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Ming Y. Abstract

ABSTRACT

A hallmark of senescence is sensorimotor impairment, characterized by gait disturbance,
deficits in postural control, and muscle weakness. The object of this thesis work was to
elucidate some of the molecular basis underlying these disturbances, mainly referring to the
occurrence of characteristic changes in gene-expression pattern, especially, alterations in
trophic signaling associated with the phenotypic changes seen in motoneurons as well as
primary sensory neurons and target muscles during aging.

Based on our previous findings of trk downregulation in aging DRG and spinal
motoneurons that may reflect a failure of targets to supply neurotrophic factors, the
expression of neurotrophins in target tissues and peripheral nerves of aged rats was examined
by use of RT-PCR. In target muscles, decreased levels of NGF, BDNF, NT3, NT4 mRNAs
were observed, and notably, the decrease co-varied with the extent of behavioural
sensorimotor disturbances among the aged individuals. In contrast, the peripheral nerve of
aged rats showed a reciprocal regulation of NGF, BDNF and NT4 mRNAs. These aging-
related changes provide evidence of an attenuated neurotrophin-trk-signaling in senescence,
possibly relating to a breakdown in the neuron-target interaction, which may explain some of
the phenotypic changes of senescent neurons.

In contrast, a dramatic upregulation of GDNF mRNA was detected in target muscles and
to a lesser extent also in peripheral nerve during aging. A parallel increase of the preferred
receptors, GFRal and c-Ret, in primary sensory neurons and motoneurons strongly indicates
an enhanced GDNF signaling in senescence. The phenomenon of an increased GDNF
signaling between the target muscles and motoneurons may serve as a compensatory
mechanism in the context of decreased neurotrophin-trk signaling in aged motoneurons,
promoting axon regeneration, sprouting, and muscle fibre re-innervation. Since GDNF has
been suggested to act primarily on unmyelinated PSN, an increased GDNF-GFRal/Ret
signaling and a decreased neurotrophin siganling mutually may clarify many of the senescent
phenotypic changes of primary sensory neurons, and may explain why unmyelinated primary
afferents are better preserved during aging.

A slight upregulation of FGF-2/FGFRI signaling was established, whereas the gpl30
signaling components (CNTF, IL-6, LIF, CNTFRa, LIFR, IL-6R or gp130) were maintained
at young adult level in the aged spinal cord, indicating that FGF/FGFRI1 signaling may be
involved in the phenotypic changes of aged motoneurons but the gp130 cytokines continue to
support motoneurons at about the same level throughout life. In the target muscles, there were
a marked downregulation of IL-6 and FGF-2 mRNAs and an upregulation of FGFRI,
CNTFRa as well as gp130. It is suggested that these regulations reflect the repair situation in
senescent muscles.

The changes in cytokine expressions showed an increased [FN-y signaling and in parallel
an increase of other cytokines as IL-1p, IL-6 and TGF-B1 in senescent spinal cord, which may
provide evidence of the involvement of inflammation during aging, marked by gliosis
associated with axon dystrophy, myelin aberrations and synaptic disconnection.
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1. INTRODUCTION

“Aging seems to be the only available way to live a long life.”
—Daniel Francois Esprit Auber

1.1. Senescence

Senescence, the state of being old, can be defined as an inexorable process characterized by
the increased probability of death with age and the occurrence of characteristic phenotypic
changes in multicellular organisms due to a decline of biological functions and of the
organism’s ability to adapt. (Johnson et al., 1999). Historically, plausible theories on the
mechanisms of aging have been divided into two general categories: one pinpointing intrinsic
biological clocks or “programs” (genetic), and the other emphasizing extrinsic or
environmental interactions that damage cells and organs (epigenetic) (Warner et al., 1987;
Martin and Baker, 1993). These are not mutually exclusive. The programmed theories hold
that a timetable will regulate gene expressions of cells as well as the functions of organs, e.g.
endocrine system and immune system, and consequently control the pace of aging. In
contrast, the latter includes cell deterioration, malfunctions and ultimately cell death due to
reactive oxygen species (ROS) generated by metabolism, accumulation of somatic mutations,
damaged proteins and lipid peroxide. Importantly, aging has many facets and thereby no
single theory can be a host of all the phenomena of aging. It is likely to assume that the pace

and natural history of aging be affected by the combination of genetic and epigenetic factors.

1.1.1. Oxidants, oxidative stress and Aging

In the multifactorial process of aging, there is considerable evidence indicating that the
generation of ROS, metabolites of molecular oxygen, and the response to oxidative stress are
key factors in determining longevity. Reactive oxygen species, including superoxide anions,
hydroxyl radicals and hydrogen peroxide, have been found to damage various cell
components and to trigger the activation of specific signaling pathways, which can influence
numerous cellular processes linked to aging and aging-related diseases (Finkel and Holbrook,
2000). The burden of ROS production is largely counteracted and regulated by an intricate
antioxidant defense system, e.g. catalase, superoxide dismutase (SOD) and glutathione
peroxidase. The balance between ROS production and antioxidant defenses determines the
degree of oxidative stress that may consequently induce modification to cellular protein,

lipids and DNA. The amount of oxidative damage to these molecules has been shown to
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increase exponentially during aging in a variety of tissues in different species (Sohal and
Weindruch, 1996). In addition, the efficacy of antioxidant defenses that maintain
physiological homeostasis may decrease with advancing age (Sohal and Brunk, 1992; Sohal
and Orr, 1992).

1.1.2. Caloric restriction and Aging

As yet, there seems no way to be able to retard the human aging process. Caloric restriction
(CR), referring to a dietary regimen low in calories without undernutrition, is the only
exception. CR has been shown to extend life span in a wide range of organisms including
rodents, and also to slow the progression of a variety of aging-related diseases (Masoro, 2000;
Suzuki et al., 1997). The CR regimen also prevents age-associated declines in psychomotor
and spatial memory tasks (Ingram et al., 1987) and loss of dendritic spines necessary for
learning (Moroi-Fetters et al., 1989) and improves the brain’s plasticity and ability for self-
repair (Mattson, 2000). One possible biological mechanism underlying the anti-aging action
of CR has been hypothesized that CR could attenuate age-associated oxidative damage by
either enhancing antioxidant defences or by promoting repair of damaged molecules (Masoro,
2000). Another mechanism that has been suggested is that CR may slow down accumulation
of potentially harmful/aberrant abnormal proteins by speeding up protein turnover (Aksenova
et al., 1998; Dhahbi et al., 1999).

1.1.3. Aging-related sensory and neuromuscular dysfunctions

With advancing age, sensorimotor functions as well as cognitive processes become
impaired, which seriously compromises the daily activities of many elderly people (Lamberts
et al.,, 1997; Larish et al., 1988; Woollacott, 1986). Certain neurological symptoms, e.g.
deficits in postural control, alterations in gait cycle, muscle weakness and unsteadiness, are so
common in healthy elderly human populations that they are regarded as part of ‘normal
aging’. A similar range of behavioural defects are encountered in aging rodents (see
Appendix), suggesting that rodents may serve as a useful model in trying to elucidate the
mechanisms underlying these disturbances. Skin and skeletal muscle, targets of sensory and
motor neurons, show characteristic features of aging, e.g. dermal atrophy, muscle fiber loss
and atrophy in muscle (Caccia et al., 1979). Many of these changes have been suggested to be
of neurogenic origin (Tomonaga, 1977). Innervation deficits during aging have been

considered a consequence of an almost ‘facultative’ loss of neurons. However, in contrast to
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neurodegenerative diseases, neuron loss is not as extensive as once thought (Monji et al.,
1994; Coleman and Flood, 1987; Morrison and Hof, 1997) and does not show a strong co-
variation with functional impairment during aging. Instead, aging is manifested by loss of
neuronal connections, axon dystrophy, myelin aberrations, phenotypic changes in gene

expression pattern, and neuron atrophy in certain cell populations.
1.1.4. General background of the study

To investigate the mechanisms underlying the aging-related aberrations, we use rats with
impairment of sensory and motor functions as revealed by standardized behavioral tests
(Appendix). For primary sensory neurons (PSN), there is a small unselective loss of neurons,
a selective cell body atrophy of large myelinated sensory neurons, abundant axon aberrations,
and phenotypic alterations in the expression pattern of neuropeptdes and neurotrophic
receptors (Bergman et al., 1996; Bergman et al., 2000; Bergman and Ulthake, 2000; Bergman
et al., 1999a; Bergman et al., 1999b; Bergman and Ulfhake, 1998; Fundin et al., 1997).
Sensory neurons of aged rats disclosed a dramatic decrease in calcitonin gene-related peptide
(CGRP) and substance P (SP) affecting mainly small (B4 binding) sensory neurons (Bergman
et al., 1996; Bergman et al., 1999a). In large myelinated (RT97 positive) sensory neurons of
the same individuals, a novel expression of galanin and a robust upregulation of neuropeptide
tyrosine (NPY) are evident (Bergman et al., 1996; Bergman et al., 1999a). This pattern of
changes may have relevance for the observation that aging individuals are affected by
disturbed proprioception/exteroception than by changes in nociception. The characteristic size
distribution of neurotrophin receptor (trk) expressing sensory neurons is maintained in the
aged rats, with a selective expression of trkA and trkC in small and large sensory neurons,
respectively and trkB expressed by neurons of all size categories (Bergman et al., 1996;
Bergman et al., 1999b). However, the level of trk expression in aged sensory neurons is
downregulated and, furthermore, a covariation between the distribution of symptoms and trk-
downregulation is evident with the sensory neurons innervating the hind limbs being more
affected than those of the face (Bergman et al., 1999b). Changes in neurotrophin expression in
target skin during aging show a pattern consistent with the regulation of trk receptors in PSN
(Bergman and Ulfhake, 2000).

For motoneurons, there is also a distinct pattern of phenotypic changes in the aged rats,
with small loss of motoneurons duing aging (~15% at 30 month of age). Age motoneurons

have a preserved cholinergic phenotype and cell body size (Johnson et al., 1993; Johnson et
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al.,, 1999a), but disclose a highly specific pattern of regulation of neuropeptides and
neurotrophic receptors. Both CGRP and gowth-associated protein 43 (GAP43) are maykedly
upregulated in the aged motoneurons, a regulatory pattern typical of growth and regeneration
(Johnson et al., 1995). Besides, aged motoneurons show a robust downregulation of trkC and
trkB mRNA, suggesting target muscle neurotrophin deficiency. Based on the background, it is
undoubtedly intriguing to provide further insight into regulation of neurotrophic signaling,

particularly changes of neurotrophins or other neurotrophic factors during aging.

1.2. Neurotrophic Factors

Trophic factors, with the literal meaning of “nourishment”, are defined as molecules that
support survival and growth of neurons and their processes. In case of target-derived
neurotrophic factors, once synaptic targets are established, neurons become dependent on
their targets to provide specific signaling molecules, referred to as neurotrophic factors, for
continued survival and differentiation. During the development of the CNS, approximately
half of the neurons undergo apoptotic death (Raff et al., 1994). The survival and subsequent
maintenance of neuronal integrity requires continued suppression of the intrinsic apoptotic
machinery by, e.g. target-derived neurotrophic mechanisms (Henderson, 1996). As the central
concept of the neurotrophic factor hypothesis, targets of nerve innervations were postulated to
secret limiting amount of survival factors that exert effects to ensure a balance between the
size of a target organ and the number of innervating neurons (Purves, 1988; Hamburger et al.,
1981; Oppenheim, 1991).

The neurotrophic factors were found to regulate survival, differentiation, normal growth
and maintenance of neurons in the peripheral and central nervous systems. Target-derived
neurotrophins are captured in nerve terminals by receptor-mediated endocytosis and
transported retrogradely to the cell bodies where they exert their neurotrophic effects
(Korsching, 1993). Accumulated evidence for nonclassical trophic interactions has suggested
that signaling by neurotrophic molecules seems not only to be restricted to the retrograde
transport mode (DiStefano et al., 1992) but may include paracrine mode of action, autocrine
signaling (Schecterson and Bothwell, 1992), and anterograde axonal transport (Altar and
DiStefano, 1998; von Bartheld et al., 1996; Zhou and Rush, 1996).

The following families of molecules has been established to possess neurotrophic
functions: the nerve growth factor (NGF) family, the glial cell line-derived neurotrophic

factor (GDNF) family, the fibroblast growth factor (FGF) family, and the neuropoietic
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cytokines, such as ciliary neurotrophic factor (CNTF) and leukaemia inhibitory factor (LIF).
The discovery of these families of neurotrophic factors, the characterization of their receptors
and at least partially, and the revelation of the downstream signaling pathways have enabled
us to explain a wide range of phenomena in the development, maintenance, as well as
plasticity and repair of the nervous system. Importantly, cell-cell communication represents
the combined effects of many factors such that unlike in vitro studies where cell lines are
treated with single factors, the growth and survival of cells in vivo are under the influence of
simultaneous actions of many polypeptide factors including neurotrophic factors, which may
interact with one another to form a complicated network of trophic activities with a high

degree of pleiotropism and a considerable overlap in biological activities (Korsching, 1993).

1.3. NGF Family

1.3.1. Ligands and Receptors

The nerve growth factor (NGF) family of neurotrophins (NTs) is a group of structurally and
functionally related proteins that exert profound effects on neural development, survival,
function and plasticity, which consists of NGF (Scott et al., 1983; Ullrich et al., 1983; Levi-
Montalcini, 1987), brain-derived neurotrophic factor (BDNF) (Barde et al., 1982),
neurotrophin-3 (NT3) (Maisonpierre et al., 1990) and neurotrophin-4/5 (NT4/5) (Hallb66k et
al., 1991; Berkemeier et al., 1991). The members of NGF family show binding specificity for
particular receptors that belong to the tropomyosin-related kinase (trk) family of tyrosine
kinase receptors (Bothwell, 1991): NGF binds to trkA (Klein et al., 1991; Kaplan et al.,
1991), while both BDNF and NT4 act by binding to trkB (Squinto et al., 1991; Soppet et al.,
1991), and NT3 interacts primarily with trkC (Lamballe et al., 1991) but also with trkA and
trkB (Cordon-Cardo et al., 1991; Soppet et al., 1991). Non-catalytic isoforms, lacking the
intracellular tyrosine kinase domain, have been identified for trkB and trkC. These truncated
trk receptors may act as negative regulators of neurotrophin receptor activities (Eide et al.,
1996) or to restrict the diffusion of cognate ligands from sites of release (Biffo et al., 1995).
The findings suggest that the specificity of neurotrophin effects and the vast majority of
biological responses are mediated through trk receptor signaling (Barbacid, 1994; Lewin,
1996; Snider, 1994; Bothwell, 1995). The neurotrophin receptor p75 (p75"'%), a distant
member of tumor necrosis factor (TNF) receptor superfamily (Johnson et al., 1986), binds to
each neurotrophin with similar affinity and also acts as a co-receptor for Trk receptors.

Although the exact role of p75"™® in mediating responses to neurotrophins remains less clear,
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it has been suggested to enhance binding affinity and influence neurotrophin selectivity of trk
receptors as well as to facilitate retrograde axonal signaling (Barker and Shooter, 1994,
Hempstead et al., 1991; Miller et al., 1994; Ryden et al., 1995; Lee et al., 1994; Casademunt

NTR
5

et al., 1999). More recent data indicate that the p7 may have a more important role in

neurotrophin-trk signaling that previous thought (Reviewed by Sendtner et al., 2000)
1.3.2. Trk receptor-mediated signaling pathways

Binding to the trk receptors, NTs induce receptor dimerization that results in the
phosphorylation of specific tyrosine residues, which creates specific binding sites for
intracellular target proteins that bind to the activated receptors via adapter proteins containing
phosphotyrosine-binding (PTB) or Src-homology-2 (SH2) motifs. Activation of target
proteins can induce several intracellular signaling cascades, including Ras/Raf/MEK/MAPK
pathway (Kaplan and Miller, 2000) that induces neuronal differentiation and neurite growth,
the phosphatidylinositol 3-kinase (PI3K)/PKB/AKT pathways that mediates the survival
functions of the neurotrophins (Crowder and Freeman, 1998) and the association of
phospholipase Cy (PLC-y) with trk can infleuence intracellular Ca®" levels and protein kinase
C (PKC) activity, which seems to play a key role in activity-dependent plasticity (Bibel and
Barde, 2000a). It appears unlikely that all three trk receptors trigger identical signaling
pathways, and moreover, even the activation of the same trk receptor by different ligands

seems to trigger different signaling events (Bibel and Barde, 2000b).
1.3.3. Effects and functions of Neurotrophins

One of the most thoroughly studied properties of NTs is their ability to maintain the
viability, by preventing apoptosis, of specific populations of neurons in the nervous system
during development (Purves, 1988). It has been demonstrated that NGF has essential roles in
maintaining the viability of nociceptive sensory and sympathetic neurons in vivo (Levi-
Montalcini, 1987). BDNF was identified and purified on the basis of its ability to prevent the
death of sensory neurons not responding to NGF (Barde et al., 1982). In addition, NTs also
regulate cell fate decisions, axon growth, dendrite pruning, innervation patterning and the
expression of proteins crucial for normal neuronal function, such as, neurotransmitters, ion
channels and receptors. In the mature nervous system, NTs continue to play a role in
controlling cell phenotype, synaptic function and plasticity, and neuronal regeneration as well

as resistance to degenerative stimuli.
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1.4. GDNF Family

1.4.1. GDNF family Ligands and their receptors

Another group of neurotrophic facors, which belongs to the transforming growth factor-
(TGF-B) superfamily, is the GDNF family of ligands (GFLs) that comprise glial cell line-
derived neurotrophic factor (GDNF) (Lin et al., 1993), neurturin (NTN) (Kotzbauer et al.,
1996), artemin (ART) (Baloh et al., 1998b), and persephin (PSP) (Milbrandt et al., 1998). The
GFLs signal through a multicomponent receptor system with the transmembrane tyrosine
kinase receptor Ret, acting as the common signal transducing component (Durbec et al., 1996;
Trupp et al., 1996). Ligand preference and binding of Ret are accomplished by high-affinity
binding of the GFLs to a family of glycosyl-phosphatidyl inositol- (GPI-) anchored proteins
(GFRal-4). GFRol-Ret is the preferred receptor for GDNF, while NTN, ART and PSP
preferentially signal through GFRo2-Ret, GFRa3-Ret, and GFRo4-Ret, respectively (Jing et
al., 1997; Jing et al., 1996; Treanor et al., 1996; Klein et al., 1997; Baloh et al., 1998a;
Enokido et al., 1998), although alternative ligand-receptor interaction also appears to occur,
such as GDNF can bind to GFRo2 in the presence of Ret, and NTN and ART can bind to
GFRal (Baloh et al., 1998b; Jing et al., 1997; Sanicola et al., 1997; Creedon et al., 1997).
Besides, evidence has been obtained from c-Ret-deficient cells and sensory neurons isolated
from c-Ret knockout mice indicating that GDNF can activate intracellular signaling pathways

via GFRal independently of c-Ret (Trupp et al., 1999; Poteryaev D, 1999).
1.4.2. GDNF/GFRal/Ret signaling pathways

In the model proposed by Jing et al (1996), a disulfide-linked dimeric GDNF first binds to
either monomeric or dimeric GFRal and then the GDNF/GFRal complex can interact with
Ret and induce its homo-dimerization. Like other receptor tyrosine kinases, Ret has been
found to be able to activate various signaling pathways including the Ras-MAPK (Worby et
al., 1996; Santoro et al., 1994), the phosphatidylinositol 3-kinase (PI3K)/AKT (Soler et al.,
1999; Segouffin-Cariou and Billaud, 2000), Jun N-terminal kinase (JNK) (Chiariello et al.,
1998; Xing et al., 1998) and phospholipase Cy (PLC-y) (Borrello et al., 1996) dependent
pathways. The Ras-MAPK pathways appears to be necessary for the survival and neurite
growth stimulated by GDNF and NTN (Creedon et al., 1997; van Weering and Bos, 1997;
Xing et al., 1998). Both PI3K/AKT and JNK pathways may also play key roles in mediating
the trophic effects of the GDNF family ligands.
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1.4.3. Neurotrophic effects of GDNF family

Interest in the GDNF family was initially fuelled largely by the ability of all known
members to support the survival of dopaminergic midbrain neurons and spinal as well as
facial motor neurons in both in vitro survival and in vivo injury paradigms, considering them
as potential therapeutic agents in the treatment of neurodegenerative diseases. GDNF has
been identified as a very potent neurotrophic factor for midbrain dopaminergic neurons (Lin
et al., 1993), and has also been shown to promote survival and differentiation of sensory,
autonomic and motor neurons, by retrograde transport in adult sensory and motor neurons
(Trupp et al., 1995; Arenas et al., 1995; Heuckeroth et al., 1998; Henderson et al., 1994).
There is a substantial loss of spinal and cranial motor neurons (20-40%), and a corresponding
increase of dying cells in GDNF- and GFRal-deficient mouse embryos compared with wild-
type controls (Garces A, 2000 Jul 1; Oppenheim RW, 2000). By contrast, newborn gdnf” or
adult gdnf”" mice show no deficits in unmyelinated innervation in the whisker follicle. NTN
and ART, like GDNF, have also many neurotrophic effects; they all support the survival of
peripheral sympathetic and sensory neurons as well as midbrain dopamine neurons (Baloh et
al., 1998b; Kotzbauer et al., 1996; Horger et al., 1998), while PSP promotes the survival of

CNS dopaminergic and motor neurons, but not peripheral neurons (Milbrandt et al., 1998).

