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Preface

Exploring brain proteins and peptides—past, present, and future*

Proteins carry out a multitude of functions in the biological system. Commensurate with their structural
and functional complexities, the exploration of proteins in any organ has never been a simple task, let alone
those in the nervous system, where cytoarchitectonic and hierarchical organizations reign supreme. For
those who have witnessed the growth in this area over the past few decades, one cannot help but be amazed
by the progress made, bringing the field from stone-age chemistry to present-day sophistication of gene
technology. Looking back, the study of brain proteins can be roughly divided into three eras.

I. The pre-biotech era or era of brute-force fractionation. This period covers the time from the early 20th
century to the 1970s. The earliest methods for protein isolation were crude, consisting mainly of extraction
and precipitation, yielding information on groups of proteins rather than individual ones. Unfortunately,
no meaningful information could be gathered until pure proteins could be isolated and individually
studied. But since biologically active proteins are often present in miniscule amounts, purifying individual
proteins was analogous to looking for a needle in a haystack. One way to mitigate the difficulty was to start
with a source material that could be procured in large quantities, such as pig or bovine brains from a
slaughter house, although there was no guarantee that the protein in question would remain intact by the
time the brains arrived in the laboratory. It was also advantageous to do a preliminary separation (neurons
from glia) or dissection (white from gray matter) or a subcellular fractionation (e.g., obtaining the
synaptosomes) before protein purification, although such procedures inevitably reduced the amount of
tissue available. Purification of enzymes could be monitored by test-tube assay; other biologically active
proteins must be followed by tedious bioassay procedures, severely hindering the progress of the work.
Some investigators aimed at obtaining proteins found only in the nervous system, with the assumption that
brain-specific proteins must have brain-specific functions. This assumption was only partially true as
proteins in common with other organs may have unique roles in the brain, while proteins unique to the
brain often turn out to be also present in other organs in smaller amounts. The use of monoclonal
antibodies, obtained from a protein mixture, to monitor the final steps of purification, provided yet
another strategy. The advent of high-performance liquid chromatography (HPLC) in the 1980s provided
a powerful addition to the existing methods of ion-exchange and size-exclusion fractionation techniques.
Despite these advances, obtaining a pure protein was laborious and quite often a matter of serendipity and
luck. Even so, the purity and identity of the isolated proteins were difficult to ascertain because of the
minute quantity of the final product.

IL. Era of biotechnology. Progress in molecular biology revolutionized the approach to the study of brain
proteins. Since DNA is much easier to analyze and manipulate than proteins, the major obstacles in protein
chemistry were circumvented by dealing with DNA. Once a protein was partially sequenced, the comple-
mentary DNA (cDNA) could be cloned from a cDNA library and the pure, recombinant protein

*Dedicated to Blake W. Moore, who dared to tread in murky waters in the early days of brain proteins.
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subsequently expressed in vitro in quantities sufficient for chemical and biological analyses. Even without a
partial sequence, cloning could be achieved by monitoring the gene product with antibody or function
analysis, such as receptor binding. Sequencing the entire protein became unnecessary as the information
could be deduced from the cDNA. Once a protein is identified, the entire family of related members could
be found by homology search in the cDNA library. Site-directed mutagenesis and deletions/additions could
be made on the DNA and conveniently expressed as modified proteins. Through DNA technology, proteins
could be dissected at will to reveal the contribution of each constituting domain. The intracellular function
of a protein could be determined by overexpression or underexpression, the former through transgenes
(using plasmid or virus carriers) while the latter through gene knockout or RNA interference. Thanks to
molecular biology, an entirely new era of protein chemistry has dawned. Brain proteins can now be
explored through myriads of approaches never dreamed of before.

III. The postgenomic era or era of neuroproteomics. The complete sequencing of the human genome in
2001 propelled the study of brain proteins to a new height. Proteins can now be discovered, complete with
amino acid sequences, by scanning the genomic map alone, even before knowing their functions, which can
frequently be deduced by homology comparisons from the database. Through microarray technology, high
throughput studies are feasible. DNA microarrays are available to determine which genes are activated by a
given protein. Protein and antibody microarrays can be purchased to study protein—protein and protein—
DNA interactions. With bioinformatics, one can hope to make sense of the intricate relationships of
proteins in the nervous system. Today, the classical approach to explore brain proteins has been reversed
and turned upside down. What used to be the mainstay of protein chemistry—fractionation, amino acid
sequencing, and cumbersome bioassays—are now relegated to a secondary, confirmatory role. For those of
us whose research careers span the length of the three eras, one cannot look back without being over-
whelmed by a sense of awe and humiliation.

The current volume is a collection of a variety of brain proteins and peptides whose structure and
functions are relatively well known. It is meant to provide a glimpse of the field rather than an exhaustive
treatise. In a rapidly expanding area such as this, not only that new members are constantly being identified,
but also that new functions are quickly being added to the known proteins and peptides. It can be said that
bringing a new protein into light is analogous to giving birth to a child, each having a life of its own,
growing in its own way frequently with outcomes unexpected to the parents.

Every author and coauthor in this volume is an established expert in the field. Each provides a succinct
and up-to-date summary of a protein or peptide as well as their own contributions to the field. In putting
this volume together, they have sacrificed their precious time that could have been used for other important
activities such as research, teaching, publishing original papers, and grant applications. The editor is deeply
appreciative of their dedication. It is a pleasure to see their labor coming to fruition, even though one is
cognizant of the fact that a large portion of the content will be outdated within a few years. Hopefully, like
the regenerating nerve, this volume will renew itself as time goes by.

Ramon Lim, M.D., Ph.D.
Iowa City, IA, 52242, USA
December 2005
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Nerve growth factor and related proteins

Abstract: The purification of the nerve growth factor (NGF) protein to homogeneity allowed for the
subsequent characterization of the remainder of the neurotrophin (NT) family of growth factors and their
cognate receptors. The juxtaposition of elegant protein biochemistry and insightful tissue culture
approaches to the elucidation of the developmental sequelae responsible for selective innervation and
neuronal number regulation led to an understanding of cell death processes and neuronal plasticity in
response to growth factor cues and later to trauma to the peripheral nervous system (PNS) and the central
nervous system (CNS). An understanding of the key evolution of these concepts is rooted in large measure
in the character of the early pioneering investigators in the neurotrophin (NT) field.

List of Abbreviations: BDNF, brain-derived neurotrophic factor; DRG, dorsal root ganglia; NGF, nerve
growth factor; NT, neurotrophin

1 Introduction: Discovery of NGF

While the concept of growth factors as proteins responsible for the survival and proliferation of cells is
common to the cancer and immunology fields, its analog in the neurosciences can easily be traced to the
discovery and early characterization of the nerve growth factor (NGF) protein, the founding member of the
neurotrophin (NT) family of proteins. The NGF and related N'Ts not only play roles in the cell survival of
neurons but also in their migration, neurite elongation, neurotransmitter expression, and synaptic matu-
ration both in the developmental process and in the maintenance of phenotypes specific to well-defined
areas of the peripheral nervous system (PNS) and the central nervous system (CNS). Also, while NGF
activity was originally described as neuronal-specific, the presence of NGF receptors on nonneuronal glial
and immune-like cells and the subsequent demonstration of effects on these nonneuronal cells is consistent
with similarities among the NT and cytokine gene families most likely reflecting evolutionary events (Perez-
Polo, 1990; Aloe, 2004). It would be hard to exaggerate the importance of NGF to our understanding of
those processes that balance the need for homeostasis with the growth requirements of development. In
addition, the particular cast of scientists involved in the early years of the discovery, purification, and
characterization of the NGF protein sometimes reads like an Indiana Jones script, inclusive of experiments
in cellars away from the persecution of Gestapo agents in Turin, Italy, during World War II followed by trips
to South America smuggling tumor-bearing mice (Cowan, 2001; Aloe, 2004).

At the heart of the NGF story there are three individuals: Rita Levi-Montalcini and Viktor Hamburger
on the biology side and Stanley Cohen on the biochemistry side. They brought together the skills and
insights of developmental science tradition, explant culture techniques, and a then newly ascendant protein
biochemistry armoire in a way that only serendipity and historical accidents could have accomplished.
Deprived of a position at the University of Torino during the early years of the World War II, Rita Levi-
Montalcini was forced to rely on the chicken embryo as a tool to determine the forces that made innervation
of tissues a well-choreographed event. After the war, this student of Professor Giuseppe Levi, and Viktor
Hamburger, the student of Professor Hans Spemann, were united when as a result of the publication of the
work carried out by Rita Levi-Montalcini in a cellar, where eggs not used in research provided more direct
sustenance, he invited her in 1947 to St. Louis to work in his department. Over the next decade the careful
analyses of experiments with chicken embryos and later explanted dorsal root ganglia (DRG) exposed to
tumor explant extracts led to the discovery of a protein that could elicit neuronal outgrowth. At the time the
absence of pure reagents led to the use of snake venom to abolish phosphodiestarase activities as a way of
eliminating nucleic acids as contributors to the neurite-extending activity and establishing proteins as likely
agents of neurite-promoting activity. The salivary origin of the mouse sarcoma tumors 37 and 180, rich in
this biological activity, led to the choice by Stanley Cohen of the mouse submaxillary gland as a potential
source of the factor. Retired male breeders were used as a measure of economy, given their low cost. These
sexually mature male random-bred mice would yield as much as 1% of their protein content as NGF
protein. Had females, containing less than 0.01% of the protein when compared with sexually mature male
mice, been used, the history of the Nobel Prize might be different. Nevertheless, the key event was the
establishment of the DRG in vitro assay, which provided a semiquantitative assay useful in the screening of
tissues and fractionation that made purification of isolated NT proteins possible.
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2 The NGF Bioassay

The ability to isolate and culture chick DRG for days at a time led to the development of a semiquantitative
assay based on the extension of neurites from cultured explants of DRG from 8-day-old chicken embryos in
response to the application of extracts containing “nerve growth promoting activity.” This fairly easy assay
allowed for the purification of the NGF protein from mouse sarcoma (Levi-Montalcini and Hamburger,
1953), as well as from submaxillary gland of adult male mouse (Varon et al., 1967; Bochini and Angeletti,
1969), snake venom (Angeletti, 1970; Perez-Polo et al., 1978), guinea pig prostrate (Harper et al., 1979), and
human placenta (Goldstein et al., 1978; Walker et al., 1980). In time, two different forms of NGF were
isolated: a highly basic protein of 26,500 Da and a subunit-containing complex made up of three different
protein dimers in a hexamer configuration stabilized by zinc, reminiscent of other zinc-containing
hexamers with important signaling properties such as insulin and B-amyloid protein.

3 The Neurotrophic Hypothesis

Interestingly, early studies suggested that part of the growth promoting activity present in NGF, in addition
to its neurotropic activity, was a stimulation of neuronal proliferation, now confirmed for CNS (Barnabe-
Heider and Miller, 2003). In time, elegant experiments showed that the differences in the sizes of the well-
contained explants and the numbers of cells present in the presence of NGF or in rats or mice injected with
NGF was due to effects of NGF on developmental cell death. The ability to control neuronal cell survival in
developing PNS by the application of NGF or antibodies to NGF led to the elucidation and direct testing of
the neurotrophic hypothesis (Levi-Montalcini and Angeletti, 1966; Hamburger and Oppenheim, 1982).
That is, careful counting of neurons present in well-defined sensory, sympathetic, and enteric ganglia as first
NGF and then other members of the NGF family of factors were either added or withdrawn via treatment
with antibodies showed that in all cases there was a considerable decrease in the number of neurons
associated with innervation of target organs that could be circumvented via the application of appropriate
cognate growth factors or exaggerated by treatment with antibodies to these same growth factors
(Hamburger et al., 1981; Oppenheim, 1981).

The neurotrophic hypothesis states that competition for target-derived trophic factors by neurons
during well-defined windows of development characterized by the rapid growth provides a mechanism for
the accurate innervation of target tissues during the development of the nervous system and the elimination
of those neurons that are not necessary. This developmental plasticity is a response to variations in
phenotype and the vagaries of events during development that allow for a very high level of circuit pattern
formation without the necessity to “hard wire” nervous system via the transfer, storage, and expression of
precise genetic information. The properties of neurons that perish apoptotically during development, the
transient or permanent nature of their dependence on those trophic growth factors at the termination of the
developmental sequelae, or the role of these growth factors in adult neuronal function or responses to
injury can vary greatly. However, in spite of these variations, there are certain common features that are now
accepted.

The strategy for establishing the final neural net that allows a nervous system to process sensory signals,
establish memory engrams, and generate responses ranging from the endocrine and motor to the sensation
of self-awareness depends in some fashion on the principle of the neurotrophic hypothesis, perhaps best
illustrated during the early neuronal development of the sympathetic nervous system. Early in development
there is an overproduction of precursor sympathetic neurons, sympathicoblasts, that when exposed to the
NGE in the absence of glucocorticoids, extend neurites oriented to the NGF source. Over time there is a
decrease in the ambient levels of NGF even as the extended growth cones contact target tissues that
synthesize and release the reduced amounts of NGE. Synaptic contact between the neuronal growth cones
that display NGF receptors takes place, and there is binding of nearby NGF molecules to these receptors
followed by internalization and the eventual retrograde transport to the neuronal soma of both
encapsulated NGF-receptor complexes and activated NGF receptors (Miller and Kaplan, 2002). Those
sympathicoblasts whose axons fail to reach a target become growth factor deprived, experience neurite
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pruning, and perish via apoptosis, the fate of half of all sympathetic neurons during development. This is
not a unique event as the fate of neuronal apoptosis during development is common to almost all neuronal
populations (Oppenheim, 1991).

Experiments that support the neurotrophic hypothesis have shown that an overproduction of neurons
early in development is followed by a significant decrease in their number as maturity is reached, that
the synthesis of neurotrophic substances takes place at tissues that are targets of innervation, but not at the
neurons that innervate them, and that cognate high-affinity neurotrophic receptors are present in
the innervating neurons but not in their target tissues. Furthermore, reducing the levels of the neurotrophic
factors and their cognate receptors, or interrupting the retrograde transport of NT results in the death of the
innervating neurons, an event that can be abrogated by the external application of the appropriate
growth factors to the innervating neurons (Johnson, 1978; Johnson et al., 1980; Oppenheim et al., 1982;
Levi-Montalcini, 1987; Smeyne et al., 1994).

4 NGF Protein Structure

The biological activity of NGF is associated exclusively with the highly basic protein subunit, 2.5S or f-NGF,
here called NGFE, which stimulates the differentiation and survival of both sensory and sympathetic neurons
(Levi-Montalcini and Hamburger, 1951; Greene and Shooter, 1980; Thoenen and Barde, 1980) and affects
certain populations of cholinergic neurons in the CNS. In several animal models, intraventricular infusion
of NGF has been shown to prevent the loss of cholinergic neurons in the septohippocampal lesions (Hefti,
1986; Williams et al., 1986; Kromer, 1987) and to restore cognitive function in aged rats when brain levels of
NGF were reduced (Fischer et al., 1987). NGF is part of a family of related growth factors known as the NTs
(© Figure 1-1). There are four members of the NT family: NGF, brain-derived neurotrophic factor (BDNF),

@ Figure 1-1
Sequence alignment of the neurotrophins. Numbering refers to NGF. Conserved residues are marked with an
asterisk. Regions of low sequence homology are shaded. Adapted from Wiesmann and Vos (2001)
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NT-3, and NT-4/5 (Levi-Montalcini and Hamburger, 1953; Cohen, 1959; Bochini and Angeletti, 1969;
Angeletti and Bradshaw, 1971; Perez-Polo et al., 1972; Barde et al., 1982; Ernsfors et al., 1990; Hon et al.,
1990; Kaisho et al., 1990; Maisonpierre et al., 1990; Rosenthal et al., 1990; Berkemeier et al., 1991; Hallbook
etal., 1991; Ip et al,, 1992; Ibanez, 1995; Shooter, 2001) that share a 50-60% sequence homology (Shooter,
2001) and 25% sequence homology to proinsulin (Barde and Thoenen, 1982). The NTs in turn belong to
the cysteine knot superfamily (Chao and Bothwell, 2002), so called because of ring structures made up of
intracellular disulfide bridges that form a tightly packed “cysteine knot” that allows for homodimers with
extensive surfaces in contact between antiparallel disposed monomers and a strong noncovalent bond
between dimer members (Kg ~ 10~'> M for NGF). Neurotrophins are typically very basic small proteins (pI
~ 9-10; mol. wt. ~ 12-14). For one such NT, NGF, the biologically active dimer (3-NGF) can be isolated as
part of a heterohexamer made up of the B-NGF dimer and two other protein dimer kallikreins, one active,
v-NGEF, and one inactive, o-NGF, which together with two zinc atoms form a stable equilibrium complex
(02B2Y2Zn,) called 7S NGF based on its equilibrium sedimentation constant (Shooter, 2001).

Murine 7S NGF is a stable multimer within a pH range of 5-9 and at concentrations consistent with its
dissociation equilibrium constant (K4=10"? M) (Shooter, 2001). Dissociation and association of the 7S
complex serves regulatory functions given that (whereas cross-linked B-NGF is biologically active) the
cross-linked 7S multimer is not active and the equilibrium dissociation constant for 7S NGF is in the same
range as the binding equilibrium constant of N'Ts for the p75™ '~ receptor (Chao and Bothwell, 2002). The
a-NGF subunit stabilizes the 7S NGF complex but has no other known biological function (Thomas et al.,
1981a), and the y-NGF subunits are arginine-specific esteropeptidases of the serine family that process the
pro-B-NGF precursor yielding the mature NGF form (Thomas et al., 1981b). The significant levels of NT
precursor forms present throughout adulthood may serve a complex regulatory function given the reported
widespread presence of pro-NTs and the selective cleavage of pro-NGF by y-NGF and of pro-BDNF by the
matrix metalloproteinase MMP-7 but not by MMP-2 or MMP-3 (Lee et al,, 2001). The nature and
processing of NT-3 and NT-4/5 are not known.

There appear to be elevated ambient levels of pro-NTs, as compared with the mature forms, consistent
with there being a regulatory role for pro-NT species (Lee et al., 2001). This is based in part on evidence that
pro-NGF has a higher affinity for NGE p75™'® receptor when compared with NGF (Lee et al., 2001). This
could have proapoptotic consequences. Given that p75™ '~ enhances the affinity of the other NGF receptor,
tropomyosin-related tyrosine kinase (TrkA), for NGF while decreasing the affinity of TrkA for NT-3, it may
be that a role of pro-NTs is to selectively affect developmental sequelae in individuals in response to
environmental cues, providing a more flexible developmental program based on the binding of pro-NTs to
p75-sortilin complexes (Kalb, 2005). A precise elaboration of the role of the different states of processing of
the NTs or of the high-molecular-weight forms of NTs—characterized for NGF in mouse submaxillary
gland and snake venom—is lacking.

5 The NT Receptors

The first obligatory action of a neurotrophin (NGEF, BDNE, NT-3, NT4/5) in the regulation of neuronal cell
death is binding to its cognate receptors (Bibel et al., 1999). There are two kinds of NT receptors: p75™ ' %
and Trk (Meakin and Shooter, 1992; Bibel et al., 1999). The p75NTR receptor belongs to the tumor necrosis
factor (TNF), fas antigen receptor (Fas) family of receptors, all of which contain an intracellular death
domain and are able to trigger ceramide signaling and NF-«xB activation (Dobrowsky et al., 1994; Carter
et al., 1996; Taglialatela et al., 1997, 1998). The ability of p75NTR to mediate both cell survival and cell death
of neurons and glia depends on its interaction with Trk receptors (p140™ A, p145TE and p145T+C)
(Radeke et al., 1987; Rodriguez-Tebar, 1990; Middlemas et al., 1991; McDonald et al., 1995; Taglialatela
et al., 1996; Dechant, 2001; Hirata et al., 2001; Miller and Kaplan, 2001; Chao and Bothwell, 2002). The
p75~"® receptor has an equilibrium dissociation constant of ~10~° M and when both p75™"® and Trk are
present on cells, the p75™ " receptors are present in much larger numbers compared with Trk. Also, when
both are present the combined equilibrium dissociation constant typically measured is in the ~10~'' M
range. The Trk receptors belong to the tyrosine kinase family of receptors that share amino acid sequence
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homology with the tropomyosin-related tyrosine kinase. They are commonly called TrkA, TrkB, and TrkC
(®© Figure 1-2). The Trk receptors display differential binding to the different NTs (McDonald et al., 1995;
Chao and Bothwell, 2002). While the p75~™® receptors appear to bind equally to any of the NTs, the Trk
receptors do show some specificity with TrkA preferentially binding to NGF, TrkB preferentially binding to
BDNF and NT-4/5, and TrkC preferentially binding to NT-3. There are also nonfunctional truncated TrkB
and TrkC receptors, likely to quench NT action (Middlemas et al., 1991) and mediate separate intracellular
signaling cascades (Kalb, 2005). Although p75™*® binds all of the N'Ts, there may also be selective activation
of ceramide signaling by NGF but not the other NTs. BDNF and NT-3 Trk receptors are widely distributed
in the nervous system as compared with the more restricted distribution of TrkA receptors. In addition, the
intracellular fates of internalized NT receptors, which may be controlled via regulated receptor proteolysis,
could have regulatory importance (Kalb, 2005). It is clear that both p75™ "~ and the different Trks activate
intracellular cascades that share elements and thus engage in crosstalk. While a detailed analysis of these is
beyond the scope of this chapter, it is likely that some of the apparent difficulty in reconciling observations
as to the role of these elements in cell death and phenotypic expression may be due to the lack of acuity of
the studies to date. For example, while both p75™'™® and TrkA activate the transcription factor NF-kB,
which NF-kB dimers are involved in the activities stimulated by the two receptors has not been established.
In addition to the cleavage of receptors into inactive truncated forms, which may have different or
unknown biological activities, there is also evidence for secretase cleavage of p75~ "%, which may also
play a role in development (Zampieri et al., 2005).

@ Figure 1-2
The neurotrophin receptors

Any NGF NT3
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6 Biological Activity of NTs: Specificity and Plasticity

In the CNS, NT action is very specific. NGF is synthesized by glutaminergic hippocampal neurons in the
proximity of nerve terminals belonging to basal forebrain cholinergic neurons expressing p75™ '~ receptors
(Radeke et al., 1987; Gu et al., 1988; Rodriguez-Tebar et al., 1990; Middlemas et al., 1991; McDonald et al.,
1995; Rossner et al., 1995, 1997a, b; Yu et al., 1995, 1996; Taglialatela et al., 1996; Dechant, 2001; Hirata
et al.,, 2001; Miller and Kaplan, 2001; Chao and Bothwell, 2002; Naumann et al., 2002). The p75NTR
receptors present on the synaptic terminals of projecting basal forebrain cholinergic neurons in turn bind
and internalize NGEF, providing trophic support to basal forebrain cholinergic neurons. Interruption of this
retrograde transport selectively kills the cholinergic neurons and impairs cognitive function. Exogenous
NGF can overcome the effects of hippocampus-derived NGF.

Studies using NT and NT-receptor-null mice would suggest that abolition of the TrkA gene disturbs
sensory neurons in the periphery to a greater extent than the TrkA-bearing neurons in the CNS (basal
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forebrain cholinergic neurons and striatal cholinergic interneurons) that appear to express both TrkB
receptors (Crowley et al., 1994; Koliatsos et al., 1994; Smeyne et al., 1994). Given that both TrkB and TrkC
are widely distributed in both the CNS and the PNS, it is not surprising that in null mice lacking individual
NTor NTreceptor genes the absence of a growth factor, or its receptor, is compensated by the expression of
others (Ernfors et al., 1994a, b; Jones et al., 1994; Conover et al., 1995). Thus, although there are specific
developmental stages for the maximal expression of the different N'Ts, null mice studies would suggest that
there is also a great deal of plasticity present during development.
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Signaling through the neurotrophin receptors

Abstract: Neurotrophins are a family of growth factors critical for the development and functioning of the
nervous system. Members of the neurotrophin family initiate downstream signaling via two types of
neurotrophin receptors: Trks (TrkA, TrkB, and TrkC) and p75. This chapter reviews what is known about
the structures and functions of Trk and p75: from ligand specificity and binding, initiation and regulation
of intracellular signaling cascades, and crosstalks with other signaling pathways to the biological responses
in the nervous system.

List of Abbreviations: A2A, adenosine A2A receptor; AMPA, alpha-amino-5-methyl isoxazole-4-propio-
nate; ARMS, ankyrin repeat-rich membrane spanning protein; Bad, Bcl2 antagonist of cell death; BDNF,
brain-derived neurotrophic factor; CaM kinase, calcium/calmodulin-dependent protein kinase; Cdc42, cell
division cycle 42; CHK, Csk homologous kinase; CIPA, congenital insensitivity to pain and anhidrosis;
CNS, central nervous system; CNTF, ciliary neurotrophic factor; CREB, cAMP response element binding
protein; DAG, diacylglycerol; DRG, dorsal root ganglion; Egr-1, early growth response-1; ERK, extracellular
signal-regulated kinases; FADD, Fas-associated death domain; Frs2, fibroblast growth factor receptor
substrate 2; Gab, Grb2-associated binder-1; GPCR, G-protein-coupled receptor; Grb2, growth factor
receptor-binding protein-2; GRK2, G-protein-coupled receptor kinase 2; GSK3, glycogen synthase kinase
3-B; Ig domain, immunoglobulin-like domain; IkB, inhibitor of kappa-B; IL-6, interleukin-6; IP3, inositol
1,4,5-trisphosphate; JNK, Jun N-terminal kinase; LIF, leukemia inhibitory factor; LINGO-1, LRR- and
Ig-domain-containing Nogo receptor interacting protein; LTP, long-term potentiation; MAG, myelin-
associated glycoprotein; MAPK, mitogen-activated protein kinase; MEF2, myocyte enhancer factor-2;
MEK, MAPK/ERK kinase; MKP-1, mitogen-activated protein kinase phosphatase 1; NADE, p75™'~-
associated cell death executor; Na,1.9, voltage-gated sodium channel 1.9; NF-kB, nuclear factor kappa-B;
NGE, nerve growth factor; Ngr, Nogo-66 receptor; NMDA, N-methyl-p-aspartate; NRAGE, neurotrophin
receptor interacting MAGE homolog; NRIE, neurotrophin receptor interacting factor; N'T, neurotrophin;
OMgp, oligodendrocyte—myelin glycoprotein; PAC1, PACAP-preferring; PACAP, pituitary adenylate
cyclase-activating polypeptide; PDK-1, phosphoinositide-dependent protein kinase; PI3K, phosphati-
dylinositol-3 kinase; PKC, protein kinase C; PLC-y1, phospholipase C-gamma 1; PNS, peripheral nervous
system; PP1, Src kinase inhibitor; PTB, phosphotyrosine binding; PTEN, phosphatase and tensin
homolog deleted on chromosome 10; RhoGDI, RhoGDP dissociation inhibitor; RIP-2, receptor inter-
acting protein-2; RT-PCR, reverse transcriptase-polymerase chain reaction ; S1P, sphingosine-1-phosphate;
SCG, superior cervical ganglion; SH2, Src-homology 2; Shc, SH2-containing collagen-related proteins;
SHP-1, SH2-containing phosphatase 1; SOS, son of sevenless; SphK1, sphingosine kinase type 1; STAT3,
signal transducer and activator of transcription 3; TNF, tumor necrosis receptor; TRADD, tumor necrosis
factor receptor 1-associated death domain protein; TRAF6, TNF-receptor-associated factor 6; Trk,
tropomyosin-related kinase; TRPC3, transient receptor potential cation channel 3; VRI, vanilloid
receptor 1

1 Introduction

Discovery of the family of neurotrophic factors known as the neurotrophins represents one of the
major steps in understanding how neurons develop and differentiate to acquire their unique function
and morphology. Since the identification of the first neurotrophin nerve growth factor (NGF) in
1953, much of the research efforts have focused on understanding the downstream signaling events
and the biological effects of these proteins. Neurotrophins are a family of neurotrophic factors implicated
as key players in regulating neuronal survival and development. To date, several neurotrophins have
been identified including NGF, brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3),
and neurotrophin-4/5 (NT4/5) (Ip et al., 1992; Ip and Yancopoulos, 1994). Neurotrophin-6/7 (NT-6/7)
is a recent addition to the neurotrophin family isolated in lower vertebrates (Gotz et al., 1994; Lai et al,,
1998).
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2 Discovery of the Neurotrophin Receptors

For a long period, characterization of the neurotrophin receptors presented a formidable, albeit urgent,
task. Given that neurotrophins are factors that may utilize cell surface receptors for signal transduction,
initial studies aimed to characterize the binding characteristics of NGF receptors using '*’I-NGF in kinetics
studies (Sutter et al., 1979; Landreth and Shooter, 1980). Back in the early 1980s, it had already been
demonstrated that neurons exhibit two saturable binding sites for NGF, thereby prompting the idea that
there exist two populations of NGF receptors, namely the high-affinity and the low-affinity receptors (Sutter
et al., 1979; Landreth and Shooter, 1980).

The first NGF receptor, known as the p75 low-affinity NGF receptor, was identified and sequenced in
1986 (Chao et al., 1986; Johnson et al., 1986; Radeke et al., 1987). Nonetheless, p75 was later found to
display no intrinsic kinase activity, which is in contrast to a previous observation showing that NGF
treatment induces rapid tyrosine kinase activation in PC12 cells (Maher, 1988; Kaplan et al., 1991b).
In addition, NGF-mediated induction of c-fos transcription was shown to depend upon binding to the
high-affinity site (K3a210~"' M). p75, on the other hand, only associates with NGFs with low affinity (Kq~
10~°M) (Hempstead et al., 1989). These observations collectively suggest that the biological responsiveness
to NGF was mediated by other NGF receptors.

The continued quest was rewarded by the isolation of Trk in 1989, also known as gp14 or
gp140™A, Trk, the founding member of the Trk family of receptor tyrosine kinase, is now referred to as
TrkA to distinguish it from the other members of the family, namely TrkB and TrkC. Trk was serendipi-
tously identified during a search for transforming genes in human colon cancer in 1986 (Martin-Zanca
et al., 1986). The isolated oncogene trk was named tropomyosin-related kinase for bearing a stretch of a
nonmuscle tropomyosin sequence after somatic rearrangement. The presence of a tyrosine kinase domain
in the trk oncogene indicates that the trk protooncogene may code for a novel member of tyrosine kinase.
Determination of the sequence for the trk protooncogence in 1989 revealed that it encodes a receptor
tyrosine kinase (Martin-Zanca et al., 1989), therefore suggesting that it may serve as a trophic factor
receptor.

Soon after the characterization of the trk protooncogene, TrkA was found to serve as a transducing
receptor for NGF in the total absence of p75 (Kaplan et al., 1991a; Klein et al., 1991a; Squinto et al., 1991).
TrkA-mediated induction of downstream signaling such as PLCy phosphorylation strongly suggests that
TrkA is the cognate receptor for NGF. This observation was corroborated by the findings that TrkB and
TrkC, members of the same family, were identified as cognate receptors for other neurotrophins including
BDNF and NT-3, respectively (Glass et al., 1991; Klein et al., 1991b).

In this chapter we describe in detail the subtypes of neurotrophin receptors, the cascades of signaling
events initiated following neurotrophin receptor activation, and the functional significance of neurotrophin
receptor signaling.

Oproto-trk

3 The Neurotrophin Receptors

3.1 Structure of Trks

Although TrkA, TrkB, and TrkC were transcribed from separate loci, they share high degree of sequence
homology and are similar structurally. Congruent with other receptor tyrosine kinases, Trks comprise an
extracellular ligand-binding region, a single transmembrane region, and a cytosolic region containing a
tyrosine kinase domain. The extracellular domain is crucial for ligand recognition, ligand binding, and
receptor dimerization. It is characterized by the presence of two cysteine-rich domains (domains 1 and 3),
which sandwich three tandem leucine-rich motifs (domain 2), followed by two C2-type immunoglobulin-
like (Ig) domains (domains 4 and 5) (Schneider and Schweiger, 1991). Among these domains, the C2-type
immunoglobulin-like domain proximal to the membrane (domain 5) has been shown to mediate ligand
binding (@ Figure 2-1; Wiesmann et al., 1999; Naylor et al., 2002).
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@ Figure 2-1

Isoforms of Trk family receptors. TrkA isoforms have identical intracellular region, but different extracellular
region. Three of them contain either three (L3l), one (L11), or no (LOI) leucine-rich motif. Another TrkA isoform
with three leucine-rich motifs is characterized by an insertion between the second immunoglobulin-like domain
(Ig2) and the transmembrane region (L3ll). TrkB isoforms with three leucine-rich motifs include TrkB-FL (L3FL),
T1(L3T1), and T2 (L3T2). TrkB-FL contains an intracellular tyrosine kinase domain, but Trk-T1 and T2 only have a
short protein sequence of 11 and 9 amino acids, respectively. Isoforms with one (L1FL and L1T1) or no (LOFL and
LOT1) leucine rich motifs are also found for TrkB-FL and T1. All TrkC isoforms identified contain three leucine rich
motifs. TrkC-FL (L3FL) contains a cytosolic kinase domain, but T1 (L3T1) and T2 (L3T2) do not contain a kinase
domain, which is replaced by a short amino acid sequence. Also, isoforms of TrkC with various amino acids insert
(14, 25, and 39; denoted as L314, L325, and L339) in the kinase domain are also identified. For p75, one isoform
(s-p75"T) characterized by the deletion of three of the four cysteine repeats has been identified
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In addition to the five domains described above, the extracellular region of Trk also contains consensus
sites for N-glycosylation. TrkA, for example, contains 13 of these sites (Martin-Zanca et al., 1989).
Inhibition of glycosylation was shown to prevent the localization of Trks to the membrane surface and
induce constitutive activation of the Trk tyrosine kinase in the absence of ligand binding (Watson et al.,
1999; Mutoh, 2000). These studies suggest that in addition to engaging in ligand binding, modulation in the
extracellular domain may also play an important regulatory role in receptor function.

Adjacent to the extracellular domain is the hydrophobic transmembrane domain, which serves as an
anchorage for the receptor to the plasma membrane. The intracellular region, on the other hand, comprises
a juxtamembrane region, a tyrosine kinase domain followed by a short carboxy-terminal tail. The tyrosine
kinase domain is indispensable for signal initiation and propagation. Tyrosine residues located in the
intracellular region are autophosphorylated upon ligand binding, which serves as crucial docking sites for
downstream signaling components (reviewed in Ip and Yancopoulos, 1994; Segal, 2003). The signaling
cascades will be discussed in more detail later in the chapter.
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3.2 Expression Profiles and Isoforms of Trks

3.2.1 TrkA

trkA encodes a 140-kDa glycoprotein (gp140™*), which can be found in the central nervous system (CNS),
the peripheral nervous system (PNS) and the immune system. TrkA receptors are expressed in the
cholinergic neurons of the basal forebrain and several subtypes of ganglia including the sensory cranial
and spinal ganglia, the sympathetic ganglia, the dorsal root ganglia (DRGs), and the retinal ganglion cells
(Martin-Zanca et al., 1990; Holtzman et al., 1992; Carroll et al., 1992; Schecterson and Bothwell ,1992; Mu
et al., 1993; Zanellato et al., 1993).

Four splicing variants of TrkA exhibiting distinctive extracellular and intracellular regions were previ-
ously found in rat pheochromocytoma PC12 cells and thymus. Two TrkA isoforms were found in PC12
cells, the first one being the original TrkA found by Martin-Zanca’s group in 1989 and a second isoform
containing a six-amino-acid insertion between the Ig2 domain and the transmembrane region. To classify
these receptors, the original TrkA (without the insertion) is designated as TrkAI and the isoform (with the
insertion) as TrkAII (Barker et al., 1993). Functional studies showed that the two isoforms display no
significant differences in ligand binding or NGF-induced signaling transduction in fibroblast cells. Howev-
er, NT-3 elicits a higher activation response compared with NGF in TrkAlIl-overexpressing PC12 cells, in
contrast to the usual preference for NGF observed in TrkAI isoform (Clary and Reichardt, 1994). This
suggests that the insertion in the extracellular domain may modulate ligand selectivity. Expression profiles
of these two isoforms are also nonoverlapping in vivo, with TrkAI expressed mainly in nonneuronal tissues
and TrkAII expressed predominantly in neuronal tissue.

The other two TrkA isoforms were identified in the thymus. They are distinguished from the original
TrkAI by the presence of various leucine-rich region truncations. The original TrkAI contains three
leucine-rich regions and is therefore also referred to as TrkAL3. The other two isoforms are referred to as
TrkALO and TrkALl for containing either none or only one of the leucine-rich motifs. These isoforms
are expressed almost exclusively in the thymus, with their functional significance not fully understood at
this stage. Nonetheless, the lack of a leucine-rich region may participate in regulate the ligand specificity
of these two isoforms (Dubus et al., 2000). Please refer to @ Figure 2-1 for a complete list of the TrkA
isoforms.

3.2.2 TrkB

In 1989, Klein et al. identified ¢rkB complementary DNA (cDNA) by screening a mouse brain cDNA library
using a probe that encodes human trk tyrosine kinase. The function of TrkB, nonetheless, remained unclear
until the identification of TrkB as a receptor for the neurotrophins in 1991 (Klein et al., 1991b; Squinto
et al, 1991). trkB encodes a 145-kDa glycoprotein (gp145"*”), which exhibits differential spatial and
temporal expression profiles during development (Klein et al., 1989). trkB transcripts are detected most
abundantly in the nervous system, and to a lesser extent, in the lung, muscle, and ovaries. In situ
hybridization analysis and immunostaining showed that TrkB is widely expressed in the brain including
the cerebral cortex, hippocampus, dentate gyrus, striatum, brainstem, spinal cord, as well as the spinal and
cranial ganglia, paravertebral trunk of the sympathetic nervous system, and various innervation pathways.
During development, both the transcripts and proteins of TrkB are detected from embryonic to adult stages
(Fryer et al., 1996; Yan et al., 1997). In early embryogenesis, trkB is also expressed in neuroepithelium and
neural crest cells (Klein et al., 1990).

To date, seven truncated isoforms of ¢rkB have been identified. Two receptors without cytoplasmic
kinase domain were screened from adult rat cerebellar cDNA library and were named TrkB-T1 and TrkB-T2.
Compared with full-length TrkB (TrkB-FL), they have the same extracellular domain and transmembrane
region, but the intracellular domain is replaced with an unidentical short C-terminal sequence (Middlemas
etal., 1991). Various isoforms of TrkB receptors are widely and abundantly expressed in the nervous system,
but the localization varies for each isoform. Within the nervous system, TrkB-FL is expressed ubiquitously
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in neuronal cells, but is absent in nonneuronal cells. TrkB-T1 can be found in both neuronal and
nonneuronal tissues such as astrocytes, oligodendrocytes, and Schwann cells, whereas TrkB-T2 is mainly
expressed in the neuronal region, overlapping with that of TrkB-FL (Armanini et al., 1995). Expression
of various TrkB isoforms also changes during development, with TrkB-FL proteins initially detected in
the embryonic stages and truncated TrkB predominates in late postnatal and adult stages (Fryer et al.,
1996).

Like TrkA isoforms, TrkB isoforms may also differ by having only one (TrkBL1) or complete absence
(TrkBLO) of leucine-rich regions in the extracellular domain. Reverse transcriptase-polymerase chain
reaction (RT-PCR) study demonstrated that both TrkB-FL and TrkB-T1, but not TrkB-T2, can encode
isoforms bearing three (L3), one (L1), or no leucine-rich motif (L0) in extracellular domains (@ Figure 2-1).
The L1 and L0 variants do not bind to TrkB ligands including BDNF, NT-3, and NT-4, and cannot maintain
survival and morphological transformation in fibroblasts (Ninkina et al., 1997).

3.2.3 TrkC

Another member was added to the Trk family when Lamballe et al. (1991) isolated trkC by screening an
adult porcine brain ¢cDNA library with a catalytic domain of the human trk DNA sequence in 1991. Like
trkA and trkB, trkC encodes a glycoprotein of about 145 kDa (gp145™C), which is preferentially expressed
in the brain, particularly in the hippocampus, cerebral cortex, the granular cell layer of the cerebellum,
spinal cord motorneurons (Lamballe et al., 1991; Merlio et al., 1992), and various neural crest and ganglia
(Tessarollo et al., 1993).

A total of six isoforms with truncation or insertion in the intracellular domain have been identified for
TrkC (© Figure 2-1). Like TrkB, two TrkC isoforms exhibit truncated kinase domain (TrkC-T1 and
TrkC-T2), which is replaced by a short C-terminal sequence. Three other isoforms are characterized by
different lengths of insertions (TrkC-14, TrkC-25, and TrkC-39) in the intracellular domain. These inser-
tions interfere with the major autophosphorylation site of the kinase domain of these receptors (Lamballe
etal., 1993; Tsoulfas et al., 1993; Valenzuela et al., 1993). This interruption may underlie the observed failure
of these isoforms to mediate proliferation in fibroblasts or neuronal differentiation in PC12 cells, despite
induction of rapid phosphorylation of the tyrosine residues upon ligand binding. Expression of TrkC
isoforms remained concentrated in the nervous system. Interestingly, only the truncation isoforms are
expressed in astrocytes, peripheral nerve, and nonneural tissues (Lamballe et al., 1993; Valenzuela et al.,
1993; Guiton et al., 1995).

3.3 Structure and Expression Profile of p75

p75, although not a member of the Trk family receptors, also binds to neurotrophins and functions as an
indispensable component of neurotrophin signaling. The structure and biological functions of p75 are quite
dissimilar compared with Trks. p75 belongs to the tumor necrosis factor (TNF) family receptors and was
first identified as an NGF receptor in 1986 (Chao et al., 1986; Johnson et al., 1986). It encodes a 75-kDa
glycoprotein, which can form homodimers or heterodimers with Trk receptor in vivo. The nomenclature of
p75 has been revised to low-affinity NGF receptor, p75™ ' %, because it was found to associate with NGF via
low-affinity binding (Sutter et al., 1979; Johnson et al., 1986; Radeke et al., 1987). Being a member of the
TNF family, it is structurally similar to other TNF members, consisting of four cysteine-rich domains in the
extracellular region, a transmembrane domain, and an internal death domain lacking any kinase domain
(Johnson et al., 1986). Within the internal death domain, the intracellular juxtamembrane domain is also
called the Chopper domain for its ability to initiate cell death in DRG cells (Barrett and Barlett, 1994). The
cysteine-rich domains in the extracellular region are essential for binding to the neurotrophins, and the
cytoplasmic region is implicated in the activation of nuclear factor kappa-B (NF-xB) and triggering of
apoptosis (Liepinsh et al., 1997).



Signaling through the neurotrophin receptors

The expression of p75 is developmentally regulated. During development, it is highly expressed during
embryonic and postnatal stages, with reduced expression in the adult stage. p75 is expressed abundantly in
various neuronal populations, including the striatal neurons and spinal cord motor neuron, as well as in the
sympathetic and sensory ganglia. Interestingly, expression of p75 was found to partially overlap with that of
Trk, correlating with its ability to form heterodimers with Trks. For example, abundant levels of p75 were
found in basal forebrain where TrkA is also highly expressed (Buck et al., 1987; Ernfors et al., 1988, 1989;
Cohen-Cory et al., 1989; Gibbs et al., 1989; Lu et al., 1989; Mobley et al., 1989; Friedman et al., 1991;
Liepinsh et al., 1997).

For a long time it was believed that the p75locus expresses only a single, full-length receptor. Recently, it
was demonstrated that there exists a truncated isoform of p75, named s-p75NTR, characterized by the
absence of three of the four cysteine-rich repeats in the extracellular domain (@ Figure 2-1; von Schack
et al., 2001). Like p75, s-p75™ " is expressed in the brain and spinal cord, although the expression levels are
much reduced compared with that of full-length p75. Deletion of the cysteine-rich repeats renders s-p75™ =
unable to bind NGF. Nonetheless, both full-length p75 and s-p75~"*-null mice display neuronal loss in
sensory neurons and Schwann cells, therefore suggesting that both isoforms are associated with maintaining
neuronal survival (von Schack et al., 2001).

4  Neurotrophin Receptor Signaling

4.1 Neurotrophins and Their Receptors

Despite the structural similarity of TrkA, TrkB, and TrkC, they display rather remarkable selectivity for their
ligands. TrkA serves as the cognate receptor for NGF, although it also associates with NT-3 with low affinity
(Kaplan et al., 1991a; Klein et al., 1991a; Clary and Reichardt, 1994). In addition, NT-6/7 has also been
shown to utilize TrkA for signal transduction (Lai et al., 1998; Nilsson et al., 1998). TrkB, on the other hand,
serves as a cognate receptor for BDNF and NT4/5. NT-3 again interacts weakly with TrkB (Berkemeier et al.,
1991; Klein et al., 1991b, 1992; Soppet et al., 1991; Squinto et al., 1991; Lai et al., 1996). TrkC interacts
selectively with NT-3 (Cordon-Cardo et al., 1991; Lamballe et al., 1991). Finally, all neurotrophins interact
with p75, a low-affinity NGF receptor (Barbacid, 1995; Bothwell, 1995; Lewin and Barde, 1996; Huang and
Reichardt, 2003). The ligand selectivity for the Trks and p75 is summarized in @ Figure 2-2.

4.2 Ligand Binding

4.2.1 Ligand Selectivity and Ligand Binding for Trks

To understand how Trk receptors interact selectively with their cognate ligands, the extracellular region of
Trk has been extensively examined. In a series of domain swapping and chimeric receptor studies, the two
C2-type Immunoglobuline-like domains of TrkA were shown to be essential for the binding of NGF (Perez
et al., 1995). The Ig2 (domain 5) of TrkB and TrkC can also regulate the specificity and binding of the
ligands (Urfer et al., 1995). Furthermore, determination of the 3D structure of the TrkA-NGF complex
consolidated the role of TrkA domain 5 in neurotrophin binding (Ultsch et al., 1999; Wiesmann et al.,
1999). Binding of NGF to TrkA induces TrkA dimerization, with NGF-TrkA complex existing as a
symmetric structure in a 2:2 stoichiometric ratio (Wiesmann et al., 1999).

In addition to domain 5, other modification in the extracellular domain has also been shown to affect
receptor activation. Mutation of proline residue 203 of TrkA, situated between the leucine-rich regions and
the Igl domain of Trk, to alanine enhances receptor dimerization, and triggers the autophosphorylation of
the tyrosine residues on the receptors in the absence of ligand binding (Arevalo et al., 2001). This
observation suggests that this proline residue may take part in modulating receptor activation subsequent
to ligand binding.
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O Figure 2-2

Ligand specificities of Trk family receptors. Neurotrophins bind to specific Trk receptors. NGF and NT-6/7
interact with TrkA whereas BDNF and NT415 interact with TrkB with high affinity (thick arrow). NT-3 binds
strongly to TrkC, but also interacts with TrkA and B with lower affinity (thin arrow). Most neurotrophins (NTs)
bind to p75 with low affinity
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4.2.2 Ligand Binding for p75

P75 receptor, in contrast to Trks, interacts with all neurotrophins. Recent evidence suggests that whereas all
neurotrophins bind to p75, they associate with p75 with different affinities. BDNF was found to associate
and dissociate from p75 at a much slower rate compared with NGF and NT-3 (Rodriguez-Tebar et al.,
1992). In addition, although all neurotrophins bind to p75 via a cluster of positively charged residues on the
neurotrophins, the residues involved in the association are different for the different neurotrophins (Ryden
et al., 1995; Ryden and Ibanez, 1996). A recent study characterizing the crystal structure of NGF complexed
with p75 revealed that the cysteine-rich domain of p75 forms an asymmetric complex with NGF in a 1:2
stoichiometric ratio (He and Garcia, 2004). This is in contrast to the dimerization of TrkA observed
following association with NGF. Trk dimerization has been shown to play a crucial role in initiating the
downstream signaling cascade. It is therefore rather surprising to observe that the binding of NGF to p75
allosterically distorts the conformation of the NGF homodimers, thereby preventing association with a
second p75. Nonetheless, this conformational change opens up a potential interaction site for other
receptor components. Thus making the physical interaction between Trk and p75 possible (He and Garcia,
2004; Zampieri and Chao, 2004).

Recently, Lee et al. (2001) have proposed that the pro-forms of neurotrophins show a higher affinity to
p75 than the mature neurotrophins, suggesting that proneurotrophin may be the primary ligand for p75.
However, instead of promoting trophic support, these pro-neurotrophins induce p75-dependent apoptosis
in sympathetic neurons (Lee et al., 2001) and oligodendrocytes (Beattie et al., 2002; Lu, 2003). The relative
importance of pro-neurotrophins and neurotrophins in mediating p75 signaling will remain an interesting
area for further investigation.
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4.3 Signaling Cascades Downstream of Trk Activation

What happen to the Trk receptors after their cognate ligands come into contact with the extracellular
domains of the receptors? Like other receptor tyrosine kinases, Trk receptors dimerize in response to ligand
binding (Jing et al., 1992). This dimerization triggers the transactivation of the tyrosine kinase domain, and
initiates a massive cascade of signaling events. Some of these signaling pathways have been shown to
mediate crucial functions of Trk signaling, while for some the mechanism of activation and functional
importance are just beginning to be understood. In the following section, we briefly summarize the myriad
of molecules recruited to propagate and diversify Trk signaling following ligand binding and receptor
activation.

Immediately following transactivation of the tyrosine kinase domain of the Trk receptor, several
tyrosine residues present in the cytoplasmic domains of the receptors become phosphorylated. In the
case of TrkA, NGF binding induces phosphorylation of Y490, Y670, Y674, Y675, and Y785 (Ip and
Yancopoulos, 1994; Segal, 2003). Tyrosine residues present in TrkB and TrkC at equivalent positions are
also phosphorylated upon ligand binding. For simplicity, we will adopt the nomenclature for the TrkA
tyrosines in the following description.

Among the five tyrosines, Y670, Y674, and Y675 are in the activation loop of the kinase domain. Y490
and Y785, on the other hand, are located outside the kinase domain (Ip and Yancopoulos, 1994; Segal,
2003). The phosphorylation of these residues is required not only for the full transactivation of the Trk
receptors, but also for serving as crucial docking sites for adaptor proteins indispensable for the initiation of
Trk downstream signaling. Association between the activated Trk receptor and the adaptor proteins occur
mostly via the phosphotyrosine-binding (PTB) or src-homology 2 (SH2) domain of the adaptor proteins.
Upon association, these adaptor proteins are usually phosphorylated by Trk itself, which then triggers
several intracellular signaling pathways including the Ras-MAPK, phosphatidylinositol-3 kinase (PI3-
kinase), and PLC-y pathways (Stephens et al., 1994).

4.3.1 Ras-MAPK Signaling

Among these signaling pathways, activation of the Ras-MAPK pathway involves the most complex network
of adaptor proteins and signaling molecules, with multiple converging and diverging points within the
signaling cascade. All pathways eventually converge on the activation of small GTPase Ras, which then
stimulates the three-tiered activation of the MAPK pathways. Upon Trk activation, Ras activation is
accomplished by the recruitment of SH2-containing collagen-related proteins (Shc) to phospho-Y490 via
the PTB domain of Shc. The bound Shc is then phosphorylated by Trk, which prompts its association with
growth factor receptor-binding protein-2 (Grb2) and (son of sevenless (SOS); see © Figure 2-3). Recruit-
ment of SOS, an exchange factor for Ras, results in Ras activation (Atwal et al., 2000). It should be noted,
however, that in addition to associating with the activated Trk receptor by binding to phosphorylated Shc,
Grb2 can also bind directly to activated Trk (@ Figure 2-3).

Alternatively, Ras activation is achieved by interaction with the SH2 domain of SH2-B or rAPS, or via
the PTB domain of fibroblast growth factor receptor substrate 2 (Frs2; also known as SNT); (also known
as SNT). Both SH2B and rAPS interact with the phosphotyrosines in the activation loop of the activated
Trks (Qian et al., 1998; Qian and Ginty, 2001). Frs2, on the other hand, associates with Y490 of activated
Trk. All three adaptor proteins are then phosphorylated upon their association with activated Trk, and each
can recruit Grb2 to initiate Ras activation via the Grb2-SOS complex (Qian et al., 1998; Meakin et al.,
1999). Activation of Ras results in the sequential activation of the MAPK superfamily, the MAPK kinase
kinase Raf, MAPK/ERK kinase (MEK), and MAPK extracellular signal-regulated kinase (ERK). Indeed,
following Trk activation, Ras induces the phosphorylation and activation of MAPKKK Raf-1 and B-Raf
(Lange-Carter et al., 1993; Vaillancourt et al., 1994). Both Raf-1 and B-Raf then trigger the activation of the
MAPK kinase MEK1/2, followed by activation of the MAP kinase ERK1/2. The activated ERK1/2 then
translocates to the nucleus to activate several transcription factors including early growth response-1
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O Figure 2-3

Schematic diagram of neurotrophin-induced Trk signaling pathways. After binding of the neurotrophin,
dimerization of two Trk receptors triggers the activation of the kinase domain, thereby resulting in trans-
phosphorylation of tyrosine residues on the neighboring receptor. Positional information for the tyrosine
residues listed in the figure corresponds to the tyrosines phosphorylated in activated TrkA. The phosphotyr-
osines then provide docking sites for various adaptor proteins or signaling molecules including Shc, PLCy-1,
Frs2, SH2B, rAPS, and CHK to activate MAPK, PI3K, and PLCy signaling pathways. Please refer to Sections 4.4 for
detail description of the pathways
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(Egr-1) and Elk-1 (Marais and Marshall, 1996; Harada et al., 2001; Levkovitz and Baraban, 2002). Activa-
tion of Egr-1, for example, induces the transcription of cyclin-dependent kinase 5 (Cdk5) activator p35 to
facilitate neurite outgrowth in PC12 cells (Harada et al., 2001). In addition, ERK activation was also shown
to be required for NGF-induced STAT3 phosphorylation at serine727 in PC12 cells (Ng and Ip, manuscript
submitted). NGF-induced activation of ERK hence takes part in regulating a myriad of transcription factors
crucial for mediating NGF-stimulated differentiation and neurite outgrowth.

