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JNK c-Jun N-terminal kinase
KO Knockout
MAPK Mitogen-activated protein kinase
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PNS Peripheral nervous system
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RET Receptor tyrosine kinase
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TG Trigeminal ganglion
TH Tyrosine hydroxylase
TrkA Receptor tyrosine kinase A
VAChT Vesicular acetylcholine transporter
VIP Vasoactive intestinal peptide

WT Wild type
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ABSTRACT

Glial cell line-derived neurotrophic factor (GDNF), neurturin (NRTN), artemin

(ARTN) and persephin (PSPN) require a GPI-anchored receptor (GFRα1-4) for

signaling through Ret tyrosine kinase. Previous in vitro studies have suggested

that each GDNF family ligand (GFL) has one preferred receptor, but cross talk

between GFLs and their non- preferred receptors occurs. Studies on mice lacking

GDNF, GFRα1 and Ret have revealed a crucial in vivo role for these factors in

the development of the enteric nervous system and kidney morphogenesis.

The studies presented in my thesis were carried out to determine which GFL

is the physiological ligand for GFRα2 and what is the in vivo role of this interaction

by creating mice lacking GFRα2 (Gfra2-/-). These GFRα2-deficient mice were

viable and fertile but showed postnatal growth retardation and deficits in the

innervation of various parasympathetic target areas. The parasympathetic

innervation was undetectable in the lacrimal gland and severely reduced in salivary

glands. The reduction of excitatory, substance P-containing fibers in the myenteric

plexus of the small intestine was accompanied with severe reduction in the number

of intrapancreatic neurons and cholinergic innervation of exocrine pancreas.

Developmental analysis of GFL-receptor knockouts indicated that whereas

the GFRα1/Ret signaling is needed for the development of otic and sphenopalatine

neurons, the GFRα2 signaling is essential for the development and maintenance

of parasympathetic target innervation. Thus, GFRα1 and GFRα2 signaling have

distinct roles in cranial parasympathetic ganglia.

The observed innervation deficits contribute to several functional impairments

in Gfra2-/- mice. The lack of parasympathetic innervation of the lacrimal gland

leads to dry eye and ptosis. The higher water intake and partially rescued growth

retardation of Gfra2-/- mice with wet mash feeding suggest salivary gland

dysfunction and reduced secretion of saliva. Gfra2-/- mice have abnormal

contractility of the gut in vitro and slower propulsion of intraluminal contents

through the small intestine in vivo. The vagally stimulated pancreatic enzyme

secretion is almost absent in Gfra2-/- mice. Accordingly, Gfra2-/- mice have

increased food intake and elevated stool fat content when challenged to high fat

diet. In addition, GFRα2 signaling regulates noxious heat sensitivity of primary

sensory neurons.
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The data presented in my thesis suggests that Gfra2-/- mice have a sustained

maldigestion and malabsorption due to salivary gland and pancreatic insufficiency,

which leads to growth retardation in postnatal period and compensatory increase

in food intake.

Abstract
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REVIEW OF THE LITERATURE

Manipulation of the mouse genome
Mice are widely used species in biomedical and genetic research mainly because

of their small size and relatively fast production of large number of offspring.

Development of the methods to manipulate mouse genome at will have further

accelerated their use as a model to study mammalian biology. Pluripotent

embryonic stem cells (ES cells) derived from the inner cell mass of blastocyst

stage embryos have a capacity to drive developmental program to form a complete

organism. The relatively easy maintenance of in vitro cultures of these cells and

possibility to manipulate the specific endogenous genes in ES cells have given

completely new ways to address biological questions. By gene targeting, it is

possible to disrupt any gene of interest in the genome, to create point mutations

and gain-of-functions of desired genes in order to understand the principles of

development and to model disease conditions. This process will gain more speed

with the recent publication of draft sequence of the mouse (C57BL/6J strain)

genome, published by Mouse Genome Sequencing Consortium in 2002 (Waterston

et al., 2002).

Genes occur in multiple forms, alleles, differing in their nucleotide sequence.

An organism can either have identical alleles of a particular gene (homozygous)

or different alleles (heterozygous). The most common way to inactivate the gene

function in ES cells is to take advantage of an event called homologous recom-

bination, where a foreign genomic DNA fragment incorporates with endogenous

DNA, a method reported first with Hprt gene (Doetschman et al., 1987; Thomas

and Capecchi, 1987). Briefly, a targeting construct is produced, where the gene of

interest (or part of it) is replaced by a selection marker (usually neomycin

phosphotransferase gene) surrounded by two regions of DNA homologous to

genomic target (Hasty et al., 2000). The construct is introduced by electroporation

into the ES cells which are cultured in feeder cell layer in undifferentiated state

with the addition of leukaemia inhibitory factor. When the electroporated ES

cells are grown on a medium containing selective drug G418, only those cells

where targeting construct has incorporated to genome will survive (i.e. the neo
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gene of the targeting construct inactivates G418 by phophorylation). Of these, in

a small fraction (typically 1/10 – 1/100) the targeting construct has integrated

correctly to the endogenous DNA while the rest are random insertions. The cor-

rect ES cells are identified by Southern blot (Matise et al., 2000).

The selected ES cells are injected into a blastocyst where they contribute to

the formation of various cell types and are introduced to the oviduct or the uterus

of a pseudopregnant female. The offspring of this female are chimeras that can

be recognised by their fur color, since the mutated DNA is introduced to ES cell

derived from agouti mice (e.g. 129Sv), whereas the blastocysts are from black

(e.g. C57BL) mice. In some chimeras the mutated allele is also in the germ line

cells, and these mice are then mated with wild type females to establish heterozy-

gotes (+/-) (Papaioannou and Johnson, 2000). If the mutation is not embryoni-

cally lethal, inter-breeding of +/- mice results in offspring where approximately

25% of puppies are wild type (+/+), 50% heterozygous (+/-) and 25% homozy-

gous (-/-) for the mutation. As a result, the mutated gene is transmitted to off-

spring as a Mendelian gene. In some cases, a gene targeting results in a pheno-

type which can be a measurable characteristic of an animal. A phenotype can

either be recessive which occurs only if the animal is homozygous for an allele of

interest, or dominant which is the case if the particular phenotype occurs already

when the animal is heterozygous for this allele.

One important issue in analysis of genetically manipulated animals is the

genetic background, since the mutations can have very divergent phenotypes in

different backgrounds, for example see (Threadgill et al., 1995). The original

mouse strains which are used for ES cell donors and recipients are kept genetically

identical (isogenic) by sister-brother mating. This inbred mouse strain can be

achieved after 20 generations of sister-brother mating. A Banbury Conference on

Genetic Background in Mice, 1996 has set the guidelines and recommendations

for controlling the genetic background in mice to facilitate the comparison of

results between different laboratories. It is recommended that mutations are

maintained in congenic (backcrossing chimeras more than ten generations with

wild type animals from inbred strain) and/or in co-isogenic (backcrossing chimeras

to wild type mice from ES cell donor strain) lines, preferably in two backgrounds

Review of the literature
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(C57BL/6 and 129Sv) since these are most widely studied. The mutations are

then analyzed in congenic or in F1 hybrid (obtained by crossing the heterozygous

animals from congenic and co-isogenic strains) backgrounds. Advance of using

hybrid mice is that the breeding of the two different inbred strains leads to isogenic

F1 offspring which is heterozygous for alleles causing strain specific abnormalies.

In many situations the F1 hybrid progeny can out-perform both their parental

strains and show minimal inter-individual differences (i.e. hybrid vigor), for a

review see (Banbury Conference on genetic background in mice, 1997; Wolfer et

al., 2002).

GDNF-Family Ligands (GFLs)
Studies on glial cell lines in the beginning of 90’s indicated a survival promoting

role for these secreted, glial-derived factors (Engele et al., 1991). Glial cell line-

derived factor (GDNF) was characterized from the rat glial cell line (Schubert et

al., 1974) by its ability to promote dopamine uptake in embryonic midbrain cultures

(Lin et al., 1993) and subsequently to support dopamine neurons in animal models

of Parkinson’s disease (Grondin and Gash, 1998; Kordower, 2003). A recent study

shows that the neuroprotective effects of GDNF can be utilized as an effective

treatment for Parkinson’s disease in humans (Gill et al., 2003). The biologically

active secreted form of glial cell line-derived factor (GDNF) is a glycosylated,

disulfide-bonded homodimer with molecular mass of 32 to 42 kD. GDNF is

synthesized as a precursor with an N-terminal signal sequence for secretion

(preproprotein) and the pro-region is finally separated from the mature protein at

conserved RXXR furin protease cleavage sites (Barr, 1991) (Fig. 1). Various

actions (e.g. promotion of survival and neurite outgrowth) of GDNF have emerged

after the initial characterization on several neuronal populations, including

peripheral (Buj-Bello et al., 1995; Chalazonitis et al., 1998; Forgie et al., 1999;

Heuckeroth et al., 1998; Schafer and Mestres, 1999; Trupp et al., 1995) and central

neurons (Arenas et al., 1995; Beck et al., 1995; Choi-Lundberg et al., 1997;

Henderson et al., 1994; Strömberg et al., 1993; Williams et al., 1996).

Neurturin (NRTN) was independently purified from the conditioned medium

of Chinese hamster ovary cells by its ability to support sympathetic superior

Review of the literature
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cervical ganglion (SCG) neurons in culture (Kotzbauer et al., 1996). Sequences

of this purified activity were used to isolate Nrtn cDNA by PCR. The mature

NRTN protein was found to have a 42% amino acid sequence similarity with

GDNF and to be biologically active as homodimer with molecular mass of 25kD

(Fig. 1). Thus, GDNF and NRTN formed a new GDNF family of ligands (GFLs).

Like GDNF, NRTN promotes various neuronal cell populations, including sensory

and sympathetic (Hashino et al., 1999; Kotzbauer et al., 1996), parasympathetic

submandibular neurons (Cacalano et al., 1998), enteric neurons (Heuckeroth et

al., 1998), midbrain dopaminergic neurons (Horger et al., 1998; Tseng et al.,

1998; Åkerud et al., 1999), spinal motor neurons (Garces et al., 2001; Klein et

al., 1997) and striatal neurons (Gratacos et al., 2001).

The sequence homology between GDNF and NRTN was used to clone other

GFLs, persephin (PSPN) and artemin (ARTN) by PCR screening and

bioinformatics (Baloh et al., 1998b; Milbrandt et al., 1998). Identical proteins to

ARTN were cloned also by other groups and named as enovin and neublastin

(Masure et al., 1999; Rosenblad et al., 2000). Mammalian PSPN is ~40% identical

to GDNF and NRTN, while ARTN shares ~45% amino acid identity to NRTN

and PSPN and is ~36% identical to GDNF.

ARTN promotes the survival of sensory, sympathetic and dopaminergic

midbrain neurons in culture (Andres et al., 2001; Baloh et al., 1998b) while PSPN

promotes the survival of central dopaminergic and motor neurons but not peripheral

neurons (Milbrandt et al., 1998; Åkerud et al., 2002).

With their seven conserved cysteine residues in same relative spacing, GFLs

are relatives of the transforming growth factor beta (TGF-β) superfamily, although

at the amino acid level, homology is less than 25 %. These cysteines can form a

structure which is known as the “cystine knot” where three cysteines are linked

by disulphide bonds (Eigenbrot and Gerber, 1997). Similar evolutionary preserved

three-dimensional structure is found in many polypeptide growth factors such as

nerve growth factor (NGF), TGF-β and platelet-derived growth factor (Ibáñez,

1998; McDonald and Hendrickson, 1993).

Review of the literature
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Figure 1. Schematic structure of GFLs. Shown are the relative lengths  (number of amino

acids) of pre and pro domains, mature proteins and positions of seven conserved cysteine residues

(white lines). Adapted from (Airaksinen et al., 1999).

GFL receptors

GDNF Family Receptor αααααs (GFRαααααs)

The high-affinity receptor component for GFLs was discovered by two groups in

1996 (Jing et al., 1996; Treanor et al., 1996). Both groups isolated GFRα1

(originally named GDNFR-α) from cDNA libraries made from either embryonic

rat midbrain (Treanor and colleagues) or from postnatal rat retinal photoreceptor

cells (Jing and colleagues). Rat GFRα1 is a cysteine rich (31 of the 468 aa) protein

which has a signal sequence and C-terminal hydrophobic region. Hydrophobic

region is preceded by a group of three small amino acids (Ala Ser Ser) defining a

cleavage site for glycosyl phosphatidylinositol (GPI) linkage (Udenfriend and

Kodukula, 1995) and  predicted extracellular protein is attached to the outer cell

membrane. All other GFRα receptors (GFRα2, α3 and α4) were PCR-cloned

based on their sequence homology.

