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ABSTRACT:

The nerve growth factor family ofneurotrophins play multiple roles in bath the

developing and mature mammalian nervous systems. During development~ neurotrophins are

typically thought to aet as retrogradely-derived signais that Mediate the survival of innervating

neurons. However, recent studies have highlighted different mechanisms ofdelivery and

multiple funetions fOT certain neurotrophins~extending their scope ofbiological activity beyond

that suggested by the neurotrophic hypothesis. This thesis highlights two novel roles for the

neurotrophi~ brain-derived neurotrophic factor (BDNF)~ in the mammalian nervous system,

and the mechanisms by which these events are rnediated.

First, we show that BDNF is anterogradely transported in central noradrenergic neurons

to regulate the development oftarget neuron populations such as the neocortex, and to Mediate

the survival ofinjured motor neurons. This provides the first evidence ofa functional role for

anterogradely-derived BDNF during the survival and development oftarget neuron

populations. Two transgenic mouse constructs were used to determine the role of

anterogradely-derived BDNF; the previously characterized dopamine (3-hydroxylase

(DBH):BDNF transgenic mice, and TaI :nlacZ transgenic mice which have been extensively

characterized within the scope of this thesis.

Second, we show that BDNF Mediates apoptosis via the p75NTR in neurons lacking

TrkB. Indeed~ BDNF-mediated p75NTR activation results in increased sympathetic neuron

death in vitro~ and ablation ofBDNF and p75 in vivo, (BDNF-I- or p75-1- mice), results in an

increased number ofSeG neurons following the period ofnaturally occuning œil death.

Together, these data indicate that p75NTR can mediate apoptosis, and that tbis mechanism is

essential for naturally-occurring œil death.

We also show that the tumor suppressor protein, p53, is essential during naturally

occurring sympathetic neuron death, and that p53 protein levels are increased following bath

BDNF-mediated activation ofp75, and NGF withdrawal. Moreover, we postulate that both the

p75-mediated and NGF withdrawal-induced upre8ulation ofp53 is mediated by the MEKK

JNK pathway. The p53 tumor suppressor protein has been shown to play an apoptotic role in

several cell types, including in neurons exposed to external stressors, such as excitotoxicity and

ONA damage. This is the first time p53 has been demonstrated to play an apoptotic role during

the development ofthe mammalian nervous system.
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RÉSUMÉ:

Les neurotrophines de la famille de "nerve growth factor (NGF)'" sont des polypeptides très

importants jouant des rôles multiples dans le développement et le maintient du système nerveux

mammifière. Au cours du développemen~ les neurotrophines agissent de manière rétrograde et

médient la survie des neurones qui inervent la cible. Cependan~ diverses rècentes études ont

démontré que certaines neurotrophines pouvaient être transportées des mécanismes diffèrents et

possèder des fonctions plus vastes que celles suggérées par 1'hypothèse classique des

neurotrophines.

Cette thèse doctorale met eu évidence deux nouveaux rôles de ubrain-derived neurotrophic

factor (BDNF)", un membre de la famille des neurotrophines, ainsi que les mécanismes par lesquels

cette neurotrophine médie ces fonctions.

Premièrement, nous demonstrons que BDNF est transporté de manière antérograde dans les

neurones noradrènergiques, dans le but de règuler le developpement de populations de neurones

cibles, telles les neurones du neocortex. De plus BDNF permet la survie de neurones moteurs

blessées. Ce sont les premières évidences démontrant que BDNF transporté de manière antérograde

joue un rôle dans la survie et le développement de neurones-cibles.

Deux lignées de souris transgéniques ont été utilisées pour ces études. Une lignée exprimant le

transgène dopamine p-hydroxylase (DBH):BDNF ainsi qu'une lignée exprimant le transgène

Tal:n1acZ ont été caractérisées en detail dans cette thèse.

Deuxièmement, on démontre que BDNF cause l'apoptose, en activant le récepteur

membraine p75, de neurones n'exprimant pas le recepteur TrkB. De plus, l'activation de p75 par

BDNF cause une augmentation de l'apoptose des neurones sympathiques en culture. L'absence de

BDNF et de p75 in vivo (souris knockout BDNF-/-, p75-/-) rèsulte en une augmentation du nombre

de neurones du ganglion cervicale supérièur. Ces résultats indiquent que p75 médie l'apoptose et

que ce mécanisme est nécessaire à l'apoptose naturelle qui a lieu lors du développement.

Finalement, nous démontrons que le suppresseur de tumeurs p53 est nécessaire dans le

mécanisme d'apoptose naturelle des neurones sympathiques. On note une augmentation de la

quantité de p53 lorsque p75 est activé par BDNF ou-lorsque les neurones sympathiques sont

deprivées de NGF. De plus, nous potulons que le mécanisme par lequel p53 augmente, implique les

proteines MEKK et JNK. C'est la première fois que p53 est impliqué dans l'apoptose lors du

développement du système nerveux.
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every aspect ofthis study along with my co-authors. My major contribution to tbis paper

involves the survival studies reported in figure 4.2 and figure 4.4~ however, my specifie

contribution to each figure is outlined below.

Figure 4.1: An enormous number ofprimary sympathetic neuron cultures were

required for all in vitro experiments. My specifie contribution to figure 1 was the culturing of

SCG neurons along with D.J. Belliveau. D.J. BeUiveau performed ail the washouts and

induced the cells with the appropriate neurotrophins for figures 4.1a-d. 1performed ail the

washouts and induced the cells with the appropri~teneurotrophins for figures 4.1e,f After the

cells were induced with the various neurotrophins, R.Aloyz perfonned Western blot analysis on

the lysates. Thus, my contribution to figure 4.1 includes halfofthe culturing ofall SCG

neurons, and ail the washouts and inductions for figure 4.1e9f

Figure 4.2: 1predominantly performed survival studies involving the addition ofBDNF

to limiting concentrations ofNGF (Fig.4.2B9C) or KCL (D9E), however D.J. Belliveau also

aided in these studies including helping in the culturing ofsympathetic neurons9and induction

ofthe neurons with the different neurotrophins. For figures 4.2b-e91 performed halfofthe

cultures with D.l. BeUiveau and performed 800A» ofthe washouts, inductions ':Vith the various

neurotrophins, and MTT survival assays. The comparison between sympathetic neuron

survival mediated by different concentrations ofNGF and NT-4 (Fig.4.2A) were predominantly

performed by D.J. Belliveau9however, 1 cultured halfofthe SCG neurons required for this

experiment.

Figure 4.3: TUNEL labeling experiments "Shawn in figure 4.3 were performed entirely

by J.Kohn.

Figure 4.4: 1 contributed largely to survival assays performed with the p75 antibodY9

RE~ seen in figure 4.4a. C. Pozniak performed halfthe culturing required for this studY9

however 1performed ail washouts on the cells9ail the inductions with various neurotrophins
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and antibodies, and performed the MIT survival studies. Survïval experiments shown in figure

4.4b were performed by M.Majdan.

Figures 4.5, 4.6: Analysis of sympathetic neurons in BDNF-/- and p75-/- mice shown

in figures 4.5 and 4.6, and in table 4.1 were performed by M.Majdan, C.Pozniak and myself.

M.Majdan counted SCG neurons ftam p75-/- mice as represented by figures 4.6d-fand the last

column in table 4.1. C.Pozniak counted SCG neurons from BDNF-/- mice as shown in figure

4.6b,c and the last column in table 4.1. M.Majdan, C.Pozniak and myself contributed equally

to estimated 8DNF-/- and p75-/- SCG neuron counts as shown in table 4.1.

Bamji.,S.X.-., A1oyz., R.S.-, Pozniak.C.D.*., Toma.,J.G•., Atwal.,J•., Kaplan.,D.R., and
MiUer.,F.D. (1998) P53 is essential for developmental neuron death as regulated by the
TrkA and p75 neurotrophin receptors. Lee" Biol.143:1691-1703.

This manuscript is also the result ofa highly collaborative effort, and my contribution to

each figure Iisted below:

Figure 5.1: 1generated and maintained ail primary symapthetic neuron cultures

required for this figure in conjunction with a technician. R.Aloyz performed all NGF washouts

and biochemistry on these samples.

Figure 5.2: 1 performed the survival assays depicted in figure 5.2a,b in conjunction

with C.D.Pomiak. This includes generating neuron cultures, viral infections, washouts and

MIT survival assays. Figures S.2c-e were constructed by 1.G.Toma.

Figure 5.3: Neuronal cultures, viral infections, and NGF washouts forthis figure were

entirely completed by myself. R.Aloyz then performed Western blot analysis on the Iysates.

Figures S.3d and e were performed by 1.G. Toma and R.Aloyz.

Figure 5.4: This figure was largely constructed by myself. After the cells were

induced with the various neurotrophins, R.Aloyz performed Western blot analysis on the

lysates.

Figure 5.5: This figure was performed by R.Aloyz and 1.G. Toma.

Figure 5.6: Neuronal counts in pS3-1- and wildtype SCGs at two timepoints, and

TUNEL labeling in p53-/- and wildtype SCGs were performed in conjunction with C.D.

Pozniak. C.D.Pozniak and 1 contributed equally to this work..
• These authors contributed equally to this work
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RATIONALE:

The nerve growth factor family ofneurotrophins plays multiple roles in both the

developing and mature mammalian nervous systems. The neurotrophi~BDNF, bas

specitically been shown to Mediate a variety ofbiological effects from events surrounding

neurogenesis, to neuronal survival and modulation ofsynaptic plasticity. The present studies

were undertaken to further our understanding ofthe role ofBDNF in both the CNS and PNS.

We have concentrated on two areas ofBDNF biology; the transport ofBDNF within a neurooy

and the etTect ofBDNF on neurons expressing thep7~ but lacking the TrkB receptor.

Together, we believe these studies wiU provide additional information on how BDNF Mediates

the complex interplay that takes place during the sculpting ofthe mammalian nervous system,

and sPecificallyy how BDNF May he transported to eifect the survival and death ofneurons

during programmed œil death.

OBJECTIVES OF THE THESIS:

There are four main objectives ofthis thesis. The first objective was to further

charaeterize a model system that could be used as a useful "tool" to examine perturbations in

neural development in transgenic mice, such as the dopamine P-hydroxylase (DBH):BDNF

trangenic mice, and to rapidly identify neuronal populations that are responsive to extrinsic

cues, such as BDNF, that regulate the growth of mature neurons in vivo.

The second objective was to examine the role ofBDNF in the CNS, aild specitically, to

examine the functional role ofanterogradely-derived BDNF. We focussed on the anterograde

transport ofBDNF in noradrenergic neurons oftl!e locus coeruleus, a neuronal population

known to express BDNF and to exert trophic control ofa wide variety oftarget populations.

The third objective was to examine the role ofBDNF on neuronal populations that

express the p75NTR but lack the TrkB receptor. We focussed on sympathetic neurons ofthe

rat SCO as a biologically relevant model syste~ as these neurons are exposed to BDNF at their

targets, but do not express TrkB. In addition to furthering our understanding ofthe role of

BDNF on neurons lacking the TrkB receptor, this study provided a model system to examine
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the mie ofthe p75 neurotrophin receptor. Ind~ as neurons are exposed to many

neurotrophins derived ftom a variety ofsources such as targets, afferent innervatio~ and glial

cells, it is important to examine the effects ofthese neurotrophins on neurons lacking their

cognate Trk receptors, and the contribution ofthe p75 receptor in mediating these events.

The final objective ofthis thesis was to examine the signaling pathways aetivated upon

binding ofBDNF to the p75NTR. As BDNF-mediated p75NTR activation was shawn ta be a

necessary component ofdevelopmental sympathetic neuron death, tbis study encompassed

signaling pathways aetivated both upon p75 activation and NGF withdrawal, two events known

to oœur during programmed cell death in sympathetic neurons.
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CHAPTER 1: LITERATURE REVIEW

TIIe aim ollltis clulpter is 10 revÎew the cllrrent IInderstlllltlillg ofthe roles ofIIellrotropltins,

ill ptll1icular IIerve growth factor (NGF) tDUl brain-derived IIellrotrophic factor (BDNF), ;11
the developmell' oftlle vertebrale lIervtJllS system willa empilais 011 tlle role ofnellrotroplains

ill metlitlti"g lIeurollal SIIrvivallllld tleœ1L First, lite nerve growtll factor family of

IIe1lrotrophins IlIId tlteir receptors are introtlllcetl, locIIssing 011 tlte role ofnellrotropllillS in

tlte tlevelopmellt oftlte sympatlletic IIervOllS system. Second, the reglliatioll ofsIlrvival by

IIe11rotrophins is reviewed illcilldillg the role ofillllervatillg nellrons ;11 medilltillg ttuget

deve/opmellt llIId survival, and t"e moleclliar mec"allisms by which lIellrotrophins are

tholl8"t to cOllfer lIe11rollalprotection. Fillally, the moleclliar evellts leadillg to lIeuroll

tlellth, Ils weil Ils the role ofIIellrotrophins ill this process are examilleti.

1. The Nerve Growth Factor (NGF) Family Neurotrophins:

The lifetime ofa neuron, trom a proliferative neuroblast to a mature, differentiated

neuron may be divided into three major phases. Initially, in the proliferative phase, a

neuroblast divides at a rate which appears to be a-function of its position in the developing

nervous system. Terminal mitosis marks the "birth date" ofa neuron, which is shortly followed

by a phase of neurite outgrowt~ elicited by the expression ofa number of neuronal growth

associated genes. Following the successful negotiation ofan axonal pathway involving growth

regulation and guidance eues, specifie target-cell recognition triggers growth cone collapse and

synaptogenesis, marlong the beginning ofthe final phase ofneuronal development, neuronal

maturation.

Not every neuroblast, however, will realize its potential to differentiate and mature.

During the development ofthe nervous system, many ofthe immature neurons ofthe CNS and

PNS are eliminated in a self-directed process ofcell death termed "apoptosis". This extensive

process ofcell death is developmentally regulated and occurs amidst the flurry ofcell growth

taking place in the developing nervous system.

The nerve growth factor family ofneurotrophic factors constitutes a class ofprotein

molecules that bas been shown to exert a multitude ofetTects during neuronal development and

maturation. Neurotrophin-mediated signais are thought to promote neuronal survival and
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impinge on ail three phases of neuronal development as weil as the transitional events that

separate them. Much of the conceptual ftamework surrounding the suspected function of

neurotrophic factors bas emerged trom nearly fifty years ofstudy ofthe prototypical

neurotrophic factor, nerve growth factor (NGF).

Since the initial discovery ofNGF by Rita Levi-Montalcini and Viktor Hamburger

(reviewed in Levi-Montalcini and Angeletti,1968), a whole family ofneurotrophins have been

identified. At present, five neurotrophins have b~en described: nerve growth factor (NGF)

(reviewed in Perez-Polo et al., 1972; Bradshawet al., 1984), brain-derived neurotrophic factor

(BDNF) (Barde et al., 1982; Leibrock et al., 1989), neurotrophin-3 (NT-3) (Emfors et al., 1990;

Hohn et al., 1990; Kaisho et al., 1990; Maisonpierre et al., 1990; Rosenthal et al., 1990),

neurotrophin-4/5 (NT-4/5) (Berkemeier et al., 1991; Hallbôôk et al., 1991; Ip et al., 1992), and

neurotrophin-6 (NT-6) (Gotz et al., 1994) which bas thus far only been found in the teleost fish,

Xiphophorus maculatus. The members ofthis family share 50-60010 amino acid homology, and

each have been shown to enhance the survival ofspecitic neurons in vivo and/or in vitro. In

addition to neurotrophins, other families ofgrowth factors MaY a1so participate in aspects of

neuronal development and surviva1. These include: insulin-like growth factors (lGFs)

(reviewed in Gario et al., 1998; D'Ercole et al., 1996), epidermal growth factor (EGF) (reviewed

in Hicks et al., 1998), fibroblast growth factor (FGF) (reviewed in Hicks et al., 1998; Grothe and

Wewetzer,1996), transforming growth factor (TGF) (reviewed in Sieber-Blum and

Zhang,1997; Unsicker and Krieglstein,1996), ciliary neurotrophic faetor(CNTF) (Kuzis and

Eckenstein, 1996; Horton et al., 1996) and glial cellline-derived neurotrophic factor (GDNF)

(reviewed in Bjorklund et al., 1997).

Early investigations into the binding properties ofNGF on responsive peripheral

neurons revealed that these cells express two receptor populations (Sutter et al., 1979). NGF

hound to some sites with higher aftinity and slow dissociation rates, and to other sites with low

affinity and fast dissociation rates (for review see Bothwell, 1995). The tirst NGF receptor to he

molecularly charaeterized and cloned was the p75 receptor, initially called the low aftlnity

NGF receptor. At the time that p75 was cloned, this receptor defined a new family ofproteins

DOW known to include proteins such as C040, Fas and the tumor necrosis factor a (TNFa)

receptors, that are predominantly expressed by immune cells (Chao, 1994). Although the

precise funetion ofthe p75 receptor rernained elusive for Many years, it 500n became clear that
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ail neurotrophins are able to bind to the p75 receptor, DOW commonly known as the p75

neurotrophin receptor (p75NTR).

The second NGF receptor to be discovered was shown to be a previously identified

proto-oncogene, a transmembrane tYrosine kinase termed Trk (tropomyosin-related kinase)

which is an essential component for the high affinity binding properties ofNGF (Kaplan et

aI.,1991a,b; Klein et al., 1991). This saon led to the rapid identification ofa family ofTrk

related proteins now known to constitute the signal transducing element ofcellular responses to

NGF, BDNF, NT-3 and NT-4/5. The Trk tYrosine kinase family ofreceptors consists ofthree

genes trlcA, Ir/cB and tr/cC, ail ofwhich exhibit binding specificity for the different

neurotrophins. The TrkA receptor represents the preferred receptor for NGF, but cao a1so be

aetivated, to a lesser degree, by NT-3 {Belliveau et al., 1997} and NT-4/5 (Bamji et al., 1998).

The TrkB receptor is unique within the Trk family in that it cao be aetivated equally weil by

two ligands, BDNF (Glass et al., 1991) and NT-4/5 (Klein et al., 1992). TrkB cao also be

activated with lower efficiency by NT-3, at least when expressed in fibroblasts (Glass et

al.,I991). The TrkC reœptor is the least promiscuous Trk reœptor and binds only to NT-3

(Lamballe et al., 1991).

Our current concepts ofneurotrophin function stem primarily from four types of

experimental approaches. First, studies ofthe spatioternporal pattern ofexpression ofthe

neurotrophins and their receptors have provided important clues regarding the site and nature of

neurotrophin function. Second, primary neuronal cultures have been used to rigorously

charaeterize the biological aetivities of the neurotrophins. The biological activity ofthe

neurotrophins have also been examined in vivo, in the attempt of furthering our understanding

of the physiological roles ofneurotrophins. Finally, gene targetting ofthe neurotrophins and

their cognate receptors has been used to confirm sorne of the funetions ofthe neurotrophins that

were predicted by the other three experimental approaches, however, tbis approach bas cast

doubt on other funetions. In addition to their funetions during the development ofthe nervous

system, the neurotrophins cao promote the recovery of injured neurons in the adult nervous

system (Yuen and Mobley,1996). These observations have generated interest in the theraputic

potential ofneurotrophins in neurodegenerative diseases. An overview ofthe biological

aetivities ofthe neurotrophins, which have been previously reviewed extensively, (Snider,1994;

Lewin and Barde, 1996; Ip and Yancopolous, 1996) will be presented in the following sections.
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(i) Nerve Growth Flldor (NGF):

Cellular targets whose survival depends on NGF have been weil charaeterized and can

be classified under three main categories: (i) neural crest derived cells, including sympathetic

neurons, paraganglia ceUs, chromaffin ceUs (including the neoplastic PC12 ceUs), and neural

crest-derived sensory neurons, (ii) cholinergie neurons ofthe central nervous system (CNS),

including ceUs ofthe corpus striatum, basal forebrain, septum and the nucleus ofthe diagonal

band ofBroca, and (iii) nonneuronal ceUs including mast ceUs and other cells ofthe immune

system (reviewed in Thoenen and Barde, 1980; Levi-Montalcini,1987).

(a) The Role ofNGF in Survival - Neurotrophic Hypothesis:

According to the neurotrophic theory ofneuron survival, the type and density of

neurons that will ultimately innervate a target are determined by the expression ofspecific

factors within the target (reviewed in Oppenheim, 1989). In this classical theory of

neurotrophic support, limiting amounts ofneurotrophic factors are synthesized in target ceUs of

the responsive neuron, secreted in a soluble fonn ioto the extracellular space, taken up by

receptors on the responsive neuron, and then retrogradely transported to the soma ofthe

neurotrophin-dependent cell. Neurons innervating a target compete with one another for the

Iimiting target-derived neurotrophin. Neurons that are successfully able ta acquire sufficient

amounts of tbis Iimiting neurotrophin, survive, whereas ceUs unable to sequester sufficient

neurotrophin, die. Thus, the neurotrophic hypothesis provides an explanation of how specific

neural systems are able to match the number ofncurons to the size and requirements ofthe

target field.

The basis for tbis theory cornes trom a number ofstudies, largely performed in avian

and mammalian sensory and sympathetic ganglion ceUs that depend on NGF for survival.

First, it was demonstrated that NGF is produced in the targets ofthese NGF-dependent

populations and that the amount ofNGF synthesized in the target fields ofNGF-dependent

neurons is proportional to the number of innervating neurons (Korsbing and Thoenen,1983;

Heumann et al.,1984; Shelton and Reichardt,1984). Second, neurons that innervate NGF

expressing target fields express the TrkA and p75 receptors. Furthermore, developmental time

course studies have shown that the expression ofNGF in the targets ofNGF-dependent sensory
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(Davies et al., 1987) and sympathetic (Korshing and Thoene~1988) neurons, as weil as the

expression ofNGF receptors in these neurons (Wyatt and Davies,I993), begin immediately

prior to the time oftarget innervation. Thus, prior to the time oftarget innervation, when

neither NGF nor its receptor is expressed, the survival orthe innervating neurons is not

dependent upon NGF. Third, studies have demonstrated that after uptake by sensory and

sympathetic fibres ftom their target fields, NGF is retrogradely transported from the target to

the œil soma by fast axonal transport where it exerts its survival promoting effects (Hendry et

al., 1974a,b; Korsching and Thoenen, 1983). Iodeed, the pattern of retrograde axonal transport

oftarget-derived NGF carrelates with its trophic actions. For example, NOF is retrogradely

transported by neurons ofthe dorsal root ganglion (DRG) (Stoeckel et al., 1975), and.
sympathetic neurons ofthe seo (Hendry et al., 1974a,b), and in the central nervous syste~

NGF is retrogradely transported trom the dorsal hippocampus to the NGF-dependent neurons

of the medial septal nucleus and the verticallimb ofthe diagonal band ofBroca (DiStefano et

al., 1992). Finally, in the absence oftarget-derived NGF, innervating neurons die. This was

frrst demonstrated in vivo by experiments where denervation oftarget tissue, or administration

ofNGF antibodies to neonatal rats, resulted in the elimination ofthe paravertebral sympathetie

chain (Levi-Montaleini et al., 1969). In eontrast, systemic treatment of neonatal miee with

exogenous NGF causes marked hypertrophy ofthe peripheral sympathetic system (Angeletti et

al.,1971; Aloe et al., 1975). This hypertrophy is also observed when neurons are made to

innervate larger target territories (Hollyday and Hamburger, 1976; Hollyday et al., 1977).

Studies have demonstrated that biologically active l~I-labelledBDNF and NT-3 can

a1so he retrogradely transported in a wide variety of neuronal œil types that depend on these

trophie factors for survival in bath the peripheral and central nervous systems, extending the

generality ofthe neurotrophic hypothesis to other neurotrophins (DiStefano et al., 1992). The

neurotrophic hypothesis bas, however, been broadened in recent years by the demonstration

that multiple neurotrophic factors regulate the survival ofcertain populations of neurons. For

example, sorne sensory neurons depend on several different neurotrophic factors that may act

either concurrently or sequentially during target field innervation (reviewed in Phillips and

Arminini, 1996; Davies,1997). In addition, there are aspects ofneurotrophin action that do not

conform to the classical neurotrophie hypothesis. Indee<L some populations ofsensory neurons

depend on partieular neurotrophins before signifieant neuronal death takes place, raising the
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possibility that the supply ofthese neurotrophins is not Iimiting al tbis stage ofdevelopment

(Buchrnan and Davies,1993). There is also evidence that neurotrophins can aet in an autocrine

or paracrine manner, and cao also he anterogradely transported. However, despite the growing

wealth of information on the multiple roles and modes ofaction ofneurotrophie factors, the

neurotrophie hypothesis best explains how neuronal target fields in the developing peripheral

nervous system regulate their innervation density (reviewed by Davies,1996).

(b) Pattem ofNGF Expression in the Manla/ian Nervous System:

It bas been elearly demonstrated in the PNS that both NGF mRNA and protein are

synthesized in the target fields ofNGF-sensitive neurons at the time ofarrivai ofthe first nerve

fibres (Oavies et al., 1987). In contrast to the periphery, where NGF is synthesized in non

neuronal mesenehyme and epithelial cens (Bandtlow et al., 1987; Davies et al., 1987), the target

derived action in the brain appears to involve neuron-neuron interactions. Here, NGF may

either be retrogradely derived from other neurons to support survival, or MaY support survival

in an autocrine manner. For example, the response ofstriatal cholinergie intemeurons to NGF

(Mobley et al., 1989; Vantini et al., 1989) implies a retrograde mode ofaction for NGF which is

also considered to he local as the targets ofthese intemeurons are contained within the corpus

striatum. Similarly, the synthesis ofNGF (and BDNF) in pyramidal and granule cens ofthe

hippocampus (Emfors et al., 1990) agrees with the proposed role ofNGF as a retrograde

message for their afferents, the basal forebrain cholinergie neurons. Co-expression ofNGF and

TrkA on individual neurons ofthe central nervous system, namely hippocampal neurons

(Emfors et al.,199O; Kokaia et al., 1993), and cerebellar granule cens (Muller et al., 1997) also

suggest that support ofthese ceUs could be provided through autocrine mec~nisms.

The source ofNGF within the developing and adult nervous system is not solely

confined to the targets of responsive neurons, however. For example, NGF is developmentally

expressed in Schwann cells that ensheath the axons ofperipheral nerves (Heumann et al.,1987).

NGF is also expressed in glial cells throughout the developing brain, suggesting that CNS glia

exhibit a generalized capaeity to express the NGF gene (Lu et al., 1991). Indeed, NGF has

been shown to be developmentally expressed in ail three major types ofglial cells in the brain

ineluding oligodendrocytes, microglia and astrocytes (Lu et al., 1991 ). NGF levels in glial cells

of the PNS and CNS are highest during development, decrease in adult animais, and are then
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reinduced in the mature nervous system following injury (Heumann et aI.,1987; Lu et al., 1991).

As glial ceils 8Ctively proliferate bath during development and after neuronal injury, it bas been

suggested that aetively growing glia in the developing or injured brain regulate neuronal

growth through the elaboration ofNGF (Heumann et al., 1987; Lu et a1.,1991).

(c) NGF Loss-of-Function (Knockout), and Gain-of-Function Mice:

The introduction of molecular genetics to the field ofneurotrophins, through the use of

germline-targetted (tlknockout") mice, enabled the unique opportunity to determine the in vivo

aetivities ofneurotrophins and their receptors. Mice null for the NGF gene, NGF knockout

(NGF-I-) mice, are born alive but show reduced growth and survivaL with a maximum life span

of4 weeks (Crowley et al., 1994). Analysis ofmice null for the NGF gene revealed a virtual

loss ofsympathetic ganglia by ten days of life. In additio~NGF-I- mice laek the small-sized,

TrkA expressing sensory neurons within the dorsal root and trigeminal ganglia that are believed

to respond to pain and temperature stimuli. This confirms previous in vitro and in vivo results

demonstrating the crltical dependence ofthese specific neuronal populations on target-derived

NGF for survival that can not be compensated for by other related neurotrophins.

Despite early reports that NGF-I- mice display no gross structural defeets in the CNS

(Crowley et al., 1994), more subtle changes in behaviour and the pattern of innervation have

been reported upon closer examination (Chen et al., 1997). Indeed, recent examinations ofthe

brain ofheterozygous mutant mice have revealed a decrease in the size and number of

cholinergie septal cells, and a decrease in the cholinergie innervation ofthe hippocampus with

concommitant deficits in memory acquisition and retention (Chen et al., 1997).

In general, mice expressing a null mutation for either the neurotrophins or their

receptors have produced surprisingly few gross CNS defeets. It bas been suggested that the

apparent lack of impressive findings in the CNS, as compared with the PNS ofthese mice, May

retlect a fundamental difTerence in the regulation ofcell survival in the CNS (Davies,1994).

Alternatively, it bas been suggested that the CNS may possess redundant neurotrophic

pathways as evidenced by the coexpression ofdifTerent Trk receptors on specifie neuronal

populations (Davies,1994). Furthermore, there is a constant conœm that compensatory effeets

may mask the effects ofthe mutation, thereby downplaying the importance ofthe gene.
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In addition to knockout studies, two studies have examined the effects of

overexpressing NGF in the developing mouse. To examine the effeets of increased target

derived NGF on the sympathetic nervous system, the superior cervical ganglion (SCG) was

charaeterized in transgenic mice overexpressing NGF in keratinized epthelium by the K14

keratin promoter (Davis et al.,1996). As expected, increased NGF expression in targets of

sYmpathetic neurons prior to programmed œil death resulted in an increased number ofSCG

neurons, as weil as a dramatic hypertrophy ofsympathetic neurons, which correlated with an

increased innervation of the skin (Davis et al., 1996).

Overexpression ofNGF in sympathetic neurons themselves as in dopamine (3

hydroxylase (DBH):NGF transgenic mice, results in an increased number of sympathetic fibres

and an enlargement ofthe sYmpathetic trunk and nerves growing to the peripheral target (Hoyle

et al., 1993). These effects are thought to occur through autocrine regulation. Although there is

an increased number ofsympathetic axons reaching peripheral tissues, terminal sympathetic

innervation within tissues is decreased in DBH:NGF transgenic mice. This May be explained

by the lack ofcompetition for limiting amounts ofneurotrophin at the target due to the local

acquisition ofNGF. It is also possible that the appropriate levels ofterminal TrkA activation is

required for normal sympathetic innervation oftarget tissues. As these mice overexpress NGF

prior to the period ofnaturally-occurring œil dea1l., it would he interesting to see whether

autocrinely-derived NGF cao decrease apoptosis.. and thereby increase the number ofnemons

in the SeG.

(d) The Role ofNGF in Neuronal Differentiation: Neurogenesis

The expression ofNGF mRNA in target and glial cells relatively late during the

development of the nervous system (-EI5) may explain why NGF does not typically play a

role during early neuronal differentiation and œil cycle exit. During the development of the

sympathetic nervous system, for example, NGF does not appear to affect the differentiation of

sympathoadrenal progenitor cells to sympathetic neuroblasts, nor does it affect the survival of

neuroblasts. In this situation, neuroblasts have been detined as dividing cells that possess a

vanety ofneuronal characteristics, including catecholamines (Cohen, 1974), tyrosine

hydroxylase (Rothman et al.,1980), neurofilament protein (DiCicco-Bloom and Black, 1988),

and neuritic processes (DiCicco-Bloom et al., 1990). These proliferating, neuron-Iike cells have
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also been tenned precursor cells (Anderson and Axe~1986), and immature neurons (Emsburger

et al., 1989). Similarly, the immortalized MAR cellline, whieh is derived from

sympathoadrenal progenitor cells, is unresponsiv~ to NGF by criteria ofneurite outgrowth,

mitotie rate, and survival (Anderson and Axel, 1986).

A1though NGF does not influence neuronal development at the stage where a neuroblast

ditTerentiates into a neuron, NGF has been shown to exert an effect on the phenotype of

specifie ditTerentiated cells, resulting in the transdifferentiation ofeeUs into a sympathetie

phenotype. For example, evidenee for a close developmental relationship between chromaffin

cells and sympathetic neurons (deseribed later) initially came from observations that

transplantation ofpostnatal adrenaI medulary tissue ioto the anterior chamber ofthe eye

produced an outgrowth ofneuritic processes (OIson,1970), and that neurite outgrowth cao be

induced from dissociated postnatal chromafTm œlls by NGF in vitro (Unsicker et al., 1978). In

addition, exposing the adrenal medulla to exogenous NGF in vivo, results in the ditTerentiation

ofa majority ofcells into ceUs exhibiting a sympathetic phenotype, which ineludes the

expression offunctional cholinergie synapses (Ogawa et al., 1984).

NGF bas been shown to promote the diffe.rentiation ofPC12 cells, a clonai cellline

derived from a rat medullary tumor, from a chromaffin-Iike to a sympathetic neuron-like

phenotype. Upon addition ofNGF to cycling PC12 œlls, these cells eease proliferating

(Greene and Tischler,1976), increase their ability to synthesize neurotransmitters characteristic

ofsympathetic neurons (Schubert et a1.,1977), and become more electrically excitable (Dichter

et al., 1997). The ability ofNGF to inhibit proliferation in these cells is due to the expression of

TrkA receptors on PC12 cells. The ability ofundifferentiated PC12 cells to differentiate into

ceUs with many of the phenotypic properties ofsympathetic neurons upon activation ofthe

TrkA receptor, has resulted in the widespread use ofPC12 cells as an in vitro model for

studying neuronal differentiation.

(e) Raie ofNGF in Neuronal Differentiation: Neurite Outgrowth and Gene Expression

The fust suggestion that changes in gene expression are important to the biological

actions ofNGF came trom studies on NGF-induced neurite outgrowtb in PC12 cells. It was

initially observedthat upon addition ofNGF to PC12 ceUs, a charaeteristic lag time ofabout 48

hours occurred before neurite outgrowth was observed (Greene and Rukenstein, 1981). Further
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anaIysis revealed that inhibition ofRNA and protein synthesis during tbis lag time resulted in a

black ofneurite outgrowth (Greene and Rukenst~in.. 1981). Proteins whose sYnthesis are

regulated by NGF to promote the outgrowth ofneurites ftom ditTerentiated PC 12 œlls include,

microtubule associated proteins (MAPs) (Black et al, 1986), tau proteins, tubulins, including a

and (3- tubulin (Drubin et al., 1985), the growth-associated protein GAP-43 (Skene,1989), and

the neural œll-adhesion molecule N-CAM (prentice et al., 1987).

It was subsequently demonstrated that in the developing nervous system, NGF is able to

specificaiiy upregulate the expression ofa subset ofgenes important in growth and

differentiation, including those encoding the p75 neurotropbin receptor (Miller et

al., 1991;1994), Ta1 a-tubulin (Mathew and Miller, 1990;1993), and tYrosine hydroxylase

(Miller et al., 1991). In the sympathetic nervous system the magnitude of these increases in

gene expression was shown to occur in a graded fashion with resPect to NGF both in vivo

(Miller et al., 1994) and in vitro (Ma et al., 1992). Interestingly, the concentration-dependent

changes in gene expression occurred ftom 10-200ng/ml NGF. It is now believed that the tirst

resPOnse to he elicited is neuronal survival, which occurs at the lowend of the NGF curve (1

lOng/mi NGF). Once the survival threshold is reached, neurite outgrowth and gene expression

are regulated in a graded fashion as a funetion of receptor activation. This extended

concentration curve is biologically reasonable; during the period oftarget innervation, neurons

need to sequester a small amount ofNGF ta ensure their survival, but are thereafter required to

innervate an increasingly larger target area during the growth ofthe animal, necessitating

graded regulation of neuronal growth and gene expression (reviewed in Miller, 1994).

Interestingly, NGF ditTerentially regulates the expression of its two receptors, resulting

in a net increase in the expression ofthe p75NTR, but not the TrkA receptor. .ft has become

increasingly apparent that NGF's ability to alter the ratio ofp75 to TrkA receptors may be

extremely important during the development ofthe nervous system as discussed later (reviewed

in Miller, 1994).

Neuronal responses to NGF are a1so spatially regulated, resulting in a robust increase in

gene expression when NGF is applied ta œil bodies and proximal axons, and a weaker

response when NGF is applied to distal axons and neuronal terminais (Toma et al., 1997). This

is consistent with the recent finding that TrkA expression is differentially distributed in neurites
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and cell bodies ofsympathetie neurons; TrkA expression being approximately 4-fold greater in

œil bodies compared to neurites (Kohn et al., 1997).

In a similar tissue culture system designed to selectively expose different parts ofthe

neuron to NGF, the promotion ofgrowth by NGF was shown to he largely confined to distal

neurite regions directly exposed to extraœllular NGF (Campenot, 1977; 1982). This work

demonstrates that the local growth ofneurites is primarily controlled by local exposure to NGF,

and cannot be robustly induced by NGF application to cell bodies and proximal neurites,

supporting the hypothesis that target NGF levels regulate sympathetic innervation in vivo

(Campenot, 1977;1982). Thus, NGF not ooly increases neurite outgrowth and gene expression,

but does so in a concentration-dependent, spatially-regulated fashion which depends on the

region ofthe neuron exposed to NGF.

(i;) Brtlill-Oerived Nellrotroph;c Factor (BDNF):

(a) The Role ofBDNF in Survival:

Despite the high similarity between NGF and BDNF as indicated by their strietly

conserved eysteine residues (Barde et al., 1982; Leibrock et al., 1989), they are dissimilar

enough to exhibit different neuronal specificities. This is due to the differential distribution of

TrkA and TrkB receptors on different neuronal populations, with NGF exerting its effects on

TrkA expressing cells, BDNF exerting its effects on TrkB expressing cells, and both exerting

their effects on ceUs expressing both TrkA and TrkB. For example, although cholinergie

neurons ofthe basal forebrain nuclei are able to respond to both BDNF and NGF (Alderson, et

al.,199O), ooly BDNF is able to promote the survival ofTrkB expressing embryonic retina!

ganglion cells (Johnson, et al.,1986), mesencephalic dopaminergic ceUs (Hyman, et al., 1991),

as weil as placode- and non-neural crest-derived sensory neurons, including the proprioceptive

mesencephalie trigeminal neurons (Davies et al., 1986). These types ofneurons do not express

the TrkA receptor and are unable to respond ta NGF at physiological concentrations (reviewed

by Korching ,1993). Thus, overlapping but distiqet neuronal populations resPOnd ta the various

neurotrophins. Interestingly, BDNF cao promote the survival ofcultured motor neurons during

development (Oppenheim et al., 1992), and cao rescue a percentage of motor neurons from

axotomy-induced death in neonatal rats (Sendtner et al., 1992; Yan et al., 1992).
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BDNF is able to support the survival of innervating neurons in the classic, retrograde

manner similar to that seen with NGF. Indeed, spinal motor neurons can bind and retrogradely

transport [125I]_BDNF and C2sI] -NT-3 administered into sciatic nerve (DiStefano et al., 1992).

Furthermore, BDNF is expressed in the targets ofBDNF-responsive neurons including the

tectu~ which is innervated by BDNF-dependent retinal ganglion cells (Ma, et al.,1998), in

muscle targets ofmotor neurons (Koliatsos et al., 1993), and in hippocampal neurons that are

innervated by neurons of the medial septal nucleus and the verticallimb ofthe diagonal band of

Broca (DiStefano et al., 1992). This pattern is observed throughout the CNS and PNS.

Expression ofBDNF mRNA in subsets ofDRG neurons (Emfors et al., 1988;

Schecterson and Bothwell, 1992), raised the possibility that sensory neurons could obtain

BDNF by autocrine or paracrine routes operating in the ganglion. Indeed.. work using antisense

BDNF oligonucleotides in single cell cultures ofadult DRG neurons bas demonstrated the

operation ofa BDNF autocrine loop in a subset of these neurons, which is required for their

survival (Acheson et al., 1995). BDNF is also believed to aet in a paracrine manner in the

DRG, and rigorous analysis ofthe expression ofBDNF in different subsets of neurons has

shown that the highest levels ofBDNF mRNA are expressed in NGF-dependent cutaneous

sensory neurons, which can mecliate the survival ofBDNF-dependent sensory populations in

coculture (Robinson et al., 1996). BDNF mRNA expression was observed at lower levels in

BDNF-dependent cutaneous sensory neUTons, and was undetectable in BDNF-dependent

proprioceptive neurons (Robinson et al.,1996). This work provides a clear example ofhow

neurons may depend on neurotrophins for survival, yet obtain these from sources other than

their targets.

(b) The Role ofBDNF in Neuronal Differentiation: Neurogenesis

In addition to BDNFts survival-promoting aetivity on postmitotic motor neurons

(Oppenheim et al., 1992; Sendtner et al., 1992; Ya!1 et al., 1992; McKay et al., 1996), recent data

suggests that BDNF is al~ able to stimulate the proliferation and/or differentiation of motor

neuron precursors (Jungbluth et al.,1997). In this study, Jungbluth et al.(1997) report that

motor neuron progenitors express the TrkB receptor, and that treatment ofthese cells with

BDNF leads to a significant increase in the number of motor neurons. This increase in the

number of motor neurons is not thought to be due to an increase in the survival ofdifferentiated

31



•

•

motor neurons, as the ablation ofBDNF-expressing cells results in a decreased number of

motor neurons, without a concomitant increase in the number ofapoptotic cells. Instead, it is

believed that BDNF can either aet as a mitogen for motor neuron precursors or influence the

adoption ofa motor neuron fate by TrkB expressing precursor cells. Further studies need to be

performed to distinguish between these two possibilities. Interestingly, the only BDNF

expression detectable at this stage is by a subset ofventrally-projecting, intemeurons in the

dorsal neural tube. The authors have therefore speculated that BDNF produced by dorsal

intemeurons stimulates proliferation and/or differentiation of motor neuron precursors after

anterograde axonal transport and release in proximity to the TrkB-expressing motor neuron

progenitors.

BDNF has also been shown to enhance the differentiation ofstem cell-derived neuronal

precursors (Ahmed et al., 1995). In these in vitro experiments, application ofBDNF to EGF

generated neuronal precursors derived from embryonic and adult striatum, resulted in a marked

enhancement in neurite outgrowth, as weil as the rapid differentiation ofthese precursors into

neurons that express GABA and substance P. Once again, BDNF did not appear to aet as a

survival factor for neuronal precursors.

Finally, BDNF has been implicated in mediating differentiation of the neural retina

(Cohen-Cory and Fraser, 1994) and the retinal pigment epithelium (Liu et al., 1997) both of

which arise from a single layer ofneuroectoderm. BDNF is believed to Mediate this

difTerentiation in an autocrinelparacrine manner, as BDNF and its reœptor, TrkB, are

coexpressed in these cells. Indeed, when a dominant negative mutant ofthe TrkB receptor was

expressed in developing embryos, there was a severe arrest of retinal pigment epithelium

difTerentiation as evidenced by persistence ofnestin- and Notch-positive neur~blasts (Liu et

al., 1997).

Thus, BDNF not only Mediates the survival ofTrk8 positive neurons in a target-derived

fashio~ but is also crucial to the early development of the developing nervous system by

regulating the differentiation and/or proliferation ofneuroblasts in an autocrinelparacrine or

anterograde fashion. Indeed, in this regard it appears that the actions ofBDNF during early

neural development are clearly distinct ftom those ofNGF, which does not appearto be

responsible for mediating the transition trom neuroblast to neuron in either the PNS or CNS.
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(c) BDNF Loss-of-Function (Knoclcout) Mice:

BDNF and its receptor, TrkB, are widely expressed in the embryonic, postnatal, and

adult central and peripheral nervous systems (Hofer et al., 1990; Schecterson and

Bothwell, 1992; Merlio et al., 1992) and much work bas been performed to examine the role of

BDNF in the developing and adult nervous systems. These studies have been complimented in

vivo through the generation ofBDNF knockout (BDNF-/-) mice (Jones et al., 1994; Emfors et

al., 1994) and TrkB-/- mice (Klein et al., 1993). BDNF homozygote mutant mice exhibit a

substantial reduetion in the number ofcranial and spinal sensory neurons, including the

trigeminal, geniculate, vestibular, petrosal-nodose and dorsal root gangHa, confirming its

survival-promoting funetion in these neurons.

Although in vitro studies have shown thaf BDNF, NT-4/5 and NT-3 cao promote the

survival ofpurified rat motomeurons (Henderson et al., 1993), and BDNF can support the

survival ofaxotomized facial motor neurons (Koliatsos et al., 1993), motor neurons appear

normal in BDNF-/- mice, and BDNFINT-4/5 double knockout mice (Ernfors et al., 1994, Jones

et al., 1994; Conover et al., 1995; Liu et al., 1995). This may be due to compensatory effects

commonly observed in null mutant mice. Indeed, as facial motor neurons also express the

TrkC receptor, BDNF/ NT-4/5/ NT-3 triple mutant mice may be necessary ta observe a

decrease in facial motor neuron survival. Interestingly, there is a decrease in the survival of

axotomized facial motor neurons in adult BDNF+/- mice, indicating that BDNF is crucial for

the survival of injured motor neurons, though it does not appear to be essential for survival

during the period ofnaturally-occurring cell death (Faweett et al., 1998).

Interestingly, it has been demonstrated that there is an increased number of neurons in

the superior cervical gangHa (SCG) ofBDNF-/- mice (Bamji et al., 1998). SeG neurons do not

express the BDNF receptor, TrkB, and a full aeeOunt ofhow BDNF plays a negative role on the

survival ofsympathetic neurons is described in cbapters IV and V.

In addition to its role in mediating the survival of neurons, BDNF bas been shown to

affect the innervation density ofBDNF expressing target tissues. For example, although TrkB

expressing preganglionic neurons normally innervate BDNF-expressing sympathetic neurons of

the SCG, this innervation density is significantly decreased in BDNF-/- mice (Causing et

al., 1997). The dramatic reduetion in innervation density in BDNF-/- mice cannat fully be

explained by the decrease in survival ofpreganglionic neurons. Thus, it bas been postulated
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that BDNF cao regulate the innervation density ofBDNF-expressing neuron populations

independent of ils survival effects. As an interesting adjunet, a recent study has reported a

reduetion in axo08I arborization and synaptic density ofhippocampal atTerents in TrkB-l- and

TrkC-/- mice (Maninez et al., 1998).

In general, BDNF-/- mice display no gross structural abnormalities in the CNS. It has

been noted, however, that many neurons exhibit an a1tered expression of neuropeptide Y and

calcium-binding proteins, suggesting that they do not funetion normally and that BDNF

regulates the phenotype ofthese neurons (Jones et al., 1994).

BDNF-/- mice have also revealed a role for BDNF in mediating long-term potentiation.

This is further discussed in in section I(e) below.

(d) Role ofBDNF in Neuronal Differentiation: Neurite Outgrowth and Gene Expression

Recently, two studies have shown that BDNF is able to regulate the expression of

growth-associated genes in the CNS, both in intact cells and in injured neurons (Fournier et

al., 1997; Kobayashi et al., 1997). Kobayashi et al. (1997) show that BDNF can induce an

increase in Ta.I a.-tubulin expression in both injured and intact rubrospinal neurons, whereas

the induction ofGAP-43 mRNA appears ta require additional signais associated with axotomy.

The stimulation ofGAP-43 and TaI a-tubulin expression by application ofBDNF was shown

ta correlate with an increase in the number ofrubrospinal neurons regenerating into peripheral

nerve implants, thus implicating a raIe for BDNF in mediating axon outgrowth and gene

induction. In contrast ta BDNF's affect on rubrospinal neurons, BDNF was able ta stimulate

the expression ofGAP-43, but not TaI a-tubulin in axotomized retinal ganglion cells (Fournier

et al., 1997). Thus, regulation of regeneration-associated genes by BDNF is context-dependent

and distinct in different neuronal systems.

(e) Neurotrophins and Neuronal Plasticity:

Although neurotrophins are traditionally thought ta be signaling proteins essential for

neuronal survival and differentiation, a series of recent studies suggests a novel raie of

neurotrophins in synaptic transmission and plasticity (reviewed in Lo, 1995; Thoenen, 1995;

Bonhoeffer, 1996; Lu and Figurov,1997). For example, BDNF and NT-3 bave been shown ta

rapidly enhance synaptic transmission at the developing neuromuscular junction in vitro (Lobof
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et al., 1993). Further analyses indicate that this eff'ect is a result ofenhanced transmitter release,

most likely caused by increased calcium concentrations at the nerve terminal (Stoop and

Poo, 1995,1996). NT-3 a1so bas been shown to have a long-tenn effect on the maturation of

neuromuscular sYnapses (Wang et al., 1995; Liou et al., 1997). Moreover, the expression ofNT

3 in postsynaptic muscle cells is regulated by nerve cell innervation and membrane

depolarization, and it is postulated that this aetivity-dependent expression ofNT-3 may serve as

a retrograde signal for modulating synaptic efficacy and/or stabilizing the neuromuscular

synapses (Xie et al., 1997).

In the CNS, neurotrophins appear to have both long-term and acute efIeets on synaptic

funetion and plasticity. Studies on long-term effects have focussed primarily on the visual

syste~ highlighting the ability ofneurotrophins to prevent the formation ofoccular dominance

columns (Maffei et al., 1992; Cabelli et al., 1995; Riddle et al., 1995). The acute effeets of

neurotrophins on neuronal aetivity and synaptic transmission have been observed in cultured

hippocampal neurons and in slices by a number of laboratories. For example, Knipper et

al.,{I994) reported that NGF and BDNF enhance high K+-induced release ofacetylcholine ftom

hippocampal synaptosomes. Ne~ Kang and Schuman (1995) showed that BDNF and NT-3

rapidly enhance basal excitatory synaptic transmission in CAl synapses ofadult hippocampal

slices, and that this effect requires protein synthesis in the dendrites and axons (Kang and

Schuman, 1996). In contrast, other reports have demonstrated that BDNF does not affect basal

excitatory synaptic transmission, but rapidly reduces inhibitory postsynaptic current (lPSCs) at

CAl synapses in hippocampal slices (Tanaka et al., 1997).

Studies in BDNF-/- mice have also revealed a role for BDNF in mediating long-tenn

potentiation (LTP). In BDNF-/- mice, there was a severe impairment ofhippocampal LTP

(Korte et al., 1995) which could be rescued by either recombinant BDNF (patterson et al., 1996)

or infection with BDNF-containing adenovirus (Rorte et al., 1996), suggesting that the absence

ofBDNF, ratherthan cumulative developmental defects, is responsible for the impairment of

LTP. In addition, application ofBDNF promotes LTP induction in neonatal hippocampal

slices, where endogenous BDNF levels are low (Figurov et al., 1996).

BDNF bas recently been shown to aet presynaptically to modulate synaptic

transmission and plasticity by regulating neurotransmitter release (Gottschalk et al., 1998). This

is not to say that BDNF does not ad on postsynaptic neurons to modulate LTP. For example,
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BDNF may regulate ion channel properties, allowing for faster repolarization ofpostsynaptic

membranes. Indeed, BDNF bas been shown to enhance the expression ofK+ channels that are

critical in membrane repolarization (Du et al., 1997). Another possibility is that BDNF induces

morphological changes in postsYD8ptic dendrites and/or spines. In slices derived ftom neonatal

ferret visual cortex, long-term treatment with BDNF elicited a dramatic change in dendritic

arborizations (McAilister et al., 1995, 1996). BDNF bas also been shown to modulate post

synaptic NMDA channels direetly via mechanisms not involving TrkB receptors (Jarvis et

al., 1997). Thus, in addition to their actions in mediating survival and differentiation,

neurotrophins clearly play a role in modulating neuronal plasticity and sYnapse formation.

;;i) The Role ofNellrotropltillS ;11 the Developmellt ofthe Symptlthetic Nervolls System:

A central problem in developmental neurobiology is understanding the cellular and

molecular mechanisms that generate the diversity ofcell types found in the nervous system.

One system that bas been investigated in detail is the sympathoadrenal (SA) lineage (see

Fig.l.I for timeline for the development ofthe SCG). This lineage derives from neural crest

cells that migrate ventrally from the top ofthe neural tube to either the dorsal aorta, where they

aggregate and differentiate to form sympathetic neurons, or to the region ofthe adrenal gland,

where they differentiate to form chromaffin cells (reviewed in Anderson, 1997).

Bipotential sympathoadrenal progenitor cells have been shown to exist in vivo, and

individual cells coexpressing neuron-specifie and chromaffin-specifie antigenie markers have

been observed in early (E12.5) sympathetic ganglia primordia (Anderson et al., 1991; Carnahan

and Patterson,I991a). These cells have been isolated from EI4.S rat adrenal glands (Anderson

and Axel,1986; Anderson 1988) using the monoclonal antibody HNK-l (Abo and Balch.,1981).

and from sympathetic ganglia (Carnahan and Patterson, 1991b) using novel monoclonal

antibodies generated by an immunosuppression t~hnique (Camahan and Patterson,1991b).

Funher analysis ofthese purified cell populations in vitro (Anderson and Axel, 1986; Carnahan

and Patterson,1991a) has confirmed that many SA progenitor cells are bipotential and able to

develop into either ehromaftin cells or sympathetie neurons depending upon the culture

conditions.

To further examine how bipotential SA progenitor cells differentiate into committed

sympathetic neuroblasts and chromaffin cells, an SA progenitor cellline, called MAH (Myc-

36



•

•

infect~ Adrenal-derived, HNK-l+) cells, were produced by retrovirally introducing the avian

v-mye oncogene into SA progenitors (Birren and Anderson, 1990). It was shown that neither

primary SA progenitors nor MAR cells respond to NGF by criteria ofneurite outgrowth,

survival, or induction of neuron-specifie genes (Birren and Anderson, 1990). This proved

interesting as NGF has the ability to trigger neurite outgrowth trom postnatal cmomaffin cells,

smalt immunotluorecsent (SIF) cells and PC12 cells, initially suggesting that NGF is an

important determinant ofneuronal fate in the SA Iineage. This lack ofNGF-responsiveness is

thought to be due to the lack ofexpression ofNGF receptors, as NGF has been shown to induce

a maturation and survival response in MAR œil expressing NGF receptors (Verdi et al., 1994).

Instead, the mitogen tibroblast growth factor (FGF) was shown to induce differentiation ofboth

primary SA progenitor cells and MAH cells, suggestting that FGF is responsible for promoting

neuronal differentiation ofbipotential, embryonic SA progenitors, to committed

sympathoblasts (Birren and Anderson, 1990). These sympathoblasts have been observed in

mammalian and avian sympathetic ganglia as early as E13 (Anderson et al., 1991; Camahan and

Patterson,1991a).

FGF also stimulates the proliferation and survival of immature sympathetic neuroblasts.

Other factors that also maintain the survival ofthese cells include depolarization, insulin,

insulin-like growth factor-l (IGF-l), and vasoactive intestinal peptide (VIP) (for review see

Romer,199O), as weil as hepatocyte growth factor (HGF) (Maina et al., 1998). Interestingly,

although mature sympathetic neurons express the HGF receptor, Met, and cao respond to HGF

with increased neurite outgrowth, HGF is unable to suport the survival ofthese neurons (Maina

et al.,1998, Yang et al., 1998).

The survival of sympathetic neurons is independent ofNGF before th~ir axons reaeh the

sources ofNGF in the periphery (Davies et al., 1987; Korching and Thoenen, 1988; Fagan et

al., 1996). Thus, the question remained ofhow ditTerentiating neurons acquire their

responsiveness to, and ultimately their trophic dependence upon, NGF.

There bas been some controversy in this field regarding the maintenance ofsympathetie

neuroblasts and early sympathetic neurons by nel,rotrophins. Early studies suggested that

sympathetic neuroblasts initially depend on NT-3 for survival via activation of the TrkC

receptor, and that these neurons subsequently lose their responsiveness to NT-3 and become
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dependent on target-derived NGF, and TrkA activation. for survival. However, several recent

observations have made it clear that such a straight-forward interpretation may not he justitied.

First. administration ofanti-NT-3 antibodies to postnatal rats in vivo results in the death

ofup to 80010 of SCG neurons, suggesting that even mature sympathetic neurons are dependent

on endogenous NT-3, as weil as NGF, for survival (Zhou and Rush, 1995). Although

experiments have confirmed the existence ofan NT-3-dependent, mature sympathetic neuron

populatio~ the high loss ofmature sympathetic neurons in experiments performed by Zhou and

Rush (1995) May be explained by cross-reactivity ofthe NT-3 antibody with NGF. This is

highly plausible as more than 500JO ofsympathetic neurons stay alive in vitro in the absence of

NT-3 -producing glial cells, and unless sympathetic neurons themselves produce NT-3, this is

the only source of the neurotrophin in culture.

