrosal and geniculate display 

two- to threefold difference in neuronal loss. It has been proposed that these differences 

are due to a more general dependence on NT3. This dependence could be mediated at 

early time points through more widely expressed TrkC or through promiscuous 

interactions with TrkA and TrkB. For phenotypes in dorsal root, cochlear and vestibular 

ganglia see chapter 1.4.2 and 1.4.3.  
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1.2.2.3  Trk receptor splicing 

Trk receptors are alternatively spliced, leading to altered susceptibility to neurotrophin 

signalling. Differential splicing of the extracellular domain of all three receptors affect 

ligand interactions (Clary and Reichardt 1994; Strohmaier et al. 1996). Truncated forms 

of TrkB and TrkC exist that lack the tyrosine kinase domain (Valenzuela et al. 1993). 

The function of these isoforms in non-neuronal cells could include presentation of the 

neurotrophin to the neuron or sequestration of the ligand. Within the neuron, these 

receptors could inhibit receptor dimerization between full-length receptors, thus 

interfering with intracellular signalling. However, in knock-out mice where only the 

kinase domain has been removed, some kinase-independent pro-survival signalling 

seems to persist (Minichiello et al. 1995) as compared to complete knock-outs 

(Tessarollo et al. 1997). Furthermore, intracellular signalling is altered downstream of 

Trk receptors with an amino acid insert within the tyrosine kinase domain (Tsoulfas et 

al. 1996; Meakin et al. 1997). 

 

 

1.2.3 Trk receptors and intracellular signalling 
 

1.2.3.1 Tyrosines, adaptors and signalling pathways 

Trk receptors contain ten evolutionarily conserved intracellular tyrosines that can be 

phosphorylated. Three of these, Y670, Y674 and Y675 (human TrkA sequence 

nomenclature) are present in the autoregulatory loop of the kinase domain. Apart from 

being important for activation of the kinase, they do also bind adaptor proteins such as 

Grb2, rAPS and SH2B (Qian et al. 1998; MacDonald et al. 2000). The most extensively 

studied tyrosines are Y490 and Y785. Y785 has been shown to recruit PLCγ1 and the 

kinase CHK (Obermeier et al. 1993; Yamashita et al. 1999). PLCγ1 activation by NGF 

stimulates PKCδ, which leads to the activation of ERK1/2 and neurite outgrowth in 

PC12 cells (Corbit et al. 1999). Y490 interacts with the adaptor proteins Shc and Frs2 

(Stephens et al. 1994; Meakin et al. 1999). Frs2 can recruit Crk which leads to the 

activation of the GEF C3G. C3G activates the GTPase Rap1 that stimulates B-Raf, 

resulting in the prolonged activation of ERK1/2 (York et al. 1998; Meakin et al. 1999). 

Shc engagement of TrkA via Y490 can activate two different pathways through the 

recruitment of Grb2. Grb2 bound to the GEF SOS will activate Ras and subsequently 

via Raf trigger transient ERK1/2 activity (Stephens et al. 1994). Alternatively, Grb2 

associates with Gab1 and in this way activates Akt via PI3 kinase (Holgado-Madruga et 
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al. 1997). An in vivo silencing tyrosine to phenylalanine mutation of Y490 in TrkB or 

TrkC leads to comprised phosphorylation of ERK1/2 and almost abolished activation of 

Akt, showing the relative contributions of this tyrosine to the two signalling pathways. 

In these mice the phenotype is milder regarding neuronal death in the inner ear than in 

mice completely devoid of the receptor, implicating cooperation between 

phosphorylated tyrosines for survival (Minichiello et al. 1998; Postigo et al. 2002). For 

a summary see figure 2. 

 

 

 

Figure 2. A selection of signalling pathways that can be activated downstream of Trk receptors. 

 

1.2.3.2 Internalization 

After activation, the NGF/TrkA complex can be internalized. This compartmentalizes 

the signalling complex and facilitates its transport to other parts of the cell, which might 

regulate the signalling cascades activated. When NGF binds to TrkA, local downstream 

signalling can for example affect growth cone turning or exocytosis. In contrast other 

responses require changes in gene transcription whereby the signal must be transduced 

to the nucleus. Endosomes containing NGF/TrkA have been shown be retrogradely 
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transported from the axon terminal to the cell soma (Grimes et al. 1996; Bhattacharyya 

et al. 1997; Riccio et al. 1997), and it has been demonstrated in sensory neurons that 

while neurotrophins stimulate local activation of ERK1/2 and ERK5 in axons and cell 

bodies, only ERK5 is activated during retrograde signalling (Watson et al. 2001). 

 

1.2.3.3 Cross-talk 

RTKs are not only activated by their proper ligands, but also can be transactivated by 

other receptors. TrkA has been demonstrated both to be activated by G protein-coupled 

receptors (GPCRs) and to be able to transactivate other RTKs by slow kinetics. In 

PC12 cells the activation of GPCRs, by adenosine or PACAP, leads to the 

transactivation of TrkA and seems to involve Src kinases (Lee and Chao 2001; Lee et 

al. 2002). The TrkA receptor also has the capacity to activate the long isoform of Ret 

in postnatal superior cervical ganglion neurons (Tsui-Pierchala et al. 2002b). The 

presence of Ret is necessary to observe full trophic response to NGF in these cells. 

 

 

1.3 GDNF FAMILY LIGANDS AND RET 

 
1.3.1 A three component system 
 

The GDNF family of neurotrophic factors includes four members: Glial cell line-

derived neurotrophic factor (GDNF), Neurturin (NRTN), Artemin (ARTN) and 

Persephin (PSPN). The mature GDNF family ligands (GFLs) are biologically active as 

covalently bound homodimers. They are synthesized as precursors (pre-pro-proteins) 

with an amino-terminal signal sequence that is cleaved upon secretion and a 

prosequence that is cleaved from the mature polypeptide (Lin et al. 1993). The first 

member of this family to be discovered was GDNF. It was originally extracted from a 

rat glial cell line based on its potent survival effect on embryonic midbrain 

dopaminergic neurons (Lin et al. 1993). NRTN was found in a Chinese hamster ovary 

cell line as a survival factor for cultured sympathetic neurons (Kotzbauer et al. 1996). 

10 years ago PSPN was cloned by using degenerate PCR (Milbrandt et al. 1998) and 

ARTN was found using database searches based on homology to NRTN (Baloh et al. 

1998b). All GFLs except, PSPN, have been shown to support the survival of diverse 

populations of PNS neurons in culture (Buj-Bello et al. 1995; Kotzbauer et al. 1996; 

Baloh et al. 1998b; Milbrandt et al. 1998). 
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Ret (rearranged during transfection) is the common RTK for the GFLs. The Ret 

extracellular ligand-binding domain contains four cadherin-like repeats and a Ca2+ 

binding site (Anders et al. 2001). Ret was initially discovered as a proto-oncogene, 

activated by DNA rearrangement following transfection of fibroblast cells with DNA 

from human T-cell lymphoma (Takahashi et al. 1985). In 1996 GDNF was shown to be 

a ligand for the orphan Ret receptor (Durbec et al. 1996a; Trupp et al. 1996; Vega et al. 

1996; Worby et al. 1996). 

 

Many growth factors bind directly to their RTK, but GFLs must first engage with a co-

receptor from the GDNF family receptor alpha (GFRα) family (Fig. 3). The GFRα 

family consists of four members that each binds a preferred GFL. GFRα1 recruits 

GDNF (Jing et al. 1996; Treanor et al. 1996), GFRα2 binds NRTN (Baloh et al. 1997; 

Buj-Bello et al. 1997; Klein et al. 1997; Sanicola et al. 1997), GFRα3 interacts with 

ARTN (Baloh et al. 1998a; Naveilhan et al. 1998; Widenfalk et al. 1998) and GFRα4 

binds PSPN (Enokido et al. 1998; Lindahl et al. 2001). At least in vitro, NRTN and 

ARTN bind weakly to GFRα1 (Jing et al. 1996; Baloh et al. 1997; Creedon et al. 1997; 

Baloh et al. 1998b) and GDNF to GFRα2 (Sanicola et al. 1997), but the physiological 

significance of these interactions is unclear. GFRα receptors are tethered to the plasma 

membrane by a carboxy-terminal glycosyl-phosphatidylinositol (GPI) anchor, but can 

also be cleaved and act in a soluble form (Paratcha et al. 2001). 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. The receptor tyrosine kinase Ret can be activated by four different ligands; GDNF, 
Neurturin (NTRN), Artemin (ARTN) and Persephin (PSPN). GFRα co-receptors facilitate the 
activation of Ret by binding to their preferred ligand(s).  
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1.3.2 Ret in development 
 

1.3.2.1 Expression in the PNS 

Ret is expressed in many different tissues during development, usually together with 

one or more GFRα receptors. However, GFRα receptors are more widely expressed 

than Ret, especially in the CNS (Nosrat et al. 1997; Trupp et al. 1997). GDNF has been 

shown to trigger Ret-independent signalling through GFRα1 alone, and this may in part 

explain the biological function of the broad expression of GFRα receptors (Trupp et al. 

1999). Outside of the nervous system Ret is present from early on in the developing 

metanephric kidney (Pachnis et al. 1993). In the PNS, Ret is expressed in the developing 

autonomic nervous system, the enteric nervous system and the sensory ganglia, 

suggesting that the Ret signal transduction pathway is involved in development of all 

major branches of the PNS. 

 

Ret is detected in the majority of migrating enteric precursors emanating from the vagal 

neural crest, as well as in the postmitotic neurons of the enteric nervous system 

(Pachnis et al. 1993; Tsuzuki et al. 1995; Durbec et al. 1996b). Initially Ret only co-

localizes with GFRα1, but subsequently GFRα2 is also expressed in the enteric nervous 

system (Nosrat 1997, Golden 1999). Postnatally, Gfrα1 expression weakens, but Gfrα2 

persists in the adult. Complementary to this, Gdnf and Ntrn are expressed in 

surrounding muscle layers of the gut from E10 and E12, respectively (Nosrat et al. 

1997; Golden et al. 1999; Young et al. 2001; Natarajan et al. 2002). In the adult Gdnf is 

not detected. 

 

In sympathetic neuronal precursors Ret is expressed from E9.5 (Pachnis et al. 1993). At 

E12.5 Gfra1-3 are also abundantly expressed (Nishino et al. 1999). Gfra1 is 

progressively down-regulated to very low levels postnatally, while Gfra2 and Gfra3 

persist, but in a more restricted pattern. Artn can be found en route of sympathetic 

precursor migration and in arteries along which sympathetic axons project (Honma et 

al. 2002). Gdnf and Nrtn are expressed in many target tissues of sympathetic 

innervation (Trupp et al. 1995; Golden et al. 1999). 

 

In parasympathetic precursors Ret and Gfra1 are expressed, but Gfra1 is down-

regulated before birth in many parasympathetic cranial ganglia (Enomoto et al. 2000). 

Gfra2 starts being expressed during embryonic development and persists into 
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adulthood (Rossi et al. 2000). Gdnf is expressed within and around migrating 

parasympathetic precursors and parasympathetic target tissue, but the mRNA decreases 

as development proceeds (Golden et al. 1999; Enomoto et al. 2000). Nrtn is detected 

from E14 in target tissue, such as the salivary glands, and is up-regulated postnatally 

(Golden et al. 1999; Enomoto et al. 2000). 

 

1.3.2.2 Findings from knock-out mice 

Studies using knock-out mice for Ret, GFRα receptors or the GFLs have proven their 

functional importance during development. The severest phenotypes have been 

observed in PNS and kidney development and in general the results have strengthened 

the link between a certain GFL and its preferred GFRα receptor. Ret-/-, Gdnf-/- and 

Gfrα1-/- mice die soon after birth (Schuchardt et al. 1994; Moore et al. 1996; Pichel et 

al. 1996; Sanchez et al. 1996; Cacalano et al. 1998; Enomoto et al. 1998). The most 

striking phenotypes of these mice are the absent or very rudimentary kidneys and the 

complete lack of enteric neurons in the myenteric plexus of the small and large 

intestine. In the sympathetic nervous system different phenotypes have been observed. 

Ret-deficient mice display impaired migration and axonal growth (Durbec et al. 1996b; 

Enomoto et al. 2001), while GDNF-deficient mice have a 30% reduction of neurons in 

the superior cervical ganglion (Moore et al. 1996) and GFRα1-deficiency does not 

affect the number of sympathetic neurons at all (Cacalano et al. 1998; Enomoto et al. 

1998). In the trigeminal ganglion no deficiencies have been detected at late embryonic 

or early postnatal stages of Gdnf-/- and Gfrα1-/- mice (Moore et al. 1996; Cacalano et al. 

1998; Enomoto et al. 1998). However, in the petrosal ganglion the number of sensory 

neurons is reduced by 40% and 15% in Gdnf-/- and Gfrα1-/- mice, respectively (Moore et 

al. 1996; Cacalano et al. 1998). 

 

Nrtn-/- and Gfrα2-/- mice are viable and fertile, but show various defects in the 

cholinergic division of the parasympathetic and enteric nervous system (Heuckeroth et 

al. 1999; Rossi et al. 1999). In the submandibular ganglion parasympathetic neurons are 

lost, while in the otic and sphenopalantine ganglia the parasympathetic neurons are 

only reduced in size (Rossi et al. 2000). The defects in dorsal root ganglia are discussed 

further in chapter 1.4.3.  

 

Artn-/- and Gfrα3-/- mice are viable and fertile, but they display migration and axonal 

projection deficits in the entire sympathetic nervous system (Nishino et al. 1999; 
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Honma et al. 2002). No sensory neuron deficits have been found in Artn-/- and Gfrα3-/- 

mice, although GFRα3 is expressed in dorsal root ganglia and the trigeminal ganglion. 

 

Pspn-/- and Gfrα4-/- mice are viable and fertile (Tomac et al. 2002; Lindfors et al. 

2006a). Since Ret only co-localizes with GFRα4 in thyroid C-cells of young 

individuals (Lindfors et al. 2006a), no PNS defects have been observed in these 

animals. 

 

1.3.2.3   Ret splicing 

Ret is alternatively spliced into three different transcripts (Tahira et al. 1990; Myers et 

al. 1995). Two of these, Ret9 and Ret51 are found in mouse during development and 

adulthood (Lee et al. 2003). The resulting isoforms diverge in the intracellular carboxy-

terminal and the longer isoform Ret51 contains two additional intracellular tyrosines 

that can be phosphorylated. Ret9 and Ret51 are expressed in overlapping populations of 

cells but have not yet been demonstrated to heterodimerize (Tsui-Pierchala et al. 2002a; 

Scott et al. 2005). Knock-in mice expressing only Ret9 or Ret51 have been generated 

(de Graaff et al. 2001). The Ret9 mice appeared normal with no overt phenotypic 

changes, while the Ret51 mice resembled the Ret knock-out, lacking kidneys and parts 

of the enteric nervous system. However, in a more recent study other knock-in mice 

expressing only one Ret isoform showed that Ret51 is sufficient to drive development 

of the kidney and enteric nervous system (Jain et al. 2006). In addition, the latter study 

showed that signalling downstream of the two isoforms is different. 

   

 

1.3.3 Ret and intracellular signalling 

 
1.3.3.1 Tyrosines, adaptors and signalling pathways 

The short isoform Ret9 carries at least eight intracellular tyrosines that are 

phosphorylated upon ligand binding of the receptor. Four of these tyrosines (Y752, 

Y826, Y905 and Y928) reside in the kinase domain. Of those Y905 has been shown 

to recruit adaptor proteins Grb7 and Grb10 (Pandey et al. 1995; Pandey et al. 1996), 

and Y752 and Y826 can directly bind the transcription factor STAT3 (Schuringa et al. 