It should be noted that NGF can also induce ERK activation independently of Ras activation.
Phosphorylation of Frs2 following association with Y490 of activated TrkA activates the formation of the
Crk-C3G complex. It then induces the activation of ERK via another small GTPase Rapl (@ Figure 2-4;
York et al., 1998; Kao et al., 2001). Remarkably, activation of ERK via Ras and Rap1 represents distinctive
phases of ERK activation. A recent paper showed that the sustained activation of ERK induced by NGF can
actually be deciphered as two phases: the initial rapid or transient phase, followed by a sustained phase of
ERK activation (York et al., 1998). The use of dominant-negative Ras demonstrated that the two phases are
mediated by distinct signaling pathways. The initial transient phase is mediated by Ras signaling, while the
sustained activation of ERK1/2 occurs through Rap1/B-Raf/MEK (Kao et al., 2001). Furthermore, it was
recently shown that Rap1 activation following NGF treatment is localized to endosomes and requires TrkA
internalization (@ Figure 2-4; York et al., 2000; Wu et al., 2001). These observations suggest that endocytosis
may also play a key role in the activation of Trk signaling.
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@O Figure 2-4

Rapid and sustained activation of ERK by Trk. NGF-induced sustained and rapid activation of ERK occur by
distinct signaling cascade downstream of TrkA activation. NGF-induced TrkA phosphorylation at the plasma
membrane activates rapid phosphorylation of ERK1/2 through Ras and B-Raf/MEK pathway. Sustained activa-
tion of ERK1/2, on the other hand, is activated when TrkA associates with Frs2, resulting in activation of Rap-1
via the C3C/Crk complex. Alternatively, NGF induces the formation of clathrin-coated vesicles (CCV) and induces
activation of Rap1 at the endosomal vesicles during endocytosis. The activated Rap1 then triggers the
sustained activation of ERK1/2
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Finally, NGF treatment also activates other MAPK signaling such as p38 MAPK and Jun N-terminal
kinase (JNK), although the mechanisms of activation remain unclear. NGF-induced activation of p38
MAPK is implicated in the regulation of neurite outgrowth (Morooka and Nishida, 1998; Xing et al., 1998).
Inhibition of p38 MAPK by a specific inhibitor SB203580 or by expression of dominant-negative constructs
of the p38 MAPK pathway blocks neurite outgrowth in PCI12 cells (Morooka and Nishida, 1998). In
addition, p38 MAPK-mediated phosphorylation of paxillin, a focal adhesion adaptor protein, is important
in NGF-induced neurite outgrowth in PC12 cells. Inhibition of this phosphorylation attenuates neurite
outgrowth in NGF-stimulated PC12 cells (Huang et al., 2004). These observations collectively suggest that
p38 may also play a crucial role in neurite outgrowth. On the other hand, JNK activation downstream of Trk
activation in PC12 cells has also been implicated in stress-induced apoptosis as well as in NGF-induced
neurite formation (Maroney et al., 1999; Takeda et al., 2000).

4.3.2 PI3-Kinase Signaling

Another pathway activated following Trk activation is the PI3-kinase pathway. Activation of the PI3-
kinase signaling functions as a crucial pathway in relaying pro-survival signaling from Trk activation
(Rodriguez-Viciana et al., 1994; Vaillant et al., 1999; Vanhaesebroeck and Waterfield, 1999). There are at
least two pathways by which Trks initiate PI3-kinase activation. The first pathway involves the recruitment
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of Grb2-associated binder-1 (Gabl) and Grb2-associated binder-2 (Gab2) by phosphorylated Grb2
(Holgado-Madruga et al., 1997; Vaillant et al., 1999; Liu and Rohrschneider, 2002). Gabl and Gab2 are
then phosphorylated, which triggers their association with the regulatory subunit of PI3-kinase, p85, and
activation of the kinase. Alternatively, the catalytic subunit of PI3-kinase can interact directly with Ras to
initiate PI3-kinase activation. Phosphatidylinositides generated by PI3-kinase then activate phosphoinosi-
tide-dependent protein kinase (PDK-1), which acts together with the phosphatidylinositides to stimulate
the downstream protein kinase Akt (@ Figure 2-3).

Akt activation downstream of PI3-kinase stimulation represents a key mechanism through which cell
survival is promoted by the PI3-kinase pathway. Upon activation, Akt phosphorylates and modulates the
activity of several proteins to promote survival (Datta et al., 1999). For example, Akt-mediated phosphory-
lation of Bcl2 antagonist of cell death (Bad) inhibits its ability to promote cytochrome c release and
subsequent caspase activation (Datta et al., 1997). In addition, Akt was shown to phosphorylate procaspase-
9 to inhibit its activation (Cardone et al., 1998; Datta et al., 1999). Akt also regulates the expression of
several antiapoptotic genes through phosphorylating transcriptional factors of the Forkhead family (Biggs
et al., 1999; Brunet et al., 1999; Kops et al., 1999). Furthermore, Akt increases NF-kB-promoted gene
transcription by phosphorylating the NF-kB inhibitory binding partner, IkB. Finally, Akt-induced phos-
phorylation of glycogen synthase kinase 3-f (GSK3f) inactivates it, thereby preventing GSK3p-promoted
apoptosis (Pap and Cooper, 1998; van Weeren et al., 1998).

Accumulating evidence indicates that PI3-kinase may also take part in modulating neuronal architec-
ture. PI3-kinase was shown to mediate the activation of small GTPases Cdc42/Rac/Rho family, which
regulates actin polymerization (Kjoller and Hall, 1999; Bishop and Hall, 2000). In addition, activation of
Akt appears to affect axon diameter and branching (Markus et al., 2002). Localized Trk-promoted activa-
tion of Ras and PI-3 kinase also promotes cell motility (Sachdev et al., 2002; Weiner et al., 2002) and growth
cone steering (Song and Poo, 1999; Ming et al., 2002). These observations suggest that PI3-kinase signaling
may mediate more diverse functions of Trks other than promoting neuronal survival.

4.3.3 PLC-y1 Signaling

Activation of phospholipase C-gamma 1 (PLC-y1) signaling occurs after direct association of PLC-y1 with
the phosphorylated Y785 of activated TrkA (© Figure 2-3; Kaplan and Miller, 2000). When activated,
PLC-y1 provokes the hydrolysis of phosphatidylinositol 4,5-bisphosphate to produce two secondary
messenger molecules: inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 triggers Ca>" release
from intracellular stores, resulting in the activation of Ca**-regulated enzymes such as calcium/calmodulin-
dependent protein kinases (CaM kinases) and Ca®"-regulated isoform of protein kinase C (PKC). DAG, on
the other hand, stimulates DAG-regulated PKC isoforms. For example, PKCS is activated in PC12 cells after
NGEF treatment (Corbit et al., 1999), which was shown to be required for NGF-induced neurite outgrowth
and ERK1/2 activation. In addition, PLC-y1 activity is required for NGF-regulated MAPK signaling
pathway (Rong et al., 2003).

Recent studies suggest that activation of PLC-y downstream of Trk activation may also take part in
modulating electrical activity in neuronal cells. Stimulation of TrkB subsequent to a pulse of BDNF
treatment triggers PLC-y activation, which in turn increases intracellular Ca*" level, followed by activation
of CaM kinases and stimulated glutamate release (Lessmann, 1998). Moreover, mice homozygous for the
mutation at the PLC-y docking site display significant deficiencies in the induction of both the early and late
phases of hippocampal CA1 long-term potentiation (LTP) (Minichiello et al., 2002). It therefore appears
that Trk-mediated PLC-y signaling pathway may serve a critical role in neurotrophin-evoked electrical
activity and neural plasticity.

4.3.4 Other Adaptor Molecules

In addition to the relatively well-characterized pathways discussed in previous sections, several adaptor
molecules have also been shown to associate with Trk receptor but the significance of downstream signaling
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remains obscure. Csk homologous kinase (CHK) associates via its SH2 domain with Y785 of TrkA upon
NGF stimulation. While the downstream signaling initiated has not been fully characterized, overexpression
of CHK in PC12 cells was shown to enhance the ERK1/2 activity. Furthermore, blocking the action of CHK
by CHK-specific antibodies suppresses NGF-induced differentiation, suggesting that CHK may also take
part in mediating NGF-induced neurite outgrowth in PC12 cells (Yamashita et al., 1999). SHP-2, on the
other hand, associates with TrkA, although the binding site for SHP-2 on Trks has not been determined
(Goldsmith and Koizumi, 1997). Overexpression of SHP-2 enhances survival of dopaminergic neurons in
the presence of BDNF (Takai et al., 2002), implicating a role of SHP-2 in regulating Trk-induced survival
signaling. Finally, c-Abl was recently found to interact with the juxtamembrane region of TrkA, although
the binding does not require TrkA phosphorylation (Yano et al., 2000). The functional significance of this
interaction remains unknown.

4.4 Transport and Signaling via Internalized Neurotrophin-Trk Complex

Subsequent to ligand binding and activation of downstream signaling, neurotrophin—receptor complex is
internalized via the formation of clathrin-coated pits, followed by dynamin-mediated endosytosis. In PC12
cells, TrkA activation by NGF causes rapidly internalization of the receptor (Beattie et al., 2000). In addition
to the requirement of clathrin and dynamin, a novel protein named Pincher (pinocytic chaperone) may also
be involved in mediating NGF and TrkA endocytosis in vitro (Shao et al., 2002). Internalized Trk receptors
can then either be transported, recycled to the membrane surface for a second round of activation (Grimes
et al., 1996; Zapf-Colby and Olefsky, 1998), or degraded in lysosomal and/or proteosomal degradation
system (Sorkin and Waters, 1993; Sommerfeld et al., 2000).

The importance of internalized neurotrophin-receptor complex signaling in mediating Trk function is
barely beginning to be unraveled. Certain aspects of Trk signaling require internalization of Trk. As
mentioned previously, sustained activation of ERK1/2 subsequent to Trk activation, for example, may
require endocytosis of the neurotrophin-Trk complex (York et al., 2000). On the other hand, transport of
endocytosed neurotrophin-receptor complex is required for the initiation of responses of the cell body to
target-derived neurotrophins. All of the endocytosed neurotrophin receptors, TrkA (Ehlers et al., 1995),
TrkB (von Bartheld et al., 1996; Pease et al., 2000), TrkC (Helke et al., 1998), and the p75 receptor (Curtis
et al, 1995), are retrogradely transported in vivo. Activation of Trks at the axon terminals initiates
neurotrophin-Trk complex endocytosis and formation of clathrin-coated vesicles (CCV). Internalized
vesicles are then transported to the cell body based on a dynein-dependent mechanism (Bhattacharyya
et al., 2002). This transport process has been demonstrated to be important for mediating the retrograde
survival signal from the axon terminals in the PNS. When distal axons of sensory or sympathetic neurons
are stimulated by neurotrophins, transported neurotrophin-receptor complex was shown to induce
ERKS5 and PI3-kinase signaling in the cell body (Kuruvilla et al., 2000; Watson et al., 2001). Activated
ERKS5 is then translocated to the nucleus, followed by phosphorylation of cAMP response element binding
protein (CREB) and myocyte enhancer factor-2 (MEF2), thereby enhancing neuronal survival (Watson
et al., 2001). Finally, PI-3 kinase appears to also play an important role in retrograde transport because
inhibition of PI3-kinase at the nerve terminal inhibits neurotrophin retrograde transport (Bartlett et al.,
1997, 2002).

4.5 Negative Regulators of Trk Signaling

In addition to the stimulation of signaling cascade for signal propagation, Trk activation was also found to
initiate several feedback mechanisms to limit Trk activation. This is important for the maintenance of
responsiveness to the next wave of stimulation, and to prevent overamplification of downstream signals. Of
the several feedback machineries initiated, Trk-activation-induced internalization of Trk serves as one of the
mechanisms to temporally shut down response to excess ligands. In addition, tyrosine dephosphorylation
of the receptors may also contribute to preventing further Trk activation. Transient association of
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SH2-containing phosphatase 1 (SHP-1) with the phospho-Y490 of TrkA is reported after NGF treatment in
PC12 cells and sympathetic neurons (Goldsmith and Koizumi, 1997; Marsh et al., 2003). SHP-1 was
observed to directly dephosphorylate TrkA to regulate its activity (Marsh et al., 2003). Furthermore,
overexpression of another phosphatase, phosphatase and tensin homolog deleted on chromosome 10
(PTEN), in PCI12 cells attenuates TrkA activation upon NGF treatment, resulting in a marked inhibition
of neurite outgrowth (Musatov et al., 2004). This finding suggests that PTEN has a negative regulatory effect
on TrkA signaling.

The third mechanism for negative regulation of Trk signaling is mediated by deactivation of Trk-
induced downstream signaling molecules through dephosphorylation. For example, upregulation of
mitogen-activated protein kinase phosphatase 1 (MKP-1) by NGF has been reported in dissociated
embryonic sympathetic neurons or fibroblasts transfected with TrkA (Peinado-Ramon et al., 1998; Rosini
et al., 2004). MKP-1 then inactivates ERK1/2 by dephosphorylation, thereby attenuating Trk-induced
MAPK signaling.

Finally, ligand-induced downregulation of Trk expression serves as another mechanism for limiting
Trk signaling. Downregulation of TrkB protein and messenger RNA (mRNA) was observed after a
long period (ranging from 30 min to 24 h) of BDNF treatment in primary neuronal cultures, within
the midbrain and retina in vivo (Frank et al., 1996, 1997; Chen and Weber, 2004). The cytoplasmic
domain and a short sequence in the intracellular juxtamembrane domain of TrkB are essential for down-
regulation of TrkB (Sommerfeld et al., 2000). However, prolonged exposure of NGF does not lead to
downregulation of TrkA. On the contrary, treatment of NGF-responsive basal forebrain cultures with NGF
was found to increase TrkA mRNA levels (Kojima et al., 1994). This observation suggests that even though
TrkA and B are structurally similar, their expression and downregulation are regulated by distinctive
mechanisms.

4.6 Signaling Cascade Downstream of p75

Unlike Trk receptors, p75 does not contain a kinase domain. As such, transmission of extracellular signal by
p75 upon ligand binding depends on its association with other cell surface receptors (e.g., Trk receptors and
Nogo receptor) or adaptor proteins in the cytoplasm (e.g., TRAF, RhoA, ankyrin repeat-rich membrane
spanning protein (ARMS)). To date, a wide range of molecules of dissimilar structure and properties have
been identified to interact with p75, but the signaling cascade initiated is far from clear. Identification of the
downstream signaling and functions of p75 therefore remains a continued challenge in the field of
neurotrophin receptor research.

Most p75-interacting proteins were identified only within the past 5 years. Current knowledge is
focused mostly on the structural aspect of the interacting proteins, with the functional significance and
signaling components not fully characterized. Neurotrophin receptor interacting factor (NRIF) was among
the first to be identified. It is characterized by the presence of five zinc finger domains, two Kruppel boxes,
and a nuclear localization signal. NRIF was shown to associate with p75 via the juxtamembrane and death
domain of p75 (Casademunt et al., 1999). Another p75-interacting protein, p75™ “-associated cell death
executor (NADE), was first identified as a p75-interacting protein using yeast two-hybrid screening. It
exhibits a nuclear export signal and two ubiquitination sites and was observed to interact with p75 via the
death domain of p75 (Mukai et al., 2000). Neurotrophin receptor interacting MAGE homolog (NRAGE) is
yet another protein observed to interact with p75 via its juxtamembrane domain (Salehi et al., 2000).
Furthermore, p75 was shown to interact with small GTPase RhoA, which binds to the intracellular domain
of p75. It is suggested that the association between RhoA and p75 plays an important role in p75-mediated
neurite outgrowth (Yamashita et al., 1999).

A member of the TNF family, p75 was observed to associate with TNF-receptor-associated factor
(TRAF6), which apparently has important functions in a number of TNF-receptor-mediated signalings
(Bradley and Pober, 2001). NGF induces the association of p75 with TRAF6, which in turns regulates NF-k
B activation (Khursigara et al., 1999). In addition, it has recently been shown that p75 associates with a
number of kinases. Receptor interacting protein-2 (RIP-2) is a serine/threonine kinase that binds to p75
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upon NGF treatment, leading to NF-xB activation (Khursigara et al., 2001). On the other hand, p75
associates with the B catalytic subunit of cAMP-dependent protein kinase (PKACP) (Higuchi et al., 2003).
NGF activation of p75 results in a transient increase in intracellular cAMP levels (Knipper et al., 1993;
Higuchi et al., 2003), which is associated with the activation of this PKA variant, resulting in phosphoryla-
tion of p75 itself at Ser 304.

It should be noted that in addition to the full-length form, p75 can also exist as truncated forms by
proteolytic processing. On the surface of Schwann cells, full-length p75 can be cleaved by unknown
membrane metalloproteinase(s) that release a free-floating extracellular domain, and an intracellular
domain linked to the membrane via the transmembrane region (Zupan et al., 1989; DiStefano et al.,
1993). The function of this soluble extracellular domain remains unclear, but it has been suggested that the
production of this cleavage form of p75 increases after peripheral nerve injury and is developmentally
regulated (DiStefano et al., 1991). Moreover, intracellular proteolysis of p75 can also occur within or near
the transmembrane region, resulting in the generation of a soluble cytoplasmic domain of p75. The
proteolytic cytoplasmic release of intracellular domain of p75 is mediated by o- and y-secretases, and is
modulated by TrkA and TrkB signaling (Kanning et al., 2003). The cleaved C-terminal fragment of p75,
although lacking its extracellular domain for ligand binding, can still interact with TrkA and TrkB,
suggesting an important role of this truncated p75 in Trk signaling. The truncated and intracellular
forms of p75 alone may also mediate neuronal cell death in the absence of Trk (Coulson et al., 2004).

Finally, p75 activation was observed to induce the hydrolysis of sphingomyelin to ceramide (Dobrowsky
et al., 1994). The biological effect of p75-induced ceramide production, nonetheless, remains controversial.
While some studies suggest that ceramide promotes differentiation and survival, others report that it is
correlated with JNK activation and apoptosis. The precise function of p75-mediated ceramide production
therefore remained to be elucidated (Roux and Barker, 2002).

4.7 Crosstalks Between Trk and p75 Signaling

Although Trks and p75 are structurally unrelated and appear to initiate different subsets of downstream
signaling, increasing evidence suggests that crosstalks between Trk and p75 signaling are common, and may
serve important functions. Their reciprocal modulations occur either via direct association with each other,
or through other adaptor proteins that interact with both Trks and p75. In this section, we briefly review the
mechanisms of crosstalks between Trk and p75 signaling.

4.7.1 Trk/p75 Dimerization

Since the identification of the high-affinity binding site for NGF, it was observed that association of NGF
with neither TrkA nor p75 pertains to the affinity described for the high-affinity site (Kaplan et al., 1991a).
Rather, expression of both TrkA and p75 is required for the formation of the high-affinity NGF binding site
(Hempstead et al., 1989, 1991). A recent study showed that the number of high-affinity sites formed is
regulated by the relative ratio of TrkA and p75 receptors. When TrkA and p75 are expressed at an almost
equimolar ratio, the highest number of high-affinity sites is formed (Hempstead et al., 1992; Esposito et al.,
2001). The affinity of TrkA for NGF is therefore significantly enhanced in the presence of p75. Interestingly,
the association of p75 with Trks is not limited to TrkA. In fact, p75 was found to associate with all members
of Trks (Bibel et al., 1999). Interaction of Trks and p75 was found to occur via the transmembrane and
cytoplasmic domain of both receptors, although the detailed mechanisms remain enigmatic (Esposito et al.,
2001). In addition to enhancing the affinity of Trks for their cognate ligands, the association of p75 with
Trks also regulates their ligand specificity. For example, TrkB exhibits a much stronger selectivity for BDNF
over NT-3 in the presence of p75 (Bibel et al., 1999). On the other hand, association of TrkA with p75 was
shown to lower the affinity p75 exhibits for NGF (Ross et al., 1998). These observations collectively suggest
that in addition to mediating separate downstream signaling, Trks and p75 may reciprocally regulate the
function and signaling of each other through direct interaction.
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4.7.2 Interaction Through Other Adaptor Proteins

Besides directly associating with each other, crosstalks of p75 and Trk can occur via other proteins. ARMS
and p62 are two recently identified proteins that may serve as the link between the two pathways.

ARMS was first identified as a p75-interacting protein using yeast two-hybrid screening (Kong et al.,
2001). Interestingly, ARMS was later found to interact also with Trks (Arevalo et al., 2004). ARMS is
coexpressed frequently with Trk and p75 and it is suggested that it interacts with TrkA, TrkB, and TrkC
directly through their transmembrane domains (Arevalo et al., 2004), while ARMS interacts with the
Chopper domain of p75 (Kong et al., 2001). A ternary complex can be formed between Trk, p75, and ARMS
(Chang et al., 2004). Interestingly, increasing ARMS expression results in decreased association of TrkA with
P75, suggesting that ARMS might play an important role in regulating interactions between p75 and Trk
receptors.

In PC12 cells, treatment with NGF induces tyrosine phosphorylation of ARMS, whereas in primary
cultures of cortical neurons, treatment with BDNF also causes ARMS phosphorylation (Kong et al., 2001;
Arevalo et al., 2004). Phosphorylated ARMS then recruits the Crk—C3G complex, which stimulates Rap-1-
dependent sustained ERK activation. In addition to functioning as a neurotrophin receptor interacting
protein, ARMS is also a substrate of protein kinase D (Iglesias et al., 2000). Moreover, ARMS is also
identified as a downstream target of ephrin receptors (Kong et al., 2001), which implies that ARMS may also
facilitate ephrin receptor signaling and neurotrophin receptor signaling crosstalks in neurons.

A recent report showed that atypical PKC-interacting protein, p62, also interacts with TrkA. p62
typically interacts with atyptical PKC to phosphorylate IkB kinase and leads to the activation of transcrip-
tion factor NF-kB. Geetha and Wooten (2003) found that p62 interacts with TrkA at the juxtamembrane
region. NGF-dependent localization of p62 is observed in the endosomal compartment, suggesting that p62
may act as a shuttling protein for routing activated atypical PKC to endosomes (Samuels et al., 2001). p62
also binds TRAF®6 to interact with p75. TRAF6-p62 complex may therefore serve as a link to facilitate p75
and TrkA interaction (Wooten et al., 2001).

5  Crosstalks with Other Signaling Pathways

5.1 G Protein Signaling

In addition to the crosstalks observed between Trk and p75 signaling, neurotrophin signaling was also
shown to cooperate with other signaling pathways. The G-protein-coupled receptor (GPCR) pathway, for
instance, was found to initiate Trk activation in the absence of neurotrophin binding (Lee et al., 2002a).
Activation of Trk via the GPCR pathway involves adenosine and the neuropeptide, pituitary adenylate
cyclase-activating polypeptide (PACAP), which leads to Trk activation via A,, receptor and PACAP-
preferring (PAC1) receptor, respectively (Lee and Chao, 2001; Lee et al., 2002b). In contrast to neurotro-
phin-mediated activation, transactivation of Trk by GPCR signaling is slower. For example, at least 1 h of
PACAP treatment is required to activate TrkA in PC12 cells (Lee et al., 2002b). In addition, similar to Trk
activation downstream of neurotrophin binding, adenosine treatment of PC12 cells promotes the phos-
phorylation of Shc and PLC-y1. Activation of PI3-kinase also occurs via transactivation by adenosine and
PACAP. Trk transactivation via this pathway results in a long-lasting Akt activation and thereby promotes
neuronal cell survival after trophic factor withdrawal (Lee et al., 2002b). These observations demonstrate
that activation of Trk via neurotrophins and GPCR pathways initiates similar downstream signaling, albeit
with different kinetics. Neurotrophins and GPCR pathways may hence serve as parallel pathways for
activation of Trk signaling.

The mechanism by which GPCR activates Trk in the absence of neurotrophin remains unclear. For
Trk transactivation by adenosine, Src kinase is implicated because Src kinase inhibitor, PP1, markedly
attenuates adenosine-elicited tyrosine phosphorylation of TrkA (Lee et al., 2002b). In addition, Trk
transactivation may also involve new protein synthesis or gene activation (Lee et al., 2002a). Transactivation
of TrkA receptors by PACAP, on the other hand, can be inhibited with an intracellular calcium chelator,
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BAPTA/AM, implicating a calcium-dependent pathway in its activation mechanism (Lee et al., 2002b).
Rajagopal et al. (2004) demonstrated that transactivation of Trk receptor by adenosine, adenosine agonists,
and PACAP occurs exclusively in an intracellular location and partly involves the Golgi apparatus.

It should be noted that crosstalks between Trk and GPCRs can also occur in the presence of NGE.
Activation of TrkA by NGF stimulates sphingosine kinase type 1 (SphK1, Edsall et al., 1977), which then
phosphorylates sphingosine to form sphingosine-1-phosphate (S1P). S1P, an important lipid mediator
(Spiegel and Milstien, 2002), is the ligand for five GPCRs, designated S1P,—S1Ps. Transactivation of S1P; by
NGF in S1P;-overexpressing PC12 cells markedly enhances neurite extension, suggesting that S1P receptors
may function downstream of NGF/Trk receptor signaling to modulate neuronal differentiation (Toman
et al., 2004).

Finally, NGF-induced activation of ERK1/2 in PC12 cells may also involve a classical G protein signaling
pathway as ERK1/2 activation by NGF can be partially blocked by pertussis toxin (which inactivates the
G proteins G(i/o); Rakhit et al., 2001). This is further supported by the finding that overexpression of
G-protein-coupled receptor kinase 2 (GRK2) potentiates NGF-induced ERK1/2 activation in PC12 cells.
Moreover, GRK2 is constitutively associated with the TrkA receptor. These observations suggest that
G protein may also take part in regulating NGF-induced activation of ERK1/2.

5.2 Neuropoietic Cytokine Signaling

Another pathway that was demonstrated to exhibit a certain extent of crosstalk with neurotrophin receptor
signaling is the neuropoietic cytokine-initiated signaling. Differentiation of neuronal progenitors into
postmitotic neurons or regulation of developmental apoptosis often requires collaboration between
different classes of neurotrophic factors (Ip and Yancopoulos, 1996). Induction of apoptosis in cultured
sympathetic neurons by leukemia inhibitory factor (LIF), for example, is dependent on concurrent p75
signaling (Savitz and Kessler, 2000). For the precursor cells of sensory neurons a combination of LIF and
NGF is needed for the differentiation (Murphy et al., 1993). Furthermore, ciliary neurotrophic factor
(CNTF) can cooperate with NGF to enhance production of postmitotic NGF-dependent neurons in trk-
transfected MAH cells (Ip et al., 1994). Aside from promoting neuronal differentiation, neurotrophins and
neuropoietic cytokines have also been shown to regulate neuronal phenotypes. For example, NGF, LIF, and
CNTF were demonstrated to regulate the cholinergic phenotype such as ChAT and VAChT expression in a
coordinated fashion under a variety of physiological and pathological conditions (Berse et al., 1999). Taken
together, these findings suggest that neurotrophins and interleukin-6 (IL-6)-family cytokines synergistically
affect the differentiation program of the neuronal progenitors.

In addition to their synergistic property in modulating neuronal differentiation, the two families of
neurotrophic factors may also regulate their own expression pattern and downstream signaling in a
reciprocal manner. Expression of LIFR, one of the receptor component shared by IL-6-family cytokines,
is specifically induced by NGF in PC12 cells, which was shown to exert a negative regulatory effect on
neurite extension and branching (Ng et al., 2003). On the other hand, IL-6-family cytokines treatment can
also regulate the expression of neurotrophins. For example, exposure of rat cortical astrocytes to human
recombinant CNTF was found to increase the level of mRNA for NGF (Semkova and Krieglstein, 1999).

6  Functions of Neurotrophin Receptors

6.1 Functions of Trk Receptors

6.1.1 Maintenance of Neuronal Survival

It has long been established that the neurotrophins are key survival factors for neurons during develop-
ment. In addition, neurotrophins influence the differentiation and proliferation of neural crest-derived
neuronal precursors. Nonetheless, different subpopulations of neurons respond to different members of the
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neurotrophin family, possibly due to the expression of different neurotrophin receptors at the time of
development. In particular, both sympathetic and sensory neurons undergo developmental changes in
response to NGF. Subpopulations of sensory neurons, on the other hand, respond instead to BDNF or NT3
for maintenance of neuronal survival. The dependence of different neuronal subpopulations on different
neurotrophins and the corresponding Trk signaling is revealed by the strikingly similar phenotypes
exhibited by neurotrophin and Trk knockout mice. Both trkA and NGF mutant mice exhibit complete
loss of sympathetic and sensory neurons (Crowley et al., 1994; Smeyne et al., 1994). Mice lacking NT4/5,
another cognate ligand for TrkA, also exhibit a loss of sensory neurons in the nodose—petrosal and
geniculate ganglia (Conover et al., 1995; Liu et al., 1995). BDNF- and trkB-deficient mice, on the other
hand, show malfunctions in the vestibular system and neuron loss in trigeminal, nodose ganglia and DRGs.
Motor neuron loss is also observed in trkB knockout mice (Klein et al., 1993; Jones et al., 1994). Finally,
NT-3- and trkC-deficient mice have an extraordinary phenotype of abnormal movements and postures with
a deficiency in proprioceptive neurons (Ernfors et al., 1994; Klein et al., 1994).

In addition to findings from biochemical studies or targeted gene disruption analysis, naturally
occurring mutation in TrkA also indicates a crucial requirement of TrkA in the maintenance of neuronal
survival. TrkA mutations have been identified as the cause of a human syndrome, congenital insensitivity to
pain and anhidrosis (CIPA), or hereditary sensory and autonomic neuropathy type IV (Indo et al., 1996;
Mardy et al., 1999; Indo, 2002). Because of the lack of sympathetic neurons and small unmyelinated
nociceptive sensory neurons, CIPA patients exhibit defects in thermoregulation and insensitivity to pain,
which often result in injuries, self-mutilation, and death-causing episodes of hyperpyrexia (Indo et al., 1996;
Shatzky et al., 2000).

6.1.2 Synaptic Transmission and Neural Plasticity

In addition to their classical effects on neuronal survival, neurotrophins have also been shown recently to
take part in regulating neuronal morphology and synaptic plasticity. Trk signaling is implicated in inducing
morphological changes through the regulation of both dendritic and axonal arborizations in vivo to
regulate precise network formation (Gallo and Letourneau, 1998; Schinder and Poo, 2000; Yacoubian
and Lo, 2000). Neurotrophins have chemotrophic effects on growth cones and can also function to protect
them from inhibitory guidance cues (Gundersen and Barrett, 1979, 1980; Cai and Reed, 1999). Local
activation of Trk signaling maintains the advance of sympathetic neuron growth cones (Campenot, 1977).
In addition, Song and Poo (1999) demonstrated that gradient of NGF is necessary for growth cone turning.
These observations collectively suggest that Trk signaling can have regulatory roles on the formation of
neuronal network.

Neurotrophins also exert effects on the modulation of neuronal excitability and synaptic transmission
(Rudy et al., 1987; Lohof et al., 1993; Kang and Schuman, 1995; Lesser et al., 1997; Lai and Ip, 2003). TrkB
activation potentiates N-methyl-p-aspartate (NMDA) responsiveness by increasing the channel open
probability (Levine and Kolb, 2000). Conversely, electrical activity has also been shown to modestly increase
the expression of TrkB (Castren et al., 1992). Furthermore, the surface expression of TrkB is elevated by
depolarization in superior cervical ganglion (SCG) and nodose ganglion neurons (Meyer-Franke et al.,
1998). Trk receptors may also modulate neuronal excitability and signal transduction through interaction
with other ion channels. For example, capsaicin (vanilloid receptor 1, VR1) receptor, a heat-activated ion
channel, is activated through NGF binding to TrkA (Chuang et al., 2001). Coimmunoprecipitation studies
revealed that VR1 associates with TrkA and PLCy to form a complex. In addition, BDNF binding to TrkB
was shown to produce a rapid influx of cations through transient receptor potential cation channel 3
(TRPC3) that is dependent on activation of PLCy. An interaction between TrkB and TRPC3 ion channels
was also observed (Li et al., 1999). Furthermore, both voltage-gated sodium channel 1.9 (Na,1.9) and alpha-
amino-5-methyl isoxazole-4-propionate (AMPA) receptor activities can also be modified by activated TrkB
(Blum et al., 2002; Itami et al., 2003; Du and Poo, 2004). While the significance for the interaction between
Trks and these ion channels may not have been completely characterized, these observations suggest that
Trk signaling may also regulate signal transduction across the synapse.
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Finally, emerging evidence indicates that neurotrophins are also involved in the induction of hippo-
campal LTP, which is important for learning and memory (Figurov et al., 1996; Korte et al., 1996; Chen
et al., 1999). Conditional knockout of TrkB in postnatal forebrain results in mice exhibiting a severe
impairment in stressful spatial learning (Minichiello et al., 1999). Hippocampal LTP is also inhibited by
target disruption of the PLCy docking site on TrkB (Minichiello et al., 2002).

6.1.3 Neural and Glial Migration During Development

Increasing evidence indicates that Trk signaling also mediates the ability of neurotrophins to regulate neural
and glial migration during development. Medina et al. (2004) recently reported that removal of TrkB in
developing cortex delays neuronal migration, in addition to reducing the number of myelinated axons in
the corpus callosum. Furthermore, BDNF and NT-3 were shown to function coherently to facilitate
Schwann cell migration and myelination. Activation of TrkC by NT-3 results in activation of the JNK
pathway via the Rho GTPases Racl and Cdc42 to enhance Schwann cell migration. BDNF-mediated
activation of p75, on the other hand, results in activation of RhoA via Src kinase to limit Schwann cell
migration. Interestingly, upon the completion of Schwann cell migration, NT-3-mediated activation of
TrkC inhibits myelination, while activation of p75 by BDNF enhances myelination (Cosgaya et al., 2002;
Yamauchi et al., 2003, 2004). A second report also demonstrated that BDNF overexpression enhances
myelin sheath thickness, further confirming an important role of BDNF signaling in myelin formation
(Tolwani et al., 2004). Schwann cell migration and myelination is therefore tightly regulated by the relative
abundance of neurotrophins and neurotrophin receptor subtypes. In fact, it was observed that when
myelination is initiated, the inhibitory action of NT-3 is removed by a reduction in its expression. Once
active myelination is initiated, the action of BDNF is removed by increased levels of TrkB-T1 (Cosgaya et al.,
2002). In addition to regulating Schwann cell migration and myelination, NT-3-induced activation of TrkC
was also shown to be required for oligodendrocyte differentiation (Hu et al., 2004). Taken together, these
observations suggest a major role of neurotrophin signaling in regulating migration and differentiation of
both neuron and glia during development.

6.1.4 Higher Cognitive Function

Recent evidence reveals that Trk signaling may also be implicated in higher cognitive function. CIPA
patients with TrkA mutations exhibit mental retardation in addition to other symptoms, reflecting a higher
cognitive function of TrkA signaling (Indo et al., 1996; Shatzky et al., 2000). In addition, psychosocial stress
has been shown to markedly alter NGF and BDNF levels, both in plasma and in selected brain areas,
including the hypothalamus and hippocampus. NGF levels are also enhanced by emotional stress induced
by parachute jumping in human volunteers (Alleva and Santucci, 2001). A recent study suggests that BDNF
may also be involved in psychiatric disorders such as the pathophysiology of depression (Neves-Pereira
et al., 2002; Sklar et al., 2002), implying a functional role of Trk signaling in neuropsychiatric function.
Furthermore, BDNF-mediated activation of TrkB in the amygdale was found to be required for fear
conditioning (Rattiner et al., 2004). Together, these findings suggest a role of neurotrophins in mediating
both short- and long-term effects of experience on brain structure and function.

6.1.5 Other Functions

Trk signaling may also take part in regulating functions as diverse as energy balance regulation and tumor
malignancy. Xu et al. (2003) found that BDNE-TrkB serves as downstream components in the melano-
cortin-4 receptor-mediated control of energy balance. Hence, mouse mutants expressing decreased
amounts of TrkB showed hyperphagia and maturity-onset obesity (Xu et al., 2003). TrkC expression,
on the other hand, was found to correlate with overall survival among patients suffering from
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medulloblastomas. Patients with tumors expressing high levels of TrkC mRNA had significantly longer
intervals without disease progression and a more favorable overall survival (Segal et al., 1994). The
biological action of TrkC activation was interestingly found to induce apoptosis in medulloblastoma,
thereby accounting for the observed clinical outcome (Kim et al., 1999).

6.2 Functions of p75

Contrary to the function of Trk receptors, the function of p75 has remained a little obscure. The lack of an
intracellular kinase domain makes the identification of signaling downstream of p75 more difficult, thereby
limiting data on its potential function. Nonetheless, generation of knockout mice lacking p75 provided
some important clues on the potential function of p75, especially during development. The first p75
knockout mice generated was constructed by targeted disruption of exon 3 of p75 (Lee et al., 1992). Mutant
mice are viable and fertile but developed skin defects and ulcers. Immunohistochemistry revealed a lack of
calcitonin gene-related peptide and substance-P-expressing peripheral sensory nerve fibers. p75 expression
is upregulated in different parts of Miiller glial cells but not in photoreceptors after retinal degeneration
(Harada et al., 2000). In p75-deficient mice, phototoxicity-induced photoreceptor apoptosis is reduced
compared with that in wild-type mice, suggesting that p75 may take part in initiating photoreceptor
apoptosis in multiple forms of retinitis pigmentosa.

Soon after the generation of the first p75 knockout mice, another isoform of p75 lacking exons 1-3 was
identified. To fully understand the significance of p75 signaling, von Schack et al. (2001) constructed
another p75 mutant mice by completely deleting exon 4 of p75, thereby preventing expression of both
isoforms. There are significant phenotypic differences between the exon 3 and the exon 4 p75 knockout
mice. Mice with deletion of p75 exon 4 are smaller in size compared with the exon 3-deleted counterpart.
They also show serious loss of peripheral sensory neurons and peripheral innervation. Besides, unlike p75
exon 3 knockout mice that are viable, mice with p75 exon 4 deletion show partial perinatal death probably
due to abnormal blood vessel formation (von Schack et al., 2001). It therefore appears that similar to Trk,
P75 may also take part in regulating neuronal death, in addition to modulating other biological functions
such as vessel formation and target innervation.

6.2.1 Neuronal Death/Survival

With p75 being a member of the TNF family and bearing a death domain, it was predicted that p75 may
function as a death receptor. Indeed, p75 exon 3 knockout mice exhibit reduced apoptosis in the retina (Lee
et al.,, 1992). In addition, expression of p75 was elevated in multiple cell types following injury (reviewed in
Roux and Barker, 2002). Consistent with this observation, injury-induced neuronal death is alleviated in
p75 exon 3 knockout mice or when p75 expression is reduced by antisense oligonucleotides (Cheema et al.,
1996; Ferri and Bisby, 1999). Furthermore, overexpression of p75 in primary cortical neurons, PC12 cells, or
glioma cells leads to activation of JNK and caspase activation (Gu et al., 1999; Wang et al., 2001; Harrington
et al., 2002; Bhakar et al., 2003). While increasing evidence linked p75 with the initiation of apoptosis, the
mechanisms implicated remained obscure. Another member of the TNF family, Fas, activates the apoptotic
machinery in response to external apoptotic stimuli by recruitment of Fas-associated death domain
(FADD) and tumor necrosis factor receptor 1-associated death domain protein (TRADD) via its death
domain, thereby activating caspase-8. p75-induced apoptosis, nonetheless, was found to involve no caspase-
8, nor does it require association with FADD or TRADD. Instead, activation of caspase-9 was observed
(Wang et al., 2001). This observation argues against the importance of the death domain in p75-mediated
cell death. In corroboration with this hypothesis, a 29-amino-acid sequence in the intracellular juxtamem-
brane domain of p75 named Chopper was found to be required and sufficient for p75-initiated cell death
(Coulson et al., 2000).

The death domain of p75 is crucial for the association of p75 with some of its interacting proteins
including NRIF and NADE, which has been suggested to take part in mediating the pro-apoptotic property
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of p75. NRIF, for example, has been suggested to function in p75-mediated apoptosis (Casademunt et al.,
1999) and serves as a transcription factor in p75 signaling (Gentry et al., 2004). In NRIF knockout mice,
p75-dependent cell death of retinal cells is reduced during early development. Furthermore, activation of
p75 by neurotrophins fails to induce apoptosis in sympathetic neuron cultures taken from NRIF knockout
mice (Casademunt et al., 1999; Gentry et al., 2004). These observations suggest that NRIF is required for
p75-induced apoptosis. The relative importance of the death domain and the Chopper domain in the pro-
apoptotic property of p75 therefore requires further clarification.

NADE, on the other hand, was found to initiate apoptosis and caspase activation when overexpressed
together with p75 in 293T cells (Mukai et al., 2000). Another p75-interacting protein NRAGE induces
robust JNK activation and caspase activation in PC12 cells (Salehi et al., 2002). These observations
collectively indicate that one of the mechanisms through which p75 initiates apoptosis is by recruitment
of proapoptotic interacting partners. The circumstances under which p75 prefers one interacting protein
over the other will provide essential information on how the function of p75 is regulated.

It should be noted that in addition to promoting apoptosis, p75 has also been suggested to favor
neuronal survival. While this may seem rather surprising, this hypothesis is consistent with the absence
of peripheral sensory neurons in the p75 exon 4 knockout mice, suggesting that p75 is crucial for
maintaining neuronal survival for this subpopulation of neurons. The ability of p75 to enhance neuronal
survival is associated with the increase in NF-kB activation observed downstream of p75. In the absence
of TrkA, NGF binds to p75 and activates NF-kB in rat Schwann cells (Dobrowsky and Carter, 1998). In
both embryonic neurons and sympathetic neurons, neurotrophins have been shown to trigger p75-
dependent NF-«B activation. How p75 activation results in NF-kB induction has not been completely
elucidated, but recent evidence indicates that it may involve association with some of its interacting
proteins. Association of p75 with TRAF6, for example, was shown to mediate the downstream NF-xB
activation (Khursigara et al., 1999). On the other hand, binding of RIP-2 similarly leads to NF-kB activation
(Khursigara et al., 2001). It therefore appears that p75 may promote both apoptosis and survival, depending
on the cellular context.

6.2.2 Nerve Regeneration and Neurite Outgrowth

In addition to modulating neuronal survival and death, p75 has also been implicated in modulating neurite
elongation via its interaction with the Nogo receptor. The proteins Nogo-A, oligodendrocyte—myelin
glycoprotein (OMgp), and myelin-associated glycoprotein (MAG) have all been identified as inhibitory
components present in CNS myelin, acting through the same Nogo receptor (Ngr). The glycosyl phospha-
tidylinositol (GPI) linkage of Ngr suggests the requirement for additional transmembrance proteins as
transducer for the inhibitory signal inside the cells. Recently, p75 was identified as a potential coreceptor
for Ngr (Wang et al., 2002; Wong et al., 2002). Both Ngr and p75 are coexpressed extensively in the
developing rat nervous system. Ngr was also found to physically interact with p75 via their extracellular
domain upon ligand binding. Activation of the p75-Ngr complex increases RhoA activity, which is crucial
for the ability of the p75-Ngr complex to inhibit axonal elongation (Yamashita and Tohyama, 2003). p75
interacts with the RhoGDP dissociation inhibitor (RhoGDI) to enable RhoA activation (Yamashita and
Tohyama, 2003). This interaction is further enhanced by MAG and Nogo. Using a blocking peptide to
inhibit the interaction between RhoGDI and p75, the inhibitory cues of CNS regeneration can be blocked,
suggesting that RhoA activity is indispensable for the inhibitory cues elicited by p75/Ngr signaling.
Recently, a novel protein LINGO-1, was also shown to be required for p75/Ngr-mediated activation of
RhoA (Mi et al., 2004).

Since activated p75 can modulate RhoA activity, it is highly possible that functional p75 may also
regulate the dynamic actin polymerization at the growth cones, thereby controlling growth cone advance.
Binding of neurotrophins to Trk and p75 receptors on growth cones triggers changes in actin filament
dynamics and growth cone behaviors. Activation of Trks mediates local accumulation of actin filaments via
increase in Racl activity, whereas p75 activation causes local reduction of RhoA signaling that promotes
lengthening of filopodia (Gallo and Letourneau, 2004).



32

Signaling through the neurotrophin receptors

7 Future Perspectives

It has been almost 20 years since the identification of the first neurotrophin receptor. With the advances in
our research techniques, some of our previous understanding on neurotrophin receptor signaling has been
consolidated, while at the same time novel aspects of the receptor functions have been unraveled. The three-
dimensional structures of TrkA and p75 in association with NGE, for example, have revealed the structural
bases underlying the specificity in neurotrophin recognition and receptor binding (He and Garcia, 2004).
However, new insights from recent studies also point to a new direction in neurotrophin research. Whereas
most of our present knowledge on neurotrophin receptor signaling is based on studies using bath-applied
neurotrophin, recent studies indicate that localized administration of neurotrophin to the axonal terminals
and cell bodies leads to distinct signaling mechanisms (Watson et al., 2001). Thus, it will be interesting
to apply the present findings from bath cultures, such as downstream signaling mechanisms, Trk- and
p75-binding partners, to delineate the neurotrophin receptor functions in different subcellular microenvir-
onments, such as pre- or postsynaptic regions. In addition, considerable evidence has drawn our attention
to the functional roles of Trk receptors in synaptic formation, transmission, and plasticity. Future investiga-
tions will provide a better understanding on the involvement of neurotrophin receptor signaling in higher
cognitive functions.
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Abstract: Ciliary neurotrophic factor (CNTF) is a member of the neurokine family of cytokines with
actions on multiple cell types of the nervous system. CNTF shares a common gp130 receptor subunit
with the other neurokines, leukemia inhibitory factor (LIF), interleukin-6 (IL-6), interleukin-11 (IL-11),
cardiotrophin-1 (CT-1), oncostatin-M (OSM), cardiotrophin-like cytokine (CLC), and neuropoietin.
Neurokine signaling is mediated principally through the Janus tyrosine kinase-signal transducer and
activator of transcription (Jak/STAT) pathway. The biological actions of the various neurokines are over-
lapping in many instances, but can also be unique. While none of the neurokines appear to be essential
individually, they are critical for life. Gene knockout studies reveal that loss of each of the individual
receptor subunits results in embryonic or neonatal death. The actions of the neurokines vary depending
on cell type and developmental stage. They may enhance the differentiation of glia while inhibiting
differentiation of some neurons, promote neuronal survival while also inducing apoptosis of other neurons,
promote neuronal repair while also promoting inflammatory responses, or induce early adrenergic
differentiation in sympathetic neurons while later inducing adrenergic to cholinergic switching of pheno-
type. The basis for these varied effects is still not well understood. This chapter will highlight the actions of
the neurokines and the current state of our understanding of the signaling pathway, with emphasis on
activation and inactivation processes, and discuss some potential roles in neurodegenerative diseases and
their treatment.

List of Abbreviations: ALS, amyotrophic lateral sclerosis; apoE, apolipoprotein E; ChAT, choline acetyl-
transferase; CLC, cardiotrophin-like cytokine; CNTE, ciliary neurotrophic factor; CT-1, cardiotrophin-1;
CyRE, cytokine response element; EGFP, enhanced green fluorescent protein; FGF, fibroblast growth factor;
GFAP, glia fibrillary acidic protein; HD, Huntington’s disease; HGE, hepatocyte growth factor; IL-6,
interleukin-6; IL-11, interleukin-11; Jak, Janus kinase; LIE, leukemia inhibitory factor; MAPK, mitogen-
activated protein kinase; NGEF, nerve growth factor; OSM, oncostatin-M; PIAS, protein inhibitor of
activated STATs; SHP-1/2, src homology-2-domain-containing protein tyrosine phosphatase-1/2; SOCS,
suppressor of cytokine signaling; STAT, signal transducer and activator of transcription; VIP, vasoactive
intestinal peptide

1 Introduction

Ciliary neurotrophic factor (CNTF) is a member of the neuropoietic cytokine family of proteins, also
referred to as neurokines. This family includes avian and mammalian CNTF, interleukin-6 (IL-6), interleu-
kin-11 (IL-11), leukemia inhibitory factor (LIF), oncostatin-M (OSM), cardiotrophin-1 (CT-1), cardio-
trophin-like cytokine (CLC), and neuropoietin. These proteins share a common structural motif and
a receptor-signal transduction system (Bazan, 1991). Their biological actions are diverse but very promi-
nent in the hematopoietic system as cytokines and in the nervous system as neurotrophic factors. In this
chapter we treat CNTF as a prototype neurokine and highlight key aspects of the other neurokines,
reviewing their physiological actions, distribution, regulation, and mechanisms of action in nerve cells
and muscle.

2  The Discovery and Characterization of CNTF

CNTF was originally described as a ciliary ganglion trophic activity isolated from the embryonic chick eye
(Adler et al., 1979; Manthorpe et al., 1980; Nishi and Berg, 1981). It was hypothesized that it functions as a
target-derived factor to support neuronal survival during the period of programmed cell death that
coincides with cholinergic innervation of the eye by parasympathetic neurons of the chick ciliary ganglion
(Landmesser and Pilar, 1974; Adler et al., 1979). CNTF was the second neuronal growth factor discovered
after the nerve growth factor (NGF) (Levi-Montalcini and Hamburger, 1951). The term ciliary neuro-
notrophic factor describing the survival activity first appeared in a 1984 paper by the Varon group (Barbin
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et al., 1984). Nishi and Berg (1981) initially used the term “growth promoting activity,” to describe this
eye-derived component(s) that stimulated the growth of nerve cells. The activity was prominent in the
ciliary neuronal target tissues of the embryonic eye, including the iris, choroid, ciliary body, and pigmented
epithelium (Manthorpe et al., 1980; Barbin et al., 1984). Eventually the term was shortened to the term now
used: CNTF (Hughes et al., 1988).

The CNTF moiety isolated from the chick eye has three distinguishing biological actions on chick ciliary
ganglion neurons. It supports the in vitro survival of chick ciliary ganglion neurons in cell culture (Adler
et al., 1979). It stimulates the growth of cell size, without increasing cell numbers (Nishi and Berg, 1981;
Halvorsen and Berg, 1989). And finally, it downregulates the levels of alpha-7-subunit-containing acetylcho-
line receptors on peripheral neurons (Halvorsen and Berg, 1989). While the factor in chick eye resisted
molecular purification and identity, all of these activities were shared with a mammalian CNTF-like activity
isolated from rat sciatic nerve. The sciatic nerve proved to be a particularly rich source of CNTF activity and
permitted its purification and molecular characterization (Manthorpe et al., 1986; Stockli et al., 1989).
However, as we will describe later, other key differences between the factors have emerged and it is likely
that this rat CNTF may not be the true mammalian homolog for the original avian CNTF (Finn and
Nishi, 1996b).

3  The Family of Neurokines

3.1 Chemical and Structural Aspects

The first CNTF genes cloned were from rabbit (Lin et al., 1989) and rat (Stockli et al., 1989), and helped
define a new class of neurotrophic factors that was distinct from the NGF and fibroblast growth factor
(FGF) families. The human CNTF gene was found to be about 85% identical with rat and rabbit CNTF at
the amino acid level (Lam et al., 1991). A puzzling finding from these first CNTF cloning and expression
studies was the lack of predominant expression during embryonic development and the lack of a discernible
secretory mechanism. It was questioned how this factor could be a significant developmental neurotrophic
factor if it was not significantly expressed or secreted during embryogenesis. Later, when avian CNTF
was cloned, it was found to be highly expressed during development and released from cells (Leung et al.,
1992). Avian CNTF is secreted by a nonclassical pathway that is not used by mammalian CNTF (Reiness
et al., 2001). These represent two key differences between mammalian and avian CNTFs (Finn and Nishi,
1996b).

The CNTFs fall into the greater family of proteins containing a four-alpha-helical core structure (Bazan,
1991). These cytokines are all composed of exchangeable functional modules and the crystal structures of
LIE, CNTE, IL-6, growth hormone, and leptin all share this common design, as recently reviewed (Kallen
et al., 1999; Auernhammer and Melmed, 2000). Several neurokines were first identified as factors active in
the immune or hematopoietic systems. LIF and OSM were cloned and found to be glycoproteins active as
tumor growth inhibitory factors (Gearing et al., 1987; Rose and Bruce, 1991). LIF was identified as a
cholinergic differentiation factor, a glycoprotein from target tissues that induces a switch from adrenergic to
cholinergic phenotype in some developing sympathetic neurons (Weber, 1981; Fukada, 1985). LIF is
expressed in early embryos and along with CNTF induces stem cells to maintain pluripoteniality (Conover
et al., 1993; Cheng et al., 1994; Kiger et al., 2001; Metcalf, 2003). IL-6 and IL-11 were first identified as
cytokines important in the hematopoietic system as proinflammatory factors and were later found to be
expressed in and functioning in the nervous system (Kishimoto et al., 1992; Yang, 1993; Marz et al., 1999).
CT-1 was first described as a neurokine that induces cardiac myocyte hypertrophy and also as a motor
neuron survival factor that binds to the LIF receptor complex (Pennica et al., 1995a, 1996). The newest
members of the CNTF family are CLC and neuropoietin. CLC is a 22-kDa protein most homologous
with CT-1 (Shi et al., 1999). Neuropoietin is a 22-kDa protein exhibiting a 16% identity with CNTF and an
11-27% identity with the other CNTF family members (Derouet et al., 2004). Two properties distinguish
neuropoietin most from CNTE: it is expressed at early developmental stages and it possesses a potential
hydrophobic signal peptide. These are properties previously associated with avian CNTE.
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3.2 Distribution in Developing and Mature Nervous Systems

The distribution patterns of the neurokines in the nervous system are varied and too diverse to be
adequately described here. Some key sites of expression are described in the following sections, but the
reader is referred to other sources for more details (e.g., Leung et al., 1992; Murphy et al., 1997; Qiu et al.,
1997; Mufson et al., 1999). Briefly though, the distribution of rat CNTF messenger RNA (mRNA) and
protein is highest in optic nerve and olfactory bulb, but is also prominent in postnatal type I astrocytes and
Schwann cells (Stockli et al., 1991). Whereas CNTF is not heavily expressed in the embryo, both CLC
and neuropoietin are expressed in embryonic tissues (Uemura et al., 2002; Derouet et al., 2004).