1.5. Fibroblast Growth Factors

Fibroblast growth factors (FGFs), a large group of polypeptide growth factors with 23
members (Ornitz and Itoh, 2001), have been characterized by virtue of their mitogenic
activities for a variety of cell types of mesodermal and ectodermal origin (Rifkin and
Moscatelli, 1989). Fibroblast growth factors constitute a family of trophic factors that regulate
diverse processes such as proliferation, migration and differentiation during embryonic
development and mediate effects in the adult organisms on maintenance as well as tissue
repair. Following binding to the heparan-like glycosaminoglycans of the extracellular matrix
(Yayon et al., 1991; Mansukhani et al., 1992; Rapraeger et al., 1991; Klagsbrun and Baird,
1991), FGFs bind to specific receptor tyrosine kinases (FGF receptors, FGFR) and induce
receptor dimerization and activation, ultimately resulting in the activation of various signal
transduction cascades, such as the PLCy signaling pathway that is important for mitogenesis
and differentiation function of FGFR signaling, Crk-mediated signaling pathway that may
propagate a mitogenic signal from FGFR and SNT-1/FRS2 acting as SH2-containing proteins
to link FGFR activation to the Ras/MAPK signaling pathway important for growth factor-
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induced cell-cycle progression (Lemmon and Schlessinger, 1994; Bellot et al., 1991; Powers
et al., 2000). Among members of FGF family, basic fibroblast growth factor (FGF-2) signals
through four high-affinity FGF receptors (FGFRI1-4) to stimulate mitogenesis and
differentiation of neuronal precursors and glial cells in the CNS (Ray et al., 1997). In addition
to the presence of FGF-2 and FGFR in glial cells and distinct neuron populations of the CNS,
FGF-2 exerts neurotrophic and neurite outgrowth activities in the injured CNS (Grothe and
Wewetzer, 1996). In the peripheral nervous system, FGF-2 and its receptors, constitutively
expressed in dorsal root ganglia (DRG) and the peripheral nerve (Weise et al., 1993; Weise et
al., 1992; Grothe et al., 2001), display an upregulation in DRG and in the proximal and distal
nerve stumps following peripheral nerve injury (Ji et al., 1995a; Grothe et al., 1997;
Meisinger and Grothe, 1997). It has been found that Schwann cells are the main source of
FGF-2 and FGFR mRNAs, and in addition, invading macrophages also strongly express FGF-
2 and FGFRI-3 in crushed rat sciatic nerve (Grothe et al., 2001). Exogenously applied FGF-2
mediates rescue effects on injured sensory neurons (Otto et al., 1987) and promotes neurite
extension and regeneration (Danielsen et al., 1988; Aebischer et al., 1989). Considering the
expression pattern and the effects after exogenous administration of FGF-2, this molecule
seems to play a physiological role during nerve regeneration. The neurotrophic activity of
FGF-2 on motoneurons can be revealed from the study that when motoneurons from 6-day-
old chick embryos are isolated and cultured in the presence of laminin, about 55% of these
isolated motoneurons can be maintained with CNTF and the percentage can increase to 96%

with CNTF and FGF-2 (Reviewed by Sendtner et al., 2000).

1.6. Neuroregulatory Cytokines

1.6.1. Members and their receptors

Cytokines are a heterogeneous group of polypeptide mediators that have been classically
associated with immune activation, inflammatory responses and cell differentiation or death.
The neuroregulatory cytokines, consisting of interleukin-6 (IL-6), leukemia inhibitory factor
(LIF) (Gearing et al., 1987), oncostain M (OM) (Malik et al., 1989), ciliary neurotrophic
factor (CNTF) (Barbin et al., 1984; Lin et al., 1989; Stockli et al., 1989), and cardiotrophin-1
(CT-1) (Pennica et al., 1995a), are structurally and functionally related pleiotropic factors that
exhibit overlapping biological avtivities also in the nervous system (Taga, 1996). They exert

their diverse biological effects by the formation of stable high affinity oligomeric complexes
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with transmembrane receptors, which contain one or more copies of a common transducing
receptor subunit, gpl30 (Taga, 1996; Kishimoto et al., 1995). Therefore, this group of
cytokines is also known as gp130 cytokines. Among them, IL-6 binds to [L-6 receptor (IL-
6R), and the IL-6/IL-6R complex then associates with gp130, inducing gp130 homodimer
formation to initiate downstream signaling cascades (Murakami et al., 1993). LIF binds to LIF
receptor (LIFR), whose structure is similar to that of gp130; LIFR then forms a heterodimer
with gp130 (Gearing et al., 1991; Gearing et al., 1992). This type of heterodimer, namely, the
gp130/LIFR complex, is also utilized for binding and signaling of other members of the
gp130 cytokines, such as CNTF, OM, and CT-1 (Liu et al., 1992; Davis et al., 1993; Pennica
et al, 1995b). Although gpl30 possess no intrinsic tyrosine kinase domains, it is
phosphorylated on tyrosine residues after simulation by the gp130 cytokines (Ip et al., 1992,
Taga, 1996). The homo- or heterodimerization of gpl30 may trigger the activation of
associated cytoplasmic tyrosine kinases that is bound to gp130 (Murakami et al., 1993) and
subsequent modification of transcription factors, such as Janus kinase (Jak). In the case of IL-
6 signaling, STAT3 and, to a lesser extent and in fewer types of cells, STAT1 becomes
activated after cytokine stimulation (Zhon et al., 1994). STAT3 is recruited via its SH2
domain, and tyrosine-phosporylated by juxtaposed Jak kinases (Davis et al., 1993; Darnell et
al., 1994; Thle and Kerr, 1995). Tyrosine-phosphorylated STAT3 proteins then form
homodimers via intermolecular SH2-phosphotyrosine interactions and are translocated to the
nucleus, resulting in the transcriptional activation of the target genes. Besides, the Ras/MARK
signaling pathway is also activated after stimulation of gp130 (Boulton et al., 1994; Satoh et
al., 1992). The precise mechanism that links the gpl30-dimerization to activation of RAS,
including the question of which portion of gp130 is required for this activation remains not

fully clarified, but may relate to that tyrosine phosphatase, SHP2, can activiate with gp130.
1.6.2. Neuroregulatory cytokines and neuroprotection

A large body of evidence indicates that neuroregulatory cytokines and their receptors
participate in the development of nervous system, regulate oligodendrocyte maturation as well
as myelination in the spinal cord and influence axonal growth and neuronal survival. Cells
stimulated by gp130 cytokines undergo a wide variety of fates, i.e. growth promotion, growth
arrest, differentiation, and specific gene expression. During development of the nervous
system, the actions of these cytokines include regulation of neurotransmitter phenotype,

differentiation of neuronal precursor cells, survival of differentiated neurons, and regulation
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of development of both astrocytes and oligodendrocytes. It is also firmly established that
these cytokines are important regulators of the responses of the adult nervous system to
neuronal injury, promotion of survival, maintenance of function and regeneration of sensory,

motor and sympathetic neurons following injury.
1.6.2.1. CNTF

Originally purified in extracts of chick eye, CNTF was first described as a neurotrophic
factor that promote the survival of chick ciliary ganglion neurons in vitro (Nishi and Berg,
1979; Adler et al., 1979; Manthorpe et al., 1986). It is then found by the subsequent cloning of
rat, rabbit and human CNTF (Lin et al., 1989; Stockli et al., 1989; Masiakowski et al., 1991)
that intact adult peripheral nerve is a rich source of CNTF protein and mRNA., i.e. CNTF is
localized inside Schwann cells (Rende et al., 1992). CNTF has been shown to promote neurite
outgrowth from NGF-responsive sensory and sympathetic neurons (Barbin et al., 1984) and to
support the survival of motor neurons in vitro (Arakawa et al., 1990) and to rescue
axotomized facial nerve motor neurons in vivo (Sendtner et al., 1990). In addition, the severe
deficits were seen in mice lacking either the CNTFRa or LIFRP, where deficits of

approximately 40% were reported in the facial motor nucleus ( Jonakait, 1997).
1.6.2.2. IL-6

Interleukin-6 (IL-6), another member of the neuropoietic cytokines family, was initially
characterized in terms of its activities in the immune system and during inflammation (Taga
and Kishimoto, 1997). Accumulating evidence also supports a key role of IL-6 in neuronal
survival, differentiation, regeneration, and degeneration in the PNS and CNS. There is
evidence to show the co-expression of IL-6 and neurotrophins at sites of nerve injury,
indicating that neurotrophin-cytokine cross talk is involved in both physiological and
pathological processes in the CNS (Otten et al., 2000). An intriguing fact is that in addition to
the membrane-bound IL-6R, a soluble form of the IL-6R (SIL-6R) can be generated by
shedding of IL-6R or alternatively by splicing of the IL-6R mRNA, which can form a IL-
6/sIL-6R/gp130 complex to thereby activate the IL-6 signal transduction pathway (Rose-John
and Heinrich, 1994). The neural activities of IL-6 are importantly modulated by sIL-6R. It has
been found that cultured sympathetic and sensory neurons as well as PC12 cells require IL-6
and sIL-6R for survival and differentiation (Marz et al., 1999). Besides, the co-administration

of IL-6 and sIL-6R was found to delay the progression of motor neuron disease (MND) in

11



Ming Y Introduction

wobbler mice, indicating the neuroprotective mechanism of IL-6 functioning through IL-

6/sIL-6/gp130 complex on motor neurons (Ikeda et al., 1996).
1.6.2.3. LIF

Although LIF was initially identified as a glycoprotein that suppressed proliferation of
MI myeloid leukemic cells and induced their differentiation (Tomida et al., 1984), it was
afterwards known to be equivalent to cholinergic differentiation factor (CDF) on the basis of
its activity in inducing the production of acetylcholine in sympathetic neurons (Yamamori et
al., 1989), which is capable of acting on many different tissues at various stages during
development and maturity (Yamamori, 1991). LIF was shown to regulate expression of
multiple neurotransmitters and neuropeptides in many neuronal cell types (Patterson and
Nawa, 1993). In the PNS, LIF was found to promote the neuronal generation from neural
crest in vitro and to support the survival of sensory neurons from embryonic DRG (Murphy et
al., 1991). Furthermore, it was shown that sciatic nerve axotomy induced a robust increase in
expression of LIF in the peripheral nerve in distal segments and the ability of sensory neurons
to transport LIF retragradely was enhanced after axotomy, suggesting that LIF, acting as a
target-derived neuroregulatory factor, analogous to NGF, play a role in peripheral nerve

regeneration (Curtis et al., 1994).

1.7. Pro-inflammatory Cytokines

It is becoming increasingly clear that there exists a bi-directional communication between
the nervous and the immune systems. This cross talk mostly depends on cytokines that have
functionally been classified as being either pro-inflammatory (Th1-type, stimulatory) or anti-
inflammatory (Th2-type, inhibitory) depending on the final balance of their effects on the
immune system (Mosmann et al., 1986). Cytokines and other products of the immune cells
can modulate the action, differentiation, and survival of neuronal cells, while the
neurotransmitter and neuropeptide released from neurons play an important role in
influencing immune response. Accordingly, in the nervous system, cytokines function both as
immunoregulators and neuromodulators to participate in the complex autonomic,
neuroendocrine, metabolic, and behavioral responses to infection, inflammation, trauma,
ischemia and other diseases (Sternberg, 1997).

Resident or infiltrating cells can synthesize cytokines in CNS. The major source of pro-

inflammatory cytokines in CNS, such as interleukin-1 (IL-1B), tumor necrosis factor-a
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(TNF-a)) and interferon-y (IFN-Y), appears to be activated microglia and astrocytes (Giulian et
al., 1986; Chung and Benveniste, 1990; De Simone et al., 1998a; Schmidt et al., 1990),
however, neurons also produce cytokines (IL-6, TNF-a) (Schobitz et al., 1992). Moreover,
following CNS damage or infection, peripheral immune cells, such as macrophages, T cells
and neutrophils, can invade CNS due to breakdown of the blood-brain barrier (BBB) and
increase local synthesis of pro-inflammatory cytokines as IL-1f, IL-6, TNF-a and IFN-y. All
these molecules functioning as regulators or mediators are instrumental in the course of
several PNS neuropathies (Creange et al., 1997).

Since inflammation has been suggested to contribute to the outcome of pathological
processes such as stroke, neurodegenerative diseases in nervous system, it is conceivable that
pro-inflammatory cytokines, including TNF-a, INF-y, IL-1B, and aforementioned IL-6, may

play important roles also in aging-related sensorimotor disturbances.
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2. AIMS OF THE STUDY

The objective of this work was to reveal some of the molecular mechanism underlying the
aging-related phenotypic changes of motoneurons and primary sensory neurons during aging.

The specific aims were:

To EXAMINE the regulation of neurotrophin-trk signaling in peripheral nerves and target

muscles during aging (Paper I)

To STUDY alterations in the expression of GDNF family of ligands and receptors in sensory

as well as motoneurons, peripheral nerves and target muscles in senescence (Papers 11 & IIT)

To INVESTIGATE alterations during aging in the expression of FGF-2 signaling components
and molecules of gpl130 family in the somatic motoneurons of the spinal cord and target

muscles (Paper [V)
To SEEK evidence of changes in the expression of cytokines in the spinal cord of aged rats,

which may provide insights into the actions of cytokines in aging-related sensorimotor

dysfunction (Paper V)
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3. MATERIAL AND METHOD

3.1. Experimental Animals (Paper I-V)

In this thesis work, a total of 52 young adult (2-3 months old; body weight 200-250g) and
54 aged (30 months old; body weight 240-360g) female and male rats (strain: Bkl, Harlan
Sprague-Dawley, Houston, TX) were used. The animals were delivered by a local breeder (B
& K, Stockholm, Sweden) at an age of 2 months and were thereafter kept under standardized
barrier-breeding conditions with food and water available ad libitum (R70 with reduced
protein content, Lactamin, Vadstena, Sweden). Under these conditions the median survival
time is 30 months (£2 months across cohorts), and herein the 30-month-old rats were defined
as aged (see Appendix). Rats showed a progressive deterioration of sensorimotor behaviour
during aging, with mild symptoms usually emerging at an age of 24-26 months and being
mainly confined to the hindlimbs. All aged rats used in the study disclosed symptoms of
behavioral sensorimotor disturbances (stage I-III, see Appendix). All experiments were
approved by the Local Ethical Committee (Stockholms Norra Djurforséksetiska Namnd; proj.
nos. N263/95; N90/97; N54/00).

For tissue collection, the animals were deeply anaesthetized with chloral hydrate
(300mg/kg i.p.). For ISH, RT-PCR, Northern blot experiments, the rats were sacrificed by
decapitation. The examined tissues were quickly dissected out and divided into segments,
which were immediately frozen on dry ice or in liquid nitrogen and stored at -80°C until
further processing. For THC experiments, the deeply anaesthetized rats were perfused
transcardially with a solution containing 4% w/v paraformaldehyde and 0.2% picric acid in
0.1M phosphate-buffered saline (PBS). The spinal cords were then quickly dissected out and
divided into segments, which were postfixed (1.5hr, 4°C) in perfusion solution, incubated in
10% Sucrose in PBS at 4°C overnight, washed in PBS, and finally stored at -80°C until

further use.
3.2. RT-PCR (Paper L, I11. IV, V)

For RNA isolation, the tissue samples from the young adult rats were pooled, whereas
those from the aged rats, except for some examined regions were processed individually.
Total RNA was isolated from the tissues according to the Trizol protocol (GibcoBRL, Life
Technologies, Taby, Sweden). RNA amount and purity was measured in a spectrophotometer

(Pharmacia Ultrospec-Plus, Uppsala, Sweden or Eppendorf BioPhotometer, Westbury, USA).
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Our detailed RT-PCR procedure has been described in Paper III. Briefly, reverse
transcription was conducted in a reaction volume of 10ul or Sul RT-reaction mix (Applied
Biosystems, NJ, USA) containing 100ng or 25ng total RNA, incubated at 25°C for 10 min,
42°C for 15 min, 99°C for 5 min, and finally at 5°C for 5 min in a GeneAmp PCR system
2400 (Applied Biosystems). PCR was carried out by addition of a PCR master mix (Appled
Biosystems) to the RT-reaction mix, yielding a reaction volume of 50ul or 25ul. For each
experimental sample, three PCR reaction mixtures were prepared and subjected to three
different numbers of PCR cycles (e.g. 31, 33 and 35 cycles), which were chosen according to
preceding pilot experiments on young adult and aged rat tissues so as to keep the PCR

amplification within the range of exponential progression (see Fig. 1). Note that since the
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Figure 1. RT-PCR amplification kinetics for positive control and GAPDH. Optical density
values (logjy scale), derived from the agarose gels shown below the graphs, were plotted
against the number of PCR cycles (27-49). The amount of input RNA for the positive control
(pAWI09RNA) was 10" RNS copies and for GAPDH 0.Ing of spinal cord total RNA.
Amplification was linear up to 35 cycles for positive control and GAPDH, and thereafter
reached a plateau. The arrowheads indicate the 300bp band in a 100bp DNA ladder, showing
bands of appropriate size for positive control (308 bp) and GAPDH (278bp). (Paper III)

abundance of the examined mRNAs varies, the number of PCR cycles to be used varied

accordingly. After 12 min at 95°C to activate the enzyme, cycling at the chosen number of
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cycles was carried out under the following conditions: denaturation at 95°C (15 sec.) and
primer annealing/extension at 60°C (30 sec., with an automatic increment of 3 sec/cycle). At
the end of the last cycle, the reaction was kept at 72°C for 7 min and then brought to 4°C. In
all experiments RT-PCR was performed simultaneously on young adult and aged rat samples,
with the internal control (GAPDH or 18S rRNA) run in parallel with the examined mRNAs.
The commercial IL-lo primer set DM151/DM152 (Applied Biosystems) was used as a
positive control to analyze failures during the PCR process. The oligonucleotide primers used
for the PCR reactions were summarized in Table 1. All primer sequences were checked in
GenBank to avoid inadvertent homologies. The intron-spanning B-actin primers were used to
check for DNA contamination of the samples.