2001). Outside of the kinase domain PLCγ docks to Y1015 while Src mainly binds to 

Y981 (Borrello et al. 1996; Encinas et al. 2004). Src kinases have been shown to be 

activated by GDNF-stimulation promoting survival and neurite out-growth (Tansey et 
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al. 2000). Y1062 makes up a multi-docking site for Shc, Frs2, IRS and Dok adaptor 

proteins (Asai et al. 1996; Grimm et al. 2001; Kurokawa et al. 2001; Melillo et al. 

2001a; Melillo et al. 2001b). A silencing mutation of  this tyrosine (Y1062F) in 

knock-in animals has a phenotype very similar to the Ret knock-out and demonstrates 

the importance of this docking site for signalling during development (Jijiwa et al. 

2004; Jain et al. 2006). Y1062 has been demonstrated in vitro to be involved in many 

of the signalling pathways activated downstream of Ret, including activation of Akt, 

ERK, Jnk and p38MAPK signalling (Hayashi et al. 2000). Shc at Y1062 has been 

shown to recruit Grb2 that further can associate with Gab1/2  (Besset et al. 2000; 

Hayashi et al. 2000). This then leads to the activation of the PI3K/Akt signalling that 

in turn activates NFκB. Alternatively, Grb2 binds to the GEF SOS which 

subsequently triggers Ras/ERK signalling, leading to the activation of the 

transcription factor CREB. Frs2 binding to Y1062 can also recruit Grb2 and SOS and  

 

Figure 4. Ret9 and downstream signalling pathways. Active Ret can recruit a number of 
adaptor and effector proteins. Four adaptors, Shc, Frs2, IRS and Dok, compete for binding to 
tyrosine 1062. 
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trigger the Ras/ERK pathway (Kurokawa et al. 2001; Melillo et al. 2001b). Dok 

proteins interacting with Y1062 have been implicated in neurite out-growth, possibly 

through ERK1/2 activation (Grimm et al. 2001; Crowder et al. 2004; Uchida et al. 

2006). For a summary see figure 4. 

Isoform Ret51 has two extra phosphorylated tyrosines. Y1096 can recruit Grb2 and 

contribute to PI3K and MAPK signalling (Alberti et al. 1998; Besset et al. 2000; 

Hayashi et al. 2000), thus having a partially redundant function with Y1062 

(Degl'Innocenti et al. 2004; Jain et al. 2006). In addition Ret51 have different amino 

acids just C-terminal to Y1062, changing the binding motif for proteins with SH2 or 

PTB domains. This seems to lead to differences in the interaction with Shc, but not 

Frs2 (Kurokawa et al. 2001). Together this shows that GFL signalling can be 

modified depending on the Ret isoform expressed. 

 

1.3.3.2 Lipid rafts 

Lipid rafts are considered cholesterol and sphingolipid enriched microdomains of 

cellular membranes, which certain proteins have a higher affinity for. These proteins 

are commonly palmitoylated or GPI-linked. In this way the lipid rafts can function as 

signalling platforms controlling which proteins that have access to each other. Studies 

of lipid rafts are based on biochemical membrane fractionations; however, the rafts 

have not been visualized in living cells (Munro 2003). Inactive Ret resides outside of 

lipid rafts, but can after GDNF-stimulation be recruited inside by GFRα1 (Tansey et al. 

2000; Paratcha et al. 2001). This recruitment leads to differences in downstream 

signalling and Ret engaging with Shc outside lipid rafts and Frs2 and Src inside 

(Tansey et al. 2000; Encinas et al. 2001; Paratcha et al. 2001). 

 

1.3.3.3 Cis or trans 

Another aspect of Ret signalling is the GFRα engagement either in cis or trans. In 

neurons Ret is commonly co-expressed with at least one GFRα receptor, thus 

facilitating cis signalling. However, GFRα receptors can also be expressed by non-

neuronal cells, making signalling in trans possible. Soluble GFRα1 has been shown to 

be released by Schwann cells and innervation targets for sensory neurons, such as the 

carotid body, and can make up a source of trans-activating GFRα1 (Paratcha et al. 

2001; Ledda et al. 2002). Despite this, mice lacking GFRα1 expression in non-Ret 

expressing cells, do not display a phenotype (Enomoto et al. 2004).  
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1.4 NEUROTROPHIC FACTORS AND DEVELOPMENT OF SENSORY 
SYSTEMS 

 

1.4.1 The sensory nervous system 

 
The neurons of the PNS are organized into clusters in the periphery referred to as 

ganglia. The sensory branch of the PNS includes the dorsal root ganglia (DRG) and the 

ganglia of the cranial nerves. The neurons of these ganglia are bipolar and receive 

sensory input from our internal and external environment that is then transmitted to the 

CNS. A vast array of stimuli can be perceived by the sensory nervous system including 

temperature changes, pressure, pH and various chemical substances. These stimuli can 

then for example be interpreted by the CNS as heat, sounds, acidity and pain, 

respectively; depending on the identity of the sensory neuron and where in the CNS the 

information is received and processed. Often all neurons of a particular sensory 

ganglion convey the same modality of sensory information. However, in the DRG and 

trigeminal ganglion different neurons transmit different modalities. In these ganglia 

some neurons are even polymodal, responding to several categories of stimuli.  

 

Sensory neurons originate from progenitors that migrate either from the neurogenic 

placodes or the neural crest to their final location (LeDouarin and Kalcheim 1999). The 

neural crest is a ridge of cells found at the boundary between the ectoderm and the 

neural plate, while placodes are thickenings in the ectoderm. Commonly, there is either 

a placodal or neural crest origin of a certain ganglion, but the trigeminal ganglion 

contains neurons of both origins. The data below concerns development of the mouse, 

unless otherwise stated. 

 

 

1.4.2 The cochleovestibular system 
 

1.4.2.1 Function and organization 

The inner ear registers and transduces information regarding hearing (intensity and 

spectral properties of sound) and balance (position, velocity and acceleration) to the 

CNS. The cellular bases for this are mechanosensory hair cells residing in sensory 

epithelial structures that respond to local mechanical perturbations by creating a 

synaptic potential. This information is then relayed through afferent nerve fibres 
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belonging to neurons in the cochlear or vestibular ganglia to the cochlear and vestibular 

nuclei in the brainstem. The brain can in turn modulate the hair cell response and the 

information sent through afferents by sending efferent projections back to the sensory 

epithelium. 

 

The cochlear system is made up of the cochlear ganglion that innervates hair cells 

located in the organ of Corti in the cochlea (Fig. 5A). These hair cells are organized in 

one row of inner hair cells and three rows of outer hair cells (Fig. 5B). When sound 

waves causes vibrations in the organ of Corti, the stereocilia, which protrudes from the 

hair cells, will be pressed against the tectorial membrane causing polarization. In the 

cochlear ganglion two kinds of neurons are found, type I, which are by far the most 

abundant   (>90%), and type II. One type I neuron innervates one inner hair cell, while 

one type II neuron can innervate several outer hair cells.     

 

 

Figure 5. Schematic drawings of the inner ear. A) Overview of the cochleovestibular system. 
B)  The organ of Corti with one row of outer and three rows of inner hair cells. C) The sensory 
epithelium of a macula with type I and type II hair cells. 
 

 

The vestibular system is made up of the vestibular ganglion that innervates hair cells in 

different sensory epithelia of the vestibular organ (Fig. 5A). The vestibule consists of 

two chambers, the utricle and the saccule, and the three semicircular canals. Theses 

structures contain sensory epithelia referred to as the utricular and saccular maculae, 
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and ampullary cristae, respectively. In the maculae two kinds of hair cells exist, the 

flask shaped type I and the cylindrical type II. The stereocilia of these hair cells press 

against the overlaying otolithic membrane when the head accelerates or changes 

position and this causes a polarization of the hair cells. (Fig. 5C). Type I hair cells are 

surrounded by calyx shaped afferent innervation originating from one vestibular 

neuron, while type II hair cells are contacted at the base by several afferent nerve fibres. 

 

1.4.2.2 A placodal origin  

In the adult, the inner ear consists of two different systems for hearing and balance; 

however, they do have a common developmental origin. All structures and tissues, 

neuronal, sensory and non-sensory, of the cochleovestibular system are derived from 

the otic placode. The otic placode is a patch of ectoderm adjacent to the developing 

hindbrain. The morphological induction of the inner ear starts at embryonic day (E) 8.5, 

when the otic placode thickens and invaginates, forming the otic cup. At E9.5 the cup 

closes giving rise to the otocyst. From the dorsolateral wall of the otocyst forms two 

outpouches that will subsequently give rise to the semicircular canals. Likewise, the 

ventromedial outpouch that forms gives rise to the cochlea. Exactly when and what 

induces the formation of the inner ear is not clear, but FGF3 and 10, secreted from the 

presumptive hindbrain and underlying mesoderm, respectively, have been implicated 

(Wright and Mansour 2003). These factors are also thought to later be involved in the 

emergence and formation of the cochlea and vestibule (Mansour et al. 1993; McKay et 

al. 1996; Pauley et al. 2003). The otic placode can be identified molecularly already at 

E8 by the expression of the transcription factors Pax8 and Dlx5 (Depew et al. 1999). 

The patterning of the inner ear leads to the formation of compartments in the otocyst 

that are marked by the expression of different sets of transcription factors. In some 

cases inactivation of these genes leads to striking morphologic effects. Examples of this 

are the removal of Pax2 or Dlx5, which are expressed in the ventromedial and 

dorsolateral part of the otocyst, respectively. This leads to the loss of the cochlea and 

malformation of the semicircular canals, respectively (Torres et al. 1996; Acampora et 

al. 1999) . 

 

1.4.2.3 Cochleovestibular neurogenesis 

How the early expression patterns of transcription factors relates to cell fate of the 

cochleovestibular neurons is not well understood, but there is data available on the 

expression of different markers. The proneural gene neurogenin-1 is initially expressed 
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in the otic placode and the expression persists through the otic cup and otocyst stages 

(Ma et al. 2000). The neuronal precursors, which reside in the anteroventral part of the 

otocyst epithelium, upregulate the proneural genes neuroD and neuroM before 

emigration. Delamination of otic neuronal precursors then starts at the otic cup stage 

and ends by the time of the late otocyst (Carney and Silver 1983). This delamination is 

impaired in neurogenin-1 and NeuroD null mice (Ma et al. 1998; Liu et al. 2000; Kim 

et al. 2001).  The expression of transcription factor Islet-1/2 is induced in delaminating 

and migrating cells that also start expressing βIII-tubulin (Memberg and Hall 1995; 

Camarero et al. 2003), indicating specification of neuronal identity. 

 

The migrating neuronal precursors are proliferative and depend at least in chicken on 

IGF1 for survival and proliferation (Camarero et al. 2003). Null mutants for FGF3 or 

FGFR2b show reduced size of the cochleovestibular ganglion, implicating FGF 

signalling in survival of the neuronal precursors (Pirvola et al. 2000). Since both FGF3 

and 10 are expressed in the neurogenic region of the otocyst, but FGFR2b is expressed 

in neighbouring tissue (Pirvola et al. 2000), this indicates a second FGFR being 

expressed and activated in the neurogenic region or a reciprocal signal stemming from 

activated FGFR2b in the adjacent region. After migration the neuronal precursors 

aggregate, forming the cochleovestibular ganglion that later separate into the cochlear 

and vestibular ganglia. 

 

1.4.2.4 Final target innervation, neuronal survival and neurotrophins 

During target innervation of cochleovestibular sensory epithelia, days after the afferent 

nerve fibres have first extended, the afferents become attracted by and the neurons 

dependent on BDNF and NT3 for survival. BDNF and NT3 are already detected at E10 

in the sensory patches of the otocyst and show a differential expression with Nt3 being 

expressed in the ventral half and Bdnf in both ventral and dorsal halves of the otocyst. 

Later in development this spatial segregation becomes more distinct. At E13, Nt3 is 

strongly expressed in the greater epithelial ridge that gives rise to the organ of Corti and 

in maturing utricular and saccular maculae. At the same time, Bdnf can be found in all 

sensory epthelia, including the ampullary cristae, but with a delayed expression in the 

basal turn of the cochlea. During embryonic development, Bdnf expression is restricted 

to hair cells of the sensory epithelia, whereas Nt3 is also expressed by supporting cells 

(Wheeler et al. 1994). Postnatally, Bdnf expression is turned off in the organ of Corti 

and the Nt3 expression is limited to the inner hair cells. This coincides with the 
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reorganization of afferent innervation mainly to the inner hair cells. In the vestibular 

organ, Nt3 expression decreases postnatally and is almost completely gone by postnatal 

day (P) 9, while Bdnf continues to be expressed in the adult. (Ernfors et al. 1992; 

Pirvola et al. 1992; Ylikoski et al. 1993; Farinas et al. 2001). 

 

TrkB and TrkC receptors are co-expressed in cochlear and vestibular neurons during 

development (Ylikoski et al. 1993; Pirvola et al. 1994; Farinas et al. 2001). Migrating 

neuronal precursors do not express TrkB or TrkC (Pirvola et al. 1994; Schecterson and 

Bothwell 1994; Farinas et al. 2001), but the full-length isoforms can be detected at 

early stages of cochleovestibular ganglion compaction, when neuronal differentiation 

starts (Ernfors et al. 1992; Pirvola et al. 1994). 

 

The functional importance of neurotrophin and Trk receptor expression in the 

cochleovestibular system for target innervation and neuronal survival has been 

extensively studied in genetically modified mice. In these studies it has become clear 

that cochlear neurons are strongly dependent on NT3/TrkC signalling, whereas 

vestibular neurons depend more on BDNF/TrkB signalling. In the postnatal vestibular 

ganglion about 80% of the neurons are lost in the TrkB-/-and Bdnf -/- mice and the 

innervation of the utricular and saccular maculae and ampullary cristae is almost absent 

(Ernfors et al. 1995; Bianchi et al. 1996; Silos-Santiago et al. 1997). In contrast, only 

around 30% less neurons are seen in the TrkC-/-and Nt3-/- mice and this reduction is not 

accompanied by obvious loss of innervation (Ernfors et al. 1995; Silos-Santiago et al. 

1997). In the cochlear ganglion of TrkB-/-and Bdnf -/- mice 20% and 7%, respectively of 

the neurons are lost (Ernfors et al. 1995; Silos-Santiago et al. 1997), while in the TrkC-/-

and Nt3-/- mice as much as a 70% and 85% loss is seen, respectively (Ernfors et al. 

1995; Silos-Santiago et al. 1997; Tessarollo et al. 1997; Farinas et al. 2001). The first 

analyses of mutant mice revealed that BDNF- and TrkB-deficient mice are missing 

nearly all type II neurons that innervate outer hair cells, while NT3-deficient mice 

instead lack type I neurons that innervate inner hair cells (Farinas et al. 1994; Ernfors et 

al. 1995; Silos-Santiago et al. 1997). Subsequent studies failed to detect such difference 

between NT3/TrkC and BDNF/TrkB signalling, but rather demonstrated a differential 

loss of neurons in the base and apex of the cochlea, respectively (Bianchi et al. 1996; 

Fritzsch et al. 1997; Farinas et al. 2001). This later data can be explained by the 

spatiotemporal gradient of Nt3 and Bdnf expression in the organ of Corti. Not 

surprisingly all neurons in both ganglia are lost in the TrkB-/-;TrkC-/-and Bdnf -/-;Nt3-/- 
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double mutant mice (Ernfors et al. 1995; Silos-Santiago et al. 1997). The neuronal 

death has been shown to be apoptotic and to take place between E13.5 and E15.5 

(Schimmang et al. 1995; Bianchi et al. 1996; Farinas et al. 2001). 