GFRα2 is 49 % identical to GFRα1 (Baloh et al., 1997; Buj-Bello et al.,

1997; Jing et al., 1997; Klein et al., 1997; Sanicola et al., 1997; Suvanto et al.,

1997; Widenfalk et al., 1997) and several slice variants exist. One of these lacks

the first N-terminal cysteine rich domain (D1) (Baloh et al., 1997; Wong and

Too, 1998), however, the physiological role of these splice variants is not known.

Review of the literature
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GFRα3 is a more distant member of GFRα receptor family with ~35 % identity

to GFRα1 and GFRα2 (Baloh et al., 1998a; Jing et al., 1997; Naveilhan et al.,

1998; Nomoto et al., 1998; Trupp et al., 1998; Widenfalk et al., 1998; Worby et

al., 1998).

Mouse GFRα4 has several variants of mRNA which are alternatively spliced

in a tissue specific manner. Moreover, the mammalian GFRα4 lacks the N-terminal

cysteine rich domain (D1) which is common to all GFRα receptors, including the

chicken GFRα4 (Lindahl et al., 2000; Lindahl et al., 2001; Masure et al., 2000;

Thompson et al., 1998) The proposed structure of GFRαs is shown in Figure 2.

Ret tyrosine kinase

Ret is a transmembrane tyrosine kinase, initially characterized as a transforming

gene activated by DNA rearrangement during transfection process (Takahashi et

al., 1985). The proto-oncogene encodes a transmembrane tyrosine kinase with an

extracellular part of four cadherin-like domains (Nozaki et al., 1998; van Weering

et al., 1998), containing one Ca2+-binding region (Anders et al., 2001) and a

cysteine-rich domain  (Iwamoto et al., 1993; Kuma et al., 1993; Takahashi et al.,

1988; Takahashi et al., 1989). RET has two major isoforms, short (1072 aa) and

long (1114 aa), resulting from differentially spliced 3’ region, downstream from

tyrosine 1062 (Tahira et al., 1990) (Fig. 2). Activating mutations in Ret lead to

cancer syndromes as familial medullary thyroid carcinoma (FMTC), papillary

thyroid carcinoma (PTC) and in multiple endocrine neoplasia types 2A and 2B

(MEN2A and MEN2B) in humans. In contrast, heterozygous loss-of-function

mutations in Ret cause Hirschprung’s disease where distal part of intestine (colon)

is literally avoid of neurons (Manié et al., 2001; Takahashi, 2001).

Review of the literature
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Figure 2. Proposed structures of GFRααααα and Ret receptors and intracellular pathways upon

Ret activation. (A) The proposed domain structure of GFRα receptors. GFRα receptors are

attached to the plasma membrane by GPI anchor and are predicted to have three globular cysteine

rich domains (D1, 2, 3), except for GFRα4 which has only two. Putative N-glycosylation sites

shown as (Y). (B) The proposed structure and signaling pathways of Ret. Binding of Ca2+ ions to

extracellular (not drawn in scale) cadherin-like domain is needed for Ret activation (Anders et

al., 2001). Activation of Ret leads to autophosphorylation of intracellular tyrosine residues

(-(P)Y) providing binding sites for several adaptor proteins (lines with dotted ends). Binding of

Enigma to Tyr1062 is phosphorylation independent. Indicated are the most common mutation

sites of Ret in the cancer syndromes MEN2A and MEN2B and FMTC (arrowheads). Adapted

from (Airaksinen et al., 1999; Manié et al., 2001).

Review of the literature
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GFL receptor complex formation and signaling
GFL receptor complex. Identification of GFRα1 as a GPI-anchored GDNF

binding protein (Jing et al., 1996; Treanor et al., 1996) indicated that another

protein would mediate the GDNF induced signal inside the cell. At the same time

three independent groups (Moore et al., 1996; Pichel et al., 1996; Sánchez et al.,

1996) had produced a mouse lacking gene encoding GDNF. These mice had severe

renal and enteric phenotype that surprisingly resembled the one in mice lacking

the Ret tyrosine kinase (Schuchardt et al., 1994). This suggested that

transmembrane Ret could be the missing component for GDNF signaling. Indeed,

Ret could be activated by GDNF either expressing GFRα1 in the same cells as

Ret or when GFRα1 was added in soluble form (Jing et al., 1996; Treanor et al.,

1996). Furthermore, according to this model both receptor complex components

were equally important for proper signaling, so that either receptor was not able

to work independently. In addition, several other groups independently found Ret

activation by GDNF (Durbec et al., 1996a; Trupp et al., 1996; Vega et al., 1996;

Worby et al., 1996).

According to currently accepted GFL receptor complex model, each GFL

has a preferred α-receptor; GFRα1 for GDNF, GFRα2 for NRTN, GFRα3 for

ARTN and GFRα4 for PSPN, but also alternative interactions to other GFRα’s;

GDNF-GFRα2, NRTN-GFRα1 and ARTN-GFRα1 occur at least in vitro

(Fig. 3). For a review see (Airaksinen et al., 1999).

In vitro mutagenesis studies using modified GDNF proteins suggest that

distinct structural elements in GDNF mediate binding to GFRα1 and activation

of the GFRα1-Ret complex (Eketjäll et al., 1999). In this study modified GDNF

molecules that are unable to bind GFRα1 could still bind and activate Ret.

Moreover, the mutated GDNF still required GFRα1 for Ret activation. This

suggests that GDNF does not initiate the formation of the receptor complex, but

interacts with pre-associated complex of GFRα and Ret to induce signaling. Thus,

similar interaction in vitro between non-preferred GFL-GFRα (e.g. GDNF-

GFRα2) pairs could be explained with activation of this pre-complex. However,

the possible physiological roles of this “cross talk” have remained unclear.

Review of the literature
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Figure 3. GFL receptor complex and interactions. All the GFLs activate the transmembrane

Ret tyrosine kinase via their preferred GFRα receptors (solid arrows). The physiological

significance of GFRα/Ret interaction presented by dotted lines is at present unclear. Mammalian

GFRα4 lacks the first cysteine rich domain which is probably not involved in ligand/receptor

interaction since PSPN binding and activation of Ret tyrosine kinase occurs (Lindahl et al.,

2001). Adapted from  (Rossi and Airaksinen, 2002).

GFRααααα/Ret interaction in cis. According to the original model, GFL/GFRα
complex promotes the dimerization of transmembrane Ret, leading to

autophosphorylation of intracellular tyrosines (Jing et al., 1996). Moreover, studies

indicated that Ret and GFRα1 should be expressed in the same cell (interaction

in cis) to relay the trophic effect to target (Fig. 4). This is supported by the fact

that in many different tissues at least one of the four GFRαs is normally expressed

in the same cell populations as Ret (Golden et al., 1998; Golden et al., 1999;

Lindahl et al., 2000; Widenfalk et al., 1997; Widenfalk et al., 1999). GFLs and

their receptors are also expressed in complementary cell types, so that target

tissues express GFL whereas neurons innervating the target express the preferred

GFRα and Ret (Nosrat et al., 1997; Trupp et al., 1997; Widenfalk et al., 1997).

Review of the literature
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For example, enteric neurons along the alimentary tract express GFRα1 and Ret,

whereas GDNF is expressed in the intestinal muscle layers. Similarly, NRTN

expression is high in postnatal lacrimal glands, while GFRα2 and Ret are expressed

in neurons innervating these glands. These examples are consistent with the idea

that GFLs produced by target cells bind to GFRα/Ret complex in cis and induce

Ret activation.

Figure 4. GFL signaling in cis, in trans and independently of Ret. (A) In the absence of the

ligand, GPI-anchored GFRα proteins are located mainly in the rafts. GFL binding to GFRα
receptor recruits Ret (located mainly outside rafts) to raft and promotes its dimerization and

autophosphorylation in cis. Recruitment promotes the binding of lipid-anchored adaptor proteins

such as Frs2 to receptor complex and the activation of Src. (B) GFRα (soluble or anchored to a

cell membrane of an adjacent cell) binds GFL, reqruits Ret to lipid raft and induces a raft specific

signaling in trans. (C) A proposed Ret-independent signaling where GFL/GFRα complex induces

the phosphorylation of Src-family kinases (Sfk). Intracellular tyrosine 1062: gray balls

(unphosphorylated), black balls (phosphorylated). TK: tyrosine kinase. Adapted from (Airaksinen

and Saarma, 2002).

Review of the literature
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GFRααααα/Ret interaction in trans. In several cell populations, GFRαs are expressed

without Ret, suggesting that other signaling mechanisms exist. For example, during

kidney development GDNF is expressed in the nephrogenic mesenchyme, while

Ret is expressed in the epithelial cells of the ureteric bud. Interestingly, GFRα1 is

expressed not only with Ret in the ureteric bud, but also in the mesenchyme which

lacks Ret expression (Sariola, 2001). A proposed, in trans signaling mechanism

would differ from original model so that GFRαs expressed close to target tissue

could concentrate GFL diffusing from the target and present this complex to

incoming (approaching) nerve fibers or cells expressing Ret in trans (Fig. 4).

Using a sciatic nerve axotomy model Trupp and colleagues suggest a possible

role for in trans signaling in motorneuron regeneration. In this model, GFRα1

expression is upregulated in distal part of lesioned sciatic nerve (presumably in

Schwann cells, which do not express Ret), whereas GDNF expression is

upregulated also in the target muscle. In this paradigm, distally increasing gradient

of both GDNF and GFRα1 could activate Ret in regenerating neurons and promote

reinnervation (Trupp et al., 1997). This data is supported by recent findings that

neuronal precursors, activated Schwann cells and injured sciatic nerve release

biologically active GFRα1 to extracellular space (Paratcha et al., 2001). Moreover,

this study shows that GFRα1 immobilized to extracellular matrix or anchored to

the membrane of adjacent cells can activate Ret in trans. In addition, media derived

from cultures of embryonic enteric cells contain soluble GFRα1 which can

promote the effects of GDNF, indicating possible role of in trans mechanism

during development of enteric nervous system (Worley et al., 2000).

Intracellular signaling pathways followed by Ret activation. One of the ways

in which diversity of various responses in Ret expressing cells is determined, is

by intracellular pathways elicited by GFL/GFRα signaling. Intracellular domain

of receptor tyrosine kinases have multiple binding sites for various signaling

proteins (Schlessinger, 2000) which determine the pathways leading to

proliferation, cell survival and neural outgrowth. In case of Ret, many oncogenic

activities are transmitted by mutations in these same intracellular domains. Once

phosphorylated, Ret can recruit several intracellular signaling molecules, including

Review of the literature
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Grb7, Grb10, phospholipase Cγ (PLCγ), Shc, Enigma, SNT/FRS2, Dok1-5, IRS-1

and Grb2 (Fig. 2). Phosphorylated intracellular tyrosines 905, 1015, and 1096

serve as binding sites for Grb7/Grb10, PLCγ and Grb2, respectively. Shc, Enigma,

SNT/FRS2, Dok1-5, IRS-1 and Rai can all bind to tyrosine 1062. Recruitment of

the intracellular signaling molecules is a prerequisite of activating Ras/ mitogen

activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3-K)/AKT,

PLCγ and c-Jun N-terminal kinase (JNK) pathways. For a review see (Manié et

al., 2001; Takahashi, 2001).

Activation of intracellular pathways needs a recruitment of these signaling

molecules and adaptors at the signaling site, which can be enhanced by recruitment

of the signaling components into special membrane compartments called lipid

rafts (Tansey et al., 2000). These compartments are assemblies of cholesterol and

sphingolipids in the plasma membrane, specialized for signal transduction (Simons

and Toomre, 2000). Proteins can attach to the exoplasmic leaflet of the rafts (e.g.

GPI-anchored proteins), they can bind to the cytoplasmic leaflet by their acyl

tails (e.g. Src-family kinases) or they can be associated with the rafts by their

transmembrane domains (Simons and Ikonen, 1997). GPI-anchored GFRα1 can

recruit Ret to these rafts after GDNF stimulation, which enhances the association

of Ret and Src-family kinases (Tansey et al., 2000).