3.3 Receptors and Signaling Pathways in Brief

The responses of the neurokines are pleiotropic due to the utilization of receptors with a common set
of subunits and signaling pathways (Boulanger et al., 2003a). The first CNTF receptor o subunit was
cloned from human SH-SY5Y neuroblastoma cells and found to be an extracellular protein attached to
the cell membrane through a glycosylphosphatidyl inositide linkage (Davis et al., 1991). The o subunit
binds selectively with CNTF and combines with the transmembrane subunits gp130 and LIF receptor
for signaling (Ip et al.,, 1992b; Stahl et al., 1993). The known neurokine—receptor combinations with
ligand-binding subunits are summarized in @ Figure 3-1. LIF does not require the o subunit for activity

@ Figure 3-1

Receptor subunit composition for neurokines. The receptor subunits for the indicated neurokines are shown.
The vertical lines indicate the interaction of the alpha subunits with the plasma membrane, either as an integral
membrane protein or as a glycophosphatidyl inositol linkage. CLC cardiotrophin-like cytokine, CNTF ciliary
neurotrophic factor, CT-1 cardiotrophin-1, IL-6 interleukin-6, IL-11 interleukin-11, LIF leukemia inhibitory factor,
OSM oncostatin-M, NP neuropoietin, CNTFR CNTF receptor o subunit, CT-TR CT-1 receptor subunit, IL-6R IL-6
receptor o subunit, IL-17R IL-11 receptor a subunit, LIFR LIF receptor  subunit, OSMR OSM f} receptor subunit

IL-11 CNTF l\Ny |\cv

www

gp130
gp130
gp130
ap130
LIFR

gp130
LIFR

gp130
gp130
LIFR

ap130
OSMR

but competes with CNTF for binding, perhaps through competition between the CNTF-receptor o
complex and LIF with the gp130-LIF receptor 8 complex (Robledo et al., 1996). Structural models derived
from studies of the IL-6 and IL-11 receptor complexes suggest that the overall complex is hexameric with
two copies each of the ligand, binding subunits, and gp130 (Ward et al., 1994; Barton et al., 2000; Boulanger
et al., 2003b). Evidence suggests that CNTF may also form a hexameric receptor complex (De Serio et al.,
1995).

The CNTF receptor complex is used by a subclass of neurokines: CNTE, CLC, and neuropoietin
(Derouet et al., 2004). CLC is indistinguishable in action from CNTF (Senaldi et al., 1999). It is likely
that CNTF receptor o is used by different neurokines during development, for differentiation, and for
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maintenance/repair functions. This mechanism for varied function contrasts with that of neurotransmitter
receptors. Whereas an individual transmitter uses a variety of different receptors to achieve selectivity in
responses, the CNTF receptor has several different ligands to regulate its activity.

Although the signaling pathway for these neurokines is often referred to as the Janus tyrosine kinase-
signal transducer and activator of transcription or the “Jak/STAT” pathway, various downstream mediators
other than STATs can also be activated. STAT, or signal transducer and activator of transcription, is the
principal signaling molecule for all neurokines. gp130 and LIF receptor  each have an associated Jak-
binding site (usually Jakl or Jak2) located near the plasma membrane (Stahl et al., 1994). Upon ligand
binding, receptor conformational changes result in the transphosphorylation and activation of these Jaks.
Substrates for the Jaks include several docking sites on the gp130 and LIF receptor § (Davis et al., 1993) that
when phosphorylated can bind to src homology 2 (SH2) domains of STATs, usually STAT1 and/or STAT3
(Baumann et al., 1994). The STATs are then phosphorylated and activated by Jak, resulting in their release,
dimerization, and translocation into the nucleus to regulate gene expression. STAT regulatory elements are
present on a number of different genes. The final transcriptional complexes can vary but are likely to
include components in addition to the STATs. Although much is known about the specific structural
requirements for these events on the Jaks, STATs, and receptors, the mechanisms and other protein
participants are still only broadly defined (Pellegrini and Dusanter-Fourt, 1997; Horvath, 2000; Rane and
Reddy, 2000; Kisseleva et al., 2002).

Activation of signaling pathways other than STATS can also be initiated by Jak kinases. Jak can activate
an SH2-binding site on the receptor and stimulate SHP-1 or SHP-2 tyrosine phosphatase and mitogen-
activated protein kinase (MAPK) activity through Ras binding, and Akt can be activated through phospha-
tidyl inositol-3 kinase. There is evidence from selected systems that MAPK and STAT activation have
opposing actions (Wu and Bradshaw, 1996). These alternative Jak signaling pathways have been discussed
in a number of recent reviews (Stahl and Yancopoulos, 1994; Inoue et al., 1996; Auernhammer and Melmed,
2000; Decker and Kovarik, 2000).

3.4 Gene Knockout Studies

The importance of the CNTF receptor signaling system in development is clearly illuminated by the mouse
phenotype of the o subunit knockout, which is lethal perinatally and displays severe motor deficiencies
(DeChiara et al., 1995). Null mutants of LIF receptor B subunit also die shortly after birth with multiple
problems including reduced astrocyte numbers in the spinal cord and brain stem (Li et al., 1995; Ware et al.,
1995). In both cases the receptor mutants result in much more dramatic phenotypes than do null mutants
of the factors themselves. CNTF or LIF gene knockouts result in a relatively small amount of motor
neuron defects (Masu et al., 1993; Kwon et al., 1995). LIF or CNTF gene knockout, though, does reveal
deficits in maintenance of motor neurons and in response following neural trauma. Mice with a LIF/CNTF
double gene knockout or LIF/CNTEF/CT-1 triple gene knockout show potentiated motor neuron losses
(Sendtner et al., 1996; Holtmann et al., 2005). These results strongly discount an absolute requirement
for these individual growth factors in nervous system development. Further, the human phenotype for
null CNTF appears to have little or no impact on occurrence of several neurodegenerative diseases (Orrell
et al., 1995).

4  Actions in the Peripheral Nervous System

4.1 Autonomic Nervous System

4.1.1 Parasympathetic Nervous System

The importance of avian CNTF in the development of chick ciliary ganglion neurons supports the role of
CNTF as a target-derived neurotrophic factor. CNTF supports the complete survival of ciliary ganglion
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neurons in culture and promotes their growth in size and regulates the expression of a subclass of
acetylcholine receptors on the cells (Nishi and Berg, 1981; Halvorsen and Berg, 1989). Ciliary neurons in
culture bind to '*’I-CNTF with high affinity and CNTF induces a persistent activation of Jak/STAT signaling
(Koshlukova et al., 1996; Wishingrad et al., 1997). Cloning of the chick CNTF gene indicates that the avian
form of CNTF differs in significant ways from mammalian CNTF in being expressed during early
development and in being secreted as a functional protein from target cells (Leung et al., 1992). Further,
CNTF is expressed in eye targets of ciliary ganglion neuron during development where it is the only trophic
activity present (Finn and Nishi, 1996a). Retroviral overexpression of CNTF in ovo results in rescue of
about 30%, on average, of ciliary neurons that normally die during programmed cell death, and under-
expression results in increased cell death (Finn et al., 1998). Any role for other CNTF family members in
parasympathetic neuron activity has yet to be identified.

4.1.2 Sympathetic Nervous System

CNTF and LIF have significant effects on sympathetic neuron development, both in vivo and in culture.
CNTF binds to chick sympathetic neurons in culture and in freshly isolated cells with high affinity (Huber
et al., 1993), and in rat cells both LIF and CNTF induce the activation of Jak/STAT signaling (Guo et al.,
1999; Kaur et al., 2003). Sympathetic neurons also make and respond to IL-6 (Mirz et al., 1998). CNTF
increases vasoactive intestinal peptide (VIP), somatostatin, and substance P expression in sympathetic
neurons (Ernsberger et al., 1989; Rao et al., 1992) and decreases neuropeptide Y and muscarinic and
nicotinic acetylcholine receptors (Halvorsen and Berg, 1989; Ludlam and Kessler, 1993); LIF-receptor-null
mutations result in decreased numbers of VIP-positive neurons (Duong et al., 2002). CNTF promotes the
terminal differentiation of cultured progenitor MAH cells into sympathetic neurons (Ip et al., 1994). Chick
sympathetic neurons change their sensitivity to CNTF during development. At embryonic day 7, CNTF
does not affect the relative expression of choline acetyltransferase (ChAT) and tyrosine hydroxylase but
does increase VIP, while at day 12 it increases both VIP and ChAT and decreases tyrosine hydroxylase
(Ernsberger et al, 1997). In the rat, gpl30 neurokines act as cholinergic differentiation factors for
sympathetic neurons. LIF was the first factor identified from heart with the ability to convert sympathetic
neurons from an adrenergic to a cholinergic phenotype (Yamamori et al., 1989). The role of gp130
neurokines in the sympathetic cholinergic phenotype has been previously reviewed (Landis, 1996). At
higher concentrations, LIF and CNTF cause cell death in a subpopulation of neonatal rat sympathetic
neurons in culture (Kessler et al., 1993; Savitz and Kessler, 2000) while later in development CNTF acts as a
survival factor for these same neurons (Kotzbauer et al., 1994). Both LIF and CNTF block bone morpho-
genetic protein-induced dendritic outgrowth in rat sympathetic neurons in culture (Guo et al., 1997, 1999).
Neurokines have varied effects on sympathetic neurons, and the regulatory mechanisms for this variability
are not yet clear.

4.1.3 Sensory Neurons

Subpopulations of sensory neurons respond to neurokines similarly to that of sympathetic neurons.
In chick dorsal root ganglion there is early expression of CNTF receptor followed by a survival response
protecting cells from programmed cell death (Tolosano et al., 1996; von Holst et al., 1997). Transfection of
sensory neurons with antisense gp130 leads to a decreased number of VIP-positive cells (Geissen et al.,
1998). CNTF in vivo increases substance P and calcitonin-gene-related peptide (CGRP) expression in
sensory neurons (Apfel et al., 1993). Cranial nodose and trigeminal ganglion neurons develop sensitivity
to the survival effects of neurokines differently, and sensory neuron populations display different
developmental patterns of neurokine responsiveness to CNTF, LIE, OSM, CT-1, and IL-6 (Horton
et al., 1998).
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5 Actions in the Central Nervous System

5.1 Motor Neurons

5.1.1 Survival

Motor neurons are an especially neurokine-sensitive population of cells. Survival of chick motor neurons
was enhanced in ovo by CNTF while sympathetic and sensory neurons were not enhanced (Oppenheim
et al., 1991). In other studies, a role for CNTF-related neurokines is implicated during developmental
programmed cell death as LIF-receptor-null mutant mice show a 35-50% decline of motor neuron numbers
at birth (Li et al., 1995). Both IL-6 and LIF promote survival of cholinesterase-positive rat spinal cord
neurons in culture (Kushima and Hatanaka, 1992). Data supporting the possible role for CNTF and LIF as
trauma-related survival factors come from axotomy studies where LIF, CNTF, and IL-6 are each able to
protect spinal cord motor neurons from cell death after axotomy (Sendtner et al., 1990; Helgren et al., 1994;
Li et al., 1994; Ikeda et al., 1996). The mechanism of CNTF-mediated motor neuron survival may be
through stimulation of PAP-1 and Reg-2 activity (Liou et al., 1997; Nishimune et al., 2000).

5.1.2 Motor Neuron Diseases

Several animal models of motor neuron diseases are responsive to exogenous neurokines. The Wobbler
mouse shows delayed onset and less severe symptoms following treatment with CNTF (Mitsumoto et al.,
1994). In the pmn mouse model of progressive motor neuronopathy, endogenous CNTF released upon
axotomy results in enhanced motor neuron survival (Sendtner et al., 1992, 1997). These and other results
have provided an impetus for pursuing this class of neurokines as potential therapeutic agents in neurode-
generative motor neuron disease such as amyotrophic lateral sclerosis (ALS).

5.2 Brain Neurons

5.2.1 Differentiation and Development

CNTF and LIF each show early effects in the central nervous system (CNS) by maintaining neural stem
cells as pluripotent (Conover et al., 1993; Niwa et al., 1998; Moon et al., 2002). Neurokines also have
later developmental effects on CNS neurons, especially in the retina. CNTF is expressed in pigmented
epithelium and macroglia of retina (Finn and Nishi, 1996a; Walsh et al., 2001). CNTF treatment of rat
retinal explants redirects rod photoreceptors to other cell types including bipolar, amacrine, and Miiller glia
cells (Ezzeddine et al., 1997). In culture, CNTF and LIF delay rod photoreceptor cell development in rats
(Kirsch et al., 1998b), and CNTF inhibits the development of photoreceptor-like cells in the postnatal pineal
gland (Hata et al., 2003). In the chick, CNTF increases ChAT levels in cultured retina (Hofmann, 1988). In
the olfactory system, LIF inhibits olfactory receptor neurons’ maturation by activating the STAT3 signaling
pathway, maintaining a population of olfactory receptor neurons in an immature state (Pain et al., 1996).
To generalize, the neurokines appear to delay progression of neurons early in development but often
promote to specific phenotypes later.

5.2.2 Cell Survival and Regeneration
Survival effects of neurokines are widespread in the CNS. CNTF exhibits survival effects on a variety of CNS

neurons including rat hippocampal GABAergic and cholinergic neurons (Ip et al., 1991). CNTF protects
against lesioning-induced cell death in thalamic nuclei (Clatterbuck et al., 1993) and lateral geniculate
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nuclei (Agarwala and Kalil, 1998) and promotes neurite outgrowth in acoustic neurons (Hartnick et al.,
1996). IL-6 also acts as a survival factor for postnatal and fetal tyrosine-hydroxylase-positive cells in the rat
midbrain (Kushima et al., 1992).

5.3 Glia

5.3.1 Development

One of the earliest descriptions of CNTF action in the CNS is that of induction of differentiation of
oligodendrocytes O-2A into type 2 astrocytes (Hughes et al., 1988). CNTF and LIF each promote the
differentiation of oligodendroglial progenitors (Marmur et al., 1998) and CNTF-null mice exhibit defects in
glial maturation (Martin et al., 2003). The CNTF stimulation of cortical precursor cells to differentiate to a
glial rather than a neuronal lineage is via the Jak/STAT pathway as opposed to the MAPK signaling pathway
(Bonni et al., 1997). LIF receptor and gp130 subunits are critical for glia development, as knockouts of
either decrease astrocytic glia fibrillary acidic protein (GFAP) expression (Ware et al., 1995; Nakashima
et al., 1999).

5.3.2 Expression

Using immunocytochemistry and in situ hybridization, CNTF and its receptor were shown to be constitu-
tively expressed in different astrocyte populations in the mouse brain (Dallner et al., 2002). There have been
few details reported of regulation of CNTF expression in glia of the CNS (however, see below for effects of
trauma), but expression of CNTF in Schwann cells is decreased by retinoic acid and by inhibition of the ras-
Erk pathway (Abe et al., 2001; Johann et al., 2003). Determining the cellular and molecular mechanisms of
regulating neurokine expression during glia development is an important ongoing endeavor.

5.3.3 Role in Response to Injury and Trauma

Neural injury and trauma are interrelated with neurokines in different ways. An injury may induce
neurokine expression, or these neurokines may promote an injury response, or they may help the injured
cells survive the insult. In the hippocampus, lesioning and ischemia each lead to increased expression of
CNTF by astrocytes (Ip et al., 1992a; Park et al., 2000). There is also an increase in glial CNTF and receptor
expression after entorrhinal cortical lesion (Lee et al., 1997b). In adult rat neocortex, CNTF injection or
overexpression causes glial cell hypertrophy or a reactive gliosis (Winter et al., 1995; Hudgins and Levison,
1998) and induces astrocytes to increase FGF-2 during remyelination in the spinal cord (Albrecht et al.,
2002, 2003). CNTF knockout mice show impaired recovery from sciatic nerve crush (Yao et al., 1999) while
IL-6 mRNA production increases in Schwann cells following sciatic nerve injury (distal to the crush),
indicative of an inflammatory reaction (Bolin et al., 1995). Effects on the CNS may be different from those
in the periphery as optic nerve lesioning results in increased CNTF receptor mRNA in remaining astrocytes
at the site as compared with a decrease in receptor mRNA seen in Schwann cells of sciatic nerve (Kirsch
et al., 1998a).

6 Neurokines in Nonnerve Tissues

6.1 Skeletal Muscle

Skeletal muscle is a major nonnerve target and source of neurokines (Jordan, 1996a). Denervation of rat
skeletal muscle leads to increased CNTF receptor expression and treatment with CNTF attenuates the



52

CNTF and related neurokines

denervation-induced atrophy and increases twitch tension (Helgren et al., 1994). Even without axonal
sprouting denervation CNTF treatment maintains twitch tension with age and thus may function as a
regulator of muscle strength (Guillet et al., 1999). CNTF induces motor neuron at termini and increases the
number of nerve-muscle contacts (Jordan, 1996b; Oyesiku and Wigston, 1996; Siegel et al., 2000). CNTF
treatment during neuromuscular junction formation causes muscle to maintain a polyneural innervation
(English and Schwartz, 1995). Neurotransmitter release from Xenopus motor neurons in culture is en-
hanced by CNTF, suggesting a role in enhancing or maintaining synaptic strength (Stoop and Poo, 1995). In
immature muscle these neurokines may have a different role as LIF activation of STAT3 inhibits MyoD
activity, promoting cell cycle progression and inhibiting differentiation of myoblasts (Kataoka et al., 2003).

6.2 Cardiac Muscle

The cloning and expression of CT-1 provided evidence for possible pathological effects of neurokines in
cardiac muscle (Pennica et al., 1995b). CT-1, LIF, and other neurokines induce muscle hypertrophy in vitro
and in vivo (Kodama et al., 1997; Wang and Halvorsen, 1998b). Both CT-1 and LIF were found to promote
neonatal mouse cardiac myocyte proliferation and survival (Sheng et al., 1996). Evidence for a develop-
mental role of CNTF is found in chick heart as well, where treatment of cultured cardiomyocytes with the
differentiation factor retinoic acid results in increased expression of CNTF receptor o mRNA and enhanced
CNTF responses (Wang and Halvorsen, 1998a). CNTF and its receptor are expressed in embryonic chick
heart at their highest levels during parasympathetic synapse formation in the atria. CNTF receptor mRNA
levels are increased by stimulating muscarinic acetylcholine receptors in ovo by carbamylcholine and are
inhibited by blocking cholinergic receptors with atropine. Further, CNTF treatment of cultured atrial
myocytes increased levels of muscarinic receptors. Thus, CNTF enhances cholinergic development and
cholinergic activity increases CNTF responsiveness of chick atrium, suggesting a postsynaptic role for
CNTF in the ontogenesis of parasympathetic function in the heart (Wang and Halvorsen, 1998b).

6.3 Other Tissues

Examination of LIF receptor B subunit knockout mice reveals malfunctions in placental, skeletal, neural,
and metabolic systems, suggesting important effects of CNTF-related neurokines in many different organ
systems (Ware et al., 1995; Aubert et al., 1999). CNTF and IL-6 induce an acute phase response in liver and
inhibit IL-1-beta-mediated insulin release in rat pancreatic islets (Nesbitt et al., 1993; Wadt et al., 1998) and
LIF has effects on hepatic lipid metabolism (Nonogaki et al., 1996; Auernhammer and Melmed, 2000).
A number of studies have implicated roles of IL-6, IL-11, OSM, LIF, and CNTF in osteoblasts, either in bone
metabolism, in development of osteoblasts, or in osteogenesis (Allan et al., 1990; Ishimi et al., 1992; Bellido
et al., 1996; Grimaud et al., 2002). LIF has been proposed as an important neuroimmune modulator of
endocrine function (Auernhammer and Melmed, 2000). The widespread systemic effects of neurokines are
important factors when considering their use as therapeutic agents.

7  The gp130 Receptor Family

7.1 The Receptor Complex

7.1.1 Structure-Function Relationships

The common structure of the CNTF neurokine receptors is responsible for both the pluripotent nature of
the neurokines and their redundancy in function. The receptor complexes present in two fundamental
groups: either with two copies of gp130 signaling subunits or as one copy each of a gp130 and a LIF receptor
B subunit (@ Figure 3-1). The LIF receptor B structure is related to gp130, the signal transducer of IL-6
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(Gearing et al., 1991). The exception to these groupings is a type of OSM receptor that uses an OSM
receptor B component in lieu of the LIF receptor B subunit (Mosley et al., 1996). The only clearly
demonstrated function of the a receptor components is to specify ligand binding.

The redundant biological activities observed for the neurokines is a result of the shared gp130 receptor
signaling component, whereas the unique actions are a result, at least in part, of the varied B receptor
components. Since there is little difference in the overall types of signaling possible by the neurokines, the
molecular bases for these differences in signaling of the receptor subunits is an area of intense interest. The
relative roles of receptor signaling subunits in signal transduction have been studied using chimeric
receptors composed of a homodimer of extracellular domains of non-CNTF family cytokine receptors
coupled with the transmembrane and cytoplasmic regions of either OSM receptor, LIF receptor, or gp130 as
intracellular signaling domains (Baumann et al., 1994). Examination of specific responses reveals some cell-
type-specific effects. Thus cell proliferation, induction of differentiation, and inhibited differentiation are
seen only in selected cell types (Starr et al., 1997; Hermanns et al., 1999). The receptor composition, as well as
the environment of the targeted cell, therefore dictates the final cellular response from a specific neurokine.

To determine the roles of the signaling domains within LIF and OSM receptors, OSM receptor and LIF
receptor progressive c-terminal truncations were generated. After reconstitution of receptor function in
receptor-negative Hep3B hepatoma cells it was found that the distal sequence motif of the OSM receptor
was required for signal transduction by the OSM-specific receptor but that LIF signaling was not strictly
dependent on the same elements (Kuropatwinski et al., 1997). Further, Hermanns et al. (2000) found that
OSM is better than LIF or IL-6 at activating extracellular signal-regulated kinase 1/2 because of Tyr861 on
the OSM receptor. Examination of the six carboxy-terminal tyrosine motifs implicated in recruiting STATSs
to gp130 of the IL-6 receptor reveals they are not equivalent in their capacity for activating STAT factors and
genes (Baumann et al., 1994; Schmitz et al., 2000b; Boulanger et al., 2003a).

7.1.2 Expression

Although all neurokines share receptor subunits, it is the CNTF receptor o subunit that provides selectivity
for CNTF, neuropoietin, and CLC action. Yancopoulos and coworkers first cloned mammalian CNTF
receptor o genes and reported their expression in rats and humans (Ip et al., 1993). Several groups have
reported in depth on the distribution and variability of the expression of the various receptor subunits in the
nervous system; here we will provide just a brief overview. The distribution of CNTF receptor o is widely
expressed in embryonic and neonatal rat brain (Kirsch and Hofmann, 1994; Seniuk-Tatton et al., 1995;
Maclennan et al., 1996; Lee et al., 1997a). The chick CNTF receptor o is 70% identical to the human CNTF
receptor o protein (Heller et al., 1995; Ip et al., 1995). In the chick, expression of the CNTF receptor o
subunit is principally localized to the nervous system (Fuhrmann et al., 2003), including the neurons of the
peripheral nervous system (PNS); parasympathetic, sympathetic, and sensory neurons; and CNS neurons
including motor neurons, retinal ganglion cells, and amacrine cells, all neurons that are known to respond to
CNTF by increased survival or differentiation. It is also expressed in cardiac and skeletal muscle (Jordan,
1996b; Wang and Halvorsen, 1998b). Expression of IL-11 receptor o subunit in mouse brain has also been
described (Hilton et al., 1994). gp130 expression in rat brain by using immunocytochemistry shows a
distribution more widespread than that of the CNTF receptor o or the LIF receptor (Watanabe et al., 1996).
LIF-binding sites in rat cranial motor neurons remain mostly steady between embryonic day 18 and
postnatal day 21 while levels in other CNS locations begin low and rise between postnatal day 7 and 21
and in the rat PNS, levels start higher and then decline over this period (Qiu et al., 1997). The results support
varied roles for these neurokines in different neural populations and at different times in development.

7.1.3 Regulation

The ability of a cell to respond selectively to a specific neurokine depends on the appropriate expression of
receptor components. A thorough understanding of the mechanisms that regulate the expression during
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development and after injury will be key to understanding tissue responsiveness. Agents that promote
neural differentiation also affect CNTF responsiveness. Activation of protein kinase C in SH-SY5Y neuro-
blastoma cells via exposure to phorbol ester causes adrenergic differentiation and a downregulation of
CNTF receptor o subunit mRNA and CNTF sensitivity. Treatment of cells with the cholinergic differentia-
tion agent retinoic acid causes an upregulation of CNTF receptor o and gp130 mRNA and an increase in
sensitivity to CNTF (Malek and Halvorsen, 1997). In the CNS, axotomy induces an increase in CNTF
receptor o in rat medial septal neurons (Lee et al., 1997c). While CNTF receptor o expression was not
expressed in regions of the medial septal nucleus of control animals, upregulation was observed in neurons
after fimbria—fornix transection. Studies of the LIF receptor B subunit using protein kinase inhibitors and
point mutations indicate that downregulation depends on activation of extracellular signal-regulated kinase
1/2 and serine phosphorylation of the cytoplasmic domain of the LIF receptor (Blanchard et al., 2000).

Young et al. (1997, 1998) identified a conserved hormone response element in the oo component of the
CNTF receptor gene for human TR4 and TR2 orphan steroid receptors. They further showed that CNTF
could increase TR4 expression and enhance the DNA-binding capacity of TR4. In situ hybridization results
showed TR4 transcripts expressed in a pattern similar to that of CNTF receptor o in the developing and
postnatal nervous systems. Their data suggest an interaction between TR2/TR4 and the CNTF signaling
pathway during neurogenesis. There is also evidence for an interaction between CNTF receptor expression
and androgens in skeletal muscle. Androgen expression in mice lacking a functional CNTF receptor o
results in fewer than half as many spinal bulbocavernosus motoneurons than did wild-type male mice,
suggesting that the expression of CNTF receptor is androgen-regulated in rat spinal motoneurons (Forger
et al., 1997, 1998). So CNTF sensitivity of cells is modulated by a variety of regulatory agents.

7.2 The Jak/STAT Signaling Pathway

7.2.1 The Activation Cascade: from Plasma Membrane to the Nucleus

CNTF binds to the CNTF receptor o subunit, which is coupled to a heterodimer consisting of gp130 and the
LIF receptor beta subunit (Davis et al., 1991; Stahl et al., 1993, 1994). LIF receptor beta and gp130 are
associated with a cytosolic tyrosine kinase, either Jak1 or Jak2, that can induce tyrosine phosphorylation of
STAT1 and STAT3 docking sites on the receptor. Once associated with the activated receptor, tyrosine
phosphorylation of STAT results in its dimerization and subsequent binding to specific DNA sequences in
the nucleus to regulate gene transcription (@ Figure 3-2) (Bonni et al., 1993; Boulton et al., 1994; Taga,
1996; Darnell, 1997; Malek and Halvorsen, 1997; Wishingrad et al., 1997). CNTF induces the phosphoryla-
tion by Jak on tyrosine residues and by another kinase(s) on serine/threonine residues, preferentially of
STAT3, and to a lesser extent, STAT1. There have been a number of recent reviews of the Jak/STAT pathway
dealing with their biological roles (Leonard and O’Shea, 1998; Rane and Reddy, 2000), the structure—
function relationships of Jaks and STATs (Pellegrini and Dusanter-Fourt, 1997; Grotzinger, 2002), serine
phosphorylation of STAT (Decker and Kovarik, 2000), and results from knockout mice (Akira, 1999;
Kisseleva et al.,, 2002). Evidence for an inhibitory tyrosine phosphorylation site on Jak2 has also been
presented (Feener et al., 2004). Treatment of cells with a protein phosphatase inhibitor prevents subsequent
neurokine-mediated activation of Jak and terminates nuclear signaling by STATs (Jiao et al., 2003). The
identity of this hypothesized phosphatase and whether its site of action is on an inhibitory Jak phosphotyr-
osine is still unknown.

It appears that both Jakl and Jak2 are utilized in gp130-containing receptors. Jakl knockout mice are
small at birth, die perinatally, and fail to respond to gp130 neurokines while Jak2 knockout mice exhibit
only partial LIF and IL-6 signaling (Neubauer et al., 1998; Parganas et al., 1998; Rodig et al., 1998). These
results suggest that Jakl is absolutely required for neurokine signaling while Jak2 is not an absolute
requirement. However, it remains to be determined whether these requirements vary among cell types.

CNTF-related factors that act as target-derived neurotrophic factors have an important barrier to
overcome in transmitting their signal to the cell nucleus from the nerve terminal. An unresolved question
is whether STATs are activated at the nerve terminal or site of axonal injury and then transported to the
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@ Figure 3-2

Nuclear translocation of STATs following CNTF treatment. BE(2)-C neuroblastoma cells were transfected with
either STAT1-EGFP (STAT1) or STAT3-EGFP (STAT3) DNA. Cells were treated with CNTF 1 nM for 30 min or left
untreated (control) as indicated and then fixed and observed by confocal microscopy as previously described
(Kaur et al., 2005)

Control +CNTF

STAT 1

STAT 3

nucleus in order to affect gene expression or if an activated receptor—Jak complex is transported to the cell
body where STATS are activated near the nucleus. The nature of this transported signaling complex has not
yet been defined. In two studies, radiolabeled CNTF was not shown to undergo detectable retrograde
transport in peripheral nerves (Smet et al., 1991; Gupta et al., 1992). However, in other studies there was
evidence for retrograde LIF transport (Hendry et al., 1992; Curtis et al., 1994; Ure and Campenot, 1994).
Biotinylated LIF was also shown to be retrogradely transported in a subpopulation of sensory neurons
in vivo (Thompson et al., 1997). In one study, retrograde transport of CNTF from nerve terminals in
sensory neurons was shown to increase after neural injury (Curtis et al.,, 1993). Whether retrogradely
transported LIF or CNTF detected in these studies functions as part of a signaling complex or is simply part
of a protein degradation process has not been clarified.

The pathways and genes that are regulated to produce the physiological effects of CNTF neurokines are
still being defined. For example, in a rat oligodendroglial progenitor cell line, CNTF activates the GFAP
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gene and several putative CNTF-response elements were identified in regions of the GFAP gene promoter
(Kahn et al., 1997). CNTF stimulates differentiation of cerebral cortical precursor cells into astrocytes in
preference to a neuronal phenotype. Even though CNTF stimulates both the Jak/STAT and the Ras-MAPK
signaling pathways in these cells, it is the Jak/STAT pathway that enhances gliogenesis (Bonni et al., 1997).
CNTE, LIE IL-6, and CT-1 mediate survival in developing rat sensory neurons by STAT-mediated activation
of NF-kB (Middleton et al., 2000).

Some DNA elements that bind to the STAT transcription complexes have been described and these are
of intense interest in order to identify the genes regulated by the neurokines (Decker et al., 1997). In the
nonbreakable filament length (NBFL) neuroblastoma cell line and in sympathetic neurons, CNTF, LIF, and
OSM each activate VIP gene transcription through a 180-bp cytokine response element (CyRE). Deletion
analysis of the VIP CyRE reveals multiple regions are important for CNTF-mediated transcriptional activity
but that the STAT element is absolutely required for VIP gene activation (Symes et al., 1994). CNTF causes a
rapid and transient increase in expression of the immediate early gene, c-fos, in human SH-SY5Y
neuroblastoma cells and in NBFL cells; CNTF increases c-fos, JunB, and JunD levels leading to AP-1 site
activity within the CyRE of the VIP promoter in addition to its STAT-binding activity (Halvorsen et al.,
1996; Symes et al., 1997a). In embryonic rat striatal neurons, LIF and CNTF lead to increased expression of
the gene encoding the opioid-like neuropeptide, nociceptin/orphanin FQ, which binds to ORL-1 (Buzas
et al,, 1999). Nociceptin/orphanin FQ mRNA levels were increased severalfold by CNTF in striatal and
cortical neurons and in primary astrocytes consistent with a mechanism requiring activation of the Jak/
STAT pathway. Activation of STAT signaling is clearly an important mediator of neurokine action in the
nervous system. As such, it is clear that activation of STAT signaling represents an important mediator of
neurokine action in the nervous system.

The persistence of the neurokine activation signal varies among cell types. In most cell lines, neurokine
activation is transient, even in the continued presence of the cytokine (Symes et al., 1994; Halvorsen et al.,
1996). For example, CNTF or LIF stimulation of phospho-STAT in neuroblastoma cells is maximal after
15-30 min and then decays to near-background levels by 2 h (Kaur et al., 2002). This time course appears
inconsistent with the observation that the survival effects of neurokines on primary neurons require
continuous exposure; thus withdrawal of CNTF from ciliary ganglion neuron cultures results in cell
death within 24 h (Wishingrad et al., 1997). However, the signal is much longer-lived in primary neurons,
as continuous CNTF stimulation of cultured ciliary ganglion neurons causes persistent phospho-STAT3
activation for at least 5 days (Wishingrad et al., 1997; Kaur et al., 2002), and similar long-term activation of
STAT signaling is seen in neurokine-stimulated sympathetic neurons (Symes et al., 1994; Guo et al., 1999;
Kaur et al., 2003). A full understanding of the regulatory mechanisms controlling inactivation of neurokine
signaling in nerve cells is clearly needed.

7.2.2 Mechanisms of Inactivation

Inactivation of neurokine signaling can be realized at multiple points in the signaling pathway. Some
processes may be stimulated by the neurokine while others may be constitutively active. In order to reset the
receptor signaling pathway a series of dephosphorylation events must ensue, requiring a set of tyrosine
phosphatases that have not yet been fully identified. A few tyrosine phosphatases have been implicated in
negative regulation of gp130 receptor signaling. The SH2-domain-containing protein tyrosine phosphatase
SHP-1 and SHP-2 are tyrosine-phosphorylated and recruited to gp130 upon neurokine stimulation and
decrease Jak activity and inhibit STAT pathways (Symes et al., 1997b; Neel et al., 2003). Inhibition of SHP-2
either by mutating the binding site on gp130 or by expression of dominant-negative SHP-2 results in an
increased STAT-dependent VIP gene expression in NBFL and sympathetic neurons (Servidei et al., 1998).
However, other results demonstrate that neurokines acting through LIF receptor and gp130 interact with
SHP-2 as a linker protein to stimulate MAPK activity (Schiemann et al., 1997). Thus the effects mediated
through inhibition of SHP-2 could be from lack of phosphatase activity or by inhibition of the MAPK
pathway. Ultimately though, termination of the effects of neurokines require removal of activated, phos-
phorylated STATs from the nucleus (McBride et al., 2000). The nuclear tyrosine phosphatases, PTP1b, and



CNTF and related neurokines

57

the nuclear isoform of TC-PTP have been implicated in the dephosphorylation of phospho-STATS in the
nucleus (Myers et al., 2001; ten Hoeve et al., 2002).

The suppressors of cytokine signaling 1 and 3 (SOCS1 and SOCS3, respectively) are neurokine-induced
genes that can function in a negative feedback loop to antagonize STAT activity. The current thinking is that
SOCS1 binds to Jak and inhibits the kinase activity whereas SOCS3 binds to gp130 at the SHP-2 site and
inhibits STAT phosphorylation (Yasukawa et al., 1999; Schmitz et al., 2000a; Inagaki-Ohara et al., 2003;
Wormald and Hilton, 2004). Protein inhibitors of activated STATs (PIAS) are proteins that bind to activated
STAT dimers and prevent DNA binding (Hilton, 1999; Kisseleva et al., 2002; Wormald and Hilton, 2004).
Thus neurons have several mechanisms to regulate this important signaling pathway available to them.

7.3 Interactions with Other Cytokines and Growth Factors

Cells are constantly exposed to an array of different signaling molecules in their environment; therefore
there is a great deal of interest in understanding the results and mechanisms of these potential interactions.
Just a few of such interactions will be explored here. For example, neurokines and interferons signal through
independent receptor systems but all activate Jak/STAT signaling. Nerve cells typically respond to inter-
feron-y by activating STAT1, with little or no activation of STAT3, but following pretreatment of neurons
with CNTE, LIF, or IL-6, interferon-y elicits a pronounced STAT3 response, providing an additional
component to the final cellular response to interferon-y (Kaur et al., 2003). In the CNS, expression of
both apolipoprotein E (apoE) and CNTF can increase in response to injury. CNTF survival activity on
cultured hippocampal neurons is potentiated by apoE, supporting the idea that apoE secreted at sites of
injury can interact with growth factors such as CNTF to facilitate neural repair (Gutman et al., 1997).
Hepatocyte growth factor (HGF) also acts synergistically with CNTE. Both are survival factors for motor
neurons but neither HGF nor CNTF is effective against vincristine-induced motor neuron toxicity alone,
while together they are neuroprotective against this neurotoxicity (Wong et al., 1997). HGF itself is not a
survival factor for parasympathetic ciliary ganglion neurons or trigeminal mesencephalic sensory neurons,
but it does enhance survival when combined with CNTF and also increases the length and branching of
neurite arbors in both types of neurons (Davey et al., 2000). TGF-f isoforms, while not directly supportive
of ciliary ganglion neuronal survival, enhance CNTF-mediated survival of these neurons (Krieglstein et al.,
1998). Further, blocking the action of TGF-Ps released in response to CNTF inhibits the survival response of
CNTF in ciliary neurons. CNTF and activin (a TGF-B-type factor) each use the CyRE to increase VIP in
NBEL cells, but when added together they promote a synergistic increase in VIP expression (Symes et al.,
2000). While CNTF uses STAT and AP-1 proteins at the VIP CyRE, TGF-B uses Smad3 and Smad4 proteins
to increase VIP expression (Pitts et al., 2001).

8 Clinical Implications

8.1 Neurodegenerative Disorders

The finding that CNTF and related factors promote survival of motor neurons has led to intense interest in
development of CNTF as a potential treatment for neurodegenerative diseases, especially those associated
with a loss of motor function. One of the first reports of a possible therapeutic role for these neurokines was
the finding that CNTF treatment in vivo reduced the neuron loss in the progressive motor neuron disorder
expressed in pmn mice (Sendtner et al., 1992). In another model of motor neuron disease, CNTF and brain-
derived neurotrophic factor given together attenuated disease progression as tested by grip strength, motor
neuron numbers, myelinated fibers, and muscle atrophy in the Wobbler mouse (Mitsumoto et al., 1994).
Although CNTF is a potent agent for motor neuron survival, there is little evidence for the lack of either
CNTF or CNTF receptor in the etiology of motor neuron disease. There are reports of decreased CNTF
expression in spinal cord motor neurons of patients suffering from ALS (Duberley et al., 1995; Lee et al.,
1996; Ono et al., 1999), but overall CNTF expression appears maintained in spinal cords of those with ALS
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(Schorr et al., 1996; Takahashi et al., 1996). Further, the CNTF genotype does not appear to affect the
clinical phenotype since ALS subjects show no difference in age of onset, disease severity, or duration
among patients lacking functional genes for CNTF (Al-Chalabi et al., 2003), although further studies in ALS
patients may yet show regional differences in CNTF receptor « mRNA expression. In phase II and III clinical
trials of ALS, CNTF was not found to be of benefit (ALS CNTF Treatment Study Group, 1996) and LIF
treatment was found to be of only limited benefit in the SOD mutant mouse model of ALS (Azari et al.,
2003; Feeney et al., 2003).

Huntington’s disease (HD) is a neurodegenerative condition where CNTF has shown promise as a
therapeutic agent. Both CNTF and brain-derived neurotrophic factor completely protect striatal neurons
against mutant huntingtin-induced apoptosis in a cell model (Saudou et al., 1998). In a primate model of
HD, CNTF provided via transfected macroencapsulated baby hamster kidney (BHK) cells prevented
neuronal death and restored neostriatal function (Emerich et al., 1997; Mittoux et al., 2000). There are
several mutations causing photoreceptor degeneration in retina. The rds/rds mouse expresses a null
mutation in the rds/peripherin gene that may be linked with retinal degeneration in humans. Intraocular
adenovirus-mediated gene transfer of CNTF prevents photoreceptor degeneration in rds/perpherin mice,
reducing photoreceptor loss and significantly improving the electroretinogram (Cayouette et al., 1998).

Oxidative stress has been associated with stimulation of Jak/STAT signaling and inflammatory
responses in nonnerve cells and also with the pathophysiology of neurons in several neurodegenerative
diseases (Ames et al., 1993; Beal, 2002). Since neurokines promote neuronal survival through Jak/STAT
signaling this raises an apparent contradiction. An explanation for this discrepancy may be that mediators
of oxidative stress have different effects in nerve and nonnerve cells. Thus, in nerve cells, unlike that in
nonnerve cells, agents that increase oxidative stress block CNTF and other cytokine activation of Jak/STAT
signaling (Kaur et al., 2005). These findings suggest that disruption of neurokine signaling is a possible
mechanism of oxidative stress-induced cell death and neural disease.

8.2 Neural Trauma

The early discovery that in mammals CNTF is predominantly expressed in the adult and without a
detectable secretory mechanism led to the hypothesis that it may function as an injury response factor.
For example, axotomy of sensory neurons induces IL-6 and the receptor subunits for neurokines, sympa-
thetic axotomy leads to increase LIF release, and there is increased expression of CNTF and o receptor
subunit mRNA after spinal cord hemisection (Murphy et al., 1995; Rajan et al., 1995; Oyesiku et al., 1997;
Sugiura et al., 2000; Gardiner et al., 2002). Following spinal cord injury CNTF increases the regeneration of
neurons (Ye and Houle, 1997). The induction of both the proinflammatory IL-6 and the pro-survival LIF
and CNTF neurokines suggests that an injury response may both promote normal inflammatory responses
and provide survival and regeneration. The sciatic nerve is a prominent source of CNTF where it is
expressed in Schwann cells. Following sciatic nerve transection, CNTF is released and LIF and IL-6
production is stimulated (Kurek et al., 1996). Providing additional CNTF after sciatic transection, using
CNTF-linked collagen tubules, improves recovery (Ho et al., 1998). Infiltration of inflammatory cells into
crushed sciatic nerve is retarded in LIF knockout mice compared with wild-type mice (Sugiura et al., 2000).
It appears that a positive role for neurokines following nerve trauma may require a precise temporal and
spatial regulation of neurokine expression.

A number of studies suggest that neurokines may provide protective or regenerative functions after
CNS trauma. Brain injury models lead to increased expression of CNTF factors and their receptor subunits.
Kainic-acid-induced seizures cause increased IL-6, LIF, IL-6 o receptor, LIF receptor, and gp130 mRNA as
detected by Northern blotting and in situ hybridization (Lehtimaki et al., 2003), and lipopolysaccharide-
induced brain reactions result in increased IL-6, its o receptor subunit, and gp130 (Vallieres and Rivest,
1997). In the auditory system CNTF infused via osmotic pump enhances the survival of spiral ganglion
neurons and enhances auditory responses after cochlear implants (Shinohara et al., 2002). During transient
focal ischemia CNTF enhances CNS neuron survival (Hermann et al., 2001). Thus targeted application of
neurokines may be of benefit in CNS injuries.
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8.3 Appetite Control

One of the side effects noted after systemic administration of CNTF in rats and humans is a decrease of
appetite and weight loss (Henderson et al., 1994, 1996; ALS CNTF Treatment Study Group, 1996). CNTF
corrects the obesity and the diabetes associated with the leptin-receptor-deficient ob/ob mouse (Gloaguen
et al., 1997). The mechanism of action for CNTF appears to be a decrease in the hypothalamic peptide
neuropeptide Y, leading to a decrease in appetite (Kalra et al., 1998; Xu et al., 1998). This has led to studies
on the utility of CNTF as a long-term appetite suppressant drug (Lambert et al., 2001).

9  Concluding Remarks

We have tried to summarize the extent of our understanding of the actions and mechanisms of the
neurokines. It should be apparent that we are still in need of a fuller molecular description of the
neurokine—receptor—Jak signaling complex. This will provide a better basis for discerning the dynamics
of the mechanisms controlling signal activation and inactivation. Revealing these regulatory mechanisms
will help our understanding of the physiological roles of the different neurokine signaling pathways, which
is key to uncovering the breadth and nature of interactions among neurokines and between these
neurokines and other classes of factors and cytokines. Ultimately, identification of the genes regulated by
the neurokine signaling pathways and their roles in the final physiological outcomes will be needed in
determining the roles neurokines may have as potential therapeutic agents in treatment of degenerative

neuropathologies.

References

Abe K, Namikawa K, Honma M, Iwata T, Matsuoka I, et al.
2001. Inhibition of Ras extracellular-signal-regulated kinase
(ERK) mediated signaling promotes ciliary neurotrophic
factor (CNTF) expression in Schwann cells. ] Neurochem
77:700-703.

Adler R, Landa K, Manthorpe M, Varon S. 1979. Cholinergic
neurotrophic factors: intraocular distribution of soluble
trophic activity for ciliary neurons. Science 204: 1434-1436.

Agarwala S, Kalil RE. 1998. Long-term protection of axoto-
mized neurons in the dorsal lateral geniculate nucleus in
the rat following a single administration of basic fibroblast
growth factor or ciliary neurotrophic factor. J Comp
Neurol 392: 264-272.

Akira S. 1999. Functional roles of STAT family proteins:
lessons from knockout mice. Stem Cells 17: 138-146.

Albrecht PJ, Dahl JP, Stoltzfus OK, Levenson R, Levison SW.
2002. Ciliary neurotrophic factor activates spinal cord
astrocytes, stimulating their production and release of fi-
broblast growth factor-2, to increase motor neuron surviv-
al. Exp Neurol 173: 46-62.

Albrecht PJ, Murtie JC, Ness JK, Redwine JM, Enterline JR,
et al. 2003. Astrocytes produce CNTF during the remyeli-
nation phase of viral-induced spinal cord demyelination to
stimulate FGF-2 production. Neurobiol Dis 13: 89-101.

Al-Chalabi A, Scheffler MD, Smith BN, Parton M]J,
Cudkowicz ME, et al. 2003. Ciliary neurotrophic factor

genotype does not influence clinical phenotype in amyo-
trophic lateral sclerosis. Ann Neurol 54: 130-134.

Allan EH, Hilton DJ, Brown MA, Evely RS, Yumita S, et al.
1990. Osteoblasts display receptors for and responses to
leukemia inhibitory factor. J Cell Physiol 145: 110-119.

ALS CNTF Treatment Study Group. 1996. A double-blind
placebo-controlled clinical trial of subcutaneous recombi-
nant human ciliary neurotrophic factor (rHCNTF) in
amyotrophic lateral sclerosis. Neurology 46: 1244-1249.

Ames BN, Shigenaga MK, Hagen TM. 1993. Oxidants, anti-
oxidants, and the degenerative diseases of aging. Proc Natl
Acad Sci USA 90: 7915-7922.

Apfel S, Arezzo ], Moran M, Kessler J. 1993. Effects of
administration of ciliary neurotrophic factor on normal
motor and sensory peripheral nerves in vivo. Brain Res
604: 1-6.

Aubert J, Dessolin S, Belmonte N, Li M, McKenzie FR, et al.
1999. Leukemia inhibitory factor and its receptor promote
adipocyte differentiation via the mitogen-activated protein
kinase cascade. ] Biol Chem 274: 24965-24972.

Auernhammer CJ, Melmed S. 2000. Leukemia-inhibitory fac-
tor-neuroimmune modulator of endocrine function.
Endocr Rev 21 (3): 313-345.

Azari MF, Lopes EC, Stubna C, Turner BJ, Zang D, et al. 2003.
Behavioural and anatomical effects of systemically adminis-
tered leukemia inhibitory factor in the SOD1(G93A G1H)



60

CNTF and related neurokines

mouse model of familial amyotrophic lateral sclerosis.
Brain Res 982: 92-97.

Barbin G, Manthorpe M, Varon S. 1984. Purification of the
chick eye ciliary neuronotrophic factor. ] Neurochem 43:
1468-1478.

Barton VA, Hall MA, Hudson KR, Heath JK. 2000. Interleu-
kin-11 signals through the formation of a hexameric recep-
tor complex. J Biol Chem 275: 36197-36203.

Baumann H, Symes A, Comeau M, Morella K, Wang Y, et al.
1994. Multiple regions within the cytoplasmic domains of
the LIF receptor and gp130 cooperate in signal transduc-
tion in hepatic and neuronal cells. Mol Cell Biol 14:
138-146.

Bazan FJ. 1991. Neuropoietic cytokines in the hematopoietic
fold. Neuron 7: 197-208.

Beal MF. 2002. Oxidatively modified proteins in aging and
disease. Free Radic Biol Med 32: 797-803.

Bellido T, Stahl N, Farruggella TJ, Borba V, Yancopoulos GD,
et al. 1996. Detection of receptors for interleukin-6, inter-
leukin-11, leukemia inhibitory factor, oncostatin-M, and
ciliary neurotrophic factor in bone marrow stromal osteo-
blastic cells. J Clin Invest 97: 431-437.

Blanchard F, Duplomb L, Wang YP, Robledo O, Kinzie E, et al.
2000. Stimulation of leukemia inhibitory factor receptor
degradation by extracellular signal-regulated kinase. J Biol
Chem 275: 28793-28801.

Bolin LM, Verity AN, Silver JE, Shooter EM, Abrams JS. 1995.
Interleukin-6 production by Schwann cells and induction
in sciatic nerve injury. ] Neurochem 64: 850-858.

Bonni A, Frank D, Schindler C, Greenberg M. 1993. Charac-
terization of a pathway for ciliary neurotrophic factor sig-
naling to the nucleus. Science 262: 1575-1579.

Bonni A, Sun Y, Nadal-Vicens M, Bhatt A, Frank D, et al. 1997.
Regulation of gliogenesis in the central nervous system by
the JAK/STAT signaling pathway. Science 278: 477-483.

Boulanger MJ, Bankovich AJ, Kortemme T, Baker D, Garcia
KC. 2003a. Convergent mechanisms for recognition of di-
vergent cytokines by the shared signaling receptor gp130.
Mol Cell 12: 577-589.

Boulanger MJ, Chow DC, Brevnova EE, Garcia KC. 2003b.
Hexameric structure and assembly of the interleukin-6/IL-6
alpha-receptor/gp130 complex. Science 300: 2101-2104.

Boulton TG, Stahl N, Yancopoulos GD. 1994. Ciliary neuro-
trophic factor, leukemia inhibitory factor, interleukin-6,
oncostatin-M family of cytokines induces tyrosine phos-
phorylation of a common set of proteins overlapping those
induced by other cytokines and growth factors. J Biol Chem
269: 11648-11655.

Buzas B, Symes AJ, Cox BM. 1999. Regulation of nociceptin
orphanin FQ gene expression by neuropoietic cytokines
and neurotrophic factors in neurons and astrocytes. ] Neu-
rochem 72: 1882-1889.

Cayouette M, Behn D, Sendtner M, Lachapelle P, Gravel C.
1998. Intraocular gene transfer of ciliary neurotrophic fac-
tor prevents death and increases responsiveness of rod
photoreceptors in the retinal degeneration slow mouse.
J Neurosci 18: 9282-9293.

Cheng LZ, Gearing DP, White LS, Compton DL, Schooley K,
et al. 1994. Role of leukemia inhibitory factor and its
receptor in mouse primordial germ cell growth. Develop-
ment 120: 3145-3153.

Clatterbuck RE, Price DL, Koliatsos VE. 1993. CNTF prevents
retrograde neuronal death in the adult CNS. Proc Natl Acad
Sci USA 90: 2222-2226.

Conover JC, Ip N, Poueymirou W, Bates B, Goldfarb M, et al.
1993. Ciliary neurotrophic factor maintains the pluripoten-
tiality of embryonic stem cells. Development 119: 559-565.

Curtis R, Adryan KM, Zhu Y, Harkness PJ, Lindsay RM, et al.
1993. Retrograde axonal transport of ciliary neurotrophic
factor is increased by peripheral nerve injury. Nature 365:
253-255.

Curtis R, Scherer S, Somogyi R, Adryan K, Ip N, et al. 1994.
Retrograde axonal transport of LIF is increased by periph-
eral nerve injury: correlation with increased LIF expression
in distal nerve. Neuron 12: 191-204.

Dallner C, Woods AG, Deller T, Kirsch M, Hofmann HD.
2002. CNTF and CNTF receptor alpha are constitutively
expressed by astrocytes in the mouse brain. Glia 37:
374-378.

Darnell JE. 1997. STATs and gene regulation. Science 277:
1630-1635.

Davey F, Hilton M, Davies AM. 2000. Cooperation between
HGF and CNTF in promoting the survival and growth of
sensory and parasympathetic neurons. Mol Cell Neurosci
15: 79-87.

Davis S, Aldrich T, Stahl N, Ip NY, Yancopoulos G. 1993. LIFR
beta and gp130 as heterodimerizing signal transducers of
the tripartite CNTF receptor. Science 260: 1805-1808.

Davis S, Aldrich T, Valenzuela D, Wong V, Furth M, et al.
1991. The receptor for ciliary neurotrophic factor. Science
253: 59-63.

De Serio A, Graziani R, Laufer R, Ciliberto G, Paonessa G.
1995. In vitro binding of ciliary neurotrophic factor to its
receptors: evidence for the formation of an IL-6-type hex-
americ complex. ] Mol Biol 254: 795-800.

DeChiara T, Vejsada R, Poueymirou W, Acheson A, Suri C,
et al. 1995. Mice lacking the CNTF receptor, unlike mice
lacking CNTE, exhibit profound motor neuron deficits at
birth. Cell 83: 313-322.

Decker T, Kovarik P. 2000. Serine phosphorylation of STATS.
Oncogene 19: 2628-2637.

Decker T, Kovarik P, Meinke A. 1997. GAS elements: a few
nucleotides with a major impact on cytokine-induced gene

expression. J Interferon Cytokine Res 17: 121-134.



CNTF and related neurokines

61

Derouet D, Rousseau F, Alfonsi F, Froger J, Hermann J, et al.
2004. Neuropoietin, a new IL-6-related cytokine signaling
through the ciliary neurotrophic factor receptor. Proc Natl
Acad Sci USA 101: 4827-4832.

Duberley RM, Johnson IP, Anand P, Swash M, Martin J, et al.
1995. Ciliary neurotrophic factor receptor expression in
spinal cord and motor cortex in amyotrophic lateral scle-
rosis. ] Neurol Sci 129: 109-113.

Duong CV, Geissen M, Rohrer H. 2002. The developmental
expression of vasoactive intestinal peptide (VIP) in cholin-
ergic sympathetic neurons depends on cytokines signaling
through LIFR beta-containing receptors. Development 129:
1387-1396.

Emerich DE, Winn SR, Hantraye PM, Peschanski M, Chen EY,
et al. 1997. Protective effect of encapsulated cells producing
neurotrophic factor CNTF in a monkey model of Hunting-
ton’s disease. Nature 386: 395-399.