 

Neurotrophins are thought to show a degree of redundancy. To address this issue in the 

cochleovestibular system, knock-in mice carrying Nt3 in place of Bdnf, and vice verse, 

has been generated (Coppola et al. 2001; Agerman et al. 2003). In both these mice the 

gene replacement strategy results in almost normal cochlear neuronal numbers and 

target innervation. This demonstrates that both these neurotrophins can to a similar 

extent promote survival and target innervation in the cochlea when expressed at the 

right time and place. However, in the vestibular system the effects are different. In 

animals with Nt3 expressed from the Bdnf locus only half of the neurons remain and 

very sparse afferent innervation is seen in the sensory epithelia (Agerman et al. 2003). 

This suggests a qualitative difference between NT3 and BDNF signalling. 

 

Effects of neurotrophin signalling on late development of cochleovestibular neurons 

have not been investigated in genetic models. Neurotrophins could be involved in the 

postnatal remodelling of innervation and the expression of functional markers in the 

inner ear, as has been shown for the DRG. 

 

1.4.2.5 A role for GDNF? 

Gdnf starts to be expressed in the cochlear hair cells of guinea pig during the first 

postnatal week. After the second postnatal week, this expression is restricted to the 

inner hair cells where it persists into adulthood (Ylikoski et al. 1998).  Similarly, 

GFRα1 is expressed in cochlear neurons of the guinea pig (Ylikoski et al. 1998). 

However, Ret does not seem to be expressed in cochlear and vestibular ganglia during 

postnatal rodent development (Nosrat et al. 1997). This suggests that GDNF signalling 

through GFRα1 and perhaps Ret plays a role during postnatal remodeling of cochlear 

innervation and synaptogenesis. GDNF could possibly also influence the final 

functional maturation of cochlear neurons by changing their expression of functional 

markers, as has been shown for DRG neurons (Luo et al. 2007). 
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1.4.3 Dorsal root ganglia 
 

1.4.3.1 Function and organization 

The DRG are organized bilaterally in pairs along the spinal cord. At different levels of 

the spinal cord DRG project to different body parts and contain different numbers and 

composition of neurons. To identify the different DRG, they are named after the 

 

 
Figure 6. Unilateral view of the spinal cord and a dorsal root ganglion. In dorsal root ganglia 
three major classes of neurons reside; proprioceptors, mechanoreceptors and nociceptors. They 
express TrkA, TrkB, TrkC and Ret as indicated in the figure. Different classes of neurons 
project to different lamina of the spinal cord. Peripheral targets are exemplified by the skin, 
muscle and tendons. 
 
 
corresponding level of the spinal cord (cervical, thoracic, lumbar, and sacral). They 

project centrally to different layers in the spinal cord and peripherally to diverse end 

organs depending on the identity of the sensory neuron (Fig. 6). DRG neurons can 

generally be divided into three main groups: proprioceptive, nociceptive and 

mechanoreceptive. Large proprioceptive neurons project to muscle spindles and tendon 

organs, from where they convey information about position and movements of limbs to 
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the intermediate zone and ventral part of the spinal cord. Small nociceptive neurons 

convey thermal and potentially harmful (painful; mechanical, thermal and chemical) 

stimuli from free nerve endings in the skin. The central projections of these neurons 

terminate in the dorsal horn of the spinal cord. Medium-sized mechanoreceptive 

neurons respond to pressure and light touch in skin and send central axons to the deeper 

layers of the dorsal spinal cord. 

 

How different stimuli are registered by sensory neurons is poorly understood. A few 

groups of proteins have been identified to be involved in these processes, but data from 

in vivo and in vitro experiments are variable and sometimes contradictive. The perhaps 

most studied group is the transient receptor potential (Trp) cation channel family that 

among the sensory neurons is expressed in nociceptors but also in other cell types 

(Caterina 2007). Members of this family have been implicated in the activation of 

nociceptors due to application of irritant chemicals (i.e. the mustard oil sensitive 

receptor TrpA1) and changes in temperature (i.e. the cool receptor TrpM8 and the heat 

sensitive capsaicin receptor TrpV1).  Another family that is widely expressed in 

nociceptors and mechanoreceptors are the acid-sensing ion channels (ASICs). They can 

be activated by noxious pH (Waldmann 2001), but also seems to play a role in 

mechanosensation, although the molecular mechanism for this is not known 

(Lingueglia 2007).  

 

1.4.3.2 A neural crest origin 

DRG neurons are derived from the trunk neural crest (Marmigere and Ernfors 2007). 

The neural crest is thought to be induced from the dorsal neural tube by BMP and Wnt 

signalling. Cells exposed to these signals undergo an epithelial-to-mesenchymal 

transition, becoming highly motile. Between E8.5 and E10 trunk neural crest cells 

emigrate from the neural tube along a ventral path between the neural tube and the 

neighbouring somite. The migration of neural crest cells destined to become sensory 

neurons of the DRG can be divided into three waves. Early migrating cells show 

limited proliferation once inside the ganglion and give rise to a smaller fraction of 

larger neurons eventually expressing TrkB or TrkC. Later migrating neural crest cells 

proliferate and contribute to both the small neurons expressing TrkA and large neurons. 

Around E10 a third wave emanates to form the dorsal root entry zone boundary cap, a 

transient structure of cells at the entry point of sensory axons into the CNS (Topilko et 

al. 1994; Maro et al. 2004). These proliferative, multipotent (Hjerling-Leffler et al. 
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2005) cells will generate a last wave almost exclusively giving rise to small TrkA 

positive neurons. 

 

Neurogenins (Ngn) initiate neurogenesis in neural crest cells in two waves and bias 

them to the sensory lineage (Ma et al. 1999). Ngn2 starts to be expressed in a subset of 

migratory neural crest cells around E9.5, and this expression is not down-regulated 

until the DRG has coalesced. Ngn1, on the other hand, is turned on around E10 in 

postmigratory cells within the DRG promoting neurogenesis in late born cells. 

 

1.4.3.3 Multiple roles for neurotrophins 

The three main categories of DRG neurons, nociceptors, mechanoreceptors and 

proprioceptors, express during embryonic development TrkA, TrkB and TrkC, 

recpectively. TrkB and TrkC, but not TrkA, mRNA has been detected already in neural 

crest cells (Martin-Zanca et al. 1990; Tessarollo et al. 1993). However, a study using 

antibodies failed to detect any of the Trk receptors in migrating neural crest cells at E9 

(Farinas et al. 1998). Instead the Trk-receptors were first observed at E10-11, and only 

in cells showing a neuronal phenotype. Shortly after this, many innervation targets start 

to express the mRNA of the corresponding neurotrophins (Schecterson and Bothwell 

1992). Ngf is detected in skin from E11.5 with a peak at E15.5. Bdnf is expressed 

broadly in skin at E11.5, but becomes restricted to sensitive areas such as the lips, 

tongue and digits at E15.5. Nt3 is also present in skin at E11.5 with a strong expression 

around developing vibrissae at E15.5. At the same time Nt3 is also expressed in 

myoblasts and later at E14.5, Nt3 can be detected in hair follicles. Apart from 

innervation targets, Nt3 has also been observed along migratory routs for DRG axons 

(Patapoutian et al. 1999). Adding to the complexity, neurotrophin mRNA has also been 

shown to be expressed within the DRG, implying autocrine and/or paracrine functions 

(Ernfors et al. 1992; Schecterson and Bothwell 1992; Farinas et al. 1996).  

 

In general, studies using knock-out mice have proven a good correlation between the 

proportion of DRG neurons that express a certain Trk receptor and their dependence on 

activation of this receptor by its cognate ligand for survival. In Ngf -/- and TrkA-/- mice 

about 70% of the neurons are lost, showing a reduction in the number of small neurons 

corresponding to the nociceptive and thermoceptive population. In line with this, 

heterozygote animals exhibit decreased responses to painful stimuli (Crowley et al. 

1994; Smeyne et al. 1994). In TrkB-/-and Bdnf -/- mice about 30% of the DRG neurons 
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are lost (Klein et al. 1993; Ernfors et al. 1994a; Jones et al. 1994; Liebl et al. 1997). In 

Nt4-/- mice a small neuronal death (14%) has been reported (Liu et al. 1995), and D-hair 

innervation of hair follicles is lost postnatally (Stucky et al. 1998). 

 

For TrkC-/-and Nt3-/- mice, the situation is more complex. While TrkC-/- mice show a 

modest reduction in neuronal numbers (~35%), DRG of Nt3-/- mice have been analyzed 

showing 55-79% loss of neurons (Ernfors et al. 1994b; Farinas et al. 1994; Liebl et al. 

1997; Tessarollo et al. 1997). This indicates a more general dependence on NT3 than 

expected from the TrkC expression. Lost neurons in Nt3-/- mice have indeed been 

shown to belong to all three subtypes of sensory neurons, with the severest effect on 

parvalbumin expressing proprioceptors (Ernfors et al. 1994b; Airaksinen and Meyer 

1996; Farinas et al. 1998). How and when NT3 acts on the TrkA and TrkB populations 

is controversial. Excessive neuronal death in Nt3-/- mice has been demonstrated both 

early (~E11-12) and later (~E13.5-15.5) in DRG development affecting survival of 

precursors and/or neurons (ElShamy and Ernfors 1996; Liebl et al. 1997; Farinas et al. 

1998). It has been proposed that theses effects are mediated either through the cognate 

receptor TrkC in a common earlier population or through TrkA and TrkB. Afferents 

lost in TrkC-/-and Nt3-/- mice during embryonic development normally innervate the 

limbs and the mice display movement deficits and extreme postures and also lack 

tendon organs and muscle spindles. Postnatally a loss of Merkel cells and their 

innervation by slowly adapting mechanoreceptors with Aβ fibres conduction velocity 

also takes place (Airaksinen et al. 1996). 

 

Since neurotrophins are so essential for neuronal survival in the sensory system, it has 

not been possible to use the conventional knock-out animals mentioned above to study 

later importance of neurotrophin actions in DRG. A couple of different genetic 

approaches have been taken to circumvent this. The neurotrophin survival dependence 

of peripheral neurons is regulated by the proapoptotic gene Bax, and the generation of 

double null mutants for Bax and NGF or TrkA has allowed the study of NGF/TrkA 

signalling beyond neuronal survival (Patel et al. 2000). Additional functions have 

thus been added showing that NGF is required for the actual target innervation and 

expression of  markers such as ion channels, GPCRs and Ret in nociceptive neurons 

(Patel et al. 2000; Luo et al. 2007). Another strategy that has proven the importance 

of neurotrophin signalling for phenotypic maturation and central connectivity is the 

genetic replacement of TrkA with TrkC (Moqrich et al. 2004). The surviving 
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presumptive TrkA-expressing neurons adopt a proprioceptive phenotype, indicating 

that neurotrophin signalling can specify sensory neuron subtypes. In addition, the 

central projections of these neurons terminate in the ventral instead of the dorsal horn 

of the spinal cord. 

 

1.4.3.4 GDNF family ligands in late nociceptive development 

In two populations of DRG neurons, Ret replaces the expression of a Trk receptor. In a 

subpopulation of mechanoreceptive neurons, Ret is already present at E11.5 and TrkB 

subsequently gets down-regulated and is almost abolished in these cells at E14.5 

(Kramer et al. 2006). Later, in a subpopulation of nociceptors, Ret expression is 

induced around E17 and reaches adult levels at P7.5, while TrkA is being down-

regulated before P21 (Molliver et al. 1997). This population is further characterized by 

the lack of expression of neuropeptides and the ability to bind isolectin B4 (IB4), in 

contrast to the peptidergic population that continues to express TrkA (Silverman and 

Kruger 1988; Molliver and Snider 1997; Molliver et al. 1997; Bennett et al. 1998). The 

induction of Ret expression in nociceptors, as well as expression of Gfrα1 and Gfrα2 is 

under the control of TrkA (Luo et al. 2007). In turn Ret becomes important for the 

extinction of TrkA. GFRα1-3 are expressed in DRG during development and 

adulthood, but the reports on distribution of these co-receptors vary. In neonatal mice 

Gfrα3 is the most widely distributed mRNA, followed by Gfrα2 and Gfrα1 (Baudet et 

al. 2000). In P14 mice it has been shown that virtually all Ret expressing neurons also 

co-express at least one GFRα, and that Gfrα2 is most widely present in the Ret 

population, followed by Gfrα1 and Gfrα3 (Luo et al. 2007). In adult mouse, 

approximately 80% of the IB4-positive neurons express GFRα2 (Lindfors et al. 2006b). 

The majority of GFRα2-positive neurons has unmyelinated axons (~70%) and 

expresses the purinergic receptor P2X3 (85%). It has further been shown that GFRα3 

protein is expressed in 20% of adult DRG neurons and that it is co-expressed with Ret 

(82%), the capsaicin receptor TrpV1 (99%) and, surprisingly, TrkA (80%) (Orozco et 

al. 2001). In correspondence to the expression of these GFL receptors in nociceptive 

neurons, innervation targets, such as the epidermis and whisker follicles, express Gdnf, 

Nrtn and Artn (Fundin et al. 1999; Golden et al. 1999; Elitt et al. 2006). 

 

Analysing the phenotypes in DRG of GFL, GFRα receptor and Ret knock-out mice has 

demonstrated that signalling through Ret is not primarily involved in survival of the 

neurons, but more the trophic state, target innervation and phenotypic maturation of a 
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subtype of nociceptors. A neuronal loss (23%) has only been clearly reported for P0 

Gdnf-/- mice (Moore et al. 1996). In addition to this loss, the remaining neurons showed 

a reduced average size. Gfrα1-/- mice however, do not display any neuronal loss and no 

hypotrophy has been reported (Cacalano et al. 1998; Enomoto et al. 1998). In Nrtn-/- 

mice the number of Gfrα2 expressing neurons is reduced by 45% in the adult 

(Heuckeroth et al. 1999). It is however, not clear if this is due to neuronal death or just 

lost expression. In Gfrα2-/- mice, neurons do not die, but are reduced in size with about 

30% (Lindfors et al. 2006b). They also show a 70% reduction in epidermis innervation, 

but no changes were apparent in central innervation as assessed by the presence of IB4 

binding in inner lamina II of the spinal cord. Despite the expression of GFRα3 in DRG, 

both Gfrα3-/- and Artn-/- mice have apparently normal DRG with maintained neuronal 

numbers (Nishino et al. 1999; Honma et al. 2002). Since Ret knock-out mice die just 

after birth, they are not amendable to studying postnatal development in DRG. 

Recently, a Ret conditional knock-out mouse, with Ret-deficiency in neural crest 

derivatives, was published (Luo et al. 2007). In these mice, the DRG are completely 

devoid of Ret expression and neuronal numbers are intact, but the soma size is reduced 

for non-peptidergic neurons. Similar to the Gfrα2-/- mice, epidermis innervation is 

severely compromised, while central innervation appears normal. This study also 

showed that Ret signalling is necessary for the full maintenance of Gfrα1 and Gfrα2 

expression. This further strengthens the possibility that the loss of Gfrα2 in the NRTN 

knock-out is likely to be just a loss of expression and not neuronal death. In addition, Ret 

was also shown to be needed for the full expression of TrpA1 and members of the Mas-

related GPCR (Mrgpr) family, which are markers of mature nociceptors. Some of the 

knock-out mice mentioned above have not been thoroughly examined in terms of 

marker expression, innervation and physiological significance and much remains to be 

done to fully appreciate GFL signalling in DRG. See chapter 2.3 for a discussion on the 

physiological importance of Ret in development. 
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2 RESULTS AND DISCUSSION 
 
2.1 PAPER I 
 

NT3 signalling through all three Trk receptors is a generally accepted physiological 

process, based on data in vitro and assumptions from in vivo experiments. However, 

whether NT3 actually binds and activates its non-cognate receptors in vivo is not clear. 