For semi-quantification, 10ul of the PCR reaction product was electrophoretically run on
a 1.5% agarose gel containing ethidium bromide (1.25ug/ml). The gels were visualized in a
UV-transilluminator and images were captured using an 8-bit CCD camera (Nikon, Japan).
Subsequent analysis, using the Optimas 6.5 software (Optimas Co., Bothell, WA, USA),
included measurement of the integrated gray levels of each band, correction for local
background and normalization against housekeeping mRNA levels. The data, i.e. the mean of
the normalized values for the three cycle points, are presented as the percentage differences of
the unit ratio between aged and young adult rats. In the evaluation of the results, arbitrary
limits were set such that differences of > 100% were considered significant and > 50-100%

were considered as tendencies.

3.3. In situ hybridization (Paper II, IV, V)

In situ hybridization (ISH) was conducted as previously described (Dagerlind et al., 1992;
Bergman et al., 1996). The oligonucleotide probes (Table 2), evaluated by BLAST, had no
significant similarities to other sequences deposited in GenBank. The probes were labeled at
the 3’-end with [0-S] or [a-"’P] dATP by using terminal deoxynucleotidyltransferase
(Amersham Biosciences) and then purified by use of G-50 micro columns (ProbeQuant™,
Amersham Bioscience, NJ, USA). Fourteen um sections were cut in a cryostat. Following
hybridization and stringent rinse, the slide-mounted sections were dipped in NTB2 nuclear
track emulsion (Kodak), followed by exposure in the dark at 4° C for 1-4 weeks, yielding a
nonsaturated signal with preserved dynamics. After development in Kodak D-19, the sections
were counterstained with propidium iodide (Sigma), dehydrated and cover-slipped in
glycerol. The hybridization stringency conditions used here do not allow cross-reaction to any

related mRNA with less than 90% sequence homology.
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Table 1. Primer pairs used in the RT-PCR experiments

Target Upper primer Lower primer Product size (bp) GenBank
position position Accession
NGF 456-480 922-946 491 M36589
BDNF 2296-2318 2762-2786 467 D10938
NT3 308-332 767-791 484 M34643
NT4 367-386 752-774 408 M86742
trk A 1011-1034 1309-1333 323 M85214
trk B 2233-2255 2651-2675 443 M55291
trk C 2377-2400 2598-2622 246 L14447
p75NR 169-192 572-596 428 X05137
18STRNA 1112-1129 1505-1526 415 MI11188
GAPDH 763-787 1017-1040 278 X02231
B-actin 1663-1687 2535-2559 cDNA:433 Vo1217
Genomic DNA:897
GDNF 32-55 557-581 550 and 472 L15305
NTN 707-731 889-912 206 U78109
GFRal 667-691 1390-1413 747 U59486
GFRa2 536-560 1091-1113 578 U97143
Ret 2240-2263 2644-2668 429 X67812
FGF-2 612-637 899-923 312 M22427
FGFRI 1194-1216 2049-2072 879 D12498
FGFR2 55-75 421-438 384 L19109
CNTF 278-304 680-705 428 X17457
CNTFRa 686-710 991-1011 326 S54212
LIF 195-220 509-532 338 ABO010275
LIFR 2618-2639 2946-2969 352 D86345
IL-1B 293-316 620-639 325 M98820
IL-6 7950-7968 8673-8691 742 M26745
IL-6R 1311-1331 1656-1675 365 NM_017020
gpl30 1944-1967 2442-2465 522 M92340
IFN-y 71-91 376-395 325 AF010466
[FNyRI 762-784 1299-1323 562 AF201901
[FNyR2 1-26 399-423 423 S69336
MHC [ 908-932 1217-1241 334 126224
B.-MG 25-50 274-293 269 Y00441
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To analyse the ISH results, 5-10 slides were systematically sampled for target mRNAs,
with each slide containing both young adult and aged cases. In each section, fields were
sampled using a Nikon Microphot-FX microscope, equipped with an Ultrapix 1600 CCD
camera with a 1536 x 1024 element matrix (Astrocam Ltd., Cambridge, UK). In DRGs, one
field per case and section was sampled, covering both the central and peripheral parts of the
DRG. In each section of the spinal cord, the left and right motor nuclei were examined and
images were captured systematically. Image pairs were generated from each field and
presented as a 24-bit RGB image, with the silver grain image and the counter stain image in
separate channels. In the recorded images, analyses included silver grains over all DRG
neuron profiles with a clearly visible nucleus, and over all neuron profiles in the spinal cord
with a diameter exceeding 30um, thus representing o-motoneurons. A binary threshold was
set for the silver grain image, and data was then extracted from the selected cell profiles or
area, providing information about their cross-sectional area and the percentage of that area
covered with silver grains (labeling density). In total, several decades to several hundred
profiles were analysed for each probe and in each age group. Furthermore, in each recorded
field the background labeling density was sampled in a representative portion of the
interstitium or neuropil. It should be noted that the data analysis of labeling densities was

made without any preconceived opinion of cell profiles.

3.4. Northern blot (Paper II)

Total RNAs (30ug/lane) of both aged (individual) and young adult (pooled) spinal cords
were separated on a 1% formaldehyde agarose gel and then transferred to Genescreen ™ Plus
membranes (DuPont NEN, Boston, USA). The RNA was fixed to the membrane by baking at
80°C for 2 hr. Probe labeling has already been described in the section of ISH. The
membranes were prehybridized and then hybridized with **P-labeled GFRaul, Ret and
GAPDH probes (see Table 2) at 65°C in 5 x sodium chloride sodium phosphate EDTA
(SSPE), 0.5% (w/v) sodium dodecyl sulphate (SDS), 5 x Denhardt’s solution and 100pg/ml
denatured salmon sperm DNA. The membranes were rinsed to a final stringency of 0.1 x
SSPE, 0.1% (w/v) SDS at 55°C and exposed to Fuji Bas UR Imaging plates (Fuji Photo Film
Co., Tokyo) for two days. The exposed plates were then read in a Fuji Bas 3000 Bio-imaging
Analyzer (Fuji). Each filter was then stripped by boiling and rehybridized according to the
following scheme: totally three membranes were used and first hybridized with one of the

probes (detecting c-ret, GFRo-1 or GDNF, respectively); e.g. against c-ret mRNA, then
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Table 2 Oligonucleotide probes used in the ISH or Northern blot experiments

Target | Length Probe Probe sequence GenBank
(bp) position Accession
GFRal 47 805-851 tggacatgetggtggtgcagggggtgatgtaggcegacctgtactte U59486
Ret 50 2527-2576 | atetgecaggegaaggagatgaggteaccealggleagtacecttteate X67812
GDNF 50 540-589 cctgeaacatgectggectaccttgtcacttgttagecttctactte L15305
GAPDH 43 860-902 gecteagtgtageccaggatgeectttagtgggeccteggee X02231
FGFRI1 40 1511-1543 tettcacggeceactitggteacgeggtigggtigtgteett D12498
CNTFRa 48 467-514 acagtcacattgaaggtatiggggatgtaggtgggggeggacaggtge S54212
LIFR 48 3023-3070 catcacggggtcagtgteetgetegtectetgettiggettgtggetg D86345
[L-6R 46 501-547 tgeaaacatcacagecticgtggtiggagagggagtgetgetigga NM 017020
gp130 48 1908-1955 | teccageagegtigtcaggaggaaagetaageacacaggeacgactat M92340
[FN-yR 48 80-120 ctceactecegatctecgeagacagceatcaggaccaccageagaatea AF201901
[FN-yR 48 1041-1088 agticttectgetetggtgettctaggetgictggagtigicactgtg AF201901
[FN-YR 48 364-412 cgcataggcagattctctttgtccaaccttggecttaactctggececa AF201901
MHC 1 48 1002-1049 cctttcecacctgtgtttctettcctectectectcacaacagecace 1L.26224
B-MG 48 276-323 tgacgtgtttaactctgeaageatatacateggteteggtgggtgtga Y00441
CGRP 35 664-698 gttccattgagtcacaacattaccatgtccccaga M11597
GAP43 48 70-117 cteatcattcttttcaacctgtttggttcttctcatacagcacagceat M16228

stripped, rehybridized with the GAPDH mRNA detecting probe, stripped again and
hybridized for a third time with (in this example) the probe detecting GFRo-1 mRNA. The
transcripts visualized by Northern blot with our probes were similar to other independent

observations (Reeben et al., 1998).

3.5. Immunohistochemistry (Paper II, IV, V)

The sections of fixed spinal cords were cut at 14 pum in a cryostat, thawed onto
gelatin/chrome-alum coated slides. The section-mounted slides were rehydrated in PBS and
incubated with polyclonal antibodies at 4°C overnight or with monoclonal antibodies for 72
hr. All the antibodies were summarized in Table 3. After incubation with the primary
antiserum, the sections were rinsed several times in PBS and incubated with fluorescent
(FITC or/and Rhodamine Red™) conjugated secondary antibodies for 30 minutes at 37°C.
Thereafter, the sections were thoroughly rinsed in PBS and mounted in glycerol/PBS (3:1)
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containing 0.1% para—phenylenediamine in order to retard fading (Johnson and de C
Nogueira Araujo, 1981; Platt and Michael, 1983). In a somewhat modified protocol, sections
from the unfixed tissues were transferred to a fixative containing 4% w/v paraformaldehyde
and then treated identically as the sections from the perfusion-fixed tissues.

The relevant antibodies have been tested extensively with respect to specificity that can be
controlled by preabsorption of the antibody with appropriate antigen, which should abolish
staining, or by omission of primary or secondary antibodies, resulting in no detectable
labeling, and/or by Western blot demonstrating a single band. Despite these controls, it must
be acknowledged that an element of uncertainty still remains as to the specificity of the
staining, and consequently antibody labeling was referred to as **-like immunoreactivity (-LI)”
or “~immunoreactivity (-IR)”.

The tissue sections were examined either in a Nikon Microphot-FX epi-fluorescence
microscope equipped with appropriate filter combinations (Nikon, Japan) or a Bio-Rad

Radiance Plus laser confocal scanning system (Bio-Rad, Hercules, Ca, USA).
3.6 Statistics (Paper I1, IV, V)

One way of analysis of variance (ANOVA) followed by Fisher’s LSD was used to test for
the differences within or between groups with more than two samples, with the level of
significance were indicated as follows: n.s., non significant; *, p<0.05; **, P<0.01; ***,
p<0.001 (Paper II). Differences between two groups were analyzed by Kruskal-Wallis
analysis of variance followed by Mann-Whitney U test, with level of significance p<0.05
(Paper IV, V).
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Table 3 Primary antibodies used in the IHC experiments

Antibody | Raised | Dilution | Study Reference
in
CNTF Rb 1.500 \Y% (Stockli et al., 1991)
EDI Mo 1.500 v (Dijkstra et al., 1985)
ED2 Mo 1.500 v (Dijkstra et al., 1985)
FGF-2 Mo 1:400 v (Jietal, 1995b)
GFAP Mo 1:1000 v Sigma
GFAP Rb 1:1000 v (Persson, 1995)
GFRal Rb 1:100 [I Dr. Carlos Ibafiez
IL-1B Go 1:40 v R&D systems, UK
[L-6 Go 1:40 v (Lemke et al., 1998)
MHC I Mo 1:400 \Y4 Serotec, UK
0X42 Mo 1:1600 v (Robinson et al., 1986)
TGF-B1 Rb 1:80 v (Zhu et al., 2000)
TNF-o. Go 1:80 v (Acarin et al., 2000)
Transferrin Rb 1:1000 v (Persson, 1995)
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4. RESULTS AND DISCUSSION

4.1. Neurotrophin-trk signaling and aging-related sensorimotor impairment (Paper I)

Neurotrophins (NGF, BDNF, NT3, and NT4), signaling through the trk (A/B/C) receptor
family alone or together with p75"'%, have been suggested to influence cell phenotype,
synaptic plasticity, neuronal regeneration and resistance to degeneration in adulthood (Rask
and Escandon, 1999). Accumulating evidence indicates disturbed neurotrophin-trk signaling
as an underlying mechanism in peripheral neuropathies and aging-related aberrations (Rylett
and Williams, 1994). It has been shown from the previous studies that a selective expression
of trkA and trkC exists in small and large PNS neurons, respectively, and trkB is expressed by
neurons of all size categories in the aged rats (Bergman et al., 1996; Bergman et al., 1999b),
and that the expression of trk receptors become downregulated in DRG and spinal motor
neurons of aged rats with behavioural sensorimotor deficits (Johnson et al., 1999a; Bergman
et al., 1999b). It is interesting to note from lesion experiments and transgenic animals that
target-derived neurotrophins can regulate the cognate trk receptor expression in primary
sensory neurons both during development and in adulthood (Krekoski et al., 1996; Lindsay,
1992; Raivich et al., 1991; Kitzman et al., 1998). In this respect, trk downregulation in aging
DRG and spinal motoneurons may reflect a failure of targets to supply neurotrophic factors.
In support of such a hypothesis, the expression of neurotrophins in the peripheral target
tissues and peripheral nerves of aged rats was examined by use of RT-PCR.

In target muscles, a significant downregulation of NGF and NT4 mRNAs, as well as
tendencies for a downregulation of BDNF and NT3 mRNAs were observed (Fig. 2 A), and
notably, the decrease co-varied with the extent of behavioural sensorimotor disturbances
among the aged individuals (Fig. 2 B). These regulations have been confirmed in an
independent study (Jiang et al., 2002). The amount of extracted total RNA in the individual
spinal cord samples was ample enough to allow detection of p75" '~ and trk mRNAs by RT-
PCR. In line with previous findings (Johnson et al., 1999), tendencies for p75~ * mRNA
upregulation (+77%) and trk mRNA downregulation (trkA: -56%, trkB: -27%, trkC: -30%)
were observed.

It has been previously inferred that the downregulation of trk receptors may be due to a
decreased access to target-derived neurotrophins, suggesting that several of the observed

phenotypic changes in aging DRG neurons may be explained by an attenuated neurotrophin-

23



Ming Y Results & Discussion

asa

B NGF
£ a0l B BONF
8 1l monrs
i 280N m owrs
§ 200%
= o
3
& 100%-
z
5 sou
. [
3 e
2 so%

3
@
©
8
(3]

SeiN Mu

3
=
*®

1 NGF | BDNF | NT-3 ]NT-4

b3
#

F n
o S
R ES

Aged / Young Adult (mean)
& .
*

8
2

|z
Behavioral Stage ™ 2-3
W3

B.

Figure 2. (4) Relative expression of NGF, BDNF, NT-3 and NT-4 mRNAs in different tissue
regions (spinal cord, SC; dorsal root ganglion, DRG; sciatic nerve, SciN; triceps surae
muscle, Mu) of aged rats (data from individual cases pooled). (B) Relative expression of
NGF, BDNF, NT-3 and NT-4 mRNAs in triceps surae muscles of aged rats (individual). The
data of both (4) and (B) are presented as the percentage difference of unit ratio between aged
and young adult rats. (Paper I)

trk signaling (Bergman et al., 1999). The results of Paper I lend support to this notion and
add evidence that the expression level of trk receptors in adult DRG neurons, at least in part,
is regulated by target-derived neurotrophins.

NTR
5

The increased expression of p7 mRNA in aged motoneurons may represent a

compensatory mechanism for the decreased availability of target-derived neurotrophins in

aged rats, by means of a positive effect of p75™'*

on formation of high-affinity binding sites,
internalisation and retrograde transport of neurotrophins, or possibly by increasing the
selectivity of trk receptors for their preferred ligands (Curtis et al., 1995; Bothwell, 1995).

In contrast, the peripheral nerve of aged rats showed a significant upregulation of NGF,
BDNF and NT4 but not NT3 mRNAs (Fig. 3 A). This pattern of regulation is analogous to
what observed in lesioned nerves of young adult rats, where the upregulation of neurotrophins
has been suggested to take place mainly in Schwann cells and to play a role in the

regeneration of sensory and motor neurons (Meyer et al., 1992; Funakoshi et al., 1993).
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However, the increased levels of neurotrophins in the nerve do not affect the typical
phenotypic changes of the axon-lesioned DRG neurons (Verge et al., 1996; Krekoski et al.,
1996; Johnson et al., 1995). Conversely, exogenously supplied neurotrophin can partially
reverse the ‘axon reaction’ phenotype of DRG and motoneurons, it seems therefore that
exogenously administrated or target-derived, but not Schwann cell-derived neurotrophins can
regulate expression of trk receptors in peripheral sensory neurons (Verge et al.,, 1996;
Friedman et al., 1995). The fact that Schwann cells also express neurotrophin receptors in
response to nerve lesion in adulthood (Johnson et al., 1988) and during aging (Bergman et al.,
2000) may indicate that Schwann cell-derived neurotrophins have a predominantly local
effect. At the site of nerve insult, neurotrophins may exert effects in glial cell reaction and
may also be important for attracting the growth cones of the regenerating axons without
affecting other phenotypic switches in the ‘axon reaction’ of the neurons (Verge et al., 1996;
Krekoski et al., 1996).

In conclusion, the results of Paper 1 add evidence suggesting that there is an aging-related
attenuation of neurotrophin signaling between target tissues on one hand and DRG and
motoneurons on the other hand. Furthermore, that target-derived neurotrophins seem to
regulate the expression levels of trk receptor mRNAs in both DRG and motoneurons also

during aging (c.f. Griesbeck et al., 1995).