Ret activation in cis or in trans can trigger different signaling pathways

associating with different adaptor proteins inside and outside the rafts (Fig. 4).

Ret stimulation in cis starts with GDNF binding to GFRα1. This complex can

then associate with Ret localized originally outside the rafts and activate adaptor

protein SHC or adaptor protein FRS2 inside the lipid raft, leading to transient

activation of extracellular signal-regulated protein kinase (ERK) and AKT kinase

(Paratcha et al., 2001). In contrast, Ret stimulation in trans leads to more sustained

activation of ERK and AKT. Ret recruitment to lipid rafts in this case is more

delayed, and is dependent on Ret tyrosine kinase activity and phosphorylation of

tyrosine 1062. GDNF/GFRα1 complex activates Ret outside rafts and

phosphorylates SHC. As with in cis signaling, this complex can associate with

FRS2 (Paratcha et al., 2001). Physiological relevance of the various pathways

leading to proliferation, survival and neurite outgrowth elicited by GFL/GFRα
signaling are still poorly known compared to studies on neurotrophin signal
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transduction, for a review see (Kaplan and Miller, 2000). GDNF can induce

formation of large lamellipodia (van Weering and Bos, 1997) and promote with

NRTN survival of cultured sympathetic neurons by activating PI3-K pathway

(Creedon et al., 1997). In addition, soluble GFRα1 prolongs GDNF-mediated

activation of cyclin-dependent kinase 5, which is required for GFRα1-induced

neurite outgrowth and guidance (Ledda et al., 2002). It seems that similar signaling

pathways are used by two completely different growth factor families and some

co-operation between GFL and neurotrophin family exists, reviewed in (Airaksinen

and Saarma, 2002).

Ret independent signaling. In addition to in trans signaling model, another

possible mechanism that could explain the different mismatching expression

patterns of GFRαs and Ret, is that GFLs could signal independently from Ret

(Fig. 4). Indeed, GDNF is able to activate Src family tyrosine kinases and

intracellular pathways through GFRα1 in vitro in dorsal root ganglion neurons

derived from Ret knockout mice, or in Ret-negative cell lines (Poteryaev et al.,

1999). This signaling leads to phosphorylation of PLCγ, ERK1/ERK2, MAPK

and cAMP response element binding protein (CREB). In another set of

experiments using motorneuron cell line expressing different complements of

GDNF receptors, Ret independent signaling stimulated by GDNF resulted in

increased transcription of c-fos mRNA and enhanced survival (Trupp et al., 1999).

Recently Ret-independent signalling has been shown to be mediated by the

phosphorylation of receptor tyrosine kinase Met via Src family kinases (Popsueva

et al., 2003). Taken together, several possible interactions within and between

receptor systems are emerging, which may have a role both in normal development

and in pathological states.
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Divisions of the peripheral nervous system
Anatomically the nervous system is divided into two components: the central

nervous system (CNS; brain and spinal cord) and the peripheral nervous system

(PNS; neurons and ganglia outside the CNS. Peripheral axons of primary motor

neurons can also be considered as part of PNS). The PNS can be divided further

into somatic and visceral divisions which both have motor (efferent) and sensory

(afferent) neurons. The somatosensory neurons innervate the skin, muscles and

joints providing information about environment outside the body and information

about muscle and limb position. The viscerosensory axons bring information about

visceral function to the CNS. The cell bodies of the somato- and viscerosensory

axons are located in the dorsal root ganglia adjacent to spinal cord and in the

cranial ganglia. The visceromotor neurons are involuntary (autonomic) and

innervate various internal organs, blood vessels and glands. John Langley proposed

in his book, The Autonomic Nervous System in 1921, that the system comprises

of three anatomically and functionally separate divisions: sympathetic,

parasympathetic and enteric nervous systems (Brading, 1999).

The cell bodies of the preganglionic sympathetic neurons lay in the spinal

cord. They send axonal projections via ventral root to the ganglia of the sympathetic

chains, which are situated along each side of the spinal cord. In contrast to the

short preganglionic axon, the postganglionic sympathetic axon travels relatively

far to reach its target tissues in the periphery. Preganglionic axons of the

parasympathetic system originate from several midbrain or brain stem nuclei,

such as Edinger-Westphal nucleus, the superior and inferior salivatory nuclei and

the dorsal nucleus of vagus. Long preganglionic axons project to ganglia that are

in the close vicinity or within their targets, thus in the parasympathetic nervous

system the postganglionic axons are short.

The sympathetic and parasympathetic divisions have often opposite functions

(Iversen et al., 2000). The parasympathetic division is active under normal “rest

and digest” situations, being responsible for maintenance of basal heart rate,

respiration and metabolism. In contrast, the sympathetic division is active in

emergency “fight-or-flight” situations, increasing hear rate and preparing body
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for combat. However, it has been acknowledged that these two divisions operate

many times together and the balance of activity of these two systems serves to

maintain the internal homeostasis in the changing environment. The structure of

the third autonomic division, enteric nervous systems, is described later.

The idea that nervous system releases chemicals to either excite or inhibit

its target tissues was first proved by Otto Loewi in 1920. In his classical experiment

he isolated two frog hearts and placed them on fluid, the first with its nerves and

the second without. He stimulated electrically the vagus nerve of the first heart,

which resulted in a slower heart rate. He collected the fluid where the stimulated

heart was placed and transferred it to the second heart, and found out that the

beating rate of the second heart slowed as if it was also stimulated. This result

proved that a chemical substance (Vagusstoff) was released by the stimulation.

This substance was later chemically identified as acetylcholine, the transmitter

released in neuromuscular junctions, many sites in the central nervous system

and at synapses of autonomic nervous system (Iversen et al., 2000).
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Roles of GFL signaling in the PNS in vivo

Somatosensory. Avoidance of pain is vital for survival of an organism in potentially

hostile environment. Various factors, such as mechanical, chemical and thermal

activate nociceptors when appropriate stimuli are applied to their peripheral

receptors e.g. in the surface of the skin (cutaneous nociceptors). The most studied

sensory ganglia in knockout models of GDNF family are nodose-petrosal ganglion

complex (NPG), trigeminal ganglion (TG) and dorsal root ganglion (DRG). Fibers

carrying sensory information from the facial area synapse in TG, sensory

information from the trunk and limbs is relayed to DRG, and cell bodies of the

viscerosensory affarents are situated in NPG.

Large majority of sensory neurons projecting to DRGs capable of detecting

painful stimuli are small-diameter, unmyelinated C fibers which can be divided

into two categories based on their biochemical, anatomical and physiological

properties. Isolectin B
4
 (IB

4
)-negative sensory neurons contain neuropeptides such

as calcitonin gene-related peptide and substance P (SP). They constitute about

40% of DRG neurons in rodents and terminate in the lamina I and outer lamina II

of the dorsal horn of the spinal cord. The other group (about 30%) of nociceptive

neurons lack peptides but bind IB
4
 (IB

4
-positive) and project to inner lamina II of

the dorsal horn of the spinal cord (Snider and McMahon, 1998). About half of

both IB
4
-positive and –negative neurons respond to noxious heat (Stucky and

Lewin, 1999).

During development, Gfra1, Gfra2, Gfra3 mRNAs are expressed with Ret in

distinct and partially overlapping population of cells in trigeminal ganglion

(Luukko et al., 1998; Naveilhan et al., 1998) and in dorsal root ganglion cells

(Baudet et al., 2000; Bennett et al., 2000). Target areas for sensory innervation,

such as whisker follicles, epidermis and tooth express Gdnf and Nrtn (Fundin et

al., 1999; Golden et al., 1999; Luukko et al., 1997; Luukko et al., 1998).

Most somatosensory neurons associated with nociceptive functions require

NGF/TrkA signaling for survival during embryonic development (Ruit et al., 1992;

Silos-Santiago et al., 1995). However, soon after birth about half of these neurons
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downregulate TrkA receptor and start to express Ret (Molliver et al., 1997). While

GFRα1 and Ret are expressed in subpopulations of both small- and large-diameter

DRG cells, GFRα2 and GFRα3 expressed specifically in the small diameter cells

(Bennett et al., 2000) that bind IB
4
.

 Sensitivity of IB
4
-positive neurons in vitro to survival promoting effects of

GDNF family ligands emerges after birth (Baudet et al., 2000). These findings

are in agreement with the observation that late embryos (E18.5) of Gdnf-/- mice

(Oppenheim et al., 2000) and newborn Gfra1-/- mice (Cacalano et al., 1998;

Enomoto et al., 1998) do not have reduced number of trigeminal or dorsal root

ganglion sensory neurons. The current data suggests that at least subpopulations

of primary sensory neurons need GDNF signaling, and this dependence occurs

mainly postnatally. This idea is supported by the observation that Gdnf+/- mice

have postnatal loss of myelinated mechanoreceptors (reticular and lanceolate

endings) of the whisker follicle (Fundin et al., 1999). Interestingly, GFRα1 protein

is not detectable in these endings, but in the terminal Schwann cells that surround

the axons, suggesting that GFRα1 receptor could act in trans (Fundin et al., 1999).

In contrast, the unmyelinated innervation of the whisker follicle is unaffected in

adult Gdnf+/- mice. These IB
4
-positive, unmyelinated sensory neurons express

GFRα1, are able to retrogradely transport GDNF in postnatal DRG cells (Molliver

et al., 1997) and thus would be expected to be affected in Gdnf-deficient mice. It

is possible that during development myelinated axons are more sensitive than

unmyelinated to GDNF levels, or that other GFLs (NRTN or ARTN) may be able

to compensate the survival promoting activity spesifically in unmyelinated axons.

In contrast to Gdnf-deficient animals, mice overexpressing GDNF in the skin

have increased number and neuronal soma size of small unmyelinated Ret and

IB
4
-positive sensory neurons and hyperinnervation of the hind pad epidermis

(Zwick et al., 2002). In addition, GDNF overexpression results in increased axon

number and calibre in the saphenous nerve (both unmyelinated and myelinated

axons) without changes in the noxious heat or mechanical stimuli. Exogenous

GDNF has been reported to increase axon calibre and to change the phenotype of

rat sensory peripheral nerves from unmyelinated to thinly myelinated by inducing

myelination both in vitro (DRG-Schwann cell cocultures) and in vivo (sciatic
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nerve) (Höke et al., 2003). One possible explanation is that increased axon calibre

itself induces myelination. There is a clear size threshold above which axons

become myelinated and the number of axons ensheathed by each Schwann cell

varies systematically with axon calibre. Accordingly, manipulating the relative

target size of the sympathetic neurons has been shown to increase both axon

calibre and the number of myelinated axons (Voyvodic, 1989). However, this

could be only a correlation and the possible direct effect of GDNF on Schwann

cells which express GFRα1 but not Ret could be explained by Ret independent

signaling.

Although that Gfra3 is expressed specifically in nociceptive IB
4
-binding sen-

sory neurons (Orozco et al., 2001), analysis of Artn-/- and Gfra3-/- mice has

shown that ARTN/GFRa3 signaling is not needed for development of somatic

sensory ganglia (Honma et al., 2002; Nishino et al., 1999).

Viscerosensory. Carotid body is a chemoreceptor organ located in the vicinity of

carotid artery where it monitors the changes in the blood consistency (e.g. O
2
 and

CO
2
 levels) and thus takes part to control the breathing activity. The targets of the

nodose-petrosal innervation, such as carotid body express Gdnf mRNA during

development (E15-P0) (Nosrat et al., 1996). Consistently, the initial analysis of

newborn Gdnf-/- mice revealed 40% loss of nodose-petrosal neurons (Moore et

al., 1996). A recent work analyzed separately the neuronal populations of the

NPG and found that specifically neurons of the petrosal ganglion require target

derived GDNF for survival (Erickson et al., 2001). Lack of GDNF results in 39%

reduction in petrosal ganglion neurons in Gdnf-/- mice. In contrast, neuronal num-

ber in nodose ganglion is normal. Furthermore, Gdnf-/- mice have abnormal

breathing control (Erickson et al., 2001), similar to that observed in Ret-/- mice

(Burton et al., 1997). In addition, mutations in Ret gene have been associated

with congenital central hypoventilation syndrome (CCHS) (Fitze et al., 2003).