To directly address this, we took a genetic approach, using a set of genetically 

manipulated mice, analysing in vivo whether NT3 is able to signal through TrkB in the 

cochleovestibular system. The cochleovestibular system is unique in the sense that it 

expresses both TrkB and TrkC in most neurons during development. 

 

2.1.1 NT3 exclusively signals through TrkC in vivo 
Neuronal counts in E18 mice (Table 1 and 2, paper I), confirmed previously published 

data showing greater neuronal loss in the vestibular ganglion, than in the cochlear 

ganglion of Bdnf -/- mice, and a complete rescue in the cochlear ganglion as compared 

to a partial rescue in the vestibular ganglion in Bdnf Nt3/Nt3 mice (Ernfors et al. 1994a; 

Agerman et al. 2003). The incomplete rescue in the vestibular ganglion could reflect 

that a proportion of the vestibular ganglion neurons do only express TrkB, or that NT3 

signalling through TrkB does not give the same effect on survival. However, removing 

TrkB in the Bdnf Nt3/Nt3 background had no effect on neuronal numbers, indicating that 

the rescue caused by introduction of NT3 was not mediated by TrkB, thus excluding 

NT3 signalling through TrkB. Predictably in contrast, all neurons were lost in double 

mutant mice lacking TrkC in the Bdnf Nt3/Nt3 background, showing the importance of 

TrkC for NT3 signalling. So, despite the opportunity to signal through TrkB (levels of 

expression unchanged, Fig. 1, paper I) NT3 exerts its effect through TrkC. Another 

system, where NT3 is not able to signal through TrkB, is the geniculate ganglion that 

innervates the papillae. These neurons express TrkB and when Bdnf is removed 50% of 

the neurons die, but additional Nt3 expression in Bdnf Nt3/Nt3 mice can not rescue the lost 

neurons (Agerman et al. 2003). The explanation for that NT3 in these two systems does 

not signal through TrkB, could be the fact that in vivo TrkB is not a receptor for NT3, 

or that certain factors are present that prevent NT3 from signalling through TrkB, such 

as expression of p75NTR or splicing of TrkB, making it less susceptible to NT3. 
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However, it is not only the spatiotemporal expression patterns that determine the 

neurotrophin/Trk interactions. 

 

2.1.2 NT3/TrkC signalling is qualitatively different from BDNF/TrkB 
signalling 

Even if Nt3 replacing Bdnf can support neuronal survival in the cochleovestibular 

system, the rescue of innervation is not as efficient (Fig. 3, paper I). In these knock-in 

animals innervation is more abundant than in Bdnf -/- mice, but most of the fibres are 

stalled in the sub-epithelial layer, not reaching the hair cells. Indeed these mice do not 

regain functionality and display deficits in balance coordination, like the Bdnf -/- mice 

(Ernfors et al. 1994a; Agerman et al. 2003). This demonstrates a qualitative difference 

in signalling between NT3/TrkC and BDNF/TrkB, and a non-redundancy for final 

target innervation. This could also explain the incomplete rescue of neurons in the 

vestibular ganglion of Bdnf Nt3/Nt3 mice, if reaching the hair cells is a requirement for 

sufficient trophic support. Overall, afferent innervation seems to be more severely 

affected than efferent innervation as judged by a double staining for p75NTR (afferents) 

and βIII-tubulin (afferents and efferents) (Fig. S1, paper I). It is however notable that 

the fibres only positive for βIII-tubulin also are reduced, implicating that efferent 

innervation is affected as well. This could be due to the fact that many efferents 

synapse on afferents. 

 

 

2.2 PAPER II AND III 

 
Adaptor proteins recruit different signalling complexes to activated RTKs, inducing 

signalling pathways that overlap to a certain extent. The contribution of an adaptor 

bound to an RTK for the biological response of the trophic factor have often been 

investigated in vitro by overexpression of the adaptor, silencing by small interfering 

RNAs or fusion to the receptor. In paper II and III we have taken advantage of mutated 

Ret receptors that preferentially recruit Dok (Fig. 1 and 2, paper III) Shc or Frs2 

(Lundgren et al. 2006) to Y1062. These rewired receptors minimize effects from 

competing adaptors at Y1062 to an otherwise intact cellular milieu. 
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2.2.1 Two separate phosphorylated tyrosines on Ret cooperates in 
mediating a migrational response 

Ret has been shown to be involved in migration, both in vitro and in vivo. By using 

pharmacological inhibitors in gut explant cultures, pathways such as PI3K, MAPK and 

Jnk have been implicated in GDNF-induced migration (Natarajan et al. 2002; Asai et 

al. 2006). We show that binding of Frs2 to Y1062 in Ret is necessary for directional 

migration, while binding of Shc is not (Fig. 1, paper II). In addition to this, we show 

that Y981, which recruits and activates Src, is required for a full migratory response 

after ligand stimulation (Fig. 3A and B, paper II). The migrational response seen below 

Ret is thus dependent on the recruitment of molecules to two different phosphorylated 

tyrosines. Furthermore, phosphorylation of MAPK and the participation of focal 

adhesion kinase (FAK) is needed downstream of Frs2 and Src for migration (Fig. 2C, 

3E). MAPK are known to be activated in migration and Src and FAK are involved in 

the turn over of focal adhesions, which is necessary for migration. 

 

2.2.2 Frs2 recruitment of Ret concentrates the receptor into discrete 
membrane foci thereby altering downstream signalling 

While the recruitment of both Shc and Frs2 to activated Ret leads to the 

phosphorylation of FAK (Fig. 3C, paper II), only Frs2-mediated signalling will 

localize clusters of FAK to cell protrusions and focal adhesions (Fig. 4A-P, paper II). 

Likewise does activation of Src by Ret, require Frs2 binding at Y1062 (Fig. 2A, H, I 

paper II). This is in line with that Ret previously has been shown to interact with Frs2 

and Src mainly inside lipid rafts, while Shc interaction takes place outside (Tansey et 

al. 2000; Encinas et al. 2001; Paratcha et al. 2001). Together with our data, this 

suggests that Frs2 recruits Ret to lipid rafts where it can interact with Src and cause a 

local phosphorylation of FAK that is important for migration. In support, Frs2-

recruiting Ret receptors are present in foci of cell protrusions in difference from Shc-

recruiting receptors that are more evenly distributed in the cell (Fig. 5, paper II). 

 

2.2.3 Subcellular localization of Ret is dependent on adaptor binding 
We show that a Ret receptor that preferentially recruits Dok induces prolonged MAPK 

signalling, but can not activate Akt (Fig. 3A, paper III). MAPK activation via Dok has 

been described before (Uchida et al. 2006), however that study also found a prolonged 

phosphorylation of Akt. The difference in Akt activation could be attributed to the use 
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of different cell lines (SK-N-MC vs TGW) or the fact that the overexpression of Dok in 

Uchida et al. does not exclude the interaction of other adaptors with Y1062. In contrast, 

our Dok binding receptor does not interact wih Shc (Fig. 2C, D, G, paper III), an 

adaptor normally associated with signalling through Akt (Besset et al. 2000; Hayashi et 

al. 2000; Lundgren et al. 2006).  Overexpressed Dok could also theoretically participate 

further down the signalling pathway(s), implying that the Akt activation is not 

necessarily a consequence of Dok binding to Y1062. 

 

Ret signalling through Dok has been implicated in neurite out-growth, but apart from 

activating MAPK and Rap1, not much is known about the mechanism (Grimm et al. 

2001; Crowder et al. 2004; Uchida et al. 2006). We show that short stimulation of Dok-

recruiting receptors induce massive formation of microspikes and the redistribution of 

Ret to focal points at the tip of these protrusions (Fig. 3B-D). The redistribution of Ret 

can also be seen for wild-type receptors, but not for receptors with a silencing mutation 

of Y1062 (Y1062F). Thus it seems that the recruitment of Dok to Y1062 is important 

for the localization of the receptor and the formation of these priming structures. 

 
 

2.3 PAPER IV 

 
Ret is expressed in the DRG, both during development and in the adult animal. It was 

recently demonstrated in Ret-deficient pups that Ret expression during development is 

necessary for induction and/or maintenance of different markers of the sensory neurons, 

some of which are implicated in sensory function (Luo et al. 2007). However as these 

animals die around P14, the adult phenotype was never investigated, including the 

physiological role of Ret. We have generated another strain of Ret conditional knock-

out animals that lack Ret in approximately 50% of the IB4-binding nociceptive neurons 

(Fig. 1, paper IV) and are viable and fertile. 

 

2.3.1 Ret is important for expression of markers in the adult DRG 
In a screen of sensory marker expression in adult DRG of Ret-deficient animals, we 

found changes in mRNA levels for different classes of markers, including Trp cation 

channels, ASICs and members of the Mrgpr family, implying that Ret could be 

important for the functionality of sensory neurons in the adult animal (Fig. 2, paper IV). 

Most of the markers have lowered levels of expression such as TrpA1, Asic2a and 
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MrgprB4, indicating that Ret is involved in induction or maintenance of their 

expression. The changes in TrpA1 and MrgprB4 expression levels are similar to the 

results obtained by Luo et al., considering that the reduction of Ret is 50%. 

Overexpression of Gdnf in the skin has been shown to increase the amount of ASIC2a 

expressed in DRG, while overexpression of Artn gives the opposite effect (Albers et al. 

2006; Elitt et al. 2006). In conjunction with our data this implies a role for Ret 

signalling in the regulation of this transcript.  

 

The unchanged levels of peptidergic markers such as calcitonin gene-related peptide, 

substance P and TrkA indicates that the peptidergic lineage of nociceptors is unaffected 

by the removal of Ret (Fig. 2, paper IV). In the previous study by Luo et al., they 

showed that the down-regulation of TrkA at P14 was incomplete, suggesting that Ret is 

important for the extinction of TrkA in the non-peptidergic population. Since TrkA 

levels are unaffected in our adult animals this implies a delay in the extinction, when 

Ret is not expressed. 

 

2.3.2 Ret is involved in the developmentally dynamic regulation of 
MrgprA3 expression 

In contrast to the other markers, MrgprA3 is expressed in the adult Ret conditional 

knock-out, while the transcript is missing in the control animals, implying that Ret in 

this case is involved in the down-regulation. This result is unexpected as MrgprA3 has 

been shown to be expressed in the adult (Dong et al. 2001). We used quantitative real-

time PCR, while Dong et al. have used in situ hybridization and this might account for 

the difference. MrgprA transcripts are highly homologous, which might affect the 

specificity of the probes. Also, using in situ hybridization the transcript was shown to 

be down-regulated at P14 in Ret-deficient animals implying that Ret is important for 

induction and/or maintenance (Luo et al. 2007). GDNF stimulation of P2 DRG explants 

is able to up-regulate the transcript for MrgprA3 (Fig. 4B, paper IV). This capacity is 

lost at P12 and correlates well with the developmental expression of MrgprA3 (Fig. 4A, 

paper IV). It thus appears that Ret is also involved in the induction of the transcript. 

 
2.3.3 Ret deficiency leads to mechanical and thermal sensitization 
Ret-deficient animals show increased sensitivity to mechanical stimulation of the hind 

paw by von Frey filaments and heat stimulation of the tail, but not to heat or cold 

stimulation of the hind paw (Fig. 5, paper IV). The unchanged response to heat 
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stimulation of the paw, but reduced response latency of the tail, is similar to the 

phenotype observed  in Gfrα2-/- mice (Lindfors et al. 2006b), implicating Nrtn/GFRα2 

signalling through Ret in the development of normal noxious thermosensation. The 

sensitization of Ret conditional knock-out animals is moderate, which could reflect the 

fact that expression of Ret is only lost in about half of the non-peptidergic nociceptors. 

Full penetrance of the phenotype might demand a complete reduction. 

 

Peptidergic nociceptors have traditionally been considered important contributors to 

inflammatory pain and non-peptidergic nociceptors the strongest candidate for 

mediating neuropathic pain (Snider and McMahon 1998). After carrageenan-induced 

inflammation both Ret conditional knock-out and control animals develop mechanical 

allodynia and heat hyperalgesia in the hind paw (Fig. 6A, paper IV). The 

hypersensitivity is, however, more profound in the conditional knock-out.  

After photochemically-induced sciatic nerve injury, no difference in response to 

mechanical stimulation was detected (Fig. 6B, paper IV). If non-peptidergic 

nociceptors are responsible for neuropathic pain, this implicates that Ret does not 

influence this phenomenon.  

 

The enhanced sensitivity in Ret-deficient animals could be due both to physiological 

changes caused by altered expression patterns of functional markers and morphological 

changes of innervation. Explaining the increased heat and mechanical sensitivity based 

on changes in TrpA1, Asic2a, MrgprB4 and MrgprA3 expression is not straight 

forward. Reduction of ASIC2a could contribute to the change in mechanical sensitivity, 

since ASICs have been implicated in this process. Furthermore lowered ASIC2a 

expression could alter the pH sensitivity of the neuron. pH is indeed lowered in 

inflammation and this could be important for the sensitization seen during 

inflammation. Although the function for Mas-related GPCRs is not known, it is 

interesting that MrgprA3 is up-regulated in the more sensitive Ret conditional knock-

out animals. Generating MrgprA3 knock-out animals could prove interesting in 

determining the physiological role of this postnatally expressed GPCR. Further 

characterization of the expression of physiologically important markers in Ret-deficient 

animals might give a more complete picture. Based on other results (Lindfors et al. 

2006b; Luo et al. 2007), it could be assumed that our animals have reduced target 

innervation in the skin. It would be of interest to know if the nerve fibres that are not in 

contact with the target do still detect stimuli or if they are silent. If they do not transmit 
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(proper) signals to the CNS, this could cause an imbalance in the perception with input 

only from peptidergic nociceptors. 

 

 

2.4 CONCLUSIONS 

 
How functionality and specificity is achieved in a cell after binding of a neurotrophic 

factor is only a partly understood process. In this thesis we show that 

  

• Even if a certain neurotrophin and Trk receptor have spatiotemporally 

overlapping expression patterns the ligand might not activate the receptor. 

• Different neurotrophin/Trk pairs can evoke qualitatively different responses 

within the same sensory neuron and are thus not always functionally 

redundant. 

• Adaptor binding is not only important for coupling a receptor to certain 

intracellular signalling pathways, but also for the cellular localization of the 

receptor and this together generates the specific biological response. 

• More than one phospho-tyrosine on an activated RTK can cooperate to 

generate a full biological response. 

• GDNF family ligand signalling through Ret is important for the complete 

differentiation and maturation of nociceptive neurons and for the generation of 

a proper physiological response to painful stimuli. 

 

In conclusion this thesis contributes to the elucidation of how specificity in 

neurotrophic factor signalling is achieved and the definition of new roles for 

neurotrophic factors in development. 



 

  37 

3 ACKNOWLEDGEMENTS 
 
I would like to thank: 
 
The proofreaders of my thesis: Gonçalo Castelo-Branco, Ruani Fernando, Kalle 
Lundgren, Jens Hjerling-Leffler and Linda Edman. 
 
Patrik Ernfors, my supervisor, for scientific guidance and a challenging learning 
process. Your executive mind and scientific brilliance are truly inspiring qualities. 
 
Hannu Sariola, my co-supervisor, for your long-distance supervision and encouraging 
style. I have appreciated it a lot! 
 
My collaborators: Liliana Minichiello at EMBL Monterotondo, Tony Pawson, 
Rizaldy Scott and Mathew Smith at Samuel Lunenfeld Research Institute and 
Zsuzsanna Wiesenfeld-Hallin, Xiaojun Xu, Jingxia Hao and Lili Li across campus. 
Thank you for fruitful collaborations! I am also grateful to the League of European 
Research Universities (LERU) for my scholarship 2006-2007. 
 
My three guardian angels: Karin for believing in me from the start, Andreas for 
sharing all your experiences and Jens for everything in science and beyond. I owe you!  
 