4.2. Possible protective effect of GDNF signaling on aged sensory and motor neurons
(Paper II and IIT)

Primary sensory neuron (PSN) and spinal motoneurons show a complex pattern of changes
at the cellular level during aging. It is well established that aging is associated with axon
aberrations, such as axon atrophy and dystrophy, de- and dysmyelination, and signs of
degeneration in peripheral nerves and spinal roots (Knox et al., 1989; Fujisawa, 1988;
Bergman and Ulthake, 2002). It has been shown that the attenuation of sensory innervation
more extensively involves terminal branches of myelinated proprioceptive/exteroceptive
fibres than unmyelinated nociceptive fibres, thereby, aging individuals are more affected by
disturbed propriception that by changes in nociception (Woollacott, 1986; Bergman and
Ulthake, 2002). In addition to the aforementioned neurotrophin signaling, the more successful
aging of nociceptive than of proprioceptive primary sensory neurons may be due to other
neurotrophic factors in adulthood. GDNF family ligands (GDNF, NTN, PSP and ART)
belong to such candidates owing to the fact that GDNF was found to be a powerful trophic
substance for PSNs (Moore et al., 1996; Bennett et al., 1998a; Matheson et al., 1997; Buj-
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Bello et al., 1995) and motoneurons (Oppenheim et al., 1995; Yan et al., 1995; Henderson et
al., 1994; Vejsada et al., 1998; Sanchez et al., 1996; Li et al., 1995). Moreover, evidence
indicates that GDNF can protect the B4-binding nociceptive neurons as well as the axon
conduction velocity of C-fibers in axon-lesioned adult sensory neurons (Bennett et al.,
1998b). The main signaling pathway for GDNF is through binding to GDNF receptor GFRal;
the GDNF/GFRal complex binds and activates the c-Ret receptor that is the signal-
transducing component. Both GFRal and c-Ret are expressed in adult motoneurons as well as
in subpopulations of primary sensory neurons (Nakamura et al., 1996; Klein et al., 1997,
Colucci-D'Amato et al., 1996; Trupp et al., 1997; Buj-Bello et al., 1995).

By use of in situ hybridisation (ISH) and immunohistochemistry (IHC), it was shown that
the expression of GFRal and c-Ret was upregulated in spinal motoneurons and DRG neurons
(Paper II). Based on the observations made in the developing kidney, enteric neurons, and the
nigrostriatal pathways (Schaar et al., 1993), both GFRal and c-Ret mRNA appear to be
regulated by the amount of accessible ligands, i.e. GDNF (and possibly also NTN). In the
mature rat, insults of the peripheral motor axon result not only in an upregulation of GDNF
both in the target muscles and the supporting Schwann cells, but also in an increase of GFRal
mRNA in the latter (Naveilhan et al.,, 1997; Trupp et al., 1997). Accordingly, there is an
upregulation of both GFRal and c-RET in the axotomized motoneurons, while c-Ret
continues to be expressed at only low levels in the nerve and target muscle (Naveilhan et al.,
1997). GDNF synthesized in Schwann cells and target muscles may act as a ligand to the
GFRal/c-Ret receptor complex, expressed by the lesioned motoneurons, but also as a soluble
GDNF/GFRal complex that could signal through the c-Ret receptors (Yu et al., 1998). The
upregualtion of GFRal and c-Ret in the aged sensory and motor neurons seems to indicate an
increased expression of GDNF. However, the expression of GDNF mRNA was below
detection level in the spinal cords of both young adult and aged rats with ISH and Northern
blot, suggesting that an increased level of the ligand may derive from Schwann cells of the
peripheral nerve and/or from the target muscles.

The expression of GDNF and NTN mRNA was examined by the more sensitive RT-PCR
in aged dorsal root ganglia, spinal cord, peripheral nerve as well as target muscles (Paper III).
[t was then found that GDNF, but not NTN, was strongly upregulated in target muscles and to
a lesser extent also in peripheral nerve, roots and DRGs, but not in the spinal cord of the aged

rats (Fig. 3)
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Figure 3. Relative expression of GDNF mRNA in different tissue regions (spinal cord, SC;
dorsal root ganglion, DRG, sciatic nerve, SciN; triceps surae muscle, Mu; ventral root, VR;
dorsal root, DR) of aged rats. The mean gray values obtained for GDNF, run at three
different PCR cycle points, were corrected for local background and normalized against
GAPDH mRNA levels. The data, i.e. the mean of the normalized values for the three cycle
points, are presented as a ratio between aged (data from individual cases pooled) and young
adult rats. Note that the aged rats were analyzed individually, except for the ventral and
dorsal roots. (Paper I1I)

In the adult, GDNF is constitutively expressed in neurons and astrocytes of the CNS, in
Schwann cells and satellite cells, in skin and, at least in some species, in skeletal muscle
(Trupp et al., 1995; Hammarberg et al., 1996; Schaar et al., 1993; Trupp et al., 1997). The
increase of GDNF mRNA was dramatic in the muscles, while the changes in the peripheral
nerve, roots and DRG were more discrete. Thus, the main source of GDNF during aging
appears to be the target muscles. Albeit being sensitive, the RT-PCR protocal used here
cannot determine the cellular origin of the mRNA species. For example, it is possible that
terminal Schwann cells rather than muscle fiber, or both, contribute to the increased amounts
of GDNF mRNA in the muscle samples seen in this study. Both GFRal and GFRo2 were
upregulated in aged DRG. GFRaz2 is the preferred receptor of NTN, but we could not detect
any significant changes in NTN mRNA during aging. Since GDNF also binds to GFRa2
(Bennett et al., 1998a), it does not necessarily reflect a difference in GDNF/NTN dependence
on GFRa2: GDNF, being perhaps the most potent neurotrophic factor for motoneurons
discovered so far, is retrogradely transported and can rescue motoneurons fro axotomy-
induced cell death, improve motoneurons regeneration and has been claimed to preserve the
cholinergic phenotype of lesioned motoneurons (Naveilhan et al., 1997; Yan et al., 1995;
Henderson et al., 1994; Trupp et al., 1997). The increased GDNF signaling between the target

muscles and motoneurons may serve as a compensatory mechanism in the context of
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decreased neurotrophin-trk signaling in aging motoneurons, promoting axon regeneration
(Naveilhan et al., 1997; Trupp et al., 1997), sprouting, and muscle fibre re-innervation
(Nguyen, 1998), and may be mechanistic in the protection of cell-body size and cholinergic
phenotype (Johnson et al., 1999a). It has been found that GDNF has inhibitory effects on the
generation of radical oxygen species (ROS) (Irie and Hirabayashi, 1999) and may have
protective function on motoneurons (Irie and Hirabayashi, 1999). For the DRG neurons
affected by aging, increased GDNF-GFRal(a2)/Ret signaling in aged sensory pathways may
explain the preserved B4 phenotype and the lack of cell body atrophy among the nociceptive
sensory neurons, while the large/RT97-immunopositive propriceptive sensory neurons show
signs of both cell body atrophy and extensive axon degeneration in senescence (Bergman and
Ulthake, 1998; Fundin et al., 1997).

As summarized in Fig. 4, the regulatory changes with an increased GDNF signaling
observed in aged rats in a milieu of decreased neurotrophin-trk signaling seem consistent with

the phenotypic changes characterizing senescence.
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Figure 4. Schematic representation summarizing expression changes observed in aged rats.
The changes occurred are indicated by arrows as follows: up-regulation (1), down-regulation
(1), no change («<). (Modified from Paper III)
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4.3. Alterations in the expression of FGF-2 signaling components and gp130 cytokines in
senescent motoneurons and target muscles (Paper IV)

Aging motoneurons show a distinct pattern of phenotypic changes with small loss of
motoneurons, a preserved cholinergic phenotype and no signs of cell body atrophy (Johnson
et al., 1995). In addition, both CGRP and GAP43 are marked upregulated in aged
motoneurons (Johnson et al., 1995). Our previous data of a decreased neurotrophin (BDNF,
NT3, NT4)-trk signaling and an increased signaling of GDNF-GFRal/c-Ret during aging
were proposed to be responsible for the ‘aged’ motoneurons phenotype. Besides, members of
the fibroblast growth factor (FGF) family e.g. FGF-2 as well as the neuroregulatory cytokines
signaling via gp130, which exert effects on motoneurons during development and also act as
‘survival® signals in traumatic and neurodegenerative conditions, may be of importance in
senescence. Thus, we examined if these signaling pathways are regulated in spinal
motoneurons and target muscles during aging by RT-PCR, ISH and ICH techniques. While
we could establish a small upregulation of FGF receptor 1 (FGFR1) in motoneurons and a
tendency for increased FGF-2 labeling in spinal cord astroglia, no regulatory change in gp130
signaling components (CNTF, IL-6, LIF, CNTFRa, LIFR, IL.6R or gp130) could be observed
in the spinal cord during aging. However, in the target muscles there was a marked
downregulation of IL-6 and FGF-2 mRNAs, and an upregulation of FGFR1, CNTFRa and
gp130 mRNAs in the target muscles during aging. FGF-2 as well as IL-6, LIF and CNTF
have been shown to be ‘survival’ signals for motoneurons. The signaling through gp130, by
way of LIFR, IL-6R and CNTFRa are important during prenatal and postnatal development.
Evidence has also been provided that at least some of these ligands are retrogradely
transported, and thus they may act as a target-derived survival factor as well as by way of
paracrine/autocrine loops. Therefore, it is conceivable that maintained signaling of the gp130
cytokines and the possible increased FGF-2/FGFRI1 signaling are involved in the phenotypic
makeup of in aged motoneurons. Given the analysis result of FGFR1 expression, the likely
sources of FGF-2 for the motoneurons are astroglia in the spinal cord and Schwann cells of
the peripheral nerve compartment.

The increased levels of FGFR1, gp130, CNTFRa and IL-6R in the target muscle may

reflect the repair situation in senescent muscles.

4.4. Role of cytokines in the aged spinal cord characterized by gliosis associated with
axon aberrations and disturbed myelination (Paper V)
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The normal function and homeostasis of the central nervous system (CNS) is dependent
on an intricate network of cross talk between neurons and glia, which have been found to play
an important role in injury and neurodegenerative processes in the CNS. With increasing age,
the ratio of glial cells to neurons increases resulting in gliosis, the extent of which correlates
with loss of synaptic bouton, axon aberrations, disturbed myelination and behavioural
sensorimotor impairment (Kullberg et al., 1998; Kullberg et al., 2001). Albeit these changes
are extensive during aging, the underlying molecular cross talks are not well understood.
Cytokines, being multifunctional pleiotropic proteins that play crucial roles in cell-to-cell
communication and cellular activation, might be good candidates to be investigated in this
respect. Herein, we examined the expression of several cytokines (INF-y, TNF-q, IL-1p, IL-6,
TGF-B1) in different glial cell types as well as spinal cord motoneurons of aged rats and
young controls by use of ISH, [HC and RT-PCR.

The key findings was a significant increase of INF-y mRNA in the aged spinal cord,
concomitant with the upregulation of INF-y receptor complements (o-chain, INF-yR1; B-
chain, INF-yR2) and MHC I as well as ,-MG, known to be induced by INF-y. There is
evidence that in CNS both astroglia and microglia can synthesize [FN-y (De Simone et al.,
1998b), and neurons as well as glia express the IFN-y receptor (IFN-yR), which is a receptor
complex composed of a ligand binding subunit (a-chain) (Aguet et al, 1988) and a
transmembrane factor (B-chain) essential for downstream signaling (Hemmi et al., 1994; Tau
and Rothman, 1999). It was found here that motoneurons and probably also glia-like cells
express increased levels of [FN-yR mRNA during aging, and it seems as if the upregulation of
B-chain is more marked than that of a-chain, based on the RT-PCR results. I[FN-y receptor
signaling upregulates MHC antigen expression, which under normal conditions is very low in
CNS. The increased levels of both MHC I and B>-MG, in neurons and glial populations
overlapping those with increased levels of IFN-yR, may further provide evidence for an
increased IFN-y signaling in senescence. The increased expression of IFN-y observed here
agrees with the results from aged mice brain (Wei et al., 2000). Signs of increased IFN-y
signaling in aged rats were also evident in glia-like cell profiles in white matter region
affected by axon dystrophy and disturbed myelination, as well as in spinal root. In such
regions, both astroglia and activated microglia increase to maintain the organization of white
matter, to clear myelin debris and to pave way for subsequent remyelination after
demyelination damage (Avellino et al., 1995). In this respect, through paracrine or autocrine
loops IFN-y signaling may serve to activate resident astroglia and microglia in response to

aging-related myelin breakdown (Franklin and Hinks, 1999). Besides, there is mounting
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evidence showing that [FN-y may be involved in the concerted processes of neuronal
differentiation (Improta et al., 1988), neuronal protection from apoptosis (Chang et al., 1990),
signal transmission (Vikman et al., 2001), motoneuron response to axon lesion (Linda et al.,
1998), and synaptic plasticity during development (Corriveau et al., 1998). Thus, increased
IFN-y signaling in aged spinal cord implies that IFN-y may play an important role in the
process of demyelination-association inflammation and changes in synaptic connectivity.

In addition, TNF-o. IR was observed in both micro- and astroglial cells, but found no
change in senescence. Increased levels of IL-1pB, IL-6 and TGF-B1 [Rs were seen in aged
astroglial cells, and TGF-B1 IR was also increased in aged microglia. An increased expression
level of TGF-B1 mRNA during aging was seen with RT-PCR. Neuronal survival is critically
dependent on glial function, which can exert both neuroprotective and neurotoxic influence
(Giulian et al., 1993). Glial cells are a primary target of cytokines and are activated in
response to many cytokines, including TNF-a, [L-18 and [L-6. This activation can trigger
further release of cytokines that might enhance or suppress local inflammatory responses and
neuronal survival. Generally, immune cells, such as macrophages, T cells and neutrophils,
which can invade the CNS after injury or inflammation, are a rich source of cytokines. Likely,
resident neuronal and glial cells might produce cytokines within CNS. Because TGF-B1 exert
profound effects in oligodendroglia cell recruitment, oligodendroglia maturation, Schwann
cell growth as well as activity promotion and myelin formation (Franklin and Hinks, 1999),
the fact that small philopodia-carrying cellular profiles around the central canal were strongly
labeled with TGF-B1 in aged rats may represent newly formed cells recruited for glial cell
differentiation. Besides, TGF-B1 increases GFAP expression, the main intermediate filament
protein of astrocytes; it seems reasonable that increased levels of TGF-B1 may contribute to
the upregulation of GFAP in senescence. Our data also indicated the upregulation of IL-1p in
astroglia during aging, which might be in line with the notion that it promotes astrogliosis in
concert with TGF-B1 (Laping et al., 1994). IL-1B can upregulate [L-6 as well, and we
observed increased IL-6 IR in aged astroglia. In contrast, [L-6 mRNA was unchanged in the
aged spinal cord. Based on the evidence that [L-6 can cross the blood brain barrier (Gadient
and Otten, 1997), this discrepancy may have its explanation in take-up of systemic IL-6 that
has been found to increase in serum from aged mice and humans (Dobbs et al., 1999;
Spaulding et al., 1997; Perry and Brown, 1992; Ridley et al., 1989). Overall, cytokines, as
important immunoregulators and modulators of neural functions and neuronal survival,

appear to be involved in controlling various events in phenotypic changes during aging.
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5. GENERAL DISCUSSION

5.1 The scenario of senescent sensorimotor impairments

It has been commonly accepted that aging is associated with loss of cognitive powers and
motor function. The dictionary definition of senile as “‘showing characteristics of old age;
weak of mind and body” mirrors this fact. Impaired mobility and falls are, after cognitive
disorders, the major cause of diminished quality of life and lost self-reliance in older persons.
The prevalence of mobility dysfunction, which is 14% of the elderly population from age 65
to 74 years, increases sharply thereafter, involving almost half of those older than 85 years
(Odenheimer et al., 1994). Certain neurological symptoms and signs include muscle
weakness, increased proprioceptive thresholds and gait disorders characterized by small steps,
shuffling, hesitation, poor balance as well as unstable turn, which are often regarded as part of
“normal aging”. Similar ranges of behavioural deficits are encountered in aged rodents that
may possibly serve as a useful model (see Appendix) in trying to elucidate the mechanisms
underlying these disturbances. Intriguingly, both humans and rodents exhibit a considerable
variability in the effects of aging, which means that some individuals exhibit extensive
alterations with age, whereas others show little or no signs (Lamberts et al., 1997). The fact
that it seems possible to distinguish between “‘unsuccessful” and “successful” patterns of
aging in several species may indeed facilitate to identify factors of potential importance in the
generation of functional deficits during aging. The pattern of changes seen in “senile muscle
atrophy”, and variations in gait as well as balance control correlate with increased thresholds
for exteroceptive and proprioceptive sensations in aged animals and humans which have been
considered to be induced by loss of innervation (Kokmen et al., 1977; Larsson, 1982; Dyck et
al., 1984; Woollacott, 1986; de Neeling et al., 1994), neuron atrophy in certain cell
populations, loss of neuronal connections, axon dystrophy, myelin aberrations, as well as
characteristic phenotypic changes in gene-expression pattern. In addition, target failure or a
breakdown in the nerve-target interaction is probably a critical event in the aging process of

sensory and motoneurons.

5.2 Regulation of neurotrophic signaling in senescent sensory and motoneurons as well
as target muscles

Aging sensory neurons show a complex pattern of changes at cellular level, with a small
unselective loss of neurons, selective cell-body atrophy, abundant axon aberrations, and

phenotypic alterations in the expression pattern of neurotrophic receptors (Bergman et al.,
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1996; Bergman et al., 2000; Bergman et al., 1999a; Bergman et al., 1999b; Bergman and
Ulfhake, 1998; Fundin et al., 1997). Evidently, the level of trk expression in aged sensory
neurons is downregulated, concomitant with downregulation of neurotrophin mRNAs in
target muscles, which may reflect a failure of targets to synthesize neurotrophic factors.
Besides, the decrease of neurotrophin mRNAs in aged muscle co-varies with the extent of
behavioural sensorimotor disturbances among individuals. All these findings imply an
attenuated neurotrophin signalling between target tissues and PSN in senescence. Conversely,
in the peripheral nerve there is a significant upregulation of all neurotrophins mRNAs except
NT3 during aging, suggesting that neurotrophins produced by Schwann cells may play a local
role in the regenerative processes of sensory neurons (Meier et al., 1999; Anton et al., 1994),
since it seems that target-derived, but not Schwann cell-derived, neurotrophins exert effects
on the regulation of trk-receptor expressions in PSN. In contrast to trk receptors, the
expression of p75""® mRNA is slightly increased in aged PSN (Bergman et al., 1999b; see
also Paper I). The increased ratio of p75™" to trk might represent a compensatory
mechanism for the decreased availability of target-derived neurotrophins in aged rats, by
means of a positive effects on formation of high-affinity binding site, internalisation and
retrograde transport of neurotrophins, or possibly by increasing the selectivity of trk receptors
for their preferred ligands (Curtis et al., 1995; Bothwell, 1995). A number of studies have

shown that p75N™®

may signal independently of trk receptors, possibly mediating responses
ranging from apoptosis to cell migration and differentiation (Verdi et al., 1994; Casaccia-
Bonnefil et al.,, 1996; Carter and Lewin, 1997; Frade et al., 1996; Anton et al., 1994;
Rabizadeh et al., 1993; Bredesen and Rabizadeh, 1997). Although p75NTR may activate cell-
death pathways in PSN under certain circumstances, the net effect in vivo of p75N'%
expression appears to be promotion of survival in PSN. Besides, in aged rats there is an
increased GDNF-GFRal/Ret signaling during aging (see Paper II, III) that is of
considerable interest because GDNF can protect small nociceptive PSN, but has a negligible
effect on large myelinated fibres following axon lesioning (Bennett et al., 1998a; Molliver et
al., 1997; Munson and McMahon, 1997), which may add evidence on why myelinated are
more affected than unmyelinated sensory neurons.