Second, analysis ofNT-3 knockout and wildtype SCGs have cast a doubt on the

proposed role ofNT-3 in promoting the survival ofsympathetic neuroblasts. Indeed, there

appeared to be no apparent difference in the number ofSCG neurons in wildtype and NT-3

knockout mice at EI5.5, although at E17.5 and later stages, NT-3 knockout mice exhibited a

smaller number ofSCG neurons than control mice (reviewed in Davies,1997). Indeed, there is

a 55% decrease in the number ofSCG neurons in mature NT-3-/- mice compared to wildtype

mice (Emfors et al., 1994).

Finally, although tr/cC mRNA is highly expressed in early sympathetic ganglia, there is

no significant difference in the number ofSeG neurons in TrkC-/- mice compared to wildtype

rnice (Fagan et al., 1996), suggesting that NT-3 signaling via the TrkC receptor is not required

for the genesis or survival ofearly sympathetic neurons in vivo, nor for the survival effeets of

NT-3 on mature Deurons. Indeed, NT-3's ability to aetivate the TrkA receptor on seG
neurons, and to mediate limited neuronal survival, point to the possibility that NT-3 May be

exerting its survival effects via the TrkA receptor (Belliveau et al., 1997). This is corroborated

by the fact that both TrkA-/- and NT-3-/- mice display decreased survival ofSCG neurons at

similar timepoints, beginning at E1S.5 (reviewed in Davies, 1997). Together, these data

indicate that NT-3 is not required for the survival of sympathetic neuroblasts and early

sympathetic neurons, but Mediate the survival ofsympathetic neurons at later stages via the

TrkA receptor.
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Although sympathetic neurons are not dependent on NGF for survival before reacbing

their target tissues, theyexpress TrkA receptors indicating that they are responsive to NGF

(Wyatt and Davies,I993). In fact, there is strong evidence that the differing spatial and

temporal patterns ofNGF expression within target tissues.. exerts a key role in establishing and

maintaining appropriate connections. Indeed, the ability ofsupplemental NGF to dramatically

increase the density of innervating neurons argues strongly that targets are able to regulate the

type and density of innervating neurons through the synthesis and release of Iimiting quantities

ofNGF (Bjerre et al., 1975).

Sympathetic neurons undergo programmed œil death over a wide developmental

window between El7 and PIS (Wright et al., 1983). The binding oftarget-derived NGF to TrkA

receptors activates a variety of signal transduction pathways that lead to the survival of mature,

NGF-responsive sympathetie neurons. The role ofneurotrophins in survival and apoptosis of

sympathetie neurons and the molecular mechanisms by whieh these actions are mediated will

be extensively reviewed in a later section.

In addition to its role in mediating survival, the targets ofsympathetie neurons have also

been shown to exert an effect on the phenotype ofthe sympathetie neuron with respect to

neurotransmitter phenotype. Elegant studies have shown that sympathetic neurons innervating

the footpad, change their neurotransmitter phen0?'P_e from adrenergic to cholinergie, and that

factors released from the target are responsible for this phenotypic switch. This bas been

extensively reviewed by Story C. Landis (1996) and will not be further discussed here.

The role ofTrkA and p75 in mediating survival and death ofsympathetic neurons is one

ofthe key foci ofthis thesis. For this reason, the temporal pattern ofexpression ofthese

receptors in the SCO is outlined here and in figure 1.1. At E13, the SeG contains proliferating

cells that express Many features ofdifferentiated neurons (reviewed in Anderson, 1997). These

immature neurons or syrnpathoblasts survive in culture without NGF and NGF does not induce

c-fos expression. Law levels ofp75 and trkA mRNAs are expressed al tbis stage in vivo. In

E 14 cultures, NGF induces c-jos expression in 10-15% ofthe neurons and Mediates the

survival ofa similar number ofneurons (Deckworth and Johnson,1993). The proportion of

neurons responding to NGF increased with age, reaehing 900A. in E 18 cultures. The in vivo

level of trlcA mRNA increased markedly tram E 14 onward, bu~ in contrast to sensory neurons

(in which p75 and trkA mRNA levels increase in.parallel) (Wyatt and Davies,1993), the
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increases in Ir/cA mRNA and p75 rnRNA are out ofstep with one another in the developing

SCG. The level oftrlcA mRNA initially increases much more rapidly than that ofp75 mRN~

so that by El7 the level oflr/cA rnRNA is almost 7-fold higher than that ofp75 mRNA.

However, after E17, the level ofp75 mRNA increases rapidly and approaches that oftrlcA

mRNA postnatally. According to Wyatt and Davies (1995), the level ofp75 mRNA never

exceeds the level oftrlcA mRN~whereas Verdi and Anderson (1994) claim that the level of

p75 mRNA is tenfold greater than that of trkA mRNA by PI. Furthermore, in E 14 sympathetic

neuron cultures, the level of tr/cA mRNA increases in the absence of neurotrophins or KCL ln

contrast, the level ofp75 rnRNA in E14 cultures is enhanced by NGF but is unaffected by KCL

(Wyatt and Davies,1995).

Finally, it is important to note the distribution ofTrkA and p75 in cultured sympathetic

neurons. The TrkA receptor is preferentially enhanced in sympathetic neurOR cell bodies

relative to neurites, and it is estimated that there is approximately 3-4 fold more TrkA in the

œil soma (Kohn et al., 1997). Conversely, the distribution ofthe p75NTR is relatively uniform

in cell bodies and neurites, with approximately 1.5-1.8 fold more p75NTR expression in cell

bodies (Kohn et al., 1997).

iv) The Tyrosine KinllSe Family ofNeu,otrophill ~eceptors (Tric Receptors):

(a) Structure ofTrk Receptors:

To understand the mechanism by which neurotrophins exert their effects, it is necessary

to examine the properties ofneurotrophin recepturs. The TrkA receptor tyrosine kinase was

initially isolated as an oncogenic protein found in human colonie careinoma (Martin-Zanca et

al., 1986: 1989), and it was not until two years later that TrkA was described as the principle

receptor for NGF (Kaplan et al., 1991a,b; Klein et al., 1991). The TrkA receptor appears to be

both necessary and sufficient to Mediate the biological effects ofNGF. Iodeed, PC12 cells that

lack functional TrkA (nnr5 cells) are unable to differentiate in response to NGF, whereas

transfection ofthe TrkA receptor into these cells restores their ability to differentiate in the

presence ofNGF (Loeb et al., 1991). Subsequent studies have shown that the related Trk

tyrosine kinases, TrkB and C, are responsible for mediating the biological effeets ofthe other

members ofthe neurotrophin family.
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Ali ofthe full-Iength membrane tyrosine kinase receptors share common structural

features that include: an extracellular domain containing a signal peptide and a region for

neurotrophin binding, a single transmembrane do~ai~ and a cytoplasmic region that

encompasses the tyrosine kinase catalytic domain (Berkemeier et al.~1991; Squinto et aln 1991;

Klein et al., 1991,1992). Two isoforms ofthe TrkA protein have been described~ one differing

from the other by a 6-amino acid insert ioto the extracellular domain (Barker et al., 1993;

Horigome et al., 1993). When tested in fibroblasts~ the 6 amine acid insert did not appearto

affect the receptor's ligand binding speciticity or its ability to transduce functional signals in

response to NGF (Barker et al.~1993). In rats and humans~ ooly the longer isofonn is expressed

in neuronal cells at appreciable levels~ whereas the shorter isoform, the fonn ofTrkA originaUy

cloned~ is expressed in non-neuronal cells (Barker et al.~1993; Horigome et a1.~1993). PC12

cells have been shown to express both TrkA isofonns (reviewed in Barbacid,1994). It would

be ofgreat interest to know whether the two TrkA isofonns play ditTerent funetional roles~ or

whether these two receptor isofonns have differential abilities to interaet with the p75 receptor.

The trlcB gene is more complicated than that of trlcA. Indee<L in addition to the full

length rec~ptor (TrkB.FL), alternative splicing orthe tr/cB gene results in the generation oftwo

TrkB isoforms that lack the tyrosine kinase domain (TrkB.TI and TrkB.T2) (Klein et al.~1990;

Middlemas et al., 1991), and one splice variant with,mutations in the extracellular region ofthe

TrkB receptor (Strohmaier et al., 1996). The two truncated TrkB isoforms that lack the

intracellular tyrosine kinase domains posses the same extracellular and transmembrane domains

as the fulliength receptor, and have been shown to bind to both BDNF and NT-4 (Klein et

al., 1990; Middlemas et al., 1991). Although little is known about tnmcated TrkB receptor

functio~ a number ofhypotheses have emerged trom examining the expression pattern ofthese

receptors. A number ofstudies have shown that both TrkB.Tl and TrkB.T2 are expressed in

neurons and glia in both the PNS (Armanini et al., 1995; Ninkina et al., 1996) and CNS

(Armanini et al.,1995; Fryer et al., 1996), and are predominantly expressed at the time ofaxon

arrivai at targets (Escandon et al., 1993,1994; Allendoerfer et al., 1994; Armanini et al., 1995)

and in the mature nervous system (Armanini et a1.,1995; Fryer et al., 1996). The ability of

truncated TrkB isoforms to reduce the ability ofTrkB.FL to induce particular BDNF-dependent

events (Ninkina et al., 1996; Fryer et a1.,1997), and their ability to rapidly bind to and

intemalize BDNF, has led to the hypothesis that these truncated TrkB isoforms aet as
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dominant-negative elements in cells expressing the full length TrkB receptor. Ind~ it bas

been suggested that truncated receptors may aet es "sponges" to $Oak up excess ligand and aet

as a barrier to diffusion (Biffo et al., 1995; Fryer et al., 1997). As BDNF is highly expressed in

the CNS, and as BDNF-responsive populations are separated by short distances in the brain, the

development ofa system that prevents the rapid diftùsion ofBDNF appears plausible. Thus,

these receptors may aet to restrict widespread BDNF availability, and to allow for the

independent development ofBDNF-responsive systems. Another model suggests that the

truncated TrkB receptors May be able to signal independently (Baxter et al., 1997). This has

been demonstrated by the ability ofBDNF to increase the rate ofacidic metabolite release from

œlls expressing TrkB.Tl and TrkB.T2, a common physiological consequence ofmany

signaling pathways. These issues May be resolved in vivo through the generation of specifie

truncated TrkB knockout mice.

In addition to truncated TrkB receptors, a TrkB splice variant lacking a region of the

extraœllular domain encoded by exon 9, has been identified (Strohmaier et al., 1996).

A1though the fulliength TrkB reœptor can bind to NT-3 and NT-4/5 in addition to BDNF, this

spliee variant was unable to bind to either NT-3 or NT-4/5. Previous studies have shown that

BDNF and NT-4/5 do not have identical effects when tested on neurons, though both seem to

he recognized equally weil in a TrkB-expressing tibroblast œllline (Ip et al., 1992; Klein et

al., 1992; Dechant et al.,1993). For example, BDNF supports the survival of more chick

sensory neurons than NT-4/5, and the binding of radiolabelled BDNF to neuronal receptors

cannot he fully prevented by NT-4/5 (Dechant et al., 1993). It is possible that this enigma May

now be explained by the identification ofthis new splice variant that differentially binds BDNF

and NT-4/5.

Finally, a larger isoform of molecular weight 195 kD has recently been observed in

cortical tissue. It is believed tbat this isoform is specifically enriehed in dendrites as there is

preferential phosphorylation ofthis isofonn in response to activity-dependent secretion of

BDNF from the axons ofadrenergic and noradrenergic œlls (R. Aloyz, D.R. Kaplan and F.D.

Miller, unpublished data).

There are also a numher ofspliœ variants ofthe tr/cC gene, resulting in the expression

ofeight TrkC receptor isoforms. Four ofthese isoforms lack the intracellular tyrosine kinase

domain (Tsoulfas et a1.,1993; Valenzuela et al., 1993) and thus resemble the previously defined
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trunc:ated variants ofTrkB; three other fonns contain variable-sized inserts within their kinase

domains (Lamballe et al., 1991,1993; Tsoulfas et a1.,1993; Valenzuela et al., 1993). Transcripts

encoding ail fonns ofTrkC cao be detected throughout the nervous system and display

substantial overlap as weil as mutually exclusive distribution patterns with transcripts for TrkB.

The funetion ofthese numerous TrkC receptor isoforms are still unknown, however it is

possible that they are responsible for tailoring the responsiveness ofthe cell ta NT-3. Indeed,

a1though forms ofTrkC containing insertions in the kinase domain can be phosphorylated in

response to NT-3, they do not mediate proliferation in fibroblasts or neuronal differentiation in

PC12 cells, and have been shown to possess ten-fold less kinase aetivity than wildtype TrkC in

PC12 cells (Tsoulfas et al., 1993; Valenzuela et al., (993).

(b) Trk Loss-of-Function (Knockout) Mice:

A great deal of information conceming the importance ofthe Trk receptors in vivo, has

come from genetic studies involving the generatic:.>n oftransgenic mice deficient for a particular

Trk receptor. In some instances, these studies have highlighted the importance ofthese

receptor tyrosine kinases in mediating the development and survival of neuronal populations.

In other instances, however, the effeets ofdeleting these receptors have been surprisingly mild,

especially in the central nervous system, suggesting that other molecules are able to

compensate for the deletion.

TrkA knockout mice (TrkA-I-) display a number ofsensory abnormalities including

deficiencies in nociception and thermoception, whereas motor funetion is preserved (Smeyne et

al., 1994). Neuroanatomical evaluation ofthese mice have revealed extensive neuronalloss in

trigeminal, dorsal root and sympathetic ganglia, thus demonstrating the dependence ofthese

cells on TrkA signaling to Mediate survival. In contrast, examination ofthe cholinergie

neurons ofthe medial septum which have been shown to respond to NGF, displayed no

significant neuronalloss, but showed a severe decrease in the number ofcholinergie fibres

projecting from these nerve cells to the hippOC8lT4'us (Fagan et al., 1997). This decrease in the

cholinergic innervation of the hippocampus is similar to that seen in NGF+/- mice (Chen et

al., 1997). Thus, the effeets ofknocking out the TrkA receptor largely correlates with the

etTects seen in NGF knockout mice. It is important to note, however, that TrkA-l- mice

display more severe effects than NGF-I... mice. For example, 7()o,Io ofDRG neurons in the L4
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and L5 lumbar ganglia are lost in NGF-I- mice (Çrowley et al., 1994), whereas over 80010 of

these neurons are lost in TrkA-/- mice (Smeyne et al., 1994). This discrepancy highlights the

ability ofother neurotrophins such as NT-3 to Mediate their actions via the TrkA receptor.

Generation ofthe TrkB-/- mutant mouse, in whieh the full-Iength receptor is not

expressed but the truncated form is, results in the survival of mutant mice to birth, though most

die within the first postnatal week (Klein et al., 1993). The cause ofdeath soon afier birth is

thought to he due ta their inability to feed. This May be the result ofa severe depletion of

neurons in the nodose and petrosal ganglia, which normally funetion to relay visceral sensory

information trom the gastrointestinal and cardiopulmonary systems. The trigeminal ganglia of

these mice also show a depletian ofone-balfofthe normal number ofneurons and the DRG

neurons are decreased in number by almast one-third. Interestingly, neuronal expression ofthe

extracellular domain ofTrkB is elearly present in some DRG neurons in TrkB-l- mice,

suggesting that some neurons whieh express TrkB are not dePendent on TrkB signaling for

survival (reviewed in Snider and Silos-Santiago,1996). Presumably, these are neurons in which

TrkB is colocalized with other Trks. It is probably this redundancy of receptor expression

(with TrkC for example [Barbacid, 1994]) which accounts for the lack ofany gross structural

defects in the CNS ofTrkB-l- mice as weil.

TrkC-/- mice begin to display uncoordinated movements soon after birth, suggestive of

an abnormality in proprioception (Klein et al., 1994). Indeed" histological examination bas

confirmed the absence ofla proprioceptive muscle afferent projections to spinal motomeurons

in these miee. Furthermore, there is a decrease in the number of large myelinated axons in the

dorsal root and posterior columns ofthe spinal cord" indicating a need for NT-3...mediated TrkC

signaling in the survival ofthese neurons. Interestingly, the loss ofORG ne~ons is more

extensive in NT-3 null mutants compared to TrkC null mutants" indicating that NT-3 rnay

support additional classes ofneurons at early developmental stages, possibly via TrkA (Farinas

et al., 1994).

(v) TIte p 75 Ne"rotropllill Receptor

Thus far, we have diseussed the biological roles ofthe neurotrophins in specifie

neuronal populations during development, and the role ofTrk receptors in rnediating these

effeas. Although the p75NTR was the first neurotrophin receptor to be identified, the
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discovery ofthe Trk family ofreceptor tyrosine kinases as the cognate receptor for the

neurottophins left the p75 NTR with a seemingly diminished role, especially as it was clear that

binding to the p75 receptor could not account for the survival funetions exhibited by the

neurotrophins. However, since then it has been clearly demonstrated that p75 plays a very

important role in mediating the survival and death ofdeveloping neurons both by regulating

signaling events mediated by the Trk receptor, and by signaling itself.

In addition to its potential role in neurons, p75 May serve a variety offunctions in non

neuronal cells as evidenced by its widespread distribution throughout non-neuronal tissues

including the muscle, maxillary pad, kidney, spleen, thymus and lung (Lomen-Hoerth and

Shooter, 1995; Wheeler et al., 1998).

(a) The ReJationship Between p75 and Trk Receptors:

Many ofthe in vitro investigations regarding the function ofp75, and, in particular, the

relationship between the Trk and p75 receptors, have been canied out using NGF in PC12

cells. It has been postulated that the p75NTR plays an imponant role as a coreceptor for the

Trics. This is particularly thought to be true for TrkA receptors which typically coexpress with

p75 on NGF-responsive cells, in contrast to ceUs expressing TrkB or TrkC which may not

necessarily express p75 (Schechterson and Bothwell, 1992; Verge et al., 1992). Iodee<!, several

groups, in particular that ofMoses Chao and bis colleagues, have demonstrated that bath TrkA

and p75 receptors are required to produce high affinity binding sites for NGF (Chao, 1994).

NGF bas been previously shown to bind to p75 with low affinity (Kd lO·~ (Klein et aI.,1991;

Jing et al., 1992), and although there bas been some debate regarding the binding ofNGF ta the

TrkA receptor, it is generally believed that MOst ofthe binding sites for Trk family receptors

are ofa low-aftinity nature (Kaplan et a1.,1991a; Klein et a1.,1991; Hempstead et al., 1991; Jing

et al., 1992; Meakin and Shooter,I992; Battleman et al., 1993). Coexpression ofboth TrkA and

p75 in PC12 cells leads ta the formation ofa Iimiied number ofhigh-affinity NGF binding sites

(Kd 10-12M) (Hempstead et aI.,199O; Battleman et al., 1993; Mahadeo et al., 1994), however

these high affinity binding sites are only observed when the ratio ofp7S:TrkA receptors is high

(Jing et al., 1992). It is important to note that this high affinity binding is not required for NGF

to Mediate its biological etTects (Weskamp and Reichardt, 1991).
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Formation ofhigh..aftinity binding sites on PC12 cells are generally believed to be

mediated by p75-TrkA heteromers (Hempstead et al., 1991; Mahadeo et 81.,1994), and reœnt

evidenee indicates that p75 and TrkA cao interaet either directly or via an intermediate protein.

For example, Trk and p75 receptors have been shown to coimmunoprecipitate in PC12 cell

Iines (Ross et al., 1998) and 293 cells (p.A.Barker, personnal communication). Furthermore,

TrkA and p75 have recently been shown to copatch in both the absence and presence ofNGF in

SF9 insect cells (Ross et al., 1996). This ability ofp75 to copatch with TrkA was shown to be

specifie as p75 did not copatch with other tyrosine kinase receptors and was not dependent on

tyrosine kinase activity. Copatehing ofp75 and TrkA receptors have also been observed on

sympathetic neurons (Kohn et al., 1997).

The possibility that both p75 and TrkA partieipate in high-affinity binding by NGF

implies that co-expression ofthese two receptors MaY lead to a greater sensitivity to

neurotrophins (Davies et aI.,1993; Verdi et al., 1994; Seheibe and Wagner, 1992). Indeed, a

number ofstudies have revealed a facilitating role for p75 in Trk function. For example,

syrnpathoadrenal cells (Mah cells) expressing only TrkA, extended neurites and survived in the

presence ofNGF, but when coexpressed with p75, showed an 8-fold higher tyrosine

phosphorylation ofTrkA (Verdi et al., 1994). In addition, a 4-fold higher concentration ofNGF

is necessary to elicit a survival response in cultured trigeminal sensory neurons in p7S-I- mice

(Davies et al., 1993). Finally, there is a significant decrease in the number of sensory neurons in

p75-1- mice (Lee et al., 1992).

This appears to he contradictory to the plethora of recent studies whieh bave indicated

that p75 plays a role in mediating neuronal death (see section 1 v(d». Indeed, sympathetic

neurons ofthe SCG have been shown to be more sensitive to limiting concen~onsofNGF in

p75-1- mice, and less NGF was required to Mediate their survival (Bamji et al., 1998). A

reexamination ofprior work may also support the idea that the p75NTR aets as a negative

regulator of survival upon binding to NGF. For example, there is a trend towards an increase in

the number ofsurviving sensory neurons, and an increase in the number of neurite bearing

cells, upon addition of the p7SNTR functional antibodies, REX and CHEX (Weskamp and

Reichardt, 1991). These same antibodies were shown to decrease the number ofhigh affinity

sites in PCl2 cells (Weskamp and Reichardt,I991).
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In yet another study, the p75 antibody, MC192y and BDNF were used to disrupt the

formation ofhigh affinity binding sites between p75 and TrkA (Barker and Shooter,I994). In

this studyy treatment ofPC12 cells with these ligands resulted in lowered TrkA tyrosine

phosphorylation and decreased early gene induction. Although this decrease in tyrosine

phosphorylation ofthe Trk receptor was initially interpreted to display a disruption in high

affinity binding ofNGF, it bas recendy been demonstrated by the same group that BDNF

induced activation ofthe p75 receptor in PC12 cells can decrease TrkA tyrosine

phosphorylation via independent signaling events (MacPhee and Barker,1997). In addition, the

p75 antibody, MC192y is generally aecepted to behave as an agonist for the p75 receptor, as

MC192 decreases the survival of neonatal sympathetie neurons both in vivo (Johnson et

al.,1989), and in vitro (M.Majdan and F.D. Miller, unpublished data) in a similar manner to that

seen upon p75NTR activation. This may explain the ability ofMC192 to aetivate the p75

receptor in a similar manner as BDNF, and the ability ofboth these ligands to decrease TrkA

tyrosine phosphorylation in PC12 cells.

Finally, higher concentrations of mutant NGF that bind TrkA but not p75 were required

to promote the survival ofsensory neurons (Horton et al., 1997). Although intriguing, it is

impossible to overlook the distinct possibility that the mutant NGF may not activate TrkA at

the same dose as wildtype NGF. This needs to bé clarified to definitively state that p75

enhances the actions ofNGF. This is not to say that p75 is unable to regulate high affinity

binding, and unable to enhance NGF's biological actions at specifie stages in sensory neuron

development. A model of how p75 May play a dual role during ditTerent stages ofsensory

neuron development is oudined in ehapter VI. Thus, a1though it appears that p75 cao interaet

with TrkA to generate high affinity binding sites, it is becoming inereasingly ~pparent that the

p75NTR plays a negative raie in mediating the survival of many primary neuronal populations.

In light ofthe faet that alterations in the ratio ofp75 and TrkA receptors cao effeet NGF

binding, and considering the differences in p75 to TrkA ratios in PC12 cells and Many neuronal

populations, as weil as variations in p75:TrkA ratios at different stages ofdevelopment, it is

entirely possible that the ability ta form high affinity binding varies between neuronal

populations and at different developmental stages within the same neuronal population. Thus,

the contextual ftamework is very important during the examination of p75 and TrkA

interactions and their biological effects.
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One orthe most important differences between neural cells and PC12 cells is the

absence ofa p75-mediated death loop in PC12 cells. Indeed~ BDNF is not able to elicit a death

response in PC12 cells~ nor is NGF able to mediate death in PC12nnr cells. Thus~ the

biological responses ofcells upon TrkA and p75 activation not only depends on the ratio of

TrkA to p75~ but a1so on the cellular context.

The p75 receptor is a1so believed to play a role in ligand discrimination by the Trk

receptors~at least in a PC12 cell context (Benedetti et al.~1993). In primary neurons~ however~

it is possible to reinterpret p75's role in ligand diScrimination by the negative survival effect

mediated by the p75 receptor. For example~ sympathetic neurons from p75 -/- mice are more

sensitive to NT-3 than sympathetic neurons from wildtype mice (Lee et al.~1994). Although this

was initially interpreted to indicate that a cellls response to a particular neurotropbin May be

more selective in the presence ofp75 (Chao~1994), an alternative explanation is that p75 has a

dampening etrect on Trk function in response to ligands that bind weak:er than NGF to Tr~

and stronger than NGF to p75. Indeed, NT-3's ability to promote greater survival in

sympathetic neurons from p75-/- mice May be interpreted as either the lack ofa p75 activated

signal "dampening" the survival signals ofTrkA, or due to the lack ofa direct apoptotic signal

via p75 (tbis idea is further discussed in section v(c), (d) ofthis chapter). Similarly, the ability

ofNT-3 to aetivate TrkA in the PC12 cellline is enhanced when the binding ofNT-3 to p75 is

prevented by function-perturbing antibodies, or when p75 expression is very low (Clary and

Reichardt, 1994; Benedetti et al., 1993).

(h) p75 Loss-of-Function (Knockout) and Gain-of-Function Mice:

To elucidate the role ofp75 in neural developmen~ p75 knockout mice carrying a null

mutation in the neurotrophin binding region (exon 3) ofthe p75 gene, were generated (Lee et

al., 1992). Mutant mice were shown to be viable and exhibit a dramatic decrease in cutaneous

sensory innervation, which is associated with decreased heat sensitivity and the development of

skin ulcerations. Thus, the overall phenotype ofp75 Dull mice, including the partialloss of

NGF-dependent sensory neurons, was thought to be a milder version ofthe previously

described NGF null mutant mice.

Although the initial report ofthe p75NTR knockout phenotype appears to support the

originally-reported function ofp75 as a positive regulator ofTrkA activity~ more recent studies
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have uncovered other defects in the p75NTR knockout mice whieh are not consistent with this

hypothesis. In particular, mutant animais display tissue-specifie deficits in sympathetie

innervatio~ resulting in normal innervation ofthe iris and the sweat glands in some footpads,

but the selective depletion of sympathetie innervation in other sweat glands and the complete

laek of innervation to the pineal gland (Lee et al., 1994). Furthermore, it has recently been

reported that the absence ofp75NTR cao be neuroprotective during development (Van der Zee

et al., 1996; Yeo et al., 1997; Bamji et al., 1998). Indeed, studies have revealed an increase in the

number ofcholinergic forebrain neurons in p75-1- mice or in wildtype mice injeeted with a

peptide that blocks NGF binding to p75 (Van der Zee et al., 1996; Yeo et al., 1997), with a

coincident increase in cholinergic innervation ofthe hippocampus (Yeo et al., 1997). Similarly,

there is an increase in the number ofsympathetic neurons in the SCG ofp75-1- mice following

the period ofprogrammed cell death, which is consistent with an increased sensitivity of

cultured p75-/- sympathetic neurons to NGF (Bamji et al.,1998; futher discussed in Chapter

IV). Finally, there is an increased survival of motor neurons following injury in p75-/- mice, as

compared to wildtype mice (Ferri et al., 1998).

To further elucidate the role ofthe p75NTR in development, transgenie mice which

express the intracellular domain orthe p7SNTR in peripheral and central neurons (p75ICD

mice) were generated (Majdan et al., 1997). These animais demonstrated a marked decrease in

the number of sympathetic and peripheral TrkA-expressing sensory neurons, as weil as cell loss

in the neocortex, where there is normally liUle or no p75NTR expression. In addition,

biochemical analysis suggested that these effects were not attributable to a p75-dependent

reduetion in TrkA activation. Instead these results suggest that the intracellular domain ofp75

May aet as a constitutive activator of signaling cascades that regulate apoptos~s.

Interestingly, there was a decreased survival ofaxotomized facial motor neurons in

adult p75ICD mice as compared ta wildtype miœ (Majdan et al.,1997). This, together with

evidence suggesting that the loss ofp75 leads ta the protection of injured motor neurons (Ferri

et al.,1998), suggests that p75 may also play a negative role in TrkB responsive neurons

following injury. As the number ofmotor neurons in p75-1- miee and p75ICD mice appear to

he similar to that ofwildtype mice, p75 may not play a crucial role during programmed œil

death in BDNF-responsive populations.
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As an interesting adjun~ a number ofnaturally-occurring, developmentally-regulated

p75 splice variants containing the transmembran~and intracellular domain have been recently

identified (A.Vaillant and F.O. Miller, unpublished data; Y.A.Barde, persona! communication).

These p75NTR splice variants are still present in p75-/- mice that were developed by targeting

exon 3 in the p75 gene, known to encode the neurotrophin binding region ofthe extracellular

domain. In light ofthe fact that the p75 intracellular domain May play a role in the constitutive

signaling ofapoptosis, it May be necessary to reevaluate sorne ofthe work done in p75-/- mice.

This puts yet another interesting spin on the interpretation ofthe role of the enigmatic p75

receptor.

(c) p75 and Signa/ing:

Clues to signaling pathways through which p75 may mediate its actions have come

trom the analysis ofthe strueturally related tumor necrosis factor family ofreceptors (TNF

receptors). These include TNFR1, TNFRII, the Fas antigen (also referred to as Apol), CD40,

CD30, CD27, DRJ, and the Iymphoxin Precepto-r (for reviews see Gross, 1996; Wallach et

al., 1997). These receptors are charaeterized by an extracellular domain containing four

cysteine-rich repeats, however, the intracellular domains are substantially divergent and lack

any catalytic domain that could provide clues about their mechanism ofaction. The exception

to this is a short segment ofbomology in Fas and TNFRI referred to as the "death domain"

since mutations in this domain inhibit the activation ofapoptosis by these receptors

(Brakebusch et al.,1992). Recently, regions weakly homologous to the death domain have been

observed in other family members including p75 although thus far the funetion ofthis domain

in the p75 receptor remains unknown (Feinstein et al., 1995). Thus far, the TNF receptor family

bas been shown to regulate both cell survival and apoptosis via a number of interaeting proteins

and signaling pathways, including increased production ofthe Iipid messenger ceramide via

increased sphingomyelinase activity, activation of tl.e JNK pathway, and activation ofgene

transcription via nuclear factor KB (NFlCB).

The first clear evidence for p75 signaling Came trom studies by Dobrowsky et al.

(1994,1995), who found that binding ofneurotrophins to p75 in T9 glioma cells, NllI-3T3 and

PC12 cells activated sphingomyelinase, and subsequently, ceramide production, in the absence

oftheir preferred Trk receptor. Interestingly, in PC12 cells that express both the TrkA and p75
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receptors, NOF was unable ta induce sphingomyelin hydrolysis until TrkA tyrosine kinase

activity was inhibited with K252a (Dobrowsky,1995). These data support the idea that the

p75NTR serves as a common signaling receptor for the neurotrophins through induction of

sphingomyelin hydrolysis, and that crosstalk exists between Trk and p75NTR-dependent

pathways such that TrkA signaling May suppress .signaling via the p75NTR. In addition,

activation of the p75 receptor with NGF in rat oligodendrocytes resulted in an increase in

ceramide and c-jun amino-terminal kinase (JNK) activity, whereas the neurotrophins BDNF

and NT-3 were not able to Mediate these effects (Casaccia-Bonefil et al., 1996). Finally, our lab

has demonstrated that p75 cao mediate increased c-jun phosphorylation and p53 expression in

rat sympathetic neurons following BDNF application (Bamji et al., 1998; Aloyz et al.,1998: see

Chapters IV,V).

Concurrent with increases in ceramide levels and JNK activity, activation ofthe p75

receptor resulted in increased death ofcultured oligodendrocytes (Casaccia-Bonefil et

al., 1996). As rat oligodendracytes do not express the TrkA receptor, but do express low levels

ofTrkB and TrkC, one cao conclude that p75 cao only effeetively signal and Mediate death

upon binding ofa neurotrophin when its cognate Trk receptor is not present, or as Dobrowsky

(1994) has sho~ when the activity ofthe cognate Trk receptor is blocked. Alternatively, it is

possible that differential binding of the different neurotrophins ta the p75NTR MaY cause p75

ta interact with ditTerent intracellular signaling proteins, with ooly NGF" stimulating the p75

mediated apoptotic pathway (for review see Chao et al., 1998). Surprisingly, addition ofNGF

or TNFa. to human oligodendrocyes expressing p7S but not TrkA did not result in either death

or JNK activation, but did Mediate the translocation ofNFlCB translocation to the nucleus

(Ladiwala et ai., 1998). This discrepancy can be explained by differences in ~ellular context

and experimental methodology.

The idea that Trk signaling can suppress p7S-mediated events was further confirmed in

a recent study by Yoon et al. (1998), who show that NGF does not increase JNK activity and

cell death in cultured rat oligodendrocytes that were manipulated to express the TrkA receptor.

This TrkA-mediated rescue involved not only activation of survival signais, but also a

simultaneous supression ofa death signal mediated by p75.

P75-mediated NF1CB activation and translocation to the nucleus bas been demonstrated

following NGF application in Schwann cells (Carter et al., 1996) and human oligodendrocytes
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that do not express the TrkA receptor (Ladiwala et al., 1998). Interestingly, this p75-mediated

event was specifically induced by NGF, and neither BDNF nor NT-3 were able to produce a

signal (Carter et aL, 1996). Together, these data suggest that neurotrophin binding to the

p75NTR results in the activation ofat least three signal transduction molecules, NFK8, c-jun,

and œramide. In section ID ii(b), 1 will discuss our laboratory's identification of the first

signaling pathway required forp75-mediated neuronal cell death consistingof~~

p53 and BAX.

(d) p75NTR andApoptosis:

The similarity ofp75 receptor signaling in certain œil types to signaling in the TNFR

family, whose activation often leads to apoptotic events, led to the notion that the p75NTR can

also initiate apoptosis. One ofthe tirst indications that p75NTR May be responsible for

mediating neuronal œil death was suggested by Rabizadeh et al. (1993), who observed that

expression ofp75NTR induced neural œil death in a constitutive manner. In this study,

transfection ofthe p75NTR in immortalized œrebellar neuronal œlllines resulted in rapid

apoptosis which could be rescued by application ofNGF or p75 agonist antibodies. Although

this finding was interpreted to indicate that p75NTR Mediates a ligand-independent, Trk

independent, apoptotic effeet that cao be inhibited by ligand binding, more recent evidence

suggests that p75 cao Mediate apoptosis in a ligand-dependent fashion that cao be modulated by

Trk signaling.

The apoptotic funetion ofthe p75 recepto! bas also been demonstrated in cells ofthe

chick isthmo-optic nucleus, which expresses the p75 but not the TrkA receptor. Here,

exogenous application ofNGF increased the number ofdying œlls (von B~heldet al., 1994).

Although NGF was initially thought to promote death by decreasing binding ofendogenous

BDNF to TrkB by blocking the p75 "co-receptor", another interpretation is that exogenous

NGF specifically aetivates the p75NTR, thus increasing the activation ofapoptotic pathways.

More direct evidenœ for ligand-activated Mediation ofcell death by p75 has been

reported by four groups in addition to ourown. First, Frade et al. (1996) have shawn that early

retinal cells expressing p75NTR, but not TrkA, undergo œil death that cao he prevented by

application ofantibodies ta NGF, thereby demonstrating naturally-occurring NGF-mediated

apoptosis during chick development via p75NTR. Recently, Frade and Barde (1998) have
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extended these studies and demonstrate that microglia-derived NGF is responsible for

naturally-occurring œil death in the developing retina. Second~ Casaccia-Bonefil et al. (1996)~

have shown that NGF is able to induce apoptosis via activation of the p75 receptor in cultured

rat oligodendrocytes that do not express TrkA. Third~ a p75NTR function-blocking antibody

was able to mimic the actions ofexogenous NGF in cerebellar granule cells~ resulting in

increased survival and Bcl-2 expression (Muller et al., 1997). Finally, NGF was shown to

mediate death ofembryonic trigeminal neurons lacking the TrkA receptor in a p75-mediated

manner (Davey and Davies~ 1998). Interestingly, NGF-mediated p75 activation was only able

to induce apoptosis when these neurons were maintained with CNTF, and not when these

neurons were maintained with BDNF, indicating that the activation ofdifferent survival

signaling pathways in trigeminal neurons influent:;es their susceptibility to p75-mediated

ap0ptosis (Daveyand Davies,1998).

It bas been proposed that p75 can also Mediate apoptosis in the absence ofdirect ligand

activation, and that tbis cao he blocked by activation ofTrk receptors. For example~ Barrett

and Bartlett (1994) have shown that treatment ofcultured postnatal mouse DRG neurons with

antisense oligonucleotides to p75NTR results in an increase in the amount of survival in the

absence of neurotrophin signaling. Similarly, overexpression ofthe intracellular domain ofthe

p75NTR in p75NTR ICD-expressing transgenic mice resulted in a decrease in the number of

small, unmyelinated DRG neurons, and sympathetic neurons ofthe SCG (Majdan et al., 1997).

Although expression ofthe intracellular domain ofp75 is able to Mediate neuronal apoptosis

(Majdan et al.,1997), it would be interesting to see whether full-Iength p75 normally signais in

a ligand-independent fashion or whether neurotrophins produced by these neuronal populations

themselves cao mediate p75NTR activation in an autocrine/paracrine fashion.

A1though sorne aspects ofthe signaling pathways downstream ofp75 have been

elucidated recently, mechanisms of receptor activation and proximal signaling events are

unknown. Analysis ofthe p75NTR "death domain" has revealed that this domain is unable to

self associate (Liepinsh et al.,1997), nor is it able to associate with other death domains ofthe

same subtype (Varfolomeev et al., 1996). Thus, the mechanism ofactivation ofp75 appears to

he different from that ofFas and TNFRl, in which the direâ association between intracellular

death domains is crucial for signaling after ligand binding (Boldin et al., 1996; Muzio et

al., 1996). Interestingly, NRIF, the only protein isolated so far that is capable of specifically
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interacting with the p75ICDy at least in non-neuronal cells7 does not seem to contain a death

domain (Carter et al. y l996b).

II. Regulation of Sunival By Neurotrophins:

i) Afferent regulation ofNellronal Sllrviva/:

Programmed cell death is a major event during the development ofthe mammalian

nervous syste~ and empbasis bas systematically been placed on the roles ofeither the

peripheral targets or central postsynaptic neurons in the control of neuronal survival. Howevery

it is also widely known that afferent input to targets can regulate the survival of target neurons.

The role ofafferent supply in regulating the survival oftarget neurons has been typically

studied in vivo by either examining the effects ofdeafferentiation or hyperinnervation on target

neuron survival.

For exampley the assessment ofcell death in the isthmo-optic nucleus ofthe chick

following teetal lesions ofvarious sizesy suggests that complete deafferentiation might lead to

total cellioss in the nucleus (Clarkey 1985). Similarlyy in the lumbar spinal cord of the chic~ the

early removal ofeither dorsal root or supraspinal afferents increases motor neuron death during

the period ofnaturally-occurring cell death (Hamburgery 1975; Okado and Oppenhei~ 1984).

The hypothesis that afferent supply cao regulate the survival of target cells is further

strengthened by experiments in which enlargement ofthe afferent supply leads to the rescue of

neurons in the target populations. For exampley following retrograde degeneration ofthe dorsal

lateral geniculate nucleus, there is increased sprouting ofthe retinal ganglion ceUs into the

nucleus ofthe optic tract and superior colliculus. These hyperinnervated areas had increased

numbers of neurons when compared with control rats (Cunningham et al., 1979). Thus, it is

generally believed that both the targets and the afferent supply interaet in the control of

developmental cell death at the level ofsingle cellsy ensuring the proper matching of neuron

number trans-sYQaptically.

Various hypotheses have been raised to explain the afferent control of neuronal

survival. These mechanisms include activity-dependent processes triggered by

neurotransmitters and neuromodulators, and regulation by trophic factors. Indeedy

depolarization enhances the survival ofseveral neuronal populations in vitro (Bennet and

White, 1981; Larmet et a1.,1992; Lampe et al., 1995), and the specifie blockade ofpostsynaptic
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receptors increases neuron loss during the period ofnaturally-occurring death (Meriney et

al.~1987; Maderdrut et a1.~1988). These studies Sttggest that postsrnaptie membrane

depolarizatio~ triggered by neurotransmitters~may he involved in the control ofneuronal

survival by active atferents.

Recently~ however~ it has become increasingly apparent that neurotrophins can he

anterogradely transported and released at the site ofthe target. Indeed~ recent studies have

proposed that these anterogradely-derived neurotrophic factors may he released like

neurotransmitters and peptides in an aetivity-dependen~regulated manner to Mediate the

survival and development oftarget neurons.

The tirst indication that neurotrophins could he anterogradely transported along axons

and released ioto the postsynaptic cleft was the observation that exogenous NT-3 and BDNF

cao be anterogradely transported by retinal ganglion cells to their targ~ the optic teetum (von

Bartheld et al.~1996). By examining the pattern ofdistribution ofone ofthe neurotrophins~

BDNF~ it saon became evident that endogenous neurotrophins are alsa transported in the

anterograde direction in both the CNS and PNS. -For example, immunohistochemical evidence

bas suggested that BDNF cao be anterogradely transported along sensory neurons ofthe dorsal

root ganglia and released in the dorsal horn (Zhou and Rus~1996; Michael et al. (997). The

anterograde transport ofneurotrophins in the brain has classically been demonstrated by the use

ofhighly specifie antibodies~ which have identified the presence ofBDNF and NT-3 in nerve

terminals of brain and PNS populations that do not contain the corresponding mRNA. Indeed~

in the brain, BDNF protein, but not its mRN~ was found in the neostriatum (Radka et

al.,1996; Altar et al.,1997), neocortex, mossy fibres ofthe hippocampal granule neurons,

medial habenula, central amygdala, lateral septum and spinal cord (Conner et. al., 1997; Smit~

et al., 1997; Yan et al., (997). Conversely, neurons that project to these areas are rich in BDNF

mRNA.

In addition to being anterogradely transported along neurons of the CNS and PNS~

recent studies have suggested that the neurotrophins, BDNF and NT-3 may be secreted in a

regulated fashion. Goodman and colleagues (1996) have demonstrated that BDNF co-Iocalizes

with the secretory granule marker~ chromogranin A, and is released from hippocampal

dendrites by a regulated pathway dependent on extracellular calcium. In addition, BDNF

immunoreaetivity is concentrated over dense-core vesicles in BDNF-immunoreaetive dorsal
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root ganglia cells (Michael et aI.~1997). This observation is further corroborated by recent

biochemical studies demonstrating that BDNF is enriched in a vesicular fraction of

synaptosomes~ its distribution being similar to that ofsynaptotagmi~which is associated with

synaptic vesicles and large dense-core vesicles (Fawcett et al., 1997). The location ofBDNF in

synaptic vesicles suggests that anterogradely-transported BDNF is released in a regulated~

activity-dependent~ fashion.

The first in vivo demonstration implicating anterogradely-transported neurotrophins in

the regulation of neuronal survival came from work done in zebra flnches by Johnson and

collegues (1997). In this study~ removal of presynaptic input from the lateral magnocellular

nucleus ofthe anterior neostriatum (IMAN) to the robust nucleus ofthe archistriatum (RA)~

caused massive RA neuron death. This death could be rescued following BDNF, NT-3 or

NT4/5 (but not NGF) infusions. Moreover~ IMAN neurons express both BDNF and NT-3 and

transport these neurotrophins in the anterograde direction. Together, this correlative evidence

suggested that anterogradely-transported neurotrophins May be released into the RA to mediate

target neuron survival.

BDNF bas also been shown to anterogradely regulate survival ofCNS neurons in the

mammalian brain. In a recent paper by Altar and collegues (1997), inhibition ofaxonal

transport or deafferation depleted the expression ofBDNF in nerve terminais in brain areas

such as the striatum that lack BDNF mRNA. Concomittant with a decrease in BDNF protein in

nerve terminals~ there was a decrease in the number ofstriatal neurons containing the calcium

binding protei~ parvalbumin. It is unclear whether decreases in the number ofparvalbumin

containing cells in the striatum refleet a decrease in the survival ofthese neurons, or a decrease

in the level ofparvalbumin expression.

Finally, endogenous BDNF has been reported to he anterogradely transported in central

noradrenergic neurons, regulating the survival and differentiation oftarget neurons (Fawcett et

aI.,1998; Chapter llI).

Interestingly~a1though BDNF~ NT-3 and NT415 have ail been shown to he

anterogradely transported in the CNS and PNS~ there is no evidence that NGF is transported

along axons and released at target sites. This observation could mark one ofthe key

differences between the regulation ofsurvival m~ated by NGF and the other neurotrophins.
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(ii) TlU'get-Derived Regullltion ofN~rolftllSlIrvivtll- NGF/TrIcA Signa/ilfg:

The application ofa neurotrophin to a neuron which expresses the appropriate

receptors may influence survival~ growt~ differentiatio~ proliferatio~ and~ in sorne cases~

even death. Therefore, elucidation ofmolecular mechanisms responsible for the diverse array

ofresponses to neurotrophic factors is fundamental to an understanding of the neurobiology of

neurotrophin action. For this reaso~ the following discussion outlines our current

understanding ofneurotrophin signal transductio~ which is the sequence of molecular events

that characterizes a cell's transmission ofgrowth factor signais trom the receptor al the cellls

surface ta the cytoplasm and nucleus.

Much ofthe work in the field ofneurotrophin signal transduction bas been done in vitro

on PC12 cells, where extensive studies have been performed to investigate the activation of

signaling cascades upon activation ofthe TrkA receptor by its ligand~ NGF (for review see

Kaplan and Stephens, 1994). The tirst event in neurotrophin signaling is the homodimerization

ofTrkA receptors, leading ta the activation ofthe intrinsic tyrosine kinase activity ofTrkA

(Jing et al., 1992), with one TrkA subunit catalyzing the phosphorylation of the other subunit in

trans (Kaplan et al., 1991~b; Klein et aL, 1991). There are five tYrosine phosphorylation sites

on the TrkA receptor~ including three that reside within the kinase domai~ and two that lie

outside this domain (Middlemas et al.,1994; Stephens et al., (994). Trk tyrosine

phosphorylation reaches its maximum within 5 to 10 minutes ofNGF binding and is then

attenuated over a period of several hours (Kaplan et aI.,1991b; Segal et al.~1996), most likely

by dephosphorylation and intemalization of the receptor (Hempstead et al., 1992; Jing et

al., 1992; Loeb and Greene~1993). The tYrosine phosphorylated sites ofthe TrkA receptor serve

both as recognition or doeking sites for specifie intracellular proteins contai~ng either a Src

homology 2 (SH2) domain, or a phosph0tYr0sine binding (pTB) domain (reviewed in Pawson

and Scott, 1997), and to regulate receptor kinase aetivity and transphosphorylation

(Cunningham et al., 1996; reviewed in Greene and Kaplan, 1995).

Previous work using Trk mutants that are defective in either associating with, or

stimulating the activities of, intracellular signaling proteins has revealed several signal

transduction pathways that are used to mediate a variety ofbiological effeets. Proteins whieh

directly bind to the TrkA receptor to mediate its biological effeets include the adaptor proteins

She and its neural-specifie isoform N-she (Nakamura et al., 1996), phospholipase C-y (pLC-y),
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the phosphotyrosine phosphatase SOP-l (SH2-containing tyrosine phosphatase-l), (reviewed in

Greene and Kaplan, 1995), FRS2 (Kouhara et al., 1997) and two novel phospho Trk interacting

proteins, SH2-B and rAPS (Qian et al., 1998).

Propagation ofthe TrkA signal within PC12 cells and neurons is mediated by both Ras

dependent and Ras-independent signaling pathways (reviewed in Kaplan and Miller, 1998).

Although the identity ofTrkA effectors that medi.ate Ras-dependent and Ras-independent TrkA

signaling in neurons remains largely unknown, Shc has been shown to mediate NGF induced

Ras-dependent signaling in PC12 cells (Stephens et al., 1994), and FRS2, SH2-B and rAPS

have been shawn ta mediate NGF induced Ras-dependent signaling in 293 cells (Qian et

al., 1998). The most well-studied pathway ofRas activation involves the Shc-Grb2-S0S-Ras

pathway. Following its association with Tr~ Shc becomes phosphorylated, thereby enabling

it to interact with the SH2 domain containing protein, Grb2. Grb2 then associates with the Ras

GTP exchange factor, SOS, via two sm domains, translocating SOS ta the plasma membrane

where it activates Ras (reviewed in Kaplan and Stephens,1994; Greene and Kaplan, 1995; Segal

and Greenberg, 1996; Kaplan and Miller, 1997; Vojtek and Der, 1998).

(a) Ras Activation and Neuronal Survival:

Once activated, Ras stimulates the aetÎvity of several downstream activators, the best

characterized ofwhich is the serine-threonine kinase, Raf, which lies upstream ofthe MEKl/2

MAPK pathway (for reviews see Kaplan and Stephens, 1994; Greene and Kaplan, 1995; Segal

and Greenberg,1996; Kaplan and Miller, 1997; Vojtek and Ders,1998; see Figs.l.2, 1.3). A

number ofRas effectors in addition to Raf have been reported including PI 3-kinase (Kodari et

al., 1994; Rodriguez-Viciana et al., 1994) which plays an important raie in neuronal survival,

growth and morphology (Dudek et al., 1997; Lavie et al., 1997; Pbilpott et al., 1997; Crowder

and Freeman,1998; Polakiewicz et al., 1998), RatGDS, a guanine nucleotide exchange factor

which indirectly activates the small GTPases Cdc42 and Rac, and MEKK, a serine-threonine

kinase which activates the JNK signaling pathway (reviewed in Vojtek and Ders,1998).

Although the direct activation of Many etfector molecules by Ras bas not been

examined in neuronal cells, Cdc42, Rac (Bazenet et al., 1998) and MEKK (A1oyz et al., 1998;

Eilers et al., 1998) have been shown to be involved in stimulating cell death pathways in

sympathetic neurons. However, despite Ras's ability to activate both positive and negative
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survival pathways in non-neuronal cells, Ras aetivity bas been shown ta be essential for a large

portion of rat sympathetic neuron survival (Nobes and Tolkovsky,1995; Vogel et al., 1995;

Nobes et al., 1996; Markus et al., 1997; Mazzioni et al., 1998). Indeed, knockout mice lacking

the GTPase neurotibromin-I (NF-I), a negative regulator ofRas aetivity, exhibit an increased

number ofsympathetic neurons in vivo, and an increased survival ofcultured sympathetic

neurons in the absence ofneurotrophin (Vogel et al., 1995). Conversely, transgenic mice which

constitutively expressed Ras, exhibit growths resembling neuroblastoma, a tumor ofthe

sympathetic chain (Sweetner et al., 1997). Furthermore, the ability ofNGF, CNTF, LIF and

cAMP to Mediate rat sympathetic neuron survival has been shown to be critically dependent on

funetional Ras protein (Nobes and Tolkovsky,1995; Markus et al., 1997). In these studies,

neutralizing antibodies to Ras inhibited survival mediated by these different survival factors

(Nobes and Tolkovsky,1995), whereas constitutively active Ras was found to be sufficient ta

rescue NGF-deprived SCG neurons (Nobes et al., 1996). Our laboratory has recently confirmed

these results, and show that constitutively aetivated Ras (RasVI2) supports, and dominant

negative Ras suppresses, approximately half ofthe survival responses of rat sympathetic

neurons (Mazzoni et al., 1998). The faet that only halfofNGF's survival effeets are mediated

via Ras, points to the presence of multiple survival pathways in sympathetic neurons. These

Ras-independent survival pathways May involve PI 3-kinase-~SNT, and/or PLey.

This is not to say that all primary neurons require Ras activity for survival. Indeed, the

role ofRas in neurotrophin-regulated cell survival and differentiation is believed to vary

depending on cell type. For example, embryonic chick sensory neurons (Borasio et al., 1993)

and sympathetic neurons from the chick superior .cervical ganglia (Markus et al.,1997) were

shown to require Ras for survival, whereas embryonic chick sympathetic neUfons derived from

the more caudally located lumbosacral chain ganglia did not respond ta activated Ras (Markus

et al., 1997). This would suggest that primary neurons derived from ditrerent Iineages and

species differ in their requirement for Ras in NGF-mediated survival pathways.

How does Ras Mediate survival in rat sympatbetic neurons? Studies performed in the

Miller and Kaplan laboratories suggest that Ras Mediates its actions through bath the PI 3

kinase-Akt and Raf-MEK-MAPK signaling pathways, with the PI 3-kinase-Akt pathway

mediating a slightly bigher proportion ofRas's survival effects (Mazzoni et al., 1998; see

Figs.l.2, 1.3). In addition to aetivating downstream survival pathways, Ras bas also recently
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been shown to mediate survival by suppressing apoptotic signaling pathways (Mazzoni et

al., 1998; Fig.I.3). Indeed, expression ofconstitutively aetivated Ras (RasVI2) suppresses c

jun phosphorylation, and increases in p53 and Bax levels, in the absence ofNGF (Mazzoni et

al., 1998). Conversely, expression ofdominant-negative Ras in sympathetic neurons leads to

increased c-jun phosphorylation and increased p53 and Bax levels even in the presence ofNGF

(Mazzoni et al., 1998). The following sections highlight the roles ofthe PI J-kinase-Akt and

Ras-Raf-MEK-MAPK pathways in sympathetic neuron survivaL

(b) The PI 3 kinase/ PKB/Akt Signaling Pathway:

PI 3-kinase is activated by NGF and other neurotrophic factors in neuronal cells in

either a Ras-dependent, or independent fashion (reviewed in Kaplan and Stephens, 1994). Ras

independent PI J-kinase activation is believed to be mediated via the recruitment ofPI J-kinase

to the plasma membrane by the effector proteins Shc-Qrb2-Gab-l (J.Korhonen and

D.R.Kaplan, unpublished data; see Fig. 1.2; 1.3). This enzyme phosphorylates

phosphoinositides (PIs), leading to the generation ofthe phospholipid second messengers,

phosphatidylinositol (3,4,5)-triphosphate (PtdIns(3,4,5)P3], phosphatidylinositol (3,4)

diphosphate [PtdIns(3,4)P2] and PtdIns(3)P (for a review see Kapeller and Cantley,1994).

The serine-threonine kinase Akt/PKB has been shown to be a downstream effector ofPl

3-kinase (Franke et al., 1995; see Fig.l.2, 1.3). Akt/PKB contains a pleckstrin homology (PH)

domain that is essential for its activation in response to growth factors (Franke et al., 1995;

Andjelkovic et al., 1996) and in response to PI 3-kinase activation (Klippel et a1.,1996; Franke

et al., 1997; Marte et al., (997). Indeed, it is believed that this PH domain binds directly to the

phosphoinositides (PtdIns(3,4,S)P3] and [PtdIns(3,4)P2] which are producedas a result ofPI 3

kinase activation (Franke et al., 1997), thereby recruiting AktIPKB to the plasma membrane and

stimulating its activity. Full activation ofAkt/P~ requires phosphorylation at two major sites,

Thr308 in the kinase domain, and Ser473 in the carboxy domain (Alessi et al., 1997). Support

for the idea that Akt/PKB activation oecurs downstream ofPI 3-kinase comes from the

demonstration that i) constitutively active forms ofPI 3-kinase results in stimulation of

AktIPKB (Klippel et a1.,1996; Franke et al., 1997; Marte et al., (997), H) AktIPKB

overexpression prevents neuronal apoptosis in the absence ofPI 3-kinase activity (Dudek et

al., 1997; Crowder and Freeman, 1998), and iii) dominant-negative forms of AktIPKB interfere
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with IGF-l and NGF-mediated survival in spite oCPI 3-kinase activation (Dudek et al., 1997;

Crowder and Freeman,1998).

PI-3 kinase activity has been shown to be both sufficient and necessary for the survival

ofNGF-dependent rat sympathetic neuroos (Crowder and Freeman, 1998), and for insulin

growth factor-l (lOF-1 )-mediated survival ofcultured cerebellar granule cells (D'Mello et

al.,1997; Dudek et al., 1997). lodeed, expression ofconstitutively active PI 3-kinase mediated

over 75% ofsympathetic neuron survival in the absence ofNGF (Crowder and Freeman, 1998).