All present members of the Ernfors group for a very nice work environment! Michael 
for alternative thinking when needed. Mitya for being a model colleague. Kalle for 
sharing the world of intracellular signalling. Marina for housing in Helsinki. Igor for 
your enthusiasm. François for improving my French. Susanne, Isabelle and Ru for 
your helpful positive attitude. 
 
Fred for your science and sense of fun. Jorge, Paul and Tibor for always helping and 
sharing your knowledge. 
 
Linda for keeping me on track during the last leg of the journey and Nina for thought 
provoking questions, but above all for your friendships. Julianna for your supportive 
concern. Emma for the Åre trip and late night video editing. Carmen and Kyle for 
bringing in the fun. Ernest for always listening and advising. Everyone in office B1-
218, Diogo, Isabel, Seth and Hiromi, for the good and crowded atmosphere. Many are 
the people I met at Mol Neuro that have contributed to making the everyday strife 
easier and the afterwork events greater: Clare, Anita, Lukas, Sonia, Paula, Nicolas, 
Alejandro, Lotti, Vita, Lenka, Marie, Spyros, Carlos, Gunnar, Esther, Lisbeth, 
Pontus, Adrian,  Sten, Dmitri, Arno and Cathrine. Thank you very much! 
 
Johnny for keeping us afloat and fixing my bike. Annika for excellent secretarial 
assistance. All caretakers in the animal house, especially Evis for your genuine interest 
and concern. 
 
The Hermanson lab, Gustavo and Fernanda for being such good neighbours. 



 

38 

 
Eva Severinson and all colleagues at Stockholm Biomedical Graduate School for an 
inspirational year. 
 
Andrea for friendship and good times as undergraduates and Dan for company all the 
way.  
 
All friends outside of science that have not given up on me, despite all absence! 
 
My family and relatives for not letting me forget about the other aspect of life. A minha 
familha portuguesa: Obrigada por me fazerem sentir sempre em casa! Lisa och Emma 
for being the worlds best sisters. Mamma and Pappa for giving me the thirst of 
knowledge and responsibility. 
 
Gonçalo, this thesis is for you. Thank you for your solid support, endless patience and 
true love. 



 

  39 

4 REFERENCES 
 
Acampora D, Merlo GR, Paleari L, Zerega B, Postiglione MP, Mantero S, Bober E, 

Barbieri O, Simeone A, Levi G. Craniofacial, vestibular and bone defects in mice 
lacking the Distal-less-related gene Dlx5. Development 1999;126(17):3795-3809. 

Agerman K, Hjerling-Leffler J, Blanchard MP, Scarfone E, Canlon B, Nosrat C, Ernfors P. 
BDNF gene replacement reveals multiple mechanisms for establishing 
neurotrophin specificity during sensory nervous system development. Development 
2003;130(8):1479-1491. 

Airaksinen MS, Koltzenburg M, Lewin GR, Masu Y, Helbig C, Wolf E, Brem G, Toyka 
KV, Thoenen H, Meyer M. Specific subtypes of cutaneous mechanoreceptors 
require neurotrophin-3 following peripheral target innervation. Neuron 
1996;16(2):287-295. 

Airaksinen MS, Meyer M. Most classes of dorsal root ganglion neurons are severely 
depleted but not absent in mice lacking neurotrophin-3. Neuroscience 
1996;73(4):907-911. 

Albers KM, Woodbury CJ, Ritter AM, Davis BM, Koerber HR. Glial cell-line-derived 
neurotrophic factor expression in skin alters the mechanical sensitivity of cutaneous 
nociceptors. J Neurosci 2006;26(11):2981-2990. 

Alberti L, Borrello MG, Ghizzoni S, Torriti F, Rizzetti MG, Pierotti MA. Grb2 binding to 
the different isoforms of Ret tyrosine kinase. Oncogene 1998;17(9):1079-1087. 

Anders J, Kjar S, Ibanez CF. Molecular modeling of the extracellular domain of the RET 
receptor tyrosine kinase reveals multiple cadherin-like domains and a calcium-
binding site. J Biol Chem 2001;276(38):35808-35817. 

Arumae U, Pirvola U, Palgi J, Kiema TR, Palm K, Moshnyakov M, Ylikoski J, Saarma M. 
Neurotrophins and their receptors in rat peripheral trigeminal system during 
maxillary nerve growth. J Cell Biol 1993;122(5):1053-1065. 

Asai N, Fukuda T, Wu Z, Enomoto A, Pachnis V, Takahashi M, Costantini F. Targeted 
mutation of serine 697 in the Ret tyrosine kinase causes migration defect of enteric 
neural crest cells. Development 2006;133(22):4507-4516. 

Asai N, Murakami H, Iwashita T, Takahashi M. A mutation at tyrosine 1062 in MEN2A-
Ret and MEN2B-Ret impairs their transforming activity and association with shc 
adaptor proteins. J Biol Chem 1996;271(30):17644-17649. 

Baloh RH, Gorodinsky A, Golden JP, Tansey MG, Keck CL, Popescu NC, Johnson EM, 
Jr., Milbrandt J. GFRalpha3 is an orphan member of the GDNF/neurturin/persephin 
receptor family. Proc Natl Acad Sci U S A 1998a;95(10):5801-5806. 

Baloh RH, Tansey MG, Golden JP, Creedon DJ, Heuckeroth RO, Keck CL, Zimonjic DB, 
Popescu NC, Johnson EM, Jr., Milbrandt J. TrnR2, a novel receptor that mediates 
neurturin and GDNF signaling through Ret. Neuron 1997;18(5):793-802. 

Baloh RH, Tansey MG, Lampe PA, Fahrner TJ, Enomoto H, Simburger KS, Leitner ML, 
Araki T, Johnson EM, Jr., Milbrandt J. Artemin, a novel member of the GDNF 
ligand family, supports peripheral and central neurons and signals through the 
GFRalpha3-RET receptor complex. Neuron 1998b;21(6):1291-1302. 

Barde YA, Edgar D, Thoenen H. Purification of a new neurotrophic factor from 
mammalian brain. Embo J 1982;1(5):549-553. 

Baudet C, Mikaels A, Westphal H, Johansen J, Johansen TE, Ernfors P. Positive and 
negative interactions of GDNF, NTN and ART in developing sensory neuron 
subpopulations, and their collaboration with neurotrophins. Development 
2000;127(20):4335-4344. 

Benedetti M, Levi A, Chao MV. Differential expression of nerve growth factor receptors 
leads to altered binding affinity and neurotrophin responsiveness. Proc Natl Acad 
Sci U S A 1993;90(16):7859-7863. 

Bennett DL, Michael GJ, Ramachandran N, Munson JB, Averill S, Yan Q, McMahon SB, 
Priestley JV. A distinct subgroup of small DRG cells express GDNF receptor 
components and GDNF is protective for these neurons after nerve injury. J 
Neurosci 1998;18(8):3059-3072. 



 

40 

Besset V, Scott RP, Ibanez CF. Signaling complexes and protein-protein interactions 
involved in the activation of the Ras and phosphatidylinositol 3-kinase pathways by 
the c-Ret receptor tyrosine kinase. J Biol Chem 2000;275(50):39159-39166. 

Bhattacharyya A, Watson FL, Bradlee TA, Pomeroy SL, Stiles CD, Segal RA. Trk 
receptors function as rapid retrograde signal carriers in the adult nervous system. J 
Neurosci 1997;17(18):7007-7016. 

Bianchi LM, Conover JC, Fritzsch B, DeChiara T, Lindsay RM, Yancopoulos GD. 
Degeneration of vestibular neurons in late embryogenesis of both heterozygous and 
homozygous BDNF null mutant mice. Development 1996;122(6):1965-1973. 

Bibel M, Hoppe E, Barde YA. Biochemical and functional interactions between the 
neurotrophin receptors trk and p75NTR. Embo J 1999;18(3):616-622. 

Borrello MG, Alberti L, Arighi E, Bongarzone I, Battistini C, Bardelli A, Pasini B, Piutti C, 
Rizzetti MG, Mondellini P, Radice MT, Pierotti MA. The full oncogenic activity of 
Ret/ptc2 depends on tyrosine 539, a docking site for phospholipase Cgamma. Mol 
Cell Biol 1996;16(5):2151-2163. 

Buchman VL, Davies AM. Different neurotrophins are expressed and act in a 
developmental sequence to promote the survival of embryonic sensory neurons. 
Development 1993;118(3):989-1001. 

Buj-Bello A, Adu J, Pinon LG, Horton A, Thompson J, Rosenthal A, Chinchetru M, 
Buchman VL, Davies AM. Neurturin responsiveness requires a GPI-linked 
receptor and the Ret receptor tyrosine kinase. Nature 1997;387(6634):721-724. 

Buj-Bello A, Buchman VL, Horton A, Rosenthal A, Davies AM. GDNF is an age-specific 
survival factor for sensory and autonomic neurons. Neuron 1995;15(4):821-828. 

Cacalano G, Farinas I, Wang LC, Hagler K, Forgie A, Moore M, Armanini M, Phillips H, 
Ryan AM, Reichardt LF, Hynes M, Davies A, Rosenthal A. GFRalpha1 is an 
essential receptor component for GDNF in the developing nervous system and 
kidney. Neuron 1998;21(1):53-62. 

Camarero G, Leon Y, Gorospe I, De Pablo F, Alsina B, Giraldez F, Varela-Nieto I. Insulin-
like growth factor 1 is required for survival of transit-amplifying neuroblasts and 
differentiation of otic neurons. Dev Biol 2003;262(2):242-253. 

Carney PR, Silver J. Studies on cell migration and axon guidance in the developing distal 
auditory system of the mouse. J Comp Neurol 1983;215(4):359-369. 

Caterina MJ. Transient receptor potential ion channels as participants in thermosensation 
and thermoregulation. Am J Physiol Regul Integr Comp Physiol 2007;292(1):R64-
76. 

Clary DO, Reichardt LF. An alternatively spliced form of the nerve growth factor receptor 
TrkA confers an enhanced response to neurotrophin 3. Proc Natl Acad Sci U S A 
1994;91(23):11133-11137. 

Conover JC, Erickson JT, Katz DM, Bianchi LM, Poueymirou WT, McClain J, Pan L, 
Helgren M, Ip NY, Boland P, et al. Neuronal deficits, not involving motor neurons, 
in mice lacking BDNF and/or NT4. Nature 1995;375(6528):235-238. 

Coppola V, Kucera J, Palko ME, Martinez-De Velasco J, Lyons WE, Fritzsch B, 
Tessarollo L. Dissection of NT3 functions in vivo by gene replacement strategy. 
Development 2001;128(21):4315-4327. 

Corbit KC, Foster DA, Rosner MR. Protein kinase Cdelta mediates neurogenic but not 
mitogenic activation of mitogen-activated protein kinase in neuronal cells. Mol Cell 
Biol 1999;19(6):4209-4218. 

Cordon-Cardo C, Tapley P, Jing SQ, Nanduri V, O'Rourke E, Lamballe F, Kovary K, Klein 
R, Jones KR, Reichardt LF, et al. The trk tyrosine protein kinase mediates the 
mitogenic properties of nerve growth factor and neurotrophin-3. Cell 
1991;66(1):173-183. 

Creedon DJ, Tansey MG, Baloh RH, Osborne PA, Lampe PA, Fahrner TJ, Heuckeroth RO, 
Milbrandt J, Johnson EM, Jr. Neurturin shares receptors and signal transduction 
pathways with glial cell line-derived neurotrophic factor in sympathetic neurons. 
Proc Natl Acad Sci U S A 1997;94(13):7018-7023. 

Crowder RJ, Enomoto H, Yang M, Johnson EM, Jr., Milbrandt J. Dok-6, a Novel p62 Dok 
family member, promotes Ret-mediated neurite outgrowth. J Biol Chem 
2004;279(40):42072-42081. 

Crowley C, Spencer SD, Nishimura MC, Chen KS, Pitts-Meek S, Armanini MP, Ling LH, 
McMahon SB, Shelton DL, Levinson AD, et al. Mice lacking nerve growth factor 



 

  41 

display perinatal loss of sensory and sympathetic neurons yet develop basal 
forebrain cholinergic neurons. Cell 1994;76(6):1001-1011. 

Davies AM, Bandtlow C, Heumann R, Korsching S, Rohrer H, Thoenen H. Timing and 
site of nerve growth factor synthesis in developing skin in relation to innervation 
and expression of the receptor. Nature 1987;326(6111):353-358. 

Davies AM, Minichiello L, Klein R. Developmental changes in NT3 signalling via TrkA 
and TrkB in embryonic neurons. Embo J 1995;14(18):4482-4489. 

de Graaff E, Srinivas S, Kilkenny C, D'Agati V, Mankoo BS, Costantini F, Pachnis V. 
Differential activities of the RET tyrosine kinase receptor isoforms during 
mammalian embryogenesis. Genes Dev 2001;15(18):2433-2444. 

Degl'Innocenti D, Arighi E, Popsueva A, Sangregorio R, Alberti L, Rizzetti MG, Ferrario 
C, Sariola H, Pierotti MA, Borrello MG. Differential requirement of Tyr1062 
multidocking site by RET isoforms to promote neural cell scattering and epithelial 
cell branching. Oncogene 2004;23(44):7297-7309. 

Depew MJ, Liu JK, Long JE, Presley R, Meneses JJ, Pedersen RA, Rubenstein JL. Dlx5 
regulates regional development of the branchial arches and sensory capsules. 
Development 1999;126(17):3831-3846. 

Dong X, Han S, Zylka MJ, Simon MI, Anderson DJ. A diverse family of GPCRs expressed 
in specific subsets of nociceptive sensory neurons. Cell 2001;106(5):619-632. 

Durbec P, Marcos-Gutierrez CV, Kilkenny C, Grigoriou M, Wartiowaara K, Suvanto P, 
Smith D, Ponder B, Costantini F, Saarma M, et al. GDNF signalling through the 
Ret receptor tyrosine kinase. Nature 1996a;381(6585):789-793. 

Durbec PL, Larsson-Blomberg LB, Schuchardt A, Costantini F, Pachnis V. Common origin 
and developmental dependence on c-ret of subsets of enteric and sympathetic 
neuroblasts. Development 1996b;122(1):349-358. 

Elitt CM, McIlwrath SL, Lawson JJ, Malin SA, Molliver DC, Cornuet PK, Koerber HR, 
Davis BM, Albers KM. Artemin overexpression in skin enhances expression of 
TRPV1 and TRPA1 in cutaneous sensory neurons and leads to behavioral 
sensitivity to heat and cold. J Neurosci 2006;26(33):8578-8587. 

ElShamy WM, Ernfors P. A local action of neurotrophin-3 prevents the death of 
proliferating sensory neuron precursor cells. Neuron 1996;16(5):963-972. 

Encinas M, Crowder RJ, Milbrandt J, Johnson EM, Jr. Tyrosine 981, a novel ret 
autophosphorylation site, binds c-Src to mediate neuronal survival. J Biol Chem 
2004;279(18):18262-18269. 

Encinas M, Tansey MG, Tsui-Pierchala BA, Comella JX, Milbrandt J, Johnson EM, Jr. c-
Src is required for glial cell line-derived neurotrophic factor (GDNF) family ligand-
mediated neuronal survival via a phosphatidylinositol-3 kinase (PI-3K)-dependent 
pathway. J Neurosci 2001;21(5):1464-1472. 

Enokido Y, de Sauvage F, Hongo JA, Ninkina N, Rosenthal A, Buchman VL, Davies AM. 
GFR alpha-4 and the tyrosine kinase Ret form a functional receptor complex for 
persephin. Curr Biol 1998;8(18):1019-1022. 