English AW, Schwartz G. 1995. Both basic fibroblast growth
factor and ciliary neurotrophic factor promote the reten-
tion of polyneuronal innervation of developing skeletal
muscle fibers. Dev Biol 169: 57-64.

Ernsberger U, Patzke H, Rohrer H. 1997. The developmental
expression of choline acetyltransferase (ChAT) and the
neuropeptide VIP in chick sympathetic neurons: evidence
for different regulatory events in cholinergic differentia-
tion. Mech Dev 68: 115-126.

Ernsberger U, Sendtner M, Rohrer H. 1989. Proliferation
and differentiation of embryonic chick sympathetic
neurons: effects of ciliary neurotrophic factor. Neuron 2:
1275-1284.

Ezzeddine ZD, Yang XJ, Dechiara T, Yancopoulos G, Cepko
CL. 1997. Postmitotic cells fated to become rod photore-
ceptors can be respecified by CNTF treatment of the retina.
Development 124: 1055-1067.

Feener EP, Rosario F, Dunn SL, Stancheva Z, Myers Jr. MG
2004. Tyrosine phosphorylation of Jak2 in the JH2 domain
inhibits cytokine signaling. Mol Cell Biol 24: 4968-4978.

Feeney SJ], Austin L, Bennett TM, Kurek JB, Jean-Francois
MJB, et al. 2003. The effect of leukaemia inhibitory factor
on SOD1 G93A murine amyotrophic lateral sclerosis.
Cytokine 23: 108-118.

Finn TP, Kim S, Nishi R. 1998. Overexpression of ciliary
neurotrophic factor in vivo rescues chick ciliary ganglion
neurons from cell death. ] Neurobiol 34: 283-293.

Finn TP, Nishi R. 1996a. Expression of ciliary neurotrophic
factor in targets of ciliary ganglion neurons during and
after the cell death phase. ] Comp Neurol 366: 559-571.

Finn TP, Nishi R. 1996b. Does ciliary neurotrophic factor
serve a different function in the rat versus the chicken?
Perspect Dev Neurobiol 4: 91-99.

Forger NG, Howell ML, Bengston L, Mac Kenzie L, De Chiara
TM, et al. 1997. Sexual dimorphism in the spinal cord is

absent in mice lacking the CNTF receptor. ] Neurosci 17:
9605-9612.

Forger NG, Wagner CK, Contois M, Bengston L, Mac
Lennan AJ. 1998. Ciliary neurotrophic factor receptor
alpha in spinal motoneurons is regulated by gonadal
hormones. ] Neurosci 18: 8720-8729.

Fuhrmann S, Grabosch K, Kirsch M, Hofmann HD. 2003.
Distribution of CNTF receptor alpha protein in the central
nervous system of the chick embryo. ] Comp Neurol 461:
111-122.

Fukada K. 1985. Purification and partial characterization of a
cholinergic neuronal differentiation factor. Proc Natl Acad
Sci USA 82: 8795-8799.

Gardiner NJ, Cafferty WBJ, Slack SE, Thompson SWN. 2002.
Expression of gp130 and leukaemia inhibitory factor recep-
tor subunits in adult rat sensory neurones: regulation by
nerve injury. ] Neurochem 83: 100-109.

Gearing D, Gough N, King J, Hilton D, Nicola N, et al. 1987.
Molecular cloning and expression of ¢cDNA encoding a
murine myeloid leukaemia inhibitory factor (LIF). EMBO
J 6: 3995-4002.

Gearing DP, Thut CJ, Vanderbos T, Gimpel SD, Delaney PB,
et al. 1991. Leukemia inhibitory factor receptor is structur-
ally related to the IL-6 signal transducer, gp130. EMBO ]
10: 2839-2848.

Geissen M, Heller S, Pennica D, Ernsberger U, Rohrer H.
1998. The specification of sympathetic neurotransmitter
phenotype depends on gp130 cytokine receptor signaling.
Development 125: 4791-4802.

Gloaguen I, Costa P, Demartis A, Lazzaro D, Dimarco A, et al.
1997. Ciliary neurotrophic factor corrects obesity and dia-
betes associated with leptin deficiency and resistance. Proc
Natl Acad Sci USA 94: 6456-6461.

Grimaud E, Blanchard F, Charrier C, Gouin E Redini F, et al.
2002. Leukaemia inhibitory factor (LIF) is expressed in
hypertrophic chondrocytes and vascular sprouts during
osteogenesis. Cytokine 20: 224-230.

Grotzinger J. 2002. Molecular mechanisms of cytokine recep-
tor activation. Biochem Biophys Acta 1592: 215-223.

Guillet C, Auguste P, Mayo W, Kreher P, Gascan H. 1999.
Ciliary neurotrophic factor is a regulator of muscular
strength in aging. ] Neurosci 19: 1257-1262.

Guo X, Chandrasekaran V, Lein P, Kaplan PL, Higgins D.
1999. Leukemia inhibitory factor and ciliary neurotrophic
factor cause dendritic retraction in cultured rat sympathet-
ic neurons. ] Neurosci 19: 2113-2121.

Guo X, Metzler-Northrup J, Lein P, Rueger D, Higgins D.
1997. LIF and CNTF regulate dendritic growth in
cultures of rat sympathetic neurons. Dev Brain Res 104:
101-110.

Gupta SK, Altares M, Benoit R, Riopelle RJ, Dunn R]J, et al.
1992. Preparation and biological properties of native and



62

CNTF and related neurokines

recombinant ciliary neurotrophic factor. J Neurobiol 23:
481-490.

Gutman CR, Strittmatter W], Weisgraber KH, Matthew WD.
1997. Apolipoprotein E binds to and potentiates the
biological activity of ciliary neurotrophic factor. ] Neurosci
17: 6114-6121.

Halvorsen SW, Berg DK. 1989. Specific down-regulation of
the alpha-bungarotoxin binding component on chick au-
tonomic neurons by ciliary neurotrophic factor. ] Neurosci
9: 3673-3680.

Halvorsen SW, Malek RL, Wang X, Jiang N. 1996. Ciliary
neurotrophic factor regulates nicotinic acetylcholine recep-
tors on human neuroblastoma cells. Neuropharmacology
35: 257-265.

Hartnick CJ, Staecker H, Malgrange B, Lefebvre PP, Liu W,
et al. 1996. Neurotrophic effects of BDNF and CNTE, alone
and in combination, on postnatal day 5 rat acoustic gangli-
on neurons. ] Neurobiol 30: 246-254.

Hata K, Araki M, Yamamori T. 2003. Ciliary neurotrophic
factor inhibits differentiation of photoreceptor-like cells in
rat pineal glands in vitro. Dev Brain Res 143: 179-187.

Helgren M, Squinto S, Davis H, Parry D, Boulton T, et al.
1994. Trophic effect of ciliary neurotrophic factor on
denervated skeletal muscle. Cell 76: 493-504.

Heller S, Finn TP, Huber J, Nishi R, Geiben M, et al. 1995.
Analysis of function and expression of the chick GPA
receptor (GPAR alpha) suggests multiple roles in neuronal
development. Development 121: 2681-2693.

Henderson JT, Mullen BJM, Roder JC. 1996. Physiological
effects of CNTF-induced wasting. Cytokine 8: 784-793.

Henderson JT, Seniuk NA, Richardson PM, Gauldie J, Roder
JC. 1994. Systemic administration of CNTF induces ca-
chexia in rodents. J Clin Invest 93: 2632-2638.

Hendry A, Murphy M, Hilton DJ, Nicola NA, Bartlett PE.
1992. Binding and retrograde transport of leukemia inhibi-
tory factor by the sensory nervous system. ] Neurosci 12:
3427-3434.

Hermann DM, Kilic E, Kugler S, Isenmann S, Bahr M.
2001. Adenovirus-mediated GDNF and CNTF pretreat-
ment protects against striatal injury following transient
middle cerebral artery occlusion in mice. Neurobiol Dis 8:
655-666.

Hermanns HM, Radtke S, Haan C, Schmitz-Van de Leur H,
Tavernier J, et al. 1999. Contributions of leukemia inhibi-
tory factor receptor and oncostatin M receptor to signal
transduction in heterodimeric complexes with glycoprotein
130. J Immunol 163: 6651-6658.

Hermanns HM, Radtke S, Schaper E, Heinrich PC, Behrmann
1. 2000. Non-redundant signal transduction of interleukin-
6-type cytokines. The adapter protein Shc is specifically
recruited to rhe oncostatin M receptor. J Biol Chem 275:
40742-40748.

Hilton DJ. 1999. Negative regulators of cytokine signal trans-
duction. Cell Mol Life Sci 55: 1568-1577.

Hilton DJ, Hilton AA, Raicevic A, Rakar S, Harrisonsmith M,
et al. 1994. Cloning of a murine IL-11 receptor alpha-chain;
requirement for gp130 for high affinity binding and signal
transduction. EMBO ] 13: 4765-4775.

Ho PR, Coan GM, Cheng ET, Niell C, Tarn DM, et al. 1998.
Repair with collagen tubules linked with brain-derived
neurotrophic factor and ciliary neurotrophic factor in a
rat sciatic nerve injury model. Arch Otolaryngol Head
Neck Surg 124: 761-766.

Hofmann H-D. 1988. Ciliary neuronotrophic factor stimu-
lates choline acetyltransferase activity in cultured chicken
retina neurons. ] Neurochem 51: 109-113.

Holtmann B, Wiese S, Samsam M, Grohmann K, Pennica D,
et al. 2005. Triple knock-out of CNTE LIF, and CT-1
defines cooperative and distinct roles of these neurotrophic
factors for motoneuron maintenance and function. ] Neu-
rosci 25: 1778-1787.

Horton AR, Bartlett PE, Pennica D, Davies AM. 1998. Cyto-
kines promote the survival of mouse cranial sensory neu-
rones at different developmental stages. Eur ] Neurosci 10:
673-679.

Horvath CM. 2000. STAT proteins and transcriptional
responses to extracellular signals Trends Biochem Sci 25:
496-502.

Huber J, Dittrich F, Phelan P. 1993. Characterization of high-
affinity and low-affinity receptors for ciliary neurotrophic
factor. Eur J Biochem 218: 1031-1039.

Hudgins SN, Levison SW. 1998. Ciliary neurotrophic factor
stimulates astroglial hypertrophy in vivo and in vitro. Exp
Neurol 150: 171-182.

Hughes S, Lillien L, Raff M, Rohrer H, Sendtner M. 1988.
Ciliary neurotrophic factor induces type-2 astrocyte differ-
entiation in culture. Nature 335: 70-72.

Tkeda K, Iwasaki Y, Shiojima T, Kinoshita M. 1996. Neuro-
protective effect of various cytokines on developing spinal
motoneurons following axotomy. ] Neurol Sci 135: 109-113.

Inagaki-Ohara K, Hanada T, Yoshimura A. 2003. Negative
regulation of cytokine signaling and inflammatory diseases.
Curr Opin Pharmacol 3: 435-442.

Inoue M, Nakayama C, Noguchi H. 1996. Activating mecha-
nism of CNTF and related cytokines. Mol Neurobiol 12:
195-209.

Ip NY, Boulton T, Li Y, Verdi J, Birren S, et al. 1994. CNTE,
FGF, NGF collaborate to drive the terminal differentiation
of MAH cells into postmitotic neurons. Neuron 13:
443-455.

Ip FC, Fu AK, Tsim KW, Ip NY. 1995. Cloning of the alpha
component of the chick ciliary neurotrophic factor recep-
tor: developmental expression and down-regulation in
denervated skeletal muscle. ] Neurochem 65: 2393-2400.



CNTF and related neurokines

63

Ip NY, Li YP, van de Stadt I, Panayotatos N, Alderson RF, et al.
1991. CNTF enhances neuronal survival in embryonic rat
hippocampal cultures. ] Neurosci 11: 3124-3134.

Ip NY, McClain ], Barrezueta N, Aldrich T, Pan L, et al.
1993. The alpha component of the CNTF receptor is
required for signaling and defines potential CNTF
targets in the adult and during development. Neuron 10:
89-102.

Ip NY, Nye S, Boulton T, Davis S, Taga T, et al. 1992b. CNTF
and LIF act on neuronal cells via shared signaling pathways
that involve the IL-6 signal transducing receptor compo-
nent gp130. Cell 69: 1121-1132.

Ip NY, Wiegand S, Morse J, Rudge J. 1992a. Injury-induced
regulation of ciliary neurotrophic factor mRNA in the adult
rat brain. Eur ] Neurosci 5: 25-33.

Ishimi Y, Abe E, Jin CH, Miyaura C, Hong MH, et al. 1992.
Leukemia inhibitory factor/differentiation-stimulating fac-
tor (LIF/D-factor): regulation of its production and possi-
ble roles in bone metabolism. J Cell Physiol 152: 71-78.

Jiao J, Kaur N, Lu B, Reeves SA, Halvorsen SW. 2003. Initia-
tion and maintenance of CNTF-Jak/STAT signaling in neu-
rons is blocked by protein tyrosine phosphatase inhibitors.
Mol Brain Res 116: 135-146.

Johann V, Jeliaznik N, Schrage K, Mey J. 2003. Retinoic acid
downregulates the expression of ciliary neurotrophic factor
in rat Schwann cells. Neurosci Lett 339: 13-16.

Jordan CL. 1996a. Morphological effects of CNTF treatment
during neuromuscular synapse elimination. ] Neurobiol 31:
29-40.

Jordan CL. 1996b. Ciliary neurotrophic factor may act in
target musculature to regulate developmental synapse elim-
ination. Dev Neurosci 18: 185-198.

Kahn MA, Huang CJ, Caruso A, Barresi V, Nazarian R, et al.
1997. Ciliary neurotrophic factor activates Jak/STAT signal
transduction cascade and induces transcriptional expres-
sion of glial fibrillary acidic protein in glial cells. ] Neuro-
chem 68: 1413-1423.

Kallen KJ, Grotzinger J, Lelievre E, Vollmer P, Aasland D, et al.
1999. Receptor recognition sites of cytokines are organized
as exchangeable modules. Transfer of the leukemia inhibi-
tory factor receptor-binding site from ciliary neurotrophic
factor to interleukin-6. ] Biol Chem 274: 11859-11867.

Kalra SP, Xu B, Dube MG, Moldewer LL, Martin D, et al. 1998.
Leptin and ciliary neurotropic factor (CNTF) inhibit fast-
ing-inducing suppression of luteinizing hormone release in
rats: role of neuropeptide Y. Neusosci Lett 240: 45-49.

Kataoka Y, Matsumura I, Ezoe S, Nakata S, Takigawa E, et al.
2003. Reciprocal inhibition between MyoD and STAT3 in
the regulation of growth and differentiation of myoblasts.
] Biol Chem 278: 44178-44187.

Kaur N, Kim I, Higgins D, Halvorsen SW. 2003. Induction of
an interferon-gamma-mediated STAT3 response in nerve

cells by pretreatment with gp130 cytokines. ] Neurochem
87: 437-447.

Kaur N, Lu B, Monroe RK, Ward SM, Halvorsen SW. 2005.
Inducers of oxidative stress block ciliary neurotrophic fac-
tor activation of Jak/STAT signaling in neurons. ] Neuro-
chem 92: 1521-1530.

Kaur N, Wohlhueter AL, Halvorsen SW. 2002. Activation and
inactivation of signal transducers and activators of tran-
scription by ciliary neurotrophic factor in neuroblastoma
cells. Cell Signal 14: 419-429.

Kessler J, Ludlam W, Freidin M, Hall D, Michaelson M, et al.
1993. Cytokine-induced programmed death of cultured
sympathetic neurons. Neuron 11: 1123-1132.

Kiger AA, Jones DL, Schulz C, Rogers MB, Fuller MT. 2001.
Stem cell self-renewal specified by JAK-STAT activation in
response to a support cell cue. Science 294: 2542-2545.

Kirsch M, Hofmann HD. 1994. Expression of ciliary neuro-
trophic factor receptor mRNA and protein in the early
postnatal and adult rat nervous system. Neurosci Lett 180:
163-166.

Kirsch M, Schneider T, Lee MY, Hofmann HD. 1998a. Lesion-
induced changes in the expression of ciliary neurotrophic
factor and its receptor in rat optic nerve. Glia 23: 239-248.

Kirsch M, Schulz-Key S, Wiese A, Fuhrmann S, Hofmann H.
1998b. Ciliary neurotrophic factor blocks rod photorecep-
tor differentiation from postmitotic precursor cells in vitro.
Cell Tissue Res 291: 207-216.

Kishimoto T, Akira S, Taga T. 1992. Interleukin-6 and its
receptor: a paradigm for cytokines. Science 258: 593-597.

Kisseleva T, Bhattacharya S, Braunstein J, Schindler CW. 2002.
Signaling through the JAK/STAT pathway, recent advances
and future challenges. Gene 285: 1-24.

Kodama H, Fukuda K, Pan J, Makino S, Baba A, et al. 1997.
Leukemia inhibitory factor, a potent cardiac hypertrophic
cytokine, activates the JAK/STAT pathway in rat cardio-
myocytes. Circ Res 81: 656-663.

Koshlukova S, Finn TP, Nishi R, Halvorsen SW. 1996. Identi-
fication of functional receptors for ciliary neurotrophic
factor on chick ciliary ganglion neurons. Neuroscience 72:
821-832.

Kotzbauer P, Lampe P, Estus S, Milbrandt J, Johnson E. 1994.
Postnatal development of survival responsiveness in rat
sympathetic neurons to leukemia inhibitory factor and
ciliary neurotrophic factor. Neuron 12: 763-773.

Krieglstein K, Farkas L, Unsicker K. 1998. TGF-beta regulates
the survival of ciliary ganglionic neurons synergistically
with ciliary neurotrophic factor and neurotrophins. ] Neu-
robiol 37: 563-572.

Kurek JB, Austin L, Cheema SS, Bartlett PF, Murphy M. 1996.
Up-regulation of leukaemia inhibitory factor and interleu-
kin-6 in transected sciatic nerve and muscle following

denervation. Neuromuscul Disord 6: 105-114.



64

CNTF and related neurokines

Kuropatwinski KK, Deimus C, Gearing D, Baumann H,
Mosley B. 1997. Influence of subunit combinations on
signaling by receptors for oncostatin M, leukemia inhibito-
ry factor, and interleukin-6. ] Biol Chem 272: 15135-15144.

Kushima Y, Hama T, Hatanaka H. 1992. Interleukin-6 as a
neurotrophic factor for promoting the survival of cultured
catecholaminergic neurons in a chemically defined medi-
um from fetal and postnatal rat midbrains. Neurosci Res
13: 267-280.

Kushima Y, Hatanaka H. 1992. Interleukin-6 and leukemia
inhibitory factor promote the survival of acetylcholinester-
ase-positive neurons in culture from embryonic rat spinal
cord. Neurosci Lett 143: 110-114.

Kwon YW, Abbondanzo SJ, Stewart CL, Gurney ME. 1995.
Leukemia inhibitory factor influences the timing of pro-
grammed synapse withdrawal from neonatal muscles.
J Neurobiol 28: 35-50.

Lam A, Fuller E, Miller J, Kloss J, Manthorpe M, et al. 1991.
Sequence and structural organization of the human gene
encoding ciliary neurotrophic factor. Gene 102: 271-276.

Lambert PD, Anderson KD, Sleeman MW, Wong V, Tan J,
et al. 2001. Ciliary neurotrophic factor activates leptin-like
pathways and reduces body fat, without cachexia or re-
bound weight gain, even in leptin-resistant obesity. Proc
Natl Acad Sci USA 98: 4652-4657.

Landis SC. 1996. The development of cholinergic sympathetic
neurons: a role for neuropoietic cytokines. Persp Dev Neu-
robiol 4: 53-63.

Landmesser L, Pilar G. 1974. Synaptic transmission and cell
death during normal ganglionic development. ] Physiol
241: 737-749.

Lee MY, Deller T, Kirsch M, Frotscher M, Hofmann HD.
1997b. Differential regulation of ciliary neurotrophic factor
(CNTF) and CNTF receptor alpha expression in astrocytes
and neurons of the fascia dentata after entorhinal cortex
lesion. ] Neurosci 17: 11370-1146.

Lee DA, Gross L, Wittrock DA, Windebank AJ. 1996. Locali-
zation and expression of ciliary neurotrophic factor
(CNTF) in postmortem sciatic nerve from patients with
motor neuron disease and diabetic neuropathy. ] Neuro-
pathol Exp Neurol 55: 915-923.

Lee MY, Hofmann HD, Kirsch M. 1997a. Expression of ciliary
neurotrophic factor receptor-alpha messenger RNA in neo-
natal and adult rat brain: an in situ hybridization study.
Neuroscience 77: 233-246.

Lee MY, Naumann T, Kirsch M, Frotscher M, Hofmann HD.
1997c. Transient up-regulation of ciliary neurotrophic
factor receptor-alpha mRNA in axotomized rat septal
neurons. Eur J Neurosci 9: 622-626.

Lehtimaki KA, Peltola J, Koskikallio E, Keranen T,

Honkaniemi J. 2003. Expression of cytokines and cytokine

receptors in the rat brain after kainic acid-induced seizures.
Mol Brain Res 110: 253-260.

Leonard WJ, O’Shea JJ. 1998. Jaks and STATs: biological
implications. Annu Rev Immunol 16: 293-322.

Leung DW, Parent AS, Cachianes G, Esch F, Coulombe JN,
et al. 1992. Cloning, expression during development, and
evidence for release of a trophic factor for ciliary ganglion
neurons. Neuron 8: 1045-1053.

Levi-Montalcini R, Hamburger V. 1951. Selective growth sti-
mulating effects of mouse sarcoma on sensory and sympa-
thetic nervous system of the chick embryo. J Exp Zoolog
116: 321-362.

Li LX, Oppenheim RW, Lei M, Houenou J. 1994. Neuro-
trophic agents prevent motoneuron death following sciatic
nerve section in the neonatal mouse. ] Neurobiol 25:
759-766.

Li M, Sendtner M, Smith A. 1995. Essential function of LIF
receptor in motor neurons. Nature 378: 724-727.

Lin L-FE Mismer D, Lile J, Armes L, Butler E, et al. 1989.
Purification, cloning, and expression of ciliary neuro-
trophic factor (CNTF). Science 246: 1023-1025.

Liou JC, Yang RS, Fu WM. 1997. Regulation of quantal
secretion by neurotrophic factors at developing motoneur-
ons in Xenopus cell cultures. J Physiol 503: 129-139.

Ludlam W, Kessler J. 1993. Leukemia inhibitory factor and
ciliary neurotrophic factor regulate expression of musca-
rinic receptors in cultured sympathetic neurons. Dev Biol
155: 497-506.

Maclennan AJ, Vinson EN, Marks L, McLaurin DL, Pfeifer M,
et al. 1996. Immunohistochemical localization of ciliary
neurotrophic factor receptor alpha expression in the rat
nervous system. ] Neurosci 16: 621-630.

Malek RL, Halvorsen SW. 1997. Opposing regulation of
ciliary neurotrophic factor receptors on neuroblastoma
cells by distinct differentiating agents. ] Neurobiol 32:
81-94.

Manthorpe M, Skaper S, Adler R, Landa K, Varon S. 1980.
Cholinergic neuronotrophic factors: fractionation proper-
ties of an extract from selected chick embryonic eye tissues.
] Neurochem 34: 69-75.

Manthorpe M, Skaper S, Williams L, Varon S. 1986. Purifica-
tion of adult rat sciatic nerve ciliary neuronotrophic factor.
Brain Res 367: 283-286.

Marmur R, Kessler JA, Zhu G, Gokhan S, Mehler MFE. 1998.
Differentiation of oligodendroglial progenitors derived
from cortical multipotent cells requires extrinsic signals
including activation of gp130/LIFbeta receptors. ] Neurosci
18: 9800-9811.

Martin A, Hofmann HD, Kirsch M. 2003. Glial reactivity in
ciliary neurotrophic factor-deficient mice after optic nerve
lesion. ] Neurosci 23: 5416-5424.



CNTF and related neurokines

65

Mirz P, Cheng ]G, Gadient RA, Patterson PH, Stoyan T, et al.
1998. Sympathetic neurons can produce and respond to
interleukin 6. Proc Natl Acad Sci USA 95: 3251-3256.

Mirz P, Otten U, Rose-John S. 1999. Neural activities of
IL-6-type cytokines often depend on soluble cytokine
receptors. Eur ] Neurosci 11: 2995-3004.

Masu Y, Wolf E, Holtmann B, Sendtner M, Brem G, et al.
1993. Disruption of the CNTF gene results in motor neu-
ron degeneration. Nature 365: 27-32.

McBride KM, McDonald C, Reich NC. 2000. Nuclear export
signal located within the DNA-binding domain of the
STAT1 transcription factor. EMBO J 19: 6196-6206.

Metcalf D. 2003. The unsolved enigmas of leukemia inhibito-
ry factor. Stem Cells 21: 5-14.

Middleton G, Hamanoue M, Enokido Y, Wyatt S, Pennica D,
et al. 2000. Cytokine-induced nuclear factor kappa B acti-
vation promotes the survival of developing neurons. J Cell
Biol 148: 325-332.

Mitsumoto H, Ikeda K, Klinkosz B, Cedarbaum J, Wong V,
et al. 1994. Arrest of motor neuron disease in wobbler mice
cotreated with CNTF and BDNF. Science 265: 1107-1110.

Mittoux V, Joseph JM, Conde F, Palfi S, Dautry C, et al. 2000.
Restoration of cognitive and motor functions by ciliary
neurotrophic factor in a primate model of Huntington’s
disease. Hum Gene Ther 11: 1177-1187.

Moon C, Yoo JY, Matarazzo V, Sung YK, Kim EJ, et al. 2002.
Leukemia inhibitory factor inhibits neuronal terminal dif-
ferentiation through STAT3 activation. Proc Natl Acad Sci
USA 99: 9015-9020.

Mosley B, De Imus C, Friend D, Boiani N, Thoma B, et al.
1996. Dual oncostatin M (OSM) receptors. Cloning and
characterization of an alternative signaling subunit confer-
ring OSM-specific receptor activation. J Biol Chem 271:
32635-32643.

Mufson EJ, Kroin JS, Sendera TJ, Sobreviela T. 1999. Distri-
bution and retrograde transport of trophic factors in the
central nervous system: functional implications for the
treatment of neurodegenerative diseases. Prog Neurobiol
57: 451-484.

Murphy M, Dutton R, Koblar S, Cheema S, Bartlett P. 1997.
Cytokines which signal through the lif receptor and their
actions in the nervous system. Prog Neurobiol 52: 355-378.

Murphy P, Grondin J, Altares M, Richardson PM. 1995. In-
duction of interleukin-6 in axotomized sensory neurons.
J Neurosci 15: 5130-5138.

Myers MP, Andersen JN, Cheng A, Tremblay ML, Horvath
CM, et al. 2001. TYK2 and JAK2 are substrates of protein-
tyrosine phosphatase 1B. ] Biol Chem 276: 47771-47774.

Nakashima K, Wiese S, Yanagisawa M, Arakawa H, Kimura N,
et al. 1999. Developmental requirement of gp130 signaling
in neuronal survival and astrocyte differentiation. ] Neu-
rosci 19: 5429-5434.

Neel BG, Gu H, Pao L. 2003. The ‘Shp’ing news: SH2 domain-
containing tyrosine phosphatases in cell signaling. Trends
Biochem Sci 28: 284-293.

Nesbitt J, Fuentes N, Fuller G. 1993. Ciliary neurotrophic
factor regulates fibrinogen gene expression in hepatocytes
by binding to the interleukin-6 receptor. Biochem Biophys
Res Commun 190: 544-550.

Neubauer H, Cumano A, Muller M, Wu H, Huffstadt U, et al.
1998. Jak2 deficiency defines an essential developmental
checkpoint in definitive hematopoiesis. Cell 93: 397-409.

Nishi R, Berg DK. 1981. Two components from eye tissue that
differentially stimulate growth and development of ciliary
ganglion neurons in culture. ] Neurosci 1: 505-513.

Nishimune H, Vasseur S, Wiese S, Birling MC, Holtmann B,
et al. 2000. Reg-2 is a motoneuron neurotrophic factor and
a signalling intermediate in the CNTF survival pathway.
Nat Cell Biol 2: 906-914.

Niwa H, Burdon T, Chambers I, Smith A. 1998. Self-renewal
of pluripotent embryonic stem cells is mediated via activa-
tion of STAT3. Genes Dev 12: 2048-2060.

Nonogaki K, Pan XM, Moser AH, Shigenaga J, Staprans I.
1996. LIF and CNTF, which share the gp130 transduction
system, stimulate hepatic lipid metabolism in rats. Am J
Physiol Endocrinol Metab 34: E 521-E 528.

Ono S, Imai T, Igarashi A, Shimizu N, Nakagawa H, et al.
1999. Decrease in the ciliary neurotrophic factor of the
spinal cord in amyotrophic lateral sclerosis. Eur Neurol
42:163-168.

Oppenheim R, Prevette D, Qin-Wei Y, Collins F, Mac Donald
J. 1991. Control of embryonic motoneuron survival in vivo
by CNTE. Science 251: 1616-1618.

Orrell RW, King AW, Lane RJM, Debelleroche JS. 1995. Inves-
tigation of a null mutation of the CNTF gene in familial
amyotrophic lateral sclerosis. ] Neurol Sci 132: 126-128.

Oyesiku NM, Wigston DJ. 1996. Ciliary neurotrophic factor
stimulates neurite outgrowth from spinal cord neurons.
J Comp Neurol 364: 68-77.

Oyesiku NM, Wilcox JN, Wigston DJ. 1997. Changes in ex-
pression of ciliary neurotrophic factor (CNTF) and CNTE-
receptor alpha after spinal cord injury. J Neurobiol 32:
251-261.

Pain B, Clark M, Shen M, Nakazawa H, Sakurai M, et al. 1996.
Long-term in vitro culture and characterisation of avian
embryonic stem cells with multiple morphogenetic poten-
tialities. Development 122: 2339-2348.

Parganas E, Wang D, Stravopodis D, Topham DJ, Marine JC,
et al. 1998. Jak2 is essential for signaling through a variety
of cytokine receptors. Cell 93: 385-395.

Park CK, Ju WK, Hofmann HD, Kirsch M, Kang JK, et al.
2000. Differential regulation of ciliary neurotrophic factor
and its receptor in the rat hippocampus following transient
global ischemia. Brain Res 861: 345-353.



66

CNTF and related neurokines

Pellegrini S, Dusanter-Fourt I. 1997. The structure, regulation
and function of the Janus kinases (JAKs) and the signal
transducers and activators of transcription (STATs). Eur
J Biochem 248: 615-633.

Pennica D, Arce V, Swanson T, Vejsada R, Pollock R, et al.
1996. Cardiotrophin-1, a cytokine present in embryonic
muscle supports long-term survival of spinal motoneurons.
Neuron 17: 63-74.

Pennica D, King K, Shaw K, Luis E, Rullamas J, et al. 1995b.
Expression cloning of cardiotrophin 1, a cytokine that
induces cardiac myocyte hypertrophy. Proc Natl Acad Sci
USA 92: 1142-1146.

Pennica D, Shaw K, Swanson T, Moore M, Shelton D, et al.
1995a. Cardiotrophin-1, Biological activities and binding
to the leukemia inhibitory factor receptor/gp130 signaling
complex. J Biol Chem 270: 10915-10922.

Pitts RL, Wang SB, Jones EA, Symes AJ. 2001. Transforming
growth factor-beta and ciliary neurotrophic factor syner-
gistically induce vasoactive intestinal peptide gene expres-
sion through the cooperation of Smad, STAT, and AP-1
sites. ] Biol Chem 276: 19966-19973.

Qiu LQ, Towle MF, Bernd P, Fukada K. 1997. Distribution of
cholinergic neuronal differentiation factor leukemia inhib-
itory factor binding sites in the developing and adult rat
nervous system in vivo. ] Neurobiol 32: 163-192.

Rajan P, Stewart CL, Fink JS. 1995. LIF-mediated activation of
STAT proteins after neuronal injury in vivo. Neuroreport 6:
2240-2244.

Rane SG, Reddy EP. 2000. Janus kinases: components of
multiple signaling pathways. Oncogene 19: 5662-5679.

Rao MS, Tyrrell S, Landis S. C. Patterson PH. 1992. Effects of
ciliary neurotrophic factor (CNTF) and depolarization on
neuropeptide expression in cultured sympathetic neurons.
Dev Biol 150: 281-293.

Reiness CG, Seppa MJ, Dion DM, Sweeney S, Foster DN, et al.
2001. Chick ciliary neurotrophic factor is secreted via a
nonclassical pathway. Mol Cell Neurosci 17: 931-944.

Robledo O, Auguste P, Coupey L, Praloran V, Chevalier S,
et al. 1996. Binding interactions of leukemia inhibitory
factor and ciliary neurotrophic factor with the different
subunits of their high affinity receptors. ] Neurochem 66:
1391-1399.

Rodig SJ, Meraz MA, White JM, Lampe PA, Riley JK, et al.
1998. Disruption of the Jakl gene demonstrates obligatory
and nonredundant roles of the Jaks in cytokine-induced
biologic responses. Cell 93: 373-383.

Rose TM, Bruce AG. 1991. Oncostatin M is a member of a
cytokine family that includes leukemia-inhibitory factor,
granulocyte colony-stimulating factor, and interleukin 6.
Proc Natl Acad Sci USA 88: 8641-8645.

Saudou F, Finkbeiner S, Devys D, Greenberg ME. 1998. Hun-
tingtin acts in the nucleus to induce apoptosis but death

does not correlate with the formation of intranuclear inclu-
sions. Cell 95: 55-66.

Savitz SI, Kessler JA. 2000. Leukemia inhibitory factor
requires concurrent p75LNTR signaling to induce apo-
ptosis of cultured sympathetic neurons. J Neurosci 20:
4198-4205.

Schiemann WP, Bartoe JL, Nathanson NM. 1997. Box
3-independent signaling mechanisms are involved in leuke-
mia inhibitory factor receptor alpha- and gp130-mediated
stimulation of mitogen-activated protein kinase. Evidence
for participation of multiple signaling pathways which
converge at Ras. J Biol Chem 272: 16631-16636.

Schmitz J, Dahmen H, Grimm C, Gendo C, Muller-Newen G,
et al. 2000b. The cytoplasmic tyrosine motifs in full-length
glycoprotein 130 have different roles in IL-6 signal trans-
duction. ] Immunol 164: 848-854.

Schmitz J, Weissenbach M, Haan S, Heinrich PC, Schaper E
2000a. SOCS3 exerts its inhibitory function on interleukin-
6 signal transduction through the SHP2 recruitment site of
gp130. J Biol Chem 275: 12848-12856.

Schorr M, Zhou LP, Schwechheimer K. 1996. Expression of
ciliary neurotrophic factor is maintained in spinal motor
neurons of amyotrophic lateral sclerosis. ] Neurol Sci 140:
117-122.

Senaldi G, Varnum BC, Sarmiento U, Starnes C, Lile J, et al.
1999. Novel neurotrophin-1/B cell-stimulating factor-3:
a cytokine of the IL-6 family. Proc Natl Acad Sci USA 96:
11458-11463.

Sendtner M, Gotz R, Holtmann B, Escary JL, Masu Y, et al.
1996. Cryptic physiological trophic support of motoneur-
ons by LIF revealed by double gene targeting of CNTF and
LIE. Curr Biol 6: 686-694.

Sendtner M, Gotz R, Holtmann B, Thoenen H. 1997. Endog-
enous ciliary neurotrophic factor is a lesion factor for
axotomized motoneurons in adult mice. J Neurosci 17:
6999-7006.

Sendtner M, Kreutzberg G, Thoenen H. 1990. Ciliary neuro-
trophic factor prevents the degeneration of motor neurons
after axotomy. Nature 345: 440-441.

Sendtner M, Schmalbruch H, Stockli K, Kreutzberg PCG,
Thoenen H. 1992. Ciliary neurotrophic factor prevents
degeneration of motor neurons in mouse mutant progres-
sive motor neuronopathy. Nature 358: 502-504.

Seniuk-Tatton NA, Henderson JT, Roder JC. 1995. Neurons
express ciliary neurotrophic factor mRNA in the early
postnatal and adult rat brain. J Neurosci Res 41: 663-676.

Servidei T, Aoki Y, Lewis SE, Symes A, Fink JS, et al. 1998.
Coordinate regulation of STAT signaling and C-fos expres-
sion by the tyrosine phosphatase SHP-2. ] Biol Chem 273:
6233-6241.

Sheng ZL, Pennica D, Wood W1, Chien KR. 1996. Cardiotro-
phin-1 displays early expression in the murine heart tube



CNTF and related neurokines

67

and promotes cardiac myocyte survival. Development 122:
419-428.

Shi'Y, Wang W, Yourey PA, Gohari S, Zukauskas D, et al. 1999.
Computational EST database analysis identifies a novel
member of the neuropoietic cytokine family. Biochem Bio-
phys Res Commun 262: 132-238.

Shinohara T, Bredberg G, Ulfendahl M, Pyykko I, Olivius NP,
et al. 2002. Neurotrophic factor intervention restores audi-
tory function in deafened animals. Proc Natl Acad Sci USA
99: 1657-1660.

Siegel SG, Patton B, English AW. 2000. Ciliary neurotrophic
factor is required for motoneuron sprouting. Exp Neurol
166: 205-212.

Smet PJ, Abrahamson IK, Ressom RE, Rush RA. 1991. A
ciliary neuronotrophic factor from peripheral nerve and
smooth muscle which is not retrogradely transported. Neu-
rochem Res 16: 612-620.

Stahl N, Boulton TG, Farruggella T, Ip NY, Davis S, et al.
1994. Association and activation of Jak-Tyk kinases by
CNTF-LIF-OSM-IL-6 beta receptor components. Science
263: 92-95.

Stahl N, Davis S, Taga T, Kishimoto T, Ip NY, et al. 1993.
Cross-linking identifies leukemia inhibitory factor-binding
protein as a ciliary neurotrophic factor receptor compo-
nent. ] Biol Chem 268: 7628-7631.

Stahl N, Yancopoulos GD. 1994. The tripartite CNTF receptor
complex: activation and signaling involves components
shared with other cytokines. ] Neurobiol 25: 1454-1466.

Starr R, Novak U, Willson TA, Inglese M, Murphy V, et al.
1997. Distinct roles for leukemia inhibitory factor receptor
alpha-chain and gp130 in cell type-specific signal transduc-
tion. J Biol Chem 272: 19982-19986.

Stockli KA, Lillien LE, Nahernoe M, Breitfeld G, Hughes RA .
1991. Regional distribution, developmental changes, and
cellular localization of CNTF messenger RNA and protein
in the rat brain. J Cell Biol 115: 447-459.

Stockli K, Lottspeich F, Sendter M, Masiakowski P, Carroll P,
et al. 1989. Molecular cloning and regional distribution of
rat CNTF. Nature 343: 920-923.

Stoop R, Poo M-M. 1995. Potentiation of transmitter release
by ciliary neurotrophic factor requires somatic signaling.
Science 267: 695-699.

Sugiura S, Lahav R, Han J, Kou SY, Banner LR, et al. 2000.
Leukaemia inhibitory factor is required for normal inflam-
matory responses to injury in the peripheral and central
nervous systems in vivo and is chemotactic for macro-
phages in vitro. Eur ] Neurosci 12: 457-466.

Symes A, Gearan T, Eby J, Fink JS. 1997a. Integration of
Jak-STAT and AP-1 signaling pathways at the vasoactive
intestinal peptide cytokine response element regulates
ciliary neurotrophic factor-dependent transcription. J Biol
Chem 272: 9648-9654.

Symes A, Lewis S, Corpus L, Rajan P, Hyman SE, et al. 1994.
STAT proteins participate in the regulation of the vasoac-
tive intestinal peptide gene by the ciliary neurotrophic
factor family of cytokines. Mol Endocrinol 8: 1750-1763.

Symes AJ, Pitts RL, Conover J, Kos K, Coulombe J. 2000.
Synergy of activin and ciliary neurotrophic factor signaling
pathways in the induction of vasoactive intestinal peptide
gene expression. Mol Endocrinol 14: 429-439.

Symes A, Stahl N, Reeves SA, Farruggella T, Servidei T, et al.
1997b. The protein tyrosine phosphatase SHP-2 negatively
regulates ciliary neurotrophic factor induction of gene ex-
pression. Curr Biol 7: 697-700.

Taga T. 1996. GP130, a shared signal transducing receptor
component for hematopoietic and neuropoietic cytokines.
J Neurochem 67: 1-10.

Takahashi R, Kawamura K, Hu JG, Hayashi M, Deguchi T.
1996. Ciliary neurotrophic factor (CNTF) genotypes and
CNTF contents in human sciatic nerves as measured by a
sensitive enzyme-linked immunoassay. ] Neurochem 67:
525-529.

ten Hoeve ], de Jesus Ibarra-Sanchez M, Fu Y, Zhu W,
Tremblay M, et al. 2002. Identification of a nuclear STAT1
protein tyrosine phosphatase. Mol Cell Biol 22: 5662-5668.

Thompson SW, Vernallis AB, Heath JK, Priestley JV. 1997.
Leukaemia inhibitory factor is retrogradely transported by
a distinct population of adult rat sensory neurons: co-
localization with trkA and other neurochemical markers.
Eur ] Neurosci 9: 1244-1251.

Tolosano E, Cutufia MA, Hirsch E, Stefanuto G, Voyron S,
et al. 1996. Ciliary neurotrophic factor constitutively
expressed in the nervous system of transgenic mice projects
embryonic dorsal root ganglion neurons from apoptosis.
Eur ] Neurosci 8: 521-529.

Uemura A, Takizawa T, Ochiai W, Yanagisawa M, Nakashima
K, et al. 2002. Cardiotrophin-like cytokine induces astro-
cyte differentiation of fetal neuroepithelial cells via activa-
tion of STAT3. Cytokine 18: 1-7.

Ure DR, Campenot RB. 1994. Leukemia inhibitory factor and
nerve growth factor are retrogradely transported and pro-
cessed by cultured rat sympathetic neurons. Dev Biol 162:
339-347.

Vallieres L, Rivest S. 1997. Regulation of the genes encoding
interleukin-6, its receptor, and gp130 in the rat brain in
response to the immune activator lipopolysaccharide and
the proinflammatory cytokine interleukin-1beta. ] Neuro-
chem 69: 1668-1683.

von Holst A, Heller S, Junghans D, Geissen M, Ernsberger U,
et al. 1997. Onset of CNTFRalpha expression and signal
transduction during neurogenesis in chick sensory dorsal
root ganglia. Dev Biol 191: 1-13.

Wadt KA, Larsen CM, Andersen HU, Nielsen K, Karlsen AE,
et al. 1998. Ciliary neurotrophic factor potentiates the



68

CNTF and related neurokines

beta-cell inhibitory effect of IL-1beta in rat pancreatic islets
associated with increased nitric oxide synthesis and
increased expression of inducible nitric oxide synthase.
Diabetes 47: 1602-1608.

Walsh N, Valter K, Stone J. 2001. Cellular and subcellular
patterns of expression of bFGF and CNTF in the normal
and light stressed adult rat retina. Exp Eye Res 72: 495-501.

Wang X, Halvorsen SW. 1998a. Retinoic acid upregulates
ciliary neurotrophic factor receptors in cultured chick neu-
rons and cardiomyocytes. Neurosci Lett 340: 9-12.

Wang X, Halvorsen SW. 1998b. Reciprocal regulation of cili-
ary neurotrophic factor receptors and acetylcholine recep-
tors during synaptogenesis in embryonic chick atria.
J Neurosci 18: 7372-7380.

Ward LD, Howlett GJ, Discolo G, Yasukawa K, Hammacher A,
et al. 1994. High affinity interleukin-6 receptor is a hex-
americ complex consisting of two molecules each of inter-
leukin-6, interleukin-6 receptor, and gp-130. J Biol Chem
269: 23286-23289.

Ware CB, Horowitz MC, Renshaw BR, Hunt JS, Liggitt D,
et al. 1995. Targeted disruption of the low-affinity leukemia
inhibitory factor receptor gene causes placental, skeletal,
neural and metabolic defects and results in perinatal death.
Development 121: 1283-1299.

Watanabe D, Yoshimura R, Khalil M, Yoshida K, Kishimoto T,
et al. 1996. Characteristic localization of gp130 (the signal-
transducing receptor component used in common for IL-6/
IL-11/CNTF/LIF/OSM) in the rat brain. Eur J Neurosci 8:
1630-1640.

Weber MJ. 1981. A diffusible factor responsible for the deter-
mination of cholinergic functions in cultured sympathetic
neurons. ] Biol Chem 256: 3447-3453.

Winter CG, Saotome Y, Levison SW, Hirsh D. 1995. A role for
ciliary neurotrophic factor as an inducer of reactive gliosis,
the glial response to central nervous system injury. Proc
Natl Acad Sci USA 92: 5865-5869.

Wishingrad MA, Koshlukova S, Halvorsen SW. 1997. Ciliary
neurotrophic factor stimulates the phosphorylation of two
forms of STAT3 in chick ciliary ganglion neurons. J Biol
Chem 272: 19752-19757.

Wong VV, Glass DJ, Arriaga R, Yancopoulos GD, Lindsay RM,
et al. 1997. Hepatocyte growth factor promotes motor
neuron survival and synergizes with ciliary neurotrophic
factor. ] Biol Chem 272: 5187-5191.

Wormald S, Hilton DJ. 2004. Inhibitors of cytokine signal
transduction. ] Biol Chem 279: 821-824.

Wu YY, Bradshaw RA. 1996. Synergistic induction of neurite
outgrowth by NGF or EGF and IL-6 in PC12 cells. ] Biol
Chem 271: 13033-13039.

Xu B, Dube MG, Kalra PS, Farmerie WG, Kaibara A, et al.
1998. Anorectic effects of the cytokine, CNTF, are mediated
by hypothalamic neuropeptide Y: comparison with leptin.
Endocrinology 139: 466-473.

Yamamori T, Fukada K, Aebersold R, Korsching S, Fann M,
et al. 1989. The cholinergic neuronal differentiation factor
from heart cells is identical to leukemia inhibitory factor.
Science 246: 1412-1415.

Yang Y-C. 1993. Interleukin 11: an overview. Stem Cells 11:
474-486.

Yao M, Moir MS, Wang MZ, To MP, Terris DJ. 1999. Periph-
eral nerve regeneration in CNTF knockout mice. Laryngo-
scope 109: 1263-1268.

Yasukawa H, Misawa H, Sakamoto H, Masuhara M, Sasaki A,
et al. 1999. The JAK-binding protein JAB inhibits Janus
tyrosine kinase activity through binding in the activation
loop. EMBO ] 18: 1309-1320.

Ye JH, Houle JD. 1997. Treatment of the chronically injured
spinal cord with neurotrophic factors can promote axonal
regeneration from supraspinal neurons. Exp Neurol 143:
70-81.

Young WJ, Lee YE, Smith SM, Chang C. 1998. A bidirectional
regulation between the TR2/TR4 orphan receptors
(TR2/TR4) and the ciliary neurotrophic factor (CNTF)
signaling pathway. ] Biol Chem 273: 20877-20885.

Young WJ, Smith SM, Chang C. 1997. Induction of the
intronic enhancer of the human ciliary neurotrophic factor
receptor (CNTFRalpha) gene by the TR4 orphan receptor.
A member of steroid receptor superfamily. ] Biol Chem
272:3109-3116.



4 GDNF and Related Proteins

H. Peterziel - ]. Strelau

2.1
2.2
2.3

3.1
3.2
3.3
3.4
3.5

5.1
5.2
5.3
5.4

T o o e 70
Protein Structures of GFLS and Their Receptors ........ccouveeviiiiiiiunieeiriiiiiiinneeeeiennns 71
GDNF Family Ligands .......couueeititiititiit ettt e et e e 71
GDNEF Receptors alpha .....oooiuuuiii i e 73
Ret Tyrosine KINaSe .....oovviiiiiiiiiiiiiiiiiiiiiiiiitititiitiititttttttttttetetititieeteeneeieeenns 74
Expression of GFLS and Their Receptors: Knockout Phenotypes ..............ccoovvuuvvevienn. 75
GDNF and GFROL .. oueiittt ettt ettt ettt et et et et e e 75
Neurturin and GFRO2 ...ouuiiiiitii it 76
Artemin and GFROB ...ttt 78
PSPN and GFROA ...ttt ettt ettt ettt et ettt e e e 78
Ret Tyrosine KiNase ..........ooiiuuuiiiiiiiiiiii i e 79
Ret-Related Diseases ..........ooouuvveiiiiiiiinuietiiiiiiiiiiieetiiiiiiisieeeeieriiisneeeeienns 79
GFEL Signaliftg .....oovvuuuuiiiiiiiiiiiiiietttiiiiiiiieetttiiiiiinteeeettiiiiiunteeeetesisiunneeees 80
Intracellular Signal Transduction Pathways Activated by GFL .........c.oooiiiiiiiiiiiiiiieian.. 80
Impact of Lipid Raft Localization of the Receptor System on Downstream GFL Signaling ...... 82
Ret-Independent Signaling of GFLS ........oiiiiiiiiiiiiiiiii e 82
Modulation of GFL-Mediated Signaling ............ccoiiiiiiiiiiiiiiiiiiiiiiiiiie e 83
Potential Therapeutic Applications of GELS in Neurodegenerative Diseases .................... 85

© Springer-Verlag Berlin Heidelberg 2006



70

GDNF and related proteins

Abstract: Members of the glial-cell-line-derived neurotrophic factor (GDNF) family serve important
functions in development and maintenance of distinct sets of central and peripheral neurons. All four
GDNF family ligands (GFLS), GDNE, neurturin (NRTN), artemin (ARTN), and persephin (PSPN), interact
with a multi-subunit receptor complex formed by the c-Ret tyrosine kinase, Ret, and a cysteine-rich glycosyl
phosphatidylinositol-anchored receptor (GDNF receptor alpha 1-4). Since their discovery, GFLS have
received particular attention because of their therapeutic potential in numerous neurological diseases,
such as Parkinson’s disease (PD), motor neuron diseases, or sensory regeneration and neuropathic pain.
Targeted mutagenesis in transgenic mice has shown that Ret and GFL are required for multiple develop-
mental events including the development of the enteric nervous system (ENS), which is affected in
Hirschsprung’s disease (HD). This chapter focuses on the molecular mechanisms of the initiation and
the contextual dependence of signal transduction by GFL, their neuroprotective and neuroregenerative
potential, and their involvement in developmental processes.

List of Abbreviations: aa, amino acid; ARTN, artemin; CG, ciliary ganglion; DRG, dorsal root ganglion;
ENS, enteric nervous system; ERK, extracellular signal-regulated kinase; EST, expressed sequence tag; FAK,
focal adhesion kinase; FMTC, familial medullary thyroid carcinoma; GABA, gamma-aminobutyric acid;
GDNE, glial-cell-line-derived neurotrophic factor; GFL, GDNF family ligands; GFRo, GDNF receptor alpha;
GPI, glycosyl phosphatidylinositol; HD, Hirschsprung’s disease; JNK, Jun N-terminal kinase; MAPK,
mitogen-activated protein kinase; MEN2, multiple endocrine neoplasia type 2; NCAM, neuronal cell
adhesion molecule; NGFE, nerve growth factor; NRTN, neurturin; PC12, pheochromocytoma cell line;
PCR, polymerase chain reaction; PD, Parkinson’s disease; PI3K, phosphatidylinositol-3 kinase; PLCy,
phospholipase C gamma; PSPN, persephin; Ret, rearranged in transformation; Ret/PTC, rearranged in
transformation/papillary thyroid carcinomas; RTK, receptor protein tyrosine kinase; SCG, superior cervical
ganglion; TGFp, transforming growth factor beta

1 Introduction

In multicellular organisms, soluble peptide growth factors play important roles in intercellular commu-
nications. They accomplish their functions by signaling through cell surface membrane receptors, which in
turn interact with a multitude of intracellular second messenger systems.

There is one group of growth factors, termed neurotrophins, that profoundly affects survival, develop-
ment, function, and plasticity of cells in the nervous system (Korsching, 1993; Lewin and Barde, 1996). The
importance of these factors is underlined by the fact that at least half of the original cell population of the
nervous system is eliminated as a result of apoptosis. This ontogenetic cell death includes nerve cells, glial
cells, and neural progenitors (Oppenheim, 1989; Nijhawan et al., 2000).

One hypothesis to explain the mechanism of this massive loss of neurons during development is the
neurotrophic factor concept. This concept is based on the observation that distinct target tissues produce
trophic factors in limited amounts for their afferent neurons, which compete for these messengers. The
factors are bound by selective receptors on the afferent terminals of restricted neuronal types, retrogradely
transported to the neuronal cell body, thus selectively limiting neuronal death occurring during develop-
ment (Purves et al., 1986; Oppenheim, 1989). This is thought to be a means to match neuron and target cell
populations. Today, the term neurotrophic is mostly used for substances that enhance neuronal differenti-
ation as well as neuronal survival. Consequently, target-derived neurotrophic factors play a crucial role in
the regulation of multiple aspects of development and maintenance of the central nervous system (CNS)
and the peripheral nervous system (PNS) (Nijhawan et al., 2000).

The first description of a soluble factor with neurotrophic activity, later named nerve growth factor
(NGF), dates back as far as 1948, when Elmer Bueker observed that implanted tissue from mouse sarcoma
promoted outgrowth of sensory neurons from dorsal root ganglia (DRGs) in chick embryos (Bueker,
1948).

Four decades later the first member of a novel family of growth factors, namely the glial-cell-line-
derived neurotrophic factor (GDNF), appeared on the neurotrophic factor scene. GDNF was isolated from
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a rat glial tumor cell line culture in a search for secreted factors that promoted neuronal survival in primary
culture. It was identified by virtue of its ability to induce dopamine uptake and cell survival in cultures of
embryonic ventral midbrain dopaminergic neurons (Lin et al., 1993). The factor was classified as a distantly
related member of the transforming growth factor beta (TGFp) superfamily of peptidic growth factors as it
contains seven highly conserved cysteine residues in the same relative spacing as other members of this
family. Although the primary structure of GDNF has only 20% sequence similarity to TGF2, the location
of cysteine residues, forming the characteristic cysteine knot motif, is highly homologous to that of TGFf2
(Lin et al., 1993; Haniu et al., 1996). Two groups simultaneously reported the identification of the tyrosine
kinase Ret (rearranged in transformation) as a functional GDNF receptor, one group showed that Ret
mediated the neurotrophic effects of GDNF on motoneurons and dopaminergic neurons (Trupp et al.,
1996) and the other group showed that normal Ret function was necessary for GDNF-mediated signaling,
by using explant cultures from Ret-deficient mouse embryos (Durbec et al., 1996). However, shortly
thereafter, Jing et al. (1996) reported that GDNF does not or only weakly bind to Ret directly, but uses a
receptor complex composed of Ret and a glycosyl phosphatidylinositol (GPI)-linked cell surface protein,
which binds GDNF with high affinity and was named GDNF receptor alpha (GDNFRa or GFRal; Jing
et al., 1996; Treanor et al., 1996).