Aging motoneurons show a distinct pattern of phenotypic changes, as well as extensive
signs of axon aberrations that may result in disconnection to an intact set of target muscle
cells. A successive dropout of motoneurons has been suggested to be responsible for the
changes seen in aging skeletal muscle. Motoneurons still connected to the muscle may try to

compensate through collateral re-innervation (Larsson, 1995; Larsson, 1982; Edstrom and
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Larsson, 1987), a process where terminal Schwann cells may play a key role. It has been
shown that aged motoneurons appear to have a preserved capacity of growth and regeneration
to reinnervate target muscle fibres following axon lesions (Kawabuchi et al., 1995; Kanda and
Hashizume, 1991). Thus, the process underlying senile muscle atrophy is more complex than
just a dropout of parent motoneurons, if senile muscle atrophy would be of neurogenic origin.
[t is conceivable that number of muscle fibres may decrease during aging due to a restrained
regenerative capacity of the muscle tissue per se. In aged rats, skeletal muscles show
downregulation of all neurotrophin mRNAs and the degree of decrease correlates with the
extent of behavioural sensorimotor impairment among the individuals (Paper I), confirmed
by Jiang et al., 2002. Combined with the evidence of downregulation of trkB and trkC
mRNAs in aged motoneurons (Johnson et al., 1996; Johnson et al., 1999b), the pattern of
regulation of neurotrophin-trk signaling in senescence suggests that spinal motoneurons
compete for a decreasing amount of target-derived trk ligands. The loss of muscle fibres and
the atrophy of the remaining fibres will mutually impose a reduced target size where the
remaining muscle fibres express neurotrophins at a decreased level. In contrast to trk, p75™' ¢
is markedly upregulated in aged motoneurons, which may work as an enhancer of
neurotrophin-trk signaling in a situation of diminished access to target-derived neurotrophins.
Moreover, an increased GDNF signaling between the target muscles and the motoneurons
may serve as a compensatory mechanism in the context of decreased neurotrophin-trk
signaling in aging motoneurons, promoting axon regeneration (Trupp et al., 1997), sprouting,
and muscle fibre re-innervation (Nguyen, 1998); and may be mechanistic in the protection of
cell-body size and the cholinergic phenotype. It remains to be determined if the cellular
source of GDNF is the muscle fibres and the terminal Schwann cells located in the muscle
tissue.

In addition to the NGF and GDNF families, members of FGF family as well as the
neuroregulatory cytokines signaling via gp130 are the important molecules with neurotrophic
activities for spinal motoneurons and target muscles. FGF-2 as well as IL-6, LIF and CNTF
have been shown to be survival signals for motoneurons. The signaling through gp130, by
way of LIFR, IL-6R and CNTFRa are important during prenatal and postnatal development.
The results of a slight upregulation of FGF-2/FGFRI signaling and maintained expression
levels for gp130 signaling components indicate that both these families may play a role in
sculpting phenotype of the aged motoneurons. Profound changes were seen in the regulation
of these pathways in the target tissues, indicating a role in the regeneration process of aged

muscle.
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Table 4 Summary of changes in neurotrophic signaling molecules in aged
motoneurons and target muscles

Ligand  Muscle SciN SC Receptor MN
BDNF ! 1 NC trkB** !
NT3 ! NC NC trkC** !
NT4 ! 1 NC trkB** !
p75N TR 1
GDNF 1 1 NC GFRal/Ret 1
NTN NC NC NC
FGF-2 ! NC NC FGFR1 1
CNTF NC NC NC CNTFRo/gp130 NC
IL-6 ! Low NC IL-6R/gp130 ND/NC
LIF NC 1 NC LIFR/gp130 NC
IGF* 1 NC IGFR* NC

|, downregulation; 1, upregulation; NC, no change; ND, not detect; Low,
low expression; SciN, sciatic nerve; SC, spinal cord; MN, motoneuron
* Edstrom, et al., in preparation; **, Johnson, et al, 1995, 1999.

5.3 Possible detrimental or beneficial actions of cytokines in the senescent spinal cord

Cytokines are involved, detrimentally and/or beneficially, in controlling neuronal and glial
activation, proliferation, differentiation and survival, thus influencing development
degeneration and regeneration of nervous system. In aged spinal cord marked by gliosis with
axon dystrophy and de-/dysmyelination, there is an increased IFN-r signaling with a
downstream upregulation of MHC I and B,-MG, suggesting that the increase of IFN-y may be
of relevance not only for the glial reaction to the aging-related axon aberrations but also the
loss of synaptic connection in senescence. IFN-y, a predominantly proinflammatory
cytokines, exerts profound effects on various cell types of CNS including, astroglia,
microglia, oligodendrocytes, and neurons. There is mounting evidence showing that [FN-y
may be involved in the concerted processes of neuronal differentiation (Improta et al., 1988),
neuronal protection from apoptosis (Chang et al., 1990), signal transmission (Vikman et al.,
2001), motoneuron response to axon lesion (Linda et al., 1998), and synaptic plasticity during
development (Corriveau et al., 1998). It has also been suggested that IFN-y promotes

cholinergic differentiation of motoneurons (Erkman L, 1989). Therefore, increased [FN-y
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signaling in aged spinal cord may contribute to the process of inflammatory responses
characterized by gliosis, axon aberrations as well as disturbed myelination and the promotion
of regeneration and survival of neurons during aging.

IL-1PB, capable of neurotrophic and neurotoxic actions, is thought to be central to CNS
inflammatory modulation in response to CNS injury or systemic insult. Increased levels of IL-
1B in astroglia during aging would be consistent with the notion that it promotes astrogliosis
in concert with TGF-B1 (Laping et al., 1994). TGF-B1 stimulates astrocyte expression of IL-6
and synergizes with IL-1p and TNF-a for enhanced IL-6 production (Jin and Howe, 1997).
[L-6 can exert opposite actions on neurons, triggering either neuronal survival after injury or
causing neuronal degeneration. In this respect, IL-6 has been proposed as a developmental
neurotrophic factor (Gadient RA, 1994; Wagner JA., 1996), but also a neurodegenerative
factor (Mizuno T, 1994). In most pathological conditions, the effect of TGF-f1 seems to be
beneficial on repair process (Finch et al., 1993; Flanders et al., 1998). However,
overexpression of TGF-B1 within the CNS has a detrimental effect.

To sum up, it is likely that the contribution of cytokines to inflammatory responses of
senescent spinal cord does not involve a single mechanism on one specific cell type, but
rather depends on several actions on a variety of cell types, which might be detrimental or
beneficial depending on the cellular milieu. The functional outcome of cytokines will be
determined by the concentration of the particular mediator, level of receptor expression on the
responding cell, levels of soluble receptors present that can function as either agonists or

antagonists, and the presence of other cytokines that can modulate the functional response.

5.4 Conclusions and future directions

The picture of neurotrophic regulation and molecular mechanism during aging is still far
from clear, in need of more evidence to fill many gaps in our understanding. From the work
presented above, it might seem that changes in neurotrophic signaling may trigger phenotypic
changes occurring in senescent sensory and motoneuron as well as target tissues. Likewise,
growth factors and cytokines are also involved in many aspects of this process. The
elucidation of the downstream signal transduction pathways of neurotrophic factors and other
molecules in senescent cells is an important future step, since it might lay the basis for the
development of interventions that may retard the intrinsic rate of aging and the cluster of
phenotypic changes of the senescent state. Certainly, suffice it to say that much remains to be

deciphered about the molecular mechanisms behind senescent sensorimotor impairments.

36



Ming Y Acknowledgement

ACKNOWLEDGEMENT

This work was performed at the department of Neuroscience, Karolinska Institutet,
Stockholm. T am indebted to many people who once helped and supported me, and now I
express my most sincere thanks and gratitude to all of them, especially:

-Prof. Brun Ulfhake, my supervisor, thank you for sharing your extensive knowledge in
neuroscience, for your earnest tuition I have received during all these years, for your great
enthusiasm to guide me through this work, and for your inviting my family to dinners in your
house. 1 am particularly grateful for your kindness, your sincerity and your friendship, which
have made my stay in your laboratory so memorable and enjoyable.

-Prof. Lars Olson, head of the Department of Neuroscience, thank you for providing
excellent research facilities.

-Prof. Tomas Hokfelt, head of the Division of Chemical neurotransmission, thank you for
making this thesis possible by allowing me to use the facilities in your laboratory, and for
your cordial greetings wherever I see you.

-Prof. emeritus Gunnar Grant, thank you for always being so friendly to me.

-Esbjorn Bergman, Susanna Kullberg, Erik Edstrom and Mikael Altun, thanks to you for
pleasant collaborations, friendly atmosphere, lively discussions and many enjoyable moments
we spent together. Especially, I am very grateful to Esbjérn and your lovely wife Sara for
inviting my family to dinners at your place. Special thanks also to Susanna for being so
patient to teach me Swedish. Thanks to Erik and Mikael for your aiding me to work out
solutions to problems on computer or microscope.

-Elisabeth Villnow, Siv Nilsson and Katarina Aman, thanks to you for sharing your
technical knowledge and for all your technical assistance. Especially, thanks to Elisabeth for
keeping our laboratory in good order and for inviting my family to your summerhouse.

-Therese Pham, Veronique Van Der Horst, Huaiyu Zheng, thanks to you for bringing
fresh vitality and new ideas to our group, for your support and encouragement, and for
scientific or nonscientific discussions.

-Margareta Almstrém and the staff of the Animal Department, thanks to you for taking
excellent care of animals.

-Karin Lagerman, thank you for efficient secretarial help and encouragement, especially for
your valuable and inspiring words: ‘To be mother and to be researcher are of equal
importance’. Jutta Maria Kopp and Nora Kerekes, thanks to you for your kindly advice to
enable me to enjoy my maternity leave, the most precious period of my life.

-Katarina Eriksson, thank you for your help to provide timely LADOK, whenever I need.

-All other people at the Department of Neuroscience, thanks to all of you for your
contributions to create such a pleasant and amicable atmosphere to work in.

37



Ming Y Acknowledgement

-Xiaogang Jiang, Yuxuan Jin, I-Hui Lee, Hong Li, Tao Liu, Tiejun Shi, Jianming Wang,
David Zhiqing Xu, Wei Zhang, Ming Zhao, Zhongjun Zhou, my Chinese friends or
colleagues in Sweden, thanks to you for friendship and encouragement, for nice talks and
discussions.

Dr. Isamu Adachi, my Japanese mentor and friend, I am very grateful for your help and
support, without which there might be a world of difference in my life. Mrs. Miura, my
Japanese ‘mother’ and friend, thank you for your heartening me to strive towards this goal,
even if it was a decade ago.

[ also wish to take this opportunity to convey my gratitude to my parents, parents-in-law
and siblings, thank you for your love, support and encouragement, especially for your taking
good care of Andy when I focused to finalize this thesis.

Finally, Xiaolei, my beloved husband and most intimate friend, thank you very much for your
endless love, firm support and selfless assistance, for your being the willing companion to me.
Wherever I go, I feel so secure and comfortable if only accompanied by you. Yusi, my lovely
daughter, thank you for your bright and good sense to bring so much fun to me, for giving me
courage and confidence to grow stronger. Andy, my loved son, who came to the world along
with this thesis, thank you for enabling one of my fond dreams to come true and making me
the happiest woman in the world.

The present work was supported by grants from the Swedish Medical Research Council
(project no. 18020), Karolinska Institutet, L. och H. Ostermans fond for geriatrisk forskning,
Marcus och Amalia Wallenbergs Minnesfond, Konung Gustaf V:s och Drottning Victorias
Stiftelse, G. and B. Stohnes Stiftelse, Karolinska Institutet fonder and Wenner-Grenska
Samfunde

38



Ming Y. References

REFERENCES

Acarin, L., Gonzalez, B., and Castellano, B. (2000). Neuronal, astroglial and microglial cytokine expression after
an excitotoxic lesion in the immature rat brain. Eur J Neurosci 72, 3505-20.

Adler, R., Landa, K.B., Manthorpe, M., and Varon, S. (1979). Cholinergic neuronotrophic factors: intraocular
distribution of trophic activity for ciliary neurons. Science 204, 1434-6.

Aebischer, P., Salessiotis, A.N., and Winn, S.R. (1989). Basic fibroblast growth factor released from synthetic
guidance channels facilitates peripheral nerve regeneration across long nerve gaps. J Neurosci Res 23,
282-9.

Aguet, M., Dembic, Z., and Merlin, G. (1988). Molecular cloning and expression of the human interferon-
gamma receptor. Cell 55, 273-80.

Aksenova, M.V., Aksenov, M.Y., Carney, J.M., and Butterfield, D.A. (1998). Protein oxidation and enzyme
activity decline in old brown Norway rats are reduced by dietary restriction. Mech Ageing Dev /00,
157-68.

Altar, C.A. and DiStefano, P.S. (1998). Neurotrophin trafficking by anterograde transport. Trends Neurosci 27/,
433-437.

Anton, E.S., Weskamp, G., Reichardt, L.F., and Matthew, W.D. (1994). Nerve growth factor and its low-affinity
receptor promote Schwann cell migration. Proc. Natl. Acad. Sci. USA 97, 2795-2799.

Arakawa, Y., Sendtner, M., and Thoenen, H. (1990). Survival effect of ciliary neurotrophic factor (CNTF) on
chick embryonic motoneurons in culture: comparison with other neurotrophic factors and cytokines. J
Neurosci /0, 3507-15.

Arenas, E., Trupp, M., Akerud, P., and [banez, C.F. (1995). GDNF prevents degeneration and promotes the
phenotype of brain noradrenergic neurons in vivo. Neuron /5, 1465-73.

Avellino, A.M., Hart, D., Dailey, A.T., MacKinnon, M., Ellegala, D., and Kliot, M. (1995). Differential
macrophage responses in the peripheral and central nervous system during wallerian degeneration of
axons. Exp Neurol /36, 183-98..

Balasingam V, Tejada-Berges T, Wright E, Bouckova R, Yong VW. (1994). Reactive astrogliosis in the neonatal
mouse brain and its modulation by cytokines. J Neurosci. /4, 846-56.

Baloh, R.H., Gorodinsky, A., Golden, J.P., Tansey, M.G., Keck, C.L., Popescu, N.C., Johnson Jr, E.M., and
Milbrandt, J. (1998a). GFRalpha3 is an orphan member of the GDNF/neurturin/persephin receptor
family. Proc. Natl. Acad. Sci. USA 95, 5801-5806.

Baloh, R.H., Tansey, M.G., Lampe, P.A., Fahrner, T.J., Enomoto, H., Simburger, K.S., Leitner, M.L., Araki, T,
Johnson, E.M. Jr, and Milbrandt, J. (1998b). Artemin, a novel member of the GDNF ligand family,
supports peripheral and central neurons and signals through the GFRalpha3-RET receptor complex.
Neuron 27, 1291-302.

Barbacid, M. (1994). The Trk family of neurotrophin receptors. J Neurobiol 25, 1386-403.
Notes: Department of Molecular Biology, Bristol-Myers Squibb Pharmaceutical Research Institute,
Princeton, New Jersey 08543-4000.

Barbin, G., Manthorpe, M., and Varon, S. (1984). Purification of the chick eye ciliary neuronotrophic factor. J
Neurochem 43, 1468-78.

Barde, Y.A., Edgar, D., and Thoenen, H. (1982). Purification of a new neurotrophic factor from mammalian
brain. EMBO J /, 549-53.

39



Ming Y. References

Barker, P.A. and Shooter, E.M. (1994). Disruption of NGF binding to the low affinity neurotrophin receptor
p75LNTR reduces NGF binding to TrkA on PC12 cells. Neuron /3,203-215.

Bellot, F., Crumley, G., Kaplow, J.M., Schlessinger, J., Jaye, M., and Dionne, C.A. (1991). Ligand-induced
transphosphorylation between different FGF receptors. EMBO J /0, 2849-54.

Bennett, D.L., Michael, G.J., Ramachandran, N., Munson, J.B., Averill, S., Yan, Q., McMahon, S.B., and
Priestley, J.V. (1998a). A distinct subgroup of small DRG cells express GDNF receptor components
and GDNF is protective for these neurons after nerve injury. J. Neurosci /8, 3059-3072.

Bennett, D.L., Michael, G.J., Ramachandran, N., Munson, J.B., Averill, S., Yan, Q., McMahon, S.B., and
Priestley, J.V. (1998b). A distinct subgroup of small DRG cells express GDNF receptor components
and GDNF is protective for these neurons after nerve injury. J Neurosci /8, 3059-72.

Bergman, E., Carlsson, K., Liljeborg, A., Manders, E., Hokfelt, T., and Ulfhake, B. (1999a). Neuropeptides,
nitric oxide synthase and GAP-43 in B4-binding and RT97 immunoreactive primary sensory neurons:
Normal distribution pattern and changes after peripheral nerve transection and aging. Brain Res. 832,
63-83.

Bergman, E., Fundin, B.T., and Ulfhake, B. (1999b). Effects of aging and axotomy on the expression of
neurotrophin receptors in primary sensory neurons. J. Comp. Neurol. 470, 368-386.

Bergman, E., Johnson, H., Zhang, X., Hokfelt, T., and Ulfhake, B. (1996). Neuropeptides and neurotrophin
receptor mRNAs in primary sensory neurons of aged rats. Journal of Comparative Neurology 375 ,
303-19.

Bergman, E. and Ulfhake, B. (1998). Loss of primary sensory neurons in the very old rat: Neuron number
estimates using the disector method and confocal optical sectioning. J. Comp. Neurol. 396, 211-222.

Bergman, E. and Ulfhake, B. (2000). Structural changes in peripheral nerves and in the central termination
pattern of CTB and B4 labeled primary sensory neurons f the aged rat. unpublished observations

Bergman, E. and Ulfhake, B. (2002). Evidence for loss of myelinated input to the spinal cord in senescent rats.
Neurobiol Aging 23, 271-86.

Bergman, E., Ulfhake, B., and Fundin, B.T. (2000). Regulation of NGF-family ligands and receptors in
adulthood and senescence: Correlation to degenerative and regenerative changes in the cutaneous
innervation. unpublished observations

Berkemeier, L.R., Winslow, J.W., Kaplan, D.R., Nikolics, K., Goeddel, D.V., and Rosenthal, A. (1991).
Neurotrophin-5: a novel neurotrophic factor that activates trk and trkB. Neuron 7, 857-866.

Bibel, M. and Barde, Y.A. (2000a). Neurotrophins: key regulators of cell fate and cell shape in the vertebrate
nervous system. Genes Dev /4, 2919-37.

Bibel, M. and Barde, Y.A. (2000b). Neurotrophins: key regulators of cell fate and cell shape in the vertebrate
nervous system. Genes Dev /4, 2919-37.

Biffo, S., Offenhduser, N., Carter, B.D., and Barde, Y.A. (1995). Selective binding and internalisation by
truncated receptors restrict the availability of BDNF during development. Development /27, 2461-
2470.

Borrello, M.G., Alberti, L., Arighi, E.. Bongarzone, 1., Battistini, C., Bardelli, A., Pasini, B., Piutti, C., Rizzetti,
M.G., Mondellini, P., Radice, M.T., and Pierotti, M.A. (1996). The full oncogenic activity of Ret/ptc2
depends on tyrosine 539, a docking site for phospholipase Cgamma. Mol Cell Biol /6, 2151-63.

Bothwell, M. (1991). Keeping track of neurotrophin receptors. Cell 65, 915-8.