Enomoto H, Araki T, Jackman A, Heuckeroth RO, Snider WD, Johnson EM, Jr., Milbrandt 
J. GFR alpha1-deficient mice have deficits in the enteric nervous system and 
kidneys. Neuron 1998;21(2):317-324. 

Enomoto H, Crawford PA, Gorodinsky A, Heuckeroth RO, Johnson EM, Jr., Milbrandt J. 
RET signaling is essential for migration, axonal growth and axon guidance of 
developing sympathetic neurons. Development 2001;128(20):3963-3974. 

Enomoto H, Heuckeroth RO, Golden JP, Johnson EM, Milbrandt J. Development of cranial 
parasympathetic ganglia requires sequential actions of GDNF and neurturin. 
Development 2000;127(22):4877-4889. 

Enomoto H, Hughes I, Golden J, Baloh RH, Yonemura S, Heuckeroth RO, Johnson EM, 
Jr., Milbrandt J. GFRalpha1 expression in cells lacking RET is dispensable for 
organogenesis and nerve regeneration. Neuron 2004;44(4):623-636. 

Ernfors P, Ibanez CF, Ebendal T, Olson L, Persson H. Molecular cloning and neurotrophic 
activities of a protein with structural similarities to nerve growth factor: 
developmental and topographical expression in the brain. Proc Natl Acad Sci U S 
A 1990;87(14):5454-5458. 

Ernfors P, Lee KF, Jaenisch R. Mice lacking brain-derived neurotrophic factor develop 
with sensory deficits. Nature 1994a;368(6467):147-150. 



 

42 

Ernfors P, Lee KF, Kucera J, Jaenisch R. Lack of neurotrophin-3 leads to deficiencies in 
the peripheral nervous system and loss of limb proprioceptive afferents. Cell 
1994b;77(4):503-512. 

Ernfors P, Merlio JP, Persson H. Cells Expressing mRNA for Neurotrophins and their 
Receptors During Embryonic Rat Development. Eur J Neurosci 1992;4(11):1140-
1158. 

Ernfors P, Van De Water T, Loring J, Jaenisch R. Complementary roles of BDNF and NT-
3 in vestibular and auditory development. Neuron 1995;14(6):1153-1164. 

Farinas I, Jones KR, Backus C, Wang XY, Reichardt LF. Severe sensory and sympathetic 
deficits in mice lacking neurotrophin-3. Nature 1994;369(6482):658-661. 

Farinas I, Jones KR, Tessarollo L, Vigers AJ, Huang E, Kirstein M, de Caprona DC, 
Coppola V, Backus C, Reichardt LF, Fritzsch B. Spatial shaping of cochlear 
innervation by temporally regulated neurotrophin expression. J Neurosci 
2001;21(16):6170-6180. 

Farinas I, Wilkinson GA, Backus C, Reichardt LF, Patapoutian A. Characterization of 
neurotrophin and Trk receptor functions in developing sensory ganglia: direct NT-3 
activation of TrkB neurons in vivo. Neuron 1998;21(2):325-334. 

Farinas I, Yoshida CK, Backus C, Reichardt LF. Lack of neurotrophin-3 results in death of 
spinal sensory neurons and premature differentiation of their precursors. Neuron 
1996;17(6):1065-1078. 

Francis N, Farinas I, Brennan C, Rivas-Plata K, Backus C, Reichardt L, Landis S. NT-3, 
like NGF, is required for survival of sympathetic neurons, but not their precursors. 
Dev Biol 1999;210(2):411-427. 

Fritzsch B, Farinas I, Reichardt LF. Lack of neurotrophin 3 causes losses of both classes of 
spiral ganglion neurons in the cochlea in a region-specific fashion. J Neurosci 
1997;17(16):6213-6225. 

Fundin BT, Mikaels A, Westphal H, Ernfors P. A rapid and dynamic regulation of GDNF-
family ligands and receptors correlate with the developmental dependency of 
cutaneous sensory innervation. Development 1999;126(12):2597-2610. 

Golden JP, DeMaro JA, Osborne PA, Milbrandt J, Johnson EM, Jr. Expression of 
neurturin, GDNF, and GDNF family-receptor mRNA in the developing and mature 
mouse. Exp Neurol 1999;158(2):504-528. 

Grimes ML, Zhou J, Beattie EC, Yuen EC, Hall DE, Valletta JS, Topp KS, LaVail JH, 
Bunnett NW, Mobley WC. Endocytosis of activated TrkA: evidence that nerve 
growth factor induces formation of signaling endosomes. J Neurosci 
1996;16(24):7950-7964. 

Grimm J, Sachs M, Britsch S, Di Cesare S, Schwarz-Romond T, Alitalo K, Birchmeier W. 
Novel p62dok family members, dok-4 and dok-5, are substrates of the c-Ret 
receptor tyrosine kinase and mediate neuronal differentiation. J Cell Biol 
2001;154(2):345-354. 

Hallbook F, Ibanez CF, Persson H. Evolutionary studies of the nerve growth factor family 
reveal a novel member abundantly expressed in Xenopus ovary. Neuron 
1991;6(5):845-858. 

Hayashi H, Ichihara M, Iwashita T, Murakami H, Shimono Y, Kawai K, Kurokawa K, 
Murakumo Y, Imai T, Funahashi H, Nakao A, Takahashi M. Characterization of 
intracellular signals via tyrosine 1062 in RET activated by glial cell line-derived 
neurotrophic factor. Oncogene 2000;19(39):4469-4475. 

Hempstead BL, Martin-Zanca D, Kaplan DR, Parada LF, Chao MV. High-affinity NGF 
binding requires coexpression of the trk proto-oncogene and the low-affinity NGF 
receptor. Nature 1991;350(6320):678-683. 

Heuckeroth RO, Enomoto H, Grider JR, Golden JP, Hanke JA, Jackman A, Molliver DC, 
Bardgett ME, Snider WD, Johnson EM, Jr., Milbrandt J. Gene targeting reveals a 
critical role for neurturin in the development and maintenance of enteric, sensory, 
and parasympathetic neurons. Neuron 1999;22(2):253-263. 

Hjerling-Leffler J, Marmigere F, Heglind M, Cederberg A, Koltzenburg M, Enerback S, 
Ernfors P. The boundary cap: a source of neural crest stem cells that generate 
multiple sensory neuron subtypes. Development 2005;132(11):2623-2632. 

Holgado-Madruga M, Moscatello DK, Emlet DR, Dieterich R, Wong AJ. Grb2-associated 
binder-1 mediates phosphatidylinositol 3-kinase activation and the promotion of 



 

  43 

cell survival by nerve growth factor. Proc Natl Acad Sci U S A 1997;94(23):12419-
12424. 

Honma Y, Araki T, Gianino S, Bruce A, Heuckeroth R, Johnson E, Milbrandt J. Artemin is 
a vascular-derived neurotropic factor for developing sympathetic neurons. Neuron 
2002;35(2):267-282. 

Huang EJ, Wilkinson GA, Farinas I, Backus C, Zang K, Wong SL, Reichardt LF. 
Expression of Trk receptors in the developing mouse trigeminal ganglion: in vivo 
evidence for NT-3 activation of TrkA and TrkB in addition to TrkC. Development 
1999;126(10):2191-2203. 

Hunter T, Cooper JA. Protein-tyrosine kinases. Annu Rev Biochem 1985;54:897-930. 
Ip NY, Ibanez CF, Nye SH, McClain J, Jones PF, Gies DR, Belluscio L, Le Beau MM, 

Espinosa R, 3rd, Squinto SP, et al. Mammalian neurotrophin-4: structure, 
chromosomal localization, tissue distribution, and receptor specificity. Proc Natl 
Acad Sci U S A 1992;89(7):3060-3064. 

Ip NY, Stitt TN, Tapley P, Klein R, Glass DJ, Fandl J, Greene LA, Barbacid M, 
Yancopoulos GD. Similarities and differences in the way neurotrophins interact 
with the Trk receptors in neuronal and nonneuronal cells. Neuron 1993;10(2):137-
149. 

Jain S, Encinas M, Johnson EM, Jr., Milbrandt J. Critical and distinct roles for key RET 
tyrosine docking sites in renal development. Genes Dev 2006;20(3):321-333. 

Jijiwa M, Fukuda T, Kawai K, Nakamura A, Kurokawa K, Murakumo Y, Ichihara M, 
Takahashi M. A targeting mutation of tyrosine 1062 in Ret causes a marked 
decrease of enteric neurons and renal hypoplasia. Mol Cell Biol 2004;24(18):8026-
8036. 

Jing S, Wen D, Yu Y, Holst PL, Luo Y, Fang M, Tamir R, Antonio L, Hu Z, Cupples R, 
Louis JC, Hu S, Altrock BW, Fox GM. GDNF-induced activation of the ret protein 
tyrosine kinase is mediated by GDNFR-alpha, a novel receptor for GDNF. Cell 
1996;85(7):1113-1124. 

Jones KR, Farinas I, Backus C, Reichardt LF. Targeted disruption of the BDNF gene 
perturbs brain and sensory neuron development but not motor neuron development. 
Cell 1994;76(6):989-999. 

Jones KR, Reichardt LF. Molecular cloning of a human gene that is a member of the nerve 
growth factor family. Proc Natl Acad Sci U S A 1990;87(20):8060-8064. 

Kaplan DR, Hempstead BL, Martin-Zanca D, Chao MV, Parada LF. The trk proto-
oncogene product: a signal transducing receptor for nerve growth factor. Science 
1991a;252(5005):554-558. 

Kaplan DR, Martin-Zanca D, Parada LF. Tyrosine phosphorylation and tyrosine kinase 
activity of the trk proto-oncogene product induced by NGF. Nature 
1991b;350(6314):158-160. 

Kim WY, Fritzsch B, Serls A, Bakel LA, Huang EJ, Reichardt LF, Barth DS, Lee JE. 
NeuroD-null mice are deaf due to a severe loss of the inner ear sensory neurons 
during development. Development 2001;128(3):417-426. 

King N. The unicellular ancestry of animal development. Dev Cell 2004;7(3):313-325. 
King N, Carroll SB. A receptor tyrosine kinase from choanoflagellates: molecular insights 

into early animal evolution. Proc Natl Acad Sci U S A 2001;98(26):15032-15037. 
Klein R, Jing SQ, Nanduri V, O'Rourke E, Barbacid M. The trk proto-oncogene encodes a 

receptor for nerve growth factor. Cell 1991a;65(1):189-197. 
Klein R, Lamballe F, Bryant S, Barbacid M. The trkB tyrosine protein kinase is a receptor 

for neurotrophin-4. Neuron 1992;8(5):947-956. 
Klein R, Nanduri V, Jing SA, Lamballe F, Tapley P, Bryant S, Cordon-Cardo C, Jones KR, 

Reichardt LF, Barbacid M. The trkB tyrosine protein kinase is a receptor for brain-
derived neurotrophic factor and neurotrophin-3. Cell 1991b;66(2):395-403. 

Klein R, Parada LF, Coulier F, Barbacid M. trkB, a novel tyrosine protein kinase receptor 
expressed during mouse neural development. Embo J 1989;8(12):3701-3709. 

Klein R, Silos-Santiago I, Smeyne RJ, Lira SA, Brambilla R, Bryant S, Zhang L, Snider 
WD, Barbacid M. Disruption of the neurotrophin-3 receptor gene trkC eliminates la 
muscle afferents and results in abnormal movements. Nature 1994;368(6468):249-
251. 



 

44 

Klein R, Smeyne RJ, Wurst W, Long LK, Auerbach BA, Joyner AL, Barbacid M. Targeted 
disruption of the trkB neurotrophin receptor gene results in nervous system lesions 
and neonatal death. Cell 1993;75(1):113-122. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, 
Gu Q, Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard 
A, Phillips H, Henderson CE, Takahashi M, Rosenthal A. A GPI-linked protein 
that interacts with Ret to form a candidate neurturin receptor. Nature 
1997;387(6634):717-721. 

Kotzbauer PT, Lampe PA, Heuckeroth RO, Golden JP, Creedon DJ, Johnson EM, Jr., 
Milbrandt J. Neurturin, a relative of glial-cell-line-derived neurotrophic factor. 
Nature 1996;384(6608):467-470. 

Kramer I, Sigrist M, de Nooij JC, Taniuchi I, Jessell TM, Arber S. A role for Runx 
transcription factor signaling in dorsal root ganglion sensory neuron diversification. 
Neuron 2006;49(3):379-393. 

Kurokawa K, Iwashita T, Murakami H, Hayashi H, Kawai K, Takahashi M. Identification 
of SNT/FRS2 docking site on RET receptor tyrosine kinase and its role for signal 
transduction. Oncogene 2001;20(16):1929-1938. 

Lamballe F, Klein R, Barbacid M. trkC, a new member of the trk family of tyrosine protein 
kinases, is a receptor for neurotrophin-3. Cell 1991;66(5):967-979. 

Ledda F, Paratcha G, Ibanez CF. Target-derived GFRalpha1 as an attractive guidance 
signal for developing sensory and sympathetic axons via activation of Cdk5. 
Neuron 2002;36(3):387-401. 

LeDouarin NM, Kalcheim C. The Neural Crest. Developmental and Cell Biology Series, 
Cambridge University Press 1999;Second edition. 

Lee FS, Chao MV. Activation of Trk neurotrophin receptors in the absence of 
neurotrophins. Proc Natl Acad Sci U S A 2001;98(6):3555-3560. 

Lee FS, Rajagopal R, Kim AH, Chang PC, Chao MV. Activation of Trk neurotrophin 
receptor signaling by pituitary adenylate cyclase-activating polypeptides. J Biol 
Chem 2002;277(11):9096-9102. 

Lee KF, Davies AM, Jaenisch R. p75-deficient embryonic dorsal root sensory and neonatal 
sympathetic neurons display a decreased sensitivity to NGF. Development 
1994;120(4):1027-1033. 

Lee KY, Samy ET, Sham MH, Tam PK, Lui VC. 3' Splicing variants of ret receptor 
tyrosine kinase are differentially expressed in mouse embryos and in adult mice. 
Biochim Biophys Acta 2003;1627(1):26-38. 

Leibrock J, Lottspeich F, Hohn A, Hofer M, Hengerer B, Masiakowski P, Thoenen H, 
Barde YA. Molecular cloning and expression of brain-derived neurotrophic factor. 
Nature 1989;341(6238):149-152. 

Levi-Montalcini R. The nerve growth factor 35 years later. Science 1987;237(4819):1154-
1162. 

Liebl DJ, Tessarollo L, Palko ME, Parada LF. Absence of sensory neurons before target 
innervation in brain-derived neurotrophic factor-, neurotrophin 3-, and TrkC-
deficient embryonic mice. J Neurosci 1997;17(23):9113-9121. 

Lin LF, Doherty DH, Lile JD, Bektesh S, Collins F. GDNF: a glial cell line-derived 
neurotrophic factor for midbrain dopaminergic neurons. Science 
1993;260(5111):1130-1132. 

Lindahl M, Poteryaev D, Yu L, Arumae U, Timmusk T, Bongarzone I, Aiello A, Pierotti 
MA, Airaksinen MS, Saarma M. Human glial cell line-derived neurotrophic factor 
receptor alpha 4 is the receptor for persephin and is predominantly expressed in 
normal and malignant thyroid medullary cells. J Biol Chem 2001;276(12):9344-
9351. 

Lindfors PH, Lindahl M, Rossi J, Saarma M, Airaksinen MS. Ablation of persephin 
receptor glial cell line-derived neurotrophic factor family receptor alpha4 impairs 
thyroid calcitonin production in young mice. Endocrinology 2006a;147(5):2237-
2244. 

Lindfors PH, Voikar V, Rossi J, Airaksinen MS. Deficient nonpeptidergic epidermis 
innervation and reduced inflammatory pain in glial cell line-derived neurotrophic 
factor family receptor alpha2 knock-out mice. J Neurosci 2006b;26(7):1953-1960. 