Three other members of the GDNF family have been found so far, termed neurturin (NRTN), artemin
(ARTN), and persephin (PSPN). NRTN was isolated from Chinese hamster ovary cell-conditioned media.
Like GDNF, it was identified based on its survival-promoting effect on primary, in this case sympathetic,
neurons in culture (Kotzbauer et al., 1996). The preferred receptor for NRTN was shown by several groups
to be another GPI-linked receptor of the same family and is now termed GFRa2 (Baloh et al., 1997;
Buj-Bello et al., 1997; Jing et al., 1997; Klein et al., 1997; Suvanto et al., 1997).

PSPN was cloned by using polymerase chain reaction (PCR) with degenerate primers derived from the
known sequences of GDNF and NRTN (Milbrandt et al., 1998), while the last member, ARTN, was
identified by searching databases for a potential novel GDNF family ligand (GFL) with the sequence of
the mature NRTN as a query (Baloh et al.,, 1998a). ARTN was characterized by its ability to activate
Ret-mediated signaling in the presence of GFRu3, which had been identified as an expressed sequence
tag (EST), homologous to GFRal and GFRa2, and had been an orphan GFL receptor before (Jing et al.,
1997; Baloh et al., 1998b; Naveilhan et al., 1998; Widenfalk et al., 1998; Worby et al., 1998). The high-
affinity GPI-linked receptor for PSPN was shown to be GFRo4, which was first identified in the
chick (Enokido et al., 1998; Thompson et al., 1998). The mammalian GFRa4 has some peculiarities
compared with the other GFRo family members. First, it is structurally divergent due to a lack of the
aminoterminal cysteine-rich domain; second, besides the GPI-linked form, a putative secreted and a
transmembrane GFRo4 protein may be synthesized from differentially spliced transcripts; and third, it
differs in its ability to interact with Ret (Lindahl et al., 2000; Masure et al., 2000; Zhou et al., 2001; Yang
et al., 2004).

Thus, as depicted in @ Figure 4-1, all GFLS favor binding to their cognate GFRa. receptors, resulting in
recruitment and activation of the transmembrane Ret tyrosine kinase.

2  Protein Structures of GFLS and Their Receptors

2.1 GDNF Family Ligands

GFLS are heterogeneously glycosylated homodimers that are synthesized in various tissues as prepropro-
teins. These precursors contain signal sequences, which are released upon secretion by proteolytic cleavage,
resulting in an active form. Seven highly conserved cysteine residues form the characteristic cysteine
knot fold, in the same relative spacing as the other members of the TGF superfamily. Each homodimer
consists of a polypeptide chain of about 110 residues. The atomic-level resolution of GDNF has been
done by X-ray crystallography (Eigenbrot and Gerber, 1997). Each GDNF monomer has two pairs of
antiparallel twisted beta strands tightly joined by three disulfide bonds. The two protomers interact via an
additional intermolecular disulfide linkage to form an antiparallel dimer with explicit left-right symmetry.
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@ Figure 4-1

Interaction of GDNF family ligand (GFL) with receptors. GFL homodimers first bind to their cognate GFRa
receptors. Arrows show the preferred ligand-receptor specificity. Heterotetramerization induces Ret autopho-
sphorylation of distinct tyrosine residues in the intracellular catalytic domain

GDNF NRTN ARTN PSPN

i b

GFRa1

Tyr 1052

Tyr 1096

This symmetry is due to the two “fingers” on each side of the paired ligands, corresponding to the
symmetric binding sites for the dimerized receptors (@ Figure 4-2).

The specificity of binding of GDNF to its cognate receptor GFRa1 is mediated by residues along the two
fingers, while the center of the dimerized molecule, including the so-called heel region, does not seem to be
important for receptor binding (Eketjdll et al., 1999; Baloh et al., 2000). Few amino acid exchanges are able
to alter the binding specificity of the ligands; however, the different GFLs have different requirements for
binding to their receptors. While insertion of specific amino acid residues from finger 2 of GDNF into the
appropriate part of PSPN allows the resultant mutant PSPN to bind and activate a GFRa1/Ret complex,
binding of NRTN to GFRa2 and ARTN to GFRa3 is additionally dependent on residues in the heel region
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@ Figure 4-2

Three-dimensional glial-cell-line-derived neurotrophic factor (GDNF) structure. Each GDNF molecule contains
two fingers and one helix. Disulfide bridges are forming the characteristic cysteine-knot motif. The amino acids
determining the specificity of binding to GFRa1 are predominantly located on the two fingers. The center of the
dimer, the so-called heel region, seems to be less important

GDNF

Helix

Disulfide bridges

Finger 1

-

-
Finger 2

(Baloh et al., 2000). These differential structural requirements could contribute to the different degrees of
promiscuity of the ligand—receptor interactions: at least in vitro NRTN and ARTN can also bind to GFRa1
and GDNF to GFRa2 and GFRa3, but none of these three ligands has been shown to bind to GFRo4, nor
does PSPN bind to any other receptor. However, for each GFL the affinity to a receptor other than the
cognate receptor is much lower and the effect of this crosstalk is probably much less important than the
favored binding to the specific receptors in vivo.

2.2 GDNF Receptors alpha

The GFRas are cell surface receptors that are bound to the plasma membrane by a GPI anchor. Because of a
conserved cysteine pattern GFRal, 2, and 3 proteins are predicted to have three homologous globular
cysteine-rich domains (for a review see Airaksinen et al., 1999), whereas the mammalian GFRa4 has only
two, corresponding to the second and the third domain of the other receptors (Masure et al., 2000). These
globular subdomains are joined by less conserved adaptor regions (Airaksinen et al., 1999). Domains
2 and 3 form a core, which is connected to the GPI anchor via a C-terminal extension, while the N-terminal
domain 1, which is lacking in GFRa4, is separated by a hinge region from this core. Scott and Ibanez (2001)
have shown, by creating a panel of chimeric GFRa. receptor constructs, that the N terminus is not required
for specific ligand binding, while the central domain (equivalent to the core above) contains the major
determinants of ligand binding. Specificity of ligand binding is, according to their model, further deter-
mined by subcentral domains (Scott and Ibanez, 2001). While these authors proposed a single large central
domain, recent crystallization of domain 3 of GFRal indicates that domains 2 and 3 are independent
structures. Each is made up of a novel protein fold, consisting of a bundle of five alpha helices with five
disulfide bridges consistent with the conserved cysteine pattern present in all GFRas (Leppanen et al.,
2004).
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2.3 Ret Tyrosine Kinase

Ret is a receptor protein tyrosine kinase (RTK) initially identified as an oncogenic product with transfor-
mation capability (Takahashi and Cooper, 1987; Takahashi et al., 1988). Ret, like other receptor tyrosine
kinases, is activated by dimerization induced by ligand binding. The active receptor dimer exists in a
conformation compatible with trans-autophosphorylation on tyrosine residues and stimulation of protein
tyrosine kinase activity (for a review see Schlessinger, 2000). In addition to stimulation of tyrosine kinase
activation, protein phosphorylation is crucial for recruitment and activation of different downstream
effectors (for a review see Pawson, 2002).

The cytoplasmic kinase domain of Ret is highly conserved between all vertebrate and invertebrate
species where it has been identified so far. It shares the typical protein tyrosine kinase structure, namely a
conserved catalytic core with a smaller amino-terminal subdomain comprising a five-stranded [-sheet and
one o-helix, and a larger carboxy-terminal subdomain that is mainly o-helical. ATP binds in the deep cleft
between the two lobes, while a tyrosine of the peptide substrate binds to the carboxy-terminal lobe. There
are several universally conserved residues in this core domain. Activation is usually by relief of autoinhibi-
tion, which is mediated by phosphorylation of key residues leading to distinct conformational changes.
Crystal structures of the tyrosine kinase domain of RTKS, with and without bound ligands, have shed
remarkable light on how phosphorylation tightly controls the catalytic activity. In unstimulated RTKS the
activation loop is in autoinhibitory conformation, either occluding substrate tyrosine binding or ATP
binding to the active site. As a result of ligand stimulation, which is the case of Ret is by interaction with the
GFL/GFRa complex, one of the tyrosine residues in the activation loop is phosphorylated in trans by the
dimeric receptor partner, which is brought closer sterically due to dimerization. This leads to a change in
the conformational structure of the activation loop away from the active site, allowing access of substrate
and ATP to the active site (for a review see Huse and Kuriyan, 2002).

Unlike other known receptor tyrosine kinases, the extracellular domain of the Ret molecule lacks
immunoglobulin- or fibronectin-like domains or leucine repeats. It is formed by a highly conserved pattern
of 14 cysteine residues in a 120-amino-acid (aa) stretch in the “hinge region” adjacent to the transmem-
brane segment, followed by four N-terminal modules, each with a length of about 110 residues. These folds
show high similarity to the extracellular domains of the cadherin family of Ca*"-dependent cell adhesion
molecules (Iwamoto et al., 1993; Kuma et al., 1993; Anders et al., 2001). Indeed, Ret is able to bind Ca?t
directly and the presence of calcium ions is a prerequisite for binding of Ret to the GDNF/GFRa.1 complex.
Ligand binding, together with the GFRa coreceptors, is mediated by specific residues located in the
N-terminal first cadherin-like domain. Mutagenesis studies showed that loss of these residues results in a
complete loss of ligand binding (Kjaer and Ibanez, 2003a).

Ret exists in at least two isoforms, differing in their C-terminal amino acid (aa) sequence (9 aa in the
short (Ret9), 150-kDa form; 51 aa in the long (Ret51), 170-kDa form), which are generated by differential 3/
polyadenylation and splicing of a single transcript. Interestingly, they are not able to interact with each
other, indicating that the interaction of the Ret monomers in the dimer is mediated by these C-terminal
stretches. Furthermore, the two isoforms are functionally different in that they interact in part with
different adaptor molecules to mediate intracellular signaling or the ubiquitin system, leading to different
turnovers of Ret9 and Ret51 (Borrello et al., 2002; Tsui-Pierchalla et al., 2002). The in vivo importance of
these differences is reflected by the fact that a lack of Ret9 leads to kidney agenesis and loss of enteric
innervation in mice, whereas Ret51-deficient mice do not show any defects during development (de Graaff
et al., 2001). Moreover, the kidney defect in Ret9 knockout mice cannot be rescued by substitution with
Ret51. However, Ret51-mediated signaling might be related to differentiation events in later kidney
organogenesis and/or in the adult kidney (Lee et al., 2002).

The most likely stoichiometry of the multimeric GDNF/GFRo/Ret complex is presumed to be
(GDNF);(GFR a),(Ret), (Jing et al., 1996). So far there are two models that try to explain the receptor
complex formed by Ret and GFRas. The first one hypothesizes that the dimeric ligand binds to a
monomeric or dimeric GFRo and this complex then interacts with Ret and induces its dimerization
(Jing et al., 1996). Alternatively, Ret might be preassociated with GFRo before binding to the ligand
(Ibanez, 1998; Trupp et al., 1998; Eketjill et al., 1999).
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3 Expression of GFLS and Their Receptors: Knockout Phenotypes

3.1 GDNF and GFRa1

A detailed analysis of GDNF expression in the developing mouse brain has been performed by Hellmich
et al. (1996). GDNF messenger RNA (mRNA) was detectable in the anterior neuroectoderm during early
stages of neurogenesis. In organs outside the nervous system that develop through inductive epithelial-
mesenchymal interactions, GDNF expression is strictly confined to mesenchymal tissues. A similar expres-
sion pattern has been described in rats (Choi-Lundberg and Bohn, 1995; Suvanto et al., 1996). Studies on
GDNF expression in later stages of development and in early postnatal stages revealed a region-specific
temporally defined expression pattern in neuronal and nonneuronal cells in the CNS (Nosrat et al., 1996).
Clearly, neuronal expression is present in Clarke’s column of the spinal cord, and in the Purkinje cell layer of
the cerebellum. All brain areas that are innervated by dopaminergic neurons and the noradrenergic locus
coeruleus are positive for GDNF; however, expression in the striatum appears to be rather low. In the adult
rat brain, GDNF levels generally seem to decrease; by in situ hybridization neuronal expression can be
detected in the striatum and the substantia nigra, where it is mainly found in dopaminergic neurons.
Moreover, GDNF has been found in cortex, hippocampus, thalamus, cerebellum, olfactory bulb, and spinal
cord (Pochon et al., 1997; Trupp et al., 1997, for review see Unsicker et al., 1999).

In humans, GDNF expression shifts from a mostly superficial glial and ependymal expression in early
stages of development (10-15 weeks) to deeper localized neuronal and glial structures of the brain in later
development (25-35 weeks), most prominently in cerebellar Purkinje cells (Koo and Choi, 2001). More
recently, Serra et al. (2002) reported that GDNF-expressing neurons were also found in neonate and adult
human hippocampus, suggesting a role for GDNF in the development and maintenance of neuronal
function in human archicortex. Investigations of the dopaminergic system of the adult human brain
showed GDNF expression in the striatum, with highest levels in the caudate nucleus, relatively low levels
in the putamen, but no detectable expression in the neurons of the substantia nigra, consistent with the role
of GDNF as a target-derived factor essential for the survival of the nigral dopaminergic neurons (Schaar
etal., 1994). Accordingly, the cell surface GDNF receptor GFRal and GDNF are mostly found in segregated
regions in the basal ganglia; however, the coexpression of GDNF and GFRal in other brain regions like
cerebellum, hippocampus, and olfactory bulb indicates that GDNF also exerts a paracrine mode of action
(Trupp et al., 1997). A thorough analysis of the transmitter phenotype of GFRal-positive neurons was
performed by Sarabi et al. (2003). They found GFRal expressed in gamma-aminobutyric acid (GABA)-
containing neurons, i.e., in cortex and thalamus, in cholinergic motoneurons in the spinal cord and few
septal cholinergic neurons, in catecholaminergic neurons in the periventricular hypothalamic nucleus,
dorsal raphe nucleus, and locus coeruleus, in many serotonergic neurons within the raphe, and in few
neurons containing nitric oxide synthase. As expected from the survival-promoting effect of GDNF on
dopamine neurons, GFRal mRNA is strongly expressed in developing and adult dopamine neurons.

Outside the CNS, GDNF mRNA is found in many mesenchyme and mesenchyme-derived tissues, most
prominently in the developing kidney and the smooth muscle layer of the gastrointestinal tract, as well as in
developing skin, whisker pad, and testis (Trupp et al., 1995; Nosrat et al., 1996). The superior cervical
ganglion (SCG) and DRG of the PNS also express, albeit, low levels of GDNF mRNA. Consistent with the
survival-promoting role of GDNE, its expression increases dramatically in lesion paradigms, i.e., after sciatic
nerve transection (Trupp et al., 1995). GDNF supports the survival of motoneurons and a subpopulation of
sensory neurons in vivo and in vitro; consequently, GDNF is also found in embryonic mouse in limb bud at
the time when axons enter the limb (Wright and Snider, 1996). Recently, it has been shown that GDNF acts
as a peripheral signal to induce PEA3 expression in specific motor neuron pools, thereby regulating both
cell body position and muscle innervation by promoting axon arborization (Haase et al., 2002).

In the testis, GDNF is normally expressed in Sertoli cells, while GFRal and Ret are found on
undifferentiated spermatogenic stem cells (Meng et al., 2000). Interestingly, both reduction and over-
expression of GDNF lead to abnormal spermatogenesis in mice, the first by depletion of spermatogenic
stem cells due to increased differentiation, the second exactly by the opposite effect, namely by inhibiting



76

GDNF and related proteins

differentiation and maturation of these stem cells (Meng et al., 2000, 2001). These observations indicate
that the regulation of the amount of GDNF in Sertoli cells of the testis is essential for proper spermatogen-
esis. Expression has also been demonstrated in the penis of adult rats from where it is retrogradely
transported in penile parasympathetic and sensory nerves (Laurikainen et al., 2000).

In the kidney and the gastrointestinal tract, GFRo.l mRNA and Ret mRNA distributions overlap. DRGs,
cranial ganglia, and developing peripheral nerves are also positive. GFRal was additionally found in
sensory areas (inner ear, eye, olfactory epithelium, and vomeronasal organ) and in developing teeth (Nosrat
et al., 1997).

Although GDNF is expressed in dopaminergic and noradrenergic neurons and efficiently promotes the
survival of these neuron populations in vitro and in vivo, none of the three groups that independently
generated GDNF knockout mice in 1996 (Moore et al., 1996; Pichel et al., 1996; Sanchez et al., 1996)
reported any changes in hindbrain noradrenergic or midbrain dopaminergic neurons. These findings
indicated that at least during embryonic development GDNF is not essential for the development of
catecholaminergic neurons. As GDNF-deficient mice die shortly after birth the effect of GDNF ablation
on later stages of dopaminergic neuron development cannot be investigated directly. To have a means to,
nevertheless, study the continued fate of the dopaminergic neuron population in the absence of GDNF,
Granholm et al. (2000) transplanted fetal neural tissues of GDNF knockout mice into the midbrain region
of adult wild-type mice. The resulting reduction of dopaminergic neuron number and fiber outgrowth
indicate that postnatal survival and/or phenotypic maintenance of ventral mesencephalic dopaminergic
neurons is dependent on GDNF.

In the PNS, GDNF-deficient mice have deficits in DRG, sympathetic, and nodose neurons. The most
severe defects are the complete lack of the enteric nervous system (ENS) distal to the stomach and, hence,
proper innervation of the gastrointestinal tract, and renal agenesis or dysgenesis, due to the lack of ureteric
bud formation and branching. GFRal-deficient mice also demonstrate absence of enteric neurons and
agenesis of the kidney, and no change in midbrain dopaminergic and motor neurons, characteristics that
are reminiscent of both GDNF- and Ret-deficient mice (Cacalano et al., 1998; Enomoto et al., 1998).
Unexpectedly, the peripheral ganglia that are severely affected in GDNF knockout mice show only minor or
no changes. These observations indicate that although in renal and ENS development, GDNF effects are
solely mediated via the GDNF/GFRal system, there might be some promiscuity or compensation between
GFLS and receptors in the development of the peripheral ganglia.

GDNF- and GFRa1-deficient mice show a 25% loss of motoneurons in the lumbar spinal cord (Moore
et al., 1996; Sanchez et al., 1996; Cacalano et al., 1998). Specific subpopulations of motoneurons in the
spinal cord are strongly positive for GFRal expression. These cells are lost during ontogenetic cell death as a
result of increased apoptosis in the absence of GDNF signaling and hence proper neurotrophic support
(Gareces et al., 2000). © Figure 4-3 shows an in situ hybridization for GFRa1 and Ret in motoneurons of the
cervical spinal cord of the mouse on embryonic day 18.5.

3.2 Neurturin and GFRa2

The second GFL, NRTN, had been discovered on the basis of its survival-promoting effect on sympathetic,
nodose, and DRG neurons in culture (Kotzbauer et al., 1996). In the CNS, NRTN is expressed in postnatal
cerebral cortex, striatum, several brainstem areas, and the pineal gland. Its cognate receptor GFRa2 is more
widely expressed in the developing and adult CNS, including cerebral cortex, cerebellum, thalamus, zona
incerta, hypothalamus, brainstem, and spinal cord (Widenfalk et al., 1997). Cholinergic neurons carry
GFRo2 on their terminals and somata and respond to NRTN support (Wanigasekara et al., 2004).
GFRo2 and Ret are expressed in neurons of the SCG, in subpopulations of sensory neurons, in
developing peripheral nerves, and in the myenteric intestinal plexuses (Baloh et al., 1997). In developing
salivary glands NRTN has an epithelial expression, whereas GFRa2 is expressed in the surrounding tissue.
In the gonads, NRTN is detectable in Sertoli cells in males and in the epithelium of the oviduct in females,
while GFRa2 is expressed by the germ cell line, again confirming the complementary expression of ligand
and receptor in accordance with the neurotrophic factor concept (Widenfalk et al., 1997). In the adult rat,
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@ Figure 4-3

Motoneurons in the cervical spinal cord express GFRa1 and Ret. In situ hybridization for GFRa1 (a, b) and Ret (¢, d)
on kryosections of mouse E 18.5 cervical spinal cord. Motoneurons expressing GFRa1 and Ret in the
ventral horn are shown in higher magnification in b and d, respectively. Bars in a and ¢ = 100 um, in b
and d = 50 pm. (Photographs from K. Huber)

GFRa2 expression resembles the distribution of GFRal, with highest levels in lung, spleen, and brain and
lower amounts in kidney and heart, but in contrast to GFRa1, GFRa2 is lacking in the liver (Jing et al,,
1997). A detailed review of the expression of GDNF, NRTN, and their receptor systems in neuronal and
nonneuronal tissues can be found in Unsicker et al. (1999).

NRTN-deficient mice are viable and fertile. They show moderate defects in the ENS, including reduced
myenteric plexus innervation density leading to a reduction in gastrointestinal motility. NRTN seems to be
mandatory for proper development of parasympathetic neurons, as a lack of NRTN leads to a major
reduction in the innervation of the lacrimal and submandibular salivary glands. Consistent with the
expression pattern of GFRa2, neurons in the trigeminal ganglia and DRGs are depleted (Heuckeroth
et al.,, 1999). Studies on mice lacking a functional GFRa2 receptor indicate its responsibility for most
NRTN effects, as they also show absence of parasympathetic cholinergic innervation in the lacrimal and
salivary glands and a severe reduction in the small bowel, whereas the sympathetic innervation appears
normal (Rossi et al., 1999). However, a distinct cholinergic minority of sympathetic neurons, expressing
GFRo2 in wild-type mice, fails to properly innervate their target tissues, i.e., sweat glands in the footpads
and periosteum, in GFRu2-deficient mice, whereas the noradrenergic sympathetic innervation is not
affected. These results indicate that NRTN, acting via GFRo2, functions as a general target-derived
innervation factor for cholinergic neurons in the autonomic nervous system (Hiltunen and Airaksinen,
2004).
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3.3 Artemin and GFRa3

ARTN expression is detectable in various fetal and adult peripheral tissues in humans, in adults with highest
levels in pituitary gland, trachea, prostate, placenta, pancreas, heart, and kidney, and in embryos in kidney
and lung (Baloh et al., 1998a; Masure et al., 1999). The factor is only marginally expressed in fetal and adult
brain, with detectable but low levels in basal ganglia and thalamus. In embryonic rats (E14) ARTN has not
been found in the CNS, but it is detectable in immature Schwann cell precursors of developing peripheral
nerve roots (Baloh et al., 1998a). The expression of ARTN is in most cases complementary to the expression
of its cognate receptor GFRa3, indicating that ARTN acts as a typical target-derived factor (Naveilhan et al.,
1998). Compared with GFRal and GFRa2, which are widely distributed in the CNS and peripheral
organs, the expression of GFRa3 is much more selective and seems to be absent in the CNS, consistent
with the lack of ARTN (Baloh et al., 1998b; Yu et al., 1998). High GFRa3 expression is found in nociceptive
subpopulations of developing sensory DRGs, in trigeminal and in glossopharyngeal ganglia (Baloh et al.,
1998a; Naveilhan et al., 1998; Widenfalk et al., 1998). Additionally, GFRa3 is expressed in the SCGs, and in
nonneuronal tissue predominantly in regions in the lower urogenital and digestive tracts (Widenfalk et al.,
1998; Worby et al., 1998). Nonneuronal expression is also found in olfactory ensheathing cells, in
chromaffin cells in the adrenal gland, and in small clusters of cells in the intestinal epithelium (Widenfalk
et al., 1998).

The rostral migration of cells to form the SCG and the extension of axons along blood vessels involve
ARTN signaling through Ret and GFRo3 (Honma et al., 2002; Young et al., 2004). Consistently, both
ARTN- and GFRa3-deficient mice show abnormalities in the migration and the axonal projection pattern
of the entire sympathetic nervous system. ARTN is acting as a guidance factor, as GFRo3-expressing
sympathetic fibers grow toward the ARTN source, which is released from vascular smooth muscle cells.
A lack of either the factor or its receptor results in abnormal innervation of target tissues. Subsequent cell
death is not due to a missing proliferation or survival-promoting effect of ARTN itself, but due to the loss of
its chemoattractive property and the resulting deficit in proper innervation (Honma et al., 2002). Although
GFRa3 is highly expressed in sensory ganglia, lack of the ARTN/GFRa3 system affects neither their
development and phenotypic appearance nor their innervation pattern. This might be due to the complex
neurotrophic dependency of sensory neurons, including effects of other GFL, as GFRa3-positive neuron
populations also express GFRal and/or GFRa2 (Naveilhan et al., 1998; Baudet et al., 2000).

3.4 PSPN and GFRa4

The PSPN/GFRu4 system is the most recently discovered of the GFL/receptor complexes in mammals and
least is known about its functions. In neonatal rats, PSPN is synthesized throughout the nervous system,
i.e., in cortex, hippocampus, striatum, mesencephalon, cerebellum, and spinal cord, as well as in the
sympathetic SCG and sensory DRG neurons. Expression can also be detected in peripheral nerves, in
purified cortical, striatal, and mesencephalic astroglial cell cultures of newborn rats, but not in oligoden-
docytes or their precursors (Jaszai et al., 1998, Strelau and Unsicker, 1999). PSPN promotes the survival of
midbrain dopaminergic neurons and spinal cord motor neurons in vitro and in vivo (Milbrandt et al., 1998;
Bilak et al., 1999; Soler et al., 1999), but, in contrast to the other GFL, does not support any peripheral
neurons (Milbrandt et al., 1998). Consistent with the neurotrophic effect on dopaminergic neurons in
culture, the ventral mesencephalon and the striatum express high levels of PSPN, whereas GFRo4 is present
on dopaminergic neurons (Akerud et al., 2002). However, deficiency in PSPN does not affect the number of
mesencephalic dopaminergic neurons or locus coeruleus neurons in vivo, nor do the PSPN knockout mice
show any other developmental or behavioral deficits, indicating that PSPN might not act as a typical
neurotrophic factor. Moreover, GFRo4 in the brain seem to be spliced predominantly to a putative
intracellular or secreted form, whether this splice form is functional, and if so, what effects this form
promotes, remains enigmatic so far (Lindahl et al., 2000). The only indication of an important function of
PSPN in the brain is the hypersensitivity of PSPN-deficient mice to cerebral ischemia and the potent
neuroprotective effect of recombinant PSPN protein in this disease (Tomac et al., 2002).
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Organs outside the nervous system, where the GPI-linked splice variant is expressed, include the
juvenile thyroid and parathyroid glands. Consistently, GFRa4-positive thyroid C cells are lost in Ret-
deficient mice, indicating the importance of a functional GFRa4/Ret complex for proper development of
these cells. Moreover, GFRa4 expression in the thyroid gland might explain the occurrence of tumors upon
Ret rearrangement in this organ (Lindahl et al., 2000). Outside the nervous system, PSPN is also expressed
in the developing kidney, and promotes ureteric branching in vitro (Sariola and Saarma, 1999).

3.5 Ret Tyrosine Kinase

In the mouse, Ret expression in neural crest lineages starts as early as day 8.5, in the rat at day 11.5 of
embryogenesis. Consistent with the function of Ret as the common transmembrane tyrosine kinase
receptor component for all four GFLs, Ret transcripts can be found in virtually all central and peripheral
neuron populations that coexpress one of the GFRas. These include all cranial ganglia, autonomic ganglia
and subsets of DRGs, enteric neuroblasts, and myenteric ganglia of the gut (Pachnis et al., 1993; Schuchardt
et al., 1994; Tsuzuki et al., 1995). Additionally, Ret is found in spinal cord motoneurons, basal ganglia,
cerebellum, hippocampus, the subthalamic nucleus, and the olfactory bulb (Trupp et al., 1997).

Outside the nervous system Ret is expressed in the excretory system, i.e., the ureteric bud of the
developing kidney and the Wolffian duct. Furthermore, Ret expression can be found in the acinar cells of
the salivary gland (Tsuzuki et al., 1995).

Analysis of mice lacking the Ret gene revealed the major requirement of this kinase for most of the GFL
actions. Ret is obligatory for normal renal organogenesis and enteric neurogenesis; mice homozygous for a
targeted mutation in Ret die soon after birth, showing renal agenesis or severe dysgenesis, and lacking
enteric neurons throughout the digestive tract (Schuchardt et al., 1994), as is the case for GDNF or GFRal
knockout mice and partially for lack of NRTN or GFRa2. Both Ret and GFRo2 mutant mice exhibit a
reduction in cardiac ganglia and cholinergic innervation of the ventricular conduction system (Hiltunen
et al., 2000). It was first described that Ret-deficient mice lack SCGs (Durbec et al., 1996), but later it turned
out, that, as in ARTN- or GFRa3-deficient mice, neuronal precursors throughout the entire sympathetic
nervous system fail to migrate and project axons properly, leading, among other abnormalities, to a
mislocation of the SCG (Enomoto et al., 2001). Furthermore, Ret has been shown to be indispensable for
maturation of cholinergic sympathetic neurons (Burau et al., 2004).

However, the temporospatial pattern of expression of GFRo mRNAs does not always match that of Ret
mRNA. For instance, GFRal mRNA is also found in the developing ventral striatum, the olfactory tubercle,
and the hippocampus. These areas seem to be devoid of Ret mRNA, suggesting that GFRo.1 might also have
functions unrelated to Ret (Nosrat et al., 1997). This lead to the postulation of other coreceptors for
the GFRas, which should be able to mediate intracellular signaling after binding to the ligand-bound
GPI-linked receptors. One such alternative coreceptor, the neuronal cell adhesion molecule (NCAM), has
recently been described, as will be discussed later.

4 Ret-Related Diseases

Ret mutations are responsible for at least five human diseases: Hirschsprung’s disease (HD); papillary
thyroid carcinoma; and three types of inherited cancer syndromes called multiple endocrine neoplasia
type 2 A (MEN2A) and type 2 B (MEN2B), and familial medullary thyroid carcinoma (FMTC). Interestingly,
both gain of function and loss of function of Ret lead to pathologic syndromes, highlighting the particular
importance of tight regulation of Ret function in vivo (for a review see Pasini et al., 1996; Edery et al., 1997).

Loss of function leads to a defect in the development of the ENS, a congenital malformation known as
HD, resulting in the absence of the enteric plexuses in the hindgut and, subsequently, in partial to complete
intestinal obstruction during the first years of life. Ret mutations are scattered along the entire coding
region of the gene in patients suffering from Hirschsprung’s disease (reviewed in Eng and Mulligan, 1997;
Martucciello et al., 2000). In many cases, frame shift or missense mutations in the region encoding the
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intracellular domain of Ret result in total disruption or a partial change of the structure of the tyrosine
kinase domain (Romeo et al., 1994), including mutations that interfere with the docking of adaptor
molecules that mediate Ret downstream signaling (Geneste et al., 1999, for a review see Manie et al.,
2001). Mutations in the extracellular domain mostly affect processing in the endoplasmic reticulum and
result in a reduction of Ret expression at the cell surface (Kjaer and Ibanez, 2003b). Interestingly, although
mutations in the genes for GDNF and NRTN have been detected in patients suffering from Hirschsprung’s
disease, rather than being causative, they might modulate the pathogenesis of the disease (Angrist et al.,
1996; Salomon et al., 1996; Doray et al., 1998; Eketjill and Ibanez, 2002).

Gain-of-function mutations have been found in all four types of Ret-related neoplastic diseases. The
most frequent genetic alteration that has been identified in thyroid papillary carcinomas is a rearrangement
of the Ret gene, called Ret/PTC (rearranged in transformation/papillary thyroid carcinomas). At least 15
types of Ret/PTC rearrangements have been described, where the tyrosine kinase domain of Ret is fused to
the N-terminal encoding region of ten different genes, the most common types being Ret/PTC-1, followed
by Ret/PTC-3 (for review see Nikiforov, 2002; Ichihara et al., 2004). In these fusion proteins, Ret tyrosine
kinase is constitutively active, which has been attributed to the fact that the fused proteins contain coiled
coil domains that mediate protein oligomerization, which is essential for its oncogenic properties.

The multiple endocrine neoplasia type 2 syndromes MEN2A/B and FMTC are attributed to point
mutations in Ret resulting in its constitutive activation, yet by different molecular mechanisms. Most
MEN2A and FMTC mutations induce disulfide-linked Ret dimerization on the cell surface due to muta-
tions in the cysteine-rich region in the extracellular domain. MEN2B is caused by a methionine to a
threonine exchange at position 918 in the tyrosine kinase domain, resulting in Ret activation without
dimerization, due to a conformational change in the catalytic core region. The detection of Ret mutations
are used in the clinics for diagnosis of medullary thyroid carcinoma and are important parameters included
in the decision for the most promising therapeutic approach in this neoplastic diseases (for review see
Massoll and Mazzaferri, 2004).

Analyses of the molecular mechanisms activated by these naturally occurring constitutively active Ret
mutants have significantly contributed to the characterization of the cellular pathways activated by GFL.

5 GFL Signaling

5.1 Intracellular Signal Transduction Pathways Activated by GFL

All four GFLs bind preferentially to their cognate GPI-linked alpha receptors GFRa1-4. Because of the lipid
anchor the receptors are targeted to detergent-resistant apical membrane microdomains, the so-called lipid
rafts, which are characterized by the abundance of sphingolipids and cholesterol. Upon ligand binding, the
transmembrane receptor tyrosine kinase Ret, which cannot bind GFLs by itself, is recruited to the site of
the GFRas in the lipid raft microdomain triggering the activation of various intracellular pathways
(© Figure 4-4; Tansey et al., 2000).

Downstream signaling of Ret had been intensely studied even before the connection between GFLs and
the activation of Ret had been discovered. Mass spectrometric analysis of recombinant Ret protein revealed
that Tyr®, Tyr®®, Tyr®®, Tyr™®, Tyr®®!, Tyr'%2, Tyr'%, and Tyr'*® are the autophosphorylation sites of
this kinase (Kawamoto et al., 2004). The specific tyrosine residues in Ret are associated with docking sites
for adaptor proteins like Grb2 (Besset et al., 2000), phospholipase C gamma (PLCy; Borrello et al., 1996),
Frs2 (Kurokawa et al., 2001; Melillo et al., 2001a), and Shc (Asai et al., 1996). The splicing site of Ret is
located just downstream of tyrosine 1062. Interestingly, tyrosine residue 1062 represents a binding site for
several signaling molecules including Shc, Enigma, SN'T/FRS2, the catalytic phosphatidylinositol-3 kinase
(PI3K) subunit p85 (Segouffin-Cariou and Billaud, 2000), Dok proteins (Grimm et al., 2001; Murakami
et al., 2002), and Irs1 (Melillo et al., 2001b). Binding to this residue initiates the activation of different
signaling pathways (Hayashi et al., 2001) and has been the subject of several studies in the last decade. Ret
phosphorylation leads, depending on the cell type studied, to the activation of different mitogen-activated
protein kinase (MAPK) pathways. The major MAPK pathways that are activated are the extracellular
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@O Figure 4-4

GDNF family ligand (GFL) signaling pathways. 1. GFL bind to their cognate GPIl-anchored GFRa receptors.
Subsequently Ret is recruited to lipid rafts, resulting in the phosphorylation of several tyrosine residues and
intracellular activation of specific signaling pathways. 2. GFL can also bind to soluble GFRa receptors and
activate Ret in trans
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signal-regulated kinases 1/2/5 (ERK1/2/5; Worby et al., 1996) or Jun N-terminal kinase (JNK, Chiariello
et al., 1998). Additionally, PI3K and PLCy have been shown to be closely associated with Ret signaling (for
review see Airaksinen and Saarma, 2002).

The effects of activation of the different signaling pathways by GFLS are dependent on the cellular context;
in most instances activation of PI3K has been associated with neuron survival, whereas ERK seems to be
mostly important for differentiation and neurite outgrowth, but there are also indications that ERKs are
involved in GFL-mediated survival of specific neuron populations and that PI3K activation triggers neurite
outgrowth (Kaplan and Miller, 2000; Airaksinen and Saarma, 2002; Peterziel et al., 2002). Activation of PLCy
increases the level of inositol-1,4,5-trisphosphate and thereby regulates the level of intracellular calcium ions.
Integrity of the PLCy docking site has been linked to the full oncogenic potential of the constitutively active
Ret/PTC2 mutation (Borrello et al., 1996; Xing et al., 1998) but the cellular effects of GFL-mediated PLCy
activation have not been clarified up to now. However, it has been shown that GDNF potentiates spontane-
ous and evoked transmitter release at neuromuscular synapses and facilitates Ca®* influx into the nerve
terminals by enhancing Ca*" currents through a mechanism involving N-type Ca®" channels (Wang et al.,
2001). Whether this might be an effect of PLCy activation or a downstream event of Akt phosphorylation
has not been investigated so far. Activation of the JNK pathway by GDNF in the rat pheochromocytoma cell
line (PC12) is mediated by Cdc42 and Racl, members of the family of Rho/Rac-related small GTPases, and
does not require tyrosine 1062 of Ret (Chiariello et al., 1998). It has been shown that activation of these
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small GTPases either affects cytoskeleton organization (lamellipodia formation), which could influence
neuritogenesis (Kozma et al., 1997, Brown et al., 2000), or, depending on the cellular context, might be
involved in control of cell proliferation as has been demonstrated for NGF (Seo et al., 2003).

Another signaling molecule, ERK5, has originally been connected to brain-derived neurotrophic factor
(BDNF)-promoted survival of developing cerebellar granule neurons (Liu et al., 2003; Shalizi et al., 2003),
and it seems to be important for the retrograde survival signal of endocytosed neurotrophin receptors
(Trks) at the nerve terminals (Watson et al., 2001). GFL can be retrogradely transported in several neuronal
populations (Leitner et al., 1999; Laurikainen et al., 2000). In motoneurons this transport depends on the
expression of the appropriate GFRa. at the neuronal cell body (Leitner et al., 1999). Recently, Coulpier and
Ibanez (2004) have used compartmentalized cultures of sympathetic neurons to investigate the effect of
GDNF addition to either the distal axon or the cell body. They have shown that GDNF and GFRal are
retrogradely transported from distal axon terminals to the cell body, resulting in both neuronal survival and
neurite outgrowth. Interestingly, while in the distal axon compartment both Akt and ERK1/2 phosphoryla-
tion were observed, only Akt phosphorylation was triggered in the cell body after GDNF application to the
axon compartment. However, further studies will be needed to clarify whether activated Ret is also
retrogradely transported or whether the differential activation of signaling components in the axon and
the cell body might be due to sequential activation of downstream Ret targets. In this context it will be
interesting to find out whether ERK5 activation at the nerve terminal might be connected to signal
propagation to the nucleus as has been shown for NGF (Watson et al., 2001).

5.2 Impact of Lipid Raft Localization of the Receptor System on Downstream
GFL Signaling

Recruitment of Ret to the lipid raft microdomain determines the intracellular effects of GFL action. Tansey
et al. (2000) have demonstrated that localization of Ret to lipid rafts is essential for effective GDNF-induced
downstream signaling and subsequent differentiation/neurite outgrowth, or neuronal survival. Interaction
of Ret with members of the Src family leads to a fast activation of PI3K and MAPK only when it is localized
to these microdomains. Recent observations indicate that Ret tyrosine 981 constitutes the major binding
site of Src, and mutation of this tyrosine interferes with the survival-promoting effect of GDNF-induced Ret
downstream signaling in transfected cerebellar granule neurons (Encinas et al., 2004). Other laboratories
have studied the interaction of Frs2 with Ret, which results in MAPK activation (Kurokawa et al., 2001;
Melillo et al., 2001a). This effect has also been described to depend on the lipid raft localization of Ret, while
outside the raft, phosphorylated Ret predominantly interacts with Shc.

Because its constitutive activity is independent of GFRa-interaction, Ret/PTC too does not reside in
lipid rafts. Phosphorylation of Tyr 1015 has been shown to be essential for confering full oncogenic
potential for Ret/PTC (Durick et al., 1998), indicating that activation of PLCy activation by Ret might
also differ depending on Ret localization inside or outside lipid rafts. Analyses of the cellular and tissue-
context-specific determinants of these differential activation properties of Ret in different membrane
microdomains will help in elucidating the details and functions of the signaling events that occur upon
GFL binding to the variety of responsive cell populations.

5.3 Ret-Independent Signaling of GFLS

The incomplete overlap of GFRa and Ret expression in various tissues has evoked discussions about the
possibility of GFL signaling in trans for a long time (Trupp et al., 1997; Yu et al., 1998; Golden et al., 1999).
Several models have been proposed regarding how GFRas and Ret expressed on different cells could
interact, including the possibility of a secreted form of GFRa that could affect cells at some distance
from the cells where it is produced. A schematic representation of the possible mechanisms of these trans-
signaling events is included in @ Figure 4-3. Studies where a soluble GFRa.1/immunoglobulin G fusion
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protein was added to cells expressing Ret but not the endogenous GPI-anchored GFRa1 demonstrated that
this soluble receptor recruits Ret to lipid rafts and enables the activation of Ret downstream signaling in the
presence of GDNF (Paratcha et al., 2001). However, the kinetics of this mechanism varies depending on the
cell types used (Tansey et al., 2000). The assumption that processes involving the release of soluble GFRa1
are of physiological relevance is confirmed by the finding that GFRa.1 release is increased after sciatic nerve
lesion, which might mediate axonal regeneration (Paratcha et al., 2001). Another putative role for secreted
GFRal as a chemoattractant cue for developing peripheral neurons is also possible (Ledda et al., 2002). So
far, little is known about the secretion of the other GFRas. However, it has been proposed that the PSPN
receptor GFRa4 can be spliced to three isoforms, i.e., transmembrane, secreted, and GPI-anchored forms,
which are distributed in a tissue-specific manner (Lindahl et al., 2000), indicating distinct functions of the
different GFRa4 protein isoforms.

While signaling in trans requires the presence of both Ret and GFRas, although on separate cells, it has
become evident in the past few years that not all actions of GFL are mediated through activation of Ret (for
a review see Sariola and Saarma, 2003). Efficient Src phosphorylation and subsequent Src downstream
signaling has been shown in cell lines lacking Ret tyrosine kinase, in primary DRG neurons isolated from
Ret-deficient mice (Poteryaev et al., 1999), as well as in neuronal precursor cells lacking Ret expression
(Trupp et al., 1999). One obvious explanation for Ret-independent effects is that GFL-GFRa complexes
may interact with other transmembrane receptors. Indeed, it has been shown that GDNF-GFRal can
activate the Met receptor tyrosine kinase in several Ret-deficient/GFRa1-positive or GFRa1/Ret-coexpres-
sing cell lines. However, the described Met activation was not mediated directly by GDNF-GFRa1; rather, it
was activated indirectly via an Src-dependent mechanism (Popsueva et al., 2003). In two Ret-negative cell
lines, a glial cell line expressing GFRal and a neuronal cell line expressing GFRa1 and GFRa2, GDNF
stimulated rapid phosphorylation of cAMP response element-binding protein (CREB). Interestingly,
NRTN was not able to evoke CREB phosphorylation in the presence of GFR2, indicating that the two
receptors might differ in their ability to interact with receptors other than Ret (Pezeshki et al., 2001). Most
notably, in a recent work, Paratcha et al. (2003) found that in the absence of Ret, GDNF-bound GFRal
could interact directly with the 140-kDa isoform of NCAM (p140™“*™) in an immortalized neuronal
precursor cell line and in primary Schwann cells. This interaction leads to a disruption of homophilic
p140N““M_interactions and to the activation of intracellular NCAM signaling via the Src-kinase Fyn and
focal adhesion kinase (FAK). These processes result in a loss of cell adhesion and subsequent migration of
the Schwann cells, and in Ret-independent axon growth in primary neuron cultures. In this context, as
shown by coimmunoprecipitation experiments, GFRa2 does not differ from GFRa in its ability to interact
with NCAM in vitro, but whether this interaction results in a similar loss of adhesion is not known. Further
experiments will be needed to clarify whether interaction of GFRal and p140™“*M s disrupted upon
addition of Ret, or whether signaling via both receptors, Ret and p140N“*™, could occur in one cell.
Recently, Pozas and Ibanez (2005) have shown that differentiation and tangential migration of cortical
GABAergic neurons, mediated by the GDNF/GFRal complex, depends neither on Ret nor on NCAM,
indicating that there may exist other alternative receptors interacting with GFRas.

However, the in vivo significance of these Ret-independent GDNF-signaling pathways has not been
clarified so far. To address this question, Enomoto et al. (2004) have reintroduced GFRa1 into the Ret locus
of GFRal knockout mice, thereby generating mice lacking Ret-independent GFRal expression. These mice
do not exhibit any obvious phenotype, especially they do not show any defect in migration of the rostral
migratory stream and in the size of the olfactory bulb, where the GFRx1/NCAM interaction has been shown
to occur. These results may argue against a physiological role of alternative partners interacting with
GFRoal. However, as GFRas can also be secreted from cells and act as soluble factors in trans, further
experiments have to be designed to incontrovertibly answer this question.

5.4 Modulation of GFL-Mediated Signaling

Recent data indicate that modulation of GFL signaling might be still more complex than originally thought
(for review see Sariola and Saarma, 2003). Heparan sulfate glycosaminoglycans are able to modulate GDNF
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downstream signaling, resulting in elevated phosphorylation of intracellular targets like ERK1/2 or increased
expression of immediate early genes in neuroblastoma cells (Tanaka et al., 2002). In the absence of
glycosaminoglycans, GDNF-induced Ret phosphorylation is inhibited and GDNF-mediated effects like
scattering of epithelial cells or axonal outgrowth of neuronal cells are disturbed (Barnett et al., 2002).
Mechanistically, extracellular matrix heparan sulfate proteoglycans might modulate GFL functions by
decreasing their diffusion and thus increasing their local concentration at the receptor site on the cell surface.

Integration of different signal transduction pathways may be an important general cellular strategy to
tightly regulate GFL-mediated effects. Results from our group indicate that the presence of TGFp is
mandatory for GDNF-mediated survival of various neuronal populations of the CNS and PNS in vitro
and in vivo (Krieglstein et al., 1998, 2002; Schober et al., 1999). In serum-free low-density ciliary ganglion
(CG) neuron cultures GDNF promotes survival and downstream signaling only if TGF is present. In these
cells TGFP induces responsiveness to GDNF by recruiting GFRal to its active site at the cell surface by a
mechanism involving TGFp signaling via its specific receptor complex (@ Figure 4-5; Peterziel et al., 2002).
Similar cooperative effects have been described on the protection of inner ear hair cells against ototoxicity
by adenovirus-mediated overexpression of GDNF and TGFB1 (Kawamoto et al., 2003). These observations
indicate that context-dependent interactions between GFL and other signaling pathways may be important
for fine-tuning the response to these neurotrophic factors in vivo.

@ Figure 4-5

Synergistic effect of TGF3 and GDNF. (a) TGF induces the recruitment of GFRa1 to the plasma membrane via a
mechanism involving TGF-specific receptor types 1 and 2 (TBRI, TBRII). (b) Immunocytochemical staining for
GFRa1 on chicken ciliary ganglion (CG) neurons in culture. Treatment with TGF results in a higher GFRa1
immunoreactivity on the cell surface

GDNF TGF-p

GFRa1 immunocytochemistry

Nontreated
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6 Potential Therapeutic Applications of GFLS in Neurodegenerative Diseases

All GFL are able to support the survival of dopaminergic midbrain neurons and spinal and facial motor
neurons in vitro, as well as in different lesion models in vivo. GDNF was considered a potential therapeutic
agent in the treatment of neurodegenerative diseases from the moment of its discovery. As dopaminergic
neurons are the type of cells that typically degenerate in brains of Parkinson’s disease (PD) patients,
molecules that might exert trophic influences on midbrain dopamine neurons could potentially be of
therapeutic value in the treatment of PD. Indeed, in several rodent and nonhuman primate models of PD,
GDNF promotes recovery of the injured nigrostriatal dopamine system and exerts both neuroprotective
and, more importantly with regard to the human disease, neuroregenerative effects on dopamine neurons
resulting in amelioration of motor deficits and reduction of brain damage (Gash et al., 1996; Kordower
et al., 2000; Grondin et al., 2002; for reviews see Grondin and Gash, 1998; Bjorklund et al., 2000). As in these
preclinical studies GDNF proved to be a powerful trophic factor, clinical trials were started to test the effect
of GDNF delivery in PD patients. Initial studies with intermittent intraventricular applications were
disappointing, as there was no evidence pointing to a reduction in symptoms of PD, but even in contrast,
the occurrence of severe side effects was observed (Kordower et al., 1999; Nutt et al., 2003). However,
recently Gill et al. (2003) reported that the chronic delivery of GDNF directly into the putamen of
Parkinson’s patients markedly reduced the PD symptoms according to the Unified Parkinson’s Disease
Rating Scale and increased putamen dopamine storage, without any severe side effects. These promising
results indicate that GDNF could be successfully used for the treatment of PD if the right strategies for
administration are applied.

In addition to PD, the neuroprotective effect of GDNF on spinal cord motoneurons indicates a possible
use of the factor for the treatment of motoneuron diseases, i.e., amyotrophic lateral sclerosis (Acsadi et al.,
2002; Manabe et al., 2002; Wang et al., 2002). These possible therapeutic applications are boosting the basic
research focusing on functions and mechanisms of action of GFL. Vice versa, detailed characterization of
GFL-mediated events, especially the interactions with signal transduction pathways induced by other
cytokines, or the formation of alternative receptor complexes, i.e., GFRa/NCAM, might have important
implications in the development of successful strategies to treat neurogenerative diseases.
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Fibroblast growth factors in brain functions

Abstract: Fibroblast growth factors (FGFs) constitute a family of growth factors with multiple roles in
development, differentiation, maintenance, and repair of many different types of cells and in virtually all
tissues and organs. The family comprises 23 members, of which ten have been identified in the nervous
system. FGF receptors (FGFRs) are receptor tyrosine kinases and are encoded by four different genes, all of
which are expressed in the nervous system. Extracellular domains of the receptor proteins exhibit a large
number of variants due to alternative splicing creating a significant diversity with regard to ligand binding
and signaling properties. In addition, ligand binding is modified by heparan sulfate proteoglycans, which
act as low-affinity receptors. Activation of FGFRs triggers several intracellular signaling cascades. These
include phosphorylation of src and phospholipase C y (PLC vy), leading finally to activation of protein
kinase C (PKC), as well as activation of Crk and Shc. SNT/FRS2 serves as an alternative link of FGFRs for
the activation of PKC and, in addition, activates the Ras signaling cascade. In the central nervous system
(CNS), FGFs are widely expressed; FGF-1, -2, -4, -5, -8, -9, -10, and -15 seem to be the most important ones
in relation to neural functions. FGF-2 is predominantly synthesized by astrocytes, whereas other FGF family
members, e.g., FGF-1, -5, -8, -9, -10, -15, and -18, are primarily synthesized by neurons. FGFs play
important roles in neurogenesis, axon growth, and differentiation. Furthermore, FGFs are major determi-
nants of neuronal survival both in development and in adulthood. FGF-2 is an important factor for
neurogenesis in the adult brain. Increasing evidence suggests that FGF-1 and -2 may be involved in the
regulation of synaptic plasticity and processes attributed to learning and memory.

List of Abbreviations: BDNF, brain-derived neurotrophic factor; CNS, central nervous system; CNTF,
ciliary neurotrophic factor; DAG, diacylglycerol; DRG, dorsal root ganglia; EGE, epidermal growth factor;
EGL, external granular layer; FGE, fibroblast growth factor; FGFR, FGF receptor; GABA, gamma amino
butyric acid; GDNFE, glial-cell-line-derived neurotrophic factor; IGE insulin-like growth factor; IGL,
internal granular layer; IP3, inositol trisphosphate; LTP, long-term potentiation; MAP, mitogen-activated
protein; MCAO, middle cerebral artery occlusion; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine;
NMDA, N-methyl-p-aspartate; NT-4, neurotrophin 4; PDGFR, platelet-derived growth factor receptor;
PKGC, protein kinase C; PLC v, phospholipase C y; SH2, src homology 2

1 Introduction

Development, functions, plasticity, and repair processes of the central nervous system (CNS) require
permanent adaptation of neurons and glial cells to changing demands. To a large extent, such changes
depend on cytokine signaling networks, whose complexities are still largely enigmatic. Evidence assembled
during the last 20 years suggests that members of the fibroblast growth factor (FGF) family serve as
important signals in the developing, adult, and lesioned nervous system. This chapter takes into account
the fact that the field has frequently been the subject of excellent reviews. We therefore focus on progress
achieved during the past decade (cf. Bieger and Unsicker, 1996).

Basic FGF (FGF-2) was the first FGF discovered and cloned (Abraham et al., 1986a, b). By now the FGF
family comprises 23 family members that signal via four receptors, whose gene and protein structures and
intracellular signaling cascades have been extensively investigated (Powers et al., 2000; Ornitz and Itoh,
2001). Not all FGF family members are found throughout all vertebrate species. FGF-15 has not been
identified in the human genome, and FGF-19 has not been detected in mice, resulting in a total of only 22
FGF family members in each of these species. FGF and FGF receptor (FGFR) knockout animals have
significantly contributed to expanding our knowledge of the biological significance of ligand and receptor
molecules (Ornitz and Itoh, 2001). Even so, analysis of FGF and FGFR mutant mice with respect to their
CNS and peripheral nervous system (PNS) phenotypes progresses slowly, and many assumed functions of
FGFs in the nervous system are extrapolations from pharmacological experiments and applications of
exogenous FGFs. Important roles of FGFs in neurogenesis, differentiation, axonal branching, neuron
survival, neurodegenerative disorders, and cognitive processes have mostly been suggested based on
pharmacological experiments and await confirmation from the analysis of FGF mutant mice (Haynes,
1988; Calamandrei and Alleva, 1995; Mocchetti and Wrathall, 1995).
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2 FGF Signaling

2.1 Gene Structure of FGFs

Coding Regions. All known FGF genes consist of three coding exons, with exon 1 containing the start
codon. However, some FGF genes, e.g., FGF-2 and FGF-3, contain additional 5" untranscribed regions
initiating from upstream CUG codons (Kiefer et al., 1994; Arnaud et al., 1999). The size of the coding region
of FGF genes ranges from under 5 kb (FGF-3 and FGF-4) to over 100 kb (FGF-12). In certain FGF
subfamilies, exon 1 is subdivided into two or four alternatively spliced subexons (1A-1D for FGF-8) with
a single initiation codon residing in exon 1A. Other family members (e.g., FGF-11 to -14) have alternatively
spliced amino-terminal regions resulting from the use of alternative 5’ exons.