Homeodomain transcription factor Phox2b is needed for the expression of

Ret and for the development of the autonomic ganglia (e.g. nodose-petrosal) and

the enteric nervous system in mice (Pattyn et al., 1999). In line with this
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observation, a polyadenine expansion and mutations in PHOX2B have been linked

to CCHS in humans recently (Amiel et al., 2003).

In summary, several populations of sensory neurons are able to survive without

GDNF family signaling, but their specific in vivo role for sensory neurons is still

unclear.

Sympathetic. Studies with Ret-/- mice suggested that Ret signaling has a role in

the migration and proliferation of subsets of sympathetic neuronal precursors.

While the majority of the sympathetic chain (from stellate ganglion to the most

caudal paravertebral ganglia) appeared intact, the most rostral ganglion, the

superior cervical ganglion (SCG), had severe deficits (Durbec et al., 1996b). This

observation was confirmed later, and it was further demonstrated that Ret-/- mice

have deficits in migration and axonal outgrowth of neurons throughout the entire

sympathetic chain (Enomoto et al., 2001).

Finally, GFRα3/Ret signaling induced by ARTN was found to be crucial for

the development of sympathetic superior cervical ganglion (SCG) neurons. GFRα3

is expressed in SCG during embryonic development between E12.5 and E18.5

(Nishino et al., 1999). At E12.5 ARTN is expressed within the ganglion and later

by the vascular smooth muscle-like cells along the routes of developing

sympathetic innervation (Honma et al., 2002). Mice lacking ARTN or GFRα3

have very similar phenotypes, both have deficits in the migration and proliferation

of sympathetic neurons and their target innervation (Honma et al., 2002; Nishino

et al., 1999).

Parasympathetic. Before the studies described in this thesis, the in vivo role of

GDNF-family members for parasympathetic neurons has been unclear. Previous

studies have shown that some parasympathetic ganglia, such as pterygopalatine

(sphenopalatine) ganglion are absent in Ret-/- mice (Marcos and Pachnis, 1996).

The results and discussion chapter will address the role of GFRα2 signaling in

the parasympathetic nervous system in more detail.
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Parasympathetic innervation of the head

The parasympathetic fibers innervating the pupillary constrictor and ciliary

muscles arise from the midbrain Edinger-Westphal nucleus and synapse in ciliary

ganglion (Fig.5). The pupillary constrictor muscle regulates the amount of light

entering to the back of the eye, while ciliary muscle controls the shape of the lens

during accommodation to near vision (Jumblatt, 2000).

In addition to two small intra- and exorbital lacrimal glands which secrete

serous lacrimal fluid, many rodents such as mouse have an accessory lacrimal

gland called Harderian gland which secrete lacrimal fluid rich in lipids and

porphyrins. Lacrimal secretion keeps ocular surface moist and is stimulated by

parasympathetic innervation. Presynaptic parasympathetic innervation originates

from superior salivatory nucleus, synapse in sphenopalatine ganglion and

postganglionic fibers reach to innervate Harderian and lacrimal glands (Fig. 5).

The three major salivary glands, parotid, sublingual and submandibular

salivary glands can be differentiated by the basis on their secretory products.

Parotid gland resembles the exorbital lacrimal gland and produce serous, watery

secretion, sublingual glands secrete predominantly mucous saliva and

submandibular gland is a mixed gland producing both serous and mucous saliva.

All major glands are composed of acini, a structure consisting of central cavity

defined by secretory acinar cells and excretory ducts surrounded by myoepithelial

cells. Whereas the sympathetic stimulation tends to modulate the composition of

the saliva, the parasympathetic stimulation evokes most of the watery secretion

from the glands, causes contraction of the myoepithelial cells and vasodilatation

during secretion (Garrett, 1987).

Parasympathetic fibers innervating the parotid salivary gland originate from

inferior salivatory nucleus and synapse at otic ganglion. Parasympathetic

innervation to submandibular and sublingual salivary glands originate from

superior salivatory nucleus and synapse in submandibular ganglion which in

mouse is composed by one or two ganglia inside the salivary gland, near the

common salivary duct (Yamakado and Yohro, 1977)(Fig.5).
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Figure 5. Parasympathetic innervation of the eye and lacrimal and salivary glands.  The

cell bodies of the preganglionic parasympathetic neurons are located in three nuclei, Edinger-

Westphal, superior and inferior salivatory nucleus. Their axons project to innervate four cranial

parasympathetic ganglia – sphenopalatine, ciliary, otic and submandibular ganglion.

Postganglionic fibers provide innervation to lacrimal gland, ciliary and pupillary constrictor

muscles, parotid gland and sublingual and submandibular salivary glands, respectively.

Vagal control of exocrine pancreas secretion

The mammalian pancreas is in close contact with stomach and small intestine

and is embryonically derived from the outgrowth of dorsal and ventral bud of

primitive foregut, for a review see (Kim and MacDonald, 2002; Schwitzgebel,

2001). Two parts of the pancreas have completely different functions. The endocrine

pancreas is composed of islets of Langerhans which take part in metabolism by

secreting insulin, glucagon, somatostatin and pancreatic polypeptide. The exocrine

part of the pancreas resembles salivary glands and secretes digestive enzymes

and HCO
3
- through bile-pancreatic duct to lumen of the duodenum. Acidic contents

of a stomach are neutralized by the secretion of HCO
3

- which provides an

appropriate pH in lumen of the duodenum for pancreatic digestive enzymes to

work. The digestion process started by the salivary enzymes is continued by various
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pancreatic enzymes such as trypsin, lipase and amylase which digest proteins,

triglyserides and starch, respectively.

The studies on reflex pathways controlling the digestive processes by Ivan

Pavlov gave him a Nobel Prize in 1904. These pathways consist of chemo- and

mechanosensory vagal affarents that innervate the gastrointestinal wall, transmit

sensory stimulus to nucleus tractus solitarius (NTS) and vagal efferent fibers

that originate from NTS, synapse at dorsal motor nucleus of vagus (DMV) and

project to peripheral ganglia in the viscera (Rogers et al., 1996). In addition to

postprandial (digestive) control of pancreatic secretion, Pavlov showed the

presence of cephalic phase in the control of digestion, for a review see (Konturek

and Konturek, 2000). He showed in his classical conditioning experiments that

secretion of saliva was enhanced already when the dog was teased with food, or

when association to completely different stimulus, such as voice preceded the

feeding. This is because the dorsal vagal complex (NTS and DMV) receives

olfactory, visual and other exteroceptive sensory information which are used to

control the visceral responses (Powley, 2000a).

The vagal affarent-efferent (vago-vagal) pathway mediates the actions of

several food induced gastrointestinal hormones involved in pancreatic secretion,

particularly those of cholecystokinin (CCK) (Owyang, 1996). In addition, various

regulatory peptides in the upper small bowel can either inhibit or stimulate the

release of CCK through feedback mechanisms (Herzig, 1998).

Intrapancreatic ganglia

Intrapancreatic neurons are grouped in small ganglia in the interlobular tissue

and in addition to vagal efferents, they receive direct entero-pancreatic

innervation from myenteric ganglia of the bowel (Kirchgessner and Gershon,

1990). Intrapancreatic neurons form a ganglionated plexus similar to myenteric

neurons (Kirchgessner and Pintar, 1991) and relay the secretory signal via

postganglionic cholinergic fibers to the pancreatic acini through muscarinic

receptors.

 The intrapancreatic neurons are thought to be derived from the vagal neural

crest cells which first colonize the foregut and secondarily enter the pancreas

(Fig.6). This idea is based on in vitro studies using pancreatic explants from fetal
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rats (Kirchgessner et al., 1992). It was suggested that either neural crest émigrés

stay within the gut wall for two days to be able to migrate into the pancreas, or the

pancreas is colonized with a different population of later arriving neural crest

cell wave. However, the latter possibility seems less likely since the vagal neural

crest cells colonize the gastrointestinal tract as a single unidirectional, rostrocaudal

wave both in rats and mice. In mice, the foregut becomes colonized by neural

crest cells at E9.5-E10 (Young et al., 1998). The factors that contribute to migration

and proliferation of pancreatic neurons are poorly known.

Figure 6. Migration of neural crest-derived cells to intestine and pancreas. The crest-cells

derived from the vagal region which will ultimately populate the pancreas, originally enter the

foregut and the presumptive duodenum around E11 in rat (approximately E9 in mouse). These

cells appear to be unable to migrate out of the bowel into the pancreas at this stage. The pancreatic

rudiments are colonized by neural crest émigrés up to two days later at E13, giving rise to

pancreatic ganglia. The current hypothesis for the migration of crest-derived to pancreas is

established so far only in rat. Adapted from (Kirchgessner et al., 1992).
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Structure of the enteric nervous system (ENS)

The ENS is a complex network of autonomous ganglia, their axonal projections,

and glial cells in the wall of the bowel. Although ENS has been many times

referred as “a second brain of the body”, the recent evidence suggests that CNS

can modulate the autonomic reflexes by a large populations of preganglionic vagal

efferents that originate from the DMV and project to innervate myenteric neurons

along the small intestine (Powley, 2000b).

The classical model of enteric neural circuits has been guinea pig, where all

the major cell types of small intestine have been identified. High number of

different functional classes of enteric neurons mediate reflex pathways which

control motility, secretion, absorption and blood flow (Furness, 2000). Two

ganglionated plexuses are formed along the intestine, where bundles of nerve

fibers (internodal strands) connect numerous ganglia together. Myenteric plexus

resides between longitudinal and circular muscle layers, and is present along the

entire length of the intestine, whereas submucous plexus is present only in the

small and large intestines.

The myenteric plexus itself gives rise to nerve fibers in three structures

(Fig. 7). Primary plexus is formed by the myenteric ganglia and the internodal

strands connecting them. Secondary strands emerge from the primary plexus,

run circumferentially and are a route for nerve fibers entering the circular muscle,

sometimes referred as a deep muscular plexus (DMP). The fibers of the DMP

form a continuos network around the circumference of the intestine occupying a

narrow space between the innermost layer and the bulk of the circular muscle

coat (Wilson et al., 1987). Tertiary plexus which is composed of very fine calibre

fibers, occupies the space between the meshes of primary plexus. In animals

species where the longitudinal muscle layer is thin (such as mouse), axons rarely

(or do not) enter the longitudinal muscle itself but form an anastomotic structure

(tertiary plexus) against the inner surface of the muscle (Furness et al., 2000).

Enteric motorneurons which innervate both longitudinal and circular muscle

layers, have their cell bodies in the myenteric plexus. Excitatory motor neurons

use acetylcholine as their primary transmitter and tachykinins such as substance P

are released simultaneously. In mice, these excitatory motor neurons project orally

Review of the literature



27

(Sang et al., 1997). Inhibitory motor neurons that project mainly anally, contain

presumably nitric oxide (NO) as their primary transmitter, and have factors such

as vasoactive intestinal peptide (VIP) and neuropeptide Y (NPY) as cotransmitters

(Sang et al., 1997). Although the primary transmitters are conserved, there is also

variation in distribution of chemical markers between different species in different

parts of the intestine (Furness et al., 1995).

The propulsive motility to oral-anal orientation is a result of the local neural

reflexes involving various neurotransmitters which aim to contract the intestinal

muscle behind the site of the intestinal stimulus and at the same time relax the

muscle ahead the site of the stimulus (Lecci et al., 2002). The interstitial cells of

Cajal which are closely associated with smooth muscle cells and enteric motor

neurons, are thought to play an important role in these reflexes serving as

pacemakers of the gut (Der-Silaphet et al., 1998; Sanders et al., 2002).

Figure 7. The structure of the ENS. The myenteric plexus (primary plexus) consists of the

ganglia and the internodal strands located between the outer longitudinal and inner circular

muscle layers. The secondary strands arise from the primary plexus, run parallel to the circular

muscle and give rise to DMP which lays between the circular muscle and the innermost

submucosal plexus. The tertiary plexus lays against the inner surface of the longitudinal muscle.