The necessity ofPI 3-kinase in mediating NGF's survival response has recently been confirmed

by the Kaplan and Miller laboratories who show that expression ofdominant-negative Akt, or

treatment with the PI 3-kinase inhibitor, LY294002, inhibit over 60% ofNGF-mediated

sympathetic neuron survival (N.Marsh, J.Atw~ F.D.Miller and D.R.Kaplan, unpublished

data). This would indicate that the PI 3-kïnase-Akt-pathway is the major survival pathway

activated by NGF in rat symapthetic neurons. The discrepancy between sympathetic neuron

death induced by PI 3-kinase inhibition and NGF withdrawal indicate the presence of

additional factors which are responsible for NGF-mediated sympathetic neuron survivai, a1beit

to a lesser degree than PI 3·kinase. In contrast, Philpott and collegues (1997) argue that PI 3

kinase is sufficient, but not necessary for sympathetic neuron survival. One plausible reason

for this discrepancy includes the inability to express sufficient levels ofdominant negative PI 3

kinase by microinjection. This does not, however, explain why the PI 3-kinase inhibitor,

L Y294002, failed to decrease the survival ofsympathetic neurons in this study.

Although the PI 3-kïnase-Akt pathway is belived to be the major survival pathway in

sympathetic neurons, PI 3-kinase is also able to activate other downstream effectors which may

account for some ofthe survival mediated by PI 3-kinase (Shepherd et al., 1998). Iodeed,

inhibition ofPI 3-kinase activity results in increased symapthetic neuron death compared to

dominant-negative Akt (N.Marsh, J.Atwal, F.D.Miller and D.R.Kaplan, unpublished data).

Thus, Ras-dependent and Ras-independent activation ofPI 3-kinase Mediates the majority of

NGF-induced survival in sympathetic neurons~ and the majority of PI 3-kinase's effeets are

mediated by Alet.

The mechanism by which Akt functions to promote survival is just recently beginning

to be understood. It was initially postulated that activation ofthe PI-3 kinase-Akt signaling

pathway culminates in the phosphorylation ofthe BCL-2 family member BAD, thereby
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suppressing apoptosis and promoting survival (Datta et al.~ (997). In the absence of

phosphorylatio~BAD is thought to induce cell death by fonning heterodimers with BCL-XL

resulting in the concommitant generation ofBAX homodimers. This mode~ known as the

"rheostat model" is further discussed in section m ofthis chapter. It must he noted~ however,

that Alet bas only been shown to phosphorylate BAD in myeloid precursor cells (Datta et

al.~1997), and that BAD is not phosphorylated in most neuronal cells, indicating that tbis is not

the major mechanism by which Akt Mediates neuronal survival.

More recently, Akt has been shown to induce phosphorylation ofcaspase-9, which

prevents the cytochrome c-induced proteolytic processing ofthis caspase (Cardone et al., 1998;

Fig. 1.3), thus preventing the caspase cascade that typically culminates in cell death. As

caspase-9 has been shown to be an important caspase during neuronal apoptosis (Hakem et

al.,1998; Kuida et al., 1998), it is conceivable that Akt Mediates neuronal survival via the

phosphorylation ofthis caspase.

Preliminary evidence from the Miller laboratory suggests that expression ofdominant

negative Akt in sympathetic neurons results in decreased survival, increased c-jun

phosphorylation and increased p53 levels in the presence ofNGF (R.A1oy~ D.R.Kapla~and

F.D.Miller, unpublished results; Fig.l.3). Together, tbis suggests that Akt may impinge on

multiple apoptotic signaling proteins to inhibit cell death both upstream and downstream of

Bax and Ba~ the relative contribution ofwhich May depend on cellular context.

In accordance with the idea that multiple cross-talk oceurs between survival and death

signaling pathways, Akt aetivity bas been shown to be suppressed by C2-ceramide (Summers et

al., 1998; Zhou et al., 1998; Zundel and Giaceia,1998; Fig.!.3). Although it bas been shown that

ceramide aets upstream of Akt (Zhou et al., 1998; Zundel and Giaccia, 1998), it is unclear

whether tbis regulation oceurs at the level ofPI 3-kinase due to conflicting reports (Zhou et

al., 1998; Zundel and Giaccia, 1998).

(c) The Ras!MapKinase Signa/ing Pathway

Ras and its downstream efIeetors Rat: MEK and MAP kinase have been shown to be

necessary and sufficient for NGF-mediated neuritogenesis, but not survival ofPC12 cells

(Greene and Kapla~ 1995, Kaplan and Miller, 1997). As Ras activation correlates with

sustained MEK and MAPK aetivities in neurons (Rosen et al., 1994), it was postulated that this
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pathway May play a role in neurotrophin-mediated survival and neuritogenesis. However~

several studies have clearly demonstrated that activation ofthe RaflMEKIMAP kinase pathway

is insufticient for Many ofthe responses of immortalized hippocampal neurons and primary

Reurons to neurotrophic factors (reviewed in Kaplan and Miller, 1997). Fir~ a1though

prolonged activation ofRaf-1 induced differentiation in immortalized hippocampal neurons~

prolonged activation ofMEK and MAPK was insufficient to elicit this response (Kuo et

al.~1996). Second, sustained activation ofRas and MAPK was insufficient to Mediate the

survival ofprimary hippocampal pyramidal neurons (Marsh and Palfrey~ (996). Third,

persistent stimulation ofthe RaslMAPK pathway was insufficient to Mediate neuritogenesis

(Vaillancourt et al., 1995) or increases in calcium channel currents (pollack and Rane~1996) in

PC12 cells. Fourth, inhibition ofMEK activity with the MEK inhibitor, PD98059, failed ta

block NGF-dependent survival ofrat sympathetic neurons (Creedon et al., 1996; Virdee and

Tolkovsky,1996; Vaillant et 31.,1998), and NGF-mediated neurite outgrowth tram chick

sensory and sympathetic neurons (Klinz et al., 1996). Interestingly, a1though inhibition of

MEK activity with the MEK inhibitor, PD98059, failed to block NGF-dependent survival of rat

sympathetic neurons, PD98059 was able to signiticantly inhibit survival mediated by RasV12

(Mazzoni et al., 1998). Together, one cao conclude that: 1) Ras plays a raie in mediating

neurotrophin-mediated survival of most neuronal populations including sympathetic neurons of

the rat SeG, 2) approximately 50% ofsurvival mediated by NGF in sympathetic neurons

occurs in a Ras-dependent manner, 3) Ras Mediates survival via the PI 3-kinase and Ras-Raf

MEKl/2-MAPK pathways, 4) Ras-dependent and Ras-independent activation ofPI 3-kinase

accounts for the majority ofNGF-induced sympathetic neurOR survival, and 5) the overall

contribution ofthe Ras-Raf-MEKI/2-MAPK signaling pathway in NGF-mediated sympathetic

neuron survival is minor.

(d) Depo/arization-Mediated Surviva/:

Although neurotrophic factors are the major determinants ofneuronal survival during

the development ofthe vertebrate nervous system, other factors also make important

contributions. Electrical activity is thought to be one ofthese factors (Franklin and

Johnson, 1992; Schmidt and Kater~ 1995). This is suggested by experiments showing that

removal ofafferent input or pharmacological blockade ofelectrical activity or
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neurotransmission causes the death ofsome types ofdeveloping neurons (Lipton, 1986;

Maderdrut et aI.~1988; Ruitjer et al.~1991; Catsicas et al.~1992; Galli-Resta et al.~1993).

Similarly, in vitro experiments have demonstrated that maintenance ofdeveloping neurons in

cell culture medium containing elevated concentrations of K+ greatly enhances the survival of

these neurons (for review see Franklin and Johnson, 1992). This increased extracellular K+

concentration is believed to enhance survival by causing a chronic depolarization ofcells that

May promote survival by mimicking the effects ofnaturally-occurring electrical activity.

Franklin et al. (1995) have shown that sustained depolarization of neonatal SCG neurons with

K+ leads to increased survival by inducing the influx ofCa2+thrOUgh voltage-gated L-type Ca2+

channels as withdrawal ofextracellular Ca2+, or blockage ofL-type Ca2+channels aboiishes the

K+-mediated survival (see Fig.l.2). Increases in intracellular Ca2+levels can activate Ca2
+_

sensitive enzymes such as protein kinase C (PKC) and Ca2
+lcalmodulin-dependent protein

kinase II (CaM kinase II). Indeed, calmodulin antagonists block the survival ofdepolarized rat

sYmpathetic neurons (Franklin et al., 1995; Vaillant et al., 1998) and chick spinal cord

motomeurons (Soler et al.~1998) al concentrations that do not affect the survival ofcells

maintained in NGF, indicating that calmodulin is involved in calcium-mediated survival of

neurons.

Previous studies have shown that an increase in intracellular Ca2+ is able to aetivate Ras

in PC12 cells (Rosen et al., 1994; for review see Finkbeiner and Greenberg, 1996; Fig.l.2). As

mentioned previously, NGF-mediated Ras activation leads to the activation ofMAPK via Raf

and MEKI. Interestingly~the 44 kDa MAPK protein is phosphorylated upon K+-mediated

depolarization of sympathetic neurons, leading to the iotriguing idea ofa common survival

pathway in both NGF-mediated and K+-mediated survival. Although inhibiti9n ofMAPK in

depolarized cerebellar granule cells did oot affect K+-mediated survival ofthese neurons

(Miller et al., 1997), our laboratory has recently shown a significant reduetion in K+-mediated

sympathetic neuron survival upon application of the MEKI inhibitor, PD98059 (Vaillant et

al.,1998).

Activation of the PI-3 kinase pathway May be stimulated by increases in intracellular

Ca2+ levels potentially via a Ras-dependent mechanism (see Fig. 1.2). Although inhibition of

PI-3 kinase activity has been shown to block depolarization-mediated survival ofcerebellar

granule cells (Miller et al., 1997)~ there is still sorne contention as to the role ofPI-3 kinase in
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mediating depolarization-induced survival. Indeed, Soler et al. (1998) have recently

demonstrated that PI-3 kinase is not activated upon depolarization ofchick spinal motor

neurons, and that inhibition ofPI-3 kinase does not suppress the survival-promoting effect of

K+ treatment. Similar ta that seen in cerebellar granule cells, our laboratory has recently

shawn that PI 3-kinase aetivity is essential for K+-mediated sympathetic neuron survival

(Vaillant et al., 1998). Indeed, blocking PI 3-kinase aetivity with the PI 3-kinase inhibitor,

LY294002, decreased K+-mediated survival, a1beit to a lesser degree that PD98059 (Vaillant et

al., 1998). This result suggests that a1though both the Ras-MAPK and the PI 3-kinase-Akt

pathways play a role in sympathetic neuron survival, the Ras-MAPK pathway plays a greater

raie in K+-mediated survival, whereas the PI 3-kinase-Akt pathway plays a greater role in NGF

mediated survival.

III. Neurotrophic Factors and Cell Death:

i) Apoptosis:

The molecular mechanisms underlying cel1 death are not weil understood. Based upon

morphological criteria, several different modes ofcell death have been defined (Schweichel and

Merker, 1973; Beaulaton and Lockshin, 1982; Clarke, 1990) for which different underlying

molecular mechanisms are believed to existe Among the different types ofœil death, the mode

ofapoptosis (Kerr et al., 1972) has received much attention since Many œil types exhibit this

mode ofdeath during development and adulthood. At early stages ofapoptosis,

morphologically visible cytoplasmic changes are subtle. There is a progressive loss ofcell

volume, but mitochondria and other organelles remain physically intact for an extended periode

Among the principle criteria that characterize cell death as apoptotic are the condensation of

nuclear chromatin (Kerr et al., 1972), activation ofendonucleases and the early fragmentation of

DNA (for reviews see Bursch et al., 1990; Deckworth and Johnson, 1993; Vaux, 1993).

Transient blebbing ofthe plasma membrane oceurs after which ail cytoplasmic organelles start

to degenerate, become compartmentalized into membrane-bound apoptotic bodies and are then

engulfed by phagocytic ceUs.
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(a) Apoptosis and the Development ofthe Nervous System:

The development of most regions of the vertebrate nervous syste~ including sensory~

motor and autonomie neurons ofboth the peripheral nervous system (PNS) and CNS~ includes

a distinct phase of neuronal degeneration during which a substantial proportion of the neurons

initially generated die (Oppenheim~1991). This degeneration primarily adjusts the size of the

neuronal population to the size or the functional needs of its projection field. However, in this

process~ it also eliminates any neurons whose axons have grown ta the wrong target (Clarke

and Cow~1976; O'Leary and Cowan, 1982).

This type ofdeath, known as programmed cell death or naturally-occurring œil deat~

occurs via an apoptotie mechanism~ and it is generally believed that programmed œil death is

due to insufficient target-derived trophie support (reviewed by Oppenheim,1991; Deckworth

and Johnson~1993). For example. in most systems undergoing programmed œil death, it has

been possible to show that all~ or at least the great majority ofthe axons~ have reached the

target field before the onset ofcell death (Clarke and Cowan, 1976; Oppenheim and Chu-Wang.

1977). Furthermore, studies have shown that injection ofNGF antibodies into newbom rats

increased the death of sympathetic neurons (Levi-Montalcini et al.• 1969; Angeletti et al., 1971 ;

Wright et al., 1983). and that these cells die by a proœss ofapoptosis. In addition, NGF

deprived embryonic sympathetie neurons in vitro die by apoptosis (Martin et al., 1988).

Several in vitro (Martin et al.. 1988; Scott and Davies.1990; Edwards et aI.•1991) and in

vivo (Oppenheim,1991) studies have shown that neuronal death is prevented by inhibitors of

protein and RNA synthesis. suggesting tha~ in Most cases. apoptotic death ofDeurons involves

de novo protein synthesis.

(b) Temporal Ana/ysis ofEvents Associated with NGF Withdrawal-Induced Death of

Sympathetic Neurons:

The most well-examined system oftrophic factor deprivation-induced apoptosis is

based on the role ofNGF in maintaining sympathetic neurons during development (Levi

Montalcini and Booker, 1960; Gorin and Johnson, 1979) and in the adult (Gorin and

Johnson, 1980). The current understanding ofthe temporal events associated with NGF

withdrawal-induced death has been analyzed by Deckworth and Johnson (1993). and is

summarized here and in figure 1.4.
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Studies demonstrate that morphological changes in cultured sympathetic neurons occur

approximately 19 hours after NGF deprivation. These changes include irregularly shaped

cellular outlines~ the expression ofsmail vacuoles~ and a shift in the nucleus to one side of the

soma. After 36 hours~ 95% of the neurons are atn:>phied and half the neurons have died~

whereas 48 hours after NGF withdrawal~95% ofthe neurons are dead (Deckworth and

Johnson, 1993).

A neuron that has been deprived of its neurotrophin will eventually lose its ability to

respond to reapplication of its physiological trophic factor with long-term survival. Upon loss

ofthis ability~ the neuron is committed to die. Ali sympathetic neurons can be rescued by

readdition ofNGF up to 12 hours after trophic factor deprivation (Deckworth and

Johnson, 1993). After 22 hours~ halfofthe neurons are committed to die~ and after 48 hours~

>95% ofail sympathetic neurons are committed to die (Deckworth and Johnson, 1993). The

time course ofrescue with NGF precedes the time course ofneuronal death by approximately 5

hours, indicating that there is a period in the life ofa neuron during which the degenerative

processes bas become irreversible but bas not yet caused the death of the neuron (Deckworth

and Johnson, 1993).

The atrophy of the neuronal soma indicat..:s a reduction ofcell body mass that May be

caused at least in part, by a decrease of total neuronal protein caused by a decrease in the levels

ofprotein synthesis and RNA synthesis. In fact, within 12 hours after onset ofNGF

deprivation, glucose uptake, protein sYDthesis~ and RNA synthesis fall dramatically, followed

by a moderate decrease in mitochondrial funetion (Deckworth and Johnson, 1993).

Interestingly~ a comparison ofthe rescue ofNGF-deprived sympathetic neurons with

either NGF alone or NGF plus the protein synthesis inhibitor, cyclohexamide, reveals no

difference in the number ofrescued ceUs (Deckworth and Johnson, 1993). This suggests that

protein synthesis is not required for NGF to protect NGF-deprived neurons from cell death.

One couId also hypothesize that NGF's role in mediating ceU survival is to suppress apoptotic

pathways.

Fragmentation ofneuronal DNA can be observed in NGF-deprived sympathetic

neurons, approximately 5 hours before cell deat~ and concurrent with commitment ta die

(Deckworth and Johnson, 1993). The temporal and pharmacological characteristics ofDNA

fragmentation is consistent with DNA fragmentation being part of the mechanism that comrnits
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the neuron to die. Thus, trophic factor deprivation-induced death occurs by apoptosis and is an

example ofprogrammed œil death.

(c) Cel/-Cyc/e -Associated Genes andApoptosis:

It has been suggested that apoptosis could result from a situation where eeU

proliferation is initiated, but cannot be successfully completed. For example, the c-myc

oncogene, which is a potent aetivator ofproliferation, cao induce apoptosis under conditions of

restrained cell proliferation such as serum deprivation (Evan et al., 1992). Indeed, eeUs

undergoing apoptosis have been shown to display sorne charaeteristics of mitotie cells, such as

chromatin condensation, breakdown ofthe nuclear envelope, rounding up ofthe œil, and sorne

cytoskeletal changes. On the basis ofthese observations, it bas been proposed that in

postmitotic cells such as neurons, apoptosis May represent an abortive attempt by cells to re

enter the cell cycle {Batistatou et al., 1993; Heintz,1993; Rubin et al., 1993). Supporting lhis

concept is the faet that trophic factor withdrawal-induced death ofPC12 ceUs and sympathetic

nemons cao be inhibited by treatment with phannacological blockers ofthe Gl/S phase of the

cell cycle (Farinelli and Greene, 1996). Cyclin DI, which is involved in the progression ofthe

ceU cycle, is also induced in NGF-deprived sympathetic neurons (Freeman et al., 1994).

However, the inability of antisense cyclin Dito decrease the susceptibility of sympathetic

neurons to NGF deprivation, raises the possibility that cyclin DI induction May not be

necessary for apoptosis (Greenlund et al., 1995).

Another gene known to be involved in the control ofneuronal œU cycle progression, is

the retinoblastoma (Rb) gene. Mice lacking the Rh gene display abnormal and massive neuron

loss during development and die prenatally (Lee et al., 1992; Slack et al., 1998). Interestingly, in

cortical precursor cells, pRb was determined to be essential for cells to exit the cell cycle, but

not required for the induction of neuronal genes such as Ta.I a-tubulin (Slack et al., 1998).

Funetional ablation of the pRb family in cortical progenitor cells in vitro by expression ofa

mutant adenovirus ElA protein, resulted in cortical progenitor death in cells expressing

neuronal genes, presumably as a consequence ofumixed signals" deriving from their inability

to undergo terminal mitosis (Slack et al., 1998). Ablation ofpRb in postmitotic cortical neurons

did not effeet neuronal survival (Slack et al., 1998). Together, these data raise the possibility

that neuronal apoptosis is inextricably linked to the cell cycle, and mayarise trom "mixed
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signais" to proliferate while expressing neuronal markers that typically indicate terminal

mitosis. Indeed. it would be interesting to see whether cortical precursor ceUs lacking pRb

undergo apoptosis following the supression ofneuronal gene induction.

The tumor suppressor protein, p53, is another cell-cycle-associated molecule that has

been implicated in the induction ofapoptosis. For instance, the expression ofp53, which

arrests the cell cycle at the G liS border in response to DNA damage, is increased during

apoptosis in sorne paradigms. A complete discussion ofthe role ofp53 in mediating apoptosis

is outlined in section ii (c) below.

lii) Mo'ec"'ar Meclulnisms Underlyillg Apoptosis:

(a) The Tumor Necrosis Factor (/NF) Fam;/y ofReceptors and Apoptosis:

It bas been postulated that apoptosis is a default pathway, activated automatically in the

absence ofincoming survival signais trom the cell's environment. However, it has also been

demonstrated that, in certain circumstances, ceUs can be stimulated to undergo apoptosis by

activation ofcell surface receptors. For example, activation ofthe tumor necrosis factor 1

receptor (TNFRl) (Tartaglia et a1.,1991), Fas (a1so known as CD95 and Apo-l) (ltoh et

al.,1991), and the recently identified DRJ (death receptor-3) (Chinnaiyan et al.,1996; Kitson et

al., 1996) initiates apoptosis in certain ceUs. These three receptors are all members ofthe TNF

receptor superfamily, and share a region of similàrity in their intraceUular domains with the

Drosophila cell death protein, reaper (ltoh and Nagata, 1993). This region ofsimilarity is

termed the death domain and has been shown to be necessary for the apoptotic funetions ofthe

TNFRI (Tartaglia et al., 1993) and Fas (Behrmann et al., 1994) receptors.

Interestingly, the p75NTR, which shares structural homology with the TNF family of

receptors, aIso contains a region in its intracellular domain that is homologous to the death

domain (Liepinsh et al., 1997). Il is still unclear, however, whether this region is essential for

p75 mediated apoptosis. As TNFRI, Fas, DRJ and p75 cao Mediate apoptosis, and as all four

receptors contain homologies in their death domains it is important to review signaling

pathways mediated by the TNF family ofreceptors as it may shed light on signaling events

mediated by the p75NTR. Althoughp75~ TNFRl, Fas, and DRJ an mediate apoptosis and

contain cytoplasmic death domains, most other family members do not contain this death
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domain and funetion in stimulation of immune responses rather than the induction ofapoptosis

(Smith et aI.~1994).

A major advance in understanding the early events in TNF signaling was the

identification of proteins that become recroited to TNF receptors following Iigand-induced

trimerization ofthese reœptors (Rothe et a1.~1994,1995; Hsu et aL, 1995). Being protein

protein interaction domains, the death domains ofTNFR1 and Fas recroit other death domain

containing proteins~ TRADD (TNFRI-associated death domain protein), FADDIMORTI (Fas

associated death domain proteinl mediator of receptor-induced toxicity), and RIP (receptor

interaeting protein) to the trimerized receptors (Hsu et al., 1995,19968,1996b; Chinnaiyan et

a1.~1995; Boldin et a1.,1996; Stanger et aI.~1995). Sorne ofthese directly interaet with the death

domain ofthe receptor, and others interact indirectly via the death domain ofother adaptor

proteins (see Figs.l.5, 1.6).

TRADD, one ofthe first TNFRI-associated proteins identified~ bas been shown to

mediate both apoptosis and NF1CB activation upon recruitment to TNFRI (Hsu et a1.~1995).

Furthermore, overexpression ofeither full-length TRADD or the TRADD death domain is

sufticient to modulate TRADD self-associatio~NFK8 activation., and apoptosis (Hsu et

al., 1995). It is interesting that TRADD can Mediate both apoptosis and NFlCB activation, as

NFK8 clearly plays an anti-apoptotic role in TNFRI signaling (Liu et al., 1996). Furthermore,

TRADD-induced apoptosis, but not NFKB activation, cao be inhibited by CrmA, a specific

inhibitor ofthe ICE family that is encoded in the cowpox virus genome (Rsu et al.~1995).

These results suggest that TRADD May Mediate two diverse signaling pathways of life and

death and that the apoptotic pathway involves ICE-like proteases.

Despite the fact that the Fas receptor also contains a death domain and cao initiate

apoptosis, the death domain of Fas is unable to associate with TRADD (Baker and Reddy,1996;

see Fig.l.6). This result, in conjuetion with others, suggests a divergence in TNFRI and Fas

mediated apoptotic pathways.

FADDIMORTI appears to he highly selective in its association with Fas via death

domain interactions (Fig. 1.6), however, a only a weak direct interaction between FADD and

TNFRI bas been deteeted (Chinnaiyan et aI.,1995). FADD's interaction with TNFRI is

typically thought to be mediated indirectly though TRADD via death domain interactions

(Fig. 1.5). Analogous to TRADD, overexpression ofFADDIMORTI can induce apoptosis
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v:hich is inhibitable by CrmA (Chinnaiyan et al.,1995), lending support to the idea that Fas and

TNFRI-mediated apoptosis involves ICE or a related protease. Interestingly, in contrast to

TRADD, overexpression ofthe FADDIMORTI death-domain a10ne cannot induœ apoptosis,

and mutagenesis studies have shown that the "death effector domain" ofFADDIMORTl, which

is in the amino terminus, is crucial for FADD's apoptotic funetion. This suggests that the

critical apoptotic part ofTRADD is its death domain, which mediates the interaction between

FADD and TNFRl, whereas the critical function ofFADDIMORTI May be to recroit death

inducing factors to the receptor via it's "death effector domain" (Fig. 1.5). lndeed, it has

recently been shown that FADD's death effector N-terminal domain recruits the ICE-like

protease MACH (MORTI-associated CED-3 homolog)/FLICE (FADD-like ICE) to activated

receptor complexes (Boldin et al., 1996; Muzioet ~.,1996). MACH/FLICE, also known as

caspase-8, associates with the receptor through caspase-8's amino terminai death effeetor

domain (Boldin et al., 1996; Muzioet al., 1996; Fig., 1.6). Overexpression ofcaspase-8 induœs

apoptosis which can be blocked by inhibitors specifie for the ICE family. It has been suggested

that eleavage ofcaspase-8 May mediate the downstream effects ofapoptosis.

RIP is yet another death dornain-containing protein shown to interact with the

cytoplasmic domain ofFas, however, in addition to ilS death domain, RIP contains a tyrosine

kinase domain at its amino terminus (Stanger et al., 1995). RIP-induced apoptosis requires the

death domain, but not the kinase domain ofRIP. This protein bas recently been shown to

interaet with TRADD through death domain interactions, and it is poStulated that TRADD aets

as an adapter protein to recroit RIP to TNFRI (Hsu et al., 1996b; Ting et al., 1996).

Overexpression ofRIP induces NF'ICB activation (Hsu et al., 1996b), and œil lines lacking RIP

were found to be defeetive in the activation ofNFleB in response to TNP (Ting et al., 1996).

However, mutant Iurkat cells lacking the RIP prolein were fully susceptible to Fas-mediated

apoptosis, suggesting that RIP plays an essential role in mediating NFlCB activation by TNF,

but is dispensible for Fas-induced apoptosis (Ting et al., 1996).

The only two components ofthe TNFRI complex that cao aetivate JNK upon transient

expression are RIP and TRAF2 (TNFR-assoeiated factor 2) (Fig. 1.5). While TRAF2 does not

Mediate apoptosis (Hsu et al., 1996a), RIP does (Stanger et al., 1995; Hsu et al., 1996b), and thus

it was postulated that RIP May Mediate TNF-induced apoptosis via activation of the JNK

pathway. However, a recent study indicates that JNK activation by RIP is not responsible for
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RIP's apoptotic effects (Liu et al., 1996). In this siudy, RIP mutants that lacked the death

domain and were incapable ofmediating apoptosis, were fully comPetent in mediating JNK

activation. Furthermore, expression ofthe RIP death domain which was sufficient to induce

apoptosis (Stanger et al., 1995; Hsu et al., 1996b) did not aetivate JNK (Liu et al., 1996). Thus,

they concluded that although RIP is capable of inducing both apoptosis and JNK activation, the

two responses can he separated and involve different functional domains of this protein.

Further evidence that JNK activation and TNFRI-mediated apoptosis are separate events is

provided by the findings that mutant FADD lacking the death domain blocked TNF-induced

apoptosis, but not JNK. activation, while wild type FADD induced apoptosis but not JNK

activation (Liu et al., 1996). Although this study appears to clearly demonstrate that in human

breast carcinoma (MCF7) cells, JNK is not involved in TNF-mediated apoptosis, it is not hard

to envisage a scenario in which the JNK pathway does indeed lead to apoptosis, but with a

slower timecourse. The rapid apoptosis mediated by activation ofFADD and the ICE-like

protease pathway (4-6 hours; Clement and Stamenkovic, 1994) could easily mask a slower,

JNK-mediated apoptotic event. Indeed, TNF treatment has been shown to lead to increased

ceramide levels, activation ofthe JNK pathway, and apoptosis in a number ofother cell lines

(described later).

Despite the focus on the TNFRl and Fas receptors and their associated proteins, the

TRAF} (TNFR-associated factor 1) and TRAF2 (TNFR-associated factor 2) proteins which

interact with the cytoplasmic domain ofTNFR2, were aetually the first TNFR superfamily

associated proteins to be found (Rothe et al.,1994). TNFR2 bas been associated with TNF's

ability to stimulate cell proliferation and activation ofNFKB (Tartaglia et al., 1991). TRAFI

and TRAF2 cao form heterodimers via interactions between their TRAF domains, and the

interaction ofTRAF1 with TNFR2 appears to be mediated through TRAF2.

TRAF2 interacts not only with TNFR2, but also with TNFRI via TRADD (Hsu et

al., 1996a) (Fig.I.S). TRAF2 is believed to Mediate the activation ofboth NFKB and JNK.

Whether TRAF2 is necessary for NFlCB activation is still unclear as TRAF2 mutants lacking

the RING finger inhibit TNF-induced NFlCB activation (Hsu et al., 1996a), but dominant

negative forros ofTRAF2 are unable to abrogate the activation ofNFKB (Lee et al., 1997). The

in vivo expression ofa dominant negative TRAF2 protein demonstrated the need for TRAF2 in

TNF-mediated activation ofJNK (Lee et al., 1997). Recently, a TNF-responsive
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serinelthreonine protein kinase termed germinal center kinase related (GCKR) protein has been

identified and shown to ad downstream ofTRAF2 to activate the JNK pathway, but not the

NFICB pathway (Shi and Kehrl,I997; Fig.l.S). It is commonly believed that TRADD is a

bifurcating point in the TNFRI signaling pathway that interacts with TRAF2 to Mediate NFlCB

and JNK activation and with FADD to induce apoptosis via the ICE-like proteases (Hsu et

al., 1996a).

Another mechanism by which TNFR1 and Fas are believed to Mediate its actions is by

the production of the second messenger, ceramide (Kolesnick and Golde, 1994) (Figs.1.5, 1.6).

Occupancy ofeither TNFRI or Fas was reported to activate sphingomyelinases, phospholipases

that catalyze ceramide production trom sphingomyelin (Weigmann et al., 1994; Gulbins et

al., 1995). When applied exogenously, ceramide cao cause apoptosis (Obeid et al., 1993) and

NFICB (Weigmann et al., 1994) and JNK activation (Verheij et al., 1996). Indeed, JNK

activation was proposed to Mediate apoptosis in response to either TNF or exogenous ceramide

via a c-jun-dependent mechanism (Verheij et al., 1996). Here, expression ofa dominant

negative c-jun mutant inhibited TNF and ceramide-induced death (Verheij et al., 1996). In

addition, sphingosine-l-phosphate, a Metabolite ofceramide, has been shown to counteraet the

ceramide-induced activation ofJNK (Cuvillier et a1.,1996), resulting in increased ERK

activation (Wu et al., 1995). This points to a potential cross-talk between these two pathways.

Many researchers interested in unraveling the signaling pathways mediated by p75

activation have tumed to signaling events mediated by the TNF family ofreceptors as a starting

point in their endeavors. Indeed, TNFRl, Fas and p75 cao all mediate apoptotic events,

increase intracellular ceramide levels, enhance NFKB translocation to the nucleus and activate

the JNK pathway. However, the upstream events in TNF receptors and p75 do not appear to be

similar.

TNF has been shown to rapidly induce apoptosis via the ceramide-JNK-c-jun pathway

in U937 human monoblastic leukaemia cells and bovine aortic endothelial (BAE) cells

(approximately 6 houcs following TNF application) (Verheij et al., 1996). Conversely,

p75NTR activation is able to increase ceramide levels, activate the JNK pathway, and Mediate

cell death with apparently different timecourses. In oligodendrocytes, œil death was observed

4-6 hours after activation ofthe p75 receptor with NGF (Casaccia-Bonnefil et al., 1996). This is

similarto the rapid timecourse seen upon application ofTNF to U937 and BAE cells (Verheij
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et al., 1996). Conversely, in sympathetic neurons, c-jun phosphorylation occurs 8-12 hours after

p75 activation, and neuronal apoptosis is observed 36-48 hours following activation ofthis

receptor (Bamji et al., 1998). This is similar to the timecourse ofc-jun phosphorylation and cell

death following NGF withdrawal in sympathetic neurons (Estus et al.,1994; Ham et al., 1995).

The disparity between the temporal events following activation ofthe p75 receptor in

oligodendrocytes and sympathetic neurons may he attributed to differences in œil type.

Another explanation is that in sympathetic neurons, other signaling events (ie. TrkA signaling)

may he impinging on the p75-mediated signal cascade.

(b) The JNK Signa/ing Pathway andApoptosis:

Extraœllular stimuli, such as tumor necrosis factor-a (TNF-a) or interleukin 1 (IL-I),

activate JNK. through a cascade in which MAP kinase kinase kinase 1 (MEKK1)

phosphorylates and activates a Tm-Tyr protein kinase, SEKI (a1so termed MKK4 or JNK.K),

which then phosphorylates and activates JNK (Lange-Carter et al., 1993; Minden et al., 1994;

Derijard et al., 1995; Lin et al., 1995). Activation ofJNK. results in the phosphorylation ofc-jun

at serine residues 63 and 73 and increases ils potential to activate transcription by translocating

to the nucleus (Hibi et al., 1993; Derijard et al., 1994; Kallunki et al., 1994; Kyrialcis et al., 1994;

Sluss et al., 1994).

The MEKKI-SEKI-JNK pathway has been shawn to play a role in NGF withdrawal

induced death ofPC12 cells, and sympathetic neurons (Xia et al., 1995; Eilers et al., 1998). Our

laboratory bas recently shown that p53 lies downstream ofthis apoptotic pathway and is both

sufficient (Slack et al., 1996) and necessary for sympathetic neuron apoptosis following NGF

withdrawal and p75 activation (Aloyz et al., 1998; Chapter V). Indeed, withdrawal ofNGF

(Estus et al., 1994; Ham et al., 1995) and activation ofp75 (Bamji et aL, 1998) resulted in

increased JNK activity, and increased p53 and Bax levels (Aloyz et al., 1998; Chapter V).

Moreover, expression ofconstitutively active MEKKI resulted in increased JNK aetivity

(Eilers et al., 1998), and increased p53 and Bax levels, in the presence ofNGF (Aloyz et

al., 1998; Chapter V). Interestingly, a1though a dominant negative mutant ofSEKl (SEKAL)

was able to inhibit cell death mediated by constitutively active MEKKl, SEKAL did not

prevent increases in c-jun expression, JNK activity or œil death after NGF withdrawal (Eilers

et al. 1998). Thus, although the MEKKI-SEKI-JNK pathway is sufficient for neuronal cell
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death, multiple pathways rnay impinge downstream ofSEK1 to Mediate sympathetic neuron

death.

In accordance with this, the small GTP-binding protein, Cdc42, and its downstream

effector, Rac l, bas been shown to be required for NGF withdrawal-induced neuronal death

(Bazenet et al., 1998). Indeed, overexpression ofthese Rho-like GTPases increased c-jun

phosphorylation and death in the presence ofNGF, whereas dominant negative mutants

blocked these effeets. Although Cdc42 and Rac1 clearly aet upstream of~ the point at

which this modulation occurs remains to be elucidated. It would be interesting to see whether

Cdc42 - Racl aet upstream ofthe MEKKI-SEKI-JNK pathway, or whether multiplepathways

do, indeed, impinge on this pathway downstream·ofMEKK.l.

Studies involving the microinjection of neutralizing antibodies, or the expression of

dominant-negative mutants, have suggested a critical role for c-jun in NGF withdrawal-induced

death ofcultured sympathetic neurons (Estus et al., 1994; Ham et aL, 1995). These studies

demonstrate that c-jun is bath sufficient and necessary for sympathetic neuron death. Although

we had initially postulated that c-jun lies downstream oflNK and uptream ofp53 in the

apoptotic pathway, more recently, JNK bas been shown to directly interact with and stabilize

the p53 protein (Fuchs et al., 1998). Recently, JNK and p53 has been shown to

coimmunoprecipitate in sympathetic neurons (R.Aloyz, D.R.Kaplan, F.D.MiIler, unpublished

results), and we prediet that JNK May directly stabilize p53 to Mediate neuronal apoptosis.

Thus, the role ofc-jun in sympathetic neuron death is now in question.

The events that occur upstream ofMEKK1 in sympathetic neuron death are still

unknown, however one potential candidate in p75-mediated cell death is ceramide. Indeed,

p75NTR activation is able to increase œramide lëvels, aetivate the JNK pathway, and Mediate

œil death in non-neuronal cells (Casaccia-Bonnefil et al., 1996). Moreover, ceramide has been

shown to aet upstream ofJNK to Mediate its apoptotic effects (Verheij et al., 1996; Fig.!.3),

although the point at which this modulation occurs remains to he elucidated. In addition to

mediating œil death via activation ofthe JNK pathway (Verheij et al., 1996), ceramide bas

recently been shown to inhibit Akt activity in a number ofœil types including motor neurons

(Summers et al., 1998; Zhou et al., 1998; Zundel and Giaccia, 1998; Fig.I.3). Thus, ceramide

MaY aet upstream ofthe JNK pathway to mediate p75NTR-induced œil death at least in non

neuronal cells, and potentially in neurons via suppression of Alet aetivity.
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Evidence that œramide is involved in the p7SNTR-mediated pathway in sympathetic

neurons derives ftom its ability to inhibit neuritogenesis (de Chaves et al., 1997,1998), similar

to that seen upon p75 activation (Kahn et al., 1998). Interestingly, addition ofceramide to

sympathetic neurons has been shown to prevent apoptosis following NGF deprivation (lto and

Horigome,1995). Thus, the role ofœramide in NGF witbdrawal-induced death and p75NTR

mediated death in sympathetic neurons is still unclear.

ln aecordanee with the idea that multiple cross-talk occurs between survival and death

pathways, the MEKKI-SEKI-JNK pathway has recently been shown to be suppressed via Akt

(N.Marsh, J.Atwa~ f.D.Miller, and D.R.Kaplan, unpublished results). Ind~ expression of

dominant-negative Akt results in increased c-jun phosphorylation and increased p53 levels in

the presense ofNGF. This result implies that Akt acts upstream ofJNK to suppress apoptosis,

however, as SEKAL is unable to prevent neuronal apoptosis in the absence ofNGF, it is

difficult to POstulate whieh signaling molecule(s) is directly suppressed by Akt.

(c) The Role ofp53 in Neuronal Apoptosis:

The p53 tumor supressor gene is the most frequently mutated gene in human tumors

(Vogelstein, 1990; Hollsteio et aL, 1991), and reintroductioo ofp53 ioto transformed eells cao

induce either growth arrest (EI-Deiry et al., 1993; Xiong et al., 1993) or aPOptosis (Yonish

Rouach et al., 1991). As a tumor supressor, p53's primary role is to Mediate œil cycle arrest

after DNA damage. P53-mediated growth arrest is believed to be dependent on transcriptional

activation ofa number of proteins that aid exit frôm the œil cycle including the cyclin kinase

inhibitor, p21 (WAF-l) (EI-Deiry et al., 1993; Picksley and Lane,1994). Human p53 is a

protein of 393 amino aeids and cao he divided strueturally and funetionally ioto four domains.

The N-terminus contains an acidic transcription-activation domain that interacts with the

transeriptional machinery ofthe œil and regulates gene expression (Levine, 1997). The next

region is the sequence-specifie DNA-binding domain that is frequently mutated in cancer cells

(Kem et al., 1991; Oren, 1997). The carboxyl terminus ofp53 cao funetion as an autonomous

domain capable ofbinding non-speçifically ta different forms ofDN~ including damâged

DNA (Wang et al. 1993; Lee et al., 1995; Reed et al.,1995). P53 binds to DNA as a tetramer,

and the region which is responsible for p53 tetramerization, the oligomerization domain, lies

within the carboxyl terminus of p53 (Lee et a1.,1994; Clore et al., 1995, Jeffrey et al.,1995).
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Nonnally~ endogenous p53 levels are relatively low in the œil due to its rapid degradation

(Levine~1997). P53 protein levels then increase in response to cellular stress~ POtentially due to

changes in conformation or phosphorylation that prevent its rapid degradation.

The consensus is that p53 cao induce growth arrest or aPOptosis depending on the

physiological circumstances or cell type. For example~ p53 accumulates and directs apoptosis

in response to DNA damage in skin (Ziegler et aL~ 1994)~ thymocytes (Clarke et aI.~1993; Lowe

et al.~ 1993)~ and intestinal epithelium (Clarke et al.~1994; Merritt et al.~1994; for review see

Oppenheim~1991)~ but does not appear to be essential for ail aspects ofapoptosis in normal

mOOne development (Donehower et al.~1992; Armstrong et a1.~1995).

Most recently~ p53 bas been implicated in playing a role in neuronal apoptosis

(reviewed in Hughes et al.~1997). For example~ it bas been demonstrated in vivo that p53

mRNA and protein levels are induced in neurons after focal ischemia and prior to neuronal

death (Li et al., 1994). The increased expression ofp53 rnRNA in the injured brain in addition

to p53 protein is interesting as in Many other cell types and tissues~ p53 protein induction

usually occors via post-translational stabilization (Chernov et al.~1998; Fuchs et al., 1998;

Thomas and White, 1998; reviewed in Blagosklonny~1997), not transcription. Wood and Voule

(1995) have also demonstrated an etTect ofp53 gene deletion on cerebellar granule cell

apoptosis in vivo. Cerebellar granule cells typically undergo apoptosis in response to genotoxic

agents such as y-irradiatio~ however, in p53-/- mice, y-irradiation failed to induce cerebellar

granule ceU apoptosis~ further implicating p53 in injury-induced neuronal apoptosis.

Similarly, in vitro studies have demonstrated that following kainic acid treatment there

is a dramatic increase in pS3 levels prior to neuronal apoptosis (Sakhi et al., 1994), whereas

neurons cultured from p53-/- mice do not die in response to kainic acid treatment (Morrison et

al.~1996; Xiang et al.~1996). Furthermore, when cerebellar granule cells were treated with y

irradiation, orother DNA damaging agents, wildtype neurORS expressing p53 underwent

massive cell death, while p53-/- neurons were resistant to injury (Enokido et al.~1996).

The question ofwhether p53 is sufficient ta Mediate neuronal apoptosis has been

directly addressed by overexpressing wildtype p53 in cultured sympathetic (Slack et a1.~1996)

and hippocampal neurons (Jordan et al.~1997) using adenovirus-mediated transfection ofthe

p53 gene. In both these cell types~ expression ofp53 was sufficient to induce apoptosis.

Overexpression ofthe cyclin-dependent kinase inhibitor, p21 (WAF1), did not induce apoptosis
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in hippocampal cells~ bowever~ indicating that p53's role in neuronal death is distinct from its

actions relating to cell cycle arrest (Jordan et aI.91997).

Thus far it bas been shown that p53 is necessary to mediate neuronal death in response

to certain types of injury and DNA damage9and that p53 is sufficient to induce neuronal death.

We have reœntly examined the role ofp53 in mediating neurotrophin withdrawal-induced

death, and programmed œil death, and show that p53 is necessary to Mediate cell death in the

absence oftrophic factors (see Chapter V). This initially appears contradictory to previous

work demonstrating that cultured neurons from p53-deficient transgenic mice undergo

apoptosis in the absence ofneurotrophins (Donehower et 81'91992; Oavies and Rosenthal~1994).

However, our results do not dispute the fact that p53-/- neurons undergo cell deat~ but indicate

that ceU death is decreased in p53-/- mice. SimilarlY9 although the number of SCG neurons

apPe8C unaltered in p53-/- mice compared to wildtype mice when plated in culture (Sadoul et

aI'91996)~upon more rigorous examination, our laboratory has demonstrated that p53 does

indeed play a role in naturally-occurring cell death, and have shown increased neuronal

numbers in the SCG ofp53-/- mice during the period ofprogrammed cell death (see Chapter

V).

Recently, two groups have independently identified a structural homolog ofp53, p73

(lost et al., 1997; Kaghad et al., 1997). Two human isoforms ofp73 have been cloned that differ

at their C-tennini: p73a (636 aa) and a shorter fo~ p7313 (499 aa) that occur via alternative

splicing. Further investigation of the protein sequence revealed considerable homology

between p53 and p73. Strueturally, p73 shares 290;'0 homology with p53 in the transcriptional

activation domai~ 63% homology in the DNA binding domai~ and 38% homology in the

oligomerization domain (Kaghad et al., 1997). Yeast two hybrid assays have revealed that p73a.

forms ooly weak homophilic interactions and slightly stronger interactions with p73J3.

Conversely, p73P forms strong homophilic interactions and weak interactions with both p73a.

and p53. Although p73 shares structural similarities with p53, and may forro interactions with

p53, the role p73 may play in neurORS is largely unknown (Kaghad et al., 1997). In addition to

the structural similarities between p53 and p73, they also share common funetional

charaeteristics. For example, p73 a and J3 are able to induce the p21/WAFI protein in

neuroblastoma celllines (Kaghad et al., 1997) and osteosarcoma celllines (Jost et a1.91997)

resulting in growth arrest. In addition p73 a and p are able to cause apoptosis in baby hamster

78



•

•

kidney œlls. Despite ilS ability to induce p211WAFI, p73 is not responsive to DNA damage,

suggesting that pS3 and p73 do not bave completely redundant functions in cells.

Interestingly, p73 has recently been observed in rat SCGs and brain (C.Pomiak and F.O.Miller,

unpublished results), implying a biological funetion for p73 in the nervous system.

More recently, a third member ofthe pS3-related family, pSI, has been identified using

degenerate PCR (Osada et al., 1998). There are two splice variants ofthe pSI gene, pSI A and

pSlB, the former encoding a 448-amino-acid protein with molecular weight of 50.9 kOa, and

the latter encoding a 641-amino-acid protein with a molecular weight of 71.9kOa. Comparison

ofthe amino acid sequence revealed that pSI is more similar to p73p than p53 in the

transcription activation domain, DNA binding domain, and oligomerization domain. PSI is

able to induce growth suppression and apoptosis when transfeeted into pS3-deficient cells, and

is able to induce p2I/WAF-1 through p53 regulatory elements. In addition, some human

epidermal tumors were shown to have mutations in pSI.

The consequence ofhaving three pS3 family genes bas yet to he demonstrated. One

POssibility is that the simultaneous expression ofmultiple p53 family genes in a single cell May

increase the chances ofacquiring mutations, producing mutant p53-like proteins which May

interfere with normal pS3 function in a dominant-negative manner (Kem et al., 1992). Another

possibilitYis that these proteins may subsume similar roles in cell-cycle arrest and apoptosis,

but in response to different cellular stressors such as DNA damage, which upregulates pS3

levels but not p73. Yet another possibility is that that the differential expression ofthe p53

family genes results in the ability ofp53 to assume diferent roles and differentially aetivate

specifie genes in different cell types. Although much work is needed to elueidate the funetions

ofthe various pS3-like proteins, it is clear that the expression ofthese proteins adds another

dimension ta the biological roles ofpS3.

How pS3 directs growth arrest and apoptosis bas been the focus ofattention of Many

laboratories. Most evidence suggests that pS3 funetions as a transcription factor as pS3

cantains sequence-specific DNA-binding activity and cao aetivate or repress transcription.

Although pS3-dependent transcription is clearly responsible for the promotion ofgrowth arrest

(EI-Deiry et al.,1993; Xiong et al., 1993), the role.ofpS3-dependent transcription in apoptosis

bas been more controversial. It has been postulated that pS3 may mediate apoptosis by

aetivating the transcription ofdeath genes such as ba% (Miyashita and Reed, 1995) or repressing
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the transcription ofsurvival genes such as bcl-2 (Tilly et a1.7 1995). Indeed, in pS3-1- mice, box

expression is depressed and bcl-2 expression is elevated relative to wild-type controls

(Miyashita et al., 1994). Bax expression is upregulated by wild-type p53 expression but not by

expression ofthe transcriptionally defective pS3 mutant, which is in agreement with the hax

transcriptional activation model for p53-dependent apoptosis (Han et al., 1996). Furthermore,

ectopie box expression induœs apoptosis even when p53 is constitutively in the mutant

conformatiol1y suggesting that Bax alone is sufficient to induce apoptosis and lies downstream

ofpS3 (Han et al., 1996).

Bax bas also recently been shown to he necessary for neuronal apoptosis. For exampie,

Bax has been shown to be required for neuronal death after NGF withdrawal and during

sympathetic neuron development (Deckworth et al., 1996). Similarly, there is a widespread

elimination ofnaturally-occurring neuronal death in Bar-deficient mice (White et al., 1998).

Furthermore, Xiang et al (1998) demonstrate that deletion of the /ka gene results in neuronal

protection following injury and p53 activation, indieating that Bax is both suffiecient and

necessary for pS3-mediated neuronal apoptosis. In sympathetic neurons, the induction of

apoptosis by neurotrophin withdrawal requires transcriptionalltranslational activity (Martin et

a1.,1988) lending further support to the intriguing idea that pS3 plays a role in mediating trophic

factor withdrawal-induced death and programmed œil dea~ by transcriptionally upregulating

box expression.

The Rheostat model ofneuronal apoptosis states that the ratio ofapoptotic to anti

apoptotic proteins ofthe Bel-2 family controls œil survival (further described in section dl·

According to this model, either the upregulation ofBax or down-regulation ofBcl-2 would be

suffieient to induce apoptosis. Thus, p53 MaY mediate apoptosis by transcriptionally increasing

the ratio ofpro-apoptotie to anti-apoptotie Bel-2 family members.

In contrast to the suggestion that p53 induces apoptosis via the transeriptional

upregulation ofbar, other evidence suggests that p53 cao induce apoptosis in the presence of

inhibitors oftranscription and protein synthesis, indicating that regulation oftranscription May

not he the sole mechanism ofapoptotie induction (Caelles et al., 1994). Indeed, a1though some

studies have shown that transcriptionally defective mutant p53 is unable to induce apoptosis

(Sabbatini et al., 1995; Yonish-Rouaeh et al., 1996), other evidence suggests that mutant p53

proteins cao, indeed, induce apoptosis in a transcriptionally-independent manner (Bissonnette
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et a1.~1997). Thus, a1though it appears that p53 Mediates neuronal apoptosis through a

transcription..<fependent manner, based on the inability of neurons to undergo apoptosis in the

presence oftranscription/translation inhibitors (Deckworth and Johnson, 1993), and based on

the nuclear localization ofp53 in injured ordying neurons (Wood and Youle~I995;Hughes et

al., 1996), the dependence on transcriptional events in p53-mediated apoptosis in other cell

types may vary.

Recently, yet another model for p53-induced apoptosis has been put forth, based on the

observation that many ofthe genes that are transcriptionally regulated by p53 encode proteins

that cao generate or respond to oxidative stress (polyak et al., 1997). According to this model,

p53-mediated apoptosis could result through a three step process: 1) the transcriptional

induction ofredox-related genes, 2) the formation ofreaetive oxygen species, and 3) the

oxidative de8J"8dation of mitochondrial components, culminating in cell death (polyak et

al.~1997).

It has been known for a long time that production ofreactive oxygen species (ROS)

causes cell damage, and severallines ofevidence support a causal role for ROS in neuronal

apoptosis as weil (reviewed in Slater et al., 1995). For example, exogenously provided oxidants

that increase the production ofROS, induce apop~osis in neuronal celllines (Estevez et

al., 1995). In addition, neuronal apoptosis induced by a variety ofstimuli, including serum and

trophic factor deprivation (Ferrari et al., 1995~ Satoh et al.,1996), K+ deprivation (Schultz et

al., 1996), g1utamate-mediated excitotoxicity (Bonfocco et al., 1995), and ischaemia (Linnik et

al.,1993), is accompanied by increased production ofROS. Treatment ofthese neurons with

ROS scavengers, antioxidants, and ROS-metabolizing enzymes can protect against apoptosis in

many cases (Bonfocco et al.,1995; Ferrari et al., 1995; Satoh et al., 1996).

A keyenzyme in the metabolism ofROS is copper-zinc superoxide dismutase (SaDI).

In PC12 cells, antisense oligonucleotides against SaDI inhibit cell survival, supporting a

neuroprotective role for this enzyme (Troy and Shelanski,1994). However, in cultured

syrnpathetic neurons, microinjection ofSOD1 delays, but does Rot completely prevent NGF

withdrawal-induced apoptosis (Greenlund et al., 1995). Moreover, readdition ofNGF rescues

syrnpathetic neurons ftom death even after full blown increases in ROS production (Greenlund

et al., 1995). Similarly, in serum-deprived PC12 cells and embryonic cortical neurons, survival

factors prevent apoptosis without atTecting the iRcrease in ROS levels (Enokido et al., 1992;
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Hinshaw et al., 1993). Taken together, these results suggest that elevated ROS levels are in

themselves not fataL and cao be compensated for by other trophic factors. Thus, although p53

May play a role in transcriptionally activating genes which encode proteins that generate or

respond to oxidative stress (polyak et al., 1997), tbis May not be the primary mechanism by

which p53 Mediates apoptosis, especially in neurons.

P53 is typically thought to play a role in mediating œil death in response to DNA

damage and cellular excitotoxicity, but p53 also plays a role in mediating TNF-induced death.

TNF has been shown to induce p53 expression in C6 rat glioma cells during apoptosis, and this

apoptotic effeet was partially inhibited by aetinomycin D and cyclohexamide, suggesting that

in this system, TNF-induced death is dependent upon new RNA and protein synthesis (Yin et

al., 1995). In addition, the loss ofp53 funetion resulted in the inability ofTNF to kill MCF7

human breast carcinoma cells, indicating that p53 is the main mediator ofTNF-induced death

in this system (Cai et al., 1997).

Consistent with the idea that TNF-mediated œil death May involve the JNK pathway, it

bas recently been reported that MEKK l/JNK signaling is able to stabilize and activate p53

(Fuchs et al., 1998). JNK has been shown to associate with (Adler et al. 1997), and

phosphorylate (Lees-Miller et al.,1992, Wang and Eckhart, 1992; Milne et al., 1995) p53,

thereby decreasing p53 ubiquitination, and increasing its half-life (Fuchs et aL, 1998).

MEKKl/JNK signaling not only increases p53 stability, but also increases transcriptional

activation, and potentiates the ability ofp53 to initiate programmed œil death (Fuchs et

al., 1998). Recently, JNK and p53 have also been shown to associate in sympathetic neurons of

the rat seo (R.Alo~ F.D.Miller and D.R.Kaplan, unpublished results).

Taken together, these data suggest a model for the mechanism of p53-induced

apoptosis. In this model, p53 mRNA and protein levels are increased in response to DNA

damage, excitotoxicity, trophic factorwithdrawal and TNF induction. P53 then translocates to

the nucleus where it transcriptionally upregulates Bax production, and potentially

downregulates the production ofthe anti-apoptotic Bcl-2 protein. This shift in the balance

between Bax and Bcl-2, enhances the production ofBaxlBax homodimers, and decreases

BaxlBcl-2 heterodimers, leading to apoptosis.
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(4) The Role ofthe CedlBcl-2 Family in Apoptosis:

Several proteins have been implicated in modulating the death process following

stimulation ofan apoptotic cascade. Considerable understanding ofthe genetic features of

developmental programmed cell death has been derived trom studies ofthe nematode

Caenorhabditis elegans. Genetic studies have determined that two C. elegans genesy ced-3 and

ced-4 (Ellis and Horvitz, 1986) are required for apoptosis. While these genes aetivate a cellular

death program, another geney ced-9y inhibits apoptosis and mutations ofthis gene results in the

death ofMany cells that would normally survive (Hengartner et al., 1992).

Interest in these C.elegans genes has been greatly increased following the discovery of

homologous mammalian genes. The best described ofthese are those ofthe Bcl-2 family. Bcl

2 shares marked sequence homology with the C.elegans death-inhibitory protein ced-9

(reviewed in Hengartner and Horvitz, 1994) and just as ced-9 acts to inhibit apoptotic death in

the nematode, Bcl-2 opposes mammalian cell death (reviewed in White,1996). Bcl-2 is the

founding member ofan expanding family ofproteins whose principle homology is clustered

within three conserved motifs called the Bcl-2 homology 1 (BH1), homology 2 (BH2) and

homology 3 (BID) that are required for the regulation ofapuptosis and protein-protein

interactions (reviewed in Williams and Smith, 1993). Currently, the Bcl-2 family includes Bax..