Chromosomal Localization. The chromosomal localization for all human FGF genes, with the excep-
tion of FGF-16, is known. Several human FGF genes are clustered on distinct chromosomal regions. For
example, genes encoding FGF-3, -4, and -19 are located on chromosome 11q13 and separated by only 40
and 10 kb, respectively. The FGF-6 and -23 genes are located within a small 55-kb fragment of chromosome
12p13. Similarly, the FGF-17 and -20 genes also reside together on chromosome 8p21-8p22 (Kelley et al.,
1992). For the mouse, localization of 16 FGF genes has been determined, revealing some similarities with
respect to their arrangement on human chromosomes (Ornitz and Itoh, 2001).

Evolution. FGFs are relatively old molecules that arose during invertebrate evolution. Although
FGF-like genes have been identified in several viral genomes (Li et al., 2002), genomes of unicellular
organisms (Escherichia coli, Saccharomyces cerevisiae) contain no FGF-like genes. One FGF-like sequence
(branchless) has been discovered in Drosophila (Sutherland et al., 1996), and two (egl-17 and let-756)
have been discovered in Caenorhabditis elegans (Burdine et al., 1997; Coulier et al., 1997). FGF proteins
are highly conserved throughout vertebrate species and share greater than 90% amino acid sequence
homology. Four FGFs have been identified in zebrafish (FGF-3, -8, -17, and -18), six in the clawed toad
Xenopus (FGF-3, Fgfi, Fgfii, FGF-8, FGF-9, and FGF-20), and seven in chicken (FGF-2, -4, -8, -12, -14, -18,
and -19).

Subfamilies of Human FGFs. Human FGFs can be grouped into subfamilies based on different degrees
of sequence and functional homologies. One such subfamily includes FGF-8, -17, and -18, which share
70-80% of their amino acid sequences, resemble each other in receptor binding specificity, and share
partially overlapping expression sites, e.g., the midbrain—hindbrain boundary.

2.2 FGF Protein Structure

Vertebrate FGF proteins range in molecular weight from 17 to 34 kDa, in contrast to the Drosophila FGF
homolog branchless, which is an 84-kDa protein. All FGFs have an internal core region that consists of 28
highly conserved and 6 identical amino acid residues (@ Figure 5-1; Ornitz, 2000). Ten of these conserved
residues are responsible for interactions with the FGF receptors (Plotnikov et al., 2000). In FGF-1 and -2 the
core domain of the protein consists of twelve antiparallel beta strands (@ Figure 5-2; Eriksson et al., 1991;
Zhu et al., 1991). Two of these beta strands (@ Figure 5-2: 10 and B11) contain basic amino acid residues
forming the heparin-binding site on FGF-2 (Li et al., 1994; Moy et al., 1996).

2.3 Subcellular Localization and Secretion of FGFs

Most FGFs (FGF-3, -4, -5, -6, -7, -8, -10, -15, -17, -18, -19, -21, -22, -23) possess amino-terminal signal
peptides and may be readily secreted from cells. In contrast, FGF-1, -2, -9, -16, and -20 lack conventional
signal peptides, and their modes of secretion are largely enigmatic. Even so, they all seem to be secretable
(Miyamoto et al., 1993; Miyake et al., 1998; Ohmachi et al., 2000). One mode of secretion may be related to
cell damage (Mignatti et al., 1992; Friesel and Maciag, 1999). FGF-9 possesses a noncleaved amino-terminal
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@ Figure 5-1

Schematic domain alignment of different members of the fibroblast growth factor (FGF) family of protein
growth factors. All FGFs consist of two highly conserved core domains (black), separated by a central spacer
region of variable length. Also C- and N-terminal regions differ in their length, with some FGFs (FGF-2, -3, and
-9) bearing alternative splice sites for their N-terminal regions (modified from Bieger and Unsicker, 1996)
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Three-dimensional structure of the FGF-2 protein (modified from Zhu et al., 1991)

hydrophobic sequence responsible for secretion (Miyakawa et al., 1999; Revest et al., 2000). FGF-2 and -3
also come as high-molecular-weight forms with predominant nuclear localization (Antoine et al., 1997;
Coulier et al., 1997; Arnaud et al., 1999; Claus et al., 2004a, b). The discovery that FGF-2(23) forms a
complex with the survival of motoneuron (SMN) protein, an important component of the splicing
machinery, has opened an avenue for understanding the role of FGFs with a nuclear localization (Claus
et al., 2004a, b). Distinct functions of the 18-kDa and 21/23-kDa FGF-2 have been suggested based on
distinct roles in PC12 cells overexpressing the respective isoforms (Grothe et al., 1998).



Fibroblast growth factors in brain functions

97

2.4 The FGF Receptors

FGFs elicit their diverse effects through activation of cell-surface-bound tyrosine kinase receptors (Coughlin
et al., 1988). Binding occurs with an affinity of Kp=20 pmol/L (Moscatelli, 1987); receptor proteins range
from 125 to 160 kDa in molecular weight (Neufeld and Gospodarowicz, 1985, 1986; Friesel et al., 1986;
Moenner et al., 1986; Blanquet et al., 1989).

Lee et al. (1989) were the first to clone a complementary DNA (cDNA) coding for an FGFR with high
affinity for FGF-1 from chicken tissue. Structural characterization of this molecule allowed the identification
of the prototypic structural hallmarks of all FGFRs, which are transmembrane proteins with three extracel-
lular Ig-like domains (Igl, Igll, and IgIII), an acidic domain between Igl and IglI, a hydrophobic transmem-
brane domain, and an intracellular tyrosine kinase domain, respectively (@ Figure 5-3; Johnson et al., 1990).

@ Figure 5-3

Structure of the fibroblast growth factor receptors (FGFRs). Receptors consist of three extracellular Ig-like
domains, a transmembrane domain, and two intracellular tyrosine kinase domains. An acidic domain of four
amino acids is important for heparin binding and thus for receptor dimerization (modified from Bieger and
Unsicker, 1996)
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Cloning of FGFR-1 and -2 (Dionne et al., 1990) revealed their identity with the previously isolated tyrosine
kinase proteins flg and bek, respectively (Kornbluth et al., 1988; Ruta et al., 1989). By now, four different
subtypes of FGFRs have been identified (Johnson and Williams, 1993). Affinity of FGFRs for their ligands is
highly diverse, with different affinities for each member of the FGF family of growth factors (@ Table 5-1).
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0 Table 5-1
Receptor binding of FGF family members to the four FGFR subtypes
FGFR-1 FGFR-2 FGFR-3 FGFR-4

FGF-1 + + + +
FGF-2 + + + +
FGF-3 + + - -
FGF-4 + + + +
FGF-5 + + - -
FGF-6 + + - +
FGF-7 - + - -
FGF-8 + + + +
FGF-9 - + + +
FGF-10 - + - -
FGF-11to -16 ? ? ? ?
FGF-17 = 4+ + +
FGF-18 - + + +
FGF-19 to -23 ? ? ? ?

(+) receptor binding, (—) no receptor binding, (?) not investigated
Modified from Ornitz et al. (1996)

The diverse effects elicited by different FGF family members depends, in part, on a significant structural
and functional diversity of FGFRs (@ Figure 5-4). Diversity of FGFRs beyond the four receptor subtypes
is achieved by the generation of alternative splice variants of a given FGFR gene (Ornitz et al., 1996).
The protein region with the highest impact on FGFR binding specificity is a portion of the IgIII domain
for which three different splice variants, termed Igllla, IgIIIb, and Iglllc, have been identified so far (for
relative binding affinities of different FGFs to the different IgIII splice variants, see @ Table 5-2). All
three splice variants exist for FGFR-1 and FGFR-2 (Johnson et al.,, 1991; Chellaiah et al., 1994); for
FGFR-3 only the IgIIIb and IgIIlc variants occur. FGFR-4 exists exclusively as the IgIllc variant (Vainikka
et al., 1992).

O Figure 5-4

Structure of the fibroblast growth factor receptor (FGFR) gene. Four possible splice sites exist leading either to
molecules with a truncated C-terminal region or to molecules with different variants of the third Ig-like domain
(Igllla, 1glllb, and Igllic) (modified from Johnson et al., 1991)
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2,5 The FGF/FGFR Complex and Intracellular Signaling
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Ligand binding to FGFRs initiates a receptor complex consisting of two FGF molecules bound to a receptor
and to a heparan sulfate proteoglycan molecule, e.g., heparin (@ Figure 5-5). The consensus mechanism is
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0 Table 5-2
Activation of different FGFR splice variants by different FGF family members

FGFR  FGF-1  FGF2  FGF3  FGF-4  FGF-5  FGF-6  FGF7  FGF8  FGF9

1, lllb 100 60 34 16 4 5 6 4 4

1, llic 100 104 0 102 59 55 0 1 21
2, llib 100 9 45 15 5 5 81 4 7

2, lllc 100 64 4 94 25 61 25 16 89
3, llib 100 1 2 1 1 1 1 1 42
3, llic 100 107 1 69 12 9 1 41 96
4 100 113 6 108 7 79 2 76 75

Each value represents the percentage of activation caused by FGF-1 with a given splice variant
Modified from Ornitz et al. (1996)

@ Figure 5-5
Three-dimensional structure of the extracellular portion of a complex consisting of two FGF-1/FGFR-2 hetero-
dimers, linked together by heparin (modified from Pellegrini et al., 2000)

thought to consist of the formation of two independent FGF/FGFR complexes that are subsequently
connected by a heparin-like glycosaminoglycan (Venkataraman et al., 1999; Stauber et al., 2000). Formation
of the receptor complex triggers receptor activation by phosphorylation, leading to recruitment and
phosphorylation of intracellular signaling molecules.

Important signaling proteins known to bind to the activated FGFR complex include the group of src
homology 2 (SH2) domain proteins. The SH2 domain shared by these proteins serves the intracellular
interaction with the receptor complex. SH2 proteins may themselves serve as substrates for receptor-
mediated phosphorylation, or may function as adaptor proteins to recruit other target proteins.

Because of the high degree of homology at the amino acid level between different FGFRs, their signaling
pathways are probably quite similar (Johnson and Williams, 1993). Studies using chimeric receptors
(Raffioni et al., 1999) with the cytosolic domain of FGFRs and the extracellular portion of the platelet-
derived growth factor receptor (PDGFR) have shown that the principal difference between FGFRs is the
strength of tyrosine kinase activity, suggesting that all FGFR subtypes drive the same signaling cascades, but
with different strengths.

Structure of the FGFR Intracellular Domain. Seven tyrosine residues in the cytoplasmic tail of FGFR-1
can serve as substrates for phosphorylation (Tyr463, Tyr583, Tyr585, Tyr653, Tyr654, Tyr730, and Tyr766).
Tyr653 and Tyr654 are important for the catalytic activity of the activated FGFR and essential for
signaling (Mohammadi et al., 1996). Tyr766 binds the SH2 domain of PLC y (Mohammadi et al., 1991).
The significance of the other tyrosines is unknown; they can be mutated to phenylalanine residues
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without loss of mitogen-activated protein (MAP) kinase activity and mitogenic signaling (Mohammadi
et al., 1996).

The PLC v Signaling Pathway. PLC ya 150-kDa phosphoprotein that cleaves phosphatidyl-inositol-
4,5-bisphosphate to inositol trisphosphate (IP3) and diacylglycerol (DAG) associates with the ligand-
activated FGFR through Tyr766 (Burgess et al., 1990; Mohammadi et al., 1991). Tyr766 is essential for
phosphatidylinositol hydrolysis (Mohammadi et al., 1992; Peters et al., 1992), but is apparently not involved
in FGFR-mediated mitogenesis, neuronal differentiation (Spivak-Kroizman et al., 1994b), or mesoderm
induction in a Xenopus animal cap model (Muslin et al., 1994).

The src Signaling Pathway. Src is a nonreceptor tyrosine kinase that constitutes a putative link from
the FGFR to cortactin (Zhan et al., 1994), a focal adhesion-associated protein that binds filamentous actin
(Wu et al., 1991).

Crk-Mediated Signaling. Crk, a SH2-/SH3-containing adaptor protein, probably links FGFR to the
downstream signaling molecules Shc, C3G, and Cas. Signaling through Crk has no effect on cell motility, yet
endothelial cells expressing FGFR-1 with a phenylalanine substitution at Tyr463 do not proliferate.
However, the impact of Tyr463 for mitogenesis is controversial (Mohammadi et al., 1996) and may differ
depending on the type of cell analyzed.

The SNT-1/FRS2 Signaling Pathway. An alternative tyrosine-phosphorylation-independent signaling
pathway of FGFRs that involves a novel 90-kDa phosphoprotein, SNT-1 (Wang et al., 1996), or FRS2
(Kouhara et al., 1997), has been shown to exist. SNT-1/FRS2 links the FGFR signaling to the Ras/MAPK
signaling pathway, which is important for growth-factor-induced cell cycle progression. Activation of
SNT-1/FRS2 recruits Ras to the FGFR complex through the adaptor protein Grb-2/Sos (Kouhara et al.,
1997). In addition to associating with Grb-2, activated FRS2 also binds the protein tyrosine phosphatase
Shp2 (Ong et al., 2000). SNT-1/FRS2 is localized to the inner leaflet of the cell membrane by myristoylation
and interacts with FGFR-1 at amino acid residues 407—433 of the juxtamembrane region (Xu et al., 1998).
Interestingly, Yan et al. (2002) have reported that Trk neurotrophin receptors also employ SNT-1/FRS2 in
their signaling pathways, but in this case association of FRS2 with Trk receptors depends on receptor
activation. As a consequence, FGFR-1 may regulate Trk signaling by sequestering FRS2 from ligand-bound
Trk receptors.

Thus, FGFRs mediate signal transduction by at least two independent pathways. First, FGFRs utilize
the canonical SH2-linked pathway joining FGFR directly to PLC y and Crk, and probably indirectly to
Src. Second, activation of FGFR is linked to SNT1/FRS2 through an interaction at the juxtamembrane
domain. The precise role of the second pathway, which seems to be independent of receptor phosphor-
ylation, is still largely enigmatic, despite its similarity to insulin receptor signaling (Yenush and White,
1997).

2.6 FGF Knockout Mice and Transgenic Mouse Models

Mutant mice with disruptions of FGF and FGFR genes constitute important model systems for providing
more insights into the biological functions of FGFs (@ Table 5-3). Several FGF knockout mice have
relatively mild phenotypes, possibly due to functional redundancy of different members of the FGF family.
For example, FGF-8 and -17 seem to be able to substitute each other with respect to the formation of the
midbrain-hindbrain boundary (Xu et al., 2000).

3 Neural Functions of FGFs

Since we wrote our last review on FGFs in the CNS (Bieger and Unsicker, 1996), significant progress has
been made in the field. Most of the work has been done on neural functions of FGF-1 and -2 (cf. © Figure
5-6), implying that understanding the roles of the other members of the FGF family expressed in the brain
is still relatively fragmentary.
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@ Table 5-3
Viability and phenotypes of available FGF-gene-deficient mice
Null
Gene mutant  Phenotype References
FGF-1 Viable No detectable changes Miller et al. (2000)
FGF-2  Viable Mild cardiovascular and skeletal disturbances, disturbed layering  Dono et al. (1998), Zhou
of the cerebral cortex, disturbed healing of skin wounds et al. (1998)
FGF-3 Viable Disturbed inner ear and tail development Mansour et al. (1993)
FGF-4  Lethal Disturbed inner cell mass proliferation, defects in limb Feldman et al. (1995),
(E4-5) development Sun et al. (2002)
FGF-5 Viable Increased hair growth Hebert et al. (1994)
FGF-6  Viable Mild disturbances in muscle regeneration Fiore et al. (1997, 2000),

Floss et al. (1997)
FGF-7 Viable Disturbed growth of hair follicles, disturbed growth of ureteric Guo et al. (1996), Qiao
bud et al. (1999)

For those FGF knockouts that are not available (N.A.), their predominant expression loci are listed

@ Figure 5-6

In the central nervous system (CNS) various positive effects of fibroblast growth factors (FGFs) on neuronal
structures have been demonstrated. In this figure, a schematic overview for effects of FGF-1 and FGF-2 on
hippocampal neurons is given (adapted from Reuss and von Bohlen und Halbach, 2003)
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Learning and memory
(facilitates LTP)
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3.1 FGF Expression Patterns

Numerous studies support the notion that FGFs affect a large variety of developmental processes in the
nervous system (Molteni et al., 2001; Vaccarino et al.,, 2001). These include, among others, cell fate
determination (Anderson, 1993; Grothe et al., 2004), migration, differentiation (Kalcheim, 1996), cell
survival (Grothe and Wewetzer, 1996; Mufson et al., 1999; Perrone-Capano and Di Porzio, 2000), and
regeneration (Timmer et al., 2003, 2004; Jungnickel et al., 2004). FGF-1 and -2 are expressed from the
earliest stages of nervous system development through into adulthood in distinct expression patterns
(Eckenstein, 1994; Vaccarino et al., 1999; Gremo and Presta, 2000). The most prominent difference between
FGF-1 and -2 is related to their cellular localization. FGF-2 is expressed by neurons and nonneuronal cells,
while FGF-1 is localized predominantly in neurons.

In the adult CNS, FGF-1 is found throughout the brainstem in neurons of the oculomotor nucleus,
the pons, the lateral geniculate nucleus, the reticular formation, the ventral tegmental area, and the
substantia nigra. In the diencephalon both thalamus and hypothalamus (e.g., the magnocellular preoptic
area) harbor FGF-1-positive neuron populations. In the telencephalon, neurons in the medial septum,
diagonal bands of Broca, nucleus basalis of Meynert, striatum, cerebral cortex, and hippocampus express
FGF-1 (Bean et al., 1991; Stock et al., 1992; Bizon et al., 1996). Spinal cord motoneurons and sensory
ganglia also stain for FGF-1 (Elde et al., 1991). In situ hybridization studies have revealed FGF-1 messenger
RNA (mRNA) in the cerebellum, locus coeruleus, hippocampus, and neocortex (Wilcox and Unnerstall,
1991).

Like FGF-1, FGF-2 is widely distributed throughout the CNS and the PNS (Eckenstein et al., 1991).
FGF-2 is prominently expressed in the brainstem, midbrain including substantia nigra, thalamus, olfactory
bulb, striatum, hippocampus, and cerebral cortex (Ernfors et al., 1990; Bean et al., 1991; Gomez-Pinilla
et al., 1994; Grothe and Janet, 1995). FGF-2 also occurs in motor and sensory nuclei (Grothe et al., 1991) as
well as in the neural and anterior lobes of the pituitary (Gonzalez et al., 1994).

FGF-3 mRNA is expressed in distinct locations of the embryonic mouse brain, including forebrain,
midbrain-hindbrain junction, rhombomere boundaries, and in the otic placode. The initially high levels of
FGF-3 transcripts in the otic placode are downregulated as the placode invaginates to form the otic pit
(Mahmood et al., 1996). Expression of FGF-4 in CNS neurons and glia is controversial and needs to be
investigated in more detail (Ozawa et al., 1996). However, its expression in tissues relevant to inner
ear development (periplacodal and placodal ectoderm) has been reported repeatedly (Wright et al,
2003). FGF-5 mRNA has been reported to be more abundant in the postnatal than in the embryonic
mouse brain (Ozawa et al., 1998). Although FGF-5 mRNA expression levels are low, compared with FGF-1
and -2 mRNAs, the FGF-5 mRNA is widely distributed, including in portions of the cerebral cortex,
hippocampus, and thalamus. In general, FGF-5 mRNA can be detected in many limbic areas (olfactory
bulb, hippocampal formation, entorhinal cortex), where expression levels are higher than in the neocortex
(Gomez-Pinilla and Cotman, 1993), suggesting roles in limbic functions or dysfunctions. FGF-6 has been
reported to be CNS- and skeletal-muscle-specific in mice at the time of birth (Ozawa et al., 1996). FGF-7
mRNA is localized in the ventricular layer of the embryonic mouse forebrain (Mason et al., 1994); it seems
to be absent from the adult rat brain (Hattori et al., 1997), but can be detected in rat dorsal root ganglia
(DRG) (Li et al,, 2002). Although FGF-8 is widely expressed in adult tissues (e.g., brain, heart, lung, kidney,
testis, ovary, prostate; Schmitt et al., 1996), the CNS location, in which it has been most intensely studied,
seems to be the isthmic organizer of the midbrain—hindbrain junction (cf. Mason et al., 2000; Holzschuh
etal,, 2003). FGF-9 is moderately or weakly expressed, mostly in neurons, in widespread regions of the CNS
including the olfactory bulb, caudate putamen, cerebral cortex, hippocampus, thalamus hypothalamus, and
nuclei of the midbrain, brainstem, cerebellum, and ventral spinal cord (Tagashira et al., 1995). In the PNS,
DRG neurons can be immunostained for FGF-9 (Nakamura et al., 1999). High levels of FGF-10 mRNA have
been reported to be expressed by brainstem motor nuclei, while low levels are found in the hippocampus
and thalamus (Hattori et al., 1997). FGF-12 and -13 mRNAs both occur in the developing mouse CNS in
cells outside the proliferating ependymal layer (Hartung et al., 1997). FGF-13 is additionally expressed
throughout the PNS (Hartung et al., 1997; Li et al., 2002). FGF-14 has been shown to be widely expressed in
brain and spinal cord. A detailed study on its cerebellar expression has revealed that it is first observed in
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postmitotic granule cells and that its developmental expression pattern is complementary to Mathl (Wang
et al., 2000). A study that addressed FGF-15 reported a regionally restricted pattern of expression in the
developing CNS (McWhirter et al., 1997). Like FGF-4, FGF-16 is expressed in tissues related to inner ear
development (posterior otic cup and vesicle; Wright et al., 2003). FGF-17 mRNA is preferentially expressed
in the neuroepithelium of the isthmus and septum in the embryonic rat brain (Hoshikawa et al., 1998).
FGF-18, a predominantly neuronal FGF, has been reported to be transiently expressed at early postnatal
stages in various CNS regions, including cortex and hippocampus (Hoshikawa et al., 2002). FGF-20 is
preferentially expressed in the substantia nigra pars compacta (Ohmachi et al., 2000), while FGF-23 mRNA
is predominant in the thalamic ventrolateral nucleus (Yamashita et al., 2000). Together, the available data
support the notion of both discrete and broad expression patterns of FGFs in the nervous system, with
distinct temporal and spatial regulations during development.

3.2 FGFR Expression Patterns

The different subtypes of FGFRs are widely expressed in the CNS. FGFR-1, -2, and -3 mRNAs are highly
expressed in the diencephalon and telencephalon. Lower levels of expression have been reported for the
mesencephalon, metencephalon, and myelencephalon (Belluardo et al., 1997). FGFR-1 is expressed in
specific neuronal populations in the adult CNS (Asai et al., 1993; Yazaki et al., 1994), but has also been
detected in astrocytes of white matter tracts (Takami et al., 1998). In contrast to FGFR-1, which is
predominantly expressed on neurons, FGFR-2 and -3 are primarily on glial cells (Asai et al., 1993; Yazaki
et al., 1994; Miyake et al., 1996). The fourth member of the FGFRs, FGFR-4, seems to be predominant
during early development and is not detectable in the adult CNS with the exception of the lateral habenular
nucleus (Fuhrmann et al., 1999).

3.3 Neurogenesis and Differentiation

While many neuronal differentiation genes have been identified, little is known about what determines
where and when neurons are formed. Onset of neuronal differentiation first occurs in the spinal cord in a
rostral to caudal sequence. A key regulatory event in this paradigm is the ability of somatic mesoderm to
repress FGF-8 transcription in the prospective spinal cord (Diez et al., 2000). At a cellular level, differentia-
tion of neuroepithelial precursor cells into neurons has been shown to be potently inhibited by FGF-1 and
-2 (Faux et al., 2001). The underlying mechanism involves upregulation of notch and downregulation of
Deltal.

Generally, the actual developmental status of a cell crucially determines the type of effect elicited by a
given FGF family member. Thus, it has been shown that at an early developmental time point FGF-2 is able
to expand the period of dopamine precursor division in vitro well beyond the period of cell division
occurring in vivo. Temporal expansion of cell division was accompanied by a delay in differentiation
(Bouvier and Mytilineou, 1995). The role of FGF-8 for the specification of early developing CNS dopami-
nergic neurons has recently been elaborated in zebrafish mutants by Holzschuh et al. (2003). Interestingly
and contrary to expectations based on previous studies, FGF-8, neither alone nor in combination with
hedgehog signaling, is required for specification of early developing dopaminergic neurons. On neural stem
cells overexpressing the nuclear orphan receptor Nurrl, FGF-8 has been shown to induce midbrain
dopaminergic phenotypes in cooperation with sonic hedgehog (Kim et al., 2003). In addition, FGF-20
has been shown to promote the differentiation of Nurrl-overexpressing neural stem cells into tyrosine-
hydroxylase-positive neurons (Grothe et al., 2004).

Restrictions in neuronal fate occur during the transition from a multipotential to a postmitotic cell and
are determined by cell-intrinsic and -extrinsic signals. In this context, FGF-2 has been shown to be
mitogenic for those embryonic spinal cord cells that are already committed to a neuronal pathway (Ray
and Gage, 1994). FGF-2 also regulates the proliferative fate of neural progenitor cells in the striatum. This is
done in cooperation with insulin-like growth factor (IGF), which is a key factor in the regulation of
neuronal stem cell activation, and epidermal growth factor (EGF; Arsenijevic et al., 2001). EGF induces the
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proliferation of putative stem cells, which give rise to spheres of undifferentiated cells that can generate
neurons and astrocytes. These spheres of undifferentiated cells contain FGFR-1 mRNA and protein (Vescovi
et al., 1993). Exogenously applied FGF-2 regulates the proliferative fate of unipotent (neuronal) and
bipotent (neuronal/astroglial) EGF-generated CNS progenitor cells, indicating that sequential actions of
growth factors play a role in regulating the generation of neurons and astrocytes in the developing CNS
(Vescovi et al., 1993). In the hippocampus, FGF-2 is mitogenic for stem cells (Vicario-Abejon et al., 1995)
and regulates the size of the hippocampal granule neuron population that is generated from progenitor cells
(Cheng et al., 2002). Many other neuron populations, e.g., GABAergic neurons, are generated by FGF-2
(Deloulme et al., 1991).

In postmitotic hippocampal neurons, FGF-2 promotes survival (e.g., Walicke et al., 1986) and differ-
entiation, e.g., of calbindin-expressing cells (Vicario-Abejon et al., 1995). Substantial evidence suggests that
FGF-2 affects neurogenesis in the hippocampus (Nakagami et al., 1997; Palmer et al., 1999; Yoshimura et al.,
2001). In primary cultures of hippocampal cells, FGF-2 not only triggers phenotypic differentiation, but
also drives the formation of neurons of various developmental stages. These different phenotypes include,
on the one hand, neurons with precursor and juvenile neuron morphologies that are unable to fire action
potentials, and on the other, age-matched polarized neurons firing multiple action potentials (Eubanks
et al., 1996).

An increasing number of studies tried to exploit neural stem cells for the repair of CNS lesions, e.g., in
the spinal cord (cf. Enomoto et al., 2003). In this context, FGF-2 has been shown to crucially control both
proliferation and differentiation phenotypes of neural stem cells from hippocampus and spinal cord after
grafting into the neonatal spinal cord (Enomoto et al., 2003). A specific novel role of nuclear FGF and
nuclear FGFR-1 has been reported for human neuronal progenitor cells (Stachowiak et al., 2003). In these
cells, FGFR-1 mediates cAMP-induced neuronal differentiation by regulating CREB and CREB-binding
protein. FGF-2 signaling onto FGFR-1-positive neural stem cells from the embryonic rat telencephalon,
in conjunction with EGF has also been shown to permit both self-renewal and differentiation into
neuronal, astroglial, and oligodendroglial phenotypes. FGF-2 triggering self-renewal, but not EGE induced
cytosolic calcium responses, whereas in FGF-2 and EGF-containing medium both FGF-2 and EGF
evoked calcium signals only in the differentiating progeny of these cells. These results suggest that FGF-2,
but not EGF, sustains calcium-dependent self-renewal of neural stem cells, whereas together the two growth
factors permit the initial commitment of neural stem cells into neuronal and glial phenotypes (Maric et al.,
2003).

3.4 Effects on Adult Neuronal Precursor Cells

Proliferation of neural stem cells and differentiation into mature neurons do not occur only during
development, but can also be detected in the adult brain (Altman and Das, 1965). Proliferation of adult
neuron precursor cells has been demonstrated for the forebrain in vitro (Alvarez-Buylla and Lois, 1995), as
well as for the hippocampus and the subventricular zone of the forebrain in vivo (Goldman et al., 1997).
FGF-2 is an important regulator of pre-, peri- and postnatal neurogenesis. FGF-2 induces proliferation of
neural progenitor cells in the hippocampus and in the subventricular zone (Wagner et al., 1999). Subcuta-
neous injection of FGF-2 at P1 increases [*H]thymidine incorporation by 70% in hippocampal and
subventricular zone homogenates and elicits a twofold increase in mitotic nuclei in the dentate gyrus and
the dorsolateral subventricular zone, suggesting that FGF-2 penetrates the blood-brain barrier to regulate
adult neurogenesis (Wagner et al., 1999).

Neurogenesis in the Hippocampus. Hippocampal cells from adult rats are capable of proliferating and
generating neurons in culture containing FGF-2. These cells express a variety of neuronal and glial markers,
including O4, NSE, MAP2, NF150, GAD, and calretinin. Two months after labeling and grafting these cells
to the adult rat hippocampus, their descendents can be found in the dentate gyrus, where they differentiate
into neurons exclusively in the granule cell layer (Gage et al., 1995). Electrophysiological properties of
hippocampal progenitor cells passaged in the presence of FGF-2 are distinctly different from cells grown in
the absence of FGF-2. Thus, FGF-2 elicited low levels of sodium, calcium, N-methyl-p-aspartate (NMDA),
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and kainate currents as compared with other growth conditions. After multiple passages in the continued
presence of FGF-2, sodium, calcium, and NMDA, responses declined further, whereas kainate and gamma
amino butyric acid (GABA) responses remained substantial (Sah et al., 1997).

Neurogenesis in the Striatum. The striatum is another prominent brain structure containing substan-
tial numbers of neuronal progenitor cells (Reynolds et al., 1992; Vescovi et al., 1993). Multipotential
progenitors isolated from the adult mouse striatum proliferate and differentiate into astrocytes, oligoden-
drocytes, and neuron-like cells when exposed to FGF-2 (Vescovi et al., 1993; Gritti et al., 1996). The neuron-
like cells exhibit neuronal electrophysiological properties, and are immunoreactive for GABA, substance P,
choline acetyltransferase, and glutamate (Gritti et al., 1996).

Neurogenesis in the Cortex of the Adult Human Brain. Multipotent neural precursors residing in the
adult human cortex have recently been isolated. Precursors have also been found in the hippocampus and
amygdala and can reside far from ventricles (Arsenijevic et al., 2001).

Neurogenesis in the Cerebellum. The cerebellum is a long-known brain region with postnatal
neurogenesis. A single injection of FGF-2 into the neonatal cerebellum stimulates cell division of neuronal
precursors in the external granular layer (EGL; Cheng et al., 2001). As a result of increased proliferation in
the EGL, numbers of neuronal cells in the internal granular layer (IGL), the final destination of the EGL
precursors, is significantly increased (Cheng et al., 2001).

Neurogenesis in the Peripheral Nervous System. With regard to peripheral neurons, FGF-2 can induce
proliferation of cells cultured from postnatal mouse DRG (Namaka et al., 2001). Dissociated neurons
die under the culture conditions employed. Following FGF-2 withdrawal and addition of trophic factors,
new DRG neurons develop and differentiate (Namaka et al., 2001). DRG neurons require FGF-2 during
distinct developmental time windows. For a subpopulation of DRG neurons (termed P-neurons for their
“pear-like” shape), for example, it was shown that they sequentially required first NGF and subsequently
FGF-2 for their survival (Acosta et al., 2001).

Neurogenesis in FGF-Deficient Mouse Mutants. On the basis of evidence that exogenous FGF-2
prominently interferes with the generation and differentiation of neuronal precursor cells, respective
phenotypes were expected in FGF-2-deficient mice. FGF-2-deficient mice are viable, and display distinct
neuronal defects, e.g., a numerical deficit in cortical neurons (Dono et al., 1998). Despite a 40% decrease in
frontal and parietal cortical gluatmatergic pyramidal neurons and reductions in neuronal soma size, no
change in pyramidal or granule cell number has been detected in the hippocampus and occipital cortex
of Fgf2(—/—) mice (Korada et al., 2002). This suggests that FGF-2 is necessary to regulate cell number and
size in the anterior cerebral cortex. In contrast to pyramidal neurons, cortical GABA interneurons are
unaffected by the lack of FGF-2. Raballo et al. (2000) have reported that the volume of the dorsal cerebral
cortical anlage of Fgf2(—/—) mice is substantially smaller, whereas the volume of the basal cerebral cortical
anlage is unchanged. Furthermore, the dorsal cerebral cortical anlage of FGF-2 knockout mice seems
to have less founder cells and a reduced expansion of the progenitor pool over the first portion of
neurogenesis.

3.5 Axon Growth and Branching

FGFs can have profound effects on neuronal morphologies, including axon and dendritic length and
arborization. In this capacity, FGFs resembles other growth factors, e.g., the neurotrophins brain-derived
neurotrophic factor (BDNF) and neurotrophin 4 (NT-4), and ciliary neurotrophic factor (CNTF; Patel and
McNamara, 1995; Kalil et al., 2000). FGF-2 significantly increases axon branching of dissociated cortical
neurons (Kalil et al., 2000). Within the hippocampus, multiple factors have been identified that enhance
axonal branching of pyramidal axons (but not dendrites). FGF-2 appears to be the most effective factor
stimulating axonal branching (Patel and McNamara, 1995). FGF-2 seems to specifically affect bifurcation
and growth of axonal branches, without affecting the elongation rate of primary axons. The effect of FGF-2
is reversible, indicating that the continuous presence of the factor is required (Aoyagi et al., 1994). Several
lines of evidence suggest that FGFR signaling can collaborate with signaling through extracellular matrix
components, e.g., fibronectin (Choung et al., 2002).
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Studies on cultured cortical neurons have revealed that growth cones pause and enlarge in regions, from
which at later time points axon branches develop (Szebenyi et al., 1998). Application of FGF-2 to cultured
cortical neurons increases the size of growth cones and inhibits advancement of growth cones, thereby
causing a threefold increase in axon branching. FGF-2 also affects growth cone morphology and promotes
rapid extension of filopodia within minutes (Szebenyi et al., 2001). Furthermore, FGF-2 administered to the
growth cone increases the probability for axonal branching, suggesting that distal regions of the axon are
more responsive to FGF-2 than other regions of the axon shaft (Szebenyi et al., 2001). The observation that
FGF-2 is a potent trigger of axonal branching of cultured neurons has recently been carried to the in vivo
situation. In an injury model of the entorhinal cortex—hippocampal connection, denervation of the
hippocampal formation induces axonal sprouting. This results in an increase in the expression of several
growth factors, including FGF-2 (Ramirez et al., 1999). Infusion of FGF-2 into rats with unilateral entorhinal
lesions increased sprouting of axon terminals of the cholinergic septodentate pathway (Ramirez et al., 1999),
suggesting a role of FGF-2 in the regulation of injury-related axonal remodeling of this cholinergic pathway.

3.6 Neuroprotection and Lesion Repair

Effects and Underlying Mechanisms. Among the earliest discoveries concerning putative roles of FGFs in
the nervous system was the neurotrophic survival-promoting effect of FGF-2 on many different neuron
populations in vitro (Morrison et al., 1986; Walicke et al., 1986; Unsicker et al., 1987) and following brain
lesions (cf. Bieger and Unsicker, 1995). Many subsequent studies have addressed putative mechanisms
underlying these effects of FGF-2. Thus, Mattson et al. (1989, 1993) showed that FGF-2 decreases gluta-
mate-induced neuronal cell death by regulating glutamate receptor subunits, leading to a suppression of
the 71-kDa NMDA receptor protein (NMDARP-71) but not of the alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)/kainate receptor GluR1. Moreover, FGF-2 potentiates quisqualate-
induced inositol phosphate formation in hippocampal neurons. This effect is blocked by addition of the
AMPA/kainate receptor antagonist 6,7-dinitro-quinoline-2,3-dione (DNQX), suggesting an involvement
of an AMPA/kainate receptor subtype distinct from GluR1 (Blanc et al, 1999). Recent evidence
suggests that the neuroprotective effect of FGF-2 may require the presence of additional growth factors,
e.g., glial-cell-line-derived neurotrophic factor (GDNF; Lenhard et al., 2002). Signaling of FGF-1-mediated
protection against glutamate toxicity has been shown to imply inactivation of glycogen synthase kinase-3f3
by phosphorylation at serine 9, which requires PI3K-Akt (Hashimoto et al., 2002).

Similarly, cerebellar granule neurons are also protected by Fgf-1 against excitotoxictiy in a PI3-kinase/
Akt-dependent and MAP-kinase/ CREB-independent manner (Hossain et al., 2002).

It has been speculated that the neuroprotective effects of FGF-2 results, in part, from a prevention or
attenuation of oxidative damage (Zhang et al., 1993). It has also been found that FGF-2, as well as some
other factors, is effective in suppressing oxidative impairment of synaptic transporter functions, and that
FGF-2 suppresses oxidative stress and mitochondrial dysfunction induced by amyloid beta peptide and
Fe?t in synaptosomes (Guo and Mattson, 2000).

Forebrain Septal and Midbrain Dopaminergic Neurons. In addition to hippocampal neurons,
forebrain septal and midbrain dopaminergic neurons are supported by FGE. FGF-2 promotes survival of
both cholinergic (Otto et al., 1989) and noncholinergic septal neurons (Cummings et al., 1992) following
fimbria—fornix transection. The effect on the cholinergic population, which projects to the hippocampus,
may be indirect and mediated by glial cells, as indicated by an in vitro study (Perkins and Cain, 1995).
Mesencephalic dopaminergic neurons are immunoreactive for FGF-2 in vivo and in vitro (Tooyama et al.,
1992; Casper et al., 1994) and respond to exogenous FGF-2 with increased survival both in vitro and in vivo.
FGF-2 also significantly augments their survival (Otto and Unsicker, 1993a) following exposure to the
dopaminotoxic substance 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) or to its active form, the
methyl pyridinium ion (MPP"). Importantly, FGF-2 also partially protects in vivo against the deleterious
chemical and morphological consequences of an MPTP lesion (Otto and Unsicker, 1990, 1993b). Similarly,
resistance of dopaminergic neurons to L-glutamate-mediated toxicity was greatly enhanced in the presence
of FGF-2 (Casper and Blum, 1995). Together, these data identify FGF-2 as a potent neuroprotective agent
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for dopaminergic nigral neurons. Interestingly, both the low- (18 kDa) and the high-molecular weight
FGEF-2 isoforms (21 and 23 kDa) seem to carry survival and neurite-promoting activities for dopaminergic
neurons (Claus et al., 2000, 2004a, b). This is consistent with the expression of all three isoforms as well as
FGFR-1, -2, and -3 in the intact and toxin-lesioned rat dopaminergic nigrostriatal system (Claus et al.,
2004b). As far as underlying mechanisms of the protective effects of FGF-2 for midbrain dopaminergic
neurons are concerned, two possibilities have been discussed and experimentally tested. One important
mechanism is the FGF-2-mediated induction of other growth factors, such as TGF- and others (Krieglstein
et al, 1998). Interestingly, regulation of gap junctions may be implicated in the mediation of the
neuroprotective effects of FGF-2 (Leung et al., 2001): In mixed cultures of midbrain neurons and
nonneuronal cells, blockade of gap junction communication by oleamide causes a significant reduction
of survival rates of dopaminergic midbrain neurons in the presence of FGF-2.

FGF-8, which plays a well-documented role in early pattern formation of the midbrain/hindbrain, can
also promote survival of postmitotic neurons as efficiently as FGF-2. For example, FGF-8 protects rat
hippocampal neurons from oxidative stress (Mark et al., 1999). In a time course study, it has been reported
that FGF-8 is neuroprotective when added as a pretreatment, cotreatment, and even at 2-h postinsult (Mark
et al., 1999). This may indicate that FGF-8 might be useful in treatment of oxidative insults, such as stroke.

FGF-Mediated Neuroprotection In Vivo. As summarized above, neuroprotective effects are a promi-
nent feature of FGF functions. The in vivo capacity of exogenous FGFs for protecting lesioned neurons and
orchestrating responses to lesions has been substantially documented. Protection of retinal ganglion cells
following transection of the optic nerve has been the first paradigm, in which the neurotrophic potential of
FGF-1 and -2 has been demonstrated in vivo (Sievers et al., 1987). Axotomized cholinergic neurons of the
septo-hippocampal pathway and toxin-lesioned nigrostriatal dopaminergic neurons were the next popula-
tions, for which a protective effect of FGF-2 was reported (Anderson et al., 1988; Otto et al., 1989; Otto and
Unsicker, 1990). A putative physiological relevance of FGF-2 has been suggested by the finding that
endogenous FGF is significantly upregulated after lesioning. Cortical lesions induce a rise in FGF-2
mRNA and protein for up to 2 weeks, with microglia and reactive astrocytes being the principal sources
of FGF-2 (Frautschy et al., 1991). Similarly, entorhinal cortex lesions have been shown to elicit an increase of
FGF-2 in the outer molecular layer of the dentate gyrus ipsilateral to the lesion (Gomez-Pinilla et al., 1992).
Importantly, FGF-2-mediated repair processes can improve behavioral scores of mice after lesioning
(Ishihara et al., 1992), suggesting an important capacity of FGF-2 for restoring brain functions.

3.7 Ischemia

Stroke resulting from brain ischemia is a major cause of death and long-term disability, annually affecting
more than 700,000 people in the USA. Depending on the site of vascular occlusion, distinct brain regions
may be affected. Several members of the FGF family, in particular FGF-2, are intimately involved in
neuronal protection and repair after ischemic, excitotoxic, and metabolic injury (cf. Alzheimer and Werner,
2002 for review).

Hippocampal ischemia elicits rapid neuronal cell death (Kirino, 2000; Martone et al., 2000), which can
be overcome by neuroprotective growth factors, including FGF-1, -2, and -7 (Nakata et al., 1993; Cuevas
et al,, 1998; Sadohara et al., 2001). As with other CNS lesion paradigms, FGF-2 has been shown to be
upregulated following brain ischemia (Masumara et al., 1996; Martinez et al., 2001). In animal models of
brain ischemia, FGF-1 and -2 have been widely documented to prevent cell death resulting from ischemic
damage. Thus, application of FGF-1 into the lateral cerebral ventricles before or even shortly after an
ischemic insult prevents the death of hippocampal pyramidal cells (Sasaki et al., 1992). Similarly, applica-
tion of FGF-2 also prevented CA1 neuronal damage in a dose-dependent manner (Nakata et al., 1993).
Unexpectedly, even systemic administration of FGF-2 can ameliorate acute focal ischemic injury in the
cerebral cortex without increasing blood flow following middle cerebral artery occlusion (MCAO; Bethel
et al., 1997). Two hours after MCAO and a 24-h reperfusion interval, FGF-2-like immunoreactivity was
upregulated in the striatum and the frontoparietal cortex. In the core of the infarct and in the surrounding
region, the so-called penumbra, astroglial cells were the predominant source of FGF-2; only few neurons in
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the penumbra were FGF-2-immunoreactive (Wei et al., 2000). Together, these data suggest that FGF-2 is
upregulated and may possibly act as a protective factor in cerebral ischemia. Consistent with this assump-
tion, postischemic administration of FGF-2 improves sensorimotor function and reduces infarct size (Li
and Stephenson, 2002). Beneficial effects have also been reported following adenovirus-mediated gene
transfer (Matsuoka et al., 2003) and conjugation to a blood-brain barrier delivery vector (Song et al., 2002).
Synergistic protective effects of caspase inhibitors and FGF-2 against brain injury induced by transient focal
ischemia argue in favor of putative combinatorial therapeutic strategies (Ma et al., 2001). Despite the well-
documented benefits of FGF-2 in animal models of stroke, there is currently no clinical development in
stroke, after a phase II/III trial with FGF-2 in acute stroke patients was discontinued because of an
unfavorable risk-to-benefit ratio (Alzheimer and Werner, 2002).

With regard to other FGFs, application of FGF-18 shortly after MCAO produces a dose-dependent
reduction in infarct volume and amelorites behavioral deficits (Ellsworth et al., 2003, 2004).

FGF-2 Knockout Mice. Mice deficient for FGF-2 have greatly added to our understanding of FGF-2
functions in the normal and lesioned brain. An impact of FGF-2 for the generation and differentiation of
neural stem cells has been consolidated by the observation that endogenously synthesized FGF-2 is
necessary and sufficient to stimulate proliferation and differentiation of neural progenitor cells in the
adult hippocampus following a brain insult (Yoshimura et al., 2001). FGF-2-deficient mice exhibit a
significant decline in BrdU-labeling kainic acid treatment or MCAO in the hippocampal formation as
compared with wild-type littermates. This phenotype could be rescued by an intraventricular injection of
a herpes simplex virus-1 amplicon vector carrying the FGF-2 gene into FGF-2(—/—) mice. Mice lacking
FGF-2 display a significant increase in infarct volume after MCAO and lack the ischemia-mediated
induction of BDNF and its cognate receptor trkB in the hippocampal formation (Kiprianova et al.,
2004), suggesting BDNF and trkB as potential targets of FGF-2 actions.

3.8 Seizures and Seizure-Induced Brain Damage

Glutamate is a major factor in ischemia-mediated neuronal degeneration in the CNS (Rothman and Olney,
1986; Kiessling and Gass, 1994; Ikonomidou and Turski, 1995). Its excessive release and extracellular
accumulation causes persistent activation of glutamate receptors, followed by acute neurotoxic degenera-
tion of the hyperstimulated neuron (Ikonomidou and Turski, 1996). Glutamate-mediated neurotoxicity is
also a major cause of neuron death in epilepsy (Olney et al., 1986). A model system for eliciting brain
seizures is the application of kainic acid (kainate) or bicuculline (Olney et al., 1986). Bicuculline is a GABA
receptor antagonist, whereas kainic acid acts as an agonist of a specific set of glutamate receptor (kainate
receptors; von Bohlen und Halbach and Dermietzel, 2002).

Depending on the experimental paradigm and the FGF isoform, FGFs may have anticonvulsant or
proconvulsant properties. FGF-2 does not induce major anticonvulsive effects when administered before or
after kainic-acid-induced seizures (Liu et al., 1993; Liu and Holmes, 1997a), but can induce seizures on its
own (Liu and Holmes, 1997b). In contrast, FGF-1 may decrease convulsions in the kainate model (Cuevas
and Gimenez-Gallego, 1996). In addition, both FGF-1 (Cuevas et al., 1994) and FGF-2 (Liu et al., 1993)
prevent hippocampal cell losses in the kainate model. Kainate induces a robust increase in FGF-2 gene
expression in the hippocampus, with a peak at 24 h (Riva et al., 1994). Similarly, bicuculline increases FGF-2
mRNA (Riva et al., 1992). This increase in FGF-2 expression is supposed to be due to an upregulation in
astroglial rather than neuronal cells. Upregulation of astroglial FGF-2 may result from released excessive
glutamate acting on astroglial glutamate receptors (Humpel et al., 1993).

Kindling is a widely studied animal model for temporal lobe epilepsy in which daily electrical stimula-
tion of certain brain regions results in the gradual progression and intensification of limbic motor seizures
(Kalynchuk, 2000). After a single kindling stimulation, FGF-2 mRNA levels, but not FGF-1 mRNA levels,
have been found to be increased in the hippocampus. Fully kindled animals left unstimulated for 1 week,
however, did not exhibit any alteration in the mRNA levels for FGF-1 or -2 (Simonato et al., 1998; Bregola
et al,, 2000). These data, in combination with the data obtained by using the other epilepsy models, indicate
that the observed changes in FGF-2 mRNA may represent short-term effects.
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Studies addressing time-dependent regulation of FGF-2 protein in limbic regions following electro-
shock seizures have revealed that chronic, but not acute, treatments cause a significant rise in frontal and
rhinal cortices (Gwinn et al., 2002).

3.9 Glial Cells as an Important Source of FGFs

Glial cells are an important source for the synthesis of FGFs in the CNS. In particular, astrocytes synthesize
and release FGF-2 (cf. Bieger and Unsicker, 1996; Reuss and von Bohlen und Halbach, 2003, for reviews).
Regulation of astroglial FGF-2 expression is regulated by numerous stimuli and cytokines. For example,
oxygen deprivation causes a massive increase in FGF-2 protein expression in cultured astrocytes, which peaks
at 24 h (Liu and Zhu, 1999). Similarly, serum and glucose deprivations induce astroglial FGF-2 immunore-
activity and moderately increase FGFR-1 expression (Liu and Zhu, 1999). In the PNS, Schwann cells are an
important source of FGF-2. Reverse transcriptase-polymerase chain reaction (RT-PCR) and in situ hybridi-
zation have revealed expression of the mRNAs for FGF-2 and the FGFR-1, -2, and -3 in Schwann cells and
macrophages. FGF-2 and all four FGFRs were expressed in neurons of the spinal ganglia. A crush lesion
resulted in no upregulation of FGFR transcripts in the nerve (Grothe et al., 2001). Schwann cells over-
expressing high-molecular-weight isoforms have been reported to enhance axonal regeneration through
peripheral nerve gaps (Timmer et al., 2003) as well as reinnervation and functional recovery of intrastriatal
dopamine grafts following their transplantation to the respective elsion sites (Timmer et al., 2004).

Paracrine Actions of FGF on Neurons. FGF-2 released from astroglial cells acts in both paracrine and
autocrine fashions. Signaling toward neurons can significantly increase the length of axons and dendrites of
loate embryonic cortical neurons, as shown by treatment of cultures with astroglial-conditioned medium
(Le and Esquenazi, 2002). Antibody-mediated blocking of FGF-2 signaling significantly reduces astroglial-
dependent neurite growth (Le and Esquenazi, 2002). Astroglial FGF-2 also plays an important role in
neuron survival. In mixed cultures of embryonic midbrain dopaminergic neurons and astroglial cells,
dopamine stimulates release of FGF-2, which then promotes survival and neurite growth. Antibodies to
FGF-2 specifically block this effect (Reuss and Unsicker, 2000).

FGF-9 Is Expressed by Both Astroglial Cells and Oligodendrocytes. Using double immunofluores-
cence and in situ hybridization, Nakamura et al. (1999) have detected FGF-9-specific signals in glia fibrillary
acidic protein (GFAP)-positive white matter astrocytes of adult rat spinal cord and brainstem. FGF-9 is also
expressed by CNPase-positive cerebellar and callosal oligodendrocytes (Nakamura et al., 1999).

In contrast to the FGFs mentioned above, FGF-18 is preferentially expressed in neurons but not in glial
cells in the brain. FGF-18 was found to have mitogenic activity for both astrocytes and microglia, but seems
to lack neurotrophic activity. These findings suggest that FGF-18 is a unique FGF having a role as a neuron-
derived glial cell growth factor (Hoshikawa et al., 2002).

At early stages during development FgfR1-3 expression overlaps with that of Olig2 (an oligodendrocyte
progenitor marker) in the embryonic ventricular zone of the lateral and medial ganglionic eminences
(Bansal et al., 2003), suggesting a role of respective ligands in oligodendroglial differentiation. With regard
to myelination, transient exposure of cultured brain cells to FGF-2 has been reported to increase myelina-
tion (Magy et al., 2003). In vivo, FGF-2 has been shown to inhibit oligodendrocyte lineage differentiation
and myelin production by oligodendrocytes (Goddard et al., 2001; Armstrong et al., 2002).

Autocrine/Paracrine Effects of FGF on Astroglia and Oligodendrocytes. Glial cells are also a promi-
nent target for different FGF family members. Autocrine or paracrine actions of FGF-2 on astrocytes
include regulation of gap junction (connexin43) expression and function, neurotransmitter sensitivity, and
intermediate filament density (Reuss et al., 1998, 2000a, b; Gomes et al., 1999).

In an in vitro study about the effects of FGF-2 and TGF-B1 on astrocytes, these factors have been
claimed to act antagonistically on astrocyte differentiation as monitored by GFAP expression (Reilly et al.,
1998). In this study, treatment with TGF-B1 leads to a significant increase in GFAP mRNA and protein,
whereas FGF-2 changed astrocytes from a polygonal to a stellate morphology and suppressed GFAP
expression. In addition, both factors seemed to interfere with each other since FGF-2 inhibited the
TGF-Bl-mediated increase in GFAP mRNA and protein. However, suppression of GFAP expression
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reported by Reilly et al. (1998) was contradictory to earlier reports about FGF-2-dependent induction of
GFAP in astrocytes (Eclancher et al., 1990; Perraud et al., 1990).

A special feature of FGF-2 in astrocytes is its subcellular localization during regulation of astrocyte
proliferation. As proposed by Stachowiak et al. (1997), astroglial activation leads to nuclear translocation
and accumulation of FGF-2 and its receptor. This finding has been confirmed by Joy et al. (1997).