Adapted from (Powley, 1999).
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Development of the ENS

Like other neuronal populations of PNS, also the ENS is derived from the neural

crest (NC). Precursors are derived from three neural crest origins. Vagal, sympatho-

enteric lineage of NC cells originate from the neural tube at the level of somites

1-5, colonize the entire bowel below the stomach, and contribute also to the

formation of SCG and thyroid C cells. The truncal, sympatho-adrenal NC cells

(somites 6-7) populate the rostral foregut (presumptive esophagus and cardiac

stomach) and sympathetic chain posterior to SCG. The sacral NC cells (posterior

to somite 28) colonize the post-umbilical bowel (Gershon, 1997; Taraviras and

Pachnis, 1999). It has been shown using Phox2b, a marker for migrating enteric

precursors, that the vagal NC cells of a mouse colonize the gastrointestinal tract

as a unidirectional rostrocaudal wave. The vagal NC cells colonize the foregut at

E9.5-E10 and by E14 Phox2b labeled cell are present along the entire length of

the intestine (Young et al., 1998).

Number of genes and signaling systems, which control the development of

ENS have been identified by knockout mouse models and genetic studies on

human gastrointestinal diseases. Hirschsprung’s disease (HSCR) is a human

congenital disorder leading to intestinal obstruction and constipation and is

characterized by the absence of enteric ganglia along variable lengths of the colon.

Similar, but more severe phenotype is observed in Gdnf-/-, Ret-/- and Gfra1-/-

mice which have kidney agenesis and complete lack of enteric neurons and glia

below the stomach (Taraviras and Pachnis, 1999). Through embryonic development

(starting from E10), GDNF is expressed in the muscle layers of the gastrointestinal

tract. At the same developmental stage, Gfra1 and Ret are expressed in enteric

neurons (Golden et al., 1999; Nosrat et al., 1997; Pachnis et al., 1993). The first

susceptibility locus for HSCR was linked to RET gene in humans, and about 50%

of familial and some sporadic cases of HSCR arise from mutations in RET (Amiel

and Lyonnet, 2001; Parisi and Kapur, 2000). Mutations in GDNF and NRTN have

also been identified in a few HSCR cases in humans (Angrist et al., 1996; Doray

et al., 1998; Ivanchuk et al., 1996; Salomon et al., 1996). However, both mutations

alone are unlikely to result in HSCR, but probably contribute to severity of HSCR

with other mutations. None of the known human sequence variants of GFRαs are
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linked to HSCR (Myers et al., 1999; Onochie et al., 2000; Vanhorne et al., 2001).

The mice heterozygous for Gdnf mutation (Gdnf+/-) show very similar features

to human HSCR, in particular those who have mutations in Ret signaling pathways.

For example, both patients and Gdnf+/- mice show dominant inheritance, juvenile

age at onset and kidney defects (Shen et al., 2002).  Taken together, the Ret

signaling pathways have a significant role in the development of the enteric nervous

system.

In addition to Ret signaling pathway, mutations in genes responsible for

endothelin signaling (endothelin-3, endothelin receptor B, endothelin converting

enzyme-1), transcription factors SOX10,  SIP1 and PHOX2B have been linked to

HSCR  (Garcia-Barcelo et al., 2003; Newgreen and Young, 2002).
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AIMS OF THE STUDY

The aim of this work was to study the in vivo role of GFRα2, a putative neurturin

receptor. In particular, this work concentrated on the role of GFRα2 in the mouse

peripheral nervous system.

The specific aims were:

• To produce mice lacking GFRα2 in order to study its physiological role in

vivo and to reveal the physiological ligand for GFRα2

• To study the in vivo role of GFRα1 vs. GFRα2 in cranial parasympathetic

ganglia and their target innervation

• To determine the role of GFRα2 for IB
4
-positive nociceptive sensory neurons

•  To elucidate the factors that could contribute to postnatal growth retardation

in GFRα2 knockout mice
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MATERIALS AND METHODS

Detailed description of the materials and methods used can be found in the original

articles.

Animals

Generation of Gfra2-/- mice is described in detail in (I). Briefly, the Gfra2 genomic

clones were isolated from 129/Sv λ-phage library (Stratagene) with a rat Gfra2

cDNA probe (Suvanto et al., 1997). The first coding exon containing translation

initiation site and signal sequence of wild type Gfra2 gene was deleted by

homologous recombination in R1 embryonic stem cells (129X1 X 129S1

background, for full designation of strains see (Festing et al., 1999). Chimeric

mice derived from these cells were bred to C57BL/6OlaHsd and 129S2/SvHsd

(Harlan) females to obtain F1 heterozygotes (Gfra2+/-). For the f irst

characterization of the mutation, Gfra2-/- and wild type littermates were

established from matings of F1 Gfra2+/- mice (I). After this, all studies were

carried out with animals in F1 hybrid background (II-IV). All animal experiments

were approved by local ethical committees and were performed according to

national guidelines.

In situ hybridization, Northern blot and RT-PCR analysis of Gfra mRNAs are

described in the original articles and references therein, probes are in Table 1.

Table 1. Probes used for in situ hybridization and Northern blotting

* used for in situ hybridization
** used for Northern blotting

Probe Species Vector Size Nucleotides Accession
number

Reference Used in

Gdnf* Rat PGEM-T 616 52-668 L15305 (Lin et al., 1993;
Suvanto et al., 1996)

I

Gfra1** Mouse PT7T3D 777 1-777 AF012811 WashU-HHMI
Mouse EST project

I

Gfra2* Rat pBS 2002 1-2002 AF003825 (Suvanto et al., 1997) I,II

Gfra2* exon 1
Mouse PT7T3 424 1-424 AA048808 WashU-HHMI

Mouse EST project
I

Gfra2** Mouse PCR-fragment 570 1-570 NM_008115 (Baloh et al., 1997) I
Gfra3* Mouse pcDNA 1884 1-1884 AF051766 (Baloh et al., 1998a) II
Gfra4* Mouse PT7T3 497 1-497 AA823200 (Lindahl et al., 2000) II
Nrtn* Mouse pcDNA 587 349-936 U78109 (Kotzbauer et al.,

1996)
I,II,IV

Ret* Mouse pBS 646 2534-3217 X67812 (Pachnis et al., 1993) I,II
Ret** Mouse pBS 3348 1-3348 X67812 (Pachnis et al., 1993) I
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Histology

Anaesthetised animals were perfused transcardially with 4% PFA in phosphate

buffered saline (PBS), pH 7.5 and postfixed overnight at +4°C. For oculomotor

nerve analysis, a length of nerve was dissected after PFA perfusion and postfixed

in 2% glutaraldehyde. Toluidine-blue stained sections were used to determine the

number and size distribution of myelinated oculomotor nerves (I). Neuronal

profiles were counted from Nissl (TG and SCG) and peripherin (TG) stained

paraffin sections (I and unpublished).

Gut samples for cryosections were removed after perfusion, rinsed in PBS,

postfixed, cryoprotected in 15% and 25% sucrose and frozen on dry ice. Whole-

mount gut samples were obtained after perfusion, by opening the samples along

the mesenteric border. Mucosal layer was separated from the muscle layers using

pair of fine forceps (I and IV). Acetylcholine esterase (AChE) and nicotinamide

adenine dinucleotide phosphate (NADPH)-diaphorase histochemistry were done

as described (Tago et al., 1986; Vincent, 1992), respectively. For

immunohistochemistry of the intestine, whole mount samples were stained using

standard immunofluorescence techniques. Antibodies and dilutions are described

in Table 2. Density of myenteric nerve fibers from AChE, NADPH and substance P

stainings were quantified by counting fibers crossing a standardized grid (I and IV).

For total neuronal number estimation, Cuprolinic blue staining (Heinicke et al.,

1987) was used, and cells with a clear nucleus were counted from three positions

along a band thorough the circumference of the duodenum (I).

Lacrimal glands, salivary glands and pancreas were removed after

perfusion fixation, postfixed, rinsed in PBS, cryoprotected and frozen on dry ice

(I, II, IV). Antibodies used are in Table 2. For determination of pancreatic

innervation density, AChE and tyrosine hydroxylase (TH)-positive fibers were

photographed after staining, and quantified with the Adobe Photoshop program

as the number of positive pixels in image field (IV).

Cranial bones were decalcified (newborn samples 1-2 weeks, adult 3-4 weeks)

in 0,5M EDTA, 4% paraformaldehyde at +4°C. Samples were rinsed in PBS,

cryoprotected, cut in 10-20 µm sections and stained using standard

immunofluorescence techniques. Antibodies used are in Table 2. Haematoxylin-
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eosin stained sections were used for quantification of neuronal number and size

distribution in parasympathetic cranial ganglia (II). Neuronal profiles from

adult animals were drawn using camera lucida and the total number of neurons

was estimated using correction described previously by (Abercrombie, 1946)(II).

For estimation of IB
4
/GFRα2 colocalization in dorsal root ganglia, the lumbar

(L2) DRG from two wild type and two Gfra2-/- mice were removed after perfusion

fixation, cryoprotected and 10µm cryosections were cut through the ganglia

(unpublished). The slides were incubated with a goat-anti GFRα2 antibody and

biotin-labeled IB
4
 lectin overnight at room temperature. Cy3-conjugated

streptavidin and Cy2-conjugated anti-goat secondary antibodies were from

Jackson. Digital images were taken from four sections equally spaced through

each ganglion (n = 4). Total of 573 GFRα2- or IB
4
-positive profiles with a clear

unlabeled nucleus were counted from the images and the percent colocalization

determined.

Samples were analyzed under a microscope fitted with a digital camera and

image processing program (Zeiss). Confocal microscopy was carried out with a

Bio-Rad confocal microscope system (II and IV). The emission wavelength was

collected with a band-pass filters from 506-538  nm (Cy2) and from 589-621 nm

(Cy3). To minimize cross-talk and overlapping between the green (Cy2) and the

red (Cy3) channels in douple-stained specimens, images were acquired separately.

The fluorophores were excited with the 488 nm and 568 nm lines from an argon-

krypton laser and the DAPI stained nuclei with an UV laser.

The saphenous nerve from control wild type and Gfra2-/- mice exposed at

mid-thigh level and fixed with 2,5% glutaraldehyde in 0,15M PB for 10 minutes.

3mm segment was removed and postfixed in 2,5% glutaraldehyde. Nerve

preparations were embedded in epoxy resin after osmium tetraoxide (OsO
4
)

fixation and cut with ultramicrotome. Myelinated and unmyelinated axons were

counted using Metamorp image software (III).
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Neuronal cultures

Trigeminal ganglia were prepared from mouse embryos (E13-E14) and cultured

in three dimensional collagen matrix as described (Arumäe et al., 1993; Ebendahl,

1989) (I). To analyse noxious heat currents in sensory neurons of the adult wild

type and Gfra2-/- mice, dorsal root ganglia were dissected and dissociated into

single cells, plated on poly-L-lysine coverslips and maintained at 37°C in 5%

CO
2
 (III). To determine the size distribution of DRG neurons, cultures were

incubated with FITC-labeled IB
4
, mounted with Mowiol and images were taken

to determine brightness intensity and soma diameter (III).

Functional analyses

To study the in vivo function of lacrimal gland, a modified Schirmer test

(Humphreys-Beher et al., 1994) was used to measure tear secretion form mildly

anaesthetized wild type and Gfra2-/- mice (I and unpublished). Briefly, mice (5-

6 weeks old females) were anesthetized with Avertin (100 µl/20g i.p.) and one

drop of topical analgesic (Oftan Ocubain) was put in to the left eye. 1-mm-wide

strip of pH indicator paper was inserted sequentially onto the corner of the right

and the left eye and wetted lenght (mm) was measured. The two measurements of

the right and the left eye were pooled together.

Primary antibody/lectin Host/type Source Dilution Used in

ChAT goat polyclonal AB144P Chemicon 1:50 - 1:100 I

GFRα2 goat polyclonal AF429 R&D Systems 1:200 - 1:300 II, IV

Biotin-IB4 Bandeiraea simplifocia Sigma 1:100 - 1:200 unpublished

FITC-IB4 Bandeiraea simplifocia Sigma 1:100 - 1:200 III

nNOS rabbit polyclonal AB5380 Chemicon 1:500 -1:1000 IV

PGP9.5 rabbit polyclonal AB1761 Affiniti/ UltraClone 1:300 - 1:500 I, II

S100β rabbit polyclonal 36 Swant 1:500 IV

Substance P rat monoclonal NC1 Medicorp 1:200 - 1:300 I, IV

TH rabbit polyclonal P40101-0 Pel-Freez 1:400 I

TH sheep AB1542 Chemicon 1:300 II,IV

VAChT goat polyclonal AB1578 Chemicon 1:1000 - 1:2000 I,II, IV

VIP rabbit polyclonal VA1285 Affiniti 1:300 I,II

VIP rabbit polyclonal Progen 1:300 IV

Materials and methods
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Pancreatic secretion in vivo was measured using a method previously described

by (Miyasaka et al., 1999)(IV). The diverted bile-pancreatic juice was collected

to pre-weighed tubes at 15 min intervals up to 120 min and secretion volumes

were determined. Protein concentration was measured using a Bradford assay

(BioRad) and amylase activity was determined as described in (Winn-Deen et

al., 1988).