Bel-XL, Bcl- Xs, Bad, Bak, Mel-l, and Al (reviewed in White, 1996). Whereas Bel-2, Bel- XL.

and Mel-! are anti-apoptotie proteins, Bcl-Xs, Bax, Bak and Bad promote apoptosis.

Evidence that Bel-2 can regulate the survival ofdeveloping neurons initially came trom

studies in whieh an expression vector containing hcl-2 eDNA was mieroinjected ioto eultured

neurons. Overexpression ofBcl...2 prevented the death ofcultured sympathetic (Garcia et

al., 1992) and NGF dependent sensory neurons (A1lsopp et al., 1993) upon NGF withdrawal, and

rescued proprioceptive neurons deprived ofeither BDNF or NT-3 (Allsopp et al., 1993).

Interestingly, overexpression ofBel-2 rescues pr,?prioceptive neurons that are supported

initially by BDNF, but doesnot rescue proprioceptive neurons initially supported by CNTF,

indicating that the choice ofcell death pathways cao be influenced by the neurotrophic factors

to which they have been exposed (Allsopp et al., 1993). Transgenic mice that overexpress bcl-2

in neurons trom the neuron-specifie enolase promoter display hypertrophy ofthe brain, and

have increased numbers of neurons in the facial nucleus and retinal ganglion œil layer

(Martinou et al., 1994). As overexpression ofBel...2 can rescue neurotrophin...deprived neurons
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in vitro, and can prevent naturally-occurring cell death in vivo.. it is somewhat surprising that

the nervous system ofBcl-2-/- mice appear to behave nonnally during development (Nakayama

et aI.,1993; Veis et al., 1993). A somewhat delayed degeneration ofneurons was, however,

observed in motor neurons, sympathetie and sensory neurons.. weil after the period ofnaturally

occurring œil death, indicating that Bcl-2 May he crueial for the maintenance ofspecifie

populations ofneurons (Miehaelidis et al., 1996). Il is possible that a more rigorous analysis of

neuron numbers may he necessary to reveal developmental neuronal deficits, and/or Bcl-2

related proteins May compensate for the loss ofBcl-2. In contrast., deletion of the apoptotic

Bax protein in Bax-/- miœ results in the rescue ofneonatal sympathetic neurons deprived of

NGF, and axotomized facial motomeurons (Deckworth et al., 1996).

How does the Bcl-2 family aet to regulate œil survival and death? One model that has

been proposed by Korsmeyer and colleagues is the Rheostat model (Oltvai et al., 1993;

reviewed in Oltvai and Korsmeyer,1994). This model is based on the idea that members ofthe

Bcl-2 family cao form functional homodimers, or heterodimerize with other selected members

ofthis family. The most examined pair ofinteracting proteins is Bel-2 and Bax. Mammalian

œlls expressing heterodimers ofBcl-2 and Bax exert death-inhibitory action, whereas Bax-Bax

homodimers faeilitate death (Yin et al., 1994). Mutations within the BH1 or 8H2 regions of

Bel-2 that disrupt Bcl-2's ability to heterodimerize with Bax, but not to form Bel-2

homodimers, result in the inability ofBel-2 to counter apoptosis, demonstrating that Bcl-2 must

heterodimerize with Bax to funetion (Yin et al., 1994).

The Bcl-2 related protein, Bad, a1so forms heterodimers with Bcl-2 and Bel-XL and cao

counteract the death-inhibitory effeet ofBcl- XL, (Yang et al., 1995). Thus, the overall theme

that emerges is that apoptotic and anti-apoptotic proteins interact with one another and the

outcome that prevails depends on the ratio ofthe death promoter to the death suppressor.

Although it is believed that the death promoter/death suppressor ratio is inherent ta the cen,

external factors can alter this balance and push the ceU towards aPOptosis or survival. Indeed,

in sorne forms ofœil death, pS3 bas been shawn to iDcrease the ratio ofBax to Bcl...2, thereby

increasing the ratio ofpro-apoptotic BaxlBax homodimers to anti-apoptotic Bcl-2/Bax

heterodimers.
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(e) Caspases, Endonucleases and Apoptosis:

The cloning ofced-3 has revealed that its product is similar to the rnammalian cysteine

protease interleukin-ll3-converting enzyme (lCE) (Yuan et a1.~ 1993)~ providing further

evidence ofevolutionary conservation ofapoptotic pathways between C. e/egans and

vertebrates. Residues essential for substrate recognition and catalysis are conserved between

Ced-3 and ICE (Walker et aL~I994). Overexpression ofCed-3 or ICE in mammalian cells

induces apoptosis that is inhibitable by Bcl-2 (Miura et a1.~1993). Interestingly~ the cowpox

crmA gene produet7 which binds to and inhibits ICE (Ray et a1.~1992; Komiyama et aI.~1994)

inhibits apoptosis induced by NGF deprivation ofneuronal cells (Gagliardini et a1.7 1994)~ and

by the TNFa. and Fas antigens (Enari et al., 1995; -Los et al., 1995; Tewari and Dixi~ 1995). This

provides strong evidence for the role ofcysteine proteases in mediating multiple apoptotic

pathways. Other ICE-related genes including nedd...21ich-l, TXlIch-2IICErel-IL ICErel-m~

Mch-2, and CPP327 have been identified whose produets similarly induce apoptosis, indicating

the existence ofa mutigene family encoding proteases that are involved in apoptosis (reviewed

in Gorman et al., 1998). These enzymes are named caspases (for cysteine-containing aspartate

specifie proteases) because they ail contain the amino acid cysteine in their active sites7 and clip

their protein targets next to the amino acid aspartate. Among these targets are the caspases

themselves, which start out as inactive proteins called zymogens that need to be cut to he fully

active. This suggests that activation ofa caspase could produce a cascade ofproteolysis with

active caspases cutting and activating more caspases. There has been a number ofstudies that

show that these enzymes are indeed turned on this way, in a sequence ofcutting that begins

with initiator caspases and end with endonucleases that cause fragmentation ofDNA and

apoptosis (Enari et al.~1998).

The question ofhow the tirst initiatior caspase gets tumed on has been recently

examined, and a number ofgroups have shown that sorne initiator caspase zymogens cao eut

and activate each other when they are in close proxirnity, even though they have only at most

one-fiftieth ofthe protein cutting ability ofactive enzymes (Muzio et al., 1998; Yang et

al., 1998). This finding could explain how the Fas receptor is able to rapidly rnediate apoptosis.

Fas has previously been shown to draw caspase-8 zymogen molecules together (Muzio et

al., 1998), and this proximity rnay allow precursors to aetivate one another.
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Apoptosis is not always triggered by cell surface receptors however~ and recently a

mechanism for inducing caspase activation in response to growth factor deprivatio~DNA

damage~ oxidizing agents~ and excitotoxicity bas been proposed. This mechanism involves a

role for the mitochondrial protei~ cytochrome e, as a trigger to activate caspases.

Cytochrome chas been shown to bind to a newly discovered protein called apoptotic

protease aetivating factor-l (Apaf-l) (Li et al., 1997). This binding allows Apaf-l to bind to

and activate caspase-9, which in tum aetivates one of the executioner caspases, caspase-3 (Li et

al., 1997). Although it is not known how Apaf-1 activates caspase-9, it has been hypothesized

that it acts as the Fas receptor appears to~ by bringing together multiple zymogens that cao

activate one another (Li et al.,1997). Once the executioner caspases are activated, they cut other

proteins and caspases, and a caspase cascade begins.

In the absence ofcaspase-9 (caspase-9-1- mice), there is a marked decrease in apoptosis

during brain development (Kuida et al., 1998; Hakem et al., 1998). Funhermore, although

cytochrome c is translocated to the cytosol ofcaspase-9-1- ES œlls after UV irradiation (Hakem

et al., 1998), the cytochrome c-mediated cleavage-ofcaspase-3 is absent and cao be restored

ooly upon addition of in vitra.translated caspase-9 (Kuida et al., 1998). Together these new

data funher demonstrate that caspase-9 acts downstream trom cytochrome c, but is a eritieal

upstream activator ofthe caspase cascade in vivo.

For a long rime the link between caspases and apoptotic œil death was not elear,

however, recently, Shigekazu Nagata and colleagues (1998) have demonstrated that one ofthe

caspase's targets is a DNA-cleaving enzyme known as an endonuelease (Enarl et al., 1998).

When the caspase target is clipped, it ftees the endonuclease to enter the nucleus and begin

cutting DNA. This is the tirst lime that caspases have been linked to endonuçleases. Caspases

also aet to eut gelsolin, a protein that normally binds to actin filaments and help give a œil its

shape (Kothakota et al., 1997). After losing shape, cells undergoing apoptosis normally break

into membrane-encased apoptotic bodies that are engulfed by scavenger ce11s.

In both worm and mammalian cells, the antiapoptotic members of the Bcl-2 family act

upstream ofthe excecutioner caspases and prevetit their protelytic processing into active killers.

One ofthe proposed meehanisms for this involves the inhibition ofcytochrome c release from

the ioner mitochondrial membrane by the anti-apoptotie members ofthe Bcl-2 family. Indeed~

bath Bcl-2 (Kluck et al., 1997) and Bcl- XL (Kharbanda et al., 1997) have been shown to black
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the accumulation ofcytochrome c. As Bcl-2 and Bcl-XL have channel-forming aetivity, it was

proposed that they may participate in regulating the permeability ofmitochondria (reviewed in

Reed, 1997). During apoptosis, large (approximately 2.9 nm) channels open in the inner

membrane ofthe mitochondrion (Bernardi et aL,1994; Zoratti and Szabo, 1995) which May

contribute to the generation ofoxygen free radicals, dumping of stored Ca2+ into the cytosol,

and the release ofmitochondrial proteins (petit et al., 1996) including cytochrome c.

Overexpression ofBcl-2 and Bel-XL inhibits the opening ofthese "megapores" (Susin et

al., 1996) whereas Bax overexpression induœs it (Xiang et al., 1996; Antonsson et aL, 1997). It

is still unclear, however, whether this phenomena is the cause ofcytochrome c release, or an

effect ofthe apoptotic program.

More reœntly, Bid, a DID domain-containing proapoptotic Bcl-2 family member, has

been identified and has been shown to mediate cytochrome c release from mitochondria in

response to activation ofthe TNF and Fas œil surface death reœptors (Li et al., 1998; Luo et

al., 1998). Bid normally exists in the cytosol as an inactive precursor that becomes activated

upon cleavage by caspase-8, the caspase aetivated by cell surface receptors such as Fas and

TNFR1. After cleavage, the COOH fragment ofBid translocates to the mitochondria where it

is sufficient to induœ the release ofcytochrome c (Li et al.,1998; Luo et al., 1998). It is

possible that Bid couId fonn a complex with a pro-apoptotic Bcl-2 family member to trigger

cytochrome c release. Altematively, Bid May inactivate an anti-apoptotic member of the Bcl-2

family that plays an active role in preventing cytochrome c release. Interestingly, Bid initiates

the release ofcytochrome c without evoking gross mitochondrial sweUing and changes in

permeability (Luo et al., 1998).

It must be notOO here, that caspase-8 can initiate two pathways leading to the activation

ofdownstream caspases. Caspase-8 cao direetly activate downstream caspases like caspase-3,

caspase-6, and caspase-7, by direetly cleaving them (Muzio et al., 1997), or cao indirectly

activate caspases via cleavage ofBid, and the subsequent release ofcytochrome c. The latter

pathway may be regulated by Bcl-2 or Bcl- XL, while a caspase-8 inhibitor like CrmA blocks

both pathways. The contributions ofthese two pathways to Fas-induced death may vary

between œil types, presu~ablydue to different levels ofaetivated caspase-8 and its

downstream substrates in a particular œil type (Seaffidi et al., 1998).
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Reœntly~ it bas been shown that blocking cytochrome c activity within intact

sympathetic neurons inhibits NGF withdrawal-inducecl apoptosis (Neame et aL~1998). In this

study~ cytochrome c was reported to he redistributed from the mitochondria to the cytoplasm

following NGF withdrawal. However. aIthough inicroinjection ofSeG neurons with an

antibody to cytochrome c blocks NGF withdrawal-induced apoptosis, microinjection of

cytochrome c does not increase apoptosis in either the presence ofabsence ofNGF. This data

suggests that cytochrome c is an intrinsic, but not limiting component ofthe neuronal apoptotic

pathway.

Together, this provides a model for the mediation ofaPOptosis in neuronal cells

(Fig. 1.7). Here, external stimuli, including factors that Mediate DNA damage and

excitotoxicity~activation ofFas or TNFRI receptors, or trophic factor withdrawallead to the

upregulation ofpS3 mRNA and/or protein synthesi~ by undefined signal transduction

pathways. P53 then translocates to the nucleus where it funetions to transcriptionally

upregulate pro-aPOptotic genes such as Bax, and downregulate anti-apoptotic genes such as

Bcl-2. This alters the ratio ofpro-apoptoticlanti-apoptotic proteins and there is an increase in

the level ofBaxlBax homodimers and a decrease in BaxIBcl-2 heterodimers. This shift induces

the release ofcytochrome c from the inner mitochondrial membrane and enables its

accumulation in the cytosol. Cytochrome c, potentially via binding ta Apaf-l, aetivates

caspase-9, which in tum cuts and activates caspase-3, thereby aetivating a caspase cascade.

These caspases cao cleave and activate endonucleases, which translocate to the nucleus to chop

DNA, one ofthe hallmarks ofapoptosis.
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• Timeline for the Development ofSympathetic
Neurons of the Superior Cervical Ganglia (SCG)
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Model orthe Signaling Pathways Involved in TrkA-Mediated and

Depolarization-Induced Sympathetic Neuron Survival
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Timeline or Events Involved in NGF Withdrawal-Induced

and p75NTR-Mediated Sympathetic Neuron Death
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TNFRI

Model of the Apoptotic and Anti-Apoptotic Signaling
Pathways Mediated by TNFRI
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CD95 (Fas, Apol)

•
Model of the Apoptotic Signaling Pathways
Mediated by the CD95/Fas Receptor
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• Model of the Sigoaling Pathway Involved in SYlDpathetic Neuron
Death Following NGF Deprivatioo and p7SNTR Activation
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v. Figure Legends:

Figure 1.1: Timeline for the development ofsympathetic neurons ofthe superior cervical

ganglia (SCG).

Figure 1.2: Model ofthe signaling pathways involved in TrkA-mediated and depolarization

induced sympathetic neuron survivaL

Figure 1.3: Model ofthe signaling pathways involved in TrkA-mediated survival, and

p7SNTR-mediated sympathetic neuron death. Question marks: (rOO) has not been shown in

symapthetic neurons, (blue) not known whether effect mediated at this point. Dashed arrows:

connection between effector Molecules unknown.

Figure 1.4: Timeline ofevents involved in NGF" withdrawal..induced and p75NTR-mediated

sympathetic neuroR death.

Figure 1.S: Model of the apoptotic and anti-apoptotic signaling pathways mediated by the

TNF receptor 1. Question mark: not known whether effeet mediated al this point.

Figure 1.6: Model of the apoptotic signaling pathways mediated by the CD95! Fas receptor.

Question mark: not known whether etTect mediated at this point.

Figure 1.7: Model ofthe signaling pathways involved in sympathetic neuro~ death following

NGF deprivation and p7SNTR activation. Question marks: (red) bas not been shown in

symapthetic neurons, (blue) not known whether etTeet mediated al this point. Dashed arrows:

conneetion between effeetor Molecules unknown.
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CHAPTER II: COMPARISON OF THE EXPRESSION OF A Tal:nLACZ

TRANSGENE AND Tai a-TUBULIN mRNA IN THAT MATURE

CENTRAL NERVOUS SYSTEM

1. Preface

The aim ofthis chapter is 10fllrther characten:,e a model system thtlt has been IIsed

10 Ilnaly:e the moleclll",. genetïc mechtulÎSIfIS Ilntlerlying nellIYJnœ development and growth.

This lIIOtleI system luis focussed on the reg..lation ofthe Tal a-tIIblllin gene. The -Tai gene

is expressed. IUgh Ievels .ring lhe growth ofdeveloping tIIId IIUItIIre nelirollS, IInd ill

tnutsgellïc mice, 1.lkb ofs'fltUlkillg seq..encefro". 'he Tal gen~ is sufficiellt to ltuget gene

expressioll to etuly developillg lIellrollS (G/oster et al ,1'94), tuld to regli/lIte levels of

expressioll Ils a fllllctïOIl oflIelirollal growth (G/oster et aL,1994; WIl et aL,l '94). III the

""""ft!, ""illjllred IIt!1'VOIIS system, expressiOIl 01bot" 'he ent/ogellolls Tal gelJe tuld 'he

Tal:lIIacZ tl'tUlsgelle is redaced. Moreover, collSistell' with tlu! idea that trtuueription of'his

gelle is lISSocillted with ollgo;ng st1wctllral growth, p~/;"';lIarystlldies have sllggested 'liai

expressioll ofthe elldogellolls Tal ge"e is "0' 1aolllOgelleo"s i" dil/nellt pOpll/atiollS of

mtltllre lIellrollS. To extUIIille wlUeh subsets ofllt!llt'OIIS express Tal mRNA tIIId to tletermine

to wh. degree ,hispatterll ofexpressiOIi corre/lites w;th growth cilpability, we extUIIilled the

pfllter" ofTal mRNA I!Xpressio" i" the 1IUItIlre brain. To extUIIi"e w1Jether 1.1 lb ofthe

Tal prolllOter eOllld/aithl"lly drive the expressioll ofa """"'erg~ne in ail appropriate

pfllter", we eompared the patterll ofTal:1I/acZ trtUlSgene express;ollllnd Tal mRNA

expressioll in the IIUItJlre brœll.

UpOIl eonfi""';"g the ability ofthe 1.1 kb Tal promoter to co"fer tUI tlJ'propriate

pfllter" ofge"e expressio" ;11 tlle mature, Il,,injllred lIervOllS system, the Tal:"lacZ

trtmsgene will provide a "seflll "tool" to extUIIi"e pertllrbtltiOIlS ;lIl1ellral developmeltt in

tnutsge,,;c 1llÏCe, IIl1d to tlefine atrillSic elles tlult l'eglliale the growth ofIIUI1Ilre lIe"rollS in

vivo (t!Xllmples ofthis are showlt in Chapter 01).
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II. Abstract:

We have previously demonstrated tbat one member ofthe a-tubulin multigene family~

tenned Ta1 in rats, is a panneuronal gene that is regulated as a function ofneuronal growth and

regeneration. Moreover~ 1.1 kb ofS' upstream region from this gene is sufticient to direct

expression ofa marker gene to growing neurons in transgenic mice. In this paper~ we have

charaeterized the distribution ofthe Ta1:nlaeZ transgene in the mature central nervous system of

two lines oftransgenic mice, and have compared ilS expression to that~oftheendogenous Tai cc

tubulin mRNA These results demonstrate that the pattern ofexpression ofthe TaI :nlacZ

transgene is similar to that ofTaI mRNA, with a few notable differences. Furthermore~

expression ofthe transgene and the mRNA within the mature brain is panneuronal and, in many

cases, is highest in those populations ofneurons that show sorne capacity for morphological

growth. These results, together with our previous studies on mature regenerating neurons (Gloster

et al., 1994; Wu et al., 1994) suggest that the Tal:nlacZ transgene will provide a useful markerof

growth-associated gene expression in the mature nervous system.
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III. AbbreviatiODS:

3 oculomotor nucleus
6 abducens nucleus
7 facial nucleus
ACo anterior cortical amygdaloid nucleus
AHi amygdalohippocampal area
Amb ambiguus nucleus
Amy amygdala
AO anterior olfaetory nucleus
AOB accessory olfaetory bulb
BL basolateral amygdaloid nucleus
DM basomedial amygdaloid nucleus
CAl field CAl ofAmmon's horn
CAJ field CAJ ofAmmon's horn
CG central gray
CPu caudale putamen
Cx cerebral cortex
DB diagonal band ofBroca
DM dorsomedial hypothalamic nucleus
DR dorsal raphe
Ent entorhinal cortex
Gre granule cells
GI glomerular layer
Hi hippocampus
IC inferior colliculus
ICj islands ofCalleja
LC locus coeruIeus
LS lateral septal nucleus
LSO lateral superior olive
MG medial geniculate nucleus
MHb medial habenula
Mi mitral ceUs ofthe olfaetory bulb
MS media! septum
Pa paraventricular hypothalamic nucleus
PB parabrachial nucleus
PBG parabigeminal nucleus
PDTg posterodorsal tegmental nucleus
Pir piriform cortex
Pk œrebellar Purkinje cellc
PLCo posterolateral cortical amygdaloid nucleus
PMCo posteromedial cortical amygdaloid nucleus
PV paraventricular thalamic nucleus
R red nucleus
SC superior colliculus
SCh suprachiasmatic nucleus
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SG suprageniculate nucleus
SNe substantia nigra pars compacta
SO supraoptie nucleus
Sp5 spinal trigeminal nucleus
Tf tenia tecta
Ve vestibular nucleus
VMH ventromedial hypothalamic nucleus
VMHDM ventromedial hypothalamie nucleus (dorsomedial)
VMHVL ventromedial hypothalamic nucleus (ventrolateral)
ZI zona incerta
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IV. Introduction:

Microtubules, which are assembled from a- and B-tubulins, comprise the major

cytoskeleta1 component ofgrowing neurites (Daniels, 1972), thereby playing an essential

stlUetura1 role during neuronal growth as weil as providing the substrate for axonal transport (Vale

et al., 1985). In mammals, at least six different a-tubulin genes (Villasante et al., 1986) and five

different 8-tubulin genes (Wang et al., 1986) are expressed in neural and non-neural tissues at

various times during development. We have previously demonstrated that, oftwo a-tubulin genes

known to he expressed in the embryonic nervous system ofthe rat, one, termed Tai, is abundantly

expressed in developing neurons during morphologjcal growth, while a second, termed T26, is

constitutively expressed in neurons and non-neuronal cells (Miller et al., 1987). Il is likely that the

Ta.I isotype, which is homologous to the human bal, and mouse Ma.l isotypes (Lemischka et al.,

1981; Cowan et al., 1983; Lewis et al., 1985), is incorporated ioto the majority ofneuronal

microtubules during development, since Tai mRNA comprises 1-2% ofthe total mRN~ and

>95% ofthe total a-tubulin mRNA in the embryonic nervous system (Miller et al., 1987).

Expression ofTa1 a-tubulin mRNA is also correlated with the growth ofmature neurons.

Following axotomy ofmotor (Miller et al., 1989), ind sympathetic (Mathew and Miller, 1990)

neurons, Ta.I mRNA increases rapidly, and then decreases to controllevels following target

reinnervation. Ifregeneration is unsuccessful (Miller et al., 1989), as with CNS neurons (Tetzlaff

et al., 1991), Tai mRNA levels remain elevated. These increases appear to he due, to a great

extent, to loss ofrepressive homeostatic signais (Mathew and Miller, 1993; Wu et al., 1993) that

are likely target derived (Wu et a1.~ 1994). Ta.I a....tubulin mRNA levels are also increased during

collateral sprouting ofadult sympathetic neurons (Mathew and Miller, 1990), and in dentate

granule cells ofthe hippocampus in response to elevated excitatory input (Causing et al., 1995).

The increase in mature sympathetic neurons ancL potentially in granule cells, is presumably in

response to the increased availability ofneurotrophins~since exogenous neurotrophins cao

increase TaI a-tubulin mRNA bath in vivo (Mathew and Miller, 1990; Miller et al.~ 1994), and in

culture (Ma et al., 1992; Krivko and Miller, 1994). Thus, expression ofTaI mRNA is high during

developmental growth, is downregulated as a funetion ofneuronal maturation, and is then

increased in response to extrinsic eues like growth factors that regulate the growth ofmature

neuroos.
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ln an attempt to elucidate the moleaJlar genetic mechanisms that allow neurons to couple

gene expression ta morphological growth, we have identified the promoter region for the TaI a

tubulin gene (Gloster et al., 1994). In transgenic mice, 1.1 kb ofthe 5' upstream region ofthis

gene is sufticient ta regulate expression ofa B-gaIaetosidase marker gene as a funetion ofneuronal

growth: expression ofthe transgene is induced as saon as neurons are born, is maintained at high

levels during neuronal development, and is subsequently reinduced when neurons regenerate or

sprout (Glosteret al., 1994; Wu et al.., 1994). In the mature., uninjured nervous system., expression

ofthe transgene is reduced., and., consistent with the idea that transcription ofthis gene is

associated with ongoing struetural growth, expression ofthe transgene is not homogeneous in

mature neurons. Given that process outgrowth is ongoing al a low level in normal animais (Purves

et al., 1986., 1987; Lichtman et al.., 1987; Ranis and Purves, 1989), and that nerve terminal

sprouting may he a normal physiological mode by which some neurons change connectivity

(Chang and Greenough, 1984), we felt it would be of interest to detennine which subsets ofadult

neurons express Tai rnRNA and/or the Ta1:nlacZ transgene, and to determine to what degree

these patterns ofexpression were correlated with growth capability.

In the present paper., histochemical staining with X-gal was used to visualize the pattern of

expression ofthe Tal:nlacZ transgene in the adult mouse brain, and this was directly compared to

the pattern ofexpression ofTa1 a-tubulin rnRNA in the adult rat brain, as determined by in situ

bybridization. These data demonstrate a strong correlation between the Pattern ofexpression of

the Ta1:nlacZ transgene and the endogenous TaI mRNA, and indieate that, even in the mature

nervous system., transcription ofthis gene may be associated with morphologica1 growth and/or

structural plasticity.
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v. Materials and Methods:

Ani.als: Adult Sprague Dawley rats (2 to 3 months ofage) were used to map the endogenous

Tai a-tubulin mRNA using in situ hybridization, whereas Tal:nlacZ transgenic COI mice (of

no less than 2 months ofage) were used to map the expression orthe Tal:n1aeZ transgene

using X-gal staining. Rats were chosen for the in situ hybridization analysis because the

promoter used in the transgenic construct was derived trom the rat. Two Iines ofTai :nlacZ

transgenic mice were used for the present study: 1) a higher expressing line, K6 and 2) a lower

expressing line, Q54, both ofwhich have been previously described (Gloster el.af., 1994).

Three rats were analyzed for the in situ hybridization studies, and tlve mice iTom each of the

two transgenic lines for mapping transgene expression.

III Si", HybridizatioD Stadia: Adult rats were deeply anaesthetized with sodium _

pentobarbital (35 mglkg), and perfused transcardially with 4% paraformaldehyde in O.IM

NaH2P02 (pH 7.3). Brains were then removed and postfixed in the same paraformaldehyde fix

overnight. Following cryoprotection through graded sucrose solutions (12%, 16% and 18%),

the brains were iTozen and serially seclioned at 10 J.1I1l intervals onto chrom-alum-subbed

slides. Antisense 35S_RNA probes specific for Tai a-tubulin mRNA were generated and

hybridized to these sections as described (Miller et.al,1987,1989). Hybridized slides were air

dried and apposed to Kodak XRP film for 12 hours to 3 days to obtain X-ray images. The

slides were subsequently dipped in Kodak NTB-2 emulsioD, exposed for 2-7 days, developed,

and analyzed using dark-field microscopy. For quantitative evaluation, only brain sections

from the sante in situ hybridization run, which wére exposed for identical periods oftime, were

utilized. Altemate sections were stained with cresyl violet to facilitate mapping.

LacZ Staioing Studies: Expression of the Tal:n1acZ transgene was charaeterized in two

Iines oftransgenic mice, K6 and Q54, that express the transgene at different levels. To perfonn

this analysis, mature transgenic brains were assessed by histochemical staining with X-gal, a

reagent that leads to deposition ofblue crystals in cells with an active E. coli 8-galaetosidase.

This analysis was done on either entire mouse brains, or on 1-2 mm thick coronal brain slices.

Such thick coronal sUces were then sectioned on a cryostat for analysis at the resolution of

single stained ceUs. In these transgenic animais, the B-galaetosidase marker gene has been
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engineered to include a nuclear localization signal, so that only the nuclei ofpositive cells will

$lain.

Adult Tal:nlacz transgenic mice were deeply anaesthetized with sodium pentobarbital

(35 mglkg), perfused transcardially with 4% paraformaldehyde in phosphate butTer, and the

brains removed and postfixed in parafonnaldehyde for 20-30 minutes. The brains were then

dissected, and sliced into sections 1-2mm thick on a mouse brain matrix (Aetivational Systems

Ine.). They were then rinsed three times, for 30 minutes eae~ with a wash containing O.IM

NaH2PÛ2 (pH 7.3), 2mM MgCh, 0.01% sodium deoxycholate, and 0.02% NP-40 as previously

described (Gloster et.al,1994). The staining reaetion was performed by incubating the tissue at

3~C in a reaetion mix containing ail the components ofthe rinse butTer with the addition of 1

mg/ml X-gal, 5mM KJf'e(CN>6, and 5mM K.tF"e(CN)6 (at pH 7.3-7.6). For the Q54line,

staining was done for 12-24 hours, and for the K6 line for 30-90 minutes. Under these

conditions, no background staining ofcontrol, nontransgenic brain slices was observed, even at

timepoints of 12-24 hours. Brain slices to be used for sectioning were cryoprotected in graded

sucrose solutions (12%, 16%, 18%) as previously described (Miller et.al.,1987), and seetioned

on the cryostat. For quantitative evaluation, comparisons were made ooly within a given brain,

ensuring that all brain slices were treated identically, and stained with X-gal for the same

period oftime.

Semi-Quantitative Data Analysis: To determine the pattern ofexpression ofendogenous

TaI a-tubulin rnRNA, film and emulsion autoradiographs were prepared trom coronal sections

ofCDl rat brains hybridized to probes specifie for TaI rnRNA. Identification ofbrain

structures and qualitative assessments ofhybridization intensity using a 0 to 3+ scale were

made using the Rat Brain Atlas ofPaxinos and Watson (1986).

,,+" : hybridization levels low but above background

"++" : moderate hybridization levels

"+++": high relative hybridization levels

The pattern ofexpression, and relative levels oftransgene activity in the transgenie K6

and Q54 mouse lines were determined using X-gal staining. Qualitative assessments of

staining were made using a 0 to 3+ scale7 with comparisons being made only between brain

slices derived ftom the same animal, and stained for the same period oftime. Since X-gal
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staining represents an all-or-none phenomeno~ with blue staining appearing beyond a

threshold leve~ individual brains ofa given line ~ere stained for differing periods oftime, sa

that the scale represents the rapidity witb whicb the staining apPe8J"S in a given nucleus or

region relative to other structures in the same brain. Within a given Hne, the relative intensity

ofstaining, given this index, was consistent from brain to brai~ as follows:

"+" : low levels ofstaining in a tixed time period

"++" : moderate levels of staining in a fixed time period

"+++": high levels of staining in a fixed time period
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VI. Resolts:

X-gal staining ofthe entire brain (Fig.2. 1) revealed that the overall pattern oftransgene

expression was similar between the two Iines, but that there were a1so regions ofsigniticant

differences. Dorsal (Fig.2.1A,B) and ventral (Fig.2.1C,D) perspectives ofthe entire stained

mouse brain demonstrate some of the most obvious differences in expression pattern. In line

K6, the transgene is expressed throughout the cortex, although there is signiticant variation in

both the levels and pattern ofstaining from region to region (Fig. 2.18). In contrast, in line

Q54, the transgene is expressed in clusters ofcortical neurons, with more c1usters rostrally than

caudally (Figs. 2.1A, 2. lE). This punctate pattern ofstaining on the surface ofthe cortex

represents columns ofstained cortical cells, as seen in coronal sections (Figs. 2.2A-G, 2.3A).

A similarly striking difference in transgene expression between the two lines was noted

in the cerebellum (Fig. 2.1A,B) and in the islands ofCalleja (Fig. 2.1C,D). In both structures,

neurons expressed the transgene in line K6, but did not in any signiticant numbers in line Q54.

In the cerebellum ofline K6, the transgene was expressed in most, if not all Purkinje cells (Fig.

2.1B, 2.H). In contrast, in line Q54, staining ofPurkinje cells was, in most cases, undetectable

(Fig. 2.1A), with the exception ofthe occasional positive œil that was observed on cryostat

sections (Fig. 2.4K). Similarly, the islands ofCalleja were robusdy stained in line K6

(Fig.1D,F), with liule or no staining in line Q54 (Fig. 2.1C).

A more detailed analysis oftransgene expression was performed by X-gal staining of 1

2 mm thick coronal brain sections (Figs. 2.2, 2.3). Qualitative assessments ofX-gal staining

were made between structures in a given transgenic line using a 0 to 3 + scale, and are

summarized in Table 2.1.

Expression of the Ta1:nlaeZ transgene was observed, at varying levels, in specifie

neuronal populations within the olfactory system, cerebral cortex, basal forebrain, hippocampal

formation, amygdala, hypothalamus, thalamus, midbrain, pons, medulla, and cerebellum.

Analysis ofexpression ofthe endogenous Ta.I a.-tubulin mRNA by in situ hybridization

revealed tbat, with a few exceptions, the pattern ofexpression ofthe endogenous mRNA was

very similar to that observed for the transgene. These results, for bath the transgene and the

endogenous mRNA, are summarized in Table 2.1, and will he presented here region by region.
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Olractory system: Analysis of 1-2 mm coronal slices revealed that the relative pattern of

transgene expression was similar in the olfaetory bulbs oflines K6 and QS4. The large mitral

cells ofboth the main and accessory olfaetory bulbs, exhibited high relative levels ofstaining

(Figs. 2.2~B, 2.3C). The juxtaglomerular ceUs ofthe main olfaetory bulb also expressed the

transgene in both lines, a1beit at somewhat lower levels, while transgene expression was

detected in only the oCC8Sional granule cell. These patterns were confirmed on Cl)'ostat

sections ofthe olfaetory bulb (Fig. 2.4H-O. The anterior olfaetory nucleus also stained

moderately in both transgenic Iines (Fig. 2.2B).

As observOO for the transgene in both lines, in situ hybridization revealed that the mitral

cells expressed the highest leveIs ofTaI mR.N~with the neurons ofthe juxtaglomerular

region ofthe main olfactory bulb expressing somewhat lower mRNA levels (Fig. 2.4G). The

anterior olfactory nucleus a1so expressed Ta.I mRNA at moderate to high levels (Fig. 2.5A).

One discrepancy in the pattern of mRNA versus transgene expression was, however, observed

with regards to the granule ceUs; TaI mRNA was moderately expressed in these neurons (Fig.

2.4G)~ whereas transgene expression was very low (Fig. 2.4H-I).

Cerebral Cortex: As previously noted on the dorsal aspect ofthe stained whole brain (Fig.

2.IA,B,E), the pattern ofexpression ofthe transgene differed in the cerebral cortex ofK6

versus Q54 mice. In the 2.K6 transgenic mouse line, the marker gene was expressed in distinct

laminae (Figs. 2.2C-H, 3B). Transgene expression was highest in layer V and in layers II/Ill,

although the transgene was also expressed in other populations ofcortical neuroRS. Moreover,

relative levels oftransgene expression differed from region to regjon. Expression of the

transgene in neurons orthe piriform cortex was amongst the highest in the entire brain (Fig.

2.2D-G). The transgene was also expressed at high levels in the parietal cortex, with neurons

in other regions ofthe cortex expressing significantly lower levels. In ail regions, however, the

distinctive variation in laminar distribution was maintained.

In contrast, in the QS4 transgenic mouse line, a columnar pattern ofTa.1:nlacZ

transgene expression was observed in the cerebral cortex (Figs. 2.2A-G, 2.3A). These columns

included labelled~ blue-stained ceUs that extended fram the corpus callosum to the pia. The

intensity ofstaining in a given column ofceUs was not uniform; superimPOsed on the columnar

staining pattern was the same relative pattern oflamiDar distribution notOO in the K6 cortex,
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with cells oflayers V and IIIIU staining the most intensely. These columns were not

consistently distributed about the midline, although in many cases, pairs ofcolumns were

observed in approximately the same location relative to the midline (For example, see Fig.

2. lE). The size of individual columns was similar, as noted either on the whole brain (Fig.

2. lE), or on coronal slices (Fig. 2.3A), but the pattern ofcolumns was distinctive from animal

ta animal. However, in all animals, the greatest density ofcolumns occurred in the rostral half

ofthe cortex (Fig. 2.1A).

In addition ta these columns, neurons ofthe piriform cortex were intensely stained in

sections trom the Q54 line, as was observed for the K6 line, and represented one ofthe highest

levels oftransgene expression in these brains (Fig. 2.2D-E). However, the number ofpositive

neurons in the Q54 piriform cortex was significandy lower than in the K6 piriform cortex, as

observed for the rest ofthe cerebral cortex.

Expression of the endogenous Ta1 mRNA was similar to the pattern observed for the

Ta1:nlacZ transgene in line K6, with expression throughout the cortex and some enrichment in

certain laminae (Fig. 2.5A-F). The laminar distribution was, however, much less obvious for

the mRNA than for the transgene. Also similar to transgene expression was the very high level

ofmRNA expression in the piriform cortex (Fig. 2.5B-D).

Basal Forebrain and BasaI Ganglia: The pattern oftransgene expression was generally

similar for both lines in the basal forebrain region. The transgene was expressed at the highest

relative levels in neurons ofthe tenia tecta in bath Iines. The medial septal nucleus and the

vertical and horizontallimbs orthe diagonal band ofBroca exhibited moderate relative

expression ofB-gaiaetosidase (Fig. 2.2C,D). In contrast, neurons ofthe lateral septal nucleus

expressed the transgene, but at lower levels, (Fig. 2.2D) and only a very small subset of

neurons expressed the transgene in the caudatelputamen and globus pallidus (Fig. 2.2C,D).

One obvious discrepancy between the two lines was in the Islands ofCalleja. As noted on the

stained ventral surface ofthe whole brain (Fig. 2.IC,D,F), the large neurons ofthe Islands of

Calleja stained strangly in the K6 transgenic mouse line, but did not stain in the Q54 line (Fig.

2.2C).

A similar pattern ofexpression was observed for the endogenous TaI mRNA Highest

levels of mRNA expression were detected in the tenia tecta (Fig. 2.SB), with moderate levels of
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expression in the medial septal nucleus and the horizontal and vertical limbs ofthe diagonal

band ofBroca. TaI mRNA was expressed at low levels in the lateral septal nucleus, and

hybridization approached background levels in the basal ganglia. Tai mRNA levels were also

low in the neurons ofthe Islands ofCalleja (Fig. 2.5B)7 in agreement with the pattern observed

in Q54, but not K6.

Hippocampal Formation: In the hippocampus, pYramidal neurons ofAmmon's horn. hilar

intemeurons, and dentate granule cells ail stained positively for B-galactosidase, albeit with

significant variations in relative levels ofexpression. In line K6, pyramidal neurons of fields

CAl and CA2, and granule cells of the dentate gyms all expressed high relative levels ofB

galactosidase (Figs. 2.2E-U. 2.3D). Cryostat sections revealed that hilar intemeurons a1so

expressed the transgene, a1though at somewhat lower levels, and that7surprisingly, pyramidal

neurons ofthe CAJ field expressed very low relative levels ofB-galaetosidase, with MOst of the

expression within tbis region ofthe hipocampus Iikely due to expression in scattered

intemeurons (Fig. 2.4C).

In line Q54, transgene expression was particularly obvious in the granule cells ofthe

dentate gyms (Fig. 2.2E-G), but scatterecl positive cells were present throughout the remainder

ofthe hippocampal formation (Fig. 2.48). Again, as observed for the neocortex, the number of

cells expressing the transgene in any region of the hippocampal formation was significantly

lower than in line K6 (Fig. 2.4B,C).

Expression ofTaI a-tubulin mRNA was .high in the hipPOcampus, and was relatively

homogeneous in the dentate granule cells, in the hilar neurons, and in the pyramidal cells of

regions CAl, CA2 and CAJ, as detected both on film autoradiographs (Fig. 2.SC-E), and

emulsion-dipped sections (Fig. 2.4A). The lack oftransgene staining in area CAJ in line K6

(Fig. 2.4C) therefore represents a markecl discrepancy with expression ofthe endogenous TaI

mRNA.

ADlygdal.: As seen on whole brain (Fig. 2.IC,D,G) and confirmed on coronal slices (Figs.

2.2E-H, 2.3G), the amygdaloid complex is one ofthe most darkly stained regions ofthe brain

in bath lines of transgenic mice. The areas ofthe amygdala which stained most intensely for

the transgene includecl the anterior cortical amygdaloid area (Fig. 2.2E), the
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basolaterallbasomedial amygdaloid nucleus (Figs. 2.2F~G, 2.3G), the amygdalohippocampal

area, and the amygdalopiriform transition zone (Fig. 2.2F-H). This pattern oftransgene

expression is very similar to the pattern ofendogenous Ta.I mRNA expression, with high

expression in the anterior cortical amygdaloid area (Fig. 2.5C)~ the basolateral and basomedial

amygdaloid nucleus (Fig. 2.5D), the amygdalohippocampal area (Fig. 2.5D), and the

amygdalopirifonn transition zone.

Hypothalamus: In the hypothalamus, transgene expression was again very similar for the two

Iines, with the expression pattern differing only in terms ofthe number ofstained neurons, as

previously discussed for the neocortex and the hippocampal formation. Staining was high in

the suprachiasmatic nucleus (Fig. 2.2E), as weil as in the ventromedial hypothalamic nucleus

(dorsomedial) (Fig. 2.2F, 2.3E), paraventricular hypothalamic nucleus, supramammillary and

medial mammillary nucleus (Fig. 2.2G), and tuberomammillary nucleus. The dorsomedial

hypothalamic nucleus (Figs. 2.2F, 2.3E), and the ventromedial hypothalamic nucleus

(ventrolateral) (Figs. 2.2F, 2.3E), were moderately stained. Moderate to low staining was

further observed throughout the remainder ofthe hypothalamus as shown in table 2.1.

The pattern ofendogenous mRNA expression in the hypothalamus was similar to that

ofthe transgene, with high levels in the suprachiasmatic nucleus (Fig. 2.5C), paraventricular

hypothalamic nucleus (Fig. 2.5C)~ and the tuberomammillary nucleus (Fig. 2.5D). As observed

for the transgene, there was moderate to low expression ofthe endogenous mRNA throughout

the remainder ofthe hypothalamus. One outstanding discrepancy between the pattern of

expression ofthe transgene and the endogenous rnRNA was observed in the supraoptic nucleus.

The endogenous TaI mRNAwas highly expressed in this area (Fig. 2.5C), whereas the

supraoptic nucleus did not stain for the transgene-in either transgenic line (Fig. 2.2E).

Thalamus and Subthalamus: The Ta1:nlaeZ transgene was expressed throughout the

thalamus, with a pattern ofexpression that was similar in both lines. The highest relative level

of staining was observed in neurons ofthe medial habenula, as detected on coronal slices (Fig.

2.2E-G) and confirmed on cryostat sections (Fig. 2.4E-F). Other nuclei which highly expressed

the transgene included the medial genieulate nucleus (Fig. 2.2G,H), the suprageniculate nucleus

(Fig. 2.2G,H), the ventrallateral geniculate nucleus (Fig. 2.2G), and the zona incerta (Fig.
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2.2F). Moderate to lower levels ofneuronal staining were observed throughout the remainder

ofthe thalamus and subthalamus.

Like the ttansgene, the highest relative level ofexpression ofTa.1 mRNA was in

neurons ofthe medial habenula, as observed on film autoradiographs (Fig. 2.SC,D), and on

emulsion-dipPed sections (Fig. 2.4D). High levels ofTa1 mRNA expression were also

observed in the suprageniculate nucleus (Fig. 2.5E), whereas the medial geniculate nucleus

(Fig. 2.5E) and ventrallateral geniculate nucleus express the endogenous mRNA more

moderately. Moderate to low relative levels ofexpression were observed in the remainder of

the thalamus.

Midbrain: Within the midbrain, the Tal:n1acZ transgene was expressed al the highest levels

in the substantia nigra, the superior colliculus, and the oculomotor nucleus. The staining in the

substantia nigra was not, however, homogenous. Neurons ofthe dopamine rich pars compaeta

expressed the transgene robustly, while neurons ofthe pars reticulata and pars lateralis

expressed the transgene ooly at very low levels (Fig. 2.2G). This pattern ofstaining was

observed in bath lines of mice. The suPerior colliculus also stained relatively robustly in both

lines, although il, too, did not stain homogenously (Fig. 2.2H,O. Within the superior colliculus,

the optic nerve layer stained the MOst robustly, with the other layers expressing the transgene at

lower levels. The oculomotor nucleus stained relatively highly in both the Q54 and K6

transgenic lines (Fig. 2.2H,1). A number ofadditional midbrain structures expressed the

transgene at somewhat lower relative levels, including the midbrain central gray (Fig. 2.2H),

the red nucleus, the Edinger-Westphal nucleus, and the nucleus ofDarkschewitsch. In all of

these cases, the pattern ofexpression was similar in bath lines, although the number ofpositive

neurons in each structure was a1ways lower in line Q54.

Expression of the endogenous TaI mRNA mirrored that ofthe transgene throughout

the midbrain, with the exception ofthe superior colliculus. A1though clearly expressed, the

relative level ofexpression ofthe endogenous mRNA in lhis area was much lower than that of

the transgene (Fig. 2.SE,F). However, within the superior colliculus, the pattern of

hybridization was similar: TaI mRNA was not expressed homogeneously, but was expressed

at higher levels in the optic nerve layer.
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PonsIMeduUa: Expression ofthe transgene was very high in certain nuclei ofthe pons and

medulla. In panicular, neurons ofthe locus coeruleus were one ofthe most quicldy and

intensely staining structures in the brains ofboth transgenic Iines (Fig. 2.2K). Other highly

staining nuclei in the pons and medulla included the abducens nucleus (Fig. 2.2L), the superior

olive (Fig. 2.2K), the parabigeminal nucleus (Fig. 2.21), the parabrachial nucleus (Fig. 2.2K),

ambiguus nucleus, the inferior olive, and the lateral, medial, spinal and superior vestibular

nuclei (Fig.2L). Lower relative levels oftraDsgene expression were observed in the remainder

ofthe nuclei, as shown in table 2.1. A number ofdifferences in transgene expression between

the two lines were also observed in the pons and hindbrain. Specifically, in the dorsal and

median raphe (Fig. 2.21), as weil as the inferior colliculus (Fig. 2.21), relative transgene

expression in the Q54 line was significantly lower than in the K6 transgenic line.

Levels oftransgene expression were not comparable in funetionally similar neurons of

the pons and medulla. For example, sorne motor neurons were highly stained for the transgene

(abducens nucleus, ambiguus nucleus), sorne were moderately stained (facial nucleus,

hypoglossal nucleus, oculomotor nucleus and trochlear nucleus), and others were minimally

stained (trigeminal motor nucleus). Similarly, sensory neurons also expressed the transgene at

different levels with high levels in the spinal trigeminal nucleus, moderate levels in the

mesencephalic trigeminal nucleus, and low levels in the pontine trigeminal nucleus.

Like the transgene, high Ta1 mRNA expression was observed in the locus coeruleus

(Fig. 2.5G), abducens nucleus, parabigeminal nucleus (Fig. 2.5F), posterodorsal tegmental

nucleus (Fig. 2.5G), trochlear nucleus, ambiguus nucleus (Fig. 2.5H), facial motor nucleus,

bypoglossal nucleus, and the lateral vestibular nucleus. The expression ofTai rnRNA in the

dorsal raphe and the median raphe was high and resembled levels oftransgene expression in

the K6 transgenic line. One notable difference in the pattern ofexpression ofthe transgene and

TaI mRNA was observed in the parabrachial nucleus. Whereas the transgene was highly

expressed in the parabrachial nucleus in both transgenic lines, endogenous TaI mRNA was

poorly expressed in this area (Fig. 2.SG).

CerebeUar Cortex: As seen from the dorsal view ofthe entire brain (Fig. 2. lA), and

confirmed on the 2mm thick sections (Figs. 2.2K,L, 2.3H), virtually ail ofthe Purkinje cells in

line K6 expressed the transgene at moderate levels, whereas those in line QS4 did not. Closer
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examination ofcryostat sections confirmed this pattern ofexpression for the K6 line (Fig.

2.4L), and a1so demonstrated the OCC8Sionai transgene-positive Purkinje œil in line Q54 (Fig.

2.4K). This therefore appears to he an extreme example ofthe phenomena ofonly a subset of

neurons in any given structure expressing the transgene in line Q54 relative to line K6. The

transgene was not. however~ detectably expressed in granule cells of line Q54~ while only the

OCC8Sional very lightly-stained nucleus was detected in the granule cell layer of line K6 (Fig.

2.4~L). This is in contrast to the endogenous TaI rnRNA, which was expressed in both

Purkinje cells and granule cells ofthe cerebellum, with higher mRNA levels in the Purkinje

ceUs (Figs. 2.4J~ 2.5G~H).
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VII. Discussion:

We have reœntly demonstrated that, in transgenic mice, 1.1 kb ofthe 5' tlanking region

ofthe TaI a-tubulin gene is sufficient to regulate expression ofa lad Marker gene in a

neuron-specific, temporally appropriate fashion (Gloster et al., 1994). In this paper. we extend

those results, by mapping expression ofthe transgene in the adult central nervous system oftwo

different lines oftransgenic mice, and by comparing the pattern of transgene expression with

that ofthe endogenous Tai a-tubulin rnRNA. These results indicate that expression ofthe

Ta.I :nlacZ transgene is similar to that ofTai rnRNA. Moreover, expression ofboth the

transgene and the mRNA within the mature brain is panneuronal and, in many cases, is highest

in those populations ofneurons that show sorne capacity for morphologieal growth. These

results, together with experiments demonstrating increased expression ofthe transgene in

regenerating facial (Gloster et al., 1994) and sympathetie (Wu et al., 1994) neurons indieate

that the Ta1 transgene will provide a useful marker ofgrowth-associated gene expression in the

mature nervous system.

Tai a-tubulin mRNA distribution in the Dlature CNS

The Ta.I a-tubulin gene is one member ofthe a-tubulin multigene family that is

apparently specialized for high levels ofexpression during the growth of both developing and

mature neurons (Miller et al., 1987; Miller et al., 1989; Mathew and Miller, 1990). Within the

mature nervous system, the induction ofTai mRNA is perhaps more accurately viewed as a

retlection ofthe potential for growth, as opPOsed to growth itself: since TaI mRNA increases

even in situations where funetional growth does not oceur as, for example, in injured

rubrospinal neurons (Tetzlaffet al., 1991). Furthermore, in cases where growth is limited, as~

for example, in sorne types of neuronal sprouting (Mathew and Miller, 1993; Steward, (995),

TaI mRNA levels do not increase, presumably because basallevels of synthesis ofcytoskeletal

components are sufficient.

The data presented here demonstrate that, in the unperturbed adult brain, some neurons

maintain higher relative levels ofexpression ofTex1 mRNA. Interestingly, Texl a-tubulin

mRNA and GAP-43 mRNA, which encodes a phosphoprotein that is also enriched during

neuronal growth (Skene, 1984; Basi et al., 1987; Kams et al., 1987; Neve et al., 1987), and
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which is essential for growth-cone funetion in vivo (Strittmatter et.a1.7 1995)7 appear to be

elevated in al least some ofthe same populations ofmature neurons. As demonstrated here for

TaI a-tubulin mRN~GAP-43 mRNA is expressed at increased levels in olfaetory bulb mitral

cells and in the hippocampal formation (De la Monte et al., 1989; Kruger et.al., 1993), as weil

as in the dorsal raphe nucleus, the substantia nigra pars compaeta, and the toros coeruleus

(Bendotti et al., 1991). A1though this data is correlative, colocalization oftwo mRNAs

important to neuronal growth in adult neurons is an intriguing observation.

It remains to be determined whether populations ofCNS neurons that express higher

levels ofTa1 a-tubulin mRNA share biological features. A number ofdifferent explanations,

none ofwhich are mutually exclusive, cao be invoked to account for the observed differential

distribution. Fir~ il may be that sorne nemons undergo constant structural remodelling,

thereby requiring higher basal levels of synthesis ofgrowth-associated proteins. In the

peripheral nervous system, where such remodelling bas been direetly visualized (Purves

et.al., 1986), dramatically different rates oftenninal remodelling have been observed for comea1

sensory neurons (Harris and Purves, 1989) versus motoneurons (Lichtman et.aI., 1987),

indicating that not ail populations ofneurons are equally dynamic. Ifsuch a principle

generalizes to the CNS, then it may weil be that Tai mRNA is higher in those neurons that

display a higher rate ofsynaptic or dendritic remodelling. For example, the olfactory sensory

neurons that innervate the dendrites ofthe olfactory bulb mitral cells are continuously lost and

replaced (Graziadei et al., 1980). Higher levels ofTaI mRNA in the mitral cells might

therefore ref1ect ongoing structural remodelling in response to these new inputs. Support for

this hypothesis derives from our studies demoDstrating that TaI a-tubulin mRNA increases

during the sprouting ofboth sympathetic (Mathew and Miller, 1993) and hippocampal (Causing

et al., 1996) neuroos.

Second, increased basallevels ofexpression ofTaI a-tubulin mRNA rnay correlate

with growth potential. For example7 intact neurons of the entorhinal cortex (Lin et.a1.,1992;

Steward1992) and the hippocampus proper (Scheff et.al., 1988; Steward,1992; Leanza

et.aI.,1993) are capable ofsigniticant sprouting and regrowth during lesion-induced reaetive

synaptogenesis, while Deurons of the locus coeruleus sprout for months following damage

(pickel et al., 1974). Ail ofthese populations ofneurons express Tai mRNA at high relative

levels. Finally, expression ofTaI mRNA May he higher in large neurons that maintain large
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axons and/or extensive dendritic arbors. For example, the large layer V pyramidal cells orthe

motor corte~ which project their axons to the spinal cord, express elevated levels oCTa1

mRNA relative to other cortical neurons. However, Many large neurons that maintain

extensive arborlzations, such as the cerebellar Purkinje cells, do not express particularly high

levels oCTal mRNA, indicating that although size May be a factor, there is no simple

correlation between neuronal size and Ta.I mRNA expression.

TŒl:nlacZ transgene expression in the mature CNS

Mapping orthe expression ofthe Tai :nlacZ transgene in two different lines of

transgenic mice revealed that, in the majority ofstructures, there was a good correspondence

between transgene expression in the two lines. There were, however, a number ofdifferences,

with the MOst striking being a difference in the number of neurons that expressed the transgene.

In line Q54, only a subset ofneurons in any given structure were transgene-positive, whereas in

line K6, the majority ofneurons stained with X-gal. This phenomenon, which is termed partial

penetrance, is not uncommon for transgene expression in the nervous system. For example, the

dopamine B...hydroxylase promoter, which targets. gene expression to noradrenergic neurons,

drives Marker gene expression in anywhere from 5 to 95% ofsympathetic neurons (Mercer

et.a1., 1991). This variation in positive cell number which, in the case ofthe Ta1:nlacZ

transgene, differs from line to line, but not within lines, is likely due to the genomic insertion

site ofthe transgene (Al-Shawi et.a1.,1990; Pravtcheva et.al., 1994).

Regardless ofthe underlying molecular mechanism(s), the partial penetrance observed

in line Q54 produced an interesting pattern oftransgene expression in the neocortex. In

particular, the transgene-positive cells in line Q54 are organized in columns that span the width

ofthe neocortex. The simplest interpretation ofthis neuroanatomical organization is that the

potential for transgene expression is limited to a small population ofprogenitor cells within the

ventricular zones, and that the transgene-positive neurons that derive from these progenitors

preferentially migrate laterally within a relatively restricted region. Support for this hypothesis

derives from the faet that these columns of transgene-expressing cells are observed as early as

embryonic day 15, and thus, must arise during neurogenesis (S. Bamji, A. Gloster, and F.

Miller, unpublished observations). These observations therefore support previous studies

indicating that the neuronal progeny ofany given corticallineage are largely limited to lateral
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migratio~ thereby forming radial units (RaIde, 1988). These data do not, however, address the

possibility that a small subset ofcortical neurons migrate long distances tangentially (Austin

and Cepko, 1990; O'Rourke et.a1., 1992), as suggested by a number of recent studies (for review

see Herrup and Silver,1994).