Lindholm P, Voutilainen MH, Lauren J, Peranen J, Leppanen VM, Andressoo JO, Lindahl 
M, Janhunen S, Kalkkinen N, Timmusk T, Tuominen RK, Saarma M. Novel 



 

  45 

neurotrophic factor CDNF protects and rescues midbrain dopamine neurons in 
vivo. Nature 2007;448(7149):73-77. 

Lingueglia E. Acid-sensing ion channels in sensory perception. J Biol Chem 
2007;282(24):17325-17329. 

Liu M, Pereira FA, Price SD, Chu MJ, Shope C, Himes D, Eatock RA, Brownell WE, 
Lysakowski A, Tsai MJ. Essential role of BETA2/NeuroD1 in development of the 
vestibular and auditory systems. Genes Dev 2000;14(22):2839-2854. 

Liu X, Ernfors P, Wu H, Jaenisch R. Sensory but not motor neuron deficits in mice lacking 
NT4 and BDNF. Nature 1995;375(6528):238-241. 

Lundgren TK, Scott RP, Smith M, Pawson T, Ernfors P. Engineering the recruitment of 
phosphotyrosine binding domain-containing adaptor proteins reveals distinct roles 
for RET receptor-mediated cell survival. J Biol Chem 2006;281(40):29886-29896. 

Luo W, Wickramasinghe SR, Savitt JM, Griffin JW, Dawson TM, Ginty DD. A 
hierarchical NGF signaling cascade controls Ret-dependent and Ret-independent 
events during development of nonpeptidergic DRG neurons. Neuron 
2007;54(5):739-754. 

Ma Q, Anderson DJ, Fritzsch B. Neurogenin 1 null mutant ears develop fewer, 
morphologically normal hair cells in smaller sensory epithelia devoid of 
innervation. J Assoc Res Otolaryngol 2000;1(2):129-143. 

Ma Q, Chen Z, del Barco Barrantes I, de la Pompa JL, Anderson DJ. neurogenin1 is 
essential for the determination of neuronal precursors for proximal cranial sensory 
ganglia. Neuron 1998;20(3):469-482. 

Ma Q, Fode C, Guillemot F, Anderson DJ. Neurogenin1 and neurogenin2 control two 
distinct waves of neurogenesis in developing dorsal root ganglia. Genes Dev 
1999;13(13):1717-1728. 

MacDonald JI, Gryz EA, Kubu CJ, Verdi JM, Meakin SO. Direct binding of the signaling 
adapter protein Grb2 to the activation loop tyrosines on the nerve growth factor 
receptor tyrosine kinase, TrkA. J Biol Chem 2000;275(24):18225-18233. 

Mahadeo D, Kaplan L, Chao MV, Hempstead BL. High affinity nerve growth factor 
binding displays a faster rate of association than p140trk binding. Implications for 
multi-subunit polypeptide receptors. J Biol Chem 1994;269(9):6884-6891. 

Maisonpierre PC, Belluscio L, Squinto S, Ip NY, Furth ME, Lindsay RM, Yancopoulos 
GD. Neurotrophin-3: a neurotrophic factor related to NGF and BDNF. Science 
1990;247(4949 Pt 1):1446-1451. 

Mansour SL, Goddard JM, Capecchi MR. Mice homozygous for a targeted disruption of 
the proto-oncogene int-2 have developmental defects in the tail and inner ear. 
Development 1993;117(1):13-28. 

Marmigere F, Ernfors P. Specification and connectivity of neuronal subtypes in the sensory 
lineage. Nat Rev Neurosci 2007;8(2):114-127. 

Maro GS, Vermeren M, Voiculescu O, Melton L, Cohen J, Charnay P, Topilko P. Neural 
crest boundary cap cells constitute a source of neuronal and glial cells of the PNS. 
Nat Neurosci 2004;7(9):930-938. 

Marshall CJ. Specificity of receptor tyrosine kinase signaling: transient versus sustained 
extracellular signal-regulated kinase activation. Cell 1995;80(2):179-185. 

Martin-Zanca D, Barbacid M, Parada LF. Expression of the trk proto-oncogene is restricted 
to the sensory cranial and spinal ganglia of neural crest origin in mouse 
development. Genes Dev 1990;4(5):683-694. 

Martin-Zanca D, Mitra G, Long LK, Barbacid M. Molecular characterization of the human 
trk oncogene. Cold Spring Harb Symp Quant Biol 1986;51 Pt 2:983-992. 

Martin-Zanca D, Oskam R, Mitra G, Copeland T, Barbacid M. Molecular and biochemical 
characterization of the human trk proto-oncogene. Mol Cell Biol 1989;9(1):24-33. 

McKay IJ, Lewis J, Lumsden A. The role of FGF-3 in early inner ear development: an 
analysis in normal and kreisler mutant mice. Dev Biol 1996;174(2):370-378. 

Meakin SO, Gryz EA, MacDonald JI. A kinase insert isoform of rat TrkA supports nerve 
growth factor-dependent cell survival but not neurite outgrowth. J Neurochem 
1997;69(3):954-967. 

Meakin SO, MacDonald JI, Gryz EA, Kubu CJ, Verdi JM. The signaling adapter FRS-2 
competes with Shc for binding to the nerve growth factor receptor TrkA. A model 
for discriminating proliferation and differentiation. J Biol Chem 
1999;274(14):9861-9870. 



 

46 

Melillo RM, Carlomagno F, De Vita G, Formisano P, Vecchio G, Fusco A, Billaud M, 
Santoro M. The insulin receptor substrate (IRS)-1 recruits phosphatidylinositol 3-
kinase to Ret: evidence for a competition between Shc and IRS-1 for the binding to 
Ret. Oncogene 2001a;20(2):209-218. 

Melillo RM, Santoro M, Ong SH, Billaud M, Fusco A, Hadari YR, Schlessinger J, Lax I. 
Docking protein FRS2 links the protein tyrosine kinase RET and its oncogenic 
forms with the mitogen-activated protein kinase signaling cascade. Mol Cell Biol 
2001b;21(13):4177-4187. 

Memberg SP, Hall AK. Dividing neuron precursors express neuron-specific tubulin. J 
Neurobiol 1995;27(1):26-43. 

Milbrandt J, de Sauvage FJ, Fahrner TJ, Baloh RH, Leitner ML, Tansey MG, Lampe PA, 
Heuckeroth RO, Kotzbauer PT, Simburger KS, Golden JP, Davies JA, Vejsada R, 
Kato AC, Hynes M, Sherman D, Nishimura M, Wang LC, Vandlen R, Moffat B, 
Klein RD, Poulsen K, Gray C, Garces A, Johnson EM, Jr., et al. Persephin, a novel 
neurotrophic factor related to GDNF and neurturin. Neuron 1998;20(2):245-253. 

Minichiello L, Casagranda F, Tatche RS, Stucky CL, Postigo A, Lewin GR, Davies AM, 
Klein R. Point mutation in trkB causes loss of NT4-dependent neurons without 
major effects on diverse BDNF responses. Neuron 1998;21(2):335-345. 

Minichiello L, Piehl F, Vazquez E, Schimmang T, Hokfelt T, Represa J, Klein R. 
Differential effects of combined trk receptor mutations on dorsal root ganglion and 
inner ear sensory neurons. Development 1995;121(12):4067-4075. 

Molliver DC, Snider WD. Nerve growth factor receptor TrkA is down-regulated during 
postnatal development by a subset of dorsal root ganglion neurons. J Comp Neurol 
1997;381(4):428-438. 

Molliver DC, Wright DE, Leitner ML, Parsadanian AS, Doster K, Wen D, Yan Q, Snider 
WD. IB4-binding DRG neurons switch from NGF to GDNF dependence in early 
postnatal life. Neuron 1997;19(4):849-861. 

Moore MW, Klein RD, Farinas I, Sauer H, Armanini M, Phillips H, Reichardt LF, Ryan 
AM, Carver-Moore K, Rosenthal A. Renal and neuronal abnormalities in mice 
lacking GDNF. Nature 1996;382(6586):76-79. 

Moqrich A, Earley TJ, Watson J, Andahazy M, Backus C, Martin-Zanca D, Wright DE, 
Reichardt LF, Patapoutian A. Expressing TrkC from the TrkA locus causes a subset 
of dorsal root ganglia neurons to switch fate. Nat Neurosci 2004;7(8):812-818. 

Munro S. Lipid rafts: elusive or illusive? Cell 2003;115(4):377-388. 
Myers SM, Eng C, Ponder BA, Mulligan LM. Characterization of RET proto-oncogene 3' 

splicing variants and polyadenylation sites: a novel C-terminus for RET. Oncogene 
1995;11(10):2039-2045. 

Natarajan D, Marcos-Gutierrez C, Pachnis V, de Graaff E. Requirement of signalling by 
receptor tyrosine kinase RET for the directed migration of enteric nervous system 
progenitor cells during mammalian embryogenesis. Development 
2002;129(22):5151-5160. 

Naveilhan P, Baudet C, Mikaels A, Shen L, Westphal H, Ernfors P. Expression and 
regulation of GFRalpha3, a glial cell line-derived neurotrophic factor family 
receptor. Proc Natl Acad Sci U S A 1998;95(3):1295-1300. 

Nebreda AR, Martin-Zanca D, Kaplan DR, Parada LF, Santos E. Induction by NGF of 
meiotic maturation of Xenopus oocytes expressing the trk proto-oncogene product. 
Science 1991;252(5005):558-561. 

Nishino J, Mochida K, Ohfuji Y, Shimazaki T, Meno C, Ohishi S, Matsuda Y, Fujii H, 
Saijoh Y, Hamada H. GFR alpha3, a component of the artemin receptor, is required 
for migration and survival of the superior cervical ganglion. Neuron 
1999;23(4):725-736. 

Nosrat CA, Tomac A, Hoffer BJ, Olson L. Cellular and developmental patterns of 
expression of Ret and glial cell line-derived neurotrophic factor receptor alpha 
mRNAs. Exp Brain Res 1997;115(3):410-422. 

Obermeier A, Halfter H, Wiesmuller KH, Jung G, Schlessinger J, Ullrich A. Tyrosine 785 
is a major determinant of Trk--substrate interaction. Embo J 1993;12(3):933-941. 

Orozco OE, Walus L, Sah DW, Pepinsky RB, Sanicola M. GFRalpha3 is expressed 
predominantly in nociceptive sensory neurons. Eur J Neurosci 2001;13(11):2177-
2182. 



 

  47 

Pachnis V, Mankoo B, Costantini F. Expression of the c-ret proto-oncogene during mouse 
embryogenesis. Development 1993;119(4):1005-1017. 

Pandey A, Duan H, Di Fiore PP, Dixit VM. The Ret receptor protein tyrosine kinase 
associates with the SH2-containing adapter protein Grb10. J Biol Chem 
1995;270(37):21461-21463. 

Pandey A, Liu X, Dixon JE, Di Fiore PP, Dixit VM. Direct association between the Ret 
receptor tyrosine kinase and the Src homology 2-containing adapter protein Grb7. J 
Biol Chem 1996;271(18):10607-10610. 

Paratcha G, Ledda F, Baars L, Coulpier M, Besset V, Anders J, Scott R, Ibanez CF. 
Released GFRalpha1 potentiates downstream signaling, neuronal survival, and 
differentiation via a novel mechanism of recruitment of c-Ret to lipid rafts. Neuron 
2001;29(1):171-184. 

Patapoutian A, Backus C, Kispert A, Reichardt LF. Regulation of neurotrophin-3 
expression by epithelial-mesenchymal interactions: the role of Wnt factors. Science 
1999;283(5405):1180-1183. 

Patel TD, Jackman A, Rice FL, Kucera J, Snider WD. Development of sensory neurons in 
the absence of NGF/TrkA signaling in vivo. Neuron 2000;25(2):345-357. 

Pauley S, Wright TJ, Pirvola U, Ornitz D, Beisel K, Fritzsch B. Expression and function of 
FGF10 in mammalian inner ear development. Dev Dyn 2003;227(2):203-215. 

Pawson T. Regulation and targets of receptor tyrosine kinases. Eur J Cancer 2002;38 Suppl 
5:S3-10. 

Pichel JG, Shen L, Sheng HZ, Granholm AC, Drago J, Grinberg A, Lee EJ, Huang SP, 
Saarma M, Hoffer BJ, Sariola H, Westphal H. GDNF is required for kidney 
development and enteric innervation. Cold Spring Harb Symp Quant Biol 
1996;61:445-457. 

Pirvola U, Arumae U, Moshnyakov M, Palgi J, Saarma M, Ylikoski J. Coordinated 
expression and function of neurotrophins and their receptors in the rat inner ear 
during target innervation. Hear Res 1994;75(1-2):131-144. 

Pirvola U, Spencer-Dene B, Xing-Qun L, Kettunen P, Thesleff I, Fritzsch B, Dickson C, 
Ylikoski J. FGF/FGFR-2(IIIb) signaling is essential for inner ear morphogenesis. J 
Neurosci 2000;20(16):6125-6134. 

Pirvola U, Ylikoski J, Palgi J, Lehtonen E, Arumae U, Saarma M. Brain-derived 
neurotrophic factor and neurotrophin 3 mRNAs in the peripheral target fields of 
developing inner ear ganglia. Proc Natl Acad Sci U S A 1992;89(20):9915-9919. 

Postigo A, Calella AM, Fritzsch B, Knipper M, Katz D, Eilers A, Schimmang T, Lewin 
GR, Klein R, Minichiello L. Distinct requirements for TrkB and TrkC signaling in 
target innervation by sensory neurons. Genes Dev 2002;16(5):633-645. 

Qian X, Riccio A, Zhang Y, Ginty DD. Identification and characterization of novel 
substrates of Trk receptors in developing neurons. Neuron 1998;21(5):1017-1029. 

Riccio A, Pierchala BA, Ciarallo CL, Ginty DD. An NGF-TrkA-mediated retrograde signal 
to transcription factor CREB in sympathetic neurons. Science 
1997;277(5329):1097-1100. 

Rossi J, Luukko K, Poteryaev D, Laurikainen A, Sun YF, Laakso T, Eerikainen S, 
Tuominen R, Lakso M, Rauvala H, Arumae U, Pasternack M, Saarma M, 
Airaksinen MS. Retarded growth and deficits in the enteric and parasympathetic 
nervous system in mice lacking GFR alpha2, a functional neurturin receptor. 
Neuron 1999;22(2):243-252. 

Rossi J, Tomac A, Saarma M, Airaksinen MS. Distinct roles for GFRalpha1 and 
GFRalpha2 signalling in different cranial parasympathetic ganglia in vivo. Eur J 
Neurosci 2000;12(11):3944-3952. 

Sanchez MP, Silos-Santiago I, Frisen J, He B, Lira SA, Barbacid M. Renal agenesis and the 
absence of enteric neurons in mice lacking GDNF. Nature 1996;382(6586):70-73. 

Sanicola M, Hession C, Worley D, Carmillo P, Ehrenfels C, Walus L, Robinson S, 
Jaworski G, Wei H, Tizard R, Whitty A, Pepinsky RB, Cate RL. Glial cell line-
derived neurotrophic factor-dependent RET activation can be mediated by two 
different cell-surface accessory proteins. Proc Natl Acad Sci U S A 
1997;94(12):6238-6243. 

Schecterson LC, Bothwell M. Novel roles for neurotrophins are suggested by BDNF and 
NT-3 mRNA expression in developing neurons. Neuron 1992;9(3):449-463. 



 

48 

Schecterson LC, Bothwell M. Neurotrophin and neurotrophin receptor mRNA expression 
in developing inner ear. Hear Res 1994;73(1):92-100. 