Besides their effects on astrocyte differentiation, FGFs have also been shown to regulate other astroglial
cell functions, including gap junction coupling and neurotransmitter sensitivity (Reuss et al., 1998,
2000a, b). Cultured cortical and striatal, but not mesencephalic, astrocytes respond to FGF-2 with a
reduction of connexin43 protein, connexin43 mRNA, and intercellular communication as revealed by
dye spreading (Reuss et al., 1998). Interestingly, FGF-5 and -9 can perform identical functions, but with
different brain region specificity, in that FGF-5 exclusively addresses midbrain astroglial cells, and FGF-9,
cortical, striatal, and midbrain astroglia (Reuss et al., 2000a). Identical region specificity is seen with
regard to the astroglial phenotype of FGF-2, -5, and FGF-2/FGF-5 double-deficient mice (Reuss et al.,
2003). FGF-2(—/—) mice displayed a dramatic reduction in GFAP expression of gray matter, but not white
matter astrocytes in cortex and striatum, and not in midbrain. FGF-5(—/—) mice show an identical
phenotype for midbrain, but not cortical and striatal astroglia, while FGF2/FGF-5 double deficiency
affects astroglial GFAP in all three regions. Brain region specificity is not matched by a respective distribu-
tional pattern of the ligands, or FGFR-2 and -3; both receptors can be mapped to astroglial cells in a brain-
region-independent fashion (Reuss et al., 1998). Possibly, differential splice forms of the receptors or
regional specificity of coligands/coreceptors may account for the observed region specificity. Another
prominent effect of FGF-2 on astroglial functions is its influence on astroglial sensitivity to dopamine.
Treatment of astrocytes with FGF-2 leads to an increase in numbers of dopamine-sensitive astrocytes and to
an induction of the D1 dopamine receptor (Reuss et al., 2000b).

In addition to astrocytes, oligodendrocytes are important target cells for FGF actions. Responsiveness of
astrocytes and oligodendroglial cells to FGFs is further supported by the fact that both cell types express the
Iglllc splice variant of FGFR-2 and -3 (Miyake et al., 1996; Reuss et al., 2000). Another glial cell type that is
affected by FGFs is microglia (Goddard et al., 2002). Activation of all three glial subpopulations, astrocytes,
oligodendrocytes, and microglia, can be observed after injection of FGF-2 in the cerebrospinal fluid
(Goddard et al., 2002), resulting in increased GFAP expression, swelling of the cell bodies, and enhanced
formation of processes in astrocytes. The same study demonstrates a significant increase in the number of
EDI-labeled microglia and a change in microglial morphology toward a multipolar and granular appear-
ance after FGF-2 injections. Finally, in oligodendrocytes a loss of myelin sheaths was observed after
injections of FGF-2 (Goddard et al., 2002). As demonstrated by Cohen and Chandross (2000), FGF-2 is
not the only FGF family member to influence oligodendrocyte performances, as FGF-9 is able to modulate
the expression of myelin related proteins and multiple FGFRs in developing oligodendrocytes.

3.10 Learning and Memory

Increasing evidence suggests that FGFs may be important modulators of processes attributed to learning
and memory. Continuous superfusion of in vitro brain slices with FGF-1 has been shown to decrease the
basal amplitude of spikes and significantly increase paired-pulse facilitation in the hippocampus (Sasaki
et al., 1994). Tetanic stimulation can induce long-term potentiation (LTP). When FGF-1 is continuously
applied, tetanic stimulation leads to an enhancement of the magnitude of short-term potentiation after the
tetanus and facilitates the generation of LTP. Furthermore, FGF-1 also enhances dose-dependent posttetanic
potentiation directly after the tetanus (Sasaki et al., 1994). This suggests that FGF-1 may be involved in
mechanisms related to the generation of LTP. Since LTP is thought to be linked to mechanisms involved in
memory formation and learning (Bliss and Collingridge, 1993), FGF-1 might have a role in such mechan-
isms. Evidence supporting this view came from a study, using i.c.v. injections of FGF-1. LTP can be induced
using a subthreshold stimulation in combination with administration of FGF-1; however, LTP cannot be
induced using the subthreshold stimulation alone (Hisajima et al., 1992). Further evidence came from a
study using an FGF-1 fragment analog (amino acid residues 1 through 29 of FGF-1 with an alanine



Fibroblast growth factors in brain functions

111

substituted at position 16) on accelerated senescence-prone mice. Subcutaneous injection of this FGF-1
fragment analog was found to prolong the mean retention latency and to shorten the latency in a passive
avoidance test. In addition, improved performance was also obtained in several other behavioral tests,
indicating a beneficial effect of the FGF-1 fragment analog on learning and memory in accelerated
senescence-prone mice (Sasaki et al., 1999).

In addition to FGF-1, FGF-2 seems to be involved in neuronal signaling. In the dentate gyrus,
subthreshold stimulation (20 pulses at 60 Hz) normally fails to induce LTP; however, after administration
of FGF-2, LTP can be induced using this protocol (Ishiyama et al., 1991). A similar model system
demonstrating growth factor effects on LTP is provided by the following example: Transection of the
fimbria—fornix pathway decreases the frequency of LTP generation. Intracerebroventricular injection of
EGF or FGF-2 facilitated LTP generation in the fimbria—fornix lesioned rats, suggesting that EGF and FGF-2
can improve hippocampal LTP impairment after loss of subcortical afferents (Abe et al., 1992).

4 Conclusions and Perspectives

The great diversity of effects generated by FGFs and reviewed in this chapter results from a great diversity of
ligands, receptors, receptor splice variants, and intracellular messenger cascades that eventually lead to
alterations in gene expression. In the CNS at least ten FGF family members are present. Surprisingly, the
past decade (cf. review by Bieger and Unsicker, 1996) has added relatively little, with the exception of FGF-1
and -2, to the neural functions of the other FGFs in the nervous system. It seems that the analysis of
established FGF mouse mutants and the generation of conditional FGF and FGFR mutants is gaining speed
now, triggering expectations that in a decade from now we shall have a more detailed understanding of FGF
signaling to neurons and glial cells. Hopefully, this also applies to a more thorough understanding of the
roles FGFs play in concert with other cytokines, e.g., TGF-s. Finally, there has been relatively modest
progress in the past decade regarding therapeutic applications of FGFs, acting agonistically or antagonisti-
cally as small peptides and drugs, raising hopes that problems such as targeting of factors to specific
cells, transport through the blood-brain barrier, and long-term deliverance, for example, through growth-
factor-secreting cells, may eventually be overcome.
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Transforming growth factor-f3s in the brain

Abstract: Transforming growth factors-f (TGF-fs) regulate numerous cell functions in the developmental
and adult brain. TGF-s are secreted dimeric proteins that signal via heteromeric transmembrane serine—
threonine kinase receptors. Phosphorylation of R-Smads leads to the formation of complexes with the
common Smad4, which translocates to the nucleus to regulate, as a larger transcriptional complex,
immediate early gene and target gene expression. In the nervous system, TGF-fs have roles in neurons
and glia and are involved in the regulation of proliferation, differentiation, and neuron survival and death,
as well as in orchestrating its response to lesion.

List of Abbreviations: A, amyloid B; AD, Alzheimer’s disease; Alk, activin-receptor-like kinase; BMP,
bone morphogenetic protein; CNS, central nervous system; DRG, dorsal root ganglion; E, embryonic day;
ECM, extracellular matrix; EGF, epidermal growth factor; FGF, fibroblast growth factor; GDE, growth/
differentiation factor; GDNE, glial cell line-derived neurotrophic factor; GFAP, glial fibrillary acidic protein;
IEG, immediate early gene; IL, interleukin; JNK, c-Jun NH(2)-terminal kinase; ir, immunoreactivity/
immunoreactive; LAP, latency-associated protein; LLC, large latent protein complex; LTBP, latent-TGF-f3-
binding protein; MAPK, mitogen-activated protein kinase; MEKK, MAPK/ERK kinase kinase; MIS,
miillerian inhibiting substance; MMP, matrix metalloprotease; NGE, nerve growth factor; PAI, plasminogen
activator inhibitor; PD, Parkinson’s disease; PDGE, platelet-derived growth factor; PNS, peripheral nervous
system; Shh, sonic hedgehog; TAK, TGF-B-activated kinase; TGF-f, transforming growth factor-f; TPR,
TGEF-p receptor; t-PA, tissue plasminogen activator

1 Introduction

Transforming growth factors-f (TGF-Bs) are multifunctional cytokines with widespread distribution and
contextual activity. There are three unique TGF-f isoforms expressed in mammals encoded by three
different genes regulated by unique promoters. TGF-Bs are synthesized as preproproteins containing a
signal peptide and a C-terminally located mature part. TGF-Bs form disulfide-bridged homodimers and are
folded in a cystine-knot-like motif. During processing the mature protein stays noncovalently bound to its
proprotein, building a latent biologically inactive form. TGF-Bs signal via a heteromeric transmembrane
serine—threonine kinase receptor, whereby the signal may be intracellularly mediated via Smad proteins that
translocate into the nucleus to form, in combination with other components, the transcriptional complex.
The biological effects of TGF-Bs in the nervous system cover regulation of proliferation, migration,
differentiation, survival, and death.

2 TGF-B and Receptors

TGF-B was initially isolated from human platelets and resulted in the purification of a 25-kDa homodimeric
protein, now called TGF-B1 (Assoian et al., 1983). In due course, a second protein, TGF-B2, was purified
(Seyedin et al., 1985, 1987; Cheifetz et al., 1987; and others). The cloning of these proteins revealed that the
precursors are encoded as preproproteins consisting of 390 aa for TGF-B1 and 412 aa for TGF-f2, each
carrying a 20-30 aa signal peptide on its N terminus and resulting in a 112 aa processed mature form
(Derynck et al., 1985; De Martin et al., 1987; Madison et al., 1988). Screening of cDNA libraries revealed a
third form, TGF-B3 (Derynck et al., 1988; Jakowlew et al., 1988a; ten Dijke et al., 1988a), as well as TGF-4
from chicken (Jakowlew et al., 1988b; now considered as the TGF-1 homolog from chicken) and TGF-f5
from Xenopus (Kondaiah et al., 1990). Each TGF-f isoform is encoded by a distinct gene located on different
chromosomes: TGF-B1 on human chromosome arm 19q13, TGF-B2 on 1q41, and TGF-B3 on 14q24 and on
mouse chromosomes 7, 1, and 12, respectively (Fujii et al., 1986; Barton et al., 1988; ten Dijke et al., 1988b).

2.1 TGF-f3 Superfamily

The TGF-P superfamily of proteins includes about 30 members in mammals. They are divided into two
major subgroups, the first one comprising, inter alia, TGF-fs, activins, nodal and myostatin/GDF8,
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miillerian inhibiting substance (MIS), and a second group including the bone morphogenetic proteins
(BMP) and growth/differentiation factors (GDF) (Chang et al., 2002; Miyazono et al., 2002). TGF- 3/BMP-
like proteins are found in vertebrates and invertebrates, including Caenorhabditis elegans and Drosophila
melanogaster (Newfeld et al., 1999; Patterson and Padgett, 2000). Many of these signaling proteins harbor
important functions during early embryogenesis, organogenesis, after birth, and in the adult, as well as for
tissue repair and homeostasis (Kingsley, 1994; Hogan, 1996; Chang et al., 2002; Reddi, 2005). Dysregulated
functions of TGF-f superfamily members have been attributed to the pathogenesis of diseases such as
cancer (Mummery and van den Eijnden-van Raaij, 1999; Blobe et al., 2000; Miyazono et al., 2003; Siegel
and Massague, 2003), immune tolerance and inflammation (Wahl and Chen, 2003; Schmidt-Weber and
Blaser, 2004), skeletal dysplasias (Thomas et al., 1997; Stelzer et al., 2003), cachexia (Lee and McPherron,
2001; Zimmers et al., 2002), osteoporosis (Turgeman et al., 2002, Wu et al., 2003), infertility (Dong
et al., 1996; Galloway et al., 2000), abnormal vascularization (Paques et al., 1997; Blobe et al., 2000; He
et al,, 2003), atherosclerosis (Grainger, 2004), psoriasis (Blessing et al., 1996), fibrotic disease (Bartram
and Speer, 2004; Bataller and Brenner, 2005), and renal disease (Bottinger and Bitzer, 2002; Schena and
Gesualdo, 2005).

2.2 TGF-3 Structure

TGF-B2 was the first protein of the TGF-f superfamily for which the protein structure was solved upon
crystallographic determination (Daopin et al., 1992; Schlunegger and Grutter, 1992). The monomer
represents an elongated structure consisting of two pairs of double-stranded B-sheets, tied together by
four disulfide bonds in the core region of the protein homomer. This cystine cluster may replace the
hydrophobic core of globular proteins. TGF-B dimers are formed via two identical hydrophobic interfaces
and stabilized by the ninth cystine on each side building an interchain disulfide bond. Although the
structure seemed unusual at first, the structural motif, coined the cystine knot motif (McDonald and
Hendrickson, 1993), could be extended to describe a structural superfamily of growth factors, including
nerve growth factor (NGF) and platelet-derived growth factor (PDGF) (although NGF and PDGF differ
from TGF-Ps in their dimer structure; Daopin et al., 1992; Swindells, 1992; McDonald and Hendrickson,
1993; Sebald et al., 2004). By following the resolution of the crystal structures of TGF- B3 (Mittl et al., 1996),
BMP7 (Griffith et al.,, 1996), and BMP2 (Scheufler et al., 1999), it can be concluded that despite the
sequence similarity of as little as 30%, the TGF- superfamily is characterized by a typical tertiary structure
of two fingertip loops and a third helical structure including a specific mode of dimerization resulting in a
similar three-dimensional structure (for a review see Sebald et al., 2004).

2.3 TGF-3 Activation

TGF-Ps are secreted as large latent protein complexes (LLC; for a review see Annes et al., 2003) and targeted
to the extracellular matrix (ECM). TGF-B1, -B2, and -B3 are synthesized as homodimeric proproteins (pro-
TGF-B; 75 kDa). In the trans-Golgi network, the precursors are cleaved by furin into the N-terminal
propeptides, also referred to as latency-associated proteins (LAPs), which still strongly bind the C-terminal
mature TGF-f§ dimer in a noncovalent manner. This small latency complex is released; however, within this
complex TGF-f cannot bind its extracellular receptor. LAP, on the other hand, forms a specific disulfide
bridge with another gene product, the latent-TGF-B-binding protein (LTBP/fibrillin protein family; for
reviews see Ramirez and Pereira, 1999; Hyytidinen et al., 2004). Thus LLC includes mature TGF-
noncovalently bound to an LAP-LTBP complex. TGF-f activity may therefore not be regulated via
synthesis or release from the cell but rather by release from the LLC. Mechanisms known to activate
TGF-PB include proteoloytic activation of LAP, for example by plasmin, matrix metalloproteinase-2
(MPP-2) or MPP-9, by activation by thrombospondin, integrins, reactive oxygen species, and by pH
(reviewed in and references therein: Annes et al., 2003). Therefore, orchestration of TGF-f availability is
the crucial step in TGF- biology (Rifkin, 2005).
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3 TGF-B Receptors and Signaling

Signaling by TGF-f family members occurs through a heteromeric transmembrane serine—threonine
kinase receptor complex, consisting of type II and type I receptors. There are five type II receptors and
seven type I receptors (activin-receptor-like kinases, Alk) known in vertebrates (Miyazono et al., 2000; Shi
and Massague, 2003); different combinations of type II and type I receptors may be responsible for ligand-
specific signaling. TGF-fs signal via TGF-f receptors type II (TBR-II) and ALK5, and in endothelial cells via
TPR-II/ALK1 (© Figures 6-1 and © 6-2; DaCosta Byfield and Roberts, 2004; Lebrin et al., 2005). Ligand

@ Figure 6-1

TGF-B signal transduction. TGF-$ ligands bind to TBR-Il, which then recruits a type | receptor, which may be
either Alk-5 or Alk-1. Recruitment of Alk-1 could be shown for TGF-f signaling in endothelial cells as well as in
the lesion impaired neurons. TBR-II/Alk-5 signaling is further mediated via R-Smads Smad2 and 3, whereas
TBR-1I/Alk-1 signaling is mediated via Smad1,5. Modified from Waite and Eng, 2003
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binding to the TRR-II induces recruitment of TBR-I into the complex. Next, the type II receptor phosphor-
ylates the type I receptor at its GS domain, thereby further propagating the signal via phosphorylation of
receptor-regulated Smads (R-Smads: Smad2, Smad3; ten Dijke and Hill, 2004). R-Smad phosphorylation is
facilitated by presentation of SARA, i.e., Smad anchor for receptor activation (Tsukazaki et al., 1998). Upon
activation, R-Smads form heteromeric complexes with Smad4 in the cytoplasm and translocate to the
nucleus, where they control gene expression. Inhibitory Smads (I-Smads, e.g., Smad7) act in an opposing
manner to R-Smads by binding to the activated type I receptor, thereby inhibiting phosphorylation of
R-Smads. Signaling is terminated either by I-Smad or by recruitment of E3-ubiquitin ligase (Smurfl) to the
activated type I receptor, resulting in receptor ubiquitination and degradation. Alternatively, signaling may
be terminated through protein phosphatase-1-dependent dephosphorylation (Shi and Massague, 2003).
For further reading regarding numerous molecular details in TGF-f signaling, please refer to current
reviews and references therein (Waite and Eng, 2003; de Caestecker, 2004; Feng and Derynck, 2005;
Le Roy and Wrana, 2005).

Other proteins have been characterized that can associate with the TBR complex and regulate TGF-f-
dependent signaling independent from Smad activation. These include TGF-B-activated kinase 1 (TAK1)/
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@ Figure 6-2

Smad and non-Smad signaling. The active heterotetrameric receptor complex phosphorylate SARA-presented
R-Smads. Phosphorylated R-Smads associate with Smad4 in the cytoplasm and translocate into the nucleus. The
R-Smad/Smad4 complex binds to a Smad-binding DNA element (SBE) and cooperates with other transcription
factors (X), coactivators like CBF/p300, or repressors like c-ski/SnoN, Tgif of Tieg, to regulate gene transcription.
Independent of Smad, other signaling pathways like RhoA, Ras, and TAK1/MEKK1 have been shown to be
activated via the TGF-f3 receptor complex. Modified from Derynck and Zhang, 2003
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MEKKI1-dependent JNK or mitogen-activated protein kinase (MAPK) activation, rapid ras activation, and
RhoA activation (@ Figure 6-2; for further review see Mulder, 2000; Derynck and Zhang, 2003; Moustakas
and Heldin, 2005).

4 TGF-p Target Genes

TGF-B-dependent transcriptional regulation is mediated via interaction of DNA-binding Smads with
sequence-specific transcription factors in combination with the coactivators CBP and p300 (Jonk et al.,
1998; Massague, 2000; Derynck and Zhang, 2003). Sequence-specific transcription factors that cooperate
with the R-Smad-Smad4 complex include AP-17bZIP, and members of the transcription factor families
AML/Runx, bHLH, homeodomain, SP1, and winged helix. Besides the essential coactivator CBP or p300,
other coactivators (e.g., SMIF, MDG1, ARC105) and corepressors (e.g., s-Ski/SnoN, cMyc, TGIE, SNIP1,
SIP1) that interact with Smads define the level of transcriptional activation (Itoh et al., 2000; Massague,
2000; Moustakas et al., 2001; Derynck and Zhang, 2003). The multitude of possible transcriptional
complexes strongly supports the earlier assumption of a context-dependent TGF-f activity, now envision-
able at the level of transcriptional regulation.
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With the advent of genomic expression profiling using microarray techniques, TGF-3 target gene
expression has been widely studied using epithelial, mesenchymal, and endothelial cells (Verrecchia et al.,
2001; Zavadil et al., 2001; Ota et al., 2002; Kang et al., 2003; Xie et al., 2003; Yang et al., 2003; Zhao et al.,
2004; please see also the corresponding supporting material). In several screens, gene expression has been
analyzed in the context of immediate early gene (IEG) expression, i.e., within 30 min, and further distal
target gene expression possibly mediated via transcriptional targets of TGF-f. It also turned out that all
IEGs seem to be under the control of Smad3, whereas Smad2 may be involved in the modulation of target
gene expression. Furthermore, all IEGs seem to be Smad3 induced rather than suppressed (Xie et al., 2003;
Yang et al., 2003). Comparing the gene expression results derived from several cellular systems, it is obvious
that TGF-B-dependent transcription is strongly cell type dependent (Zavadil et al., 2001; Yang et al., 2003).
In any case, the screens support the identification of already well established direct target genes of TGF-f3,
including Smad7, Myc, JunB, Pai-1, p21/Cipl, p15/INK4B, collagen type 4, fibronectin, Smacl, Smurfl,
Snail, Tieg, and Tgif.

The array of TGF-f3 target genes (@ Table 6-1) gives a good overview on potential signaling crosstalks of
TGF-B function in development, maintenance, and repair of the nervous system, including Wnt, notch, and
hedgehog pathways.

5 Biological Activity and Physiological Relevance of TGF-f3

5.1 Distribution of TGF-f3 in Developing and Adult Brain

Localization of TGF-f} isoforms in mice and rats has been performed using immunohistochemistry and in
situ hybridization studies, demonstrating a widespread distribution of TGF-B2 and TGF-f3 during devel-
opment (Flanders et al., 1991; Pelton et al., 1991a, b; Unsicker et al., 1991). TGF-B1 is confined to meninges
and choroid plexuses. During mouse development TGF-B2 and -3 immunoreactivities (ir) first become
detectable along peripheral nerves, in radial glial cells, and along central nervous system (CNS) axon tracts
at E12. Neuronal cell bodies become ir from E15 onward. Most notably, TGF-f ir is not detectable in the
ventricular zone throughout the neural tube, suggesting that TGF-$ may not be involved in the regulation
of cell division of neural stem cells during development (Flanders et al., 1991). In contrast, cells in the
subventricular zone, subplate, and lamina I of the E16 cortex stain positive for TGF-P. As they develop,
astrocytes are ir for TGF-B2 and -B3. In the adult nervous system, both neurons and astroglia are ir for
TGF-B and -B3. Ir neuron populations include cortical layers 2, 3, and 5, hippocampus, piriform cortex,
retinal ganglionic cells, hindbrain aminergic neurons, as well as spinal and hindbrain motoneurons
(Unsicker et al.,, 1991). TGF-B1 is most prominent within the choroid plexus and meninges; it may,
however, be expressed in other cells below levels of detectability. Upon lesioning, TGF-1 may by upregu-
lated in astrocytes as well as in neurons in vivo. TGF-B1 also becomes detectable in tissue culture, possibly
mimicking a lesion-like situation. In primary neural tissue culture, treatment with all three TGF-f isoforms
usually results in identical responses, suggesting that the recombinant proteins used have similar affinities
for their shared receptor complex (Krieglstein and Unsicker, 1994).

In addition to the distribution of TGF- within the peripheral nervous system (PNS) and the CNS, its
subcellular localization and mode of secretion is of importance in order to elaborate on its possible
functions. Taking PC12 cells as a model to study sorting in the trans-Golgi network, Specht et al. (2003)
could show that TGF-B2 may be sorted and released to a large proportion via the regulated path of
secretion. Secretory vesicles provide a milieu of pH 5, which is suitable for TGF-P activation within the
vesicle, enabling release of active TGF- (Specht et al., 2003). This activity-dependent release may suggest
that TGF-B2 functions as a modulator of synaptic plasticity.

5.2 TGF-B May Act as a Morphogen

Early in development, when the neural tube is still devoid of any TGF-f expression, TGF-B3 expression can
be detected in the notochord, the wall of the dorsal aorta, and in the dermomyotome (chick stage 18/E3;
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0 Table 6-1

Genes upregulated or downregulated (d) by TGF-$ in epithelial cells with potential interest in nervous system

development, adulthood, and repair

Cell-matrix interaction

Cell-cell interaction

Signaling molecules and effectors

Decorin a-Catenin Activin A
HSPG/perlecan B-Catenin BMP4 d
IGFBP5 Connexion 37 BMPRII
IGFBP3 Deltex1 (DTX1) c-myc d
Integrin a3 Disheveled CTGF
Integrin a5 Disheveled homolog FGFR1
Integrin a4 Ephrin type A receptor 2 Follistatin-like 3
Integrin b3 Ephrin type B receptor 2 FZD1
Integrin b5 Ephrin type B receptor 4 FzD7
Laminin 37 kDa receptor EphB2 GATA2
Laminin B1 EPH3 Hes1
MMP-2 Ephrin-B1 HGF d
MMP-3 Notch 2 Id1 d
MMP-11 Notch group protein 1d2 d
MMP-14 Smoothened 1d3 d
MMP-16 TLE3 IGF Il receptor
Neogenin Wnt-8B IGF-2R
Semaphorin | Wnt-13 Jagged 1
Semaphorin V Nedd9
Tenascin-C Neuregulin
TIMP-1 p15Ink4b
TIMP-3 p21Cip1
PDGF
rhoB
Slug
Snail
Sortilin d
Sox4
Sox9
Sprouty homolog 2 d
Tqif
Tieg
TNF receptor 1
TNFR

Taken from Verrecchia et al. (2001), Ota et al. (2002), Kang et al. (2003), Zavadil et al. (2001), and Zhao et al. (2004)

Unsicker et al., 1996). Furthermore, TGF-f32 and -B3 are expressed in floor plate cells (Unsicker et al., 1996).
TGF-B3 may therefore have the capacity to act as a ventralizing factor on patterning and phenotype
determination along the neural tube. TGF-B has been shown to specify development of mesencephalic
dopaminergic neurons in vivo (Farkas et al., 2003) and promote dopaminergic differentiation from
mesencephalic neural precursor cells in vitro (Roussa et al., 2005). Data also suggest that TGF-f may
cooperate with sonic hedgehog (Shh) in dopaminergic neuron development (Farkas et al., 2003). Migrating
neural crest cells express TGF-B1 and may be influenced by TGF-f along their migratory route. A
promoting role of TGF-B for the development of a catecholaminergic phenotype is suggested by in vitro
experiments (Howard and Gershon, 1993).
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5.3 TGF-3 Controls Proliferation

TGF-Bs are well known for their capacity to regulate cell proliferation in a context-dependent manner.
There are at least four scenarios in which regulation of cell proliferation is an important issue in nervous
system development and maintenance: (1) neurogenesis, (2) proliferation of neuroblasts (neural crest cells),
(3) proliferation of glial cells during development or upon lesioning, and (4) upon transformation in
tumors.

Neurogenesis in the neural tube requires definite exit of progenitor cells of the cell cycle to generate
postmitotic neurons. Although TGF-f is known for inhibiting cell proliferation by inducing G1 arrest, there
is so far no evidence for a role of TGF- in developmental neurogenesis. However, there is some indirect
evidence that neural stem cells in the neuroepithelium need to be protected from TGF-f action, in order to
prevent premature growth retardation (Hanashima et al., 2002; Seoane et al., 2004). Seoane and coworkers
have demonstrated on the basis of protein interaction analysis in HaCaT cells that p21Cip1 expression is
regulated by TGF-B-dependent Smad in combination with the forkhead box (Fox) family member FoxO.
This FoxO-Smad complex is inhibited by FoxG1, which has been shown to be essential for proliferation of
telencephalic progenitor cells (Xuan et al., 1995). Indeed, FoxG1 mutants, which display reduced prolifera-
tion of telencephalic progenitor cells, premature differentiation, and early depletion of progenitor popula-
tion (Xuan et al., 1995), show high levels of p21Cipl in TGF-B-sensitive progenitor cells (Seoane et al.,
2004). Exit from the cell cycle during terminal differentiation, as required for neurogenesis, has been
described to be regulated by Ink4d and Kip1 inhibitors of cyclin-dependent kinases (Zindy et al., 1999;
Cunningham and Roussel, 2001). p27Kip1 has been identified as a TGF-f-dependent target gene; however,
there is no evidence for a TGF-B-dependent regulation of p19Ink4d. This suggests that TGF- may serve as
an extracellular regulator to induce cell cycle Gl arrest, but may probably not regulate cell cycle exit
required for terminal differentiation.

By affecting the cell cycle before terminal differentiation, TGF-3 may, of course, regulate proliferation of
neuroepithelial cells, including neuroblasts, neural crest cells, and glial progenitors (Anchan and Reh, 1995;
Zhang et al., 1997b). Furthermore, TGF-B2 has been shown to regulate cell proliferation in neural crest-
derived chromaffin cells (Rahhal et al., 2004) with the capacity of lifelong proliferation.

5.4 TGF-P in Neuronal Survival and Death

TGF-P has been shown to promote neuron survival of several neuron populations in vitro (Martinou et al.,
1990; Poulson et al., 1994; Krieglstein et al., 1995). However, it is now well established that TGF-B may
modulate the neurotrophic capacities of numerous growth factors including neurotrophins (Krieglstein
and Unsicker, 1996) and, most importantly, glial cell line-derived neurotrophic factor (GDNF; Krieglstein
et al., 1998b). GDNF was shown to crucially depend on TGF-f to exert its neurotrophic activities on
peripheral as well as mesencephalic dopaminergic neurons in vitro. In vivo, its neuroprotective effect on
target-deprived preganglionic sympathetic neurons also depends on the presence of TGF-B (Schober et al.,
1999). GDNF/TGEF-B cooperativity on chick ciliary ganglionic neurons has now been characterized in detail
(Peterziel et al., 2002), whereby TGF- is required for appropriate GDNF receptor recruitment to the
plasma membrane (see also Peterziel and Strelau, this volume).

Depending on the cellular context, TGF-f has also been shown to regulate ontogenetic neuron death.
Upon immunoneutralization of all TGF-f isoforms in ovo (E6-E10), ontogenetic cell death of chick
parasympathetic ciliary ganglionic neurons, sensory dorsal root ganglionic (DRG) neurons as well as
lumbar spinal motoneurons could be prevented (Krieglstein et al., 2000). Similarly, TGF-B regulates
ontogenetic, morphogenetic cell death in the developing retina of chick and mouse embryos (Diinker
et al., 2001; Diinker and Krieglstein, 2003). Another classical model for morphogenetic cell death during
embryogenesis represents the removal of interdigital tissue to form individual fingers. Similarly, double
deletion of TGF-B2 and -B3 in the mouse resulted in lack of cell death (Diinker et al., 2002). Furthermore,
induced neuron death following embryonic limb bud ablation in chick embryos resulted in significant
neuroprotection upon immunoneutralization of TGF-B (Krieglstein et al., 2000). Together, these data
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suggest TGF-P as a key regulator of ontogenetic cell death in vivo. Although TGF- B-induced apoptosis and
underlying signaling pathways have been well characterized in many cells types, little is known about
TGF-B-induced apoptosis in neurons (Schuster and Krieglstein, 2002; Bender et al., 2004; Sanchez-Capelo,
2005).

5.5 TGF-B in Neuronal Differentiation and Synaptogenesis

TGF-PBs have been implicated in the regulation of neurite outgrowth, transmitter synthesis, and synapse
formation. TGF-P has been reported to cause neurite sprouting and elongation of hippocampal axons as
well as to promote reelongation of injured axons of hippocampal neurons in vitro (Ishihara et al., 1994; Abe
et al., 1996). On DRG explants, TGF-f was shown to increase number of neurites, as well as neurite length
(Unsicker et al., 1996). Extracellular signaling factors such as Wnt and TGF-fs are recognized as target-
derived signals in synaptogenesis (Packard et al., 2003; Salinas, 2005). In the past years all components of
the TGF-p signaling system have been localized in the presynaptic terminal of the neuromuscular junction,
whereby TGF-B ligands are synthesized and localized on the postsynaptic side (Toepfer et al., 1999;
McLennan and Koishi, 2002). In chick ciliary ganglionic neurons, developmental expression of K¢,
channels coincides with synaptogenesis. Dryer and coworkers have shown that target-derived TGF-B1
regulates the developmental expression of Ca®'-activated K* currents in vitro and in vivo (Cameron
et al., 1999). The acute effect of TGF-B1 relies on the translocation of K¢, channels from intracellular
stores to the plasma membrane involving signaling via Ras, Erk, and P14 kinase (for review see Dryer et al.,
2003). TGF-B is also known to have a prominent role in long-term synaptic facilitation in isolated Aplysia
ganglia (Zhang et al., 1997a). Within minutes, TGF-P1 stimulated MAPK-dependent phosphorylation of
synapsin, which appeared to modulate synapsin distribution and resulted in a reduced magnitude of
synaptic depression (Chin et al., 2002).

5.6 TGF-f in Glial Cell Function

Astroglial cells express TGF-f and are responsive to it. Culturing or in vivo lesioning elicits expression of
TGF-B1 in addition to expression of TGF-B2 and -3 (Flanders et al., 1993a). Astroglial expression of TGF-f3
may be regulated by a large number of cytokines, including FGFs and interleukins (ILs) (see Eddlestone and
Mucke, 1993; Krieglstein et al., 1998b). TGF-f has been profoundly investigated for its role in orchestrating
the response to brain lesions (for a review see Flanders et al., 1998). With regard to astrocytes, this includes
regulation of astrocytic growth, astroglial scar formation, and antiinflammatory responses. In most
contexts studied, TGF-B inhibits growth of astrocytes (Flanders et al., 1993a; Hunter et al., 1993). Most
importantly, TGF-B counteracts mitogenic signals by astroglial mitogens such as fibroblast growth factor-2
(FGF-2) or PDGE. However, effects may vary depending on astrocyte culture conditions in vitro or may be
brain region dependent in vivo (Labourdette et al., 1990; Johns et al., 1992). TGF-B may also affect cell
adhesion, migration, and ECM production of astrocytes, being important in the cascade of shaping the
reactive astrocyte phenotype. TGF-f-treated astrocytes show a slight increase in actin content, the appear-
ance of actin stress fibers, a slight increase in the glial fibrillary acidic protein (GFAP), and an increased
production of laminin and fibronectin (cf. Baghdassarian et al., 1993). Thus, treatment of cerebral wounds
with anti-TGF-B2 antibodies was shown to lead to a marked reduction of glial scarring (Logan et al., 1999).
Many effects of TGF-B on astroglia are antiinflammatory and immunosuppressive, as TGF- modulates the
expression of important cytokines involved in CNS immune reactions. These include upregulation of
interleukin-6 (IL-6) and NGF (Aderka et al., 1989; Lindholm et al., 1992), blocking interferon-y-mediated
upregulation of major histocompatibility complex (MHC) class IT (Dong et al., 2001), and the TNF-o- and
IL-1B-mediated upregulation of intracellular adhesion molecule-1 (Shrikant et al., 1996).
Oligodendrocytes arise from a bipotential progenitor cell, the O2A progenitor. TGF-B restricts their
PDGF-driven proliferation and induces oligodendroglial differentiation (McKinnon et al., 1993) but may
also induce apoptosis (Schuster et al., 2002). In the PNS, TGF-f3 mediates developmental cell death of
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Schwann cells (Parkinson et al., 2001) and blocks Schwann cell myelination and expression of myelin-
related proteins (Awatramani et al., 2002; and references therein). However, in adult mice, TGF-f} seems to
stabilize compact myelin, as TGF-B1-null mice have grossly abnormal myelin (Day et al., 2003). Ski, a
repressor of Smad-mediated TGF- B signaling, controls Schwann cell proliferation and myelination,
whereas absence of Ski abolished the formation of peripheral myelin, and myelinating Schwann cells
upregulate Ski in development as well as during remyelination upon injury (Atanasoski et al., 2004).

Microglia constitutes the resident immune cell in the CNS (Block and Hong, 2005). It has been
suggested that activation of microglia leads to the production of toxic factors that propagate neuronal
injury. TGF-f3 may act as a suppressor of functions of activated microglia, thereby fulfilling an antiin-
flammatory role in the CNS (Brionne et al., 2003). Specifically, TGF-B1 blocks microglial proliferation
(Jones et al., 1998) and free radical induction (Herrera-Molina and von Bernhardi, 2005), and induces
microglial apoptosis (Xiao et al., 1997; Jung et al., 2003).

6 TGF- B-Dependent Pathologies and Clinical Relevance

6.1 Tumors of the CNS

The role of TGF-f in cancer biology is complex and involves aspects of both tumor suppression and tumor
promotion (Roberts and Wakefield, 2003). Tumors of the CNS include primitive neuroectodermal
tumors, such as medulloblastomas and gliomas (Nieder et al., 2003; Fogarty et al., 2005). CNS tumors
are characterized by rapid and infiltrative growth, angiogenesis, and immune suppression. TGF-f3s are well
characterized for their antiproliferative effects on many cell types, including astrocytes. However, there are
many possibilities to circumvent this effect. First, as TGF-f actions are context dependent, the presence of
certain mitogens, such as TGF-o/EGF or PDGE, may turn TGF-f into a growth stimulating factor (Roberts
et al., 1981; Leof et al., 1986). Second, transformed cells may become insensitive to TGF-f due to
overproduction of TGF-f or due to mutations of TGF-f receptors, their signaling components, or even
their target genes responsible for G1 arrest (see Lyons et al., 1990; Markowitz et al., 1995; Hahn et al., 1996;
Rich et al., 1999; Rich, 2003; Seoane et al., 2004 for review).

TGF-P’s ability to regulate ECM composition implicated TGF-f in the regulation of tumor invasion and
metastasis. In this context, TGF-f has been shown to regulate integrin expression, e.g., integrin oyfs
expression, which has been shown to play a role in glioma propagation (Uhm et al., 1999). TGF-f has also
been shown to upregulate MMP-2 and MMP-9 at the cell surface (Rooprai et al., 2000) that may interact
with a5 integrin (for review see Platten et al., 2001).

TGF-B is a potent immunosuppressive cytokine. Secretion of TGF-f by tumor cells may generate an
environment encapsulating the tumor and protecting it against antitumor immune responses resulting in
tumor promotion (Gorelik and Flavell, 2001). This immunosuppressive role has been attributed to TGF-f32,
which is also the preferentially expressed isoform by many glioblastomas (Bodmer et al., 1989). On this
basis, TGF-P2-specific antisense gene therapy strategies have been established to make tumor cells accessible
to an effective antitumor immune response and counteract TGF- dependent-tumor metastasis
(Jachimczak et al., 1993; Lou, 2004; Schlingensiepen et al., 2005). Along this line, there is extensive research
going on to identify TGF- signaling inhibitors for cancer therapy (DaCosta Byfield et al., 2004; Yingling
et al., 2004; Lahn et al., 2005).

6.2 Ischemia

TGF-B1 expressed at low levels in adult brain is rapidly upregulated following insults such as ischemia,
excitatory injury, or traumatic brain injury (Klempt et al., 1992; Knuckey et al., 1996; Morganti-Kossmann
et al., 1999; Yamashita et al., 1999; Zhu et al., 2000; Boche et al., 2003). As TGF- is a good candidate in
organizing the response to degeneration of neurons as well as in mediating antiinflammatory reactions, its
neuroprotective potential has been widely analyzed (for review see Pratt and McPherson, 1997; Flanders
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et al., 1998). TGF-B1 has been shown to reduce infarct size after focal cerebral ischemia and to prevent
hippocampal neuronal damage after transient global ischemia (Gross et al., 1993; Prehn et al., 1993;
Heinrich-Noack et al., 1996; for review see Buisson et al., 2003). Furthermore, TGF-f may also mediate
tolerance of ischemic preconditioning toward subsequent ischemic insult (Boche et al., 2003). The
molecular mechanism(s) by which TGF-} protects neurons from ischemic cell death relies on a signaling
crosstalk between neurons and astrocytes (Prehn et al., 1994; Docagne et al., 1999), and involves the
maintenance of Ca®* homeostasis, modulation of the t-plasminogen activator (t-PA)/plasminogen activa-
tor inhibitor (PAI-1) axis, as well as inhibition of proapoptotic pathways, such as Bad and caspase-3 (Zhu
et al., 2001, 2002) and upregulation of antiapoptotic proteins such as Bcl-2 (Prehn et al., 1994). Most
recently, an additional TGF-f-dependent antiapoptotic pathway involving NF-kB activation has been
described (Zhu et al., 2004). This pathway seems to be downstream of Alkl, which has been shown to be
upregulated in neurons in an injury-dependent manner (Konig et al., 2005). Injury-dependent upregulation
of AlklI, an alternative type I receptor first described on endothelial cells with signaling preference toward
Smad1, may also explain numerous opposing effects of TGF-f} in brain development and lesions.

6.3 Alzheimer’s Disease

There are several lines of evidence suggesting that TGF-B1 may contribute to the pathology of Alzheimer’s
disease (AD), particularly in promoting amyloid  (AB) precursor expression and A deposition (van der
Wal et al., 1993; Flanders et al., 1995; Wyss-Coray et al., 1997a, b; Burton et al., 2002). Mice expressing
TGF-B1 under the control of GFAP develop AD-like vascular and meningeal abnormalities with age
(Gaertner et al., 2005). These chronic alterations could be correlated with reduced brain tissue perfusion,
leading to an increased amount of fibrillar and soluble AP peptides. However, in brain parenchyma,
astroglial TGF-P1 expression leads to a reduction of overall AP as well as decreased numbers of dystrophic
neurites (Wyss-Coray et al., 2001). The reduced plaque burden in brain parenchyma is thought to depend
on TGF-B-dependent microglial activation and microglial AP clearance. Furthermore, an associated study
of three polymorphisms of the human TGF-B1 gene with AD suggests that there is no correlation of TGF-f1
with AD on the basis of TGF-B1 gene variability (Araria-Goumidi et al., 2002).

6.4 Parkinson’s Disease

Parkinson’s disease (PD) is associated with a marked reduction of striatal dopamine as a consequence of loss
of nigostriatal dopaminergic neurons (for review see Braak et al., 2004). TGF-B2 and -B3 are expressed in
adult nigral dopaminergic neurons (Unsicker et al., 1991) and TGF-f1 and -B2 were elevated in biopsies of
PD patients (Nagatsu et al., 2000). TGF-Bs have been shown to promote midbrain dopaminergic neuron
survival in vitro and in vivo (Krieglstein and Unsicker, 1994; Poulsen et al., 1994; Roussa et al., 2004), as well
as protection against MPP+ intoxication (Krieglstein et al., 1995). Most importantly, TGF-p cooperates
with GDNF to promote dopaminergic neuron survival (Krieglstein et al., 1998b). GDNF is well known as a
potential therapeutic agent for PD (for review see Bjorklung and Lindvall, 2000). However, in vivo GDNF-
dependent neuroprotective effects are based on the cooperativity with TGF-B, as shown in the animal
model of PD (Schober et al., 2005). This neuroprotective strategy has also already been used by grafting
chromaffin cells obtained from Zuckerkandl’s organ, releasing both GDNF and TGF-B1 (Fernandez-Espejo
et al., 2005).

7 Conclusions

TGF-Bs are multifunctional cytokines acting in a contextual manner. Individual isoforms may become
specifically important in distinct situations during nervous system development, maturation, and adult
maintenance as well as in acute and chronic brain lesions. TGF-fs signal via a distinct heteromeric receptor
system, which again, may chance upon lesioning. Many aspects of TGF-f3 function are beginning to be
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understood. Others, however, such as regulation of neural stem cell and progenitor regulation, would have
to be addressed in the future. Lateral signaling and crosstalk with other signaling pathways as well as
modulation of other signaling pathways are the open issues in the future. The results to be obtained will
shed light on many of the scenarios with presumable opposing effects of TGF-B. TGF-B3 has been and
continues to be a fascinating regulator of development, adulthood, and aging.
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IGF-1 in brain growth and repair processes

Abstract: This chapter addresses the role of insulin-like growth factor 1 (IGF-1) and the IGF-1 receptor
(IGF1R) in brain development, injury response, and aging. We concentrate mainly on recent information
from murine model systems, with consideration of interesting and relevant data from invertebrates and
humans. IGF-1 and its cognate receptor are both highly expressed in the developing brain, supporting both
autocrine and paracrine activity for this anabolic peptide. IGF-1 deletion or inhibition during brain
development attenuates brain growth, with reductions in both cell number and cell size. Cell numbers
are notably reduced in the olfactory system, the dentate gyrus of the hippocampus, and the striatum. Brain
volume is globally decreased due to a loss of neuropil, with significant reductions in neuronal soma volume,
dendritic length and complexity, and synapse number. Myelination is reduced in proportion to the
decreases in neuron number and nerve processes in the IGF-1-null brain. Conversely, transgenic IGF-1
overexpression results in increased brain size with increases in cell number, cell size, and dendrite growth
with proportionate increases in myelination. Metabolic activity as measured by glucose utilization is
significantly decreased in the IGF-1-null brain and increased in the transgenic IGF-1-overexpressing
brain. IGF-1 deletion in humans is associated with mental retardation and sensorineural deafness. IGF-1
deletion is also associated with deafness in mice, but no other obvious neurological or behavioral
phenotypes have been identified.

IGF-1 prevents neuronal death in response to a variety of insults in vitro, but cell death appears to be a
minor effect in the IGF-1-null brain. IGF-1’s physiological effects in brain depend on when and where the
peptide is expressed. For example, IGF-1 is expressed in an olfactory neuron germinal zone early in
development, enhancing proliferation of these neurons, which are correspondingly reduced in number in
the IGF-1-null mouse. IGF-1 is expressed in long-axon projection neurons at a later, postmitotic stage,
promoting somatic and dendritic growth for these neurons, which are normal in number but small with
hypotrophic dendritic arbors in the IGF-1-null brain. Increased circulating or brain IGF-1 is associated with
increased hippocampal neurogenesis in adult rodents, and treatment with exogenous IGF-1 may protect
against neurodegeneration in response to brain injury. IGF-1’s anabolic effects in brain are executed via the
IRS2-PI3K-Akt signaling system. The multifunctional enzyme glycogen synthase kinase 3 (GSK3) is a major
target of this pathway. Inhibitory phosphorylation of GSK3 by IGF-1 enhances glucose utilization and
protein synthesis, promoting somatic growth and dendritogenesis in IGF-1-expressing projection neurons.
Brain IGF-1 also inhibits the phosphorylation of tau, a microtubule-associated protein, via the PI3K-
Akt-GSK3 pathway. This neurofibrillary tangle (NFT) protein is hyperphosphorylated in both IGF-1- and
IRS2-null brains. IGF-1’s role in brain aging is unclear at present. Data obtained from worms to primates
suggest that suppression of the IGF system slows the aging process, but it is not yet known if brain aging is
altered in IGF-1-null or -deficient mice.

List of Abbreviations: AD, Alzheimer’s disease; Akt, serine/threonine protein kinase; BAD, bcl-associated
death promoter; BBB, blood-brain barrier; BRDU, bromodeoxyuridine; CNPase, 2’,3'-cyclic nucleotide,
3’-phosphodiesterase; EGE, epidermal growth factor; eIF2B, eukaryotic initiation factor 2B; FOXO, fork-
head transcription factors; GH, growth hormone; GLUT, glucose transporter; GSK3, glycogen synthase
kinase 3; IGF, insulin-like growth factor; IGFBP, IGF-binding protein; IGF1R, IGF-1 receptor; IRS, insulin
receptor substrate; MAG, myelin-associated protein; MAPK, mitogen-activated protein kinase; MBP,
myelin basic protein; mTOR, mammalian target of rapamycin; NF-xB, nuclear factor kappa B; NFT,
neurofibrillary tangle; NO, nitric oxide; PCR, polymerase chain reaction; PDK1, 2, 3-phosphoinositide-
dependent protein kinase 1, 2; PI3K, phosphoinositide-3 kinase; PIP3, phosphatidylinositol-3,4,5-trispho-
sphate; PLP, myelin proteolipid protein; PTEN, phosphatase and tensin homolog; S6K, ribosomal protein
S6 kinase

1 Introduction

Members of the insulin-like growth factor (IGF) family, including insulin, IGF-1, and IGF-2, promote
carbohydrate, lipid, and protein metabolism in support of cell growth and survival. Insulin has a specialized
role in peripheral glucose homeostasis, and a neuroendocrine role at the hypothalamic level, promoting the
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integration of nutrient acquisition, storage, and expenditure. IGF-1 promotes postnatal somatic growth
while IGF-2 promotes similar, proportionate growth in utero. Insulin deficiency leads to the metabolic
derangements of diabetes mellitus, while IGF deficiency is associated with proportionate dwarfism. The
fundamental importance of this insulin/IGF system is reflected by the fact that insulin and IGF peptides and
receptor homologs are found in evolutionarily distant and diverse organisms such as Caenorhabditis elegans
and Drosophila melanogaster. Recent genetic studies have shown that the insulin:IGF-1 receptor/PI3K/Akt
signaling pathway is largely conserved down to the metazoan level and plays an essential role in regulating
life span as well as body, organ, and cell size (Finch and Ruvkun, 2001).

An interesting feature observed in Drosophila is that insulin-like peptides are expressed in neural cells in
the brain. Ablation of these “neurons” causes developmental delay and growth retardation (Rulifson et al.,
2002). In fact, single-gene mutations targeting the insulin/IGF receptor or downstream signaling compo-
nents result in significant extension of the life span in yeast, nematodes, fruit fly, and rodents (reviewed in
Richardson et al., 2004; Katic and Kahn, 2005). In many cases, these animals are healthier than normal, like
animals on food-restricted diets, although fecundity may be impaired. Thus it seems that the insulin/IGF
system promotes anabolic effects that increase growth rate and fertility, but also accelerates the aging
process through impaired responses to oxidative and other types of stress. Suppressed insulin/IGF signaling
impairs somatic growth, but minimizes damage to and increases repair of cell macromolecules. The
question is how these anabolic growth-promoting and age-accelerating peptides function in the brain.
IGF-1 is clearly important in brain development and function, as individuals homozygous for mutations/
deletions in IGFI are profoundly mentally retarded (Woods et al., 1997; Bonapace et al., 2003; Walenkamp
et al., 2005).

2 IGF/Insulin Peptides and Binding Proteins

IGF-1, IGF-2, and insulin (@ Figure 7-1) belong to an ancient family of peptides sharing a common
evolutionary origin (LeRoith et al., 1986; LeRoith et al., 1993; Reinecke and Collet, 1998; Navarro et al.,
1999). An ancestral gene encoding an insulin-like peptide gave rise to multiple genes encoding more
specialized peptides about the time gastroenteric and central nervous systems (CNS) differentiated
(Reinecke and Collet, 1998). From that time insulin became progressively more specialized in terms of
secondary processing (proteolytic excision of the “C” peptide and joining of the A and B peptides by
disulfide bonds), packaging in acidic secretory granules, and association with the gastrointestinal tract.
Insulin expression is largely restricted to pancreatic beta cells, where its synthesis and secretion are tightly
coupled to ingested substrates (Tager et al., 1981). IGF-1 and IGF-2, in contrast, did not acquire such
extensive posttranslational processing, and have continued to be widely expressed in many cell types
demonstrating constitutive secretion (Clemmons, 1989; Sussenbach, 1989). IGF-1 and IGF-2 are single-
chain polypeptides of 70 amino acids with three intramolecular disulfide bridges. The IGFs share about
50% homology with insulin in amino acid sequences in addition to very similar tertiary structures and
functional binding sites (@ Figure 7-1).

In mammals, insulin production is centrally localized in the beta cells of the pancreas, from which
insulin is released in bolus fashion in response to nutrient stimuli. Insulin serves in classic endocrine
hormone fashion to regulate glucose, lipid, and protein metabolism in many peripheral tissues, but
excluding the brain. IGF-1 is produced in great abundance by the liver where its synthesis is regulated by
pituitary growth hormone (GH) (Laron, 2001). IGF-1 is also synthesized locally in many tissues
(Daughaday and Rotwein, 1989; Le Roith et al., 2001), including the brain (Rotwein et al., 1988; Bartlett
etal., 1991; Bondy, 1991), where GH does not regulate its synthesis (Wang et al., 1999; Lupu et al., 2001; Sun
et al.,, 2005). Circulating insulin levels peak after meals but are very low most other times, while circulating
IGF-1 levels are severalfold higher than insulin, and stable around the clock. Also, in contrast to insulin,
IGFs in the circulation and interstitial fluids are bound to high-affinity IGF-binding proteins (IGFBPs) that
prolong IGF half-life by impeding proteolysis and renal clearance (Clemmons, 1998; Duan, 2002). Insulin
levels are relatively stable throughout the life span in normal individuals, while IGF-1 levels peak during
childhood and decline steadily as people age (Laron, 2001).
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@ Figure 7-1
Comparison of amino acid sequence and predicted tertiary structure of the IGF-1, IGF-2, and insulin peptides.
This figure was reproduced from article “Insulin-like growth factor ligands, receptors, and binding proteins in
cancer” by Foulstone et al. 2005. J Pathol 205: 148. Copyright of the Pathological Society of Great Britain and
Ireland. Reproduced with permission from John Wiley and Sons
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IGFs serve as endocrine and paracrine/autocrine regulators of somatic growth both in utero (IGF-2)
and during postnatal growth (IGF-1) (Sara and Carlsson-Skwirut, 1986; Daughaday and Rotwein, 1989;
Baker et al., 1993). IGF-2 is important for somatic growth during embryonic development, but its role, if
any, during postnatal life is unknown. Targeted gene deletion showed that IGF-2 expression is imprinted,
that is, preferentially expressed from the paternal allele in most tissues, with deletion of the paternal allele
producing a 30-40% reduction in somatic size (DeChiara et al., 1990), but even homozygous IGF-2 deletion
produces no discernible effect on the CNS or peripheral nervous system (PNS) (C.A. Bondy and R.R.
Reinhardt, unpublished data). Indeed, IGF-2 overexpression in brain appears to have no effect on brain size
or structure or mouse behavior (Reijnders et al.,, 2004). IGF-2’s lack of any apparent effect in brain
development may be explained by the brain’s high-level expression of the IGF-2-mannose-6-phosphate
receptor, which sequesters IGF-2 into lysosomes (Hawkes and Kar, 2004).

IGF-1 and IGF-2 bind with high affinity to a number of IGFBPs, which protect the IGFs from
proteolysis and modulate their interaction with their receptor (Clemmons, 1998). IGFBPs are expressed
in the brain in addition to being expressed in diverse peripheral tissues (Bondy and Lee, 1993a; Brar and
Chernausek, 1993; Lee and Bondy, 1993; Lee et al., 1993; Logan et al., 1994; Sullivan and Feldman, 1994; Ye
and D’Ercole, 1998). IGFBP2 and 5 are most abundant in the brain, and are expressed in spatiotemporal
coordination with IGF-1 (Lee et al., 1992b; Lee et al., 1993). Early in development IGFBP5 messenger RNA
(mRNA) is concentrated in germinal zones and is colocalized with IGF-1 in developing sensory and
cerebellar relay neurons (Bondy and Lee, 1993a), and IGF-1 appears to induce IGFBP5 expression
(Ye and D’Ercole, 1998). IGFBP2 mRNA is concentrated in astroglia adjacent to IGF-1-expressing neurons
(Lee et al., 1993) and colocalizes with IGF-2 in the meninges and choroid plexi (Logan et al., 1994). IGFBP2
is also highly abundant in capillary endothelium, median eminence, and other circumventricular sites
(Lee et al., 1993), suggesting a potential role in carrier-mediated transcytosis of circulating IGFs into the
brain. Thus, each IGFBP may play a specific role in modulating IGF-1’s bioactivity in brain development.
These theoretical modulatory roles appear nonessential, however, since targeted deletion of IGFBPs, singly
or in combination, produces no apparent neurological phenotype (J. Pintar, personal communication).