The contractile activity of gut was studied in vitro from ileum and duodenum

samples.  A piece (3 cm) of gut was dissected, placed to Tyrode’s solution and the

spontageous contractile activity was measured using Grass FT03 force

displacement transducer coupled to a polygraph (I). For in vivo motility test, a

modified charcoal transit test was used previously described by (Bianchi et al.,

1983) (IV). Wild type and Gfra2-/- mice were fasted overnight and a bolus of

charcoal-water mixture was administered into stomach by orogastric gavage. The

animals were sacrificed 90 minutes after bolus injection, intestines removed, placed

to ice cold PBS to stop spontaneous movement of the gut and the distance travelled

by the bolus measured.

Whole cell electrophysiological recordings were made on isolated adult small-

diameter (<26 µm), dorsal root ganglion sensory neurons to determine noxious

heat invard responsivenes in wild type and Gfra2-/- mice (III).

Mechanical responsiveness of cutaneous affarents were measured using an

in vitro skin nerve preparation as described (Koltzenburg et al., 1997). Briefly,

mice were killed by CO
2
 inhalation and skin-nerve preparation from hindlimb

area innervated by saphenous nerve was removed. The preparation was placed in

an organ bath and measurements were taken from functionally single myelinated

fibers in teased filaments of the nerve and characterized according to criteria

previously described in (Koltzenburg et al., 1997).

Food and water intake, motor activity, basal metabolic rate and hot plate

test

Four-month-old animals were singly housed in standard plastic cages with a

stainless steel grid on the bottom and filter paper below the grid. Standard dry

food (1320 breeding diet, Altromin) was administered in stainless steel cups (Plexx)
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and water in 15-ml plastic tubes. Mice were habituated with this unfamiliar regime

for two days, after which the food and water intake was measured for five days

(IV).

Motor activity of single housed wild type and Gfra2-/- mice was measured in

transparent plastic cages using activity monitors (MED Associates) (IV).

Basal metabolic rate was determined in open flow respirometry by measuring

the produced carbon dioxide with an infrared CO
2
 sensor (Qubitsystems, Ontario,

Canada) (IV).

Four to six-month-old males were used to evaluate sensitivity to a painful

stimulus (unpublished). Briefly, mice were placed on a hot plate (TSE, Bad

Homburg, Germany) heated to 52 ± 0.2°C. The latency to the first hind-paw

response (foot shake or a paw lick) was recorded. The test was repeated on 4

consecutive days, the shortest and longest latency was omitted from the analysis.

Serum albumin and growth hormone measurements

Total blood samples were collected intracardially from deeply anaesthetized

animals. Serum albumin was measured in the laboratory of Helsinki University

Hospital. Growth hormone (GH) concentrations were determined by a

radioimmunoassay using a rat GH kit (a gift from the National Institute of Diabetes

and Digestive and Kidney Diseases) (I).
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RESULTS AND DISCUSSION

Generation of Gfra2-/- mice
Matings of F1 Gfra2+/- mice gave F2 offspring for initial analysis without evidence

of embryonic lethality in Gfra2-/- animals. Of 250 animals 68 (27%) were wild

type, 125 (50%) were Gfra2+/- and 57 (23%) were Gfra2-/- (I). Breedings in the

hybrid background gave offspring with expected frequency. Of 436 animals 133

(26%) were wild type, 217 (50%) were Gfra2+/- and 106 (24%) were Gfra2-/-

(II- IV). Similarly, litters from the homozygous matings had a normal number of

pups. However, Gfra2-/- mice had postnatal growth retardation and an apparent

ptosis.

There were no obvious defects in any of the major organs studied by routine

histochemical analysis including kidney, spleen, liver, lung and pancreas (I and

IV). Furthermore, immunohistochemical stainings with several neuronal markers

did not reveal any gross defects in central nervous system of the Gfra2-/- animals

(I).

Loss of the functional GFRα2 receptor was confirmed by various methods.

In situ hybridization with Gfra2 exon 1 probe revealed a loss of expression in

embryonic day (E18) and adult Gfra2-/- brain samples (I). Furthermore, Northern

blot (I), RT-PCR (I), Western blot (not shown) and immunohistochemical (I, II,

IV and unpublished) stainings confirmed the loss of GFRα2 receptor in Gfra2-/-

mice. In addition, Northern blot and in situ hybridization showed a similar

expression of Gdnf, Nrtn, Gfra1 and Ret mRNAs between wild type and Gfra2-/-

adult brains and E18 embryo, excluding possible compensatory changes in

expression of other GFL family signaling components (I).

Reduced NRTN- but not GDNF-induced neuritogenesis and cell survival of

Gfra2-/- trigeminal neurons

Embryonic (E13) mouse trigeminal neurons, which are known to express Gfra1

and Gfra2 mRNAs with Ret (Luukko et al., 1997; Naveilhan et al., 1998) were

used to study the effect of GFRα2 mutation in GDNF- and NRTN-induced neurite
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outgrowth and survival (I). NRTN (5 ng/ml) induced a pronounced neuritic

outgrowth from explants derived from wild type embryos. In contrast, outgrowth

was significantly reduced in explants obtained from Gfra2+/- animals and virtually

missing from Gfra2-/- ganglia. With same concentration GDNF induced a robust

outgrowth of neurites in both wild type and Gfra2-/- ganglia. Moderate neurite

outgrowth from Gfra2-/- explants with higher concentrations of NRTN (100 ng/

ml) was also noted.

In survival assays, Gfra2-/- trigeminal neurons were about ten-fold less

sensitive to NRTN than wild type cells, whereas the response to GDNF was

unaffected.

Taken together, our studies are in agreement with the previous in vitro results

(Baloh et al., 1997; Buj-Bello et al., 1997; Cacalano et al., 1998; Creedon et al.,

1997; Horger et al., 1998; Jing et al., 1997; Klein et al., 1997) showing that while

GFRα2 is a preferred receptor for NRTN, it may also signal via GFRα1 at high

concentrations.
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Roles of GFRααααα2 in the PNS in vivo

GFRααααα2 is not needed for survival of trigeminal or dorsal root sensory neurons

in vivo

The size and the total number of neurons by Nissl staining in the trigeminal

ganglion were comparable between Gfra2-/- and wild type animals (KO 826 ±
72 vs. WT 904 ± 64, P = 0.4, n = 5) (I and unpublished). In addition, a pilot

immunohistochemical staining for peripherin which labels small unmyelinated

neurons was undertaken. There was no difference in percentage of unmyelinated

neurons among the total neurons between genotypes (KO 47 ± 2% vs. WT 45 ±
4%, P = 0.6, n = 2) (unpublished). This suggests that in vivo GFRα2 signaling

does not contribute to trigeminal ganglion neuronal survival. Similarly, studies

with sensory trigeminal ganglia in Gdnf-/-, Gfra1-/- and Gfra3-/- mice have shown

a normal number of neurons (Cacalano et al., 1998; Moore et al., 1996; Nishino

et al., 1999). Interestingly, in Gdnf-/- and Nrtn-/- mice the number of trigeminal

ganglion neurons expressing Gfra1 and Gfra2, respectively, is decreased clearly

showing the physiological pairing of GDNF-GFRα1 and NRTN-GFRα2

(Heuckeroth et al., 1999; Naveilhan et al., 1998). However, it is difficult to say

whether a subpopulation of trigeminal sensory neurons is truly missing or if the

neuronal “losses” of Gfra1 and Gfra2 expressing cells seen in Gdnf-/- and Nrtn-/-

mice rather reflect the loss of expression.

In dorsal root ganglion, GFRα2 protein was mainly colocalized with IB
4
-

positive neurons (unpublished, Fig. 8). Of 573 neuronal profiles counted, ~80%

expressed both GFRα2 and IB4, indicating that GFRα2 signaling might have a

role for small calibre unmyelinated, presumably nociceptive neurons.

To determine whether dorsal root ganglion neurons were affected by mutation,

the size distribution of IB
4
-positive and –negative neurons was determined from

short-term DRG cultures (III). The percentage of IB
4
-positive neurons in cultures

from Gfra2-/- mice was identical to that in wild type mice (KO 48.8% vs. WT

48.8%, n = 3). Furthermore, the size distribution of soma diameter was not different

between genotypes. In addition, no loss in the number of unmyelinated or
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myelinated axons in the saphenous nerve was observed between genotypes

(unmyelinated: KO 2899 ± 428 vs. WT 2868 ± 246; myelinated: KO 531 ± 32 vs.

WT 542 ± 15, n = 4 in each group) (III). However, the individual axon diameters

(in both unmyelinated and myelinated axons) were significantly smaller in Gfra2-

/- mice (unmyelinated: KO 0.45 µm vs. WT 0.70 µm; myelinated: KO 3.10 ± 0.03

µm vs. 3.76 ± 0.03 µm, P = 0.001). Thus, our data suggests that cutaneous sensory

neurons which bind IB
4 
and express GFRα receptors, do not need GFRα2 signaling

for survival. However, GFRα2 plays a trophic role in regulating axon diameter.

Figure 8. Colocalization with GFRααααα2 and IB
4
 in adult mouse DRG. A cryosection through

lumbar DRG stained for GFRα2 and with IB
4
 lectin. Majority of IB

4
-positive neurons are

colocalized with GFRα2.

GFRααααα2 is required for noxious heat sensitivity in IB4-positive sensory

nociceptive neurons in vitro

Since about one-half of IB
4
-positive (most positive for GFRα2) DRG neurons

respond to noxious heat, the heat induced inward current was measured from

IB
4
-positive and –negative DRG neurons from adult wild type and Gfra2-/- mice

(III). The percentage of IB
4
-positive neurons with large heat-evoked inward

currents was significantly reduced in Gfra2-/- mice compared to wild type

littermates. From IB
4
-positive neurons only 12% (4/33) responded to noxious

heat in Gfra2-/- mice compared to 47% (9/19) in wild type animals. In contrast,

the response of the IB
4
-negative neurons to noxious heat was normal in both wild
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type and Gfra2-/- mice. Furthermore, our data suggest that GFRα2 signaling has

a specific role in regulation of heat transduction, since mechanical response

properties of both unmyelinated and myelinated cutaneous fibers were unaffected

by mutation (III).

GFRααααα2 is not required for development of sympathetic superior cervical

ganglion or sympathetic innervation of various tissues

As in Nrtn-/- mice (Heuckeroth et al., 1999), the SCG appears histologically

normal in Gfra2-/- mice. The size and the total number of neuronal profiles by

Nissl staining in the SCG were comparable between Gfra2-/- and wild type animals

(KO 821 ± 35 vs. WT 922 ± 142, P = 0.5, n = 4) (I and unpublished). In addition,

the density of sympathetic, TH-positive (noradrenergic) innervation of various

tissues was intact in Gfra2-/- animals. These include eyelid elevator superior tarsal

muscle (I), lacrimal gland (I), salivary glands (I and II) and pancreas (IV).

Furthermore, with co-localization studies of GFRα2 protein and sympathetic

marker TH, we showed that GFRα2 is not localized to sympathetic nerve fibers

of parotid or submandibular salivary glands (II). Taken together, our results show

that GFRα2 does not play a role in the survival or noradrenergic innervation of

mouse sympathetic nervous system.