In contrast to Q54, in line K6 the transgene is apparently expressed throughout the

cortex. However, there are marked variations both in laminar distribution, and in rostral/caudal

distribution. In general, in line K6, transgene expression is highest either in cortical neurons

with large projection axons (sueh as the large pyramidal cells of layer V) or in those

populations of neurons thought to be most strueturally "plastic", such as cortical neurons ofthe

piriform cortex. Whether or not sensory input would modulate this pattern ofexpression

rernains to be determined.

With one exception, the other differences between lines K6 and Q54, as described here,

involve the absence oftransgene expression in line Q54 relative to line K6. For example, in

line Q54, the transgene is not detectably expressed in the islands ofCalleja or in the vast

majority ofPurkinje cells ofthe cerebellum. However, the fact that the occasional Purkinje eell

in line Q54 is transgene-positive suggests that these are simply extreme cases of partial

penetrance, with only a very few neurons in these structures expressing the transgene, as

opposed to an absolute absence ofexpression. The one exception to this generalization

involves pyramidal cells ofthe hippocampus. In line Q54, scattered positive cells are observed

throughout the entirety ofthe pyramidal celllayers, whereas, in line K6, pyramidal neurons of

the CAJ region do not apparently express the transgene. This difference is particularly striking

given that the endogenous TaI mRNA is homogeneously expressed in pyramidal cells. It is

difticult to rationalize tbis difference except on the basis ofa somewhat unusl,lal position effect

where expression in CAJ pyramidal neurons is selectively repressed in line K6.

Other than the aforementioned differences, there is good correspondence between the

pattern oftransgene expression in these two lines. There is an equaIly good correlation

between expression ofthe Tal:nlacZ transgene and the endogenous Tai rnRNA. Agai~

however, a number ofdiffences were doeumented, with the most striking being in granule cells.

The endogenous TaI mRNA is expressed at relatively robust levels in granule cell populations

within the olfaclory bulb, the hippocampus, and the cerebellum. In marked contrast, the

TaI :nlacZ transgene is expressed allow levels in hippocampal granule cells, and is not
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expressed at ail in the other granule œil populations in line Q54, with only the occasional

positive œil in line K6. A similar difference was notOO in the supraoptic nucleus where the

endogenous mRNA is expressed at relatively high levels, but transgene expression is low or

undetectable.

In contrast, in a number of structures, expression of the transgene is higher than

expression ofthe endogenous mRNA. Specifically, transgene expression is high in the superior

colliculus in bath lines, and the islands ofCalleja stain intensely in line K6. Expression ofTai

mRNA is low in both ofthese regions. Thus, in a few structures" the endogenous mRNA is

highly expressed and the transgene is not, whereas in a few others" transgene expression is high

and the endogenous mRNA is not.

A number ofexplanations could explain these discrepancies. First, sorne of this

variability May be due ta the natural variability between rats and mice although" in both cases"

it is the rat Tai promoter that is being assayed.

Second, cis elements that are important for gene expression in subsets ofneurons May

be absent from the 1.1 kb promoter fragment used in these studies. These elements could be

located either upstream and/or downstream from our promoter fragment, and might regulate

transcriptionallevels positively" as in the case of the supraoptic nucleus" or negatively" as in the

case of the superior collieulus. Precedent for separable eis-elements targetting gene expression

ta subpopulations of neurons has previously been obtained with other neuron-specifie

promoters (Vandaele et al.,1991).

Third, sorne ofthese differences could be attributed ta position effects. The expression

ofgenes introduced into mice by embryo microinjection is known to he dependent on the

integration site ofthe transgene (Jaenisch et al., 1981; Palmiter and Brinster, 1986). Direct

evidence for position effects has been provided by the cloning oftransgenes and their

reintroduetion into mouse embryos; in such studies" integration ofa transgene at a novel site

correlated with alterations in its expression pattern (Rarbers et al., 1981; Al-Shawi et aL, 1990).

Such differences can likely he attributed to integration of the transgene close to the regulatory

elements ofother genes, which then inappropriately influence transgene expression. Sueh a

phenomenon provides the basis for "enhancer-trap" sereening for novel genetic control

elements (Kom et.al., 1992).
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Finally~ at least sorne ofthese differences can be explained by the fact that the

endogenous TaI a-tubulin mRNA is subject to posttranscriptional regulatio~ whereas the B

galactosidase mRNA generated ftom the transgene is not. Previous work indicates that the

cellular tubulin monomer:polymer ratio directly regulates tubulin mRNA levels

posttranscriptionally (Ben-Ze'ev et al.~ 1979; Cleveland et al.~ 1983; Caron et al., 1985; Gay et

al., 1987; Cleveland et al., 1988). Specifically, an increase in the pool oftubulin monomers

causes degradation oftubulin mRNA as it is being translated. We have recently demonstrated

that Ta.l a-tubulin mRNA stability is regulated by a similar posttranscriptional mechanism in

cultured sympathetic neurons (J. Toma and F. Miller, unpublished observations). Thus, the

Ta1 mRNA levels that we assess using in situ hybridization are a reflection ofboth

transeriptional and posttranscriptional mechanisms. In contrast, 8-galactosidase levels in the

Ta.I:nlacZ mice will retleet only transcriptional activity from the TaI promoter. This

difference could explain the aforementioned discrepancies. In neurons where transgene

expression is higher than the endogenous rnRNA, as in the superior collieulus,

posttranscriptional degradation may mask a higher relative rate oftranscription. Conversely, in

neurons where the endogenous mRNA is apparently higher, such as, for example, in granule

cells, the endogenous TaI mRNA pool might be stabilized by rapid utilization ofthe tubulin

monomer pool for ongoing structural remodelling. We have recently obtained evidence for

such posttranscriptional "fine tuoing" during the regeneration of sympathetic neurons (Wu et

al., 1994).

The data presented here also suggest that expression ofthe Tal:nlacZ transgene could

be used as a sensitive assay for environmental eues that regulate the growth ofmature neurons.

TaI a-tubulin mRNA is itselfresponsive to growth factors (Ma et.a1., 1992)~ and the promoter

region for this gene includes a large number ofconsensus sequence elements for extrinsic eues

such as steroid hormones, and sorne members ofthe cytokine family (Gloster et al., 1994). In

fact, we have recently crossed the line K6 TaI :nlacZ miee with transgenic mice expressing

brain-derived neurotrophie factor (BDNF) from the dopamine-B-hydroxylase promoter.

Interestingly, expression ofthe TaI :nlacZ transgene is inereased in at least some populations of

BDNF-responsive neurons within the mature brain ofthese animais (S. Bamji, C. Causing, and

F. Miller, unpublished observations), suggesting that this marker may allow us to map growth

factor positive neurons in vivo.
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In summary, we have charaeterized expression ofa TaI :nlacZ transgene in the nervous

system oftwo Iines ofadult transgenic mice and have directly compared these patterns of

expression with that ofthe endogenous Ta1 a-tubulin mRNA. The results show a good

correlation between expression ofthe transgene and the endogenous mRNA, and demonstrate

that, in many cases, the highest levels ofexpression ofboth are detected in neurons that show

some capacity for morphological growth. These results, together with our studies on mature

regenerating neurons (Gloster et al., 1994; Wu et al., 1994) suggest that the Ta1:nlacZ

transgene will provide a useful marker ofgrowth-associated gene expression in the mature

nervous system.
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Table Z.l:Summary ofthe Regional Distribution'ofTai a-Tubulin mRNA in the Adult Rat
Brain, and Tal:nlacZ Expression in the Adult Q54 and K6 Transgenic Mouse Brains

Brain Region Endogenous QS4 Line K6 Line
mRNA

Olfactory System

accessory olfaetory bulb: +++ +++ +++
mitral cell layer (Mi) .
anterior olfactory nucleus ++ ++ ++
(AOD,AOL7AOE,AO~AOP)

main olfactory bulb:
mitral celllayer (Mi) +++ +++ +++
internai granular layer (lGr) ++ + +
glomerular layer (GI) ++ ++ ++

Cerebral Cortes

cingulate (Cg) + + +

claustrum (CI) + + +

dorsal endopiriform cortex (DEn) + + +

entorhinal (Ent) + + +

frontal (Fr) + + +

inftalimhic ca) + + +

parietal (par) + ++/ ++
+++

piriform (piT) +++ +++ +++

Basal Ganglia

caudatelputame~(CPu) + + +

globus pallidus (GP) + + +
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Basal Forebrain Region

bed nucleus ofthe stria terminalis (BST) + + +

Islands ofCalleja (lCj) + + +++

lateral septal nucleus, dorsal (LSD) - - ++

lateral septal nucleus, intermediate (LOI) + + +

medial septal nucleus (MS) ++ ++ ++

nucleus ofthe diagonal ban~ horizontallimb ++ ++ ++
(HOB)

nucleus ofthe diagonal band, verticallimb ++ ++ ++
(VOB)

Hippocampal Formation

CAl +++ ++ +++

CA2 +++ ++ +++

CAJ +++ ++ +

dentate gyms (DG) +++ +++ +++

hilus of the dentate gyrus (Hil) +++ +++ +++

tenia tecta (TI) +++ +++ +++

Amygdala

amygdalohippocampal area ((AHi) +++ +++ +++

amygdalopiriform transition zone (APir) +++ +++ +++

anterior cortical amygdaloid nucleus (ACo) +++ ++ +++

basomedial (DM) and basolateral (DL) +++ +++ +++
amygdaloid nucleus

centrailateral amygdaloid nucleus (CeL) + + +

medial anterior amygdaioid nucleus (MeA) + + +

posteromedial (PMCo)1 posterolateral (PLCo) +++ +++ +++
cortical amygdaloid nucleus
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Hypothalamus

arcuate (Arc) ++ + ++

dorsomedial hypothalamic nucleus (DMC) ++ +++ +++

lateral hypothalamic area (LB) + + +

lateral mammilary nuclei (LM) ++ ++ ++

medial mammilary nucleus (MM) + +++ +++

medial preoptic nucleus (MnPO) ++ ++ ++

paraventricular hypothalamic nucleus, +++ +++ +++
magnocellular (paMP) and parvocellular
(PaLM)

subincertal nucleus (SubI) ++ ++ ++

supramammilary nucleus (SuM) ++ +++ +++

supraoptic nucleus (SO) +++ - -
tuberai magnocellular nucleus (TMC) +++ +++ +++

tuberomammillary nucleus (TM) +++ +++ +++

ventromedial hypothalamic nuclei (VMH) ++ ++ ++

Tbalamus

central medial nucleus (CM) ++ + ++

centrolateral nucleus (CL) + + +

medial habenular nucleus (MHb) +++ +++ +++

medial geniculate (MG) ++ +++ +++

paracentral nucleus (PC) + + +

parafascicular nucleus (PF) + + ++

paraventricular nucleus (PV) ++ ++ ++

reuniens nucleus (Re) ++ + +

rhomboid nucleus (Rh) ++ + +

suprageniculate nucleus (SO) +++ +++ +++

ventrallateral geniculate (VLO) ++ +++ +++

ventromedial thalamic nucleus (\rM) + ++ ++
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Sabthalamus

subthalamic nucleus (STh) ++ + +

zona incerta (Zn ++ +++ +++

Midbrain

Edinger-Westphal nucleus (EW) ++ ++ ++

interfascicular nucleus (IF) + ++ ++

midbrain central gray (CG) ++ ++ ++

nucleus ofDarkschewitsch (Ok) ++ ++ ++

oceulomotor nucleus (3) ++ +++ ++

red nucleus (R) ++ + ++

substantia nigra, pars compaeta (SNC) +++ +++ +++

substantia nigra.,pars reticulata (SNR) + + +

superior colliculus (SC) + ++ +++

Pons

AS norepinephrine cells ++ ++ +++

abducens nucleus (6) +++ +++ +++

dorsal raphe (DR) +++ + +++

inferior colliculus (lC) + + +++

lateral superior olive (LSO) + + ++

laterodorsal tegmental nucleus (LDTg) ++ ++ ++

locus coeruleus (LC) +++ +++ +++

Median raphe (MnR) +++ + +++

mesencephalic trigeminal nucleus (MeS) ++ ++ ++

motor trigeminal nucleus (MoS) ++ + +

parabigeminal nucleus (pDG) +++ ++ +++

parabrachial nucleus, medial (MPD) and lateral + +++ +++
(LPB)

pontine nuclei (pn) ++ + +
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posterodorsal tegmental nucleus (pDTg) +++ + +++

principal sensory trigeminal nucleus (prS) + + +

nucleus ofthe spinal trigeminal tract (Sp5) ++ ++ +++

trochlear nucleus (4) +++ +++ ++

MedaU.

ambiguus nucleus (Amb) +++ +++ +++

facial motor nucleus (7) +++ ++ ++

gigantocellular reticular nucleus (Gi) + + +

hypoglossal nucleus (12) +++ ++ ++

inferior olive OOD) ++ +++ +++

lateral vestibular nucleus (LVe) +++ +++ +++

medial vestibular nucleus (MYe) ++ +++ +++

spinal vestibular nucleus (SPVe) ++ +++ +++

superior vestibular nucleus (SuVe) ++ +++ +++

CerebeUum

granule celllayer ++ - -
Purkinje cell layer ++ + ++
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IX. Figure Legends:

Figure 2.1: 8-gaIaetosidase reporter gene expression in mature TaI :nlacZ transgenic mice.

Pietures A,C,E, and G represent staining in line Q54, whereas pietures B,D,F and H represent

staining in the K6 transgenic line. (A) Dorsal view ofmature mouse brain from line Q54

showing columnar pattern ofconical staining (large arrowhead) and lack of staining in

cerebellar Purkinje cells (small arrowhead). Scale bar = 2.5 mm. (B) Dorsal view of mature

mouse brain from line K6 showing staining in the cerebellar Purkinje cells (arrowhead). Scale

bar = 2.5 mm. (C) Ventral view of mature mousè brain trom line QS4 showing dark staining in

the amygdala (large arrowhead), and lack ofstaining in the Islands ofCalleja (smail

arrowhead). Scale bar = 2.5 mm. (D) Ventral view of mature mouse brain from line K6

showing clark staining in the amygdala (large arrowhead), and staining in the Islands ofCalleja

(small arrowhead). Scale bar = 2.5 mm. (E) Close-up ofQ54 cortex showing a symmetrical

pattern ofstaining in some columns (small arrowhead). Scale bar = 1.25 mm. (F) Close-up of

islands ofCalleja in line K6 (arrowhead). Scale bar = 0.83 mm (G) Close-up ofamygdala in

line Q54. (H) Cerebellar Purkinje cells (small arrowhead) and granule cells (large arrowhead).

Scale bar = 0.83 mm.

Figure 2.2: B-gaIactosidase reporter gene expression in mature Ta1:n1acZ transgenic mice. 1-2

mm thick coronal slices were stained using X-gal and photographed. Brain slices shown on the

left represent the Q54 transgenic mouse line, whereas brain slices shown on the right represent

the K6 transgenic line. Comparable brain sections are shown in each row to facilitate

comparison. (A) Mitral cells (arrowhead). (D) Anterior olfaetory nucleus (arrowhead). (C)

Comparison between the columnar and laminar pattern ofcortical staining (small arrowhead),

Islands ofCalleja (large arrowhead), medial septum (arrow), and diagonal band ofBroca (open

arrow). (D) Caudate putamen (open arrow), lateral septal nucleus (small arrowhead), piriform

cortex (large arrowhead). (E) Hippocampus (short arrow), suprachiasmatic nucleus (long

arrow), supraoptic nucleus (arrowhead). (F) Zona incerta (long arrow), dorsomedial

hypothalamic nucleus (short arrow), ventromedial hypothalamic nucleus (arrowhead). (G)

Medial habenula (large arrowhead), amygdala (small arrowhead), mammillary bodies (long

arrow), substantia nigra pars compacta (short arrow). (H) Central gray (small arrowhead),

medial geniculate nucleus (large arrowhead). (1) Superïor colliculus (large arrowhead),
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oculomotor nucleus (small arrowhead). (1) Inferior colliculus (arrowhead). (K) Purkinje cell

layer (small arrowhead), locus coeruleus (large arrowhead), parabrachial nucleus (long arrow),

posterodorsal tegmental nucleus (short arrow), superior olive (open arrow). (L) Vestibular

nucleus (small arrowhead), facial nucleus (large arrowhead), abducens (short arrow), spinal

trigeminal nucleus (long arrow). Scale bar = 2.5mm.

Figure 2.3: 8-galactosidase reporter gene expression in mature Tal:nlacZ transgenic mice.

2mm thick coronal slices were stained using X-gal. Pietures B-H represent the K6 transgenic

mouse line. (A) Columnar pattern oftransgene expression in the Q54 cortex (arrowhead).

Scale bar = 1.25mm. (8) Laminar pattern oftransgene expression in K6 cortex (arrowhead).

Scale bar = 1.25mm. (C) G10merular ce11 layer of the olfaetory bulb (arrow), mitral celllayer

(arrowhead), accessory olfaetory bulb (open arrow). Scale bar = O.83mm. (0) Hippocampus

with the arrows denoting the CAl (arrowhead) and CAJ (arrow) fields. Scale bar = O.83mm.

(E) Dorsomedial hypothalamic nucleus (arrowhead), ventromedial hypothalamic nucleus

dorsomedial (short anow), ventromedial hypothalamic nucleus - ventrolateral (long arrow).

Sca1e bar = O.83mm. (F) Mammilary bodies (arrowhead). Scale = 1.25mm. (G)

Amygdalohippocampal area (short arrow), basolaterallbasomedial amygdaloid nucleus (long

arrow), posterolateraU posteromedial cortical amygdaloid nucleus (arrowhead). Scale bar =

O.83mm. (H) Purkinje celllayer ofthe cerebellum (arrowhead). Scale bar = 1.25mm.

Figure 2.4: Comparison ofTaI mRNA expression and Tal:nlacZ transgene expression in the

brain ofadult CDI rats and transgenic mice, resp~ively. A,D,G, and J represent sections of

the mature rat brain probed for TaI a-tubulin mRNA, dipped in photographie emulsion,

developed and photographed using darldield microscopy. B,E,H, and K represent B

galactosidase staining in the Q54 transgenic line and C,F,I and L represent staining in the K6

transgenic line. (A-C) Hippocampus, with the arrows denoting the pYramidal cell layers CA1

(large arrowhead) and CAJ (arrow), and the border between CAl and CAJ (open arrow). Scale

bar (A) = l00J,lm. Scale bar (8,C) = 200J,lm. (D-F) Medial habenula (arrowhead), and

paraventricular thalamic nucleus (arrow). Scale bar (D,F) = 200f.1ll1. Scale bar (E) = 125J.lDl.

(0-1) Olfactory bulb, showing the mitral cell layer (large arrowhead), g10merular celllayer

(small arrowhead), and granule ceUs (open arrow). Scale bar (0) = lOOJ.1l1l. Scale bar (H,n =
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2001llD. (J-L) Purkinje celllayer (arrowhead), and granule cells (open arrow). Scale bar (J) =

lOOJ.lm. Scale bar (K,L) = 1251lJll.

Figure 1.5: Film autoradiographs ofcoronal sections trom adult rat brain illustrating regional

variations in hybridization intensity of the probe specifie for Ta.I a-tubulin mRNA. Regions of

greater hybridization intensity correspond to higher levels of rnRNA and appear darker in these

prints. (A) Anterior olfactory nucleus (arrowhead). (B) Laminar pattern ofcortical TeLl mRNA

expression (large arrowhead), tenia tecta (small arrowhead), piriform cortex (arrow). (C)

Paraventricular hypothalamic nucleus (arrowhead), supraoptic nucleus (small arrowhead),

suprachiasmatic nucleus (large arrow), anterior cortical amygdaloid nucleus (small arrow). (D)

Hippocampus (large arrowhead), medial habenula (large arrow), amygdala (small arrow). (E)

Suprageniculate nucleus (arrow), substantia nigr~ pars compaeta (large arrowhead), red nucleus

(small arrowhead). (F) Superior colliculus (large arrowhead), entorhinal cortex (small

arrowhead), dorsal raphe (arrow), parabigeminal nucleus (open arrow). (G) Parabrachial

nucleus (open arrow), locus coeruleus (arrowhead) posterodorsal tegmental nucleus (arrow).

(H) Ambiguus nucleus (arrowhead). Scale bar = 2.Smm.
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CHAPTER III: FUNCTIONAL EVIDENCE TUAT BDNF IS AN

ANTEROGRADENEURONALTROPHICFACTORINTHECENTRAL

NERVOUSSYSTEM

1. Preface:

The aim ofIhis chapler is to examine the mie ofBDNF in the developing central

lIervollS system. Illitially, ollr strtllegy was 10 examine the ,ole ofBDNF in Ihe CNS by

overexpressillg BDNF ill adrenergic IInd 1I0radrenergic nellronsfrom the dopamille-P.

hydroxylase (DBH) promoter which has previolisly beell sltown to confer gene expression

specifically ill these lIellrollS (Mercer et al1991). To examine the effects ofoverexpressi"g

BDNF, we crossed the DBH:BDNF trtInsgen;c mice to the K61ine ofTal:lIlllcZ transgell;c

mice described;n Chapler IL Here, the Tal:nlacZtrllnsgene was IIsed Ils ail in vivo

reporterfor lIellrotroph;lI-respollSivelless IIl1d ne"ronalpattern;ng ;11 the brainfollowing

gene """,ip"latiolL Somewlult sIIrprïsingly, analysis oftltese mice revealed thllt TaI:n/1IeZ

expression was increased in BDNF-responsive nellrollS tltal are ;lInervated by adrenergic

IIIItVor noradrenergicJibers (see Fig.Ja). These sIIltiies have provided evidence thal BDNF

""'Y he allterognulely trtuuportetl tIIId released onto target nellrons in the CNS, and htll'e

allowed liS to "IIUIp" BDNF-responsive nelfrons in the 1tUltIIre CNS. lt remains IInclear

whether the illcrease in Tal:nlacZexpression in the targets ofBDNF overexpressing

ne"rollS is dite 10 an inCretlSe in the Ievel ofTal:nlacZ transgene expression witllin ne"rons,

or ",hetller there are IIlarger nllmber of"elfrons IItJW expressing the trallSgene. This is

becfUlse ;n tultlition to brillg a ,"aIitative reporter ofBDNF-respolISivelless, the Ta1:lIlacZ

wnsgelle is Il flllllltitative """"er ofllelfrons. ln spite ofthis shortcoming, the Tal:n1acZ

reporter gene provides cnlcial evidellce that olle ofthe roles ofBDNF ;n the brain includes

;Is anterograde trallSpOrt and release ;1110 the vicinity ofthe target.

ln addition to the obsovatioll that Tal:IIlacZ transgene expressioll is "preg"'ated in

the targets ofBDNF-overexpresSÎllg tulrenergic alld noradrellergic lIe"rollS, Ihne are

pertMrbatiollS ill the pattern ofTal:lllacZ expression ;n tlte cortex ofBDNF-overexpressillg

mice compared to control mice (Fig.Jb). As tliscIIssed in Chapter 11, the K6 lille of

Tal:nlacZ trtlllSgenk mice a1Jibils l1li even, IlIIIIÎnar pattern oftrallSgene expression ill the
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cortex. TIte pertllr6tltiOIU tUtti tlis",ptiolfS ill tire ItUnillar patterll oftrtursgelle expressioll ill

BDNF-overexpressillg "';ce rtUlgetifrom mild to severe as sllawn ill jipre lb, IlIId

IIpproxillUltely lO-lStU, ofBDNF-overexpressors exllibited tllese cortical pertllrbatiollS. Tllis

provides evidellce tllat tlllterogradely trallSported BDNFca he secreted OlltO targets,

res"ltillg ill fUllcliollai consequencesfor target lIeuron morphology.

Altllougll tulditiOllai studies "'ere tleeded 10 confir". thllt endogenous BDNF is anlerogratlely

tl'tllUportetl, and tlult IlIIIerogradely-derived BDNF cali regulate the s",..,il'aI and

tlifferelltiation oftarget ne"rollS, tlle "se ofthe Tal:"'acZtrallSgetle as il "tool" to rapidly

tletermine subtle tJlteratiolU i" the devel9pment ofthe brain aftu ge"etie IlUlllÏp,,'atioll, M'as

1Iigilly s"ccessfllL Thefollowing sectioll furt1lers the e.xamïnation ofBDNF as lUI

anterogradely-derived trophic factor in Ihe hrain.
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II. Abstract:

In this report, we have tested the hypothesis that brain-derived neurotrophic factor (BDNF)

is an anterograde neurotrophic factor in the central nervous system, focussing on central

noradrenergic neurons that synthesize BDNF. Double-label immunocytochemistry for BDNF and

dopamine-B-hydroxylase (DBH)~ a marker for noradrenergic neurons~ demonstrated that BDNF is

partially localized to noradrenergic nerve fibers and terminals in the adult rat brain. To test the

funetional importance ofthis anterograde BDNF, we analyzOO transgenic mice carrying a

dopamine B-hydroxylase:BDNF (DBH:BDNF) minigene. Increased synthesis ofBDNF in

noradrenergic neurons ofDBH:BDNF mice caused elevated TrkB activation throughout postnatal

life in the neocortex, a noradrenergic target region. This afferently-regulated increase in TrkB

receptor aetivity 100 to long-lasting a1terations in cortical morphology. To determine whether

noradrenergic neuron-expressed BDNF also anterogradely regulated neuronal survival, we

examined a second noradrenergic target, neonatal facial motoneurons. One week following

axotomy, 72% offacial motoneurons were lost in control animals~ while ooly 30-35% were lost in

DBH:BDNF transgenic mice. Altogether, these results indieate that BDNF is anterogradely

transported to fibers and terminais ofnoradrenergic neurons, that anterogradely-secreted BDNF

causes activation ofTrkB in target regio~ and that this secretion has functional consequences for

target neuron survival and differentiation. This presynaptic secretion ofBDNF May provide a

cellular mechanism for modulating neural circuitry, either in the developing or mature nervous

system.
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III. Introduction:

The neurotrophic factor hypothesis postulates that trophic factors produced and released by

target neurons regulate the survival and differentiation oftheir innervating neurons (reviewed in

Oppenheim, 1991). Developing neurons May, however, be equally dependent for survival and

differentiation upon afferent neuronal input (revie,"ved in Linden, 1994). For example,

deafferentation cao increase the number ofneurons lost during the period ofnaturally-occurring

cell death (Sohol and Narayahan, 1975; Clarke, 1985; Fumer et al., 1987; Linden and Pinon, 1987)

and hyperinnervation cao increase survival oftarget neurons (Cunningham et al., 1979). These

findings suggest the existence ofanterogradely-released trophic factors that are functionally

similar to retrogradely-acting growth factors like nerve growth factor (reviewed in Levi

Montalcini, 1987).

One neuronal population that may play an afferent trophic raie during development is

brainstem noradrenergic neurons., which innervate a large number ofCNS structures, including the

cerebral cortex (Jones and Moore, 1977; reviewed in Foote et al., 1983). These central

noradrenergic neurons are barn trom EI0 ta EI3 (Lauder and Bloom, 1974), and project axons

ioto targets such as the neocortex while cortical neurons are still undergoing birth, migration, and

differentiation (Altman and Bayer, 1990; Bayer andA1~ 1990). Atrophie role forthese early

afferents is supported by lesion studies that demomtrate that loss ofnoradrenergic afferents during

development a1ters bath the number and morphology ofcortical neurons (Maeda et al., 1974;

Felten et al., 1982).

The nature ofthe signal responsible for the trophic effects ofnoradrenergic afferents is still

unknown. However, locus coeruleus neurons make brain-derived neurotrophic factor (BDNF)

(Castren et al., 1995; Conner et al., 1997), a member ofthe neurotrophin family (Barde et al.,

1982; Leibrock et al., 1989) known to have effeets upon many CNS populations, including the

developing cortex (Ghosh et al., 1994; Nawa et al., 1994; McAllister et al., 1995; 1996; Cabelli et

al., 1995). Moreover, recent evidence indicates that neurotrophins, including BDNF, cao be

anterogradely transported in neurons. Specifically, i) exogenous neurotrophins cao he

anterogradely transported in the developing chick central nervous system (von Bartheld et al.,

1996), ii) BDNF is present in axons and, potentially, terminais ofperipheral (Zhou and Rush,

1996; Michael et al., 1997), and central neurons (Fawcett et al., 1997; Conner et a1.,I997), iii) in

the CNS, BDNF is localized to vesicles in presynaptic terminais (Fawcett et al., 1997), and iv)
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neurotrophins cao he synthesized and released in an aetivity-dependent fashion (reviewed in

Thoenen, 1995). Finally, TrkB receptors have reœntly been Iocalized to neuronal dendrites in

both the hippocampus and cortex (Fryer et al., 1996; Yan et al., 1997a).

On the basis ofthese recent findings, we hypothesized that BDNF may be a trophic signal

derived trom noradrenergic afTerents. In this paper, we have tested this hypothesis and

demonstrate that BDNF is localized to axons and terminais ofnoradrenergic neurons, that

increased BDNF secretion within the cortex from noradrenergic afferents can lead to long-lasting

changes in cortical organization, and that increaseq secretion ofBDNF onto developing target

neurons can modify neuronal survival itself.
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IV: Materials and Metbods:

Animais and Surgical Procedures

The DBH:BDNF mice used in these studi~ lines 0481 and 0498, have been previously

described (Causing et al., 1997), and were bred and genotyped as descnoed. As controls for these

transgenic mice, we used either littermates or animais ofthe same genetic background that were

null for the DBI-I:BDNF transgene. Mice heterozygous for a targeted mutation in the BDNF gene

(Ernfors et al., 1994) were obtained from Jackson Labs (Bar Harbor) and maintained, bred and

genotyped as described previously (Causing et al., 1997).

For the TrkB and BDNF biochemical analysis, adult or 1 week old DBH:BDNF, BDNF

+1- or appropriate wildtype controls were sacrificed by rapid decapitation. For

immunocytochemistry, animals were sacrificed with sodium pentobarbital (65mglkg) then

transcardially perfused with 4% parafonnaldehyde or 4% paraformaldehydel15% picric acid in

phosphate buffer (pB, pH 7.4). Brains were then removed and postfixed in 4% paraformaldehyde

or 4% paraformaldehydeJl5% picric acid in PB for 30 min al 4EC and subsequently cleared of

picric acid with phosphate-buffered saline (pDS, pH 7.4). Alternatively, rats were transcardially

perfused with 37EC heparinized-PBS followed by 2% parformaldehyde in O.IM PB, pH 7.3, and

were then postfixed for 2 hours at 4°C. Ali sections were cryoprotected in graded sucrose

solutions and sectioned on the cryostat prior to immunocytochemical analysis.

For the facial motoneuron studies, postnatal day 5 wildtype or ttansgenic animais were

anaesthetized by inhalation with metofane to affect. A1ternatively, adult female BDNF

heterozygote rnice ranging in age from 2.5 to 3 months were aneasthetized using sodium

pentobarbital (3SmWkg). Following complete anaesthetization (in accordance with an animal care

protocol meeting the standards ofthe Canadian Council on Animal Care) the facial nerve was

transected unilaterally at the stylomastoid foramen: One week following nerve transection, young

or adult animaIs were perfused with phosphate buffered saline (pH 7.4) and 4% parformaldehyde

in 0.1M NaH2P04, following which the brains were removed and postfixed ovemight in the same

fixative al 4°C. Brains were then cryoprotected overnight in 30010 sucrase, and sectioned on a

cryostat.
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Histological and Morpbometric Analysis

For morphometric analysis orthe neocortex., 16 J.1m sections were stained using cresyl

viol~ and neuronal counts were performed in 528 J.Ul1 wide strips extending trom corpus

callosum to pia, in two separate regions ofthe forebrain.

For the analysis offacial motoneuron size and number, 16 J.1IIl serial coronal sections were

collected throughout the extent ofthe facial motor nuclei, and stained with cresyl violet. For size

determinatio~ neuronal profiles containing a nucleus with a distinct nucleolus were displayed on a

video scree~ and the cellular cross-sectional areas were measured using a computer-based image

anaIysis system (Biocom, France). For neuronal numbers, ail neurons containing a nucleus in the

facial nuclei were counted on every fifth seriai, 16 J.Ul1 section using the same image analysis

system., which prevents double measurements ofprofiles. The numbers obtained using this

approach are not corrected for split nucleoli. Results were expressed as mean values ± the

standard error ofthe Mean, and were tested for significance using the one-tailed Student's t-test.

Antibodi~ Immunoprecipitations and Westem Blot Analysis

The following, previously-described antibodies were used for the biochemical studies

described here; anti-TrkBi~ which specifically recognizes the intracellular domain ofTrkB (Fryer

et al., 1996), anti-TrkBout, which specifica11y recognizes the extraeellular domain offull-Iength

and tnmeated TrkB (Knusel et al., 1994), anti-panTrk 203, which recognizes the intracellular

domain ofail Trk family receptors (Hempstead et al., 1992), anti-BDNF, which recognizes mat11fe

BDNF (Santa Cruz) (Causing et al., 1997; Fawcett et al., 1997), and anti-phosphotyrosine 4G10

(UBI).

For biochemical analysis ofTrkB, different regions of 1 week old and adult mouse brail1s

were dissected out, homogenized and lysed in Tris buffered saline (TBS) lysis buffer (Knusel

et.al., 1994) containing 137 mM NaCI, 20 mM Tris (pH 8.0), 1% (v/v) NP-40, lOOA. (v/v) glyceroL

1 mM phenylmethyl sulfonyl tluoride (PMSF), 10 J.1g1ml aprotini~ 0.2 J.1g/mlleupeptin, and 1.5

mM sodium vanadate. Total Trk protein was immunoprecipitated using 3 JJ1 ofanti-panTrk 203.

The immunoprecipitates were collected with Protein A-sepharose (pharmacia) for 1.5 hours at

4°C followed by centrifugation. Immunoprecipitates werethen washed three times with cold lysis

buffer, boiled in sample buffer (2% SDS, 100 mM dithiothreitol, l00A. glycerol, and 0.05%

bromophenol blue) for 5 minutes, and electrophoresed on 7.5% SDS...polyacrylamide minigels.
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After electrophoresis, proteins were transferred to 0.2 J.1Ilt nitrocellulose for 1 bour at 0.5 amps,

and the membranes wasbed 2 x 10 minutes in TBS. For all antibodies except anti

phosphotyrosine, for which membranes were blocked in 2% BSA (Sigma Chemical Co),

membranes were blocked in 5% non-fat dry mille, in TBS for 1.5 bours. Membranes were then

washed 2 x 10 minutes in TBS, and the primary antibodies were used ovemight at 4EC at dilutions

of 1:10,000 for antiphosphotyrosine 4010 (UBI), 1:2000 for anti-panTrk 203 and 1:5000 for anti

TrkBout, and 1:2000 for anti-TrkBin. Secondary antibodies were incubated for 1.5 hours at room

temperature, and were used at dilutions of 1: 10,000 for a goat-anti-mouse horse radish peroxidase

(HRP) antibody and 1:10,000 for a goat-anti-rabbit HRP antibody (Boehringer Mannheim

Biochemicals). Detection was canied out using enhanced chemiluminescence (Amersham) and

XAR X-ray film (Kodak). Results were quantitated by image analysis, and statistical significance

detennined using Student's t-test.

For biochemical analysis ofBDNF, brain lysates were 00H00 in sample buffer, and 20-100

J.18 ofprotein was separated on a 15% SDS-polyacrylamide minigeL as previously described

(Causing et al., 1997; Fawcett et al., 1997). Following transfer, the nitrocellulose was blotted with

an antibody specifie to BDNF (Santa Cruz) al a 1:5000 dilution, using the protocols described

above. As controls, we used human recombinant BDNF (obtained from Amgen), and an extraet of

PC12 cells infected with vaccinia virus encoding BDNF (Causing et al., 1997).

Immunocytocbemistry

Two different BDNF antibodies were used for the immunocytochemical studies (the Santa

Cruz antibody that was used for Western blots does not work for immunocytochemistry). One, an

anti-peptide antibody, was used for detection ofBDNF sYDthesis in the DBH:BDNF transgenic

mice, and bas previously been shown to work for immunocytochemistry (patterson et al., 1996;

W. Friedman and D. Kaplan, unpublished data). A second, more sensitive BDNF antibody (RAB)

was used for the BDNF/DBH double-Iabelling studies; tbis antibody bas previously been

charaeterized (Yan et al., 1997) and demostrated to detect BDNF in nerve tibers and terminais

(Conner et al., 1997; Fawcett et al., 1997; Yan et al., 1997b), and was the kind gift ofDr. A.

Welcher (Amgen). A commercially available antibody (EugeneTech) was used for detecting

dopamine-B-hydroxylase immunocytochemically..For fluorescence immunocytochemical

detection ofBDNF and DBR in locus coeruleus neurons, 141J11l-thick cryosections on slides were
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post-fixed with 4% parafonnaldehyde in O.IM phosphate butTer for 2 min al room temperature

and washed 2 X 10 min in lM HEPES-hutTered saline (HBS: pH 7.4). Sections were

permeabilized with HBS + 0.20/'0 Triton X-lOO, blocked with 3% serum for 45 min al room

temperature, and incubated with the printary antibody in HBS +0.20/'0 Triton X-IOO + 3% serum

ovemight at 4°C at a dilution of 1:500 for anti-BDNF and 1:600 for anti-DBH. Slïdes were then

washed 3 X IS min in HBS. Binding ofthe primary antibody was visualized with a rhodamine

conjugated secondary antibody (gOal anti-rabbit IgG al a 1:200 dilution; Jackson). Slides were

then washed, mounted with a 100/'0 glycerol, 9QO/'o PBS solution, and coverslipped. In all cases,

control and transgenic tissue were prepared at the same time, and analyzed on the same slides.

For immunoperoxidase detection ofDBH, the primary antibody was utilized as above

(1:600 dilution; Eugene Tech), with the exception that DBR was visualized using a biotin

conjugated secondary antibody (goat anti-rabbit dilution 1:200; Vector Laboratories), and PHS

(pH 7.4) was used as a buffer. Slides were then washed as before, incubated with the ABC

complex (Vector Laboratories) for 1 br al room temperature, and then with DAB for

approximately 5 minutes, or unlil desired staining was reached. In ail cases control and transgenic

tissue were prepared at the same time and analyzed on the same slides.

For the double-Iabel analysis ofBDNF and DBH, 10~ thick sections were blocked in

PB (pH 7.4) containing 100/'0 normal goal serum, and 0.2% Triton X-IOO for 1 bour. BDNF

(AMGEN) and DBH antibodies were then added to the blocking solution at dilutions of 1:5000

and 1:1000, respectively for 24 hours at 4°C. Sections were washed three times in the blocking

solution, and then incubated 1 hour in blocking solution containing an anti-rabbit CY3-oonjugated

antibody to detect anti-BDNF, and an antÎ-mouse CY2-conjugated antibody to detect anti-DBH,

both used al a dilution of 1:1000. Sections were then washed in PBS, and mounted in 500A.

g1ycerol in PDS oontaining 2% DABCO. Sections were analyzed and photographed on a Zeiss

Axioscope, using filters that were designed for double-label analysis using these two

tluorochromes.

Quantitation ofthe relative level of immunoreactivity for BDNF in locus coeruleus

neurons ftom DBH:BDNF versus control animais was carried out using image analysis. Five

ditTerent pairs of line 0481 versus control animais were analyzed. Specitically, transgenic and

control neurons were analyzed by immunoftuorescence at the same time (and in many cases, on

the same slide), and were photographed using the same exposure and developing times. These
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photographie images were scanned, and the relative tluorescence intensity was measured and

expressed as Mean optical density per neuron. The background level offluorescence, measured

lateraI to the locus coeruleus neuron eluster, was subtracted tram the values obtained for BDNF

positive cells. Statistica1 significance was determined using Student's t-test.

Measuremeot ofTissue Monoamines

Animais were sacrificed by swift decapitation with a guillotine, their brains quiekly

removed and frozen at -SüoC. The brains were 181er placed on a cold plate to thaw, and series of

1.0-1.5 mm thiek sections (usually 4-5) were eut. The brains from six wild-type and six transgenie

mice were dissected over the cold plate under microscopie observation, as previously described

(Reader and Grondin, 1987; Reader et al., 1989), and the following eight regions were taken for

the monoamine assays: frontal and entorhinal-pirifonn cortices, neostri8tum (caudate-putamen),

thalamu~ hypothalamus, hippocampus, cerebellllm and brainstem. The discrete tissue samples

(10-20 mg wet weight) were placed in tubes already containing 1-2 ml ofcold monochloroaœtie

acid 0.1N with 2.15 mM Na2EDTA, disrupted in a glass homogenizer with a Tetlon pestle, and the

homogenates centrifuged at 39,000 x g for 45 min at 4°C. The pellets were dissolved ovemight in

0.5 ml of 1 N NaOH for protein detenninations (Lowry et al., 1951) and the suPerllatants assayed

by high-performance liquid chromatography (HPLC) with electrochemical detection, following

weil established proœœJl"es (Lakhdar-Ghazal et al., 1986; Sauve and Reader, 1988). Brietly, the

supernatants were filtered through 0.451J.1ll pores (GS, Millipore, Bedford, MA) and injected into

the 3 J.lm particle-size chromatographie column (100.0 x 4.1 mm; Adsorbosphere Catecholamine;

Alltech Associates IRc., Deerfield, IL). The isocratic mobile phase was 0.1 N monochloroacetic

acid ajusted to pH 3.3 with 1 N NaOU and containing SOO mgll ofN82EDTA, 300 mg of sodium

octyl sulfate and 100/0 ofHPLC-grade methanol. The tlow was set at 0.6 mVmin, the temperature

ofthe column was kept at 37EC, and the electrochemical detector (Model M-400, Princeton

Applied Researeh, Princeton, NJ) set 81 a gain of50 nA, full scale for neostriatum and brainstem

and at 20 nA full scale for the remaining regions. The eluted compounds were oxidized with a

glassy carbon electrode at a potential of0.68 V relative to the Ap/AgCI reference electrode. The

peaks generated by the compounds were recorded, and their surfaces integrated with 8 Hewlett

Packard 3392A integrator. For every chromatographie run, extemal standards containing 1.25 ng

ofeach ofthe authentie monoamines were injected. to quantifY peak area as weil as retention times.
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80th parameters showed very good reproducibility~with a coefficient orvariation oeve.- exceeding

S%. A1though the method allows for the separation ofcatecholamines~indoleamines and their

major metabolites (Reader and Grondi~ 1987), ooly the tissue levels ofnoradrenaline (NA),

dopamine (DA), 3,4-dihyroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 3

methyoxytyramine (3-MT), serotonin (S-IIT) and 5-hydroxyindole-3-acetic acid (S-IDAA) are

reported here, in nanograms per milligram ofprotein.
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v. Resolts:

BDNF and Dopamine-8-Hydroxylase are Partially Colocalized in Fiben and Nerve

Terminais in the Adult Brain

To determine whether BDNF7 which is synthesized by central noradrenergic neurons

(Costren et a1. 7 1995; Conner et a1.~ 1997)~ is anterogradely-transported ioto noradrenergic axons

and nerve terminais, we performed double-label immunocytochemical analysis for BDNF and

dopamine-B-hydroxylase (DBH)~ a Marker for noradrenergic and adrenergic neurons and fibers

(Figs. 3.1 and 3.2) using a specifie BDNF antibody (RAB) fram AMGEN which bas previously

been eharacterized (Conner et a1.~ 1997; Fawcett et 81.7 1997; Yan et al., 1997b) and a

commercially available monoclonal (DBU) antibody. We chose ta focus upon the brainstem for

these studies, since bath BDNF- and DBR-positive fibers are abundant in this brain region

(Conner et al., 1997; Moore and Car~ 1984).

This analysis revealed that, although Many DBR-positive fibers were not immunoreaetive

for BDNF~ and many BDNF-positive libers were not immunoreactive for DBR, these two proteins

were highly colocalized in certain brainstem structures (Fig. 3.1). As previously reported (Conner

et al., 1997)~ noradrenergic neuron cell bodies were largely negative for BDNF-immunoreaetivity,

although faint immunostaining could occasionally be seen in the soma ofDBR-positive

noradrenergie neurons (Fig. 3.1A.c). Rowever, BDNF-immunoreactivity was detected in the

network ofDBR-positive processes that surround noradrenergic cell groups, such as those ofthe

ventrolateral retieular group (Fig. 3. lA-C). In these locations, DBR-positive fibers were aIso

BDNF-positive an~ in some cases, BDNF immunoreaetivity was detected in DBR-positive

processes as they exited the noradrenergic œil soma (Fig. 3.1A-C). At higher magnifieation.. this

colocalization could be seen to occur in single noradrenergie fibers (Fig. 3. 2A-C). These data,

together with previous in situ hybridization data (C.astren et al., 1995)~ indicate that BDNF is

synthesized by noradrenergic neurons, and is transported from the cell soma into noradrenergie

processes.

BDNF was also colocalized to DBH-positive fibers rostral and lateral to noradrenergic cell

groups. In particular, BDNF was colocalized with DBR-positive fibers, presumably axons~ in the

rostro-ventrolateral Peri-olivary region (Figs. 3.1D-F). Higher-resolution analysis (Fig. 3.2D-F)

revealedt~ in sorne cases, this colocalization occurred in fibers coursing through the tissue

section (Fig. 3.2D-F), while in others the colocalized immunoreactivity was punctate in nature,
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ref1ecting either noradrenergic terminais and/or axons eut in cross-section (Fig. 3.2D-F, arrow

heads). 80th DBR and BDNF terninal staining was also seen in the raphi pallidus, a terminal field

ofnoradrenergic innervation (data not shown). Thus, BDNF cao he immunocytochemically

detected in noradrenergic axons and nerve terminais.

DBH:BDNF Mice Overexpress BDNF in Central Noradrenergic Neurons

These data indicate that BDNF is anterogradely transported by noradrenergic afferents~

and suggest that it may be secreted trom noradrenergic terminais, thereby regulating the

development and/or maintenance oftheir target neurons. To test this hypothesis, we took

advantage oftransgenic mice that overexpress BDNF in noradrenergic neurons trom the

dopamine-B-hydroxylase promoter (DBH:BDNF mice) (Causing et al.,1997). We have previously

demonstrated that in two Iines ofDBH:BDNF mice, 0498 and 0481, BDNF synthesis is

increased approximately 2 to 4-fold in sympathetic noradrenergic neurons, with no ectopic

expression and/or secretion ofBDNF ioto the circulation. To determine whether BDNF is also

overexpressed in central noradrenergic neurons, as predieted (Hoyle et al., 1994), we examined the

locus coeruleus. Immunocytochemical analysis using a BDNF-specific antibody (patterson et al.,

1996; W. Friedman and D. Kaplan, unpublished data) demonstrated BDNF-immunoreactivity

detectable in a few neuronal cell bodies within the control locus coeruleus (Fig. 3.3A). In contrast,

BDNF-immunoreactivity was evident in MOst locus coeruleus neuron bodies in DBH:BDNF

animals trom lines 0481 (Fig. 3.3B) and 0498 (data not shown). Image analysis ofthe

fluorescence intensity pee locus coeruleus neuron revealed that BDNF-immunoreactivity was

reproducibly increased in four different pairs ofcontrol versus line 0481 OBH:BDNF animals

(5.52±O.29 versus 11.19±O.38, n = 52 and 78, p<O.OOOI; 11.27±O.57 versus 16.09±0.72, n = 41

and 90, p<O.OOOI; 9.57±O.35 versus 17.04±O.87, n = 141 and 71, p<O.OOOI; 9.88±1.78 versus

21.57±1.61, n = 15 and 43, p<O.OOO2; in aIl four pairs, the data represents the Mean fluorescence

iotensity ± the standard error, and n represents the number ofneurons analyzed). Thus, the

DBH:BDNF transgene was expressed in both central and peripheral (Causing et al., 1997)

noradrenergic neurons.

To confirm this conclusion, we also quantitated BDNF in the brains ofcontrol versus

DBH:BDNF mice by Western blot anaIysis. We initially examined the brains of 1 week old mice,

after the onset ofexpression from the dopamine-B-hydroxylase promoter (Kapur et al., 1991), at a
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time when endogenous BDNF levels are low (Maisonpierre et al, 1990). Analysis ofWestern

blots revealed that brainstent BDNF levels were increased approximately 1.8-fold (n = 5 each,

p<O.OO3) in 1 week-old transgenic animais ofline 0498 relative to their controllittennates (Fig.

3.4C, top panels). BDNF levels were similarlyin~approximately 2.4-fold (n = 5 eac~

p<O.OO(7) in the brainstem ofadult animais ofline 0498 (Fig. 3.4C, bottom panels) and 0481

(data not shown). In contrast, BDNF levels were unchanged in the cortex ofadult line 0481

animais (data not shawn) or in the neonatal or adult cortex ofline 0498 DBH:8DNF mice (0 = S

each, p>O.OS) (Fig. 3.4A,B, bottom panels), as previously reported in the spinal cord (Causing et

al., 1997). Both the cortex and spinal cord are locations where there are no resident noradrenergic

or adrenergic neurons. Together with our previous findings (Causing et al., 1997), this analysis

indieates that 8DNF synthesis is increased in developing and mature noradrenergic neurons of

DBH:BDNF mice, and that this overexpression is confined to regions ofthe nervous system

predieted by previous analysis ofthe 1.6 kb DBH promoter (Hoyle et al., 1994).

Increased BDNF Synthesis by Noradrenergic Neurons Anterogradely Regulates Cortical

DevelopDlent

IfBDNF synthesized by noradrenergic neurans is anterogradely transported and secreted

onto target neuro~ then we would prediet, in the DBH:BDNF mice, an increase in the baseline

level ofTrkB autophosphorylation in targets such as the neocortex. To test this prediction, we

isolated cortical tissue from neonatal and adult mice, immunoprecipitated the lysates with anti

panTrk 203, and then analysed the immunoprecipitates by Western blot ana1ysis with anti

phosphotyrosine. We reprobed the blots for total TrkB receptor levels using anti-TrkBout, and

normalized the level of increase in Trk autophosphorylation relative to total TrkB levels. This

anaIysis indicated that levels ofautophosphorylation afa 145 kD Trk band were specifically

increased 2.8-fold (n = 8 each, p<0.OO3) in the cortex of 1 week-old D8H:BDNF versus control

animais (Fig. 3.4B, top panels), a1though cortical BDNF levels were unchanged (Fig. 3.48, bottom

panels). Similarly, in the aduh DBH:BDNF cortex, the level ofautophosphorylation ofthe 145

kD Trk band was increased approximately 2.S-fold relative to controls (n = 8 each, p<O.OS) (Fig.

3.4A, top panels). In the neonatal cortex, the increased Trk autophosphorylation was limited to

this 145 kD Trk band (Fig. 3.4B), while in adult animais, we also observed increased

autophosphorylation ofa 190 kD Trk-immunoreactive band (Fig. 3.4A). This phosphorylated Trk
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band Iikely conesponds to a novel, 190 kD TrIcB that bas been previously reported in both the

peripheral (Bhattacharyya et al., 1997) and central (Roback et al.., 1995) nervous systems (R.

Aloyz., D. Kaplan., and F.D. Miller., unpublished observations). Thus., increased BDNF expression

within brainstem noradrenergic neurons 100 to increased Trk receptor autophosphorylation in the

neocortex., a noradrenergic target region.

To determine whether the observed increase in TrkB receptor activation in the neocortex

modified cortical development and/or maintenance, coronal sections ofcontrol versus

DBH:BDNF brains were stained with cresyl violet, and the gross morphology ofthe neocortex

compared. Comparisons were made at two levels as shown in Fig. 3.5A. At the anterior level.. the

depth ofthe cortex from the corpus callosum to the pia was consistently smaller in animais of line

0498 than in contrais (Fig. 3.58, top panels). In contrast., cortical depth was similar in controls

versus DBH:BDNF mice at the more posterior level (Fig. 3.5B., bottom panels). This observation

was quantitated by determining the number of neurons in 528 J.1Dl wide strips ofcortex in control

versus transgenic animals. At the anterior level, there were 2269.0 +/- 41.45 cells per 528 J.U11

wide strip oftransgenic corte~ compared to 2505 +/- 21.55 in controls., a statistically significant

decrease of 100" (p<O.OO2, n =5 each). At the posterior level, there were 1860.38 +/- 54.44 cells

in DBH:BDNF mice, compared to 1953.7 +/- 68.1 cells in control mice, numbers that were

statistically similar (p>O.OS); n = 5 each). Consistent with these observations., noradrenergic

innervation is most dense in the rostral neocortex (Schlumpf et al., 1980). Thus, increased

anterograde secretion ofBDNF from noradrenergie neurons affects cortical development and/or

maintenance, most probably through activation ofendogenous TrkB receptors.

Increased Synthesis ofBBNF by Noradrenergic Neurons Rescue Neonatal.Facial

Motoneuroas from Axotomy-Induced Besth

Our cortical resuhs support the hypothesis that anterogradely-secreted BDNF regulates the

development and/or maintenance ofnoradrenergic target neurons. To further test this hypothesis,

we turned to neonatal facial motoneurons because i) motoneurons receive noradrenergic

innervation (pickel et al., 1974; McBride and Sutin, 1976), and ii) neonatal facial motoneurons,

which normally die in response to facial nerve axotomy, cao be rescued by application of

exogenous BDNF (Sendtneret al., 1993; Koliatsos et al., 1993). We predieted that neonatal facial
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motoneurons would he rescued from axotomy-induced death in DBH:BDNF mice because of

increased BDNF supplied by their noradrenergic input.

To perform these experiments.. we initially characterized facial motoneuron size and

number in OBH:BDNF mice. Image analysis ofseriaI.. cresyl violet...stained coronal sections from

the brainstem ofP12 control versus DBH:BDNF mice revealed that facial neuron numbers were

unchanged by expression ofBDNF in noradrenergic neurons (ControL 2987+514; 0481,

3248±200; 0498, 2838±471; n = 3 animais each; p>O.3 for ail comparisons). In contrast.. the

average cross-sectional area offacial motoneurons was increased approximately 35% and 25%..

respectively, in lines 0481 and 0498 relative to control animals (Fig. 3.6A) (ControL 256.8±9.2

.1lJI12
; 0481, 384.8±8.5 J.U112; 0498.. 333.8± 15.4 J..1m2

; n = 4 animais each for D498 and control..

and 3 forD481; p<O.OO2 forboth comparisons).

We next determined whether increased BDNF from noradrenergic neurons could rescue

the death ofaxotomiz~neonatal facial motoneurons, as can exogenous BDNF (Sendtner et al.,

1993; Koliatsos et al, 1993). For these experiments, the facial nerve was unilaterally transected at

postnatal day 5, and 1 week later the number offacial motoneurons in the contralateral control

versus ipsilateral transeeted facial nuclei determined. Specifically, serial 16 J..U1l coronal sections

were collected throughout the entirety ofthe facial motor nuclei, and the number ofmotoneurons

determined in every fifth cresyl violet...stained section (Fig. 3.68). In controllittermates, only 28%

ofaxotomized neonatal facial motoneurons survived relative to their uninjured counterparts

(control uninjured neuron number, 2579+546; control axotomized neuron number, 631±75; n =

4 each). Inco~ in animais oflines 0481 and 0498, 66% and 690A» offacial motoneurons,

respectively, remained in the axotomized versus uninjured facial nuclei (Iine 0481 uninjured

neuron number, 3248+200; line 0481 injured neuron number, 2133± 159; line 0498 uninjured

neuron number, 2521 +460; line D498 injured neuron number, 1721 ±277; n = 3 for 0481 and n =

4 for 0498). This increase in facial motoneuron survival in the DBH:BDNF mice was highly

significant relative to control animais (P<O.OO6 for 0498; p<O.009 for 0481), and is similar to the

level ofrescue previously reported for exogenous BDNF (Sendtner et al., 1993; Koliatsos et al...

1993).
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Decreased Synthesis ofBBNF in BBNF+/- Mice Lads to Increased Bath ofAsotomized

Adult Facial Motoanroas

Our data indicate that alterations in BDNF levels directly regulate the survival of injured

motoneurons. To test this hypothesis further-, we examined BDNF+/- mice, in which one BDNF

allele bas been rnutated by targeted recombination. To confirm that BDNF levels are decreased in

the brains ofBDNF+/- mice relative to controls, we quantitated BDNF by Western blot analysis.