Schimmang T, Minichiello L, Vazquez E, San Jose I, Giraldez F, Klein R, Represa J. 
Developing inner ear sensory neurons require TrkB and TrkC receptors for 
innervation of their peripheral targets. Development 1995;121(10):3381-3391. 

Schlessinger J. Cell signaling by receptor tyrosine kinases. Cell 2000;103(2):211-225. 
Schlessinger J, Lemmon MA. SH2 and PTB domains in tyrosine kinase signaling. Sci 

STKE 2003;2003(191):RE12. 
Schuchardt A, D'Agati V, Larsson-Blomberg L, Costantini F, Pachnis V. Defects in the 

kidney and enteric nervous system of mice lacking the tyrosine kinase receptor Ret. 
Nature 1994;367(6461):380-383. 

Schuringa JJ, Wojtachnio K, Hagens W, Vellenga E, Buys CH, Hofstra R, Kruijer W. 
MEN2A-RET-induced cellular transformation by activation of STAT3. Oncogene 
2001;20(38):5350-5358. 

Scott RP, Eketjall S, Aineskog H, Ibanez CF. Distinct turnover of alternatively spliced 
isoforms of the RET kinase receptor mediated by differential recruitment of the Cbl 
ubiquitin ligase. J Biol Chem 2005;280(14):13442-13449. 

Silos-Santiago I, Fagan AM, Garber M, Fritzsch B, Barbacid M. Severe sensory deficits 
but normal CNS development in newborn mice lacking TrkB and TrkC tyrosine 
protein kinase receptors. Eur J Neurosci 1997;9(10):2045-2056. 

Silverman JD, Kruger L. Lectin and neuropeptide labeling of separate populations of dorsal 
root ganglion neurons and associated "nociceptor" thin axons in rat testis and 
cornea whole-mount preparations. Somatosens Res 1988;5(3):259-267. 

Smeyne RJ, Klein R, Schnapp A, Long LK, Bryant S, Lewin A, Lira SA, Barbacid M. 
Severe sensory and sympathetic neuropathies in mice carrying a disrupted 
Trk/NGF receptor gene. Nature 1994;368(6468):246-249. 

Snider WD, McMahon SB. Tackling pain at the source: new ideas about nociceptors. 
Neuron 1998;20(4):629-632. 

Soppet D, Escandon E, Maragos J, Middlemas DS, Reid SW, Blair J, Burton LE, Stanton 
BR, Kaplan DR, Hunter T, et al. The neurotrophic factors brain-derived 
neurotrophic factor and neurotrophin-3 are ligands for the trkB tyrosine kinase 
receptor. Cell 1991;65(5):895-903. 

Squinto SP, Stitt TN, Aldrich TH, Davis S, Bianco SM, Radziejewski C, Glass DJ, 
Masiakowski P, Furth ME, Valenzuela DM, et al. trkB encodes a functional 
receptor for brain-derived neurotrophic factor and neurotrophin-3 but not nerve 
growth factor. Cell 1991;65(5):885-893. 

Stephens RM, Loeb DM, Copeland TD, Pawson T, Greene LA, Kaplan DR. Trk receptors 
use redundant signal transduction pathways involving SHC and PLC-gamma 1 to 
mediate NGF responses. Neuron 1994;12(3):691-705. 

Strohmaier C, Carter BD, Urfer R, Barde YA, Dechant G. A splice variant of the 
neurotrophin receptor trkB with increased specificity for brain-derived 
neurotrophic factor. Embo J 1996;15(13):3332-3337. 

Stucky CL, DeChiara T, Lindsay RM, Yancopoulos GD, Koltzenburg M. Neurotrophin 4 is 
required for the survival of a subclass of hair follicle receptors. J Neurosci 
1998;18(17):7040-7046. 

Tahira T, Ishizaka Y, Itoh F, Sugimura T, Nagao M. Characterization of ret proto-oncogene 
mRNAs encoding two isoforms of the protein product in a human neuroblastoma 
cell line. Oncogene 1990;5(1):97-102. 

Takahashi M, Ritz J, Cooper GM. Activation of a novel human transforming gene, ret, by 
DNA rearrangement. Cell 1985;42(2):581-588. 

Tansey MG, Baloh RH, Milbrandt J, Johnson EM, Jr. GFRalpha-mediated localization of 
RET to lipid rafts is required for effective downstream signaling, differentiation, 
and neuronal survival. Neuron 2000;25(3):611-623. 

Tessarollo L, Tsoulfas P, Donovan MJ, Palko ME, Blair-Flynn J, Hempstead BL, Parada 
LF. Targeted deletion of all isoforms of the trkC gene suggests the use of alternate 
receptors by its ligand neurotrophin-3 in neuronal development and implicates trkC 
in normal cardiogenesis. Proc Natl Acad Sci U S A 1997;94(26):14776-14781. 

Tessarollo L, Tsoulfas P, Martin-Zanca D, Gilbert DJ, Jenkins NA, Copeland NG, Parada 
LF. trkC, a receptor for neurotrophin-3, is widely expressed in the developing 
nervous system and in non-neuronal tissues. Development 1993;118(2):463-475. 



 

  49 

Tomac AC, Agulnick AD, Haughey N, Chang CF, Zhang Y, Backman C, Morales M, 
Mattson MP, Wang Y, Westphal H, Hoffer BJ. Effects of cerebral ischemia in mice 
deficient in Persephin. Proc Natl Acad Sci U S A 2002;99(14):9521-9526. 

Topilko P, Schneider-Maunoury S, Levi G, Baron-Van Evercooren A, Chennoufi AB, 
Seitanidou T, Babinet C, Charnay P. Krox-20 controls myelination in the peripheral 
nervous system. Nature 1994;371(6500):796-799. 

Torres M, Gomez-Pardo E, Gruss P. Pax2 contributes to inner ear patterning and optic 
nerve trajectory. Development 1996;122(11):3381-3391. 

Treanor JJ, Goodman L, de Sauvage F, Stone DM, Poulsen KT, Beck CD, Gray C, 
Armanini MP, Pollock RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-
Bello A, Davies AM, Asai N, Takahashi M, Vandlen R, Henderson CE, Rosenthal 
A. Characterization of a multicomponent receptor for GDNF. Nature 
1996;382(6586):80-83. 

Trupp M, Arenas E, Fainzilber M, Nilsson AS, Sieber BA, Grigoriou M, Kilkenny C, 
Salazar-Grueso E, Pachnis V, Arumae U. Functional receptor for GDNF encoded 
by the c-ret proto-oncogene. Nature 1996;381(6585):785-789. 

Trupp M, Belluardo N, Funakoshi H, Ibanez CF. Complementary and overlapping 
expression of glial cell line-derived neurotrophic factor (GDNF), c-ret proto-
oncogene, and GDNF receptor-alpha indicates multiple mechanisms of trophic 
actions in the adult rat CNS. J Neurosci 1997;17(10):3554-3567. 

Trupp M, Ryden M, Jornvall H, Funakoshi H, Timmusk T, Arenas E, Ibanez CF. 
Peripheral expression and biological activities of GDNF, a new neurotrophic factor 
for avian and mammalian peripheral neurons. J Cell Biol 1995;130(1):137-148. 

Trupp M, Scott R, Whittemore SR, Ibanez CF. Ret-dependent and -independent 
mechanisms of glial cell line-derived neurotrophic factor signaling in neuronal 
cells. J Biol Chem 1999;274(30):20885-20894. 

Tsoulfas P, Stephens RM, Kaplan DR, Parada LF. TrkC isoforms with inserts in the kinase 
domain show impaired signaling responses. J Biol Chem 1996;271(10):5691-5697. 

Tsui-Pierchala BA, Ahrens RC, Crowder RJ, Milbrandt J, Johnson EM, Jr. The long and 
short isoforms of Ret function as independent signaling complexes. J Biol Chem 
2002a;277(37):34618-34625. 

Tsui-Pierchala BA, Milbrandt J, Johnson EM, Jr. NGF utilizes c-Ret via a novel GFL-
independent, inter-RTK signaling mechanism to maintain the trophic status of 
mature sympathetic neurons. Neuron 2002b;33(2):261-273. 

Tsuzuki T, Takahashi M, Asai N, Iwashita T, Matsuyama M, Asai J. Spatial and temporal 
expression of the ret proto-oncogene product in embryonic, infant and adult rat 
tissues. Oncogene 1995;10(1):191-198. 

Uchida M, Enomoto A, Fukuda T, Kurokawa K, Maeda K, Kodama Y, Asai N, Hasegawa 
T, Shimono Y, Jijiwa M, Ichihara M, Murakumo Y, Takahashi M. Dok-4 regulates 
GDNF-dependent neurite outgrowth through downstream activation of Rap1 and 
mitogen-activated protein kinase. J Cell Sci 2006;119(Pt 15):3067-3077. 

Waldmann R. Proton-gated cation channels--neuronal acid sensors in the central and 
peripheral nervous system. Adv Exp Med Biol 2001;502:293-304. 

Valenzuela DM, Maisonpierre PC, Glass DJ, Rojas E, Nunez L, Kong Y, Gies DR, Stitt 
TN, Ip NY, Yancopoulos GD. Alternative forms of rat TrkC with different 
functional capabilities. Neuron 1993;10(5):963-974. 

Watson FL, Heerssen HM, Bhattacharyya A, Klesse L, Lin MZ, Segal RA. Neurotrophins 
use the Erk5 pathway to mediate a retrograde survival response. Nat Neurosci 
2001;4(10):981-988. 

Vega QC, Worby CA, Lechner MS, Dixon JE, Dressler GR. Glial cell line-derived 
neurotrophic factor activates the receptor tyrosine kinase RET and promotes kidney 
morphogenesis. Proc Natl Acad Sci U S A 1996;93(20):10657-10661. 

Verdi JM, Birren SJ, Ibanez CF, Persson H, Kaplan DR, Benedetti M, Chao MV, Anderson 
DJ. p75LNGFR regulates Trk signal transduction and NGF-induced neuronal 
differentiation in MAH cells. Neuron 1994;12(4):733-745. 

Verdi JM, Groves AK, Farinas I, Jones K, Marchionni MA, Reichardt LF, Anderson DJ. A 
reciprocal cell-cell interaction mediated by NT-3 and neuregulins controls the early 
survival and development of sympathetic neuroblasts. Neuron 1996;16(3):515-527. 



 

50 

Wheeler EF, Bothwell M, Schecterson LC, von Bartheld CS. Expression of BDNF and NT-
3 mRNA in hair cells of the organ of Corti: quantitative analysis in developing rats. 
Hear Res 1994;73(1):46-56. 

Widenfalk J, Tomac A, Lindqvist E, Hoffer B, Olson L. GFRalpha-3, a protein related to 
GFRalpha-1, is expressed in developing peripheral neurons and ensheathing cells. 
Eur J Neurosci 1998;10(4):1508-1517. 

Wilkinson GA, Farinas I, Backus C, Yoshida CK, Reichardt LF. Neurotrophin-3 is a 
survival factor in vivo for early mouse trigeminal neurons. J Neurosci 
1996;16(23):7661-7669. 

Worby CA, Vega QC, Zhao Y, Chao HH, Seasholtz AF, Dixon JE. Glial cell line-derived 
neurotrophic factor signals through the RET receptor and activates mitogen-
activated protein kinase. J Biol Chem 1996;271(39):23619-23622. 

Wright TJ, Mansour SL. Fgf3 and Fgf10 are required for mouse otic placode induction. 
Development 2003;130(15):3379-3390. 

Yamashita H, Avraham S, Jiang S, Dikic I, Avraham H. The Csk homologous kinase 
associates with TrkA receptors and is involved in neurite outgrowth of PC12 cells. 
J Biol Chem 1999;274(21):15059-15065. 

Ylikoski J, Pirvola U, Moshnyakov M, Palgi J, Arumae U, Saarma M. Expression patterns 
of neurotrophin and their receptor mRNAs in the rat inner ear. Hear Res 1993;65(1-
2):69-78. 

Ylikoski J, Pirvola U, Virkkala J, Suvanto P, Liang XQ, Magal E, Altschuler R, Miller JM, 
Saarma M. Guinea pig auditory neurons are protected by glial cell line-derived 
growth factor from degeneration after noise trauma. Hear Res 1998;124(1-2):17-
26. 

York RD, Yao H, Dillon T, Ellig CL, Eckert SP, McCleskey EW, Stork PJ. Rap1 mediates 
sustained MAP kinase activation induced by nerve growth factor. Nature 
1998;392(6676):622-626. 

Young HM, Hearn CJ, Farlie PG, Canty AJ, Thomas PQ, Newgreen DF. GDNF is a 
chemoattractant for enteric neural cells. Dev Biol 2001;229(2):503-516. 

 
 


	1  
	1 INTRODUCTION
	1.1 NEUROTROPHIC FACTORS AND RECEPTOR TYROSINE KINASE SIGNALLING
	1.1.1 Neurotrophic factors
	1.1.2 Neurotrophic factor signalling
	1.1.2.1 Receptor tyrosine kinases
	1.1.2.2 Domains and modules
	1.1.2.3 Classical signalling pathways
	1.1.2.4 Specificity in signalling


	1.2 NEUROTROPHINS AND TRK RECEPTORS
	1.2.1 A promiscuous system?
	1.2.1.1 Neurotrophins and cognate Trk receptors
	1.2.1.2 NT3 infidelity
	1.2.1.3 The p75NTR receptor

	1.2.2 Trk receptors in development
	1.2.2.1 Expression in the PNS
	1.2.2.2 Findings from knock-out mice
	1.2.2.3  Trk receptor splicing

	1.2.3 Trk receptors and intracellular signalling
	1.2.3.1 Tyrosines, adaptors and signalling pathways
	1.2.3.2 Internalization
	1.2.3.3 Cross-talk


	1.3 GDNF FAMILY LIGANDS AND RET
	1.3.1 A three component system
	1.3.2 Ret in development
	1.3.2.1 Expression in the PNS
	1.3.2.2 Findings from knock-out mice
	1.3.2.3   Ret splicing

	1.3.3 Ret and intracellular signalling
	1.3.3.1 Tyrosines, adaptors and signalling pathways
	1.3.3.2 Lipid rafts
	1.3.3.3 Cis or trans


	1.4 NEUROTROPHIC FACTORS AND DEVELOPMENT OF SENSORY SYSTEMS
	1.4.1 The sensory nervous system
	1.4.2 The cochleovestibular system
	1.4.2.1 Function and organization
	1.4.2.2 A placodal origin 
	1.4.2.3 Cochleovestibular neurogenesis
	1.4.2.4 Final target innervation, neuronal survival and neurotrophins
	1.4.2.5 A role for GDNF?

	1.4.3 Dorsal root ganglia
	1.4.3.1 Function and organization
	1.4.3.2 A neural crest origin
	1.4.3.3 Multiple roles for neurotrophins
	1.4.3.4 GDNF family ligands in late nociceptive development



	2 RESULTS AND DISCUSSION
	2.1 PAPER I
	2.1.1 NT3 exclusively signals through TrkC in vivo
	2.1.2 NT3/TrkC signalling is qualitatively different from BDNF/TrkB signalling

	2.2 PAPER II AND III
	2.2.1 Two separate phosphorylated tyrosines on Ret cooperates in mediating a migrational response
	2.2.2 Frs2 recruitment of Ret concentrates the receptor into discrete membrane foci thereby altering downstream signalling
	2.2.3 Subcellular localization of Ret is dependent on adaptor binding

	2.3 PAPER IV
	2.3.1 Ret is important for expression of markers in the adult DRG
	2.3.2 Ret is involved in the developmentally dynamic regulation of MrgprA3 expression
	2.3.3 Ret deficiency leads to mechanical and thermal sensitization

	2.4 CONCLUSIONS

	3 ACKNOWLEDGEMENTS
	4 REFERENCES