Interestingly, sympathetic fibers (which are thought to originate from SCG)

were still present in submandibular glands of Ret-/- mice (II). This suggested that

even though Ret signaling is needed for development of superior cervical ganglion

(Durbec et al., 1996b), a subpopulation of SCG neurons could still innervate

their target tissue. Indeed, the mislocalization of SCG and reduced sympathetic

innervation of target tissues such as salivary gland have been confirmed recently

in Ret-/- mice (Enomoto et al., 2001).
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GFRααααα1, but not GFRααααα2 is needed for development of cranial parasympathetic

otic and sphenopalatine ganglia

Several cranial parasympathetic ganglia including otic, sphenopalatine,

submandibular and ciliary express Gfra1 and Ret at embryonic day (E12) and

E14 (II and (Golden et al., 1999)). Gfra2 mRNA was expressed in these ganglia

starting from E12, and clearly present at E14 as previously reported (Golden et

al., 1999). At E18, Gfra1 expression was downregulated while Gfra2 and Ret

expression continued. At this developmental stage (E18), target tissues such as

lacrimal (I) and salivary glands (Golden et al., 1999) expressed Nrtn. Gfra3 mRNA

was not detected as reported previously (Nishino et al., 1999), and Gfra4 expression

levels were very low in the parasympathetic cranial ganglia (II).

Consistent with a previous report showing the absence of sphenopalatine

ganglion in newborn Ret-/- mice (Marcos and Pachnis, 1996), we showed with

(Enomoto et al., 2000) that in newborn Gfra1-/- and Ret-/- mice, the otic and

sphenopalatine ganglia fail to develop (II) (Fig.10). Furthermore, the report by

Enomoto shows that the proliferation and possibly the migration of the neuronal

precursors of these ganglia is impaired without increased apoptosis. During the

migration of otic precursors GDNF was expressed along the migratory pathway,

while precursors themselves express Ret and GFRα1, suggesting a chemoattractant

role for GDNF during the migration of parasympathetic neural precursors.

In newborn Gfra2-/- animals, these ganglia were present, although the size

and the number of neuronal profiles in the otic ganglion were reduced compared

to wild type mice (II). Similar reduction in the size of otic ganglion neurons in

newborn Nrtn-/- mice has been reported previously (Heuckeroth et al., 1999).

In contrast to otic and sphenopalatine ganglia, the submandibular ganglion

was present in newborn Ret-/-, Gfra1-/- and Gfra2-/- animals but showed reduced

size in Gfra2-/- mice as well as in Ret-/- mice (II). The neuronal profile number

was reduced by  47% and 28% in newborn Ret-/- and Gfra2-/- mice, respectively.

The used profile counting without correction only gives a crude estimate of the

cell numbers and the actual difference in the cell number between the wild type

and Ret-/- or Gfra2-/- otic and submandibular ganglia may be smaller due to

possible smaller size of the -/- neurons. Despite this caveat, our studies show that

GFRα1/Ret signaling is required for the migration and/or proliferation of the
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otic and sphenopalatine precursors in early embryonic development, whereas the

GFRα2/Ret signaling during embryonic period is required for development of

only a subpopulation of otic and submandibular ganglion neurons.

Loss of GFRααααα2 leads to varying deficits in different cranial parasympathetic

ganglia

The reduction in the number of submandibular ganglion neuronal profiles was

increased from neonatal 28% to 42% in adult Gfra2-/- mice compared to wild

type animals (II). Similarly, the number of neuronal profiles in otic ganglion was

reduced about 40% in adult Gfra2-/- animals compared to their wild type

littermates. It should be noted that these percentages are estimates based on profile

counts corrected by the method of Abercrombie which is an assumption based

approach. However, if the requirements of the counting method are met, possible

biases can be avoided, for a review of counting methods see (von Bartheld, 2001)

and references therein. In the case of submandibular and otic ganglion neurons

(II) the non-symmetrical distribution of cell sizes may cause some bias. Along

with the apparent neuronal loss, the size of the remaining neuronal cell bodies in

the submandibular and otic ganglia was decreased, whereas the neurons in the

sphenopalatine ganglion appeared only slightly smaller without reduction in the

total number of neuronal profiles. Our results show that a subpopulation of

submandibular- and otic ganglion neurons are dependent on GFRα2 signaling,

but the reason for the reduced cell number remains to be studied.

The neurotrophic factor responsible for target innervation of some eye muscles

had remained to be found until quite recently. Both GDNF and NRTN have a

crucial role for developing chick ciliary ganglion neurons in vivo. Ciliary and

striated muscle of the eye synthesize and secrete both of these factors in different

developmental periods, GDNF through the period of initial axonal outgrowth

(E6-E9) and NRTN at all developmental stages through the programmed cell

death period (Hashino et al., 2001). During mouse embryonic development (E8.5-

E9.5), Ret is expressed in migrating cranial neural crest population, and at later

stages (E10.5-E14.5) in all cranial ganglia (Pachnis et al., 1993).
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Analysis of ciliary ganglion neurons from Ret-/- and Gdnf-/- mice have

revealed deficits, although the variability in neuronal profile counts prevents many

times to reach statistical difference between genotypes (Enomoto et al., 2000).

However, the observation that neurons are reduced in number in adult Nrtn-/-

animals (Heuckeroth et al., 1999) support the hypothesis that at least a

subpopulation of ciliary neurons need RET/GFRα2 signaling for survival.

Since the pupillary reflex of Gfra2-/- mice was normal, we did not quantitate

the number of ciliary ganglion neurons (I). In Nrtn-/- animals the ciliary ganglion

does not have significantly reduced neuronal number at birth (Enomoto et al.,

2000), but in adulthood about 40% loss of these neurons has been reported

(Heuckeroth et al., 1999). Similarly to Gfra2-/- mice, the pupillary reflex of Nrtn-/-

animals has been reported to be normal. The innervation and function of other

ciliary target, the ciliary muscle of the lens remains to be studied.

GFRααααα2/Ret signaling is required for cranial parasympathetic target

innervation

The axon outgrowth from submandibular ganglion parallels in time (E12-E13)

and space the morphogenesis of the epithelium in the developing salivary glands

(Coughlin, 1975), but the maturation of parasympathetic innervation appears to

happen mainly postnatally. We did not detect any labeling using markers for mature

parasympathetic neurons such as vasoactive intestinal peptide (VIP) and vesicular

acetylcholine transporter (VAChT) in newborn mice (II). However,

immunostainings with a general neuronal marker PGP9.5 indicated that the

sublingual glands of wild type newborn mice had sparse innervation, which was

not positive for TH, a sympathetic marker. Thus, the first parasympathetic axons

have already arrived to target area in newborn animals. In newborn Gfra2-/- (and

Ret-/-) mice, the developing parasympathetic innervation around the sublingual

gland acini was severely reduced.

In adult salivary and lacrimal glands, GFRα2 protein appeared to be localized

in parasympathetic nerve fibers (II). However, subsequent analysis using S100β
glial marker indicated that many of the GFRα2-positive fibers in adult lacrimal

(not shown) and salivary glands were processes of terminal Schwann cells
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(unpublished, Fig. 9). As in newborn Gfra2-/- mice, the parasympathetic

innervation of sublingual salivary gland was profoundly reduced (II). Although

parasympathetic innervation was clearly reduced in sublingual and parotid gland,

small regions of the glands appeared to have normal innervation. The remaining

~60% of submandibular- and otic ganglion neurons are probably able to innervate

these small regions, and thus are supported by other neurotrophic factors than

GDNF or NRTN. Interestingly, the sparse parasympathetic innervation of the

submandibular gland appeared to be unaffected by mutation. Previous studies

have suggested that two population of neurons exist in both rat and mouse

submandibular gland, which differ in their locations within the ganglion, size

distribution and target organs (Kawa and Roper, 1984; Yamakado and Yohro, 1977).

Whether these populations differ also in their responsiveness to NRTN/GFRα2

signaling remains unclear.

Figure 9. Localization of GFRααααα2 protein in salivary gland. (A and C) In adult wild type

salivary gland many GFRα2-positive fibers express glial cell marker S100β (arrowheads). (B

and D) Interestingly, in Gfra2-/- mice the morphology and density of  S100β-positive Schwann

cells appeared to be unaffected by the mutation.
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Furthermore, the cholinergic innervation of the pupillary constrictor muscle

originating from ciliary ganglion and the pupillary reflex were intact in Gfra2-/-

animals (I). In contrast to unevenly reduced parasympathetic innervation of salivary

glands, the lacrimal (Harderian) gland was virtually devoid of parasympathetic

innervation and many of the secretory acini were atrophied in adult Gfra2-/-

animals (I and II). Interestingly, the number of sphenopalatine neurons in adult

Gfra2-/- animals was not reduced compared to wild type controls, despite the

complete lack of target innervation. It is unlikely that other GFLs could promote

the survival of SPG neurons since the Gfra3 and Gfra4 transcript levels are very

low or undetectable in parasympathetic ganglia. Similarly, Gdnf and Nrtn mRNA

are not expressed in Edinger-Westphal nucleus, ruling out the possibility that

trophic support to remaining sphenopalatine ganglion neurons could originate

from presynaptic connections (Golden et al., 1998). Taken together, our results

suggest that GFRα2 signaling is required already before birth for cranial

parasympathetic neurite outgrowth and target innervation and that the missing

parasympathetic f ibers never reach their target. The summary of cranial

parasympathetic innervation is presented in Fig. 10.

Figure 10. Summary of cranial parasympathetic deficits in mice lacking GFRααααα1 or GFRααααα2.

In newborn Gfra1-/- animals the otic- and sphenopalatine ganglia are missing, whereas the

submandibular ganglion appears normal. In adult Gfra2-/- animals, the sphenopalatine ganglion

neurons are present but only slightly atrophied and unable to innervate the lacrimal gland. A

population of the otic- and submandibular ganglion neurons are either missing or atrophied but

a subpopulation of them are able to innervate small areas of parotid and sublingual gland,

respectively. Adapted from (Rossi and Airaksinen, 2002).
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GFRααααα2 is required for development of intrapancreatic ganglia and pancreatic

innervation

Starting from E14 to late embryonic stages Nrtn mRNA expression in pancreas

increases while expression of Gdnf remains at low levels (Golden et al., 1999).

Our studies showed that in adult pancreas GFRα2 protein was colocalized in

intrapancreatic ganglia with several neuronal markers, such as NOS, VIP and

PGP9.5 (IV). Similarly to intestine and salivary gland, GFRα2 protein appeared

to be in close association with glial cells. Confocal microscopy confirmed that

both satellite cells in intrapancreatic ganglia and terminal Schwann cells of

exocrine pancreas also expressed GFRα2 protein. Our data showed that GFRα2

signaling is needed for survival of parasympathetic intrapancreatic neurons (IV).

Intrapancreatic neuronal number was decreased by 83% in adult Gfra2-/- mice

compared to wild type animals (P < 0.005, n = 4, in both groups). In fact, we did

not detect any intrapancreatic ganglia in Gfra2-/- mice, whereas in wild type

animals, neurons formed several ganglia in the exocrine pancreas. Approximately

15% of NOS-positive neurons did not express GFRα2 protein, thus probably

representing the population of neurons, which were still present in Gfra2-/-

animals. The mechanism, which accounts for reduced intrapancreatic neurons

remains to be studied. One possible reason could be the reduction in proliferation

and/or migration of precursor cells. It has been suggested that pancreatic neuronal

precursor are derived from crest cells which first colonize the foregut and then

secondarily enter the pancreas at E12-E13 (Kirchgessner et al., 1992). In Ret-/-

mice the enteric neuroblasts fail to populate the midgut and hind gut of mutant

animals already at E10.5 (Durbec et al., 1996b). Thus, it is possible that in newborn

Ret-/- (and possibly in Gdnf-/- and in Gfra1-/-) mice the pancreatic innervation

could be affected.

In wild type mice, intrapancreatic ganglia send postganglionic axons to

innervate the exocrine pancreas, where fibers can be in close contact with secretory

acini. In line with reduced number of intrapancreatic neurons, immunohisto-

chemical stainings with parasympathetic markers such as VAChT and VIP

confirmed the severely reduced (~90%) innervation density in Gfra2-/- pancreas

seen with AChE histochemistry (P < 0.005, n = 4) (IV). Taken together, GFRα2
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signaling is needed for survival of intrapancreatic neurons and development of

exocrine pancreatic innervation.

Reduced density of excitatory innervation of the gut muscle in Gfra2-/- mice

Nrtn mRNA expression starts in developing intestinal muscle layers and mucosa

at E14 (Golden et al., 1999), and during postnatal development is concentrated

specifically to circular muscle layer (IV) as previously reported (although not

shown) (Widenfalk et al., 1997). With immunohistochemistry, GFRα2 protein

was localized to myenteric and submucous plexuses of the small intestine (IV).