3 IGF-1/Insulin Receptors and Signaling Pathways

Like the cognate peptides, the insulin and IGF-1 receptors (IGF1Rs) demonstrate close structural homology
and sequence identity (reviewed in Clemmons, 1989; LeRoith, 1996), having evolved from a common
ancestor, in parallel with the ligands’ evolution (LeRoith et al., 1993; Reinecke and Collet, 1998; Navarro
etal,, 1999). The type 1 IGF receptor, or the IGF1R, actually binds and transduces both IGF-1 and IGF-2 with
high affinity. There is a so-called IGF-2-mannose-6-phosphate receptor unrelated to the insulin/IGF receptor
family (Kiess et al., 1988) that binds and clears IGF-2 by sequestration into lysosomes (Wylie et al., 2003).
Insulin and IGFs bind their cognate receptors with highest affinity, but cross-reactivity occurs at higher
hormone concentrations (Clemmons, 1989). The insulin and IGF1Rs are membrane-bound tyrosine kinases
that are covalent dimers in the absence of ligand. One molecule of insulin or IGF binds to the extracellular
alpha-chains, triggering transautophosphorylation of the intracellular beta-chains (Luo et al., 1999). The
tyrosine kinase domains of the insulin and IGF1Rs are highly conserved, with ~85% amino acid sequence
identity (Hubbard, 1999) and very similar tertiary structures (Favelyukis et al., 2001). Not unexpectedly,
the two receptors engage the same signaling pathways (@ Figure 7-2). Receptor activation triggers phos-
phorylation of IRS proteins, which serve as binding sites for proteins containing src homology 2 domains,
including the p85 regulatory subunit of phosphoinositide-3 kinase (PI3K). Activation of PI3K leads to the
generation of phosphatidylinositol-3,4,5-trisphosphate (PIP3), which triggers phosphoinositide-dependent
kinases to activate the ser/thr kinase Akt (also known as protein kinase B), upon recruitment to the plasma
membrane (Summers and Birnbaum, 1997). The lipid phosphatase, PTEN, negatively impacts this pathway
by dephosphorylating PIP3. Activated Akt, through subsequent phosphorylation of several downstream
targets, is primarily responsible for the ability of this family of growth factors to stimulate glucose uptake
and protein synthesis culminating in cell growth (reviewed in Saltiel and Kahn, 2001). The rass/MAPK
pathway has also been associated with insulin/IGF receptor activation (@ Figure 7-2) in studies on cultured
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@ Figure 7-2

Schematic diagram of signaling pathways involved in IGF-1’s activity in brain. Ligand binding to insulin/IGF-1
receptors (IGF1Rs) triggers receptor autophsophorylation and association with IRS-docking proteins. Activation
of phosphoinositide-3 kinase (PI3K) generates phospholipids that activate Akt. Akt may then interact with
multiple downstream substrates, including GSK-33, FOXO, elF2B, mTOR, bcl-associated death promoter (BAD),
and S6K. For example, Akt serine phosphorylates GSK3-, causing its inhibition. Since GSK-3 normally inhibits
glycogen synthase and elF2B, inactivation of GSK-33 promotes both glycogen and protein synthesis. The
microtubule-associated protein tau is also a target for GSK-3B and is hyperphosphorylated in the IGF-1-null
brain, providing further evidence that IGF-1 normally inhibits brain GSK-3 activity. The MAPK pathway has
been implicated in insulin/IGF action by in vitro studies and some in vivo observations on peripheral tissues,
but its relevance to IGF action in brain is unknown

¢_Insulin / IGF-1>

N A2 AT AN A S OO Sk 2 A S LA UL LT G

& @ 1 Akt B
| ~—509)Gb2 g i | /

|
MAPK
Proliferation i ——-
) / } &
- fam?
Transcription UU Protein
Protein Tau @ . mTOR synthesis
synthesis - s Survival

Microtubule  Glycogen  Apoptosis
binding sy)rrathesis 4

cells. The in vivo significance of this association remains unclear, since most of the known physiological
effects of insulin/IGF-1 involve the PI3K-Akt pathway (Katic and Kahn, 2005). This review focuses on the
latter pathway, which has been specifically implicated in IGF signaling in the brain.

3.1 IGF-1 Signaling in Brain

Activation of PI3K and Akt kinase is central to insulin/IGF-1-induced anabolic effects. For example, Akt
activation results in translocation of glucose transporters (GLUTS), from intracellular pools to the plasma
membrane, promoting glucose entry into cells (Kohn et al., 1996; Summers and Birnbaum, 1997). In the
periphery, glucose transport is promoted by insulin at the insulin receptor, activating the IRS/PI3K/Akt
system, but in the brain, IGF-1 is responsible for local glucose transport and utilization by the same pathway
(Cheng et al., 2000). IGF-1-induced Akt phosphorylation appears linked to translocation of neuronal
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GLUT4 from intracellular pools to membranes of nerve processes in the normal developing brain. Another
target of insulin/IGF signaling via Akt kinase is glycogen synthase kinase 3 (GSK3). Insulin and IGF-1 both
stimulate the inhibitory serine phosphorylation of this multifunctional enzyme in neurons (Hong and Lee,
1997). Insulin/IGF-induced inhibitory phosphorylation of GSK3 (Summers et al., 1999) relieves GSK3’s
inhibition of glycogen synthase and of the eukaryotic translation initiation factor 2B (eIF2B), thus
promoting glycogen and protein synthesis. The convergence of IGFIR, phospho-Akt, membranous
GLUT4, phospho-GSK3, and abundant glycogen stores specifically in large IGF-1-expressing neurons
(Cheng et al., 2000) suggests that IGF-1 acts in a cell-autonomous or in an autocrine manner, via the
PI3K-Akt-GSK3 pathway, to promote nutrient acquisition, protein, and lipid synthesis supporting the
growth of maturing projection neurons.

3.2 IGF-1 and Brain Glucose Utilization

Reflecting IGF-1’s role in brain glucose utilization, IGF-1 and IGF1R expression closely parallel regional
glucose utilization (see @ Figure 7-3, Cheng et al., 2000). High-level IGF-1 expression is seen in concert with

@ Figure 7-3
Autoradiography comparing gene expression patterns for the IGF-1 receptor (IGF1R), the insulin receptor, and
2-deoxyglucose uptake in the early postnatal rat brain

IGF Rec

intense glucose uptake in maturing cerebellar, somatosensory, auditory—vestibular, olfactory, and visual
system neurons. Glucose utilization is reduced by 30-60% in the IGF-1-null brain, with the greatest
decrease in structures where IGF-1 expression is normally highest (Cheng et al., 2000). The defect in
glucose utilization is demonstrable at the nerve terminal level in synaptosomes prepared from IGF-1-null
brains, and is completely reversed by IGF-1, showing that the defect in glucose utilization is not due to
reduced neural activity or reduced brain blood flow, neither of which affects the synaptosome preparation.
Furthermore, the finding of reduced glucose uptake in isolated nerve terminals shows that IGF-1 normally
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promotes glucose uptake by nerve terminals independent of glial effects, since glial cells are not present in
the synaptosome preparation.

Conversely, brain glucose utilization is globally increased in IGF-1-overexpressing adult mice
(Gutierrez-Ospina et al., 1997). It is not certain which cell types are responsible for the ectopic IGF-1
expression in these mice, but apparently IGF-1 is in excess through most of the brain for much of
development. Thus, the generalized increase in glucose use likely reflects local field potentials originating
from more highly ramified dendritic arbors with greater synaptic density in IGF-1-overexpressing brains,
along with direct IGF-1-enhanced glucose transport and utilization. The fact that pentobarbital anesthesia
suppressed glucose uptake in both transgenic and wild-type (WT) mice in that study was thought to suggest
that IGF-1 does not promote brain glucose utilization (Gutierrez-Ospina et al., 1997). However, pentobar-
bital interferes with GLUT function per se (Haspel et al., 1999) and so suppresses any stimulus of glucose
transport.

4 IGF-1 Versus Insulin in the Brain

A theory that neurodegeneration in the aging human brain may be linked to loss of insulin trophic effects
has recently been put forward (Hoyer, 2004). Despite the fact that there is very little insulin within the brain,
both the insulin and IGF1Rs are widely expressed in the developing and mature brain (@ Figure 7-3) (Hill
et al., 1986; Bohannon et al., 1988; Bondy et al., 1992a, b). IGF-1 and insulin receptors are coexpressed in
many brain regions, such as the granule cell layers of the olfactory bulb, dentate gyrus, and cerebellar cortex
(Bondy et al., 1992a). The insulin receptor is most highly expressed in anterior thalamic and hypothalamic
nuclei, including the periventricular, reticular, and anterior thalamic nuclear complex and the paraven-
tricular and supraoptic nuclei (@ Figure 7-3) (Bondy et al., 1992a, b), consistent with insulin’s neuroendo-
crine role in connecting peripheral metabolic signals to central control of appetite and metabolic activity
(reviewed in Porte et al., 2005). The significance of insulin receptor expression throughout the brain is
unclear, given that little insulin is found in brain outside the hypothalamus. One explanation is that the
ancestral insulin/IGF receptor was heavily expressed in the nervous system, and that regulation of “off-
spring” receptor gene expression continued this pattern, despite the evolutionary specialization of the
ligand insulin as regulator of peripheral metabolism.

Circulating insulin and IGF-1 may influence hypothalamic and other periventricular regions by
interacting with receptors localized in the median eminence and circumventricular structures outside the
blood-brain barrier (BBB). Both insulin and IGF1Rs are expressed on brain capillaries, but IGF-1 crosses
the BBB with greater efficiency than insulin (Reinhardt and Bondy, 1994). A number of factors may explain
IGF-1’s relative facility in crossing the BBB. The coexpression of insulin and IGF1Rs in brain capillary
endothelium may result in formation of hybrid receptors, which bind IGF-1 with substantially greater
affinity than insulin (Soos et al., 1993). In addition, IGFBP2 is abundant in capillary endothelium, median
eminence, and other circumventricular sites (Lee et al., 1993), suggesting possible carrier-mediated IGF
transport across the BBB. While IGF-1 is abundant, very little insulin is detected within the murine brain
(Coker et al., 1990), although small foci of insulin mRNA have been detected in the anterior hypothalamus
(Young, 1986). A very recent study reported detection of insulin, IGF-1, and IGF-2 mRNA in postmortem
human brain tissue using quantitative polymerase chain reaction (PCR) (Steen et al., 2005), but this novel
report awaits confirmation.

Given IGF-1’s abundant expression within the brain, and its apparent facility in crossing the BBB, both
in contrast to insulin, it seems unlikely that insulin is required as an additional trophic factor for brain. The
brain requires trophic support for developmental needs and responses to new learning or injury, but insulin
secretion is tightly coupled to the timing and composition of meals. It seems unlikely that a gastrointestinal
peptide, for which synthesis and secretion are tightly coupled to the contents of the duodenum, should be
critically involved in brain development, function, or protection from degeneration. If this notion were
true, then lean vegetarian individuals with very low levels of insulin secretion would be mentally deficient
and at risk for premature neurodegeneration, while consumers of refined carbohydrates, which is associated
with a high level of insulin secretion, would be intellectually superior and spared from senility. Further
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evidence that insulin is not involved in brain development or function is the finding that brain-specific
insulin receptor knockouts have normal brains and brain function, although neuroendocrine regulation of
appetite is disturbed (Bruning et al., 2000).

5 Regulation of Brain IGF System

While it has been known for many years that IGF-1 produced in the liver is closely regulated by GH, there is
limited understanding of factors that regulate brain IGF-1 gene expression. Certainly, expression of brain
IGF-1 and IGF1R are developmentally controlled (Bondy et al., 1990; Bondy, 1991). Expression of IGF-1 is
also elevated dramatically after hypoxia, ischemia, and other brain injury (see Section 8 for details). Thus,
high-level expression of IGF-1 appears in situations where extraordinary energy needs for brain cell growth
or repair processes are engaged. However, the molecular mechanisms underlying IGF-1’s developmental
stage and cell-specific expression in brain are still unclear. Recent evidence shows that modest caloric
restriction significantly reduces brain IGF-1 and IGFIR mRNA levels in rats on a carbohydrate-dominant
diet. A diet with the same calorie content composed primarily of lipid, however, “increased” brain IGF1R
expression (Cheng et al., 2003a). Additional studies in rats (Chowen et al., 2002) and Drosophila (Ikeya
et al., 2002) support the view that nutrient supply has important and complex effects on brain IGF system
gene expression. Further study is required to elucidate the specific mechanisms regulating brain IGF system
expression and the functional consequences of these changes.

6 IGF-1 and Normal Brain Growth

IGF-1 deletion or inhibition during brain development attenuates brain growth, with reductions in both
cell number and cell size (Beck et al., 1995; Cheng et al., 2000). This effect is more profound in the
nullizygous state, but even partial IGF-1 deficiency, as in IGF-1(4/—) mice, results in significantly
diminished brain growth (Cheng et al., 2000). Cell numbers are notably reduced in the olfactory system,
the dentate gyrus of the hippocampus, and the striatum. Brain volume is globally decreased due to a loss of
neuropil, with significant reductions in neuronal soma volume, dendritic length and complexity, and
synapse number. A fundamental requirement for cell, organ, and organism growth is nutrient acquisition
and utilization. This most basic of functions is a prerequisite for cell division as well as somatic and process
growth. IGF-1’s fundamental role in the brain, as in peripheral tissues, is to promote nutrient acquisition and
thus enhance cell proliferation, growth of the cell soma and processes, and more differentiated functions at
later stages of development. Depending on where and when IGF-1 and its receptor are expressed during brain
development, it may predominantly impact cell proliferation, or postmitotic growth processes.

IGF-1’s anabolic functions on brain growth involve IRS2, PI3K, and Akt, as demonstrated by the growth
phenotypes in genetic models with altered expression of each of these signaling molecules. Overexpression
of PI3K/Akt or deletion of PTEN leads to increased brain size (Backman et al., 2001; Kwon et al., 2001).
Activation of this pathway early in brain development is associated with augmented proliferation of neural
stem cells (Groszer et al., 2001), while activation later, when more cells are in a more differentiated,
postmitotic state, results in increased soma size (Kwon et al., 2003). Deletion of Akt3 results in a major
brain growth deficit, due to both decreased cell numbers and decreased cell size, suggesting that this specific
Akt isoform mediates IGF-1 effects on brain growth (Easton et al.,, 2005). Deletion of IRS2 results in
significant reduction in brain growth, largely due to reduced cell proliferation (Schubert et al., 2003), thus
implicating IGF-1 as the driver of this pathway in brain development.

6.1 Neurogenesis

The IGFIR is expressed at high levels in the developing nervous system, with highest expression concen-
trated in the germinal and subventricular zones that give rise to new neurons (Bondy, 1991; Bondy et al.,
1992b). IGF-1 is coexpressed with the IGF1R in the subventricular zone of the anterior lateral ventricles that
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give rise to olfactory system neurons (Bartlett et al., 1991) where it most likely acts as an autocrine factor to
stimulate, alone or together with other neurotrophic factors, the proliferation of neural stem and precursor
cells. For example, epidermal growth factors (EGFs) or fibroblast growth factor-2 (FGF-2) is known to
stimulate neural stem cells to renew, expand, and differentiate into neural precursors, but they are effective
only in the presence of IGF-1 (Arsenijevic et al., 2001). Given what is known about IGF-1’s anabolic
signaling in neural cells, it seems likely that IGF-1 supports proliferation triggered by the other growth
factors by providing essential anabolic support through nutrient acquisition and protein synthesis.

IGF-1 normally has a very selective, cell-specific, and developmentally timed pattern of expression in
normal brain maturation. Elucidation of the phenotype of these IGF-1-expressing and neighboring cells in
the IGF-1-null mouse provides insight into IGF-1’s role in normal brain development. The study of
transgenic mice that overexpress IGF-1 ectopically under transgene control reveals what may happen
when IGF-1 is expressed at abnormally high levels in various different cell types at various developmental
stages. Depending on the cellular pattern and developmental timing of IGF-1 transgene expression, neuron
numbers are increased in the cerebral cortex (Gutierrez-Ospina et al., 1996), cerebellar cortex (Ye et al,,
1996), hippocampus (O’Kusky et al., 2000), and brainstem (Dentremont et al., 1999). This increase in
neuron numbers is due to, at least partially, increased neurogenesis (Ye et al., 1996; O’Kusky et al., 2000).
These observations reveal what happens as a result of abnormal IGF-1 expression in brain, but do not reveal
the nature of IGF-1’s role in normal brain development. In fact, the high-level IGF-1 expression under
transgene control may suppress normal IGF-1 production, and alter IGF1R and IGFBP expression as well,
thus distorting normal developmental patterns.

6.2 Neuronal Somatic Growth and Dendritogenesis

The 30-40% reduction in brain size in adult IGF-1-null mice is due to a reduction in cell size and neuropil,
or neuronal processes. Cell density is significantly increased throughout the IGF-1-null brain (@ Figure 7-4)

@ Figure 7-4

Cortical neurons are smaller with hypotrophic dendritic trees in the IGF-1-null brain. Panels a (wild type, WT)
and b (IGF-1-null) are micrographs of Nissl-stained cortical sections. The soma size is distinctly smaller and the
cell density increased in IGF-1-null brains. Camera lucida drawings of Golgi-stained cortical pyramids (layers
1I-111) reveal dramatically reduced dendritic profiles of the IGF-null neurons (c and d). Adapted from Cheng et al.
2003. J Neurosci Res 73: 3
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(Beck et al., 1995; Cheng et al., 1998; Cheng et al., 2003b). This observation is explained by reduced process
growth, since the space between neurons is normally occupied by extensively branched neuronal processes.
Soma size of projection neurons in the IGF-1-null brain is reduced by ~25%, and dendritic length,
branching, and synapses are reduced by a similar amount (@ Figure 7-4). IGF-1 mRNA is most abundant
in growing projection neurons in sensory and cerebellar relay systems (Bondy, 1991). Interestingly, very
high-level IGF-1 expression is concentrated in all the auditory system nuclei: the medial geniculate, inferior
colliculus, inferior olives, and cochlear nuclei (Bondy, 1991). These auditory system way stations are known
to exhibit extremely high levels of glucose utilization. Humans with IGF-1 deficiency suffer sensory-neural
hearing loss, in addition to mental retardation (Woods et al., 1997; Bonapace et al., 2003; Walenkamp et al.,
2005). A recent study using auditory brainstem response testing in IGF-1-null mice has shown that the
hearing loss is composed of both peripheral and central defects, consistent with IGF-1’s extensive expression
throughout the auditory neural system (Cediel et al., 2006). The IGF-1-expressing neurons attain excep-
tionally large soma size and develop extraordinarily extensive and complex dendritic formations. For
example, the Purkinje cell expresses the highest level of IGF-1 mRNA of any cell type in the brain and at
maturity has the largest soma and most elaborate dendritic arbor of any brain cell (@ Figure 7-5).

Thus it appears that impaired neuronal somatic growth and process formation accounts in large part
for the reduction in IGF-1-null brain size. In the transgenic IGF-1-overexpressing brain, neuropil and
synapses are significantly increased (O’Kusky et al., 2000). IGF-1 treatment significantly increased dendritic
growth in cortical slices, which supports these in vivo findings (Niblock et al., 2000). In addition, IGF-1 has
been shown to stimulate neuritic outgrowth in rat embryonic day 16-17 cortical neurons, rat hypothalamic

@ Figure 7-5

Coexpression of IGF1 receptor (IGF1R) (a and b) and IGF-1 (c and d) mRNAs by Purkinje cells of the cerebellar
cortex in the early postnatal mouse brain. Bright and dark-field photomicrographs of in situ hybridization are
shown in pairs (a and b, c and d). In the dark field, white sliver grains are hybridized mRNA signals. Arrowheads
point to Purkinje cells (PC). GC granule cells
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neurons (Torres-Aleman et al., 1990), chicken sympathetic neurons (Zackenfels et al., 1995), and mouse
Purkinje cells (Fukudome et al., 2003).

6.3 Neuronal Survival

The dentate gyrus is selectively reduced in size and cell number in the adult IGF-1 knockout mouse
(Beck et al., 1995; Cheng et al., 2001). IGF-1, however, is not expressed in the germinal zone supplying
progenitors for the dentate gyrus, though it is expressed by unidentified cells scattered throughout the
hippocampal formation. Unexpectedly, bromodeoxyuridine (BRDU) incorporation was actually increased
in the IGF-1-null subventricular zone (Cheng et al., 2001). Apoptotic cells were also increased throughout
the dentate gyrus in the IGF-1-null brain, however, indicating that IGF-1 normally promotes neuronal
survival in this structure. There is abundant evidence from in vitro models supporting IGF-1’s role in
promoting neuronal survival.

IGF-1 promotes the in vitro survival of many different types of cultured neurons derived from many
regions of the nervous system, including cortical neurons (Aizenman and de Vellis, 1987; Harper et al.,
1996) and hippocampal neurons (Zheng and Quirion, 2004) in situations of serum or glucose deprivation.
IGF-1 also protects hippocampal neurons from toxic effects of corticosterone (Nitta et al., 2004), nitric
oxide, hypoxia (Tamatani et al., 1998; Yamaguchi et al., 2001), and amyloid (Dore et al., 1997). In primary
cerebellar neuronal cultures, IGF-1 increased the survival of Purkinje cells (Torres-Aleman et al., 1992) and
granule neurons in situations of serum, potassium (D’Mello et al., 1993), or glucose deprivation (Harper
et al., 1996). IGF-1 also protects granule neurons against toxicity induced by dopamine (Offen et al., 2001)
and polyQ-huntingtin (Humbert et al., 2002), which is involved in the pathogenesis of Huntington’s disease.
Moreover, IGF-1 partially prevents apoptosis of granule neurons isolated from Weaver mutant mice (Zhong
et al.,, 2002), a mouse model of hereditary cerebellar ataxia. Finally, IGF-1 also enhances the survival
of spinal cord motoneurons (Ang et al., 1992), parasympathetic neurons (Crouch and Hendry, 1991),
hypothalamic neurons (Torres-Aleman et al., 1990), and striatal neurons (Nakao et al., 1996) in culture.

The neuronal survival signaling of IGF-1 has been investigated in primary cerebellar granule neuron
cultures (D’Mello et al., 1993). Upon IGF-1’s binding to its cognate receptor, both MAPK and PI3K are
normally activated (@ Figure 7-2). Under serum and potassium deprivation, most cerebellar granule
neurons die unless IGF-1 is added in culture media. IGF-1’s survival effect on cerebellar granule neurons
is mediated by the PI3 kinase/Akt signaling pathway, since specific PI3 kinase inhibitors block IGF-1’s
survival-promoting activity, while the MAP kinase specific inhibitor PD98059 had no effect (D’Mello et al.,
1997; Miller et al., 1997). The involvement of PI3K/Akt in this pathway has been confirmed by expressing
WT or dominant-negative forms of Akt (Dudek et al., 1997). In fact, activation of PI3 kinase/Akt cascade is
a common mechanism that mediates IGF-1’s actions not only on cerebellar granule neurons, but also on
other neuronal culture models (Matsuzaki et al., 1999; Yamaguchi et al., 2001; Zhong et al., 2002; Rangone
et al., 2005). Downstream from Akt, different substrates are required to mediate IGF-1’s survival effects
depending on the type of neurons and the kind of adverse stimuli, e.g., potentiation of L calcium channels
(Blair et al., 1999), NF-kB activation (Koulich et al., 2001), and Bim induction (Linseman et al., 2002). In
hippocampal neurons, Akt mediates IGF-1’s survival action against hypoxia or NO by inhibiting p53
transcriptional activity (Yamaguchi et al., 2001), but mediates IGF-1’s rescue action from dehydroepian-
drosterone-induced apoptosis by inactivation of GSK3 (Lin et al., 2004). Overall, IGF-1 promotes the in
vitro survival of many types of differentiated neurons through the PI3/Akt pathway and multiple down-
stream signaling molecules that are specific for particular neuronal types.

Given all these data from in vitro studies, one might expect to see massive, widespread apoptosis in the
IGF-1-null mouse brain. However, cell numbers are normal in the cerebellar and cerebral cortices and other
brain regions, except for the dentate gyrus, olfactory bulb, and striatum, as documented in two independent
targeted deletions in different outbred mouse lines (Beck et al., 1995; Cheng et al., 1998). While there were
increased apoptotic figures in the dentate gyrus, there were few apoptotic cells in other regions (Cheng
et al., 2001). Moreover, the IRS2 deletion model does not demonstrate increased brain cell death, despite a
30-40% reduction in brain size (Schubert et al., 2003). Thus, it seems likely that IGF-1 is essential for cell
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survival under the stress of in vitro conditions and in response to brain insult, more than in normal brain
development.

6.4 Myelination

IGF-1 promotes the survival and production of myelin by cultured oligodenrdocytes (Mozell and McMorris,
1991; McMorris and McKinnon, 1996). These in vitro observations led to the view that IGF-1 has a role
in oligodendrocyte generation or differentiation and myelin synthesis. However, IGF-1 and IGF1R
expression are lowest in white matter (Bondy and Lee, 1993b) and there is no apparent sign of central
or peripheral myelinopathy in IGF-1-null mice (Cheng et al., 1998; Gao et al., 1999). Myelin concentra-
tion, normalized to brain weight or protein, is equal in IGF-1-null and WT littermate mice. Likewise,
concentrations of myelin-specific proteins (MBP, PLP, MAG, and CNPase) are equal in IGF-1 null and
WT littermate mice. Oligodendrocyte numbers and myelin are reduced in the IGF-1-null olfactory
system, which is profoundly reduced in size and depleted of neurons, with efferent tracts correspond-
ingly diminished, associated with decreased myelin in anterior white matter tracts that include a large
olfactory component (Beck et al., 1995).

In brain structures where neurons are preserved, however, such as the cerebellum, myelination appears
normal. This observation suggests that if the system projection neurons survive despite the lack of IGF-1, as
in the cerebellum, oligodendrocytes prosper and appropriate myelination occurs. The PNS of IGF-1-null
mice demonstrates reduced axonal diameter and proportionately reduced myelin sheath thickness, with no
evidence of peripheral myelinopathy (Gao et al., 1999). The IGF-1-null mice show no neurological signs of
myelinopathy, with normal motor function, coordination, and gait (Cheng et al., 1998), all functions
normally impaired by myelin defects. Finally, the mentally retarded individual with IGF-1 gene deletions
shows no evidence of dysmyelination or myelinopathy (Woods et al., 1996, 1997).

Observations of increased myelin content in the brains of transgenic mice overexpressing IGF-1 have
been invoked to support a primary role for IGF-1 in myelination (Carson et al., 1993). The study reported
that both brain size and myelin content, but not DNA content and oligodendrocyte numbers, are increased
in the transgenic mice, suggesting that the increased brain mass is primarily due to increased cell size and/or
process growth. Further investigation showed that myelin sheath thickness was increased in proportion to
increased axonal diameter in this transgenic model (Ye et al., 1995). These findings in IGF-1-null and
overexpressing brains are consistent with the current view (Barres and Raff, 1999) that myelination is
induced by neuronal fiber growth and/or activity. IGF-1 overexpression stimulates excessive growth in size
and number of neuronal processes and possibly also the survival of additional neurons, which, in turn,
stimulates additional oligodendrocyte biosynthetic activity and myelination. The findings that myelination
in IGF-1-null and IGF-1-overexpressing mice is essentially matched to neuroaxonal mass is best explained
by the simple hypothesis that IGF-1 stimulates neuronal process growth, which in turn stimulates myelin
formation.

The fact that IGF-1 does not seem to have an essential role in developmental myelination does not mean
that it is not important in repair processes after nervous system injury. IGF-1 expression is induced in
reactive astrocytes responding to demyelinating insults and IGFIR expression is enhanced in injured
oligodendrocytes (Komoly et al., 1992). When cuprizone induced demyelination in the CNS of mice
whose IGFIR was selectively mutated, oligodendrocyte progenitors did not accumulate, proliferate, or
survive, indicating that signaling through IGFIR plays a critical role in remyelination (Mason et al., 2003).
Administration of exogenous IGF-1 improves remyelination after injury, which supports the significance of
these expression patterns (Yao et al., 1995). IGF-1’s prominent effects on oligodendrocytes in vitro may
actually reflect the fact that cell culture is essentially an injury model system.

7 IGF-1 and Neurogenesis in the Mature Brain

Adulthood neurogenesis occurs continuously within the subventricular zone of the hippocampal dentate
gyrus and is important in learning and memory (Nilsson et al., 1999; Shors et al., 2001). This neurogenesis
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can be enhanced by exercise (Neeper et al., 1995; Trejo et al., 2001), an enriched environment (Nilsson et al.,
1999; Shors et al., 2001), and by IGF-1 (Aberg et al., 2000). Subcutaneous infusion of IGF-1 significantly
increased the proliferation of neural progenitors in the hippocampal dentate gyrus in adult hypophysec-
tomized rats (Aberg et al., 2000) or in rats after cerebral ischemia insults (Dempsey et al., 2003). Interest-
ingly, exercise-induced neurogenesis in the adult hippocampus appears to be mediated by uptake of IGF-1
into the brain. This is because exercise-induced increases in the number of new neurons in the hippocam-
pus were blocked by the administration of an antibody that prevents passage of systemic IGF-1 into the
brain (Trejo et al., 2001). On the other hand, neurogenesis was significantly increased in the dentate of
dwarf mice that have virtually no circulating IGF-1, although IGF-1 production is normal in the brain (Sun
et al., 2005).

Interestingly, cerebral ischemia appears to increase the proliferation of progenitor cells in the cortex and
subventricular zone of adult rats (Zhang et al., 2001). Since ischemia also activates astrocytic IGF-1
expression at a late stage, it may be that this ischemia-induced neurogenesis is partially mediated by
IGF-1 released from astrocytes. This hypothesis is supported by the increase in neuron numbers in
astrocyte-specific IGF-1 transgenic mice upon induction (Ye et al., 2004).

8 IGF-1 and Brain Injury

There has been a great deal of interest in the idea of treating brain injury with trophic agents including
IGF-1. This was prompted in part by the finding that many components of the IGF system are induced in
response to diverse types of brain injury. In contrast to the predominantly neuronal pattern of IGF-1
expression during normal brain development, this injury-invoked IGF-1 expression is generally observed in
astrocytes (Komoly et al., 1992; Lee et al., 1992a; Gehrmann et al., 1994; Li et al., 1998). Interestingly, local
IGF-1 expression at brain injury sites is also strongly correlated with local [**C]-2-deoxyglucose uptake
(Cheng et al., 2000). Potential roles for IGF-1 in response to brain injury have been studied in animal
models, such as hypoxia and/or ischemia (Tagami et al., 1997a, b; Guan et al., 2003) and various models of
traumatic brain injury (Saatman et al., 1997; Walter et al., 1997; Li et al., 1998; Kazanis et al., 2004).
Regardless of primary insult, IGF-1 expression decreases in the early phases of the injury (Lee et al., 1992a,
1996; Clawson et al.,, 1999). This immediate suppression of neuronal IGF-1 gene expression is best
characterized in an animal model of hypoxic—ischemic encephalopathy, where neuronal IGF-1 expression
decreased within the hypoxic—ischemic hemisphere as early as 1 h (the earliest time studied) following the
insult. IGF-1 mRNA levels are inversely correlated with the length of the hypoxia and the number of
apoptotic cells (Clawson et al., 1999). IGF-1 mRNA levels continued to decrease with a nadir at 24
h of recovery (Lee et al., 1996), when the number of apoptotic cells was also at the maximum (Clawson
et al, 1999). This correlation would indicate that the early decrease in neuronal IGF-1 expression
likely contributes to hypoxia—ischemia-induced neuronal death. At a delayed phase of the recovery,
endogenous IGF-1 genes become activated in astrocytes as they react to the injury (Lee et al., 1992a,
1996; Clawson et al., 1999). These observations provide a rationale for restoring IGF-1 during the early
phase of hypoxia—ischemia.

Encouraging results have been obtained in adult rats (Guan et al., 1993) and fetal sheep (Johnston et al.,
1996; Guan et al., 2000a). In these animal models, supplying IGF-1 to the injured brain intraventricularly
within 2 h of hypoxia—ischemia promoted neuronal survival (Guan et al., 2000b). In both these models,
IGF-1 treatment reduced infarct size and, more impressively, improved somatosensory function as eval-
uated by bilateral tactile test (Guan et al.,, 2001). In another injury model, IGF-1’s effect on long-term
recovery can be attributed to specific effects on oligodendrocytes. During myelinogenesis, younger rats are
more sensitive to hypoxic—ischemic insult, manifested as ipsilateral necrosis originating in and spreading
from myelinogenic foci (Rice et al., 1981). This hypoxia—ischemia-induced injury to immature oligoden-
drocytes may be alleviated by IGF-1. In fact, infusion of IGF-1 (3 nug over 1 h) into the cerebroventricles of
fetal sheep at 90 min after recovery from hypoxia—ischemia prevented the delayed oligodendrocyte loss and
associated demyelination (Guan et al., 2001).
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9 IGF-1, Brain Aging, and Neurodegeneration

Normal aging is often accompanied by cognitive decline associated with reduced glucose utilization, altered
synaptic plasticity, decreased hippocampal neurogenesis, impaired brain angiogenesis, and in more severe
cases, accumulation of amyloid plaques and neurofibrillary tau-containing tangles as well as neuronal cell
death (Hof and Mobb, 2001). Both circulating and endogenous brain IGF-1 are reduced with aging (Breese
et al., 1991). IGF-1 mRNA is significantly decreased in hippocampal neurons (Lai et al., 2000) and IGF-1
and IGF1R levels are decreased in the cerebral cortex of aged rats (Sonntag et al., 1999). In addition, IGF-1
and IGFBPs are altered in many types of neural disease, including Alzheimer’s disease (AD), amyo-
trophic lateral sclerosis, and inherited neurodegenerative conditions (Torres-Aleman et al., 1996, 1998;
Busiguina et al., 2000). Serum IGF-1 is positively correlated with cognitive performance in older men
(Aleman et al., 1999). It is unknown, however, if reduced circulating or brain IGF-1 is a cause or effect of
brain disease.

Although IGF-1’s effects on synaptogenesis and dendritic growth are most profound during brain
development, recent findings indicate that IGF-1 and other neurotrophic factors may continually modulate
neuronal circuits where the reshaping of the synapse contacts continues throughout life (Caroni, 1993;
Schuman, 1999). For example, IGF-1 infusion increases synaptic density and number in the hippocampus
in aged rats (Shi et al., 2005). Moreover, IGF-1 infusion improves memory and some age-related behavioral
deficits in aged rats (Markowska et al., 1998). In summary, IGF-1 treatment seems to enhance neurogenesis
and synaptogenesis and possible cognitive function in rodents, suggesting a role of IGF-1 in ameliorating
age-related cognitive impairment. This view contrasts with the finding that IGF-1-deficient and IGF-1-
receptor-deficient mice have longer life spans (Katic and Kahn, 2005) and maintain physiological functions,
including cognitive function, at youthful levels into old age (Kinney et al., 2001).

9.1 IGF-1 and Alzheimer’s disease

Alzheimer’s disease (AD) has two pathological hallmarks, the accumulation of neurofibrillary tan-
gles (NFTs) and deposition of B-amyloid plaques (Dani, 1997). Recent evidence suggests that IGF-1
deficiency may contribute to the development of both these pathological features. First, IGF-1 regulates
the phosphorylation of tau (Hong and Lee, 1997; Bondy and Cheng, 2004; Cheng et al., 2005), a
microtubule-associated protein involved in microtubule assembly and stabilization (Barghorn et al,
2000). Hyperphosphorylated tau disrupts normal microtubule-dependent processes (Lee et al., 2001) and
is resistant to degradation and prone to aggregation, culminating in the formation of NFT (Spillantini and
Goedert, 1998; Lee et al., 2001). Hyperphosphorylated tau is associated with cognitive dysfunction in
normal aged and disease brains. Tau is hyperphosphorylated in the IGF-1-null mouse brain (@ Figure 7-6)
(Bondy and Cheng, 2004; Cheng et al., 2005). In addition, inhibition of IGF-1 signaling in IRS2 knockout
mice increased tau phosphorylation and led to NFT accumulation (Schubert et al., 2003). Tau hyperpho-
sphorylation in IGF-1-null mice appears due to overactivity of GSK3. In addition to regulating glycogen
synthesis, GSK3 is also involved in tau phosphorylation in brain (Ishiguro et al., 1993; Jope and Johnson,
2004); thus reduced inhibition of GSK3 in IGF-1-deficient brains (Cheng et al., 2000) is associated with tau
hyperphosphorylation (Bondy and Cheng, 2004; Cheng et al., 2005). In AD, NFTs consistently contain tau
phosphorylated on GSK3 target residues, and GSK3 is physically associated with pretangle and tangle-
bearing neurons in human brains (Pei et al., 1999).

IGF-1 protects neurons from B-amyloid toxicity (Dore et al., 1997) and appears to promote clearance of
brain B amyloid (Gasparini et al., 2001; Carro et al., 2002). Increased serum IGF-1 levels are associated with
reduced brain B-amyloid burden (Carro et al., 2002). Insulin, while its structure and function are closely
related to IGF-1, may have distinct mechanisms in modulating brain amyloid levels (for a review see Carro
and Torres-Aleman, 2004). It can directly stimulate the release of B amyloid from neurons and also increase
extraneuronal accumulation of B amyloid by competing with B amyloid for insulin-degrading enzyme
(Gasparini et al., 2001; Watson and Craft, 2003). Therefore, insulin seems to increase brain B-amyloid
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@ Figure 7-6

Hyperphosphorylated tau in the IGF-1-null brain. Total and phospho-tau were examined in IGF-1-null (Igf1(—/—)
and wild-type (WT) brains by immunoblots. (a) Total tau was detected by anti-Tau 5, which recognizes tau
protein irrespective of its phosphorylation status. This blot was striped and reprobed with antibody AT-8 that
recognizes PHT-tau with phosphorylated ser202 residue. (b) Phospho-tau was detected by antibody p-Tau 396,
which specifically recognizes tau phosphorylation on serine 396, a site prominently phosphorylated in PHF-tau.
The same blot was then stripped and reprobed with tau-1 antibody, which detects dephosphorylated tau.
These blots show that total tau protein is preserved in Igf1(—/—) brain, while tau phosphorylation is dramati-
cally increased in specific epitope in aged Igf1(—/—) brains as compared with wild types (WTs). Adapted from
Cheng et al. 2005. Endocrinology
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release. Taken together, dysfunction of insulin/IGF-1 signaling contributes to the major pathological events
occurring in the brains of patients with AD.

10 Summary

The brain requires enormous supplies of fuel and substrate to support neuroglial growth and process
formation during early postnatal development. Murine and human brains consume over half the energy
available to the organism as a whole during this critical period that is characterized more by synapse
formation than by synaptic activity. Purkinje cells grow into giant cells with surface areas exceeding all other
cells in the body. How this remarkable anabolic feat is achieved when all brain cells are exposed to the same
extracellular nutrient supply is unclear. Evidence from in vivo studies of murine brain development suggests
that IGF-1’s role in normal brain development is to promote these extraordinary growth processes via PI3K/
Akt/GSK3p pathways that are similar to insulin signaling pathways in peripheral tissues. IGF-1 promotes
hypertrophy of muscle cells using these same molecular signals, including GSK3 (Rommel et al., 2001).
These observations in the mouse are supported by data from Drososphila, in which inactivation of paralogs
of the insulin/IGF receptor, IRS, PI3K, and Akt all result in globally reduced cell size, which results in
proportionate dwarfism, while overexpression of any of these molecules results in increased cell size and
gigantism (Potter and Xu, 2001). As a further comment on IGF-1 action in general, all of these studies in
mice and in Drosophila suggest that IGF-1 effects are neutral with respect to cellular differentiation.

This is not to suggest that IGF-1’s only role in brain is to promote neuronal growth. Reduced cell
numbers in specific brain regions of the IGF-1-null mouse support an IGF-1 role in developmental
neurogenesis, through either increased proliferation or increased survival of nascent neurons. However,
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further investigation is required to elucidate whether IGF-1 mainly promotes faster rates of mitosis or
increases the number of cells entering the mitotic cycle, what signaling pathways are involved, and whether
IGF-1 acts in an autocrine, paracrine, or even endocrine fashion to promote neurogenesis. In addition,
further work is necessary to identify cell populations where IGF-1 promotes survival, and to discover the
cellular interactions and signaling molecules active in this function. A major area for future investigation is
the role of IGF-1 in brain aging. As we have described, there are opposing views as to potential positive
versus negative effects of insulin/IGF action on aging. Evidence from diverse organisms shows that these
growth peptides are important for somatic growth and reproduction, but at a cost of accelerated aging.
Suppression of insulin/IGF signaling results in smaller size and reduced fecundity, but prolongation of life
span. The natural reduction in IGF-1 levels with aging could be protective, allowing cells to devote more
resources to repair processes, thus preventing cell death from oxidative damage, and retarding abnormal
growths. However, since IGF-1 signaling clearly represses tau phosphorylation, a major feature of degener-
ative aging in brain, the story could be different in this unique organ. This should be a very productive area

for future research.
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Erythropoietin signaling pathways in neuroprotection

Abstract: Erythropoietin (EPO) is the principal regulator of red blood cell production and is synthesized
by the adult kidney. Insulin-like growth factor-I (IGF-I) is a neuroprotective cytokine that supports
neuronal development and survival. As neuroprotectants, EPO and IGF-I have synergistic effects when
combined. Both EPO and IGF-I and their receptor are expressed in the mammalian central nervous
system (CNS) where they have been shown to play a neuroprotective role. The aim of this chapter is to
identify and discuss the key signaling molecules and events published in numerous reports that are involved
in EPO- and IGF-I-mediated neuroprotection. Better understanding of the intricacies of EPO signaling
and EPO/IGF-I synergy in the central and peripheral nervous system provide new strategies for novel
therapies.

List of Abbreviations: BAD, Bcl2-antagonist of cell death; c-myc, myc protooncogene protein; casp-3,
caspain-3; CNS, central nervous system; EPO, erythropoietin; EPO-R, erythropoietin receptor; GSK-38,
glycogen synthase kinase-3f; IAP, inhibitors of apoptosis; IGF-1, insulin-like growth factor-I; IGF-IR, IGF-I
receptor; IKK, inhibitor of nuclear factor kappa-B kinase; JAK2, janus family of protein tyrosine kinase-2;
MnSOD, Mn-superoxide dismutase; NF-kB, nuclear factor kappa-B; PI-3 kinase, phosphatidylinositol-3
kinase; PI-3,4-P,, phosphatidylinositol-3,4,-diphosphate; PI-3,4,5-P;, phosphatidylinositol-3,4,5-trispho-
sphate; STAT5, nuclear translocation of the signal transducer and activator of transcription-5; XIAP,
X-linked IAP

1 Introduction

Erythropoietin (EPO) is the principal regulator of red blood cell production and is synthesized by the adult
kidney (Koury and Bondurant, 1990; Jelkmann, 1992; Koury, 1992). EPO synthesis is upregulated under
hypoxic conditions. The EPO receptor (EPO-R) is expressed in the bone marrow and prevents apoptosis in
immature erythrocytes (D’Andrea et al., 1989; Wilson and Jolliffe, 1999). As we and others have shown,
both EPO and EPO-R are expressed in the mammalian central nervous system (CNS) (Masuda, 1993;
Digicaylioglu et al., 1995; Marti et al., 1996; Morishita et al., 1997; Chin et al., 2000; Weishaupt et al., 2004).
In recent years, it has been reported in numerous publications that EPO and its receptor have a neuropro-
tective role within the CNS. Exogenous EPO has been shown to be neuroprotective in animal models of
cerebral hypoxia/ischemia (stroke), neurodegenerative diseases, retinal degeneration, experimental spinal
cord injuries, and gp120/HIV dementia. (Sakanaka et al., 1998; Brines et al., 2000; Sinor and Greenberg,
2000; Siren et al., 2001; Celik et al., 2002; Gorio et al., 2002; Grimm et al., 2002; Junk et al., 2002; Kumral
et al., 2003; Prass, 2003; Solaroglu et al., 2003; Villa et al., 2003; Digicaylioglu et al., 2004a, b; Weishaupt
et al., 2004). The focus of the present chapter is to introduce the intracellular signaling pathways involved in
EPO neuroprotection in the CNS.

2 Intracellular Signaling Pathways

2.1 JAK2 and STAT

In nonneuronal cells, ligand binding to the EPO-R is known to induce activation of the Janus family of
protein tyrosine kinase-2 (JAK2) and nuclear translocation of the signal transducer and activator of
transcription-5 (STATS5) (Yousouffian et al., 1993; Thle et al., 1995; Kirito et al., 1997; Oda et al., 1998;
Verdier et al., 1998; Uddin et al., 2000; Gorio et al., 2002; Yu et al., 2002). JAK2 phosphorylates intracellular
tyrosine residues on the EPO-R, which are thought to provide docking sites for intracellular signaling
molecules (Thle and Kerr, 1995).

Previously we reported the association of JAK2 with the EPO-R complex in cortical neurons
(Digicaylioglu and Lipton, 2001). Although direct functional evidence is lacking, ligand binding to the
neuronal EPO-R promoted the association of p85 and JAK2 with the EPO-R and activation of phospha-
tidylinositol-3 kinases (Digicaylioglu et al., 2004a, b).
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STATS5 is also required in nonneuronal EPO/EPO-R signaling. JAK phosphorylation of STAT results in
their dimerization and translocation into the nucleus, where they bind to specific sequences in the promoter
of STAT-regulated genes (Ihle and Kerr, 1995). In embryonic STAT—/— mice, severe anemia is caused by the
disruption of the EPO/JAK2/STAT5 signaling pathway (Socolovsky et al., 1999).

STAT proteins are constitutively expressed, present in the cytosol of neuronal cells, and recruited to the
phosphorylated tyrosine residues Y343 and Y401 of the activated EPO-R complex (Damen et al., 1995a, b;
Quelle et al,, 1996). Although disruption of STAT 5a/b function in EPO-dependent cells results in higher
levels of apoptosis (Socolovsky et al., 1999), the participation of STAT5 in EPO signaling in neurons is
disputed. In our experiments we have not observed any loss in EPO-mediated protection in neurons
expressing the dominant negative nonphosphorylatable form of STAT5a/b (Digicaylioglu and Lipton,
2001). Supporting our results, Ruscher et al. also could not detect any functional role for STAT in
hippocampal neurons under ischemic conditions (Ruscher et al., 2002). However, other groups have
reported activation of neural STAT5 by JAK2 (De-Fraja et al., 1998; Chong et al., 2002). Moreover, Bittorf
et al. showed that in presence of EPO, cell lines expressing the truncated form of STATS5 with sustained
binding to specific DNA sequences underwent less apoptosis than cells expressing the wild-type STAT5
(Bittorf et al., 2001). Interestingly, one report indicates that STATS5 is activated in axotomized neurons in
the peripheral nervous system but not in the CNS (Schwaiger et al., 2000; Liu and Snider, 2001). At present,
there is some evidence that STAT5 might be a downstream target of JAK2 in regeneration but not in
development of peripheral sensory neurons. It is conceivable that different signaling molecules are involved
in EPO-mediated neuroprotection and in development or regeneration. Furthermore, downstream targets
of EPO-activated JAK2 might be cell-specific and may not always utilize STATS5.

2.2 PI-3 Kinase, Akt, and GSK-33

Phosphatidylinositol-3 kinases (PI-3 kinases) are members of a lipid kinase family (Fry and Waterfield,
1993). PI-3 kinases consist of the catalytic subunit p110 and the regulatory subunit p85 and are activated by
receptor tyrosine kinases. PI-3 kinases phosphorylate and activate the inositol 3’-OH group in inositol
phospholipids, resulting in the second messengers phosphatidylinositol-3,4,5-trisphosphate (PI-3,4,5-P3)
and -diphosphate (PI-3,4-P,). Interaction with these phospholipids results in activation of Akt.

In nonneuronal cells EPO-mediated phosphorylation and activation of the PI-3 kinases has been
reported extensively (LeRoith and Roberts, 1993; Mayeux et al., 1993; Pleiman et al., 1994; Klingmuller
etal,, 1997; Park et al., 2001). As in nonneuronal cells, activated EPO-R in neurons provides binding sites for
the regulatory subunit of PI-3 kinases, p85 (Nguyen et al., 2001; Digicaylioglu et al., 2004a, b). Phosphory-
lation and activation of p85 results in association of its Src2 homology domains with the EPO-R and
generation of second messengers (Damen et al., 1993). Subsequent activation of Akt by PI-3 kinases is
required for neuroprotection (Ruscher et al., 2002; Chong and Maiese, 2003; Weishaupt et al., 2004).

In neurons, Akt plays a crucial role in mediating EPO/JAK2/PI-3 kinase signaling (Digicaylioglu et al.,
2004a, b). As a serine-threonine kinase, activated Akt phosphorylates its downstream targets, which also
include Bcl2-antagonist of cell death (BAD) (Datta et al., 1997), caspase-9 (Zhou et al., 2000), and GSK-3f3
(Noshita et al., 2002), thereby decreasing or blocking neuronal apoptosis. Under apoptotic conditions,
caspase-9 activates caspase-3, which directly induces DNA fragmentation by activating DNases (Krajewski
et al., 1999; Okamoto et al., 2002; Bossy-Wetzel et al., 2004). Akt blocks caspase-3 activation by phosphor-
ylating the proapoptotic molecule BAD, which suppresses expression and activation of the antiapoptotic
factor Bcl-X;.

Glycogen synthase kinase-3f (GSK-3[), another downstream target of Akt, promotes apoptosis in
neurons possibly through hyperphosphorylation of tau and beta-catenin (Crowder and Freeman, 2000;
Hetman et al., 2000; Higuchi et al., 2003; Jones et al., 2003; Lucas et al., 2001; Mora et al., 2001; Schubert
etal., 2004). Overexpression of GSK-3f results in increased neuronal apoptosis (Bhat et al., 2000). Similarly,
expression of noninducible form of Akt, which lacks serine phosphorylation ability, results in activation of
GSK-3B by dephophorylation and by higher neuronal apoptosis (Fujio and Walsh, 1999; Crowder and
Freeman, 2000; Noshita et al., 2002; Stoica et al., 2003).
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2.3 NF-kB and XIAP

Nuclear factor kappa-Bs (NF-kB) are a family of transcription factors that have been implicated to play a
role in survival and apoptotic signaling pathways. These factors are sequestered in the cytoplasm by IxBs,
which lose their ability to bind NF-kB when their ubiquitin-dependent degradation is initiated via
phosphorylation, usually by inhibitor of nuclear factor kappa-B kinase (IKK). NF-kB is then free to
translocate to the nucleus and bind to DNA (Karin and Ben-Neriah, 2000). NF-kB targets a number of
genes that are both proapoptotic and antiapoptotic, including p53, c-myc, Fas, Bcl-x, Bcl-2, XIAP, cIAP2,
and MnSOD.

Classically, NF-«B is known to operate in immune cells, mediating the inflammatory response, but was
later found to be expressed continuously in both neurons and glia (Kaltschmidt et al., 1994a, b). Activation
of NF-kB in glial cells leads to expression of inflammatory proteins that cause apoptosis of neurons in
mixed cultures. The role of NF-kB in neurons is complex; both pro-and antiapoptotic functions have been
described in a number of varied treatments and models. Several lines of evidence support the hypothesis
that acute increases in NF-kB activate an apoptotic signaling pathway, whereas stimuli that lead to large
increases in steady-state NF-kB activity provide neuroprotection (Lin et al., 1998; Shen et al., 2002; Aleyasin
et al., 2004).

Proapoptotic roles for NF-kB in neuronal cells in vivo have been described in several animal models.
Excitotoxicity resulted in increased nuclear translocation of NF-kB and consequent upregulation of
apoptotic genes and cell death, but these effects were abrogated by interfering with translocation of NF-x
B to the nucleus (Qin et al., 1999). Ischemia in a transgenic model provided additional support for the
proapoptotic role of NF-«B in acute cellular trauma (Schneider et al., 1999). However, similar methods
have discerned protective roles for the protein in neurons (Botchkina et al., 1999). In vitro studies have also
found both protective and degenerative roles for NF-kB in the nervous system. A basal rate of activity is
critical for the survival of primary cortical neurons in culture but numerous in vitro insults lead to acute
activation and subsequent apoptosis (Barkett and Gilmore, 1999). Pharmacologic, functional, and genetic
inhibitors of NF-kB can increase neuronal death upon prolonged exposure (Natarajan et al., 1998; Aleyasin
etal., 2004). However, these same methods of inhibition can provide protection to cultured neurons against
death from acute insults, such as excitotoxicity and DNA damage (Rothman and Olney, 1986; Grilli et al.,
1996; Aleyasin et al., 2004).

We investigated whether EPO was able to act through NF-kB to protect neurons from excitotoxic and
nitrosative stress (Digicaylioglu and Lipton, 2001). Treatment of cerebrocortical cultures with EPO resulted
in nuclear translocation, and a large, sustained increase in DNA-binding activity of NF-kB in neurons (but
not astrocytes). Expression of a reporter gene confirmed the transcriptional activity of NF-kB in this model.
EPO treatment caused JAK2 to become phosphorylated, and, in turn, to directly phosphorylate IkB.
Inhibition of this pathway, either by pharmacological inhibition of JAK2, or expression of a dominant
interfering form of JAK2, or an IkB super-repressor construct, significantly attenuated NF-kB DNA-
binding and reporter gene transcription in response to EPO and abrogated EPO-mediated neuroprotection.

The inhibitors of apoptosis (IAP) molecules are factors known to prevent neuronal cell death under a
variety of conditions (Deveraux and Reed, 1999). Among these factors is X-li