Bothwell, M. (1995). Functional interactions of neurotrophins and neurotrophin receptors. Annu Rev Neurosci
18,223-253.

40



Ming Y. References

Boulton, T.G., Stahl, N., and Yancopoulos, G.D. (1994). Ciliary neurotrophic factor/leukemia inhibitory
factor/interleukin 6/oncostatin M family of cytokines induces tyrosine phosphorylation of a common set
of proteins overlapping those induced by other cytokines and growth factors. J Biol Chem 269, 11648-
55.

Bredesen, D.E. and Rabizadeh, S. (1997). p75NTR and apoptosis: Trk-dependent and Trk-independent effects.
Trends. Neurosci. 20, 287-290.

Buj-Bello, A., Buchman, V.L., Horton, A., Rosenthal, A., and Davies, A.M. (1995). GDNF is an age-specific
survival factor for sensory and autonomic neurons. Neuron /5, 821-828.

Caccia, M.R., Harris, J.B., and Johnson, M.A. (1979). Morphology and physiology of skeletal muscle in aging
rodents. Musc. Nerve 2, 202-212.

Carter, B.D. and Lewin, G.R. (1997). Neurotrophins live or let die: Does p75NTR decide? Neuron /8, 187-190.

Casaccia-Bonnefil, P., Carter, B.D., Dobrowsky, R.T., and Chao, M.V. (1996). Death of oligodendrocytes
mediated by the interaction of nerve growth factor with its receptor p75. Nature 383, 716-719.

Casademunt, E., Carter, B.D., Benzel, I., Frade, J.M., Dechant, G., and Barde, Y.A. (1999). The zinc finger
protein NRIF interacts with the neurotrophin receptor p7S(NTR) and participates in programmed cell
death. EMBOJ /8, 6050-61.

Chang, J.Y., Martin, D.P., and Johnson, E.M. Jr (1990). Interferon suppresses sympathetic neuronal cell death
caused by nerve growth factor deprivation. J Neurochem 55, 436-45.

Chiariello, M., Visconti, R., Carlomagno, F., Melillo, R.M., Bucci, C., de Franciscis, V., Fox, G.M., Jing, S.,
Coso, O.A., Gutkind, J.S., Fusco, A., and Santoro, M. (1998). Signalling of the Ret receptor tyrosine
kinase through the c-Jun NH2-terminal protein kinases (JNKS): evidence for a divergence of the ERKs
and JNKs pathways induced by Ret. Oncogene /6, 2435-45

Chung, 1.Y. and Benveniste, E.N. (1990). Tumor necrosis factor-alpha production by astrocytes. Induction by
lipopolysaccharide, [FN-gamma, and [L-1 beta. J Immunol /44, 2999-3007.

Coleman, P.D. and Flood, D.G. (1987). Neuron numbers and dendritic extent in normal aging and Alzheimer’s
disease. Neurobiol. Aging &, 521-545.

Colucci-D'Amato, G.L., D'Alessio, A., Filliatreau, G., Florio, T., Di Giamberardino, L., Chiappetta, G., Vecchio,
G., Fusco, A., Santoro, M., and de Franciscis, V. (1996). Presence of physiologically stimulated RET in
adult rat brain: induction of RET expression during nerve regeneration. Cell Growth &
Differentiation 7, 1081-6.

Cordon-Cardo, C., Tapley, P., Jing, S.Q., Nanduri, V., O'Rourke, E., Lamballe, F., Kovary, K., Klein, R., Jones,
K.R., Reichardt, L.F., and Barbacid, M. (1991). The trk tyrosine protein kinase mediates the mitogenic
properties of nerve growth factor and neurotrophin-3. Cell 66, 173-183.

Corriveau, R.A., Huh, G.S., and Shatz, C.J. (1998). Regulation of class I MHC gene expression in the
developing and mature CNS by neural activity. Neuron 2/, 505-20.

Creange, A., Barlovatz-Meimon, G., and Gherardi, R.K. (1997). Cytokines and peripheral nerve disorders. Eur
Cytokine Netw 8, 145-51.

Creedon, D.J., Tansey, M.G., Baloh, R.H., Osborne, P.A., Lampe, P.A., Fahrner, T.J., Heuckeroth, R.O.,
Milbrandt, J., and Johnson, E.M. Jr (1997). Neurturin shares receptors and signal transduction pathways
with glial cell line-derived neurotrophic factor in sympathetic neurons. Proc Natl Acad Sci U S A 94,
7018-23.

Crowder, R.J. and Freeman, R.S. (1998). Phosphatidylinositol 3-kinase and Akt protein kinase are necessary and
sufficient for the survival of nerve growth factor-dependent sympathetic neurons. J Neurosci /8, 2933-

41



Ming Y. References

43.

Curtis, R., Adryan, K.M., Stark, J.L., Park, J.S., Compton, D.L., Weskamp, G., Huber, L.J., Chao, M.V.,
Jaenisch, R., Lee, K.F., Lindsay, R.M., and DiStafano, P.S. (1995). Differential role of the low affinity
neurotrophin receptor (p75) in retrograde axonal transport of the neurotrophins. Neuron /4, 1201-11.

Curtis, R., Scherer, S.S., Somogyi, R., Adryan, K.M., Ip, N.Y., Zhu, Y., Lindsay, R.M., and DiStefano, P.S.
(1994). Retrograde axonal transport of LIF is increased by peripheral nerve injury: correlation with
increased LIF expression in distal nerve. Neuron /2, 191-204.

Dagerlind, A., Friberg, K., Bean, A.J., and Hokfelt, T. (1992). Sensitive mRNA detection using unfixed tissue:
combined radioactive and non-radioactive in situ hybridization histochemistry. Histochemistry 98, 39-
49.

Danielsen, N., Pettmann, B., Vahlsing, H.L., Manthorpe, M., and Varon, S. (1988). Fibroblast growth factor
effects on peripheral nerve regeneration in a silicone chamber model. J Neurosci Res 20, 320-30.

Darnell, J.E. Jr, Kerr, LM., and Stark, G.R. (1994). Jak-STAT pathways and transcriptional activation in
response to [FNs and other extracellular signaling proteins. Science 264, 1415-21.

Davis, S., Aldrich, T.H., Stahl, N., Pan, L., Taga, T., Kishimoto, T., Ip, N.Y., and Yancopoulos, G.D. (1993).
LIFR beta and gp130 as heterodimerizing signal transducers of the tripartite CNTF receptor. Science
260, 1805-8.

de Neeling, J.N., Beks, P.J., Bertelsmann, F.W., Heine, R.J., and Bouter, L.M. (1994). Sensory thresholds in
older adults: reproducibility and reference values. Muscle & Nerve /7, 454-61.

De Simone, R., Levi, G., and Aloisi, F. (1998a). Interferon gamma gene expression in rat central nervous system
glial cells. Cytokine /0, 418-22.

De Simone, R., Levi, G., and Aloisi, F. (1998b). Interferon gamma gene expression in rat central nervous system
glial cells. Cytokine /0, 418-22.

Dhahbi, J.M., Mote, P.L., Wingo, J., Tillman, J.B., Walford, R.L., and Spindler, S.R. (1999). Calories and aging
alter gene expression for gluconeogenic, glycolytic, and nitrogen-metabolizing enzymes. Am J Physiol
277, E352-60.

Dijkstra, C.D., Dopp, E.A., Joling, P., and Kraal, G. (1985). The heterogeneity of mononuclear phagocytes in
lymphoid organs: distinct macrophage subpopulations in rat recognized by monoclonal antibodies EDI,

ED2 and ED3. Adv Exp Med Biol /86, 409-19.

DiStefano, P.S., Friedman, B., Radziejewesk, C., Alexander, C., Boland, P., Schieck, C., Lindsay, R.M., and
Wiegand, S.J. (1992). The neurotrophins BDNF, NT 3 and NGF display distinct patterns of retrograde
axonal transport in peripheral and central axons. Neuron &, 983-993.

Dobbs, R.J., Charlett, A., Purkiss, A.G., Dobbs, S.M., Weller, C., and Peterson, D.W. (1999). Association of
circulating TNF-alpha and IL-6 with ageing and parkinsonism. Acta Neurol Scand /00, 34-41.

Durbec, P., Marcos-Gutierrez, C.V., Kilkenny, C., Grigoriou, M., Wartiowaara, K., Suvanto, P., Smith, D.,
Ponder, B., Costantini, F., Saarma, M., Sariola, H., and Pachnis, V. (1996). GDNF signalling through
the Ret receptor tyrosine kinase [see comments]. Nature 387, 789-793.

Dyck, P.J., Karnes, J., O'Brien, P.C., and Zimmerman, [. (1984). Detection thresholds of cutaneous sensations in
humans. In P.J. Dyck, P.K. Thomas, E.H. Lambert, and R. Bunge, eds. (Philadelphia: Saunders), pp.
1103-1138.

Edstrom, L. and Larsson, L. (1987). Effects of age on contractile and enzyme-histochemical properties of fast-
and slow-twitch single motor units in the rat. J Physiol 392, 129-45.

42



Ming Y. References

Eide, F.F., Vining, E.R., Eide, R.L., Zang, K., Wang, X.Y., and Reichardt, L.F. (1996). Naturally occurring
truncated trkB receptors have dominant inhibitory effects on brain-derived neurotrophic factor
signaling. J. Neurosci. /6, 3123-3129.

Enokido, Y., de Sauvage, F., Hongo, J.A., Ninkina, N., Rosenthal, A., Buchman, V.L., and Davies, A.M. (1998).
GFRalpha4 and the tyrosine kinase Ret form a functional receptor complex for persephin. Curr. Biol. 8,
1019-1022.

Erkman L, Wuarin L, Cadelli D, Kato AC. (1989). Interferon induces astrocyte maturation causing an increase in
cholinergic properties of cultured human spinal cord cells. Dev Biol. 732, 375-88.

Finch, C.E., Laping, N.J., Morgan, T.E., Nichols, N.R., and Pasinetti, G.M. (1993). TGF-beta 1 is an organizer
of responses to neurodegeneration. J Cell Biochem 53, 314-22.

Finkel, T. and Holbrook, N.J. (2000). Oxidants, oxidative stress and the biology of ageing. Nature 408, 239-47.

Flanders, K.C., Ren, R.F., and Lippa, C.F. (1998). Transforming growth factor-betas in neurodegenerative
disease. Prog Neurobiol 54, 71-85.

Frade, J.M., Rodriguez-Tebar, A., and Barde, Y.A. (1996). Induction of cell death by endogenous nerve growth
factor through its p75 receptor. Nature 383, 166-8.

Franklin, R.J. and Hinks, G.L. (1999). Understanding CNS remyelination: clues from developmental and
regeneration biology. J Neurosci Res 58, 207-13.

Friedman, B., Kleinfeld, D., Ip, N.Y., Verge, V.M.K., Moulton, R., Boland, P., Zlochenko, E., Lindsay, R.M.,
and Liu, L. (1995). BDNF and NT-4/5 exert neurotrophic influences on injured adult spinal motor
neurons. J. Neurosci. /5, 1044-1056.

Fujisawa, K. (1988). Study of axonal dystrophy. III. Posterior funiculus and posterior column of ageing and old
rats. Acta Neuropathol. (Berl.) 76, 115-127.

Funakoshi, H., Frisen, J., Barbany, G., Timmusk, T., Zachrisson, O., Verge, V.M., and Persson, H. (1993).
Differential expression of mRNAs for neurotrophins and their receptors after axotomy of the sciatic
nerve. J. Cell Biol. /23, 455-465.

Fundin, B.T., Bergman, E., and Ulfhake, B. (1997). Alterations in mystacial pad innervation in the aged rat.
Exp. Brain Res. /77, 324-340.

Gadient, R.A. and Otten, U.H. (1997). Interleukin-6 (IL-6)--a molecule with both beneficial and destructive
potentials. Prog Neurobiol 52, 379-90.

Gadient RA, O.U. (1994). Expression of interleukin-6 (IL-6) and interleukin-6 receptor (IL-6R) mRNAs in rat
brain during postnatal development. Brain Res. 637, 10-4.

Garces A, H.G.A.M.LJ.F.P.d.O. (2000). GFRalpha 1 is required for development of distinct subpopulations of
motoneuron. J Neurosci. 20, 4992-5000.

Gearing, D.P., Comeau, M.R., Friend, D.J., Gimpel, S.D., Thut, C.J., McGourty, J., Brasher, K.K., King, J.A.,
Gillis, S., Mosley, B., and et, a.l. (1992). The IL-6 signal transducer, gp130: an oncostatin M receptor
and affinity converter for the LIF receptor. Science 255, 1434-7.

Gearing, D.P., Gough, N.M., King, J.A., Hilton, D.J., Nicola, N.A., Simpson, R.J., Nice, E.C., Kelso, A., and
Metcalf, D. (1987). Molecular cloning and expression of cDNA encoding a murine myeloid leukaemia
inhibitory factor (LIF). EMBO J 6, 3995-4002.

Gearing, D.P., Thut, C.J., VandeBos, T., Gimpel, S.D., Delaney, P.B., King, J., Price, V., Cosman, D., and

Beckmann, M.P. (1991). Leukemia inhibitory factor receptor is structurally related to the [L-6 signal
transducer, gp130. EMBO J /0, 2839-48.

43



Ming Y. References

Giulian, D., Baker, T.J., Shih, L.C., and Lachman, L.B. (1986). Interleukin 1 of the central nervous system is
produced by ameboid microglia. J Exp Med /64, 594-604.

Giulian, D., Vaca, K., and Corpuz, M. (1993). Brain glia release factors with opposing actions upon neuronal
survival. J Neurosci /3, 29-37.

Griesbeck, O., Parsadanian, A.S., Sendtner, M., and Thoenen, H. (1995). Expression of neurotrophins in skeletal
muscle: quantitative comparison and significance for motoneuron survival and maintenance of function.
J. Neurosci. Res. 42, 21-33.

Grothe, C., Meisinger, C., and Claus, P. (2001). In vivo expression and localization of the fibroblast growth
factor system in the intact and lesioned rat peripheral nerve and spinal ganglia. J Comp Neurol 434,
342-57.

Grothe, C., Meisinger, C., Hertenstein, A., Kurz, H., and Wewetzer, K. (1997). Expression of fibroblast growth
factor-2 and fibroblast growth factor receptor 1 messenger RNAs in spinal ganglia and sciatic nerve:
regulation after peripheral nerve lesion. Neuroscience 76, 123-35.

Grothe, C. and Wewetzer, K. (1996). Fibroblast growth factor and its implications for developing and
regenerating neurons. [nt ] Dev Biol 40, 403-10.

Hallbsok, F., [banez, C.F., and Persson, H. (1991). Evolutionary studies of the nerve growth factor family reveal
a novel member abundantly expressed in Xenopus ovary. Neuron 6, 845-858.

Hamburger, V., Brunso-Bechtold, J.K., and Yip, J.W. (1981). Neuronal death in the spinal ganglia of the chick
embryo and its reduction by nerve growth factor. Journal of Neuroscience /, 60-71.

Hammarberg, H., Piehl, F., Cullheim, S., Fjell, J., Hokfelt, T., and Fried, K. (1996). GDNF mRNA in Schwann
cells and DRG satellite cells after chronic sciatic nerve injury. Neuroreport 7, 857-60.

Hariri RJ, Chang VA, Barie PS, Wang RS, Sharif SF, Ghajar JB. (1994). Traumatic injury induces interleukin-6
production by human astrocytes. Brain Res. 636, 139-42.

Hemmi, S., Bohni, R., Stark, G., Di Marco, F., and Aguet, M. (1994). A novel member of the interferon receptor
family complements functionality of the murine interferon gamma receptor in human cells. Cell 76,
803-10.

Hempstead, B.L., Martin_Zanca, D., Kaplan, D.R., Parada, L.F., and Chao, M.V. (1991). High-affinity NGF
binding requires coexpression of the trk proto-oncogene and the low-affinity NGF receptor. Nature
350, 678-683.

Henderson, C.E. (1996). Role of neurotrophic factors in neuronal development. Curr Opin Neurobiol 6, 64-70.

Henderson, C.E., Phillips, H.S., Pollock, R.A., Davies, A.M., Lemeulle, C., Armanini, M., Simpson, L.C.,
Moffet, B., Vandlen, R.A., Koliatsos, V.E., and Rosenthal, A. (1994). GDNF: a potent survival factor
for motoneurons present in peripheral nerve and muscle. Science 266, 1062-1064.

Heuckeroth, R.O., Lampe, P.A., Johnson, E.M., and Milbrandt, J. (1998). Neurturin and GDNF promote
proliferation and survival of enteric neuron and glial progenitors in vitro. Dev Biol 200, 116-29

Horger, B.A., Nishimura, M.C., Armanini, M.P., Wang, L.C., Poulsen, K.T., Rosenblad, C., Kirik, D., Moffat,
B., Simmons, L., Johnson E, J.r., Milbrandt, J., Rosenthal, A., Bjorklund, A., Vandlen, R.A., Hynes,
M.A., and Phillips, H.S. (1998). Neurturin exerts potent actions on survival and function of midbrain
dopaminergic neurons. J Neurosci /8, 4929-37.

[hle, J.N. and Kerr, [.LM. (1995). Jaks and Stats in signaling by the cytokine receptor superfamily. Trends Genet
11,69-74.

[keda, K., Kinoshita, M., Tagaya, N., Shiojima, T., Taga, T., Yasukawa, K., Suzuki, H., and Okano, A. (1996).
Coadministration of interleukin-6 (IL-6) and soluble IL-6 receptor delays progression of wobbler mouse

44



Ming Y. References

motor neuron disease. Brain Res 726, 91-7.

Improta, T., Salvatore, A.M., Di Luzio, A., Romeo, G., Coccia, E.M., and Calissano, P. (1988). [FN-gamma
facilitates NGF-induced neuronal differentiation in PC12 cells. Exp Cell Res /79, 1-9.

Ingram, D.K., Weindruch, R., Spangler, E.L., Freeman, J.R., and Walford, R.L. (1987). Dietary restriction
benefits learning and motor performance of aged mice. J Gerontol 42, 78-81.

Ip, N.Y.. Nye, S.H., Boulton, T.G., Davis, S., Taga, T.. Li, Y., Birren, S.J., Yasukawa, K., Kishimoto, T.,
Anderson, D.J., et al (1992). CNTF and LIF act on neuronal cells via shared signaling pathways that
involve the [L-6 signal transducing receptor component gp130. Cell 69, 1121-32.

Irie, F. and Hirabayashi, Y. (1999). Ceramide prevents motoneuronal cell death through inhibition of oxidative
signal. Neurosci Res 35, 135-44.

Ji, R.R., Zhang, Q., Zhang, X., Piehl, F., Reilly, T., Pettersson, R.F., and Hokfelt, T. (1995a). Prominent
expression of bFGF in dorsal root ganglia after axotomy. Eur J Neurosci 7, 2458-68.

Ji, RR., Zhang, X., Zhang, Q., Dagerlind, A., Nilsson, S., Wiesenfeld-Hallin, Z., and Hokfelt, T. (1995b).
Central and peripheral expression of galanin in response to inflammation. Neuroscience 68, 563-76.