This analysis revealed that BDNF levels were decreased approximately two-fold in regions

throughout the adult BDNF+/- brain (Fig. 3.6D), as previously reported using ELISAs (Altar et al.,

1997). To determine whether this decrease in endogenous BDNF levels affected survival of

injured motoneurons, the facial nerve was unilaterally transected in adult BDNF+/- mice or their

BDNF+/+ littennates and one week. later, the number ofsurviving facial motoneurons was

determined by morphological anaIysis (Fig. 3.6C). This analysis revealed that, in BDNF+/+

littermates, 87 ± 1.6% oftranseeted facial motonew-ons remained relative to the controL

untransected motoneurons, as previously observed in control mice (Majdan et al., 1997). In

contrast, in BDNF+/- mice, ooly 71 +4% oftransected facial motoneurons remaine<L relative to

the uotranseeted facial motoneurons in the same animais (Fig. 3.6C), a statistically significant

deaease of 18% (p<O.OOS,. n=3 animais each). These resuhs, together with those obtained from

the DBH:BDNF mice support the hypothesis that the survival ofinjured facial motoneurons is at

least partially dependent upon BDNF, and that relatively small alterations in BDNF levels cao

tightly regulate the survival ofinjur~BDNF-responsive neurons.

Noradrenergic Innervation is Not Altered in DBH:BDNF Mice

A1though our results indicate that anterogradely transported BDNF regulates neuronal

development and maintenance by activation ofthe TrkB reœptor, noradrenaline has been

previously proposed to have trophic effects (Maed~et al., 1974; Felten et a1.~ 1982; Foote et al.,

1983)~ and it is formally possible that some ofthe observed biological effects in the DBH:BDNF

mice are due to increased œtecholaminergic innervation. To address this possibility, we exarnined

morphologjcal and neurochemical measures ofnoradrenergic innervation density. Initially, we

compared the level ofimmunostaining for dopamine-B-hydroxylase, which is specifie to

noradrenergic and adrenergic neurons, in the brains ofcontrol versus DBH:BDNF mice (Fig.

3.3C-F). As predieted,. anti-DBH robustly stained the noradrenergic neurons ofthe locus

184



•

•

coeruleus, with no significant qualitative ditTerent between control (Fig. 3.3C) and 0481 (Fig.

3.3D) or 0498 (data not shown) animais. To detennine whetherthe level ofnoradrenergic target

innervation was a1tered, we examined the hippocampus, which has a well-defined pattern of

noradrenergic innervation (Swanson and Hartman, 1975; Loy et al., 1980; Moudyet al., 1993). In

control (Fig. 3.3E), 0481 (Fig. 3.3F), and 0498 (data not shown) animais, the pattern and density

ofDBH-positive innervation was similar. Thus, the pattern ofnoradrenergic innervation was not

apparently a1tered in DBH:BDNF mice.

To assess quantitatively catecholaminergic innervation, tissue levels were measured in

discrete CNS regions, using HPLC with electrochemical detection. This method allowed for the

measurement ofnoradrenaline (NA) and dopamine (DA)7 ofthe major metabolites ofD~ namely

OOPAC, HVA and 3-MT7as weil as ofthe indoleamines serotonin (S-HT) and S-HIAA (Tables

3.1-3.2). In ail regions examin~ the levels ofnoradrenaline were similar in control versus

transgenic animais (p>O.OS)7 confirming that noradrenergic innervation was not a1tered in these

animais. In frontal cortex (Fro) the main catecholamine wasN~ and although levels ofthis

catecholamine were unahered, this was the ooly CNS region where endogenous DA levels were

found to he somewhat higher in transgenic mice (Table 3.1). The entorhinal-piriform (EnPi)

cortex had similar levels ofNA and D~ as expected, and there were no differences detected. In

hippocampus (Hipp) DA and its metabolites were not detected in the majority of samples; the

main catecholamine was NA which was unaltered. The main catecholamine in the neostriatum

(NS; caudate-putamen) was DA, and there were also high levels of its metabolites OOPAC, HVA

and 3-Mf; this was the ooly region in which significant levels of3-MT were detected and

measured in all samples. The indoleamines S-HT and S-InAA were present in ail these regions,

with values ran8Ïng from 3 to S ng/mg protein, but there were no significant differences between

control and transgenic mice, suggesting a normal S-lIT innervation ofthese forebrain areas. In the

thalamus (Thal) ofboth control and transgenic mice there were moderate levels ofN~ but also of

DA and its Metabolites DOPAC and HVA (Table 3.2) and somewhat higher (S..7 ng/mg protein)

levels ofS-lIT and S-mAA. Interestingly, in the hypothalamus (Hypo) the tissue levels ofDA

were lower in the transgenic mice relative to controls. In spite ofthis reduction in endogenous

DA, the levels ofits metabolites OOPAC and HVA were unchanged, suggesting an increased

turnover rate. The levels ofthe indoleamines S-HT and S-IllAA were similar in control and

transgenic mice. In the brainstem (BS) the high contents ofNA (4-S ng/mg protein), S-HT (8
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ng/mg protein) and S-HIAA (8-9 ngfmg protein) reflect the faet that this region contains the nuelei

oforigin ofnoradrenergic and serotonergie projections. There were no differences between

control and transgenic mice in levels ofNA, DA, I?QPAC, HVA, or the indoleamines in this

region. Finally, in the cerebellum (CB) ooly moderate to low levels ofNA, S-HT and 5-lDAA

were measured, and the tissue contents were the same in control and transgenic mice.
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VI. Discussion:

Evidence indieates that neuronal survival and differentiation is dependent upon the

appropriate establishment ofafferent inputs (reviewed in Linden.. 1994). In this paper~ we have

tested the hypothesis that BDNF functions as an anterograde trophic factor for central

noradrenergic neurons. The results reported here support our hypothesis and lead to three major

conclusions. Fir~ our data indicate that BDNF is synthesized by noradrenergic neurons and is

anterogradely transported into noradrenergic axons and nerve terminal fields. Secon~ we

demonstrate that overexpression ofBDNF in noradrenergic neurons ofDBH:BDNF mice bas

measurable anterograde effects on the cortex, leading to increased activation ofcortical TrkB

receptors, and differences in cortical morphology. Thir~ our studies demonstrating rescue of

axotomized neonatal facial motoneurons in DBH:BDNF mice indieate that increased BDNF from

noradrenergic afferents cao directly regulate neuronal survival. Together~ these data indicate that

anterogradely-secreted BDNF cao modulate neuronal survival and differentiatio~and suggest that

the effects ofnoradrenergic afTerents on target neuron development May be al least partially

mediated by BDNF.

Previous studies have demonstrated that BDNF is present in axons and nerve terminais in

the mature central nervous system (Conner et al.~ 1997; Fawcett et al., 1997; Yan et aI.~ 1997), and

that TrkB, the preferred receptor for BDNF, is pre~t on the dendrites ofmany central neurons

(Fryer et al.~ 1996). Together, these data led us to hypothesize that BDNF might he an anterograde

neurotrophic factor within the central nervous system, and that it might Mediate some ofthe

previously-described effects ofafferent innervation on target neuron development. To test this

hypothesis, we focussed upon central noradrenergic neurons which synthesize BDNF mRNA

(Castren et al., 1995), and which have long been thOUght to play an organizational role in

development oftargets such as the neocortex (Maeda et al., 1974; Felton et al., 1982). The

double-Iabelling data presented here indieate that BDNF May weil be an anterograde trophic factor

for these neurons; BDNF is localized to processes ofnoradrenergic neurons as they exit the œIl

soma, in noradrenergic axons in regions lateral to the cells themselves, and in noradrenergic

terminal fields. This colocalization da~ together with previous studies demonstrating synthesis of

BDNF mRNA by noradrenergic neurons (Castren et al., 1995; Canner et al., 1997), strongly

supports the hypothesis that BDNF is a candidate anterograde neurotrophic factor for this class of

neurons.
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One noradrenergie target that might weil be regulated by BDNF secreted from

noradrenergie afferems is the neocortex. Previous studies indieate that a ehemicallesion of

developing noradrenergie neurons perturbs cortical development (Maeda et al.~ 1974; Felton et a1.~

1982)~ indieating a key regulatory role for early-aniving afferents. Moreover, both BDNF and

NT-4 regulate cortical development. Specifically, exogenous application ofBDNF prevents the

formation ofoeular dominance columns (Cabelli et al., 1995) and regulates pyramidal neuron

dendritic growth (MeAllister et al.~ 1995)~ while exogenous NT-4 causes neuronal heterotopias,

possibly by causing excess neurons to migrate into the developing marginal zone (Brunstrom et

al., 1997). Moreover~ endogenous BDNF is necessary for ditTerentiation ofcortical intemeurons

(Jones et al.~ 1994)~ and is thOU8ht to play an autocrinelparacrine role in cortical neuron survival

(Ghosh et al., 1994). These effects presumably occur through activation ofTrkB (Klein et al.,

1991; 1992), which is present at high levels during corticogenesis (Knusel et al., 1994; Escandon

et al., 1994)~ and which is expressed on cortical neurons throughout the developing and mature

cortex (Cabelli et a1.~ 1995; Fryer et al., 1996; Yan et al., 1997b).

Our studies with the DBH:BDNF mice support the hypothesis that noradrenergic atTerents

are likely to provide one endogenous source ofBDNF for the developing cortex. Previous work

demonstrates that the 1.6 kb DBR promoter used in these studies is highly specifie for

noradrenergic and adrenergic cells, and is not ectopically expressed (Hoyle et al.~ 1994). Our data

support this conclusion. The two lines ofDBH:BDNF mice described here express increased

BDNF in sympathetic neurons orthe SCO and in noradrenergic neurons orthe locus coeruleus,

with no apparent increase in BDNF in the spinal cord or cortex (Causing et al., 1997; data shown

here). Moreover, the effects described here cannot he ascribed to increased systemic BDNF, since

i) BDNF is undetectable in the circulation ofthese animals (Causing et al.~ 1997), and ii) sensory

neurons orthe dorsal root ganglia, which hypertrophy in response to BDNF, are unaffected in

DBH:BDNF mice (C. Causing and F. Miller, unpublished data). In addition, we have

demonstrated that the pattern and levels ofnoradrenergic innervation in the CNS (data shown

here) and PNS (Causing et al., 1997) ofthese mice are apparently normal. Thus, the cortical

effects we observe are best explained by increased secretion ofBDNF from noradrenergic an~

potentially, adrenergjc afferents.

Interestingly, our data indicate that there is an increase in cortical Trk autophosphorylation

without an apparent increase in cortical BDNF levels. The lack ofa detectable increase in cortical
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BDNF is relatively easy to explain; it is likely that the amount ofBDNF derived from

noradrenergic afferents is small relative to the total amount ofBDNF in the cort~ and therefore:.

even a 2 to 4-fold increase in the amount ofBDNF from this sowœ is masked by endogenous

cortical BDNF. Why, then, is there a two to three-fold increase in the basallevel ofTrk

autophosphorylation? We propose that much ofthe BDNF present in cortical neurons and/or their

atTerents is packaged in secretory vesicles (Fawcett et al., 1997), and is therefore unavailable to

neuronal TrkB reœptors until it is released by neuronal aetivity, much like a neuropeptide. In

contrast, although the amount ofBDNF delivered by noradrenergic afferents is low relative to the

total amount ofBDNF in the cortex, it is likely that this BDNF is being routinely secreted, since

noradrenergic neurons are constitutively active during waking hours (Harley, 1991). Thus, we

propose that the amoUDt ofTrkB reœptor activation in any given region ofthe cortex is not ooly a

funetion ofthe amount ofBDNF present in that region, but also ofthe amount ofBDNF secretion

that occurs in response to neuronal aetivity. Support for this model derives from our reœnt

findings that phannacological activation ofcortical afferent systems leads to rapid and drarnatic

increases in cortical TrkB autophosphorylation, presumably as a consequence ofactivity

dependent BDNF release (R. A1oyz, J. Faw~ and F.D. Miller, unpublished data).

What are the cortical perturbations observed in the DBH:BDNF mice in response to this

increased TrkB receptor activation? ln rats, noradrenergic neurons are barn trom El0 to E 13

(Lauder and Bloo~ 1974):. and their afferents reach the developing cortex by E16 (Schlumpfet

al., 1980):. a timepoint when cortical neurons are actively being born, migrating and differentiating

(Altman and Bayer:. 1990; Bayer and AItrnan, 1990). These afferents project through and branch

iota the marginal zone (Levitt and Moore:. 1979), which is essential for the appropriate formation

ofcortica1layers (Caviness, 1982), and which is one site ofperturbed cortical development in

response to NT-4 (Brunstrom et al.:. 1997). The DBH promoter is turned on in central

noradrenergic neurons shortly after they are barn (Hoyle et al., 1994), and our results confirm the

neonatal expression ofthe DBH:BDNF transgene. The resultant increase in cortical Trk receptor

activation tbroughout postnatal development presumably causes the decrease in neuronal number

observed in the anterior DBH:BDNF cortex. This phenotype could result trom any number of

underlyjng mechanisms, including premature neurogenesis, inappropriate migration, and/or

a1terations in neuronal survival; our data do not discriminate amongst these possibilities.
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Ahbough the cellular mechanisms underlying the cortical phenotype reported here are

unclear, the facial motoneuron studies indieate that afferent BDNF cao diredly regulate neuronal

survival. Facial motoneurons in the DBH:BDNF mice are not rescued from developmental death,

Iikely because they develop early relative to their noradrenergic innervation (Bayer and Altman.

1994). However, in neonates, when we know the DBH:BDNF transgene is on, increased BDNF

from noradrenergic neurons causes facial motoneuron hypertrophy, and rescues these neurons

ftom axotomy-induced death. Whether endogenous afferent BDNF plays a similar role is unclear.

However, our data with the BDNF+/- mice demonstrate that endogenous BDNF is essential for the

survival ofthese injured neurons, a1though these studies do not directly address the source ofthis

endogenous BDNF. Moreover, these latter studies demonstrate that relatively small a1terations in

endogenous BDNF (approximately two-fold) are sufficient to determine motoneuron survival

following injury. Thus, these two studies together strongly support the idea that alterations in the

amount ofBDNF secreted trom noradrenergic afferents could play a role in regulating the survival

ofdeveloping or injured target neurons.

In summary, our immunocytochemical data indieate thal BDNF is present in the axons and

terminais ofal least sorne noradrenergic neurons, and our studies with the DBH:BDNF mice

indieate that such an afferent source ofBDNF can affect the survival, differentiation and

maintenance oftarget neurons. We suggest that the previously-documented trophic eifects of

noradrenergic afferents on cortical development are al least partially mediated by BDNF.

Moreover, we suggest that activity-dependent presynaptic neurotrophin secretion and subsequent

activation ofpostsynaptic Trk receptors may provide a cellular mecbanism for modulating neural

circuitry either during development and/or in the rr.ature nervous system.
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Table 1. Monoamines and metabolltes in frontal (Fro) and entorhinal-plrirorm (EnPi) cortkts, hippocampus (Hlpp), and neostriatum (NS) or
control and tnn••nic mkt

Compound Fro EnPi Hipp NS

NA Control 1.12 ± n.16 0.90 ± 0.23 2.85 :!: 0.91 4.71 :!: 0.92
Transgcnic 1.72 ± 0.31 0.91 ± 0.18 3.63 :!: 0.12 3.46 ± 0.94

DA Control 0.16:!: 0.05 1.16 :!: 0.40 n.d. 58.26 :!: 3.13
Transgcnic 0.34 ± 0.06' 0.77 :!: 0.16 n.d, 64,50:!: 9.29

OOPAC Control 0.22:t 0.05 0.15 :t 0.34 n.d, 19.09 :!: 4.42
Transgenic n.30 ± 0.04 0.12 ± 0.22 n.d. 16.12 ± 2.51

HVA Control n.d. n.d. n.d. 5.13 :!: n.9R
Transgcnic n.d. n.d. n.d. 5.14:!: 1.02

3·MT Conlrol n.d. n.d. n.d. 4.42 :!: n.46
Transgenic n.d. n.d. n,do 5.46 ± 0.97

5·HT Control 4.02:!: 1.31 5.25 ± 1.18 4.15 :!: 1.18 3.25 :!: 0.14
Transgcnic 4.71 ± 0.69 4.53 ± 1.65 7.03 :!: 1.57 3.73 :t 0.74

5·HIAA Control 2.90 ± 0,80 3.3~ ± O.SO 5.70 ± 1.29 4.32 ± 0.74
Transgcnic 2.25 ± 0.33 3.04:!: 0.19 6.90 :!: 1.18 4.11 :!: 1.19

The values arc the menns :!: SEM (II = 6) in nanograms pcr milligram of protein. The compounds are NA, noradrenaline; DA, dopamine; DOPAC. 3,4.dihydrollypheny·
lalanine; UVA, homovanillic Ilcid: ;l·MT. 3·mclhollytyrllminc; S·UT, serolonin; and HiIAA. ~·hydrollyindole·3·acelicIlcid. n.d., NOl delcrmined. Slalislical cumparisomi
were mllde hy Sludent's 1 test.
'p < Il.Il5.

Table 1. Monoamines and met.boUtes in thalamus (Thal), hypothalamus (Hypo), bninstem (RS), and cerebellum (CR) or control and tl1ln••k
mire

Compound Thal Hypo OS CD

NA Conlrol 3.74:!: 0.80 13.03:!: 1.35 5.51 :!: 1.08 1.38 ± 0.18
Transgenic 3.56 ± 0.10 8.15 :!: 1.76 4.69 :!: 0.77 I.IO:!: 0.45

DA Control 2.30 ± 0.74 2.13 :!: 0.45 1.05 :!: (US n.d.
Transgcnic 1.73 ± 0.61 0.99 ± 0.11* 0.96 ± n.21 n.d.

DOPAC Control 2.23 :!: 0.54 6.72 :!: 0.53 0.99 ± 0.16 n.d.
Tnmligcnic 2,89 :!: 0.75 6.391: 1.64 0.86 1: 0.11 n,do

HVA Control 2,SU:!: 0.75 2,H2:!: 1.11 I.UI ± O.IK n.d.
Trimsgcnic 3.40:!: 2.51 3,23 ± 0.72 1.23 :!: 0.21 n.d.

5-HT Control 5.081:0.63 6.61 :!: 1.33 7.97:!: I.(~ 1.83 :!: o.4~
Tntnsgenic 5,85 :!: 1.03 1.16:!: 1.98 8.42 ± n.91 I.XCI :!: U.5S

5·HIAA Conlrol 7.61 :!: 0.42 IU2:!: 1.66 9.48:!: 1.20 1.59 :!: n.2N
Tranligcnic 6.99 ± 1.25 1.31 ± 1.41 8.64 ± IJI 1.9S:!: CU1

The values lire the meltns :!: SEM (/1 = fi) in nanugrllms pcr milligrllm IIf pruteln. The l.'lImpllunds are NA. nnrlldrcnlllln~': OA. dllllilminc: IXlPA(', .\...·dih~,llrl\\~J1hcn~·
lalanine; "VA. humnvanillic ucid; ;Ii·flT. scmlllnin; IInd S·HIAA, ;Ii·hydrnltyindnle.~.ucelic IIcid. n.d.. Nllt dctcrmincd. Slllli~lklll l.'tlmJ1l1ri~lIn~ \Wt~· mmle tl~ Slllll~'nl\ 11~"1

'p < Il.115.
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VIII. Figure Legends:

Figure 3••: COlDparison of p-galactosidase reporter gene eKpression in adult Tal:nlacZ

transgenic and wildtype mice- 2mm tbick coronal slices stained with X-gal. (A) basal

forebrain (arrowhead), (8) hippocampus (long arrow), amygdala (short arrow), neocortex

(large arrowhead), hypothalamus (small arrowhead), (C) locus coeruleus (long arrow),

cerebellar Purkinje cells (short arrow).

Figure 3.b: p-galactosidase reporter gene expression in adult Ta.l:nlacZx DBH:BDNF

transgenic mice - 2mm thick coronal brain slices stained with X-gal. (A) Wildtype corte~

(B-F) Cortex ofDBH:BDNF transgenic mice. Arrows represent perturbations in X-gal staining

in DBH:BDNF cortex. Scale bar = 0.15mm.

Figure 3.1. Colocalization ofBDNF and dopamine-B-hydroxylase in tiben and nerve

terminais in the adult rat brain. Fluorescence photomicrographs ofthe rat brainstem double

labelled with antibodies to BDNF (A,D; visualized using a CY3-labelled secondary antibody), and

DBR (B,E; visualized using a CY2-labelled secondary antibody). Panels (C,F) are photographie

double-exposures; in these panels, yellow indieates regions ofdouble-Iabelling. (A,B,C) The

region ofnoradrenergic innervation rostral to the ventrolateral reticular region. Noradrenergic

Deuron cell bodies are DBH-positive (asterix), but are largely negative for BDNF, with sorne ceUs

exhibiting faint BDNF-irnmunoreactivity (large arrow head). However, the processes ofthese

noradrenergic neurons are largely positive for both BDNF and BDNF (arrows). (D,E,F) The

ventrolateral peri-olivary region is immunoreactive for both the BDNF antibody (D) and DBH

antibody (E) with punctate staining which may represent terminais or cut fibers: Spaœ bars = 50

J.1l1l.

Figure 3.2. BDNF and ORB are colocalized in Dons in the braÎnstem. Fluorescence

photomicrographs ofbrainstem sections double-Iabelled for BDNF and DBR as described in Fig.

3.1. (A-C) BDNF and DBH are colocalized in fine processes in the rostral ventrolateral reticular

region (arrows). (D-F) BDNF and DBH are colocalized in fibers (arrows) in the ventrolateral

peri-olivary region. The occasional single double-Iabelled punctate structure cao he visualized in

this region (arrow head). Space bars = 25 J.Ull.
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Figure 3.3. (A.B) BDNF espressioa is increased- in the locus coeruleus of DBH:BDNF mice.

Fluorescence photomicrographs at the level ofthe locus coeruleus in control (A) and line 0481

DBH:BDNF (8) animais that were immunostained with an antibody specifie to BDNF. Note that

in control locus coeruleus, the level ofimmunostaining is not above baekground~while in the

DBH:BDNF locus coeruleus, there are many BDNF-immunoreactive cell bodies (arrows). (C-F)

The level and pattern ofdopamine-B--bydroxylase immunostaÎning is not altered in

DBH:BDNF mice. (C,D) Fluorescence micrographs at the level ofthe locus coendeus in control

(C) and line 0481 DBH:BDNF (D) animais that were immuoostained with an antibody specific to

dopamine-B-hydroxylase, which recognizes noradrenergic and adrenergic neurons and fibres. The

pattern and level ofDBH immunostaining are similar in both cases. (EY) Darkfield micrographs

orcoronal sections orthe hippocampus trom control (E) and line 0481 DBH:BDNF (F) brains

that have been immunostained with anti-DBH, and visualized with peroxidase. 80th photographs

derive trom a similar level orthe hippocampus, and the dentate granule œil (DGc) and pYramidai

œil (Py) layers are marked. Note that, in darktiel~ the DBH-positive nerve fibers appear bright

silver/yellow (arrows), and there there are no apparent differenœs in the pattern or density of

DBH-immunoreactive fibers in transgenic versus control animais. Size bar = 100 J.1l1l.

Figure 3.4. (A.B) Endogenous levels of TrkB autopbosphorylatioa are increased in the

cortex of DBB:BDNF mice. while BDNF levels are uachaaged. (Top panels) Corticallysates

ftom individual adult (A) and 1 week old (8) control (-) and line 0498 DBH:BDNF (+) animais

were immunoprecipitated with anti-panTrk, and then analyzed by Western blots with

antiphosphotyrosine (4G10). To ensure that the observed increases reflected an. increase in the

activation ofTrkB~ the blots were reprobed with anti-TrkBout (TrkB). Image analysis quantitation

was used to normalize the level ofautophosphorylation orthe 145 kD TrkB band relative to levels

ofTekB peotein. The normalized data (shown in the graphs, with an n ofat least 3 individual

animais in each case) were anaIyzed statistica1ly for significance using a Students t-test. ·p<O.05~

·*p<O.OO5. 145 and 190 indicate the size ofthe two TrkB isoforms. (Bottom panels) Western blot

analysis ofBDNF protein in the cortex ofindividual adult (A) and 1 week old (8) control (-) and

line 0498 DBH:BDNF (+) mice. The graphs represent image analysis quantification ofthe data

obtained on the same Western blot ofthree individual control and transgenic animais, with the
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optical density (OD.) being arbitrary numbers. (C) BDNF levels are increased in the brainstem

ofDBB:BDNF lDice. Western blot anaIysis ofBDNF protein in the brainstem ofindividual 1

week old (top panels) and adult (bottom panels) coiltrol (-) versus line 0498 DBH:BDNF (+)

mice. The graphs represent image analysis quantification ofthe data obtained on the same

Western blot ofthree individual control and transgenic animais, with the optical density (0.0.)

being arbitrary numbers. Statistical anaIysis ofthese data demonstrate that BONF is significantly

increased in the brainstem ofadult and neonatal DBH:BDNF animais. *p<O.OS, **p<O.OOS.

Figure 3.5: Overe~pressionof BDNF in noradrenergic neurons lads to decreased-neuronal

numbers in the anterior neocorteL (A) Schematic drawing showing the rostral and caudal

levels that were anaIyzed for morphology ofthe neocortex. (8) Photomicrographs ofcoronal

Nissl-stained sections ofthe neocortex ofcontrol and DBH:BDNF transgenic mice. Right and

leftmost panels are from control animais, whereas the three innermost panels are ail ftom line

0498 DBH:BDNF animais. The top set represents the rostral level ofthe neocortex indieated in

(A) and the bottom set represents the caudallevel. Brackets define approximate boundaries ofthe

different corticallayers indicated in the leftmost panel. Size bar = 70 J.UIl.

Figure 3.6: (A) Facial motomeurons are hypertropbied in neoDafal DBB:BDNF transgenic

lDiœ. The average cross-sectional area ofP12 facial motoneurons were detennined by image

anaIysis ofcresyl violet-stained coronal sections ofthe appropriate brainstem level ofDBH:BDNF

rniœ oflines 0498 and 0481 versus their coDtrollittermates. In both lines ofDBH:BDNF mice,

facial motoneurons were significantly hypertrophied. ***p<O.OOS. (8) Neonatai facial

motoDeurons are rescued from uotomy-induced deatb in DBH:BDNF transgenic animais.

The facial nerve of5 day old control and DBH:BDNF animais were unilaterally transected and,

seven days later, seriai 16 JUIl sections were collected throughout the entirety ofthe facial nuclei.

The number offacial motoneurons was then determined in the contralateral, control versus

ipsilateral, transeeted facial nuclei by image anaIysis quantification ofthe number offacial

motoneurons in every fifth section. The results ofthis analysis are presented as a ratio ofthe

number ofneurons in the transected versus untransected nucleL The mean number offacial

motoneurons within each group is presented within the text. Note that in controllittermates, only

28% offacial motoneurons remain 1 week following a facial nerve transection, while in Iines
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0498 and 0481,69'/'0 and 66% offacial motoneurons rernai~ respectively. ***p<O.OOS, n = at

least 3 animais in each group. (C) Sunival ortransected racial motoneurons is reduced in

adult BDNF+/- mice compared to their BDNF+/+ littermates. Methods similar to those

described in (8) were used with the exception that unilateral facial nerve transections were

performed on 3 month old BDNF+/- versus BDNF+/+ animais. The results ofthis analysis are

presented as a ratio ofthe number ofneurons in the transected versus untransected nuclei. Note

that in BDNF+/+ littermates, 870/'0 ofmotoneurons remain 1 week following a facial nerve

transection, while in BDNF+/- mice, ooly 71% offacial motoneurons remain. ···p<O.OOS, n = 3

animais in each group. (D) BDNF levels are decreased iD the BDNF+/- brame Western blots of

equal amounts ofprotein ftom the cortex ofBDNF+/- versus BDNF+/+ mice were probed with an

antibody to BDNF. A similar decrease was observed in other regions ofthe BDNF+/- brain (data

not shown).
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CHAPTER IV: THE P75 NEUROTROPHIN RECEPTOR MEDIATES

NEURONAL APOPTOSIS AND IS ESSENTIAL FOR NATURALLY

OCCURRING SYMPATHETIC NEURON DEATH

1. Preface:

The "nellrotroph;c hypothesis" states th. target-derived troph;c factors mediate the

sllrviwd01illllervtItÏlIg lIellrons. However, receltt stlldies have high/;ghted differellt

mechtulÏSms oftklivery tuld IIUIitiple jilllctiOIlSlor cotaill lIeMrotrophim, extendillg their

scope ofhiologictJl tlCtivity heyolld thllt sllggested hy the nellrolrophic hypothesis. llIdeed,

acCllllUlllltillg evülellce Sllggestillg thllt BDNF, Ils weil as NT-J tUldNT-1/5, CIUI he

tmlerogradely trIUIsporled ;11 the CNS have demonstrated a 1I0vei metJIIS hy wh;ch

lIe1lrotrophim reglllllle the developmellt ofthe lfIIUIUIUIIitUI nervOIlS system. Olle example of

th;s, alld thefini examinatioll ofthejilllctÎOlltU re/evtUlce ofallterogrtulely-derived BDNF

011 Sllrviva/ tUld the tlevelopmellt ofttlrget nellrollS ;11 the mtIIIUIIIlIitlll nervolls system, luis

beell disclissed ill chapter IlL

Ullûl recently, the effects ofttlrget-derived, or tlllterogrtUlely-derived lIeurotrophim

h~ beellb6~ to be mediatetl throllgh approprillte Trk receptors, while the e.ffects 01
IIe1lrotroph;1I bilUlillg ID theP 7S llearotrophill receptor (NTR) have rellllÛned elllrive. More

recelltly, however, stlldies have demollStrated tlult ne"rotrophill hinding to thep 7SNTR

lallits in the activatiOIl ofWJrio"s riglllll t1'tlllSdIlctioll pllthways. III certtdll ceB"ltu

collteXts, the t'esllit ofp 75 actWatïOIl appetll'S to he the illdllctioll ofapoptosis, implicatillg the

lIe11rotrophins ill the control ofce" death in additiOIl to s"rvivaL For this reason, we

hypothesiz,ed that nellrotrophillS cOllldplay a lIovel role dIlring the development ofthe

nervollS system tIIId mediate lIpoptosïs via the p75NTR. Âs the extUnÏntltion ofthis

hypothesis 'hreatelled to be very complicated ill the celltrtJl nervolls system, we tllrlled to the

sympalhetic lIe"rons ofthe peripheralnervolls system as a model to test ollr hypothesis.

The tdm of'"is cll.ter is ID examine the: role 01target-derived, Md

tIIltocrine/plUtlCrille-derived BDNF on lIelirollS that do not express the cognate BDNF

receptor, TrlcB, but do expiaS the p 75 lIe11rotrophin receptor. The model system Ilsed 10

extUIIille 'his qllestioll is the sympat1letic lIe"rom 01tlle sllperlor cervical gallglia (SCG)•
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BDNF is apras«l ;11 bot" tü ItIrgm oft1Jae sylllplllll«ic IIMrollS, tllUI;1I sylllpllllu!tic

IIaU'OlIStU~ TIuu, dUs lfIOtÛI systeM proWtla tI biologiclllly relevt111t system ;11 wldela

ID extIIIIillt! th in vivo"'«1 ofBDNF 011 lI_rollS tlult do Ilot eJqIras '''e Cogllllte TrlcB

ncqtor. III tulditioll to ils b;oIogical relevtU1ce, tllis IIomogelleolls pop",atioll ofIIt!11rollS

providn lUI itkal system to examille t"e effects ~fp 7S receptor activation ad tlle mecllllll;sm

by wmc/a t"ese effects tue meditltet1.
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D. Abstract:

To determine whether the p75 neurotrophin reœptor (P75NTR) plays a role in naturally

ocaming neuronal deat~ we examined neonatal sympathetic neurons that express both the TrkA

tyrosine kinase reœptor and p75NTR. When sympathetic neuron survival is maintained with low

quantities ofNGF or Kel, the neurotrophin BDNF, which does not aetivate Trk receptors on

sympathetic neurons, causes neuronal apoptosis and increased phosphorylation ofc-jun.

Function-blocking antibody studies indieate that this apoptosis is due to BDNF-mediated

activation ofp75NTR. To determine the physiological relevance ofthese culture findings., we

examined sympathetic neurons in BDNF-/- and p7SNTR-I- miœ. In BDNF-/- mice, syrnpathetic

neuron number is increased relative to BDNF+/+ littennates, and in p75NTR-/- mice, the normal

period ofsyrnpathetic neuron death does not occur, with neuronal attrition occurring later in life.

This deficit in apoptosis is intrinsic to sympathetic neurons, since cultured p7SNTR-/- neurons die

more slowly than do their wild-type counterparts. Together, these data indieate that p75NTR can

signal to Mediate apoptosis, and that this mechanism is essential for naturally-occurring

sympathetic neuron death.
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III. Introduction:

The p75 neurotrophin receptor (P75NTR) (Johnson et al., 1986; Radeke et al., 1987) is the

first-discovered memberofa family ofreceptors, including fas and TNFRl, that have been shown

to mediate cellular differentiation and apoptosis (reviewed in Chao, 1994). p75NTR cao interaet

with ail ofthe mammalian members ofthe neurott'ophin family (reviewed in Levi-Montalcini,

1987; Barde, 1989; Snider, 1994), nerve growth faetor(NGF), brain-derived neurotrophic factor

(BDNF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4), with approximately equivalent

affinities (Rodriguez-Tebar et al., 1990; 1992). In contrast, the other family ofneurotrophin

receptors, the Trk tyrosine kinases (reviewed in Barbacid, 1994), display a specificity for binding

individual neurotrophins; NGF and NT-3 for TrkA (Cordon-Cardo et al., 1991; Klein et al., 1991;

Kaplan et al., 1991a; 1991b), BDNF and NT-4 for TrkB (Soppet et al., 1991), and NT-3 for Trke

(Lamballe et al., 1993; Tsoulfas et al., 1993). While much is known about the signaling and

biological roles ofthe Trks in neurons in vivo and in vitro, the functional role ofp75NTR in

neurons has remained elusive.

p75NTR was originally reported to function as a positive regulator ofTrkA activity in a

number ofneural œlllines (Barker et al., 1994; Ip et al., 1993; Benedetti et al., 1993; Verdi et al.,

1994). The initial report ofthe p75NTR knockout mouse apparently supported this hypothesis,

since these miœ exhibited a loss ofnociceptive and thermosensitive sensory neurons (Lee et al.,

1992), phenotypes observed in a more severe form in the NGF (Crowley et al., 1994) and TrkA

knockout mice (SmeYDe et al., 1994). However, other defects have been observed in the p75NTR

knockout mice that are more difficult to expIain on the basis ofp75NTR positively regulating

TrkA, such as a selective loss ofsympathetie innervation without an apparent loss ofsympathetic

neurons (Lee et al., 1992; 1994) and an increase in the number ofbasal forebrain cholinergie

neurons (van der Zee et al., 1996) with a coincident increase in cholinergie innervation ofthe

hippocampus (Yeo et aL, 1997).

More recent evidence indicates that, in addition to modulating Trk function, p75NTR

signais on its OWD. Specifically, in neural celllines and glial cells, neurotrophin binding to

p75NTR stimulates the generation ofceramide (Dobrowsky et al, 1994; 1995; Casaccia-Bonnefil

et al., 1996), activation ofNFkB and translocation ofthis protein to the nucleus (Carter et al.,

1996), and enhancement ofJun kinase (JNK) activity (Casaccia-Bonnefil et al., 1996). Sueh

signalling likely mediates the etTects ofNGF on Schwann cells, whieh do not express TrkA, and
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which respond to NGF with migration (Anton et al." 1994). Similarly" NGF-mediated activation

ofp75NTR signalling in cultured oligodendrocytes leads to apoptosis (Casaccia-Bonnefil et al."

1996).

In spite ofthis progress in our understanding ofp75NTR function in œlllines and glial

cells" the functional mie ofthis receptor in neurons remains elusive. However" a number ofrecent

studies indieate that p75NTR may play a role in regulating neuronal survival. Fir~ Rabizadeh et

al. (1993) reported that p7SNTRdecreased survival ofa neural tumor cellline in a ligand

indePendent fashion, while Barrett and Bartlett (1994) reported that functional ablation of

p75NTR enhanced survival ofcultured postnatal sensory neurons. However" neither ofthese

rePOrts determined whether p75NTR mediated these resPOnses on its own" or by modulating Trk

aetivity. SecorxL addition ofNGF in vivo to neurons orthe developing chick isthmo-optic

nucleus, which express p7SNTR but not TrkA, 100 to œil death by an undetined mechanism (von

Bartheld et al., 1994). Third, addition ofanti-NGF antibodies to the developing chick retina led to

decreased death ofœlls that express p7SNTR but not TrkA (Frade et al." 1996). In this latter

study" unlike that with the chick isthmo-optic nucleus neurons, addition ofexcess NGF had no

etTect. Finally" expression ofthe intracellular domain ofp75NTR as a transgene in mouse neurons

resulted in apoptosis of selected populations ofperipheral and central neurons" indicating the cell

death inducing potential ofp7SNTR (Majdan et al., 1997). However, while these studies implicate

p75NTR in neuronal aPOptosis, the mechanism whereby this occurs" and its physiologica1 roles

remain unclear.

We have addressed these issues by investigating the role ofp7SNTR in postnatal rat

sympathetic neuroDS during the developmental period ofnaturally-occurring œil death. These

neurons express relatively high levels ofTrkA and p75NTR, low levels offunctional Trke

(Bel1iveau et al." 1997), and have an absolute requirement for NGF for survival (Levi-Monta1cini

et al., 1960&; 1960b). We bave recently demonstrated that TrkA activation is necessary for

sYmpathetic neuron survival" and that NGF and~-3 are bath capable ofeliciting TrkA activation

on these neurons (Belliveau et al., 1997). However" surprisingly, while NT-3 is as effective as

NGF in mediating neuritogenesis, it is 2- to 4-fold less effective al mediating neuronal survival at

equivalent levels ofTrkA activation. Since NT-3 is much less efficient al aetivating TrkA than

NGF (Cordon-Cardo et al., 1991; Belliveau et al., 1997) and approximately equivalent at binding

p7SNTR (Rodriguez-Tebar et al., 1992), we hypothesized that this difTerence in survival was a
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consequence ofa balance between ditTerentiai activation ofTrkA versus p7SNTR on sympathetic

neurons. In studies reported here, we have tested this hypothesis. Our data indieate that p75NTR

can signal to mediate neuronal apoptosis, and that this mechanism is essential for naturally

occurring sympathetic neuron œil death.
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IV. Materials and Metbods:

Primary Neuronal Cultures

Mass cuhures ofpure sympathetic neurons from the superior cervical ganglion (SeG) of

postnatal day 1 rats were prepared as previously described (Ma et al., 1992). Neurons were plated

on rat tail collagen coated tissue culture dishes; 4 weil plates (Falcon) for morphological

measurements, 6 weil plates for biochemistry, and 48 well plates for MTT assays. Low density

SeG cultures were used for all ofthe survival assays; for the Mn assays, neurons were used at a

density of 1,500-2,000 neurons per weil ofa 48 weil plate. Similar neuronal densities were used

for the TUNEL assays, but the neurons were plated on poly-d-lysine and laminin. For

biochemistry, approximately 100,000 neurons were plated per weil ofa 6 weIl dish. For all

experiments, neurons were initially cultured for 5 days in the presence of lOng/ml or 50 ng/ml

NGF. At the end ofthis 5 day selection, neurons were washed several times in neurotrophin-free

media prior to addition ofthe new neurotrophin- or KCL-containing media

NGF for these experiments was purified from mouse salivary glands (CedarLane, Homby,

ON). Purified recombinant NT4 was obtained from Genentech (South San Francisco, CA). Two

sources ofrecombinant human BDNF (Amgen,Thousand Oaks, CA; Preprotech, Rocky Hill, NJ)

were used for these experiments to ensuce that the results were not due to unsuspected toxicity

associated with one ofthe sources. Both preparations ofBDNF caused TrkB autophosphorylation

on TrkB-expressing NIH-3T3 cells (D. Kaplan, unpublished data). Moreover, these sources of

BDNF have been used on primary cultures ofcortical progenitor cells, cortical neurons, and

hippocampal neurons, with no evidence ofcytotoxicity (data not shown). The p75NTR funetion

blocking antibody REX (Weskamp et al., 1991) (the kind gift ofDr. L. Reichardt, U.C.S.F.) is

directed against the extracellular domain ofthe receptor, and was used as an antiserum at a

dilution of 1:150.

Mouse sympathetic neurons were cultured by a modification ofthe method used for rat

neurons. Specifically, neurons were dissected and triturated as for rat neurons (Ma et al., 1992),

exœpt that neurons were dissociated in the presence ofmedia instead ofsaline solution. Neurons

were then plated on collagen-ooated culture dishes in Ultraculture media (BioWhittaker)

containing 2mM glutamine, 100 units Penicillinlml, 100 J.1g streptomycinlml, 3% fetal bovine

serum (Life Technologies), and 50 ng/ml NGF. Three days following plating, the neurons were

fecl with the same media containing 0.5% CYtosine arabinoside.
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TUNEL and Survival Assays

TUNEL assays were performed as previously described (Slack et al., 1996). For survival

assays, anaIysis was performed 48 hours 181er using non-radioactive cell proliferation (MTI)

assays (Celltitre 96, Promega). Twenty microliters ofthe MIT reagent as added to each weil and

left for 90 min. followed by the addition of200 J..Ü ofsolubilîzation solution to lyse the cells. &ch

condition was repeated in quadruplieate. In each assay, baseline (0010 survival) was considered to

he 0 ng/ml NGF, and 10 ngfml NGF was considered to he 100010 survival. Ali other conditions

were related ta these values. For the REX experi~ent,neurons were washed with neurotrophin

free media for 3 hours, and were then preincubated in media + KCI + REX for 2 hours, al which

point the BDNF was added for 48 hours.

Survïval assays for p75NTR-/- versus p75NTR+/+ neurons were Performed by counting

randomly-selected fields ofcultured neurons. SPecifically, after 5 days in culture, neurons were

washed with four changes ofneurotrophin-free media for a total of2.5 houcs, and then maintained

in media with no added neurotrophins. The numb« ofphase-bright neurons with neurites in

randomly-selected, 5.3 mm2 fields was counted immediately following the switch to NGF-free

media, and was recounted in the same fields al 24 houc intervals for 5 days. In each individual

experiment, each condition was repeated in triplicate. As controls for the p75NTR-/- neurons,

nemons were adtured trom mice ofeither C 129 or CD1 backgrounds. ReSlllts for neurons from

either background were similar, and were therefore combined. In three ofthe five experiments

analyzed, p75NTR-/- and p75NTR+/+ neurons were cultured at the same time in the same 48 weil

plates to eliminate potential variability.

ImmunoprecipitatioDs and Westem Blot Analysis

For Trk assays, sympathetic neurons were lysed in Tris buffered saline (TBS) Iysis buffer

(Knusel et al., 1994) containing 137 mM NaCl, 20 mM Tris (pH 8.0), 1% (v/v) NP-40, 10010 (v/v)

glycerol, 1 mM phenylmethyl sulfonyl fluoride (PMSF), 10 f.l8Iml aprotinin, 0.2 J.18/mlleupeptin,

5 mM Phenanthroline, and I.S mM sodium vanadate. 1 ml ofcoId TBS was added to one or two

wells ofa 6 weil dish, and cells were colleeted, resuspended in 100 J.Û Iysis buffer, and rocked for

20 min al 4° C. Bach sample was vortexed for 10 sec, and cleared by centrifugation. The Iysates

were normalized for protein concentration using a BCA Protein Assay Reagent (pierce, Rockford,
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DI). Total Tric protein was immunoprecipitated using 3 III ofanti-panTrk 203 (the kind gift ofDr.

David Kaplan), and TrkA using 2 J.lI ofanti-TrkA RTA (the kind gift ofDt-. L. Reichardt). The

immunoprecipitates were collected with Protein A-sepharose (phannacia) for 1.5 hours at 4° C

followed by centrifugation.

For Western blot analysis, precipitates were washed three limes with cold lysis buffer,

OOilOO in sample buffer (2% SOS, 100 mM dithiothreitol~ 10010 glycerol, and 0.05% bromophenol

blue) for 5 min, and electrophoresed on 8.0010 SDS-polyacrylamide minigels. After

electrophoresis, proteins were transferred to 0.2 J.Ul1 nitrocellulose for 1.0 hours at 0.5 Amps, and

the membrane washed 2 x 10 min in TBS. For all antibodies except anti-phosphotyrosine, for

which membranes were blocked in 2% aSA (Sigma Chemical Co), membranes were blocked in

5% non-fat dry milk, in TBS for 2.5 hours. Membranes were then washed 2 x 10 min in ms, and

the primary antibodies were used ovemight at 4°C al dilutions of 1:5000 for antiphosphotyrosine

4GIO (UBI), and 1:1000 or 1:2000 for anti-panTrk 203. Secondary antiOOdies were incubated for

1.5 hours al room temperature, and were used al dilutions of 1:10,000 or 1:20,000 for a goat-anti

mouse horse radish peroxidase (HRP) antibody (Boehringer Mannheim Biochemicals; used for

anti-phosphotyrosine), 1:10,000 for a goat anti-rabbit HRP antibody (Boehringer Mannheim

Biochemicals; used for anti-TrkA) and 1:2000 for Protein A-HRP (Sigma Chemical Co; used for

anti-panTrk). Oetection was canied out using enhanced chemiluminescence (Amersham) and

XAR X-ray film (Kodak). Results were quantitated by image analysis.

For biochemical analysis ofc-jun, the collected cells were inwbated 20 minutes at 4°C in

Iysis buffer plus 0.5% SOS. After protein determination, 50 IJg ofprotein was boited in sample

buffer, and separated on a 10010 acrylamide gel, transferred, and Western blotted with antibodies

specific to c-jun at al:1000 dilution, using the protocols described above. For the e-jun

experiments, two different antibodies were used, anti-e-jun J3192 (Transduction Labs), and anti-c

jun SC-822 (Santa Cruz). Both antibodies produced similar results on Western blots.

ADalysis ofBDNF -/- and p7SNTR -1- Mice

Miee heterozygous for a targetted mutation in the BDNF gene (Ernfors et al., 1994) and

homozygous for a targetted mutation in the p75NTR gene (Lee et al., 1992) were obtained from

Jackson Labs (Bar Harbor). The BONF -/- miee were maintained in a Cl29IBalbC background.

The p75NTR-I- mice were originally generated in a C 129IBaibC background (Lee et al., 1992),
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were crossed back into a C129 background prior to purchase from Jackson Lab~ and were then

maintained as homozygotes. Progeny from BDNF heterozygote crosses were screened for the

mutant allele(s) usiog PCR. To amplify the wildtype a1lele, two PCR oligooucleotide primers

were used (5'-ATGAAAGAAGTAAACGTCCAC-3' and 5'-

CCAGCAGAAAGAGTAGAGGAG-3') to generate a 275 nucleotide produet. Ta amplify the

mutant a1lel~ two oligonueleotide primers specifie to this a1lele were used (5'

GGAACrrCCTGACTAGGGQ-3' and 5'-ATGAAAGAAGTAAACGTCCAC-3') to generate a

340 nucleotide product.

For morphometric analysis, the SCG were removed and immersion-fixed in 4%

paraformaldehyde in phosphate butter (PB) for 1 hour to ovemight at 4° C. Ganglia were

ayoprotected in graded sucrose solutio~ 7 tJ.IIl thick sections were serially cut on a cryosta~ and

every section was collected and thaw-mounted onto chrom-alum subbed slides. Siides were

stained with cresyl violet and morphometric analyses were performed using a computeroabased

image analysis system (Biocom, France). Neuronal sizes were determined by randomly

measuring the cross-sectional area ofneurons containing a distinct nucleolus. Neuronal numbers

were determined by counting ail neuronal profiles with nucleoli on every third section for the

BDNF -/- mice, and every fourth section for the p75NTR-I- mice, as per Coggeshall (1984). This

sampling frequency (every 21 and 28 J.lDl, respectively) ensures tbat neurons are not double

counted, since the average neuronal diameter does not ex:ceed 21 lJ.IIl in any ofthe groups

examined (see Results section). This method does not correct for split nucleoli. As a second

approach, neuronal numbers were estimated using measurements oftotal SCG volume and

neuronal density. To determine ganglion volume, the combined cross-sectional area ofevery third

(BDNF-/-) or every fourth (P75NTR-1-) seriai section was measured. This cross-sectional area

was nonnalized for total number ofsections, and multiplied by 7 tJ.1l1 (the section thickness) to

obtain the total SCG volume. To measure Mean neuronal density, the number ofneurons in a

randomly-applied sampling window of 175 J.1m x 175 J.1Dl was counted. For the BDNF··l- and

BDNF+/+ animais, the sampling window was IS21J11l x 182 J.1I1l, and the Mean neuronal densities

were then normalized to a 175 lJ.Ill x 175 tJ.IIl sampling window (a normalization factor of I.OS).

To estimate neuronal number trom these two parameters, we calculated SCG volume x (mean

neuron number/214,375 IJ.m3
), where 214,375 IJ.m3 is the sampling window volume (175 J.1IIl x 175

J.UIl x 7 Ilm). This calculation was performed either i) on an individual ganglion basis or ii) using
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the mean volume and the mean pooled neuronal density obtained from al least 3 individual

animais. Sinœ the numbers obtained were similar in both cases, only the latter calculation is

presented in the results. SWistical results were expressed as the mean ± the standard error ofthe

mean and were tested for significance by a one-tailed Student's t-test.
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v. Resalis:

Differentiai Neurotrophin BindiDg to TrkA venus p75NTR Correlates witb Sympathetic

Neuron Survival venus Death

To detennine whether differences in neurotrophin binding to TrkA versus p7SNTR

regulate neuronal survival, as suggested by our previous results (Belliveau et al.~ 1997), we

compared NGF and NT-4~ bath ofwhich bind only TrkA and p7SNTR on sympathetic neurons.

For these studies, postnatal day 1 sympathetic neurons were tirst selected for 5 days in lOng/ml

NGF~ washed free ofNGF~ exposed to varying concentrations ofNGF and NT-4, and analyzed for

TrkA activation relative to neuronal survival. For the biochemical measurements, neurons were

exposed to these two neurotrophins for ten minutes, cell lysates were immunoprecipitated with

anti-TrkA(RTA; Clary et al.~ 1994)~ and the precipitated TrkA was analyzed for

autophosphorylation on Western blots using anti-phosphotyrosine. This biochemical analysis

revealed that NT-4 was similar to NT-3 in its ability to aetivate TrkA on sympathetic neurons (Fig.

4.1A; data not shown). NT-4 was~ however~ approximately 10 to 2o-fold less efficient al

activating TrkA than NGF (Fig. 4.1A), with 2.5 ng/ml NGF being equivalent to approximately 50

ng/ml NT-4.

Ta compare the survival promoting activity ofthese two TrkAlp7S ligands, we then

a.dtured the NGF-dependent neurons in 0 to 10 ng/ml NGF or 10 to 100 ng/ml NT-4 for 2 days

(Fig. 4.2A). MIT assays revealed that 2.5 and 5.0 ng/ml NGF supported approximately 55% and

85% sympathetic neuron survival, respectively. In-contrast, 50 and 100 ng/ml NT-4, which lead ta

approximately equallevels ofTrkA activation (Fig. 4.IA) supported ooly approximately 10010 and

25% neuronal survival, respectively. Thus, when compared to NGF, NT-4 was approximately 40

fold less potent at mediating neuronal survival, and approximately 5-fold less efficient when

normalized for similar levels ofTrkA autophosphorylation (Figs. 4.1A, 4.2A). Since NT-4 binds

far less weil ta TrkA than NGF~ and more efficiently to p75NTR (Rodriguez-Tebar et al., 1992)~

we hypothesized that, at low levels ofTrkA activity, coincident activation ofp75NTR might

"override" the TrkA survival signal.

To test this hypothesis, we cultured sympathetic neurons in limiting amounts ofNGF with

and without the presence ofa p7SN1R.ligand, BDNF. We chose the neurotrophin BDNF, which

binds to p75NTR (Rodriguez-Tebar et al., 1990), since BDNF does not bind to the two Trk

receptors present on neonatal sympathetic neurons, TrkA and TrkC (LantbaUe et al., 1991). We
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tirst confirmed biochemically that BDNF is selective for p75NTR on these neurons., byexamining

short- and long-term total Trk autophosphorylation. For the short-term experiments, neonatal

sympathetic neurons were grown for 5 days in lOng/mi NGF, and were then exposed to BDNF

for 10 minutes. Cellular Iysates were immunoprecipitated with an antibody that reoognizes ail

members ofthe Tric receptor family (anti-panTrk 203; Hempstead et al., 1992), and the

precipitated Trk examined for BDNF-induœd tyrosine autophosphorylation by probing Western

blots with anti-phosphotyrosine. These studies demonstrated that concentrations ofBDNF

ranging trom 30 to 100 ng/ml (Fig. 4.1B) did not lead to short-term activation ofTrk receptors on

syrnpathetic neurons.

For the long-term experiments, sympathetic neurons were selected for 5 days in 10 ng/ml

NGF, and then were switched for two days either to lOng/ml NGF plus 100 ng/ml BDNF or to 10

ng/ml NGF plus 100 ng/ml NGF; lOng/ml NGF was required in these experiments to support

neuronal survival. Two days 181er, the Tric proteins were analyzed for BDNF or NGF-induced

tyrosine phosphorylation (Fig. 4.1C). These studies revealed that, as previously reported

(Belliveau et al., 1997), 110 Dgfml NGF led to higher levels ofloDg-term Trk autophosphorylation

than did 10 Dgfml NGF. However, Tric autophosphorylation in lOng/ml NGF plus 100 ng/ml

BDNF was unchanged relative to 10 nglml NGF alone. Thus, as predicted, BDNF does not

activate either TrkA or TrkC on sympathetic neurons, and represents a p75NTR-selective ligand

for these experiments.

To test the hypothesis that at low levels ofTrkA activity, coincident activation ofp75NTR

could "override" the TrkA survival signal, we cultured sympathetic neurons in 50 ng/ml NGF for 5

days, and then switched them ioto 2.5 ng/ml NGF for two days, with or without BDNF. 50 nglmI

NGF was used for the initial selection since we have previously demonstrated (Belliveau et al.,

1997) that p75NTR levels are significantly highet" in sympathetic neurons cultured in 50 Dg/ml

NGF versus 10 nglmI NGF, whereas TrkA levels remain constant. 2.5 Dg/ml NGF was chosen for

the survival assay since this concentration ofNGF is limiting for TrkA activation and neuronal

survival under our assay conditions (Fig. 4.2A). MTf assays demonstrated that 2.5 ng/mi NGF

alone mediated survival of50-55% ofsympathetic neurons, and that the addition of 100 or 200

ng/ml BDNF reduced this survival by 43% and 58%, respeclively (Fig. 4.2B). In contrast, BDNF

had less ofan etTect when TrkA activation was increased; addition of 100 ng/ml BDNF in the

presence ofS ng/ml NGF reduced survival by 25% (Fig. 4.2C), and addition ofBDNF to 10 nglml
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NGF (which supports IOQDA survival) had no etTect (Fig. 4.2C). Thus., BDNF reduces TrkA

mediated neuronal survival, but only when the survival signal is suboptima1.

BDNF-Mediated Activation orp7SNTR Causes Sympatbetic Neuron Apoptosis in the

Absence ofTrkA Activation

One explanation for these data is that BDNF causes activation ofp75NTR, and that a

p75NTR-mediated apoptotic signalling cascade cao ovenide survival signais mediated by low

levels ofTrkA activation. An alternative explanation is that BDNF competes with low levels of

NGF for binding to p7SNTR, thereby afTecting NGF binding to TrkA (Barker et al., 1994). To

ditTerentiate these two possibilities, we performed survival assays using KCI instead ofNGF to

maintain sympathetic neuron survival. We first confirmed, as previously reported (Franklin et al.,

1995), that KCl maintained sympathetic neuron survival without aetivating Trk by measuring Trk

autophosphorylation in neurons eXPOsed to KCI for 10 minutes or 24 hours in the absence of

neurotrophin (Fig. 4. ID). Specitically, after an initial selection for 5 days in NGF, neurons were

washed free ofNGF, and then were exposed to 25 or 50 mM KCl for 10 minutes or 24 houes.

Cellular lysates were immunoprecipitated with anti-panTrk, and the precipitates were analyzed by

Western blot analysis with anti-phosphotyrosine (Fig. 4.10). These experiments confirmed tha~

as previously reported (Franklin et al., 1995), KCI did not lead to an increase in

autophosphorylation ofTrk either in the short- or long-term.