The GFRα2 protein colocalized with SP- positive, excitatory motor neuron fibers

and many of the S100β positive enteric glial cells. The overall morphology of

bowel by H&E staining was similar between wild type and Gfra2-/- animals (not

shown). Similarly, interstitial cells of Cajal  appeared normal in Gfra2-/- animals

(not shown). Quantification of neuronal cell density in the myenteric ganglia by

Cuprolinic blue staining revealed a reduction (~25%) in neuronal number in

duodenum of Gfra2-/- animals compared to wild type animals (P < 0.05, n = 4)

(I). In line with reduction of neuronal cell number, the density of AChE- positive

excitatory fibers in duodenum was reduced ~45% in Gfra2-/- animals (I). Since

AChE-staining is not completely specific to cholinergic innervation, we quantified

the density of fibers positive for SP, excitatory transmitter which is known to

label a large subpopulation of enteric cholinergic neurons and to be released from

enteric cholinergic fibers (Furness et al., 1995). Severe reduction in SP-positive

fibers at the level of secondary and tertiary fibers in duodenum (-74%) and ileum

(-63%) of Gfra2-/- mice was seen compared to wild type animals (P < 0.001, n =

3 in each group) (IV). In contrast, the density of fiber bundles in DMP was not

significantly decreased in duodenum or ileum of Gfra2-/- mice compared to wild

type animals (P = 0.83, n = 3 in each group).
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Loss of GFRααααα2 results in various functional deficits

GFRααααα2 may have a role for noxious heat sensitivity in vivo

To assess heat pain sensitivity, we used a hot plate test (unpublished). As the heat

transduction defect in Gfra2-/- DRG neurons was found already at temperatures

below 49°C, we searched for the lowest possible temperature that would still be

unpleasant enough for animals to escape consistently. A 52°C plate temperature

was selected based on pilot test. The escape latency of Gfra2-/- mice was

significantly longer (43%) than in wild type mice (P = 0.0015, n = 12 in both

groups). This preliminary result suggests that NRTN/GFRα2 has a role for the

development and/or maintenance of noxious heat sensation in vivo.

Reduced tear secretion due to impaired parasympathetic innervation of

lacrimal gland

As several young Gfra2-/- mice preferred to keep their eyes closed, we investigated

the reason for this apparent ptosis (I). This eye phenotype was relatively mild

showing increased blinking rate and as animals grew older, the ptosis was harder

to detect. Histological analysis of oculomotor nerve, which is innervating the

eyelid elevator muscle (levator palpebrae superioris), showed similar number and

size distribution of myelinated fibers (I). Similarly, innervation of second eyelid

elevating muscle (superior tarsal muscle) was normal. In situ hybridization revealed

that during development (E18), Nrtn was expressed in lacrimal tissues (I). We

found that cholinergic parasympathetic innervation, which controls tear secretion

was completely absent from lacrimal (not shown) and Harderian glands of Gfra2-/-

mice (I and II). Accordingly, the tear secretion was clearly decreased (-59% with

analgesic and -30% without analgesic) in the Gfra2-/- mice (P < 0.05, n = 7)

(I and unpublished). Thus, the ptosis was caused by reduced tear secretion in

Gfra2-/- mice. This phenotype is shared also by Nrtn-/- mice (Heuckeroth et al.,

1999), showing the physiological pairing of GFL/GFRα interaction in vivo.

Remarkably, mice lacking ARTN and GFRα3 show similar ptosis like phenotype

(Honma et al., 2002; Nishino et al., 1999). However, in these mice the ptosis is

caused by the reduced sympathetic innervation of superior tarsus muscle.
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Impaired enteric motility in vivo and in vitro in Gfra2-/- mice

The reduced intestinal cholinergic innervation prompted us to study the enteric

contractile activity and motility of Gfra2-/- mice. Both duodenum and ileum of

Gfra2-/- mice showed clearly abnormal spontaneous contractile activity in vitro

(I). Moreover, the response to electrical and pharmacological stimulation was

clearly reduced in Gfra2-/- animals. To directly study the role of reduced enteric

innervation in intestinal motility, we measured the propulsion of test material

through the small intestine in vivo (IV). The distance travelled by the test material

in small intestine of Gfra2-/- mice was significantly shorter (-25%) compared to

wild type animals (P = 0.001, n = 9, in both groups). Similarly to Gfra2-/- mice,

also Nrtn-/- mice show less abundant SP-positive myenteric neuron population

(Heuckeroth et al., 1999). In addition, the release of neurotransmitters such as

substance P upon electric field stimulation was decreased from muscle strips of

Nrtn-/- animals in vitro.

Reduced vagally stimulated pancreatic secretion in Gfra2-/- mice

Since the number of intrapancreatic neurons and parasympathetic postganglionic

innervation was dramatically reduced in Gfra2-/- mice, we measured pancreatic

secretion in vivo by using a central vagal stimulant, 2-deoxyglucose (IV). Vagal

stimulation caused pronounced increase in enzyme (amylase) and protein secretion

in wild type animals, whereas in Gfra2-/- mice the enzyme secretion was minimal

or absent. The difference in the integrated 2-deoxyglucose stimulated amylase

secretion between the genotypes was significant (P = 0.01). Basal levels of bile-

fluid volume, amylase and protein secretion were similar between the genotypes.
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Postnatal growth retardation of the Gfra2-/- mice
By the time of weaning (3-4 weeks) the growth of Gfra2-/- mice had started to

lag behind their wild type littermates. The growth retardation was most pronounced

at the age of 4-6 weeks, when the difference in body weights between the Gfra2-/-

and wild type littermates was 30-50%. It is noteworthy that the growth impairment

occurred at the same period when young mice start to eat solid food pellets instead

of their mother’s milk. The growth retardation was similar in three backgrounds

(129/Sv, C57BL/6 and hybrid) but was not seen in Gfra2+/- mice.

The growth hormone levels in 1.5 to 3-month-old animals (n = 11) were

similar between the wild type and Gfra2-/- animals, while serum albumin was

decreased (~15%, n = 5, P < 0.05) in Gfra2-/- mice (I). Since reduced serum

albumin levels in humans are seen with growth impairment resulting from

abnormalities in the digestive tract (Mayer and Stern, 1992), we took the

malnutrition as a primary hypothesis for the growth retardation in Gfra2-/- mice.

A battery of tests, including the measurements of food and water intake, body

fat, 24 h motor activity, body temperature, basal metabolic rate and challenge to

high fat diet were carried out to address our hypothesis (IV).

Gfra2 mRNA is expressed in adult hypothalamus, which contains the

regulatory centers responsible for energy homeostasis (I and Golden 1998). Thus,

one possible reason for the growth retardation in Gfra2-/- mice could be

insufficient food intake. Quite surprisingly, the food intake in adult Gfra2-/-

animals per unit body mass was significantly higher compared to wild type animals

(P < 0.05), indicating that the growth impairment was not due to reduced food

consumption. Similarly, also the daily water intake was increased (~20%) in

knockout mice (P < 0.05), suggesting impaired secretion of saliva. Thus, since

the food intake was normal, it is unlikely that presumable salivary gland

dysfunction will affect swallowing in Gfra2-/-. However, it is possible that the

parasympathetically controlled secretion of enzyme rich saliva is compromized

in Gfra2-/- animals.

The proportional weights of gonadal fat pads were measured from adult wild

type and Gfra2-/- mice to estimate the total body fat (Rogers and Webb, 1980).

Gonadal fat pad weights were significantly smaller (~40%) in Gfra2-/- mice

compared to wild type animals (P < 0.05).
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While the 24h motor activity and the body temperature of adult animals were

similar between the wild type and Gfra2-/- animals (P > 0.2), the basal metabolic

rate in Gfra2-/- mice was significantly increased (P < 0.05). The higher basal

metabolic rate in Gfra2-/- animals can be explained by decreased body fat level,

since fat is less metabolically active than muscle. It is possible that elevated

metabolic rate contributes also to increased food intake in Gfra2-/- animals.

Although not studied, one explanation to increased food intake could be also

adiposity signals such as insulin or leptin. Both hormones circulate at levels

proportional to body fat and deficiency of either one increases food intake

(Schwartz et al., 2000). In addition, insulin secretion is stimulated by

parasympathetic innervation (Ahrén, 2000). Hypothetically, the reduced body fat

and impaired vagally stimulated pancreatic secretion could lead to reduced levels

of adiposity signals and increased food intake in Gfra2-/- mice.

The survival and growth of mice which die postnatally due to severe

gastrointestinal problems, have been successfully enhanced by liquid diet, for

example see (Kent et al., 1996; Ratcliff et al., 1993; Snouwaert et al., 1992). In

order to study whether the growth retardation of Gfra2-/- could be improved by

more easily palatable food, we compared the growth of Gfra2-/- animals on dry

and wet mash diets (IV). The knockout mice with hydrated food gained weight

significantly faster than with solid pellet food. The growth promoting effect of

hydrated food together with observation that water intake is increased in Gfra2-/-

mice further supports the idea that food-induced secretion of saliva is decreased.

As an indirect evidence of malabsorption, Gfra2-/- mice had elevated fat

content in the stool compared to wild type animals after challenge to high fat diet

(P < 0.001, n = 8). These results together with the observation that vagally

stimulated secretion of pancreatic enzymes is reduced in Gfra2-/- mice suggest

that also the food induced pancreatic enzyme secretion might be compromized.

It is likely that Gfra2-/- mice have a sustained maldigestion and malnutrition

soon after weaning which leads to retarded growth.

The discrepancy that mice lacking NRTN (Heuckeroth et al., 1999), the

preferred ligand for GFRα2 signaling, do not show any growth impaired phenotype

in contrast to Gfra2-/- mice is puzzling. Compared to other knockout mice models
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of GFL-family and their receptors, only Gfra2-/- mice have postnatal growth

retardation. Whereas Artn-/-, Pspn-/-, Gfra3-/- and Gfra4-/- mice are viable, fertile

and grow normally (Hiltunen et al., 2001; Honma et al., 2002; Nishino et al.,

1999; Tomac et al., 2002), the Gdnf-/-, Gfra1-/- and Ret-/- (Cacalano et al., 1998;

Enomoto et al., 1998; Moore et al., 1996; Pichel et al., 1996; Sánchez et al., 1996;

Schuchardt et al., 1994) mice die soon after birth. The comparison of Nrtn-/- and

Gfra2-/- mice on the same diet and almost the same genetic background has

confirmed that only Gfra2-/- animals have the growth retardation (Dr. Janet Keast,

personal communication). This suggests that GFRα2 has another ligand in vivo,

which may play a role in the regulation of postnatal growth by yet unknown

mechanism. It would be interesting to study whether Nrtn-/- mice have defects in

the pancreatic innervation. Taken together, our data suggests that the impaired

production of saliva and pancreatic enzymes leads to malabsorption that may be

modulated by intestinal motility in Gfra2-/- mice.
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CONCLUSIONS

1) GFRα2 is a physiological receptor for neurturin and loss of this receptor leads

to postnatal growth retardation in mice.

2) GFRα2 signaling is not needed for survival of primary somatosensory neurons,

but is required for noxious heat sensitivity in IB
4
-positive nociceptive neurons.

3) GFRα1 signaling is essential for gangliogenesis of cranial parasympathetic

otic and sphenopalatine ganglia during early developmental period. In contrast,

GFRα2 signaling is needed for development and maintenance of postmitotic

parasympathetic cranial ganglia and their target innervation.

4) GFRα2 signaling is necessary for innervation by a subpopulation of enteric

(excitatory substance P) neurons and to sustain normal motility of the small bowel.

5) GFRα2 signaling is crucial for development of intrapancreatic ganglia and

innervation of exocrine pancreas. Loss of GFRα2 signaling leads to impaired

secretion of vagally stimulated pancreatic zymogens.

6) Several factors contribute to postnatal growth retardation in Gfra2-/- mice. We

suggest that impaired secretion of saliva and pancreatic enzymes leads to

maldigestion and malabsoption which can be modulated by intestinal dysmotility.

The results presented in this thesis establish neurturin signaling via GFRα2 as

the neurotrophic factor for development of parasympathetic and enteric target

innervation and regulation of nociception. Thus, drugs acting via GFRα2 receptor

may have clinical potential in some neuropathological conditions, such as

exocrinopathies, intestinal dysmotility and neuropathic pain.
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