Jiang X.G., Edstrom E., Altun M., and Ulfhake B. (2002). Differential regulation of Shc adaptor proteins in
skeletal muscle, spinal cord and forebrain of aged rats with sensorimotor impairment. Aging Cell 2, 47-
57

Jin, G. and Howe, P.H. (1997). Regulation of clusterin gene expression by transforming growth factor beta. J
Biol Chem 272, 26620-6.

Jing, S., Wen, D., Yu, Y., Holst, P.L., Luo, Y., Fang, M., Tamir, R., Antonio, L., Hu, Z., Cupples, R., Louis,
J.C., Hu, S., Altrock, B.W., and Fox, G.M. (1996). GDNF-induced activation of the ret protein tyrosine
kinase is mediated by GDNFR-alpha, a novel receptor for GDNF. Cell 85, 1113-1124.

Jing, S., Yu, Y., Fang, M., Hu, Z., Holst, P.L., Boone, T., Delaney, J., Schultz, H., Zhou, R., and Fox, G.M.
(1997). GFRalpha-2 and GFRalpha-3 are two new receptors for ligands of the GDNF family. J. Biol
Chem. 272, 33111-33117.

Johnson, D., Lanahan, A., Buck, C.R., Sehgal, A., Morgan, C., Mercer, E., Bothwell, M., and Chao, M. (1986).
Expression and structure of the human NGF receptor. Cell 47, 545-54.

Johnson, E.M. Jr, Taniuchi, M., and DiStefano, P.S. (1988). Expression and possible function of nerve growth
factor receptors on Schwann cells. Trends Neurosci 7/, 299-304.

Johnson, F.B., Sinclair, D.A., and Guarente, L. (1999). Molecular biology of aging. Cell 96, 291-302.

Johnson, G.D. and de C Nogueira Araujo, G.M. (1981). A simple method of reducing the fading of
immunofluorescence during microscopy. J. Immunol. Methods 43, 349-350.

Johnson, H., Hokfelt, T., and Ulthake, B. (1996). Decreased expression of TrkB and TrkC mRNAs in spinal
motoneurons of aged rats. Eur. J. Neurosci. 8, 494-499.

Johnson, H., Hokfelt, T., and Ulfhake, B. (1999a). Expression of p75NTR, trkB and trkC in nonmanipulated and
axotomized motoneurons of aged rats. Mol. Brain Res. 69, 21-34.

Johnson, H., Hokfelt, T., and Ulthake, B. (1999b). Expression of p75NTR, trkB and trkC in nonmanipulated and
axotomized motoneurons of aged rats. Mol. Brain Res. 69, 21-34.

Johnson, H., Mossberg, K., Arvidsson, U., Pichl, F., Hokfelt, T., and Ulfhake, B. (1995). Increase in alpha-
CGRP and GAP-43 in aged motoneurons: A study of peptides, growth factors, and ChAT mRNA in the
lumbar spinal cord of senescent rats with symptoms of hindlimb incapacities. J. Comp. Neurol. 359,
69-89.

45



Ming Y. References

Johnson, H., Mossberg, K., and Ulfhake, B. (1993). The size, number, and fluorescence intensity of SHT-
immunoreactive axon terminals in aged rat lumbar spinal cord motor nucleus as revealed by confocal
fluorescence microscopy and computerized 3D image analysis. neuroprotocols 2, 101-112.

Kanda, K. and Hashizume, K. (1991). Recovery of motor-unit function after peripheral nerve injury in aged rats.
Neurobiol Aging /2, 271-6.

Kaplan, D.R., Hempstead, B.L., Martin-Zanca, D., Chao, M.V., and Parada, L.F. (1991). The trk proto-oncogene
product: A signal transducing receptor for nerve growth factor. Science 252, 554-558.

Kaplan, D.R. and Miller, F.D. (2000). Neurotrophin signal transduction in the nervous system. Curr Opin
Neurobiol /0, 381-91.

Kawabuchi, M., Zhou, C., Nakamura, K., and Hirata, K. (1995). Morphological features of collateral innervation
and supernumerary innervation in the skeletal muscles of presenile rats. Anatomischer Anzeiger /77,
251-65.

Kishimoto, T., Akira, S., Narazaki, M., and Taga, T. (1995). Interleukin-6 family of cytokines and gp130. Blood
86, 1243-54.

Kitzman, P.H., Perrone, T.N., LeMaster, A.M., Davis, B.M., and Albers, K.M. (1998). Level of p75 receptor
expression in sensory ganglia is modulated by NGF level in the target tissue. Journal of Neurobiology
35,258-70.

Klagsbrun, M. and Baird, A. (1991). A dual receptor system is required for basic fibroblast growth factor
activity. Cell 67,229-31.

Klein, R., Jing, S., Nandurin, V., O'Rourke, E., and Barbacid, M. (1991). The trk proto-oncogene encodes a
receptor for nerve growth factor. Cell 65, 189-197.

Klein, R.D., Sherman, D., Ho, W.H., Stone, D., Bennett, G.L., Moffat, B., Vandlen, R., Simmons, L., Gu, Q.,
Hongo, J.A., Devaux, B., Poulsen, K., Armanini, M., Nozaki, C., Asai, N., Goddard, A., Phillips, H.,

Henderson, C.E., Takahashi, M., and Rosenthal, A. (1997). A GPI-linked protein that interacts with
RET to form a candidate neurturin receptor. Nature 387, 717-721.

Knox, C.A., Kokmen, E., and Dyck, P.J. (1989). Morphometric alteration of rat myelinated fibers with aging. J.
Neuropathol. Exp. Neurol. 48, 119-139.

Kokmen, E., Bossemeyer, R.W.Jr., Barney, J., and Williams, W.J. (1977). Neurological manifestations of aging.
J. Gerontol. 32, 411-9.

Korsching, S. (1993). The neurotrophic factor concept: a reexamination. J Neurosci /3, 2739-48.

Kotzbauer, P.T., Lampe, P.A., Heuckeroth, R.O., Golden, J.P., Creedon, D.J., Johnson, E.M.Jr. and Milbrandt, J.
(1996). Neurturin, a relative of glial-cell-line-derived neurotrophic factor. Nature 384, 467-470.

Krekoski, C.A., Parhad, .M., and Clark, A.W. (1996). Attenuation and recovery of nerve growth factor receptor
mRNA in dorsal root ganglion neurons following axotomy. J. Neurosci. Res. 43, 1-11.

Kullberg, S., Aldskogius, H., and Ulthake, B. (2001). Microglial activation, emergence of ED1-expressing cells
and clusterin upregulation in the aging rat CNS, with special reference to the spinal cord. Brain Res
899, 169-86.

Lamballe, F., Klein, R., and Barbacid, M. (1991). trkC, a new member of the trk family of tyrosine protein
kinases, is a receptor for neurotrophin-3. Cell. 66, 967-979.

Lamberts, S.W.J., van den Beld, A.W., and van der Lely, A.J. (1997). The endocrinology of aging. Science 278,
419-424.

Laping, N.J., Morgan, T.E., Nichols, N.R., Rozovsky, 1., Young-Chan, C.S., Zarow, C., and Finch, C.E. (1994).

46



Ming Y. References

Transforming growth factor-beta | induces neuronal and astrocyte genes: tubulin alpha 1, glial fibrillary
acidic protein and clusterin. Neuroscience 58, 563-72.

Larish, D.D., Martin, P.E., and Mungiole, M. (1988). Characteristic patterns of gait in the healthy old. In J.A.
Joseph, ed. (New York: The New York Academy of Sciences), pp. 18-32.

Larsson, L. (1982). Aging in mammalian skeletal muscle. In J.A. Mortimer, F.J. Pirozzolo, and G.J. Maletta, eds.
(New York: Praeger), pp. 61-97.

Larsson, L. (1995). Motor units: remodeling in aged animals. J Gerontol A Biol Sci Med Sci 50 Spec No, 91-5.

Lee, K.F., Bachman, K., Landis, S., and Jaenisch, R. (1994). Dependence on p75 for innervation of some
sympathetic targets. Science 263, 1447-9.

Lemke, R., Hartig, W., Rossner, S., Bigl, V., and Schliebs, R. (1998). Interleukin-6 is not expressed in activated
microglia and in reactive astrocytes in response to lesion of rat basal forebrain cholinergic system as
demonstrated by combined in situ hybridization and immunocytochemistry. J Neurosci Res 5/, 223-36.

Lemmon, M.A. and Schlessinger, J. (1994). Regulation of signal transduction and signal diversity by receptor
oligomerization. Trends Biochem Sci /9, 459-63.

Levi-Montalcini, R. (1987). The nerve growth factor 35 years later. Science 237, 1154-1162.

Lewin, G.R. (1996). Neurotrophins and the specification of neuronal phenotype. Philosophical Transactions of
the Royal Society of London - Series B: Biological Sciences 35/, 405-11.

Li, L., Wu, W., Lin, L.H., Lei, M., Oppenheim, R.W., and Houenou, L.J. (1995). Rescue of adult mouse
motoneurons from injury-induced cell death by glial cell line-derived neurotrophic factor. Proc. Natl.
Acad. Sci. USA 92,9771-9775.

Liedtke, W., Edelmann, W., Bieri, P.L., Chiu, F.C., Cowan, N.J., Kucherlapati, R., and Raine, C.S. (1996).
GFAP is necessary for the integrity of CNS white matter architecture and long-term maintenance of
myelination. Neuron /7, 607-15.

Lin, L.F., Doherty, D.H., Lile, J.D., Bektesh, S., and Collins, F. (1993). GDNF: a glial cell line-derived
neurotrophic factor for midbrain dopaminergic neurons. Science 260, 1130-1132.

Lin, L.F., Mismer, D., Lile, J.D., Armes, L.G., Butler, E.T. 3rd, Vannice, J.L., and Collins, F. (1989).
Purification, cloning, and expression of ciliary neurotrophic factor (CNTF). Science 246, 1023-5.

Linda, H., Hammarberg, H., Cullheim, S., Levinovitz, A., Khademi, M., and Olsson, T. (1998). Expression of
MHC class | and beta2-microglobulin in rat spinal motoneurons: regulatory influences by [FN-gamma
and axotomy. Exp Neurol /50, 282-95.

Lindsay, R.M. (1992). The role of neurotrophic factors in functional maintenance of mature sensory neurons. In
S.A. Scott, ed. (New York: Oxford University Press), pp. 404-420.

Liu, J., Modrell, B., Aruffo, A., Marken, J.S., Taga, T., Yasukawa, K., Murakami, M., Kishimoto, T., and
Shoyab, M. (1992). Interleukin-6 signal transducer gpl130 mediates oncostatin M signaling. J Biol
Chem 267, 16763-6.

Maisonpierre, P.C., Belluscio, L., Squinto, S., Ip, N.Y., Furth, M.E., Lindsay, R.M., and Yancopoulos, G.D.
(1990). Neurotrophin-3: a neurotrophic factor related to NGF and BDNF. Science 247, 1446-1451.

Malik, N., Kallestad, J.C., Gunderson, N.L., Austin, S.D., Neubauer, M.G., Ochs, V., Marquardt, H., Zarling,
J.M., Shoyab, M., Wei, C.M., and et, a.l. (1989). Molecular cloning, sequence analysis, and functional
expression of a novel growth regulator, oncostatin M. Mol Cell Biol 9, 2847-53.

Mansukhani, A., Dell'Era, P., Moscatelli, D., Kornbluth, S., Hanafusa, H., and Basilico, C. (1992).
Characterization of the murine BEK fibroblast growth factor (FGF) receptor: activation by three

47



Ming Y. References

members of the FGF family and requirement for heparin. Proc Natl Acad Sci U S A 89, 3305-9.

Manthorpe, M., Skaper, S.D., Williams, L.R., and Varon, S. (1986). Purification of adult rat sciatic nerve ciliary
neuronotrophic factor. Brain Res 367, 282-6.

Martin, G.R. and Baker, G.T. (1993). Aging and the aged: Theories of aging and life extension. (New York:
MacMillan).

Marz, P., Otten, U., and Rose-John, S. (1999). Neural activities of IL-6-type cytokines often
depend on soluble cytokine receptors. Eur J Neurosci /7, 2995-3004.

Masiakowski, P., Liu, H.X., Radziejewski, C., Lottspeich, F., Oberthuer, W., Wong, V., Lindsay, R.M., Furth,
M.E., and Panayotatos, N. (1991). Recombinant human and rat ciliary neurotrophic factors. J
Neurochem 57, 1003-12.

Masoro, E.J. (2000). Caloric restriction and aging: an update. Exp Gerontol 35, 299-305.

Matheson, C.R., Carnahan, J., Urich, J.L., Bocangel, D., Zhang, T.J., and Yan, Q. (1997). Glial cell line-derived
neurotrophic factor (GDNF) is a neurotrophic factor for sensory neurons: comparison with the effects of
the neurotrophins. Journal of Neurobiology 32, 22-32.

Mattson, M.P. (2000). Neuroprotective signaling and the aging brain: take away my food and let me run. Brain
Res 886, 47-53.

Meier, C., Parmantier, E., Brennan, A., Mirsky, R., and Jessen, T.R. (1999). Developing Schwann cells acquire
the ability to survive whithout axons by establishing an autocrine circuit involving insulin-like growth
factor, neurotrophin-3, and platelet-derived growth factor-BB. J. Neurosci. /9, 3847-3859.

Meisinger, C. and Grothe, C. (1997). Differential regulation of fibroblast growth factor (FGF)-2 and
FGF receptor | mRNAs and FGF-2 isoforms in spinal ganglia and sciatic nerve after peripheral nerve
lesion. J Neurochem 68, 1150-8.

Meyer, M., Matsuoka, I., Wetmore, C., Olson, L., and Thoenen, H. (1992). Enhanced synthesis of brain-derived
neurotrophic factor in the lesioned peripheral nerve: Different mechanisms are responsible for the
regulation of BDNF and NGF mRNA. J. Cell Biol. /79, 45-54.

Milbrandt, J., de Sauvage, F.J., Fahrner, T.J., Baloh, R.H., Leitner, M.L., Tansey, M.G., Lampe, P.A.,
Heuckeroth, R.O., Kotzbauer, P.T., Simburger, K.S., Golden, J.P., Davies, J.A., Vejsada, R., Kato,
A.C., Hynes, M., Sherman, D., Nishimura, M., Wang, L.C., Vandlen, R., Moffat, B., Klein, R.D.,
Poulsen, K., Gray, C., Garces, A., and Johnson Jr, E.M. (1998). Persephin, a novel neurotrophic factor
related to GDNF and neurturin. Neuron 20, 245-253.

Miller, F.D., Speelman, A., Mathew, T.C., Fabian, J., Chang, E., Pozniak, C., and Toma, J.G. (1994). Nerve
growth factor derived from terminals selectively increases the ratio of p75 to trkA NGF receptors on
mature sympathetic neurons. Dev Biol 76/, 206-217.

Molliver, D.C., Wright, D.E., Leitner, M.L., Parsadanian, A.S., Doster, K., Wen, D., Yan, Q., and Snider, W.D.
(1997). [B4-binding DRG neurons switch from NGF to GDNF dependence in early postnatal life.
Neuron /9, 849-61.

Monyji, A., Morimoto, N., Okuyama, I., Umeno, K., Nagatsu, [., Ibata, Y., and Tashiro, N. (1994). The number of
noradrenergic and adrenergic neurons in the brain stem does not change with age in male Sprague-
Dawley rats. Brain Research 64/, 171-5.

Moore, M.W., Klein, R.D., Farinas, I., Sauer, H., Armanini, M., Phillips, H., Reichardt, L.F., Ryan, A.M.,
Carver-Moore, K., and Rosenthal, A. (1996). Renal and neuronal abnormalities in mice lacking GDNF.

Nature 382, 76-9.

Moroi-Fetters, S.E., Mervis, R.F., London, E.D., and Ingram, D.K. (1989). Dietary restriction suppresses age-

48



Ming Y. References

related changes in dendritic spines. Neurobiol Aging 70, 317-22.
Morrison, J.H. and Hof, P.J. (1997). Life and death of neurons in the aging brain. Science 278, 412-419.

Mosmann, T.R., Cherwinski, H., Bond, M.W., Giedlin, M.A., and Coffman, R.L. (1986). Two types of murine
helper T cell clone. I. Definition according to profiles of lymphokine activities and secreted proteins. J
Immunol /36, 2348-57.

Munson, J.B. and McMabhon, S.B. (1997). Effects of GDNF on axotomised sensory and motor neurons in adult
rats. Eur. J. Neurosci. 9, 1126-1129.

Murakami, M., Hibi, M., Nakagawa, N., Nakagawa, T., Yasukawa, K., Yamanishi, K., Taga, T., and Kishimoto,
T. (1993). IL-6-induced homodimerization of gpl130 and associated activation of a tyrosine kinase.
Science 260, 1808-10.

Murphy, M., Reid, K., Hilton, D.J., and Bartlett, P.F. (1991). Generation of sensory neurons is stimulated by
leukemia inhibitory factor. Proc Natl Acad Sci U S A 88, 3498-501.

Nakamura, M., Ohta, K., Hirokawa, K., Fukushima, M., Uchino, M., Ando, M., and Tanaka, H. (1996).
Developmental and denervation changes in c-ret proto-oncogene expression in chick motoneurons.
Brain Research. Molecular Brain Research 39, 1-11.

Naveilhan, P., EIShamy, W.M., and Emfors, P. (1997). Differential regulation of mRNAs for GDNF and its
receptors Ret and GDNFR alpha after sciatic nerve lesion in the mouse. European Journal of
Neuroscience 9, 1450-60.

Nguyen,Q. T. A. Sh. Parsadanian W. D. Snider J. W. Lichtman (1998). Hyperinnervation of Neuromuscular
Junctions Caused by GDNF Overexpression in Muscle. Science 279, 1725-1729.

Nishi, R. and Berg, D.K. (1979). Survival and development of ciliary ganglion neurones grown alone in cell
culture. Nature 277, 232-4.

Odenheimer, G., Funkenstein, H.H., Beckett, L., Chown, M., Pilgrim, D., Evans, D., and Albert, M. (1994).
Comparison of neurologic changes in 'successfully aging' persons vs the total aging population. Arch
Neurol 57, 573-80.

Oppenheim, R.W. (1991). Cell death during development of the nervous system. Annu. Rev. Neurosci. /4, 453-
501.

Oppenheim, R.W., Houenou, L.J., Johnson, J.E., Lin, L.F., Li, L., Lo, A.C., Newsome, A.L., Prevette, D.M., and
Wang, S. (1995). Developing motor neurons rescued from programmed and axotomy-induced cell death
by GDNF. Nature 373, 344-346.

Oppenheim RW, H.L.P.A.P.D.SW.S.L. (2000). Glial cell line-derived neurotrophic factor and developing
mammalian motoneurons: regulation of programmed cell death among motoneuron subtypes. J
Neurosci. 20, 5001-11.

Ornitz, D.M. and Itoh, N. (2001). Fibroblast growth factors. Genome Biol 2, REVIEWS3005

Otten, U., Marz, P., Heese, K., Hock, C., Kunz, D., and Rose-John, S. (2000). Cytokines and neurotrophins
interact in normal and diseased states. Ann N'Y Acad Sci 9/7, 322-30.