We then performed survival assays with KCl as we had done for NGF and BDNF;

sympathetic neurons selected in 50 ng/ml NGF for 5 days were switched to KCl with or without

BDNF for two days. These assays were performed under two conditions. In one case, we used 25

mM KCI, which Mediates maximal sympathetic neuron survival (1300.10 relative to 10 nglml NGF),

and in the second, we used 12.5 mM KCl, which is suboptimal, mediating approximately 80-85%

survival (Fig. 4.20). MIT assays revealed that the addition of 100 ng/ml BONF to 12.5 or 25

mM KCl decreased neuronal survival significantly in both cases (Fig. 4.20). To determine the

concentration range ofthis BDNF-mediated killing, we Performed similar experiments using 12.5

mM KCl with the addition of30 to 200 ng/ml BDNF. MIT assays revealed a concentration

dependent decrease in neuronal survival commencing al 30 ng/ml BDNF (Fig. 4.2E). Thus,

BDNF was sufficient to "override" survival signais mediated by KCl in a concentration--dependent

fashion.
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To demonstrate that the Jack ofneuronal survival detected using MIT assays corresponded

to neuronal apoptosis, we monitored the neurons morphologically, and by TUNEL assays.

Sympathetic neurons were tirst selected in 50 nlY'ml NGF, were washed free ofneurotrophin, and

then were switched to 12.5 or 25 mM KCl with or without BDNF. As controls, neurons were

switched to 10 ngfml NGF or were maintained without NGF. Eighteen hours following the

switch, neurons maintained in 10 ng/ml NGF or 12.5 mM KCI exhibited no TUNEL-positive

nuclei, white neurons withdrawn trom NGF or maintained in 12.5 mM KCI + 100 ng/ml BDNF

showed Many TUNEL-positive nuclei (Fig. 4.3A-D). Similar results were obtained with neurons

maintained in 25 mM KCI (data not shown). Dy 4~ hours, morphological examination revealed

that ail neurons maintained in 10 nwml NGF were alive (Fig. 4.3E), while in 12.5 mM KCl, Many

neurons were alive, but sorne were also showing morphological signs ofœil death (Fig. 4.3F),

consistent with the MTf survival assays (Fig. 4.2D). In contrast, no neurons were apparently alive

after 48 hours ofculture in 0 NGF or in 12.5 mM KCl plus 100 ng/ml BDNF (Fig. 4.3G,H).

We also performed similar TUNEL assays on sympathetic neurons maintained in

suboptimal concentrations ofNGF and coincidently exposed to BDNF. Specifica1ly, sympathetic

neurons were cultured for 5 days in 50 ng/ml NGF, and switched to 5 nwml NGF plus or minus

100 nlY'ml BDNF. TUNEL-Iabelling was performed 24 hours following this switch; this analysis

demonstrated a statistically-significant increase in the number ofTUNEL-labelled cells in the

cultures exposed to BDNF (p<O.03; data not shown).

Together, these data suggest that BDNF leads to p7SNTR activation, and that this

activation causes neuronal apoptosis. To directIy test this hypothesis, we used the funetion

blocking p75NTRantibody, REX (Weskamp et al., 1991; Cassaccia-Bonnetil et al., 1996).

Specifically, neurons were cultured in 50 ng/ml NGF for 5 days, and were then switched to 25

mM KCI with or without the addition of 100 ng/ml BDNF and/or REX. Two days 181er, MIT

assays were used to monitor neuronal survival. These experiments (Fig. 4.4A) demonstrated that

REX was able to inhibit the BDNF-mediated apoptosis ofsyrnpathetic neurons, indicating that

p7SNTR Mediates most, ifnot ail, ofthe apoptotic effects ofBDNF.

BDNF Leads to Increased Phospborylation ofc-Jun

Previous work bas demonstrated that increased expression and phosphorylation ofc-jun is

necessary for sympathetic neuron apoptosis caused by NGF withdrawal (Ham et al., 1995; Estus et
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al., 1994). Moreover, p75NTR bas been demonstrated to aetivate the kinases that phosphorylate c

jun, the jun kinase (JNK) family, in cultured oligodendrocytes (Casaccia-Bonnefil et al., 1996).

We therefore examined c-jun in sympathetic neurons induced to undergo apoptosis by p7SNTR

activation. To perform these experiments, neurons were selected for 5 days in 50 ng/ml NGF, and

then were switched to 12.5 or 25 mM KCl plus or minus BDNF. 18 hours following this switch,

cellular lysates were analyzed by probing Western blots with an antibody to c-jun. As controls,

neurons were maintained in 10 ng/ml NGF, or were withdrawn from NGF.

These experiments demonstrated that, as previously reported (Ham et al., 1995), NGF

withdrawalled to a shift in c-jun to a larger size, indicative ofphosphorylation (Fig. 4. lE). A

similar shift in c-jun size was detected in neurons cultured in either 12.5 (Fig. 4. lE) or 25 (Fig.

4.1F) mM KCI plus 100 or 200 ngtml BDNF, relative to Kel alone. Thus, BDNF induces c-jun

phosphorylation in sympathetic neurons coincident with neuronal apoptosis, suggesting that one of

the signal transduction pathways leading to neuronal apoptosis in response to NGF withdrawal is

similar to that induced by p75NTR activation.

Sympathetic Neuron Number is Increased and Sïze Decreased in BDNF -/- Mice

These in vitro experiments indieate that, when neonatal sympathetic neurons are exposed

to a suboptimal survival signal, activation ofp75NTR by BDNF leads to neuronal apoptosis. Ifa

similar cellular mechanism occurred in vivo during the period ofnatura1ly-occurring œil death,

then one would predict that in the BDNF -/- mice (Ernfors et al., 1994; Jones et al., 1994), there

would he an inccease in the number ofsympathetic neurons. To test this prediction, we analyzed

the number ofsympathetic neurons ofthe superior cervical ganglion at postnatal day 15,

immediately following the period oftarget competition and œil death (Hendry and Campbell,

1976; Wright et al., 1983). Specifically, SeG from BDNF +/+ (Fig. 4.5A) and -/- (Fig. 4.5B)

littermates were serially seetioned at 7 J.1.ll1, and the- number ofneurons with an identifiable

nucleolus were couoted on every third section. This analysis demonstrated a statistically

significant increase of36% in the relative number ofsympathetic nemons in BDNF -1- mice

relative to their BDNF +/+ Iittermates (BDNF +/+: 15,69O±617, BDNF -/-: 21,318±1627, p =
0.009; n =6 animais each) (Fig. 4.58, Table 4.1).

To confirm the increase in number ofsympathetic Deurons in the absence ofBDNF, we

estimated neuronal number using a second approach. Specifically, we ftrst determined the volume
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ofthe SCG by measuring the total cross-sectional area ofevery third section throughout the

entirety ofindividual ganglia, and then normalizing for sampling frequency and section thickness

(Table 1). We then determined the Mean number ofneurons in a randomly-selected sampling

volume of214,375 Dm3 trom 3 animais ofeach genotype (Table 4.1). This latter analysis

demonstrated that neuronal density was signiticantly higher in the SCG ofBDNF-/- animais

versus their BDNF +/+ littermates (P<O.OOOI; Table 4.1, Fig. 4.S~B). The volume and density

measurements were then used to estimate the total number ofneurons within the SCG as

14,358±437 in the BDNF+/+ animais and 17,150±328 in the BDNF-/- animaIs (Table 4.1), a

statistically-signiticant increase (p = 0.003). These numbers are statistically similarto those

derived by direct counting (p>O.OS), and support the conclusion that there are increased numbers

ofsympathetic neurons in the BDNF-/- animaIs.

Finally, we determined the size of sympathetic neurons from the BDNF+/+ and BDNF-/

animais. This morphologjcal analysis revealed a statistically-signiticant decrease in sympathetic

neuron cross-sectional area (Fig. 4.5A,B; 4.6A) ofapproximately l.6-fold in the absence ofBDNF

(BDNF+/+: 222.24±6.S0 1-1JIl2, BDNF-/-: 142.49±9.21 1JIll2, P = 0.002; n = 3 animais each), a

tinding that is consistent with increased numbers ofneurons competing for limiting amounts of

NGF. Thus, these tindings indicate that BDNF in vivo May well Mediate sympathetic neuron

apoptosis, as we have documented in vitro.

Sympatbetic Neuron Death is DevelopmentaUy-Delayed in p7SNTR-I... Mice

u: as our results trom the BDNF -1... mice suggest, ligand-mediated activation ofp75NTR

is essential for naturally-occuning sympathetic neuron death, then this process should also be

perturbed in the absence ofp75NTR. To test this prediction, we examined sympathetic neuron

numbers in the p75NTR-/- mice during the normal period ofdevelopmental death, which occurs

during the first few postnatal weeks in rats (Wright et al., 1983; Hendry and Campbell, 1976;

Hendry, 1977). Since the p75NTR-I- mice analyzed in this study have been bred into a C129

background and are maintained as homozygotes, we made two types ofcomparisons; an internai

comparison trom birth to adulthood in the p75NTR-I... mice, and a comparison ofp75NTR-/... mice

with control animais ofthe same C 129 background.

For this anaIysis, we collected seriai 7 J..lm thick sections ofthe SCG, and counted the total

number ofneurons containing a nucleolus in every fourth section (Fig. 4.SC-E). Analysis of
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control C129 mice revealed~ as previously reported in~ naturally-occurring sympathetic

neuron death in the SeG occurred between birth and P23. Sympathetic neuron number al Pl was

25,328±927, at P4 was 23,196±568, at P23 was 13,415±1682 (a number similarto that observed

in the BDNF +/+ animais at PIS [Table 4.1]), and by adulthood was 14,667±799 (Figs. 4.6D,F,

Table 4.1). These counts demonstrated a 42% decrease in number ofSCG neurons between birth

and P23, after which numbers rernained constant (p = .0003, P4 versus P23; p>O.OS, P23 versus

adult; n = SPIs, 3 P4s, 5 P23s, and 5 adults). In contrast, in p75NTR-/- mice, the neuron number

at P4 was 32,468±2362, at P23 was 40,275±1368, and by adulthood was 22,254±1404 (Figs. 6E,F,

Table 4.1). Thus, in the absenceofp7~sympathetic neuron number did not decrease

between birth and P23, as seen in controls, but instead increased by 24% between birth and P23,

and then decreased 45% between P23 and aduhhood (p =0.02, P4 versus P23; p = 0.006, P23

versus adult; n = 4 P4s, 5 P23s, and S adults). This developmental profile ofsyrnpathetic neuron

number in the p75NTR-/- mice is very similar to that observed when neonatal rats are given NGF

systemically from P6 to P21 (Hendry and Campbell, 1976); naturally-occurring sympathetic

neuron death is eliminated, and the number ofsyrnpathetic neurons in the SCG increases 2()OJO

between P6 and P21, an increase attributed to the rescue ofsympathetic n~Jfons that are barn

postnatally (Hendry, 1977).

To obtain an independent estimate ofsympathetic neuron number over this developmental

interval, we measured SCG volumes and neuronal density as we had for the BDNF-/- mice (Table

4.1). Analysis ofcontrol C129 mice revealed that SCG volume increased from birth to P23 and

then remained relatively constant into adulthood (Table 4.1), as previously observed in rats

(Hendry and Campbell, 1976). In contrast, in the p75NTR ../- mice, SCG volume increased from

P4 to P23, but then decreased between P23 and adulthood. Moreover, p75NTR-/- SCG volume al

P23 was 1.7-fold larger than SCG volume in the corresponding C129 animais (p<O.05). Similar

ditTerences were noted in neuronal density. In the control C 129 animals, neuronal density

decreased from P4 to P23 (p<0.05, Table 4.1), and then remained constant into adulthood. In

contrast, in the p75 NTR -/- SCG, neuronal density was not significantly altered between P4 and

P23 (p = 0.27), but decreased between P23 and adulthood (p<O.05, Table 4.1).

The neuronal numbers estimated from the measurements ofganglia volume and neuronal

density confirmed the conclusions obtained ftom counting neuronal profiles (Table 4.1). In the

control C129 SCG, estimated neuron number decreasect between P4 and P23 (p = 0.013), and then
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rernained constant, while in the p7S NTR -/- SCO, estimated neuron number increased ftom P4 to

P23, and then decreased ftom P23 to adulthood (p = 0.030, Table 4.1). Moreover, the absolute

numbers obtained using this estimation were statistically similar to those obtained by direct

counting (in ail cases, p>O.OS.. Table 4.1). Thus, in the absence ofp75NTR, normal developmental

death ofsympathetic neurons does not occur, but is instead replaced by a delayed period of

neuronalloss between P23 and adulthood.

Since rat sympathetic neurons increase in size over this developmental interval, we also

determined neuronal size. As reported in rats (Hendry and Campbell, 1976), neuron size increased

gradually from birth to adulthood in control Cl29 animais (Figs. 4.5, 4.6B); the average cross

sectional area at Pl to P4 was 114.86±6.24 J.1m2
, at P23 was 240.73±16.43 J.1Il12, and in adults was

317.06±26.60 J.lI1l2 (Fig. 4.6C). These measurements correspond to diameters of 12.1 J.UI1, 17.5

J..U11, and 20.1 fJ.m respectively, numbers very similar to those previously reported in rats (Hendry

and Campbell, 1976). Sympathetic neurons trom p7SNTR-I- mice were similar in size to contrais

at P4 (cross-sectional area, 121.46±6.441J.11l2; diameter, 12.4 J..Ul1; p = .25, n = 3 animais each) and

in aduhhood (cross-sectional area, 318.72±5.17 J.1m2
; diameter, 20.1 J.UIl; p = .47, n = 3 animais

eacb) (Figs. 4.5, 4.6B). In contrast, at P23, p75NTR-I- sympathetic neurons were significantly

smallerthan their control counterparts (cross-sectional area, 167.47±11.1S fJ.M2; diameter, 14.6

J,IJll; P = .011, n = 3) (Figs. 4.S, 4.6B), consistent with increased neurons in the p7SNTR-I- mice

competing for limiting amounts oftrophic support.

Cultured p75NTR-I- Sympathetic Neurons Die More Slowly FoUowing NGF Withdrawal

The delay in sympathetic neuron death in the p75NfR-I- mice could be due to alterations

eitber intrinsic or extrinsic to the neurons themselves. To differentiate between·these two

possibilities, we cultured p75NTR-I- sympathetic neurons and examined their rate ofœil death

following NGF withdrawal. Specifically, sympathetic neurons ofthe postnatal day 1 mouse SCG

were cultured for 4 or S days in 50 nwml NGF, were washed to remove the NGF, and were then

maintained in 0 or lOng/ml NGF-containing media for 5 days. Fields ofneurons were counted

immediately upon NGF withdrawal, and at 24 hour intervals subsequent to the withdrawal.

This analysis (Fig. 4.48) revealed p75NTR-I- sympathetic neurons died significantly more

slowly than their wildtype counterparts in the absence ofNGF, indieating that the delay in

neuronalloss observed in vivo was intrinsic to the neurons themselves. Specifically, 48 hours
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following NGF withdrawal, 81.6 ± 2.90/0 p7SNTR-I- neurons plated at day 0 were still alive,

compared to 55.6 ± 4.8% ofcontrol neurons (p< 0.005, n = 5 each). Al 72 hours, 72.7 ± 3.5% of

p7SNTR-I- neurons werealive versus 39.8 ± 3.9010 ofcontrols (p<O.OOOl, n = 5), while al 96

hours, 63.9 ± 5.8% ofp7SNTR-I- neurons were still a1ive, as opPOsed ta 30.14 ± 2.901'0 ofcontrais

(p<O.OO5, n=5). By 120 hours, the last timepoint examined, 59.8 ±6.4% ofp75NTR-I- neurons

were still a1ive, compared to only 19.6 ± 2.3% ofcontrol neurons (p<0.OOO5, 0=5). Moreover, al

this final timepoint, ail ofthe control neurons were c1early dying, with fragmented neuntes, while

the p75NTR-I- neurons were clearly still healthy ~ith neuntes intact.

Thus, the lack ofp75NTR in sympathetic neurons themselves leads to a signiticant delay in

apoptosis ofthese neurons following NGF withdrawal, results that are consistent with the in vivo

delay in naturally-oceuning cell death.
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VI. Discussion:

Data presented in this paper demonstrate that BDNF-mediated activation ofp75NTR is

both neœssary and sufficient for the developmental aPOptosis ofsympathetic neurons competing

for limiting amounts ofsurvival factors. Specifically~ these experiments indicate~ in culture~

BDNF-mediated activation ofp75NTR is sufficient to "override" suboptimal survival signals~

whether they derive trom TrkA activation or chronic depolarizatio~ thereby leading to

sympathetic neuron apoptosis. Coincident with this apoptosi~ BDNF leads to phosphorylation of

the immediate early gene produet~ c-ju~ a biochemical event that is necessary for sympathetic

neuron apoptosis following NGF withdrawal (Ham et al.~ 1995; Estus et al., 1994)~ presumably via

activation ofp75NTR signaling. The in vivo relevance ofthese culture experiments is indieated

by two findings. First, in BDNF -/- mice (Ernfors et al.~ 1994; Jones et al., 1994), sympathetic

neuron number is increased relative to BDNF +/+ littermates~an effeet consistent with the lack of

activation ofp75NTR by BDNF. This is the first tinte such an increase in neuronal number has

been reported in neurotrophin knockout mice. Secon~ naturally-occurring sympathetic neuron

death does not occur normally in p75NTR -/- animais, but there is instead delayed neuronalloss

between P23 and adulthood. This delay in neuronalloss is intrinsic to the neurons themselves~

since p75NTR-I- sympathetic neurons display a similar delayed death in culture. Thus~ although

sympathetic neuron death cao occur without p75NTR, this receptor is required for developmental

aPOptosis to occur rapidly and appropriately.

What is the biological rationale for having two neurotrophin reœptors~ one ofwhich,

TrkA, Mediates survivat and one ofwhic~ p75NTR, Mediates apoptosis? We propose that

p7SNTR provides a molecular mechanism for ensuring rapid and active apoptosis when a neuron

is unsuccessful in competing for adequate amounts ofthe appropriate neurotrophin. Ifa

sympathetic neuron rcaches the appropriate target and sequesters NGF~ TrkA is robustly aetivat~

and any coincident activation ofp75NTR is insufticient to override tbis SUTVival signal.

Conversely~ ifa neuron is late-aniving and/or rcaches an inappropriate target, then TrkA would be

ooly weakly induced as a consequence ofthe lack ofNGF~ and p75NTR would be robustly

aetivated by neurotrophins such as BDNF. Our data indicate that the net outcome ofsuch a

scenario wouId be the rapid apoptotic elimination ofthat neurone Such a perturbation in the

normal period ofnatural1y-occuning œil death could at least partially explain the perturbations in

innervation observed previously in the p75NTR-I- mice; there is cholinergic hyperinnervation of
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the hippocampus in these mice (Yeo et al., 1997), and sympathetic innervation is perturbe(L with

targets such as the iris being normally innervated and targets such as the pineal gland completely

lacking sympathetic innervation (Lee et al., 1994). Data presented here indieates that this

penurbed sympathetic innervation is not due to a deficit in neuronal number, but is instead

presumably due to the failure ofp75-dependent mechanisms that are essential for matching

neurons to their target organs during the period ofnaturally-occurring cell death.

This model does not imply that p75NTR activation is the ooly means by which

sympathetic neurons die in the absence ofTrkA activation. In fa~ our data demonstrating loss of

sympathetic neurons between P23 and adultha<:KL and the death (albeit slow) ofcultured p75NTR

/- sympathetic neurons argue that inadequate levels ofTrkA activation do ultimately lead to the

death ofsympathetic neurons even in the absence ofp75NTR. Instead, we propose that p75NTR

activation represents a mechanism whereby exposure to an "inappropriate" neurotrophin is

sufficient to cause a rapid apoptotic death even in the presence oflow levels ofTrkA activation.

Such a mechanism would ensure that neurotrophins like NT-3 and NT-4, which weakly aetivate

TrkA (as shown here) would not maintain sympathetic neuron survival and circumvent the

absolute requirement for NGF, thereby leading to inappropriate target innervation. In fa~ our

data indieate that BDNF is not the ooly apoptotic p75NTR ligand ill vivo; after naturally-occurring

œil death, there are ooly approximately 36% more sympathetic neurons in the BDNF-/- mi~ but

at least twiœ as Many in the p75NTR-/- mice, implying that other Iigand~ potentially NT-3 and/or

NT-4, aet through p75NTR during developmental sympathetic neuron death.

Ifligand-mediated activation ofp75NTR is required for it to play an essential role in

sympathetic Deuron apoptosis, then why is there a delay in death ofcultured p75NTR-/- versus

control neurons in the absence ofexogenous neurotrophins? We have previously demonstrated

(Causing et al., 1997) that BDNF is synthesized in the rodent SeG in vivo. Moreover, cultured

sympathetic neurons synthesize BDNF, and BDNF cao be detected in media conditioned by

sympathetic neurons (C.C.G. Causing.. R. Aloyz, and F. Miller, unpublished data). On the basis of

these findings, we propose that autocrine BDNF may play a role in cultured sympathetic neuron

apoptosis following NGF withdrawal, a hypothesis we are currently testing. Does sympathetic

neuron-derived BDNF play a similar role in vivo? Although our data demonstrate an increased

number ofsyrnpathetic neurons in BDNF-/- mice, il is unclear whether the BDNF that is critical

for this eifect derives trom sympathetic neurons themselves and/or from sympathetic neuron
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targets. In this regar~we have previously demonstrated that BDNF made by sympathetic neurons

in vivo regulates their level ofpreganglionic input (Causing et aL, 1997). One could therefore

speculate that BDNF made by sympathetic neurons might serve bath to eliminate those

sympathetic neurons that did not innervate an appropriate target (and thereby receive adequate

TrkA activation),. and to ensure adequate preganglionic input for those neurons that did

sucœssfully compete for target territory.

The developmental profile of sympathetic neuron number observed in the absence ofp75

NTR is very similar to that observed when neonates are supplied with exogenous NGF, lending

support to the notion that the absence ofp75 NTR rescues sympathetic neurons trom the normal

period ofnaturaIly-occurring cell death. When NGF is given systemically to rats from P6 to P21,

not ooly are the neurons that normally die rescued, but,. as observed in the p75 NTR -/- mice,. there

is an increase ofapproximately 200A. in the number ofneurons (Hendry and Campbell,. 1976).

This increase is presumably due to the faet that,. during the early period efnaturally-occurring cell

death, sympathetic neuroblasts continue to proliferate; however, these later-bom neurons are

preferentially susceptible to programmed cell death, and the increase in number ofneurons born is

masked by the neuronal death that occurs at the same time (Hendry, 1977). It is therefore likely

that the increased number ofsympathetic neurons observed at P23 in p75NTR-I- mice is due to the

same phenomenon.

What are the biochemical mechanisms that allow p75NTR activation to override a TrkA or

KCI-mediated survival signal? Our results demonstrate that BDNF stimulated a

hyperphosphorylation ofc-jun concomitant with the appearance ofapoptosis.

Hyperphosphorylation ofc-jun has been previously notOO in postnatal rat sympathetic neurons

deprivOO ofNGF (Ham et al., 1995). Serum and NGF withdrawal from PC12 cells also leads to

sustained activation of~ the kinase that phosphorylates c-jun (Xia et al., 1995). The necessity

ofc-jun phosphorylation in these apoptotic responses was suggested by three types of

experiments; (1) expression ofdominant-inhibitory c-jun in rat sympathetic neurons protected

against apoptosis caused by NGF deprivation (Ham et al., 1995)~ (2) microinjection of sympathetic

.neurons with antibodies to c-jun inhibited cell death induced by NGF deprivation (Estus et al.,

1995), and (3) expression in PCI2 cells ofdominant-inhibitory MEKKl, which inhibits the

activity ofJNK, reduced apoptosis, while expression ofaetivated MEKK1, which indirectly

.aivates JNK, increased apoptosis (Xia et al., 1995). The observation that BDNF also stimulates
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e-jun phosphorylation suggests that the MEKKI-MKK4-JNK pathway May function in aplptosis

induced by both NGF deprivation and by activation ofp75NTR. However, we do not know

whether the components ofthe JNK pathway are necessary or sufficient for p75NTR-mediated

œil death. p75NTR activates several other signaling proteins, including NF-kB and perhaps

ceramide-activated kinases, which have been hypothesized to funetion in the induction of

apoptosis (Casaccia-Bonnetil et al., 1996). The mie ofeach ofthe p75NTR-stimulated signaling

proteins in apoptosis awaits experiments in which the activities ofthese Molecules are seleetively

blocked in BDNF-treated sympathetic neurons.

p75NTR activation couId a1so antagonize asuboptimal TrkA survival signal by a direct

action on the TrkA reœptor itself: Such a mechanism might involve alterations in p75NTR:TrkA

interactions to modify a high-affinity signaling complex (Hempstead et al., 1991; Ross et al.,

1995; Wolfet al., 1995) and/or a direct effect ofp75NTR signaling on the TrkA receptor

involving, for example, serinelthreonine phosphorylation by ceramide-activated kinases (MacPhee

et al., 1997). However, our data indicate that even ifp75NTR activation directly regulates TrkA

function, there must be further downstream actions of p75NTR that lead to apoptosis. This

conclusion derives from our finding that BDNF-mOOiated activation ofp75NTR 100 to apoptosis

in the absence ofTrkA activation, when neuronal survival was maintained by chronic

depolarization. It is also likely that cross-talk between the p7SNTR and TrkA is bidirectional. In

this regard, Dobrowsky et al. (1994) have demonstrated that a p75NTR-mediated ceramide

increase was antagonized by coincident activation ofTrkA. Thus, one ofthe mechanisms

whereby TrkA May support neuronal survival is by silencing a neurotrophin-mOOiated p7SNTR

death signal.

The finding ofan increased number ofsympathetic neurons in the BDNF -/- mice was

predicted by our culture findings, but was unexpectOO in light of previous studies on this growth

factor. The neurotrophins, including BDNF, are traditionally thought to regulate neuronal survival

positively via the Trk family oftyrosine kinase receptors (reviewed in Snider, 1994). Here, BDNF

antagonizes NGF or KCl-ioduced survival signais thrOUgh the activation ofp75NTR. Such a

mechanism, whereby the precise cohort ofneurotrophins to which a neuron is exposed determines

life versus death at the time oftarget innervation provides a level of sophistication that was

previously unsuspected. However, this additionallevel ofcomplexity provides a mechanism

whereby neurons can recognize oot ooly whether they are exposed to the "right" neurotrophin, but
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whether or not they are seeing the "wrong" neurotrophin. It is possible that such funetional

antagonism between Trk and p75NTR provides not only a mechanism for determining neuronal

swvival" but also a mechanism for elimination ofaxonal collaterals that innervate the

inappropriate target.

Finally, a1though our findings indicate that p75NTR can signal to Mediate sympathetic

neuron apoptosis during the period ofnaturally-occurring cell death,. they do not imply that

p75NTR-mediated signaling inevitably results in neuronal apoptosis. It is more likely that,. like

other members ofthis family, the outcome ofp75NTR-mediated signal transduction cascades is a

function ofcellular context. For example, depending upon the cellular environment, p75NTR

regulates cell migration (Anton et al., 1994), gene expression (ltoh et al., 1994), and cao positively

modulate TrkA signaling (Verdi et al., 1994; Barker et al., 1994). However, our findings indieate

that during the period ofnaturally occurring sympathetic neuron death,. the apoptotic actions of

p75NTR are essential for the establishment ofappropriate neuron:target interactions.

229



•n
.J.o.
C
~

~

tt

10NT
U~ 10 NGF

1412.SI<C' + 200 BDNF

rn
-i.,
7\

1

DI
~
tt.
•'0
~..,

10NGF

10 NGF+100 BDNF

-t.,
~

1
.~•.-

.~

AI
~

tt.
a

'tJ
~.,

o

10 NGF

110 NGF

10 NGF+100 BDNF

• »-t -t.., .,
7\ ~» »
t t

ONT

1 1 2.5 NGF

1 1 5NGF

1 - 10 NGF

t 1 SONT4, 1 100 NT-4

Da 1»::J ::s
~. tt.1

"C 1

1» 'tJ
::s ~... ..,...
~

., -t 0.,
~

n
..:.. 1c
::J

-t -t

~

., .,
~ ~

tt
..~; ONT ,~.' t ,

j'. -+ ' ~- 10 NGF

25 KCI - 25 KCI- 24h. r'l ~ ONGF

25 KCI + 100 BDNF

••. ,~ 50 KCI- 24h. •• 10NGF

If 25 KCI-10m.
, • 100BDNF

Il 50 KCI-10m. Da Da
::J ::J......-. -.

1»
• •"0 "0

::J DI ~
d'.•

a .,
"0

..,
~

;li':"

.,

aJ
-i.,
~

t
!, 0 NT

.,l 2.5NGF

.5NGF

'~: 30 BDNFt·
1»
::J
~

i"
'0
~..,



Survival Relative to 10ng/ml NGF

Survival Relative to 10ng/mlN. »

DI

~

N
~

b

..
b

o
é»

o
é»

oen

oen

o
:,..

o:,..

o
N

o
N

o
b

o
b

ONGF
2.5 NGF

5NGF
10 NGF
10 NT-4
25 NT-4
50 NT-4

100 NT-4

cSurvival Relative to 10 ng/ml NGF
a a a a a ~ ~ ~ ~ ~o N ~ m m b ~ ~ m m

25 mM KCI

•
12.5mM KCI

25 + 100 ng/ml BDNF

12.5 + 100 ng/ml BDNF

Survival Relative to 10 ng/ml NGF n
~

N
~

b
a am CD

a
~

a
~

a
b

5 ng/ml NGF

2.5 ng/ml NGF

5 + 100 ng/ml BDNF

10 ng/ml NGF

10 + 100 ng/ml BDNF

2.5 + 100 ng/ml BDNF

2.5 + 200 ng/ml BDNF

mSurvival Relative to 12.5 mM Kel
a a 0 0 a ~ ~o N ~ m m 0 ~

ONGF

12.5 mM KCI

12.5 + 50 ng/ml BDNF

12.5 + 30 ng/ml BDNF

12.5 + 100 ng/ml BDNF

12.5 + 200 ng/ml BDNF



•

•



, •
A B

a 1 ( i il' i

o 24 48 72 96 120

Time after NGF withdrawal (hours)
Exp. 2Exp. 1

0.00 ...1--'--'

_ 25mMKCI
1.50 , III!II 25 mM KCI + BDNF

_ 25 mM KCI + REX 120
b"J;io\ij'l 25 mM KCI + BDNF +REX 1 -.. p75NTR-'-

1.25 i 1 -0- Control

0 ~ 100
~

:E
E 1.00 80Il) lV
N >
0 .~....
~ 0.75 ::l

60(/)
:t= ..,
lU c:
Q)

~~
0.50 ~

40"Ci Q)

> a..
.~

::l
el 20en 0.25 J • .wm



•

•

..

..'

+---.
+
'- ..
Z
".....-=:

'- ~ uZ
E-~

"
....

~:::: -....,
~Ir. Q 1

Q.. < ... -



A • B C •
40

350 _C129 30000
~ 35 _ BDNF-/-

__ Control ~ p75NTR-'- 1 ***e 300
i 30

CI) 25000
c

z N 250 e
C) 25 E ~ 20000
0 ;:] z
(J) 20 - 200 (!)Cl)

N ~ 15000tU
èi5 150...

~ 15 c: '00
'0 L-

I ffi 10000
ë 10

~ 100 JJ

_I_JL.J~_
z E

~
~ 5000

5 50 z
Q)

0..

0 01 ~' ~-~ i 0

0 000 0 0 o 0 P1 ..P4 P23 Adult BDNF+/+ BDNF../-
0 &Cl 0 Il) 0 1,() o 0
~ ~ C\I C\I et) et) ,. ~, 1 1 1 , 1
0 ~ ~ ~ ~ ~ ~ 1\
&Cl o an 0 an 0 an

~ ~ N N et) (W)

FD E

8 45000 l --+- p75NTR-/-
.- 45000 ~ -0- C 129 control
:E ~ 45000 l n 40000
e 40000 -+ 40000-c Ir: II) 35000
cS 35000 ~ 35000

c:
0

Q) li) ~ 30000
~ 30000 'à. 30000 Q)

0 Z

.5 25000
.5 (!) 25000
~ 25000fil 0

c: e en 20000-e 20000 i 20000 '0~
li) Z Q) 15000z 15000 (!) 15000
(!) .a

U § 10000~ 10000 ~ 10000-
'0 0 z

5000
L-

5000 5000L- a>
CD JJ
.c E
E 0 ;:] o 1 ..... j"".......'. 0;:] Z 1

z P1 P4 P23 Adult P4 P23 Adult P1 P4 P23 Adult



•

•

Group SCGvolume Neuron Total estimated Total counted
(mm3

) numberPer neuron number neuron number
214375J.U113

C129 Pl .106 ± .008 S6 ± 7.2 27698 ±3846 25328 ± 927
C129P4 .121 ± .001 40 ± 0.3 22577 ± 171 23 196 ± 568
C129 P23 .120 ± .012 32 ± 2.2 17912 ± 1355 13 415 ± 1683
C129 adult .121 ± .009 30 ± 1.5 16933 ± 906 14667 ±799

p75NTR-/- P4 .170 ± .021 39 ±2.9 30927 ± 2576 32468 ±2362
p75NTR-/- P23 .202 ± .028 44 ± 6.7 41 460 ± 7197 40275 ± 1368
p75NTR-/- adult .172 ± .005 26 ± 3.9 20860 ± 3223 22254 ± 1404

BDNF+/+ PIS .102 ± .014 30 ± 0.8 14358 ±437 15690 ±617
BDNF-/- PIS .083 ± .004 44 ± 0.8 17 150± 328 21 318 ± 1627
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V1D. Figure Legends:

Figure 4.1. (A) NT-4 .etivates TrkA on sympathetic neurons. Sympathetie neurons were

selected in 10 ng/ml NGF for 5 days, washed free ofneurotrophin, and then exposed to various

concentrations ofNGF (from 2.5 to lOng/mi) or NT-4 (50 and 100 ng/ml) for ten minutes.

Cellular Iysates were immunoprecipitated with an antibody specifie to TrkA, and probed first with

anti-phosphotyrosine (anti-ptyr) to visualize TrkA autophosphorylation, and then reprobed with

anti-panTrk to monitor total TrkA levels (anti-pantrk). Ali samples were normalized for equal

amounts ofprotein. (B,C) BDNF does not activate Trk on sympathetic neurons. (B) To

examine short-tenn Tric autophosphorylation, sympathetic neurons were washed free ofNGF and

exposed to 2.5,5, or 10 ng/ml NGF orto 30 or 100 ng/ml BDNF for 10 minutes. Total Trk

protein was immunoprecipitated with anti-panTrk., and Trk autophosphorylation analysed by

blotting with anti-phosphotyrosine (anti-ptyr). In the bottom pane~ the same blot was reprobed

with panTrk antibody 203 (anti-pantrk) ta ensure that similar amounts oftotal Trk protein were

present in alilanes. (C) To examine long-term Trk autophosphorylation, sympathetie neurons

were selected in 10 ng/ml NGF, and then switehed to 10 ng/ml NGF (10 NGF), 110 nwml NGF

(110 NGF), or 10 ng/ml NGF + 100 nwrnl BDNF (10 NGF + 100 BDNF). Analysis ofTrk

autophosphorylation was performed as in (D). In ail cases, samples were normalized for equal

amounts ofprote~ and blots were reprobed for total Trk protein levels. (D) Ka treatment does

not lead to Trk activation on sympathetic oeurons. Sympathetie neurons were washed free of

neurotrophin, and switched to 10 nwml NGF for 10 minutes, or ta 25 or 50 mM KCl for 10

minutes or 24 hours. Tric autophosphorylation was analyzed as in (8). (E,F) BDNF-mediated

activation or p75 leads to increased phosphorylatioo orc-juo. Sympathetie neurons were

selected in 50 nwml NGF, washed free ofneurotrophin, and then switehed to 10 ng/ml NGF, or

12.5 or 25 mM KCl plus or minus BDNF. EighteeJ'l hours later, cellular lysates were analyzed for

c-jun on Western blots. (E) As previously reported (Ham et al., 1995), the size ofc-jun inereases

in response ta NGF withdrawal, a shift indicative ofincreased phosphorylation. 200 ng/mi BDNF

cansed a similar size shift in the presence of 12.5 mM KCl. (F) This size shift was specifie to

BDNF and not to KCl, as shown here with 25 mM KCI plus or minus 100 ng/ml BDNF.

Figure 4.2. (A) NT-4 is s..rold less efficient than NGF at supporting sympathetic neuron

sunival at equivalent levels ofTrkA autophosphorylation. A comparison of sympathetic
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neuron survival in response to 2.5-10 ng/ml NGF versus 10-100 ng/ml NT-4, as monitored using

MIT assays that measure mitochondrial funetion and cell survival. Neonatal sympathetic neurons

were cultured in lOng/mi NGF for 5 days in 48 weil dishes, washed free ofneurotrophin

containing medium, and then incubated for 2 days in various concentrations ofNGF or NT-4, as

indieated on the x-axis. Each point represents the values POOled from 3 independent sets of

survival assays, each ofwhich was performed in quadruplieate. In these assays, absolute values

are normalized 50 that the value obtained with 0 neurotrophin is OOA» survival, while tllat obtained

with lOng/mI NGF is considered 10001'0 survival. Error bars represent the standard error. (B-D)

BDNF decreases sympathetic neuron sunrival in the presence of limiting quantities of NGF

(B,C) or Kef (0). Neurons were selected in 50 nwml NGF for 5 days, and then switched to 2.5

ng/ml NGF, 5 nglml NGF, 10 ng/ml NGF, 12.5 mM KCI or 25 mM KCL, with or without 100 or

200 ng/ml BDNF for 2 days. Survival was monitored by MIT assays. Results are expressed

relative to those obtained with 10 ng/ml NGF, and represent the Mean ± standard error. Panels B

and D include the combined data trom 3 independent experiments Performed in quadruplieate.

Panel C represents the data from one representative experiment, performed in quadruplicate

(**p<0.05, ***p<0.OO5 relative to NGF (B,C) or KCI (0) atone). (E) BDNF decreases

sympathetic oeuron Bumval in a coocentration-dePe0dent fashion. Neurons were selected in

50 nglml NGF for 5 days, and then switched to 12.5 mM KCI with or without concentrations of

BDNF ranging from 30 to 200 ng/ml for 2 days. Survïval was monitored by MIT assays. Results

are normalized relative to those obtained with 12.5 mM KCI atone, and represent the Mean ± the

standard error fTom the combined data of4 independent experiments (***p<O.005 relative to 12.5

mM KCl atone).

Figure 4.3. Sympathetic neurons undergo apoptosis in response to BDNF. (A-D)

Fluorescence photomicrographs ofsympathetic neurons analyzed by TUNEL-Iabelling. Neurons

were selected in 50 ng/ml NGF for 5 days, washed free ofneurotrophin, and then switched to 12.5

mM KCI with (0) or without (8) 100 ng/ml BDNF for 18 hours. As controls, sister cultures were

maintained in 50 ng/mi NGF (A) or withdrawn from NGF (C). Eighteen hours later, neurons were

analyzed for apoptosis using TUNEL-Iabelling for fragmented nuclear DNA. (E-H) Phase

contrast photomicrographs ofcultured sympathetic neurons. Neurons were cultured as above, and

then switched to 12.5 mM KCI with (H) or without (F) 100 nwml BDNF for 48 houcs. As
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c:onttols, sister cultures were maintained in 50 ng/ml NGF (E) or withdrawn from NGF (0). Size

bar = 74J.U1l.

Figure 4.4. (A) The p75NTR antibody, REX, inbibits the BDNF-mediated apoptosis of

sympatbetic neurons. A compari5On ofsympathetic neuron survival, as monitored using M1T

assays, in response to 25 mM KCI ± BDNF with and without the presence ofthe funetion

blocking anti-p7~REX. Sympathetic neuro~swere cultured in 50 ng/ml NGF for 5 days,

washed free ofneurotrophin-containing medium, and then incubated for 2 days in 25 mM Kel or

25 mM KCI + 100 ng/m1 BDNF with or without REX Results oftwo representative experiments,

each ofwhich was perfonned in triplieate, are shown. In all cases, results represent the Mean ±

standard error, and are normalized 50 that the survival mediated by 25 mM KCl alone is 10OOI!a.

REX by itselfhad no significant effect (p>O.05) on sympathetic neuron survival as mediated by 25

mM KCI. (••*p< 0.004 for the compari5On between 25 mM KCI + REX and 25 mM KCL + 100

ng/m1 BDNF + REX). (D) Death ofcultured p75NTR-I- neurons is delayed foUowing NGF

witbdrawaL Timecourse ofsurvival ofcultured p75NTR-/- and p75NTR+I+ (control) neurons

following NGF withdrawal. Representative fields of neurons were counted immediately upon

NGF withdrawal, and again every 24 hours. Results are normalized 50 that the number ofneurons

at the time ofNGF withdrawal is 100010. Results represent the mean ± the standard errer ofthe

combined data from 5 individual experiments each for the p75NTR-/- and control neurons; every

individual experiment was performed in triplieate.. (·*·p<O.002 for the compari5On between

p7SNTR-/- and control neurons at each timepoint).

Figure 4.5. Morpbology of sympathetic neurons of the superior cervical ganglion in BDNF 

/- and p75NTR -/- mice. Photomicrographs ofcresyl violet-stained cross-sections ofthe SCG

ftom (A) PI5 BDNF-/- mice, (B) PI5 BDNF+/+ littermates, (C) P23 p75NTR-/- mice, (D) adult

C129 mice, and (E) adult p75NTR-/- mice. Size bar = 38.S ~.

Figure 4.6. At PIS to P23, sympathetie neuron number is iocreasect in the SCG ofBDNF -l

and p7SNTR -1- mice. (A) Cross-sectional area ofPIS BDNF-/- neurons relative to control

neurons from animais ofthe same background, plotted as a size distribution histosram, in bins of

50 JUIl2. Note that the entire population ofBDNF-I- sympathetic neurons is shifted to a smaller
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size relative to BDNF+/+ (Control) nemons ofthe same age. (D) Mean cross-sectional areas of

sympathetic neurons ofthe SCG in p7SNTR-/- mice at various developmental timepoints relative

to control C 129 mice. Note that trom PI to P4, and in adultho<xL the size ofsympathetic neurons

is similar in the presence or absence ofp75NTR, but that at P23, neurons lacking p75NTR are

significant1y smaller. Neuron size is expressed as cross-sectional area in um2
, and error bars

represent the standard error (**p<O.OS). (C) The number ofsympathetic neurons ofthe seG is

increased in PIS BDNF-/- animais relative to their controllittermates, as determined by counting.

The number ofneurons in each of6 control BDNF+/+ and BDNF -/- animais are shown; each bar

represents the number ofneurons in the SCG ofone animal ofthe indicated genotype. The means

ofthese two groups are signifieantly different (···p<O.Ol). The means ± the standard errors are

sununarized in Table 1 as "Total counted neuron number". (0) Sympathetic neuron number in the

SCG ofcontrol C 129 mice at developmental timepoints encompassing the period ofnaturally

ocauring sympathetic neuron death. The number ofneurons counted in the SCG at Pl, P4, P23.,

and adulthood are shown; each bar represents the number of neurons in the SCG ofone C 129

animal ofthe indieated age. Five animais were analyzed at PI, 3 at P4, 5 al P23, and 5 at

adukhood. The means ± standard errors ofthese groups are plotted in panel (F). (E) Sympathetic

neuron number in the SCG ofp75NTR-I- mice at developmental timepoints encompassing the

period ofnaturally-occurring sympathetic neuron death. The number ofneurons counted in the

SCG at P4, P23, and adulthood are shown; each bar represents the number ofneurons counted in

the SCG ofone p7SNTR-/- animal ofthe indicated age. Four animais were analyzed at P4, 5 al

P23, and 5 adults. The means ± standard errers ofthese groups are plotted in panel (F). (F)

Comparison ofthe timecourse of naturally-occuning sympathetic neuron death in the SCG of

p7SNTR-I- versus control (C129 control) animaIs. The points represent the mean ± standard error

ofthe counts shown in panels (D) and (E). There is a highly significant decrease in neuronal

number ftom P4 to P23 in the control C129 mice, and from P23 to adulthood in the p7SNTR-/

mice (···p<O.007). The means for ail ofthese groups are summarized in Table 1 as "Total

couoted neuron number".

TABLE 4.1. Morphometric Analysis ortbe SCG rrom BDNF-/- and p75NTR-I- Mice. Data

are presented for the SCG tram two ditTerent groups ofexperimental versus control animais; P 15

BDNF+/+ and BDNF-I- littermates in a BalbC/C129 background, and p7SNTR-/- mice in a C129
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background versus control C129 animals. "SeG volume" and "Neuron number per 214,375 J.Utlln

are expressed as the mean ± SE, and were measured as described in the Experimental Procedures

(n =3 animais for each group). The "Total estimated neuron number" is calculated as mean SCG

volume x (mean neuron number/214,375 J.1m3
). The "Total counted neuron number" represents

the mean ± SE oftotal SCG neurons detennined by counting neurons with a nucleolus in every

third (BDNF-/- and BDNF+/+) or fourth (C129 and p7SNfR-/-) section, as described in the

Experimental Procedures. The data obtained from each individual animal is illustrated in Fig. 6.

Note that the total estirnated neuron numbers and the total counted neuron numbers are statistically

similar (p>O.05 in ail cases).
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CHAPTER V: PS3 IS ESSENTIAL FOR DEVELOPMENTAL NEURON

DEATH AS REGULATED DY THE TRKA AND P7S NEUROTROPHIN

RECEPTORS

1. Preface:

The previous chapterfocuses on the ability ofnellrotrophins 10 mediate apoptosis by

billdillg to the p 75NTR. AlthoughP 75 has beell previollsly shown 10 mediate the

trtuIsloctltion ofNFKBfrom the cytoplasm 10 tlle "uclells, to increase JNK tlCtivity lUId to

illcrellSe ceramitle levels, the sigllal IrtInsdllctioll patllway 'hrougll which p 7S medilltes ils

lIpoptotic effect rellUlilled UlllcllOWIL III chapter·1V, il W4IS demonstrllted llult tlle bilUlillg of

BDNF to tlle p 75 receptor letUIs to the phosphorylation ofc-jlln, Il sigllalillg molecule

downsteam ofthe MEKK-SEK-JNKpathway. C-jlln is IIlso phosplwryltlled ill sylllpllthetic

IIeIlI'OIIS upon withtlrawal ofNGF, leading liS to hypothesi:e that there is Il converge"ce i"

IIpoptolÏc sigllali"g ptlthwllYs betwee" trophicfactor withdrawal-ill.ced deIIlh tUUI p 75

medillted dellth. To test tms hypothesis we htwefocllssed 011 the p53 proteill which has

recellt/y beell implicated in the inductioll ofnellrollal detllh, and which is believed to lie

dow1lStrellm ofsigllal transactio" ptllhways tille to ilsfllnction as II. trtlllSCriptioll factor and

ils reltltively late activation in respollSe to cellllltll' stress.

The aim ofthis chapter is to esûlblish the role ofthe pSJ protein ill meditltillg NGF

witlulrawai-illtlllced apoptosis lUIdp 75-mediated apoptosis, alld to illvestigate the potellliai

"pstream members ofthis siglUll IrtInsdllctioll ptlthway. We have once agai" lltili:ed

symptllhetic nellrons ofthe rat SCG to test ollr hypothesis, and have proposed II. biologically

relevallt modeIfor the role ofp53 ill programmed cell demh ofSCG lIellrons. This model is

in accortliutce with, IIIId complimellts tlle proposed modelfor the role ofp 7S ill mediatillg

programmed ce" detllh and isfllr/her disclIssed in 'his chapter•
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Il. Abstract:

Naturally-ocauring sympathetic neuron death is the result oftwo apoptotic signalling

events: one nonnally suppressed by NGFrrrkA survival signals~ and a second activated by the p7S

neurotrophin reœptor. Here we demonstrate that the p53 tumor suppressor protei~ likely as

induced by the MEKK-JNK pathway, is an essential component ofboth ofthese apoptotic

signalling cascades. In cultured neonatal sympathetic neurons, p53 protein levels are elevated in

response to both NGF withdrawal and p7SNTR activation. NGF withdrawal also results in

elevation ofa known p53 targe!, the apoptotic protein Bax. Functional ablation ofp53 using the

adenovirus EIBS5K protein inhibits neuronal apoptosis as induced by eitherNGF withdrawal or

p75 activation. Direct stimulation ofthe MEKK-JNK pathway using aetivated MEKKI bas

similar effects; p53 and Bax are increased and the subsequent neuronal apoptosis can he rescued

by EIB55K. Expression ofpS3 in sympathetic neurons indieates that p53 funetions downstream

ofJNK and upstream ofDax. Finally, when p53 levels are reduced or absent in p53+/- or p53-/

mice, naturally-occuning sympathetic neuron death is inhibited. ThUs, p53 is an essential

common component oftwo reœptor-mediated signal transduction cascades that converge on the

MEKK-JNK pathway to regulate the developmental death ofsympathetic neurons.

247



•

•

IlL Introduction:

Naturally~ng neuronal death is an essential companent ofneural development in

which up to 50010 ofany given neuronal population is lost as a mechanism for establishing

appropriate neuron:target cell connections (reviewed in Oppenheim, 1991). Sympathetic neurons

ofthe peripheral nervous system.. which require nerve growth factor (NGF) for their survival

(reviewed in Levi-Montalcini, 1987), have been a prototype for analysis ofthe mechanisms

regulating this event. During the first two postnatal weeks, sympathetic neurons compete for

limiting amounts oftarget-derived NGF, which binds to and aetivates TrkA tyrosine kinase

receptors (Kaplan et al., 1991a; 1991b; Klein et al., 1991) on neuronal teminals, thereby mediating

a retrograde neuronal survival signal (Campenot et ai-li 1982; Senger et al., 1997; Riccio et al.,

1997). Traditionally, it bas been thought that the absence ofsuch a TrkA retrograde signal was

sufficient to cause rapid neuronal apoptosis during developmental death. However, we have

recently shown that the lack ofsuch a NGFtrrkA-mediated survival signal is, ofitselt: insufficient

for appropriate sympathetic neuron death. Instead, a second neurotrophin receptorll p7SNTR

(Johnson et al., 1986; Radeke et al., 1987), is requÜ'ed forthis process; in the absenceofp75~

sympathetic neuron apoptosis is delayed bath in culture and in vivo (Bamji et al., 1998).

Moreover, ligand-mediated activation ofp75NTR is sufficient to cause sympathetic neuron

apoptosis (Bamji et al., 1998). Thus, appropriate developmental sympathetic neuron death occurs

when p75NTR is activated coincident with suboptimal NGFffrkA survival signais (reviewed in

Miller and Kaplan, 1998). This convergent regulation ofneuronal apoptosis provides a

mechanism whereby sympathetic neurons are able to recognize not ooly whether they are

receiving adequate amounts ofNGF, but also whether or not they are exposed to "inappropriate"

neurotrophins, potentially as a function of late or inappropriate target innervation.

The intracellular mechanisms responsible for transducing these receptor-mediated

apoptotic cascades in sympathetic neurons remain ill-defined, although activation ofthe JNK

pathway occurs following both p75NTR activation (Bamji et al., 1998; Casaccia-Bonnetil et al.,

1996) and NGF withdrawal (Ham et al., 1995; Estos et al., 1994) and, in the case ofNGF

withdrawal, is a necessary early event in the apoptOrlc pathway. Moreover, Bax is essential for

sympathetic neuron apoptosis both in culture and during naturally-occurring death in vivo

(Deckwerth et al. ll 1996; Easton et al., 1997). One protein that is known to regulate transcription

ofBax (Miyashita and Reed, 1995) and that bas been implicated in cellular apoptosis is the p53
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tumor suppressor protein (reviewed in Hainut, 1995; Levin~ 1997; Jacks and Weinberg, 1996).

However. a1though p53 bas been implieated in neuronal death in response to DNA damage or

cellular stress (Sakhï et a1.~ 1994; Li et al., 1994; Morrison et a1.~ 1996; Xiang et al., 1998; Wood

and Youle., 1995)~ this protein has not previously been thought to play a raie in naturally-occurring

œil death nor bas it been shown to aet downstreaID. ofdeath receptor activation or ofthe MEKK

JNK pathway.

ln this regard, we have previously demonstrated that increased expression ofp53 was

sufficient to cause sympathetic neuron apoptosis in the presence ofNGF (Slack et a1.~ 1996). On

the basis ofthis observation, together with the faet that Bax is essential for naturally-occuning

sympathetic neuron death (Deckwerth et al.~ 1996; Easton et al., 1997), we hypothesized that p53

was an essential component ofthe signalling pathways causing sympathetic neuron apoptosis

either in response to NGF withdrawal and/or to p75NTR activation. In tms paper, we test this

hypothesis, and demonstrate that bath p75NTR activation and NGF withdrawal cause increased

expression ofp53, likely as a consequence ofactivation ofthe MEKK-JNK (Yan et al.~ 1994;

Derijard et al., 1994) pathway, and that this convergent regulation ofp53 is essential for nonnal

naturally-oecurring sympathetic neuron death.
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IV. Materials and Metbods:

Prima.., Neuronal Cultures

Mass cultures ofpure sympathetic neurons ftom the superior cervical ganglion (SCG) of

postnatal day 1 rats were prepared as previously described (Belliveau et al., 1997; Bamji et al.,

1998). Neurons were plated on rat tail collagen coated tissue culture dishes; 6 weil plates for

biochemistry, and 48 weil plates for survival assays. Low density SCG cultures were used for ail

ofthe survival assays; for the survival assays in NGF withdrawal and p75 activation experiments,

neurons were used at densities of 4000-6000 and 2000-4000 neurons per weil ofa 48 weil plate..

respectively. For biochemistry, approximately 40,000-50,000 neurons were plated per weil ofa 6

weil dish. For alI eXPeriments not involving viral infection, neurons were initially cultured for 5

days in the presence of50 nw'm1 NGF. At the end oflhis 5 day selection, neurons were washed

several times in neurotrophin-free media prior to addition ofthe new neurotrophin- or KCL

containing media.

NGF for these experiments was purified from mouse salivary glands (CedarLane, Homby,

ON). Two sources ofrecombinant human BDNF (Amgen,Thousand Oaks., CA; Preprotech.,

Rocky Hill, NJ) were used for these experiments; similar results were obtained with bath, as

discussed previously (Bamji et al., 1998).

Vims Infections and Survival Assays

Six different recombinant adenoviroses were used for these experiments. Two, those

expressing EIB55K, the EIB5SK mutant A262 (Yew et al., 1990), and p53 (Slack et al., 1996)

have been previously construeted and described. We aise constructed adenoviruses (Massie et al.,

1995) expressing aetivated MEKKI (Eilers et al., 1998), and Bel-xl (Boise et al., 1993) in the

AcIS backbone (Bett et al., 1994), which drives expression from the CMV promoter. As a control

for these viroses, we used a recombinant adenovirus in the same Ad5 backbone expressing E. coli

B-galaetosidase, as we have previously described (Slack et al., 1996; the kind gift ofDr. Frank

Graham, McMasterUniversity, Hamilton, Ontario).

Ali recombinant adenoviroses were puritied on CsCI gradients., as we have previously

described (Slack et al., 1996). Infectious titer was determined by plaque assay on 293 cells

(Graham and Prevec, 1991).
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For the experiments involving E IBSSK rescue from NGF withdrawal, neurons were

cultured for 3-4 days in 50 ng/ml NGF, and tlten were infected overnight with various mois of

recombinant adenovirus in serum-free media containing 50 ng/ml NGF. The next clay, the virus

was remov~ and the cells were fed with fresh media containing 10 nwml NGF. The following

day, cells were washed free ofNGF with 3 hour-long washes in serum-free~ NGF-ftee medi, and

then were switched to media with or without lOng/mi NGF. Two days later~ neuronal survival

was assessed. For the p75 activation experiments, the protocol was similar with the exception

that, after the washes to remove NGF, neurons were switched to media containing 50 mM KCI

with or without 100 nwml BDNF for two days.