Otto, D., Unsicker, K., and Grothe, C. (1987). Pharmacological effects of nerve growth factor and fibroblast
growth factor applied to the transectioned sciatic nerve on neuron death in adult rat dorsal root ganglia.
Neurosci Lett 83, 156-60.

Patterson, P.H. and Nawa, H. (1993). Neuronal differentiation factors/cytokines and synaptic plasticity. Cell 72
Suppl, 123-37.

Pennica, D., King, K.L., Shaw, K.J., Luis, E., Rullamas, J., Luoh, S.M., Darbonne, W.C., Knutzon, D.S., Yen,

49



Ming Y. References

R., Chien, K.R., and et, a.l. (1995a). Expression cloning of cardiotrophin 1, a cytokine that induces
cardiac myocyte hypertrophy. Proc Natl Acad Sci U S A 92, 1142-6.

Pennica, D., Shaw, K.J., Swanson, T.A., Moore, M.W., Shelton, D.L., Zioncheck, K.A., Rosenthal, A., Taga, T.,
Paoni, N.F., and Wood, W.I. (1995b). Cardiotrophin-I. Biological activities and binding to the
leukemia inhibitory factor receptor/gp130 signaling complex. J Biol Chem 270, 10915-22.

Perry, V.H. and Brown, M.C. (1992). Role of macrophages in peripheral nerve degeneration and repair.
Bioessays /4, 401-6.

Persson, J. Neuronal and glial cell plasticity in the nucleus gracilis following peripheral nerve injury. Thesis. The
Krolinska Institute, Stockholm. 1995: ISBN 91-628-1643-8

Platt, J.L. and Michael, A.F. (1983). Retardation of fading and enhancement of intensity of immunofluorescence
by p-phenylenediamine. J. Histochem. Cytochem. 37, 840-842.

Poteryaev D. Titievsky A, Sun YF, Thomas-Crusells J, Lindahl M, Billaud M, Arumae U, Saarma M. (1999).
GDNF triggers a novel ret-independent Src kinase family-coupled signaling via a GPI-linked GDNF
receptor alphal. FEBS Lett. 463, 63-6.

Powers, C.J., McLeskey, S.W., and Wellstein, A. (2000). Fibroblast growth factors, their receptors and
signaling. Endocr Relat Cancer 7, 165-97.

Purves, D. (1988). Body and Brain, A trophic theory of neural connections (Cambridge, MA: Harvard University
Press).

Rabizadeh, S., Oh, J., Zhong, L.T., Yang, J., Bitler, C.M., Butcher, L.L., and Bredesen, D.E. (1993). Induction of
apoptosis by the low-affinity NGF receptor. Science 26/, 345-348.

Raff, M.C., Barres, B.A., Bumne, J.F., Coles, H.S., Ishizaki, Y., and Jacobson, M.D. (1994). Programmed cell
death and the control of cell survival. Philos Trans R Soc Lond B Biol Sci 345, 265-8.

Raivich, G., Hellweg, R., and Kreutzberg, G.W. (1991). NGF receptor-mediated reduction in axonal NGF uptake
and retrograde transport following sciatic nerve injury during regeneration. Neuron 7, 151-164.

Rapraeger, A.C., Krufka, A., and Olwin, B.B. (1991). Requirement of heparan sulfate for bFGF-mediated
fibroblast growth and myoblast differentiation. Science 252, 1705-8.

Rask, C.A. and Escandon, E. (1999). Neurotrophin treatment of peripheral sensory neuropathies. In F. Hefti, ed.
(Berlin:Springer-Verlag),pp.53-79.

Ray, J., Baird, A., and Gage, F.H. (1997). A 10-amino acid sequence of fibroblast growth factor 2 is sufficient
for its mitogenic activity on neural progenitor cells. Proc Natl Acad Sci U S A 94, 7047-52.

Reeben, M., Laurikainen, A., Hiltunen, J.O., Castrén, E., and Saarma, M. (1998). The messenger RNAs for both
glial cell line-derived neurotrophic factor receptors, c-ret and GDNFRalpha, are induced in the rat brain
in response to kainate-induced excitation. Neuroscience 83, 151-159.

Reichardt LF, a.F.I. (1997). Neurotrophic factors and their receptors. Roles in neuronal development and
function. In Molecular and Cellular Approaches to Neural Development (New York: Oxford Univ.

Press ).

Reilly, J.F., Maher, P.A., and Kumari, V.G. (1998). Regulation of astrocyte GFAP expression by TGF-betal and
FGF-2. Glia 22, 202-10.

Rende, M., Muir, D., Ruoslahti, E., Hagg, T., Varon, S., and Manthorpe, M. (1992). Immunolocalization of
ciliary neuronotrophic factor in adult rat sciatic nerve. Glia 5, 25-32.

Ridley, A.J., Davis, J.B., Stroobant, P., and Land, H. (1989). Transforming growth factors-beta | and beta 2 are

50



Ming Y. References

mitogens for rat Schwann cells. J Cell Biol /09, 3419-24.

Rifkin, D.B. and Moscatelli, D. (1989). Recent developments in the cell biology of basic fibroblast growth
factor. ] Cell Biol /09, 1-6.

Robinson, A.P., White, T.M., and Mason, D.W. (1986). Macrophage heterogeneity in the rat as delineated by
two monoclonal antibodies MRC OX-41 and MRC OX-42, the latter recognizing complement receptor
type 3. Immunology 57, 239-47.

Rose-John, S. and Heinrich, P.C. (1994). Soluble receptors for cytokines and growth factors: generation and
biological function. Biochem J 300 ( Pt 2), 281-90.

Ryden, M., Murray-Rust, J., Glass, D., llag, L.L., Trupp, M., Yancopoulos, G.D., McDonald, N.Q., and Ibanez,
C.F. (1995). Functional analysis of mutant neurotrophins deficient in low-affinity binding reveals a role
for p7SLNGFR in NT-4 signalling. EMBO J /4, 1979-90.

Rylett, R.J. and Williams, L.R. (1994). Role of neurotrophins in cholinergic-neurone function in the adult and
aged CNS. Trends Neurosci /7, 486-90.

Sanchez, M.P., Silos-Santiago, L., Frisen, J., He, B., Lira, S.A., and Barbacid, M. (1996). Renal agenesis and the
absence of enteric neurons in mice lacking GDNF. Nature 382, 70-3.

Sanicola, M., Hession, C., Worley, D., Carmillo, P., Ehrenfels, C., Walus, L., Robinson, S., Jaworski, G., Wei,
H., Tizard, R., Whitty, A., Pepinsky, R.B., and Cate, R.L. (1997). Glial cell line-derived neurotrophic
factor-dependent RET activation can be mediated by two different cell-surface accessory proteins. Proc
Natl Acad Sci U S A 94, 6238-43.

Santoro, M., Wong, W.T., Aroca, P., Santos, E., Matoskova, B., Grieco, M., Fusco, A., and di Fiore, P.P. (1994).
An epidermal growth factor receptor/ret chimera generates mitogenic and transforming signals:

evidence for a ret-specific signaling pathway. Mol Cell Biol /4, 663-75.

Satoh, T., Nakafuku, M., and Kaziro, Y. (1992). Function of Ras as a molecular switch in signal transduction. J
Biol Chem 267, 24149-52.

Schaar, D.G., Sieber, B.A., Dreyfus, C.F., and Black, [.B. (1993). Regional and cell-specific expression of
GDNEF in rat brain. Exp. Neurol. /24, 368-371.

Schecterson, L.C. and Bothwell, M. (1992). Novel roles for neurotrophins are suggested by BDNF and NT-3
mRNA expression in developing neurons. Neuron 9, 449-463.

Schmidt, B., Stoll, G., Toyka, K.V., and Hartung, H.P. (1990). Rat astrocytes express interferon-gamma
immunoreactivity in normal optic nerve and after nerve transection. Brain Res 575, 347-50.

Schobitz, B., Voorhuis, D.A., and De Kloet, E.R. (1992). Localization of interleukin 6 mRNA and interleukin 6
receptor mRNA in rat brain. Neurosci Lett /36, 189-92.

Scott, J., Selby, M., Urdea, M., Quiroga, M., Bell, G.I., and Rutter, W.J. (1983). Isolation and nucleotide
sequence of a cDNA encoding the precursor of mouse nerve growth factor. Nature 302, 538-40.

Segouffin-Cariou, C. and Billaud, M. (2000). Transforming ability of MEN2A-RET requires activation of the
phosphatidylinositol 3-kinase/AKT signaling pathway. J Biol Chem 275, 3568-76.

Sendtner, M., Pei, G., Beck M., Schweizer U., and Wiese S. (2000). Developmental motoneuron cell death and
neurotrophic factors. Cell Tissue Res 301, 71-84

Sendtner, M., Kreutzberg, G.W., and Thoenen, H. (1990). Ciliary neurotrophic factor prevents the degeneration
of motor neurons after axotomy. Nature 345, 440-1.

Snider, W.D. (1994). Functions of the neurotrophins during nervous system development: what the knockouts

51



Ming Y. References

are teaching us. Cell 77, 627-638.

Sohal, R.S. and Brunk, U.T. (1992). Mitochondrial production of pro-oxidants and cellular senescence. Mutat
Res 275, 295-304.

Sohal, R.S. and Orr, W.C. (1992). Relationship between antioxidants, prooxidants, and the aging process. Ann
N Y Acad Sci 663, 74-84.

Sohal, R.S. and Weindruch, R. (1996). Oxidative stress, caloric restriction, and aging. Science 273, 59-63.

Soler, R.M., Dolcet, X., Encinas, M., Egea, J., Bayascas, J.R., and Comella, J.X. (1999). Receptors of the glial
cell line-derived neurotrophic factor family of neurotrophic factors signal cell survival through the
phosphatidylinositol 3-kinase pathway in spinal cord motoneurons. J Neurosci /9, 9160-9.

Soppet, D., Escandon, E., Maragos, J., Middlemas, D.S., Reid, S.W., Blair, J., Burton, L.E., Stanton, B.R.,
Kaplan, D.R., Hunter, T., Nikolics, K., and Parada, L.F. (1991). The neurotrophic factors brain-derived
neurotrophic factor and neurotrophin-3 are ligands for the trkB tyrosine kinase receptor. Cell 65,
895.903

Spaulding, C.C., Walford, R.L., and Effros, R.B. (1997). Calorie restriction inhibits the age-related dysregulation
of the cytokines TNF-alpha and IL-6 in C3B10RF1 mice. Mech Ageing Dev 93, 87-94.

Squinto, S.P., Stitt, T.N., Aldrich, T.H., Davis, S., Bianco, S.M., Radziejewski, C., Glass, D.J., Masiakowski, P.,
Furth, M.E., Valenzuela, D.M., DiStefano, P.S., and Yancopoulos, G.D. (1991). trkB encodes a
functional receptor for brain-derived neurotrophic factor and neurotrophin-3 but not nerve
growth factor. Cell 65, 885-893.

Sternberg, E.M. (1997). Neural-immune interactions in health and disease. J Clin Invest 700, 2641-7.

Stockli, K.A., Lillien, L.E., Naher-Noe, M., Breitfeld, G., Hughes, R.A., Raff, M.C., Thoenen, H., and Sendtner,
M. (1991). Regional distribution, developmental changes, and cellular localization of CNTF-mRNA
and protein in the rat brain. J Cell Biol //5, 447-59.

Stockli, K.A., Lottspeich, F., Sendtner, M., Masiakowski, P., Carroll, P., Gotz, R., Lindholm, D., and Thoenen,
H. (1989). Molecular cloning, expression and regional distribution of rat ciliary neurotrophic factor.
Nature 342, 920-3.

Suzuki, Y.J., Forman, H.J., and Sevanian, A. (1997). Oxidants as stimulators of signal transduction. Free Radic
Biol Med 22, 269-85.

Taga, T. (1996). Gp130, a shared signal transducing receptor component for hematopoietic and neuropoietic
cytokines. J Neurochem 67, 1-10.

Taga, T. and Kishimoto, T. (1997). Gp130 and the interleukin-6 family of cytokines. Annu Rev Immunol /5,
797-819.

Tau, G. and Rothman, P. (1999). Biologic functions of the [FN-gamma receptors. Allergy 54, 1233-51.

Tomida, M., Yamamoto-Yamaguchi, Y., and Hozumi, M. (1984). Purification of a factor inducing
differentiation of mouse myeloid leukemic M1 cells from conditioned medium of mouse fibroblast
1929 cells. J Biol Chem 259, 10978-82.

Tomonaga, M. (1977). Histochemical and ultrastructural changes in senile human skeletal muscle. J. Am.
Geriatr. Soc. 25, 125-131,

Treanor, J.J., Goodman, L., de Sauvage, F., Stone, D.M., Poulsen, K.T., Beck, C.D., Gray, C., Armanini, M.P.,
Pollock, R.A., Hefti, F., Phillips, H.S., Goddard, A., Moore, M.W., Buj-Bello, A., Davies, A.M., Asai,
N., Takahashi, M., Vandlen, R., Henderson, C.E., and Rosenthal, A. (1996). Characterization of a
multicomponent receptor for GDNF [see comments]. Nature 382, 80-83.

52



Ming Y. References

Trupp, M., Arenas, E., Fainzilber, M., Nilsson, A.S., Sieber, B.A., Grigoriou, M., Kilkenny, C., Salazar-Grueso,
E., Pachnis, V., Arumae, U., and et al. (1996). Functional receptor for GDNF encoded by the c-ret
proto-oncogene [see comments]. Nature 38/, 785-788.

Trupp, M., Belluardo, N., Funakoshi, H., and [banez, C.F. (1997). Complementary and overlapping expression
of glial cell line-derived neurotrophic factor (GDNF), c-ret proto-oncogene, and GDNF receptor-alpha
indicates multiple mechanisms of trophic actions in the adult rat CNS. J. Neurosci. /7, 3554-3567.

Trupp, M., Ryden, M., Jornvall, H., Funakoshi, H., Timmusk, T., Arenas, E., and [banez, C.F. (1995). Peripheral
expression and biological activities of GDNF, a new neurotrophic factor for avian and mammalian
peripheral neurons. Journal of Cell Biology /30, 137-48.

Trupp, M., Scott, R., Whittemore, S.R., and Ibanez, C.F. (1999). Ret-dependent and -independent mechanisms of
glial cell line-derived neurotrophic factor signaling in neuronal cells. Journal of Biological Chemistry
274,20885-94.

Ullrich, A., Gray, A., Berman, C., and Dull, T.J. (1983). Human beta-nerve growth factor gene sequence highly
homologous to that of mouse. Nature 303, 821-5.

van Weering, D.H. and Bos, J.L. (1997). Glial cell line-derived neurotrophic factor induces Ret-mediated
lamellipodia formation. J Biol Chem 272, 249-54.

Vejsada, R., Tseng, J.L., Lindsay, R.M., Acheson, A., Acbischer, P., and Kato, A.C. (1998).
Synergistic but transient rescue effects of BDNF and GDNF on axotomized neonatal motoneurons.
Neuroscience 84, 129-139.

Verdi, J.M., Birren, S.J., Ibanez, C.F., Persson, H., and Kaplan, D.R. (1994). p7SLNGFR regulates Trk signal
transduction and NGF-induced neuronal differentiation in MAH cells. Neuron /2, 733-745.

Verge, V.M., Gratto, K.A., Karchewski, L.A., and Richardson, P.M. (1996). Neurotrophins and nerve injury in
the adult. Philosophical Transactions of the Royal Society of London - Series B: Biological Sciences
351,423-430.

Vikman, K.S., Owe-Larsson, B., Brask, J., Kristensson, K.S., and Hill, R.H. (2001). [nterferon-gamma-induced
changes in synaptic activity and AMPA receptor clustering in hippocampal cultures. Brain Res 896,

18-29.

von Bartheld, C.S., Byers, M.R., Williams, R., and Bothwell, M. (1996). Anterograde transport of neurotrophins
and axodendritic transfer in the developing visual system. Nature 379, 830-3.

Wagner JA. (1996). [s IL-6 both a cytokine and a neurotrophic factor? J Exp Med. /83,2417-9.

Warner, H., Butler, R.N., Sprott, R.L., and Schneider, E.L. (1987). Modern biological theories of aging (New
York: Raven).

Wei, Y.P., Kita, M., Shinmura, K., Yan, X.Q., Fukuyama, R., Fushiki, S., and lmanishi, J. (2000). Expression of
[FN-gamma in cerebrovascular endothelial cells from aged mice. J Interferon Cytokine Res 20, 403-9.

Weise, B., Janet, T., and Grothe, C. (1993). Localization of bFGF and FGF-receptor in the developing nervous
system of the embryonic and newborn rat. J Neurosci Res 34, 442-53.

Weise, B., Unsicker, K., and Grothe, C. (1992). Localization of basic fibroblast growth factor in a subpopulation
of rat sensory neurons. Cell Tissue Res 267, 125-30.

Woollacott, M.H. (1986). Gait and postural control in the aging adult. In W. Bles and T. Brandt, eds.
(Amsterdam:ElsevierSciencePublishersB.V.),pp.325-336.

Worby, C.A., Vega, Q.C., Zhao, Y., Chao, H.H., Seasholtz, A.F., and Dixon, J.E. (1996). Glial cell line-derived
neurotrophic factor signals through the RET receptor and activates mitogen-activated protein kinase. J

53



Ming Y. References

Biol Chem 271, 23619-22.

Xing, S., Furminger, T.L., Tong, Q., and Jhiang, S.M. (1998). Signal transduction pathways activated by RET
oncoproteins in PC12 pheochromocytoma cells. J Biol Chem 273, 4909-14.

Yamamori, T. (1991). Localization of cholinergic differentiation factor/leukemia inhibitory factor mRNA in the
rat brain and peripheral tissues. Proc Natl Acad Sci U S A 88, 7298-302.

Yamamori, T., Fukada, K., Aebersold, R., Korsching, S., Fann, M.J., and Patterson, P.H. (1989). The cholinergic
neuronal differentiation factor from heart cells is identical to leukemia inhibitory factor. Science 246,
1412-6.

Yan, Q., Matheson, C., and Lopez, O.T. (1995). In vivo neurotrophic effects of GDNF on neonatal and adult
facial motor neurons. Nature 373, 341-344.

Yayon, A., Klagsbrun, M., Esko, J.D., Leder, P., and Ornitz, D.M. (1991). Cell surface, heparin-like molecules
are required for binding of basic fibroblast growth factor to its high affinity receptor. Cell 64, 841-8.

Yu, T., Scully, S., Yu, Y., Fox, G.M,, Jing, S., and Zhou, R. (1998). Expression of GDNF family receptor
components during development: implications in the mechanisms of interaction. J Neurosci /8, 4684-
96.

Zhon Z., Wen Z., Darnell J.E. Jr. (1994). Stat3: a STAT family member activated by tyrosine phosphorylation in
response to epidermal growth factor and interleukin-6. Science 264, 95-98

Zhou, X.F. and Rush, R.A. (1996). Endogenous brain-derived neurotrophic factor is anterogradely transported in
primary sensory neurons. Neuroscience 74, 945-53.

Zhu, Y., Roth-Eichhorn, S., Braun, N., Culmsee, C., Rami, A., and Krieglstein, J. (2000). The expression of

transforming growth factor-betal (TGF-betal) in hippocampal neurons: a temporary upregulated
protein level after transient forebrain ischemia in the rat. Brain Res 866, 286-98.

54