For the experiments with the aetivated MEKK1 or p53 adenoviruse~ neurons were plated

al a density of 10,000 to 12,000 neuronslwell in 48- weU plates (Falcon) with 20 ng/ml NGF. On

the fifth day ofculture, medium was removed, the virus was added in a volume of200 ul DMEM

media (Gibco) containing 2 mM glutamine, 100 U/ml penicillin, 100 uglml streptomycin (all from

BioWhittaker), and I()oJ'o Cetal bovine serum. After 16-18 houcs of infection, the virus-containing

media was removed and was replaced with Ultraculture media containing 2 mM glutamine, 100

U/ml penicillin, 100 J.1W'ml streptomycin, and 20 ng/ml NGF. Cultures were maintained for 48

hours, washed four limes for one hour each with growth faetor-free medi, and then switched into

the same media containing various concentrations ofNGF.

Survïval assays were performed as previously described (Slack et al.., 1996; Bamji et al.,

1998) using non-radioactive cell proliferation (MTI') assays (CellTitre 96, Promega). 50 J,.L1 ofthe

Mn reagent as added to each weil and left for 90 min. foUowed by the addition of 100 III of

solubilization solution to lyse the cells. Each condition was repeated in triplieate. In each assay,

baseline «)OA, survival) was considered to he 0 ng/ml NGF~ and lOng/mi NGF was considered to

he 1()()OJ'o survîval, unless stated otherwise. Ali other conditions were related to these values.

Western Blot Analysis

For biochemistry, sympathetic neurons were lysed in Tris buffered saline (TBS) Iysis

butTer (Knusel et al., 1994) containing 137 mM NaCl, 20 mM Tris (pH 8.0), 1% (v/v) NP-40, 100;'0

(v/v) glycerol, 1 mM phenylmethyl sulfonyl fluoride (pMSF), 10 IJ.glml aprotinin, 0.2 iJ.Wml

leupeptin, 1.5 mM sodium vanadate, and 0.1% SDS. Cells were collected in cold PBS by gentle

scraping to detaeh them from the collagen substratum, were washed three limes with the same
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buffer, and then were resuspended in 50 to 100 J.lI oflysis buffer, following by rocking for 10 min

at 4E C. After a 10 minute centrifugation, the Iysates were normalized for protein concentration

using a BCA Protein Assay Reagent (pierce, Rockford, III). Equal amounts ofprotein (lOto 50

J.18) were then OOilOO in sample buffer for 5 minutes and separated by SOS-PAGE. After

electrophoresis, proteins were transferred to 0.2 J.Ul1 nitrocellulose for 1.5 hours at 0.6 Amps, and

the membrane was washed 3 times with TBS. For ail antiOOdies, the membranes were blocked in

3% non-fat-milk in TOST (blotto) for 1.5 hours at room temperature. The membranes were then

incubated ovemight at 4E C with the primary antibodies in blotto: anti-p53 (Oncogene

Neurosciences), anti-p53 (Novacastra), anti-p21 (Transduction Laboratories), anti-p27

(Transduction Laboratories), anti-Bad (Transduction Laboratories), anti-Bcl2 (Transduction

Laboratories), anti-Bclxl (Santa Cruz), anti-Bax (Santa Cruz), anti-E1855K antibody 2A6, anti

human c-myc (pharMingen), anti- phosphothrI83/tyrl84JNK (New England Biolabs; Derijard et

al., 1994), anti-phosphoser473Akt (New England Biolabs), anti-phosphothrI83/tyrI8SErk

(Promega), anti-TrkA{RTA; the kind gift ofDr. L. Reichardt) (Weskamp and Reichardt, 1991),

anti-tyrosine hydroxylase (Chemicon Laboratories), or anti-tubulin (Oncogene Neurosciences).

After incubation with the primary antibodies, membranes were washed 4 times with TOST over

40 minutes, and incubated with the secondary antibody for 1.5 hours at room temperature. The

secondary antibodies (goat-anti-mouse or goat-anti-rabbit HRP ftom Boehringer Mannheim

Biochemicals) were used at 1110,000 dilution. After 3 washes with TBST. detection was canied

out using the ECL chemiluminescence reagent from Amersham and XAR X-ray film ftom Kodak.

Analysis of p53 -/- Mice

Mice heterozygous for a targetted mutation in the p53 gene (Donehower et al., 1992) were

obtained from GenPharm International (Mountainview, CA). p53-/- mice were maintained in a

C57B1I6 background, as homozygotes or heterozygotes. Progeny trom p53-1- x p53+/- or from

p53 heterozygote crosses were screened for the mutant allele(s) using peR. To amplify the

mutant allele, PCR was condueted for 35 cycles (94°C for 30 sec, 55°C for 60 sec, 72°C for 90

sec) using the following oligonucleotides: GTGGGAGGGACAAAAGTICGAGGCC for the S'

end, and TITACGGAGCCCTGGCGCTCGATGT for the 3' end. This results in a 200 nucleotide

fragment in mutant mice and no product in wildtype mice. To amplify the wildtype a1lele, the

same oligonucleotide was used as the 5' primer and ATGGGAGGCTGCCAGTCCTAAcce was
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used as the 3' primer. This results in amplification ofa 600 nucleotide fragment in heterozygote

and wildtype miœ, and no product in the p53 -/- mice.

For morphometric anaIysis, the SCO were removed and immersion-fixed in 4%

paraformaldehyde in phosphate butTer (PB) for 1 hour to overnight at 4°C. Ganglia were

cryoprotected in graded sucrose solutions, 7 Ilm thick sections were serially eut on a cryosta~ and

every section was collected and thaw-mounted onto chrom-alum subbed slides. Siides were

stained with cresyl violet and morphometric analyses were Performed using a computer-based

image analysis system (Biocom.., France). Neuronal numbers were determined by counting ail

neuronal profiles with nucleoli on every third section, as Per Coggeshall (1984). This sampling

frequency (every 21 J..LIIl) ensures that neurons are not double-count~since the average neuronal

diameter does not exceed 21 lJ.ll1 in any ofthe groups examined (Bamji et al., 1998). This method

does not correct for split nucleoli. Statistical results were expressed as the Mean ± the standard

error ofthe mean and were tested for significance by a one-tailed Student's t-test.

For TUNEL analysis, SCGs were dissected from p53+/- and p53+/+ Iittermates at

postnatal day 7. Ganglia were fixed for 30 minutes in 4% paraformaldehyde, cryoprotected in

graded sucrase solutions, and 7 um thick sections cut on a cryostat. Every third section was

collected and thaw-mounted onto chrom-alum subbed slides and TUNEL staining immediately

performed using the Boehringer-Mannheim in situ œil death detection kit. The number of

TUNEL-positive cells on every third section was determined by fluorescence microscopy, and

these numbers were used to detennine the total number ofTUNEL-positive cells per gangHa.

Results were tested for signiticance by a one-tailed Student's t-test.
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v. Results:

p53 and Bu are Elevated Following NGF Withdrawal from Sympathetïc Neurons

We have previously demonstrated that an increase in p53 levels is sufficient to cause

sympathetic neuron apoptosis in the presence ofNGF (Slack et al., 1996). To determine whether

endogenous pS3 protein levels were ever similarly elevated during sympathetic neuron apoptosis,

we cultured sYmpathetic neurons from neonatal animaIs, a time when developmental death of

these neurons is ongoing. Initially, we examined p"S3 during sympathetic neuron apoptosis

induced by NGF withdrawal; this apoptosis is relatively slow, taking approximately 48 hours, and

is transcription-dependent (Deckwerth and Johnso~ 1993; reviewed in Johnson and Deckwerth,

1993). Neurons were cultured for 5 days in the presence of50 ngfml NGF, NGF was withdrawn,

and then the cellular levels ofp53 were quantitated using Western blots with anti-pS3 at various

timepoints post-withdrawal (Fig. S.IA). This analysis revealed that pS3 levels were elevated

approximately 3-fold by 16 hours following NGF withdrawal (Fig. S.IA). Elevation ofpS3

protein was tirst observed at 12 hours (data not shown), and was maintained until at least 36 hours

post NGF-withdrawal (Fig. S.IA). Interestingly, this timecourse corresponds to the "commitment

point" following which NGF-withdrawn sympathetic neurons cannot be rescued trom apoptotie

death (Johnson and Deckwerth, 1993). Thus, NGF withdrawalleads to an increase in p53 levels

that correlates with the timecourse ofcommitment to an apoptotic death.

To determine whether this increase in pS3 had functional consequences, we examined the

expression ofa well-charaeterized pS3 transcriptional target, the cyclin-dePendent kinase p21 (El

Diery et al., 1993). Western blot analysis ofequal amounts ofprotein from sympathetic neurons at

various timepoints following NGF withdrawal revealed that p21 levels were increased 2-fold by

16 hours following NGF withdrawal, and that this increase was rnaintained for at least 36 hours

(Fig.S.IB). This increase was not specifie to p21, since levels ofp27, a second cyclin-dependent

kinase (Toyoshima and Hunter, 1994), were also inereased approximately 2-fold at 24 and 36

hours following NGF withdrawal (Fig. 5.1Cl.
We next investigated the levels ofBax, anothertranscriptional target ofpS3 (Miyashita

and Reed, 1995) that is known to he essential for naturally-occuning sympathetie neuron death

(Deckwerth et al., 1996; Easton et al., 1997). Western blot analysis revealed that, like p53, Bax

levels increased approximately 2-fold following NGF withdrawal (Fig. S.IF). This inerease was

first observed at 16 hours, and levels were maximal by 24 hours (Fig. 5.1F). Interestingly,
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Western blot analysis revealed that a second proapoptotic member ofthis family, Bad (Yang et al.,

1995), was also increased 3-fold following NGF withdrawal (Fig. 5.10). Like Bax, this inerease

in Bad commenced al approximately 16 hours post-withdrawal, the committment point for

apoptosis. In contrast to Bad andB~Western blot analysis for the anti-apoptotie protein Bel-2

(Hockenberry et al., 1990) revealed that levels ofthis protein were relatively constant over this

tim~ decreasing slightly at 24 hours and later. A similar decrease was observed for another

prosurvival member ofthis family, Bel-xl (Boise et al., 1993), which was decreased by 36 hours

following NGF withdrawal (Fig. 5.1 G). Thus, these data indieate i) that !Wo transcriptional targets

ofpS3, p21 andB~ are inereased following NGF withdrawal, and ii) that the balance of

proapoptotie to prosurvival members ofthe Bel2 family is significantly shifted following removal

ofNGF.

We also examined signalling proteins that are adivated in response to TrkA receptor

activation, including the ERKs (Virdee and Tolkovsky, 1995; Creedon et al., 1996) and~ a

serinelthreonine kinase thought to play a key role in promoting NGF-dependent sympathetic

neuron survival (Crowder and Freeman, 1998). Western blot analysis with an antibody specifie to

the phosphorylated fonn ofthe serinelthreonine kinase Alet revea1ed that, 12 hOUTS following NGF

withdrawal, phosphorylation ofAkt was greatly reduced (Fig. 5.1H). Western blot analysis with

an antibody specifie to the phosphorylated form ofthe ERKs revealed a similar decrease in the

phosphorylation ofthese proteins following NGF withdrawal (Fig. S.IH). Thus, NGF withdrawal

leads to a decrease in signalling via these TrkA-regulated prosurvival pathways coincident with

induction ofPOtentially proaptotic pathways.

Elevated pS3 is Necessary Cor Sympatbetic NeUl"OD Apoptosis in Response to NGF

Withdrawal

To determine whether this increase in p53 protein levels was an essential comPOnent ofthe

apoptotic cascadethat follows NGF withdrawal, we took advantageofthe adenoviral EIBSSK

protein, which funetionally ablates pS3 (Yew et al., 1992). Specifically, neonatal sympathetic

neurons were cultured for 3-4 days in 50 ng/ml NGF, and then were infected with one oftwo

recombinant, replication-defective adenoviruses; one ofthese adenoviruses expressed EIB55K

while the second expressed a mutant E1855K protein (A262) that is defeetive in its ability to bind

and ablate pS3 (Yew et al., 1990). As a further control, neurons were infected with a similar moi
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ofrecombinant adenoviros expressing B-galactosidase (Slack et a1.~ 1996). Two days following

viral infection, neurons were washed ftee ofNGF and two days later~ neuronal survival was

measured using MIT assays (Fig. 5.2A). These experiments demonstrated that E1855K., but not

the E1855K mutant A262 or f3-gaIaetosidase~was able to rescue sympathetic neurons from

apoptosis. In 5 independent experiment~EI855K rescued 4901'0 (100 moi) and 63% (500 moi) of

the neurons relative to those kept alive in 10 ng/ml NGF~ inaeases which were highly significant

(p<O.OOS in bath cases). ln none ofthese experiments did either the A262 or f3-galactosidase virus

hav.e a significant effect on neuronal survival (Fig. 5.2A).

To ensure that the effects ofEI855K were being mediated via p53~ we examined levels of

p53 in NGF-withdrawn sympathetic neurons following viral infection; the vector used not ooly

ablates p53 through the actions ofE1855K., but a1so targets p53 for degradation through the

adenoviral E40rtO produet (Teodoro and Branton, 1997; Yew and8~ 1992; Querido et al.~

1997). For these experimen~ sympathetic neurons were initially selected in 50 ng/ml NGF for 3

days, were infected with the adenoviruses expressing E 1855K or the mutant El855K, and two

daYs later were withdrawn from NGF. As a controL neurons were not infected or were infected

with the B-galaetosidase virus. Analysis ofp53 protein levels 36 hours following this treatment

revealed that levels ofp53 protein were similarly elevated in NGF-withdrawn neurons that were

uninfected, or that were expressing either f3-gaIaetosidase or the mutant EIB55K (Fig. 5.3A). In

contrast, pS3 protein levels were significantly reduced in the neurons expressing EIB55~ as

predicted. Reprobing ofthe same blot with an antibody specifie for the cytoskeletal protein

tubulin confirmed that equal amounts ofprotein were present in all ofthe samples (Fig. 5.38).

Moreover, the ditTerential effect ofE1B55K versus the A262 mutant was not due to a differenœ in

levels ofexpression ofthese two proteins, since the A262 protein was expressed al higher levels

than E IB55K (Fig. S.3e). These experiments therefore indicate that elevated p53 protein levels

are essential for NGF-withdrawal induced apoptosis ofsympathetie neurons.

pS3 is Downstream of p7SNTR and is Essential for p7SNTR-Mediated Neuronal Apoptosis

We have previously demonstrated that the immediate early protein, c-jun, is

hyperphosphorylated in sympathetic neurons following p75NTR activation (Bamji et al., 1998) as

it is following NGF withdrawal (Ham et a1.~ 1995; Estus et a1.~ 1994). To determine whether p53

elevation was a1so a common downstream component ofthese two apoptotic signalling cascades,
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we examined pS3 levels in sympathetic neurons in conditions where p75NTR activation leads to

apoptosis. Specifically, for these experiments. sympathetic neurons were cultured for 5 days in 50

ng/ml NGF and then were switched to KCl, which maintains sympathetic neuron survival in the

absence ofTrkA activation (Franklin et al., 1995). We then added the neurotrophin BDNF, which

selectively binds p75NTR but not Trk receptors on sympathetic neurons (Bamji et al., 1998), and

detennined cellular pS3 levels (Fig. 5.4A). As seen with NGF withdrawal, pS3 levels were

increased al 24 and 36 bours in neurons maintained in KCI plus BDNF relative to those in Kel

a1one. Reprobing ofthe same blot with an antibody to tyrosine hydroxylase revealed that equal

amounts ofProtein were present in ail ofthe samples (Fig. S.4B). This increase was already

apparent at 12 hours, a timepoint when p53 levels were ooly first starting to increase following

NGF withdrawal (data not shown). Thus, pS3 elevation is downstream ofboth p75NTR activation

and NGF withdrawal.

To detennine whether this increased pS3 was essential for p75NTR-mediated apoptosis,

we performed rescue experiments using the EIB55K adenovirus. Specifically, neurons were

cultured in 50 Dg/ml NGF for 3-4 days, were infected ovemight with recombinant adenovirus, and

two clays later were switched to media containing 50 mM KCI plus or minus 100 ng/m1 BDNF.

Neuronal survival was then measured after 48 hours using MIT assays (Fig. 5.2B). As we have

previously reported (Bamji et al., 1998), the addition ofBDNF to 50 mM KCI caused a decrease

in sympathetic neuron survival ofapproximately 54% (Fig. 5.28). Expression ofthe mutant

EIB55K had no significant effect on this decrease (P=O.ll). In contrast, expression ofElB55K

rescued l()()OJ'a ofthe p75NTR-driven 8POptosis (P=O.012) (Fig. 28), a rescue similar to that

observed for NGF-withdrawal induced apoptosis. Thus, p53 elevation was an essential

component ofthe apoptotic cascades induced in cultured sympathetic neurons by bath NGF

withdrawal and p75NTR activation.

p53 is Downstream ofthe MEKK-JNK PathwaY9 and is Essential for MEKK-Mediated

Neuronal Apoptosis

These results indieated that the apoptotic cascades originating from NGF withdrawal and

p75NTR activation share two common components; hyperphosphorylation ofc-jun and p53

elevatioD. On the basis ofthese fmdings, we hypothesized that p53 was downstream ofthe

MEKK-JNK pathway, which leads to c-jun hyperphosphorylation (Yan et al., 1994; Derijard et
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al., 1994). To test this hypothesis, we generated a recombinant adenovirus expressing an aetivated

fonn ofMEKK1 which bas previously been shown to cause sympathetie neuron apoptosis and e

jun hyperphosphorylation (Eilers et al., 1998). We first confirmed that this virus expressed the

recombinant mye epitope-tagged MEKK1 protein, and that it was capable ofaetivating the

MEKKI downstream target, JNK (Yan et al., 1994), in sympathetic netJfons. Specifically,

sympathetic neurons were grown in 20 nglml NGF for 4 days, were infected with 20 moi of

recombinant virus expressing aetivated MEKK1 or B-gaIaetosidase, and then were analyzed two

days later for expression ofthe myc-tagged MEKKI on Western blots with anti-myc (Fig. 5.SA).

Analysis ofequal amounts ofprotein from B-galaetosidase versus MEKKl-infected sYmpathetic

neurons revealed the presence ofa myc-immunoreactive protein ofthe appropriate size, 35 kO, in

the MEKKI-infected neurons (Fig. S.5A). To canfion that virally-expressed MEKKI was

capable ofaetivating JNK, we performed similar experiments and then analyzed the lysates for

phosphorylation ofJNK using a phospho.JNK antibody (Fig. 5.SB). In this experiment, we

compared MEKKI-infected sympathetic neurons to sympathetie neurons withdrawn from NGF,

where JNK is known to be aetivated (Eilers et al., 1998). Western blot analysis revealed that the

activated MEKKI adenovirus caused phosphorylation ofJNK to the same level as did NGF

withdrawal, relative to neurons maintained in 10 nglml NGF alone (Fig. 5.5B).

We next determined whether adenovirus-mediated expression ofaetivated MEKK1 was

sufticient to cause sympathetic neuron apoptosis, as was previously reported with microinjection

(Eilers et al., 1998). Specifically, neurons were selected in 20 ng/ml NGF for S days, infected with

various concentrations ofrecombinant virus expressing activated MEKK1 or B-gaIaetosidase,

maintained in 20 ng/ml NGF for a further 4 days, and then assayed for neuronal survival. Results

from four separate experiments revealed that activated MEKKI led to neuronal apoptosis; at 20,

50, or 100 moi, sympathetic neuron survival was decreased to 52%, 54%, and 44%, respeetively,

relative to neurons infected with the same concentration ofB-galactosidase virus (Fig. 5.2C).

Similar results were obtained with neurons maintained in 10 ng/ml and 50 ng/ml NGF (data not

shown).

We next determined whether activation ofthe MEKK-JNK pathway caused elevation of

pS3 levels, as we had hypothesized. Specifically, sympathetie neurons were maintained in 20

ng/ml NGF for 4 days, were infeeted with 20 or 50 moi orthe aetivated MEKKI adenovirus, and

were then maintained in lOng/ml NGF for a further 2 days prior to analysis. To ensure that viral
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infection itselfdid not induœ pS3, we infected sister cultures with the B-gaIaetosidase adenovirus.

Westem blot analysis ofequal amounts ofprotein revealed that p53 levels were increased when

sympathetic neurons were infected with 20 or 50 moi ofMEKK1 adenovirus, and that the

magnitude ofthis increase was similar to that observed following NGF withdrawal for 48 hours

(Fig. 5.5C). Inco~ no increase in p53 levels was seen upon infection with similar mois ofthe

8-gaIactosidase adenovirus (data not shown), consistent with the observation that this latter virus

had tittle or no etfect on neuronal survival (Fig. 5.2e). Thus, activation ofthe MEKK-JNK

pathway 100 to increased levels ofp53 in the presence ofNGF.

To determine whether p53 was an essential component ofthe MEK,Kl-induced apoptotie

signalling cascade, we asked whether the ElB55K adenovirus could rescue the apoptotie effects of

aetivated MEKK1. To perform these experiments, sympathetie neurons were cultured for 5 days in

20 nglml NGF, and were infeeted with 50 moi ofthe MEKK1 virus plus or minus 500 moi ofthe

EIB55K virus. As a baseline for this study, we mst determined whether coinfection with

EIB55K reduced the p53 levels induced by activated MEKKI alone (Fig. 5.30). Western blot

analysis ofsympathetic neurons infeeted for two days revea1ed that p53 protein levels were

reduced in neurons expressing E IB55K plus aetivated MEKK1 relative to those expressing

MEKKI alone (Fig. 5.3D). Reprobing ofthe same blot with an antibody specifie for TrkA

confinned that equal amounts ofprotein were present in ail ofthe samples (Fig. 5.3E).

To detennine whetherthis reduetion in p531evels mediated by EIB55K rescued

sympathetic neurons from apoptosis induced by activated MEKK1, we performed similar

experiments an~ four days following infection, MIT assays were performed. As negative

controls in this experiment, we used adenoviruses expressing the mutant A262 protein or fi

galactosidase. Results ofthree separate experiments indieated that the EIB55K adenovirus was

able to significantly rescue MEKKI-induced neuronal apoptosis (Fig. 5.2D) relative to MEKKI

alone, or relative to MEKKI plus the fi-galaetosidase or A262 adenovirus (p<O.OOS for EIB55K in

ail cases) (Fig. 5.20). Thus, elevation ofp53 protein levels is necessary for sympathetic neuron

apoptosis following activation ofthe MEKK-JNK pathway.

One potential downstream candidate for the apoptotic etTects ofp53 in sympathetic

neurons following MEKK-JNK pathway activation is the proapoptotic protein Bax. To determine

whether Bax levels were increased in response to the MEKK1 adenovirus as they were following

NGF withdrawal (Fig. 5. IF), we selected sympathetic neurons for 4 days in 20 ng/ml NGF,
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infected them with SO moi ofthe MEKKI adenoviius, switched them into 10 ng/ml NGF and two

days tater perfonned Western blots with anti-Bax. This analysis revealed that Bax levels were

increased approximately 2-fold in sympathetic ne.Jrons expressing activated MEKKI (Fig. 5.5D),

an increase similar in magnitude to that seen following NGF withdrawal (Fig. 5.1 F).

Previous studies have demonstrated that Bax is necessary for sympathetic neuron

apoptosis following NGF withdrawal (Deckwerth et al.~ 1996). To determine whether

proapoptotic proteins like Bax are also necessary for sympathetic neuron apoptosis following

activation orthe MEKK-JNK pathway, we generated a recombinant adenovirus expressing a

prosurvival member ofthis pathway, Bel-xl (Boise et al., 1993). Using tbis adenovirus, we then

asked whether altering the balance between prosurvival versus proapoptotic members ofthis

family could rescue MEKKI-induced apoptosis. Specifically, sympathetic neurons were cultured

for S days, and were infected with 50 moi ofthe MEKKl adenovirus plus or minus various

concentrations ofBcI-xl virus. For compariso~neurons were infected with 50 moi ofMEK.Kl

virus plus 500 moi EIB55K or A262. Neurons were then maintained in 20ng/ml NGF for 4

additional days prior to measuring survivai using MIT assays. This analysis revealed that the BeI

xl adenovirus was able to rescue the apoptotic effeets ofactivated MEKKI at 20 (data not shown)

or 50 moi (Fig. 5.2E). A similar rescue was observed with the EIB55K virus (Fig. 5.2E), while no

rescue was observed with the A262 virus (Fig. S.2E). Similar results were obtained when the

MEKK1 adenovirus was used at 100 mo~ although the magnitude ofthe rescue etTect with lower

concentrations ofBel-xl was decreased (data not shawn).

p53 is Upstream ofDu and Downstream ofJNK

These experiments demonstrated that JNK, pS3 and Bax are ail downstream ofactivated

ME~ and that elevated p53 is essential for MEKK-induced apoptosis. To determine whether

pS3 is downstream ofJNK and upstream ofBax, as we had hypothesiz~ we took advantage ofa

recombinant adenovirus expressing human p53 (previously described in Slack et al., 1996).

SpecificaUy, sympathetic neurons were cultured for 4 days in 20 ng/ml NGF, were infected with

20 moi ofpS3-expressing adenovirus and 48 houcs later, ceUlysates were analyzed by Western

blots with anti-pS3, anti-phosphoJNK or antÎ-Bax. This analysis revealed that the pS3 adenovirus

increased expression ofpS3 to levels similar to those observed following NGF withdrawal (Fig.

S.SG), but that this elevated expression ofpS3 had no etrect on JNK phosphorylation in
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sympathetic neurons maintained in 20 ng/ml NGF (Fig. S.sE). Incon~ infection with the pS3

virus caused an increase in the levels ofBax protein (Fig. S.sF) that was similar in magnitude to

that observed following NGF withdrawal (Fig. 5.1F) or following infection with the aclivated

MEKKI adenovirus (Fig. 5.50). Together with the previous experiments with aetivated MEKK 1~

these experiments indieate that MEKK and JNK are upstrearn ofp53, white Bax is downstream

(Fig. 5.7).

p53 is Essential for Naturally-Occurring Sympathetic Neuron Death In Vivo

Our previous work indieates that naturally-oca.arring sympathetic neuron death is a result

both ofsuboptimal activation ofthe TrkA receptor and ofcoincident activation ofp75NTR (Bamji

et al., 1998). Since, in culture, both ofthese tyPes ofneuronal apoptosis require p53, we

hypothesized that p53 wouId also be essential for sympathetic neuron death in vivo. To test this

hypothesis, we examined the superior cervical ganglia (SCG) oftransgenic mice in which the pS3

gene was deleted by homologous recombination (Donehower et al., 1992). In control mice, the

SCG contains approximately 20000 - 25000 neurons al birth, depending on the genetic

background. Over the ensuing two weeks approximately halfofthese neurons are lost 50 that by

PIS, control SCGs contain approximately 13,000 neurons (Bamji et al., 1998). We therefore

chose ta analyze the SeG from p53+/+, p53+/- and p53-/- mice at two timepoints; postnatal days 1

and 15, timepoints immediately preceding and following the normal period ofnaturally-oca.arring

œil death (Fig. 5.6A,D).

Analysis ofthe SCG at postnatal day 1 revealed that sympathetic neuron numbers prior ta

the period ofnaturally-occurring death were similar regardless ofthe presence or absence ofp53

(Fig. 5.60). The SCG ofp53+/+ animais contained 23,976 + 2764 neurons (n=3), a number

similar to mice ofother genetic backgrounds (Bamji et al., 1998), while those from p53+/- and

p53-1- animaIs contained 20,537 +2514 (n=5) and.l9016 ± 2675 (n=3), respectively (Fig. 5.60).

Ali ofthese numbers were statisticaJly similar (p>0.1 for ail oomparisons). However, anaIysis of

the SeG from animals ofthese sune genotypes at PI5 (Fig. 5.6A,D), following the period of

naturally-occurring death, revealed significant ditTerences. In control p53+/+ animais the PIS

SCG contained 13,163 ± 875 neurons (n=5) (Fig. 5.60). In contrast, the SCG ofp53 +/- animais

contained 20,352 ± 944 neurons (n=6), and that ofp53../- mice contained 20,600 ± 1709 neurons
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(n=3)~ statistically significant incceases of55% and 560/0, respectively (p<O.OO5 in both cases). A

comparison within the same genotype ftom PI to PIS revealed that while the p53+/+ ganglia lost

approximately 45% ofits sympathetic neurons over this timeframe (P<0.05) (Fig. 5.6D), there was

no significant 1055 ofsympathetic neurons in either the p53+/- or p53-/- SCG over the same period

(Fig. 5.6D) (P>O.3).

To continn that this difference in neuron number in the SCG during the period of

naturally-oœurring cell death retlected a deficit in apoptosis in the p53+/- and p53-1- mice~ and not

due to an increase in the proliferation of neuronal progenitors that occurs for a short period

postnatally in the SCO (Hendry~ 1977), we analyzed the total number ofapoptotic cells in the SCG

at postnatal day 7~ when sympathetic neuron apoptosis is ongoing. To perform this analysis~ SCG

from p53+/- and p53+/+ Iittermates were sectioned, and every third section was analyzed by in

situ TUNEL-labelling. This analysis revealed that TUNEL-positive cells were deteeted in the

ganglia ofboth p53+/- and p53+/+ animais (Fig. 5.6B)~ but that the total number ofapoptotic

nuclei was signjficantly decreased in the p53+/- ganglia (p53+/- SCG~ Mean = 661 ± 19, n=5;

p53+/+ SCG~ Mean = 1025 ± 155, n=4; p = 0.016) (Fig. 5.6C). Thus, the magnitude of

sympathetic neuron apoptosis is decreased when p53 levels are decreased in vivo.
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VI. Discussion:

In this study, we have examined the role ofthe p53 tumor suppressor in naturally

occurring sympathetic neuron death. Our findings support an essential raie for pS3 in this process

and, more specitically, support the following conclusions. First, following NGF withdrawal of

neonatal sympathetic neurons, pS3 levels are increased with a timecourse that is consistent with it

playing a raie in the "commitment" ta apoptosis. The magnitude ofthis increase is similar to that

required to induce sympathetic neuron apoptosis using adenovirus-mediated transduction ofpS3

(Slack et al., 1996). Second, levels oftwo p53 transcriptional targets, p21 and Bax, are also

increased; the latter ofthese two, Bax, bas a1ready been shown to be essential for sympathetic

neuron apoptosis following NGF withdrawal (Deckwerth et al., 1996). Third, pS3 levels are also

increased when sympathetic neuron apoptosis is induced by p75NTR activation, with a similar

timecourse to that observed following NGF withdrawal. Fourth, a decrease in levels ofp53

mediated by the E IB55K protein is sufficient to inhibit sympathetic neuron apoptosis induced

either by NGF withdrawaI or by p75NTR activation, indicating that increased p53 levels are both

neœssary and sufficient (Slack et al., 1996) for sympathetic neuron apoptosis. Fifth, NGF

withdrawal and p75NTR activation may induce apoptosis via a pathway involving MEKK-JNK

p53-Bax (Fig. 5.7) since i) expression ofaetivated MEKK1, which is sufficient to cause

sympathetic neuron apoptosis, leads to elevated levels ofpS3 and Bax, ii) expression ofp53 leads

to e1evated Bax levels, but does not affect JNK activation, and iii) elevated p53 is essential for

MEKK-induced apoptosis. Finally, the physiological relevance ofthese observations is indieated

by our tindings~ when pS3 is reduced or absent, naturaIly-occurring sympathetic neuron death

is inhibited in vivo. Thus, our data indicate tbat p53 is a common, essential target during

developmental sympathetic neuron death that is downstream ofthe MEKK-JNK pathway and that

may weil integrate apoptotic signais deriving both from p75NTR aetivation and from a lack of

NGFrrrkA receptor activation.

The pS3 tumor suppressor protein encodes a transeriptional regulator that funetions to

control œil proliferation and apoptosis in a œil context-dependent fasmon (reviewed in Levine,

1997; Jacks and Weinberg, 1998). The precise mechanism by which p53 Mediates apoptosis is not

weil understood, but il is believed to proceed by a number ofmechanisms including direct

transactivation, transcriptional repression, and direct involvement in DNA cleavage (Caelles et ai.,

1994; Elledge and Lee, 1995; Lane, 1993; Miyashita and Reed, 1995). Within the nervous
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system, p53 is upregulated in neurons following a number oftraumatic insult~ including kainic

acid and ischemia (Sakhi et al., 1994; Li et al., 1994; Wood and Youle, 1995), and is necessary for

excitotoxicity-induced apoptosis ofhippocampal and cortical neurons (Monison et al., 1996;

Xiang et al., 1998). However, p53 bas not been thought to he involved in naturally-occurring

neuronal cell death, nor bas it been thought to he an essential downstream effector ofdeath

receptor activation. In particular, a number ofprevious studies have failed to implicate p53 in

sympathetic neuron death. In one study, Martinou et al. (1995) demonstrated that microinjection

ofthe adenoviral protein EIBI9K, but not EIB55~ rescued sympathetic neurons iTom apoptosis

due to NGF withdrawal. The inability to rescue sympathetic neuron apoptosis with microinjected

EIB55K as opposed to adenovirally-expressed EIB55K is likely due to the lower levels of

expression obtained using microinjection. In tms regard, we have ourselves compared the rescue

ofsympathetic neurons using adenovirally-expressed E·IB19K versus EIB55K, and EIB19K was

able to rescue sympathetic neurons at titers approximately 100fold lower than those needed for

EIB55K (L. Pacquet, F. Miller, and o. Kaplan, unpublished data). In a second set ofstudies,

adtured p53./- syrnpathetic neurons died following NGF withdrawal, leading to the conclusion

that p53 played no role in developmental sympathetic neuron death (Sadoul et al., 1996; Davies

and Rosenthal, 1994). The studies presented here demonstrate that neurons with lowered p53

levels stül die in vivo, a1though the magnitude ofthis death is significantly lower than in controls;

these resuks do not necessarily contradict the finding that p53./. neurons die in culture following

NGF withdrawal. Moreover, results might a1so differ in response to acute inhibition ofp53 (as

mediated via EIB55K) versus a chronie loss ofp53 (as in p53-/- mice). For example, the

developmental absence ofp53 MaY weil cause compensatory upregulation ofparallel apoptotic

pathways. Precedent for such compensation derives from our previous studies with another tumor

suppressor protein, pRb. In Rb-/- mice, cortical neurons are unable to differentiate appropriately

and, as a consequence, undergo neuronal apoptosis in vivo (Slack et al., 1998). However, when

the same Rb-/- cortical progenitors are cultured and undergo the transition to postmitotic neurons

in vitro, they differentiate normally and do not undergo apoptosis (Slack et al., 1998); this

difference is explained by a selective upregulation ofp107 and p 130, two other Rb family

members, in culture but not in vivo (Ruth Slack, personal communication). A similar explanation

could he invoked for cultured p53-/· neurons; sympathetic neurons express p73 (C. Pozniak and F.
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Miller, unpublishecl data), an apoptotic p53 family member (Kaghad et al., 1997; Jost et al., 19(7)

that might weil compensate for the lack ofp53 in a mutant p53 background.

What is the signal transduction pathway that derives either from p75NTR activation or

from a lack ofaetivation ofTrkA and that leads to increased p53? Our data implieate the MEKK

JNK pathway (Yan et al., 1994; Derijard et al., 19(4) (Fig. 7). This pathway is activated in

sympathetic neurons in response to either NGF withdrawal (Ham et al., 1995; Eilers et al., 1998)

or p75NTR activation (Bamji et al., 1998), and the resultant hyperphosphorylation ofc-jun is

neœssary for NGF-withdrawal induced sympathetic neuron death (Ham et al., 1995; Estus et al.,

1994). The data presented here indieate that activation ofthe MEKK-JNK pathway causes

sympathetic neuron death via a pS3-dependent mechanism, thereby providing a potential direct

linle from p75 to pS3. Moreover, our tinding that the stress-induced (Herdegen et al., 1997)

MEKK-JNK pathway aets via p53 in neurons MaY explain why excitotoxicity-induced death of

CNS neurons cao be inhibited by deletion ofeither the JNK3 (Yang et al., 1997) or pS3 genes

(Morrison et al., 1996; Xiang et al., 1998).

Are there other pathways that cause elevated pS3 foUowing NGF withdrawal or p7SNTR

activation? A second candidate upstream pathway involves deregulation ofthe œil cycle; in

cycling ceUs, pS3 is viewed as a "fail-safe" mechanism that causes cellular apoptosis when

proliferative mechanisms are deregulated (reviewed in Levine, 1997; Jacks and Weinberg, 1996).

Such œil cycle deregulation bas been proposed to occur in sympathetic neurons following NGF

withdrawal (park et al., 1997; Freeman et al., 1994; Rubin et al., 1993). It is therefore possible

that NGF withdrawal causes two different signals, MEKK-JNK activation and œil cycle

deregulation, that together converge on p53. Thus, p53 May funetion as a sensor to induce

neuronal apoptosis when the sum ofthese upstream signais reaches a criticallevel.

What are the downstream events that are responsible for pS3-mediated neuronal apoptosis?

One potential downstream mechanism involves the protein Bax, which is known to he essential for

sympathetic neuron apoptosis (Deckwerth et al., 1996), and for pS3-dependent death ofcortical

neurons (Xiang et al., 1998). Data presented here indicate that, following the commitment of

sympathetic neurons to apoptosis, the balance ofproapoptotic versus prosurvival members ofthe

bcl-2 family is considerably shifted to the proapoptotic, and that one ofthe changes contributing to

this shift is an increase in Bax protein levels. Moreover, we demonstrate that increased expression

ofpS3 alone is sufficient to cause increased Bax protein levels in sympathetic neurons. Since Bax
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is a direct transcriptional target ofp53 (Miyashita and Reed, 1995), we propose that elevated p53

protein levels cause increased p53-dependent transcription ofBax, and that this is sufticient to tip

the balance towards neuronal apoptosis. In support ofthis hypothesis, exogenous p53 is unable to

Mediate apoptosis ofBax-/- cortical neurons (Xiang et al., 1998), 8ax-/- sympathetie neurons do

not undergo apoptosis in resPOnse to NGF withdrawal (Deckwerth et al., 1996), and increased

exPression ofBcl2 or Bel-xl (Garcia et al., 1992; Gonzalez-Garcia et al., 1995) in sympathetic

neurons rescues NGF withdrawal induced cell death.

The in vivo data presented here support a number ofadditional conclusions. First, our

studies demonstrate that the postnatal period ofnaturally-occurring sympathetic neuron death is

inhibit~ but not completely eliminated when pS3 levels are lowered, indicating that pS3 is

essential for normal apoptosis in the SCG, but also suggesting that other, potentially parallet death

pathways are important. Such pathways may involve other pS3 family members sueh as p73

(Kaghad et al., 1997; Jost et al., 1997) or pSI (Osada et al., 1998; Trink et al., 1998). Second, our

data showing decreased apoptosis in the pS3+/- SCG support the idea that it is not the presence or

absence ofpS3 that detennines apoptosis, but il is instead the levels ofpS3 that are important.

Precedent for sueh a gene dosage effect bas been documented with regard to p53 and

tumorigenesis (Harvey et al., 1993; Donehower et al., 1992). Third, our in vivo data demonstrate

that, aIthough p53 may be essential embryonically for regulating the proliferation and survival of

sympathetic neuroblasts (Vogel and Parada, 1998), that by birth any resultant defieits are not

obvious, since neuron numbers in the newbom pS3+/+ versus pS3-1- SCG are not significant1y

different.

What is the biological rationale for pS3 acting as a "threshold" to neuronal apoptosis?

During the period ofnaturally-occurring death, sympathetic neurons compete for limiting amounts

oftrophic support ta ultimately ensure an appropriate target innervation density. The net result of

this competition is a loss ofapproximately 4Q-SOOAl ofsympathetic neurons over the first two

weeks ofpostnatallife. Our previous data indieate that both TrkA and p75NTR are required for

this process (Bamji et al., 1998). Moreover, these same studies demonstrate that robust activation

ofTrkA antagonizes p75NTR-derived apoptotic signais and that, conversely, p75NTR can

ovenide TrkA-derived survival signais. On the basis ofthe CUITent study, we propose that pS3 is a

convergent downstream target that "sums" opposing signais deriving trom TrkA versus p75NTR

activation, and that apoptosis is triggered when the balance of "death" signais deriving from
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p7SNTR is greater than the "survival" signais deriving trom TrkA In cellular tenns, tbis ensures

that ail neurons that are incapable ofsequestering sufficient target-derived NGF are rapidly and

efficiently eliminated from competition.

One final issue derives from the emerging similarities between sympathetic neuron

apoptosis as induced by NGF withdrawal and p75NTR activation. In both cases, the MEKK-JNK

pathway is induced, and in both cases, p53 is required for apoptosis. In the case ofp75, while this

receptor has been demonstrated to signal via a number of pathways~ including ceramide

production (Dobrowsky et aI.~ 1994), JNK activation (Casaccia-Bonnefil et aI.~ 1996), c-jun

hyperphosphorylation (Bamji et al., 1998) and NFkB activation (Carter et al., 1996), the results

presented here are the tirst to identify a required companent, p53, ofthe p75NTR apoptotic

pathway. Given the similarities between NGF withdrawal and p75NTR activation, we propose

that NGF-withdrawal-induced apoptosis May he, to a large extent, a p75NTR-mediated process.

In particular, our previous work (Barnj i et al., 1998) indicates that NGF-withdrawal induced

apoptosis ofsympathetic neurons is greatly delayed in the absence ofp75NTR. We propose that,

during naturally-occurring sympathetic neuron dea~ p75NTR may weil provide the basis for a

constitutive apoptotic signal in sympathetic neurons via one oftwo different mechanisrns. First,

there may he an autocrine p75NTR-dependent apoptotic loop; sympathetic neurons sYDthesize

BDNF (Causing et al., 1997) that they process and secrete (C.G. Causing, R. A1oyz, and F.D.

Miller, unpublished observations). Since BDNF cao bind to p75NTR to cause sympathetic neuron

apoptosis (Bamji et al., 1998), and since BDNF is required in vivo for a portion ofappropriate

naturally-occurring sympathetic neuron death (Barnji et al., 1998), then tbis rnay indicate the

presence ofan ongoing autocrine BDNF:p75NTR death signal. A second possibility is that

p75NTR funetions to Mediate a constitutive death signal in the absence of ligand, as previously

suggested (Rabizadeh et al., 1993). However, it is clear that addition ofexogenous BDNF is

essential for a maximal p7SNTR-dependent apoptotic signal (Bamji et al., 1998), indicating that

even if a constitutive death mechanism(s) is in place, activation ofp75NTR by exogenous,

potentially target-derived, neurotrophins is likely to play a key role. In either case, exposure to an

appropriate neurotropbin, in this case NGF, would lead to TrkA activation, thereby providing a

mechanism for overriding p75 and p53-mediated apoptosis.
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VlIL Figure Legends:

Fipre 5.1. p53 and its traascriptionalta~ p21 and Bu. are iDcreased during NGF

withdrawal induced apoptosis orsyDlpatbetic aeuroas. (A-G) Western blot analysis ofequal

amounts ofprotein derived from sympathetie neuruns either maintained in lOng/ml NGF (NGF)~

or at various timepoints from 4 to 48 hours following withdrawal ofNGF (-NGF).Western blots

were probed with antibodies specifie to p53 (A)~ p21 (B)~ p27 (C)~ Bad (D)~ Bel-2 (E), Bax (F), or

Bel-xl (G). Note that p53~ p21~ p27~ Bad and Bax ail increase following NGF withdrawal, while

BcI-2 and Bel-xl decrease. (H) Western blot analysis ofequal amounts ofprotein derived from

sympathetie neurons either maintained in 20 ng/ml NGF, or witbdrawn from NGF for 12 hours (0

NGF). Western blots were probed with antibodies specifie to phosphorylated forms ofAkt (P

AKT) or ERKS (P Erks). Note that phosphorylation ofthese TrkA targets was significantly

decreased following NGF withdrawal.

Figure 5.2. EIBSSK-mediated inhibition orp53 rescues sympatbetic neuron apoptosis as

induced by NGF witbdrawal (A), p75NTR activation (D). and activated MEKK (C-E). (A)

pS3 and NGF withdrawal-induced apoptosis. Sympathetie neurons were infected in parallel with

recombinant adenovirus expressing EIB55K, the ôlutant EIB55K A262~ or B-galaetosidase

(LacZ) at titers of 100 or 500 moi and NGF was withdrawn from the media two days Iater. After

48 ho~œil survival was measured by MIT assays. 0 NGF represents uninfected sympathetic

neurons that were a1so withdrawn from NGF~ while 10 NGF represents uninfeeted sympathetic

neurons maintained in the presence of lOng/ml NGF for the course ofthe experiment. Results are

those obtained in a representative experiment perfonned in triplicate~ and represent the mean +/

the standard error. Similar results were obtained in five separate experiments. *** indicates those

values that are signjficantly different trom the 0 NGF control (p<O.OO5). Note that ooly those

neurons transduced with E IB55K were rescued from NGF withdrawal-induced apoptosis. (8)

p53 and p75...induced apoptosis. Sympathetie neurons were infected with recombinant adenovirus

expressing E IB55K or the mutant ElB55K A262 at a titer of500 moi and two days later were

switched ioto 50 mM KCl (KCL+EIB55K and KCL+A262) or 50 mM KCl plus 100 ng/ml

BDNF (KCL+BDNF+EIB55K and KCL+BDNF+A262). As control~ uninfected neurons were

switehed ioto 50 mM KCI (50 KCL), into 50 mM KCl plus 100 ng/ml BDNF (KCL+BDNF), or

were withdrawn &am NGF (ONGF). After 48 hours, œil survival was measured using MIT

275



•

•

assays. Results are those obtained in a representative experiment performed in triplieate, and

represent the mean +/- standard error. Similar results were obtained in 4 separate experiments.

*** indicates those values that are significantly different ftom SO mM KCI a1one, and (***)

indieates those values amongst the points that reœived BDNF that are significantly different trom

KCL+BDNF (p<O.OOS). Note that, as previously reported (Bamji et al., 1998), BDNF reduces

neuronal survival in the presence ofKCI, and that EIB55K but not A262 is able to completely

rescue this BDNF-mediated apoptosis. (C) MEKKI-induced apoptosis. Sympathetic neurons

were infected with recombinant adenovirus expressing aetivated MEKK1 or 8-galaetosidase

(LacZ) at concentrations of20 to 200 moi, and were maintained in 20 nwml NGF for 4 days

following infection. As controls, uninfected neurons were maintained for the entire experiment in

20 nglml NGF. Cell survival was measured using MIT assays, and results are those obtained in a

representative experiment performed in triplieate, and represent the mean +/- standard error.

Similar results were obtained in 4 separate exPeriments. ** indicates those values that are

significantly different between MEKKI and the B-galactosidase control at a given moi (p<O.OOS).

Note that activated MEKK1 decreases sympathetic neuron survival in a concentration-dependent

fashioD. (0) p53 and MEKKl-induced apoptosis. Sympathetic neurons were infected with 50

moi ofMEKKl plus SOO moi ofElBSSK (MEKK + EIBS5K), A262 (MEKK + A262) or 8

galactosidase (MEKK + LacZ), were maintained in 20 ng/ml NGF for four days following

infection, and survival was then measured using MIT assays. As further controls, neurons were

infected with 50 moi B-gaIactosidase vinas (20 NGF + SO LacZ) for the same timeperiod, or were

withdrawn trom NGF for the final two days. Results are those obtained in a representative

experiment performed in triplicate, and represent the mean +/- standard error. Results are

normalized 50 that 0 NGF is (lOlO survivaL and 20 nwml NGF plus 50 moi 8-galactosidase (20

NGF + 50 LacZ) is 1()()OIO survival. Similar results were obtained in 3 separate experiments. ***

indieates that EIB5SK significantly rescues MEKKI-induced killing ofsympathetic neurons

(p<0.OO5). (E) p53 in JNK-Bax ce11 death pathway. Sympathetic neurons were infected with so
moi ofthe aetivated MEKK1 adenovirus (50 MEKK) plus or minus SO moi Bel-xl (MEKK + Bcl

xl), 500 moi EIBSSK (MEKK + EIBSSK) or 500 moi A262 (MEKK + A262) adenoviruses. As a

contro~ neurons were infected with 50 moi 8-gaIactosidase adenovirus (50 LacZ). Four days

following the initial infection, during which time n~Jfonswere maintained in lOng/ml NGF,

survival was measured using MIT assays. Resuhs are those obtained in a representative
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experiment performed in uiplieate, and represent the Mean +/- standard error. Results are

normalizecl 50 that 0 NGF is (lOlO, and lOng/mi NGF plus 50 moi 8-galaetosidase adenovirus is

1000.4. survîval. • •• indicates those values that are significantly different trom MEKK aJone

(P<O.OO5).

Figure 5.3. EIB55K reduces p53 levels in sympathetic neuroDs witbdrawn from NGF. (A)

Western blot analysis for p53 in sympathetic neurons that were withdrawn from NGF for 36 hours

(0 NGF), that were maintained in 10 nwml NGF (10 NGF), or that were infected with 500 moi of

recombinant adenovirus expressing A262 or EIB5SK, and two days 181er were witbdrawn from

NGF for 24 hours. Equivalent amounts ofprotein from lysed neurons were electrophore~

traDsferred to nitrocellulose tilters, and p53 protein levels were assessed using anti-p53. Note that

p53 levels increase following NGF withdl:awal, and that expression ofEl855K reverses this

increase, while expression ofA262 bas no etIect. (D) The same blot as in panel (A) reprobed for

the cytoskeletal protein tubulin. (C) Western blot analysis for EIB55K using anti-EIB55K in

equal amounts ofprotein derived from sympathetic neurons infected for 36 hours with

adenoviruses expressing E IB55K or the E IB55K mutant A262. The antibody used for these

studies recognizes bath the wildtype and mutant proteins. (0) Western blot analysis for p53 in

sympathetic neurons that were maintained in 20 ng/ml NGF, and that were infected with 50 MOI

ofrecombinant adenovirus expressing aetiv81ed MEKK1 (MEKK) with or without 200 MOI of

EIB55K for 36 bours. Equivalent amouonts ofprotein from lysed neurons were electrophoresed,

transferred to nitrocellulose filters, and p53 protein levels were assessed using anti-p53. (E) The

same blot as in panel (D) reprobed forTrkA.

Figure 5.4. pS3 levels increase during apoptosis ofsympathetic neurons as induced by

BDNF-mediated activation of p75NTR. (A) Western blot analysis for p53 in equal amounts of

protein derived from sympathetic neurons that were cultured in 50 ng/ml NGF for 4 days, and then

were washed free ofNGF and switched into 50 mM KCI (KCL), 50 mM Kel plus 100 nwml

BDNF (KCL+BDNF), or media containing no NGF or KCI (0 NGF) for 24 or 36 hours. Note that

p53 levels in the neurons treated with KCl and BDNF are similar to those in 0 NGF, and are

greater than those maintained in KCI alone. (8) The same blot as in panel (A) reprobed for the
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neurotransmïtter enzyme, tyrosine hydroxylase (TIl) to demonstrate that equal amounts ofprotein

were present in each ofthe lanes.

Figure 5.5. (A-D) pS3 and Bax protein levels increase following activation ofthe MEKK

JNK pathway in sympatbetic Deurons. (A) Western blot analysis for c-myc in equal amounts of

protein derived from sympathetic neurons infected with 20 moi myc-tagged MEKK1 (20 moi

MEICK) or B-galaetosidase (control) adenovirus for 48 hours. In both cases, neurons were

maintained in 20 nWml NGF for the entirety orthe experiment. (8) Western blot analysis for

phospho-JNK in equal amounts ofprotein derived from sympathetic neurons that were infected

with 50 moi :MEKKI adenovims and maintained for 48 hours (50 moi MEKK), or from

uninfed:ed si5ter cultures that were either maintain~in lOng/ml NGF (10 NGF), or that were

withdrawn from NGF for 48 bours (0 NGF). Note that the level ofphospho-JNK

immunoreaetivity is similar in neurons withdrawn from NGF or transduced with aetivated

MEKK1. (C) Western blot analysis for p53 in equal amounts ofprotein derived from sympathetic

neurons that were infected with 20 moi MEKKI adenovirus and maintained in 20 ns'ml NGF for

48 hours (20 moi MEKK), or from uninfected sister cultures that were maintained in lOng/ml

NGF (10 NGF), or that were witbdrawn from NGF for 48 hours (0 NGF). Note that p53 protein

levels are increased byactivated MEKKI as they are by NGF witbdrawal. (D) Western blot

anaIysis for Bax in equal amounts ofprotein derived from sympathetic neurons that were infected

with 50 moi :MEKKI adenovims and maintained in 20 ng/ml NGF for 48 hours (50 moi MEKK),

or from uninfected sister cultures that were maintained in lOng/ml NGF for the same timeperiod.

(E,F) Increased expression of p53 in sympathetic neurons causes increased Bu protein, but

does not affect pbospborylatioD ofJNK. (E) Western blot analysis for phospho-JNK in equal

amounts ofprotein derived from sympathetic neurons infected with 20 moi MEK.K1 adenovirus

and maintained in 20 ng/ml NGF for 48 hours, or from uninfected sister cultures that were

maintained in 20 nw'ml for the same timeperiod. (F) Western blot analysis for Bax in equal

amounts ofprotein derived from sympathetic neurons infected with 20 moi MEKKI adenovirus

and maintained in 20 nw'm1 NGF for 48 hours, or from uninfected sister cultures maintained in 20

nw'ml NGF for the same timeperiod. (G) Western blot analysis for p53 in equal amounts ofprotein

derived from sympathetic neurons maintained in 20 ng/ml NGF and infected with 20 moi p53
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adenovirus or 50 moi aetivated MEKK adenovirus for 30 hours. As a control, neurons were

withdrawn ftom NGF (0 NGF) for 30 hours.

Figure 5.6. lbe number of sympathetic neurons in the superior cervical ganglia is increased

wben p53 levels are decreased in vivo. (A) Photomicrographs ofcresyl-violet stained sections

through the SCO ofwildtype (pS3+/+) versus pS3+/- mice ofthe same genetic background at

postnatal day 15, when naturally-occurring sympathetic neuron death is complete. (8) Fluorescent

photomicrographs ofin situ TUNEL labelling in the SCG ofp53+1+ versus pS3+1- mice ofthe

same genetic background at postnatal day 7, when developmental sympathetic neuron death is

ongoing. (C) The number ofTUNEL-positive cells in the SCG ofP7 mice that are heterozygous

(pS3+/-) or homozygous (p53-/-) for a p53 mutation created by homologous recombination

(Donehower et al., 1992). Results are expressed as the mean V standard error ofthe total number

ofTUNEL-positive œlls per SCG (n=5 for p53+/- and n=4 for p53+/+). ** indieates that these

two values are significantly different p=O.016. (0) The number ofneurons in the SCG ofPI or

PIS mice that are either pS3+/+ (control), or heterozygous (pS3+/-) or homozygous (PS3-/-) for the

p53 mutant allele. Results are expressed as the Mean \;f standard error ( n=3 for PI p53+/+, 5 for

Pl pS3+/-, 3 for Pl p53-/-, 5 forPI5 p53+/+, 6 forP15 p53+/- and 3 forPI5 p53-1-). ** indicates

values significantly ditTerent ftom p53+/+ SCG orthe same age (p<O.05). Note that while there is

a statistically significant loss of45% ofthe neurons in the p53+1+ SCG over this timePeriod (**,

P<O.05), there is no significant loss ofneurons in either the p53+/- or p53-1- SCG (p>O.3).

Figure 5.7. Model orsympatbetic Deuron apoptosis induced by NGF withdrawal or p75NTR

activatioD. Both ofthese apoptotic stimuli increase p53 and Bax protein levels, and require

elevated p53 levels to efficiently promote œil death. Neuronal death induced by activated

MEKKI also increases IiS3 and Bax protein levels, and requires elevated levels ofpS3 protein

NGF withdrawal-mediated sympathetic neuron death increases JNK and c-jun phosphorylation

and activity, and requires c-jun (Ham et al., 1995; Estus et al., 1994). p75NTR activation in

sympathetic neurons also leads to hyperphosphorylation ofc-jun, presumably via JNK (Bamji et

aL, 1998). Bax is also essential for syrnpathetic neuron apoptosis in vivo and in vitro (Deckwerth

et al., 1996; Easton et al., 1997). The precise MEKK or JNK family member in these pathways is

not known, and other intennediate proteins, such as SEKI (Sanchez et al., 1994) are likely
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involved as intermediate $leps in this hypothetical cascade. Moreover, aIthough this model shows

JNK signalling to p53 via c-jun, recent work: indieates that JNK can directly interaet with and

phosphorylate p53 (Hu et al., 1997). pS3 May induce death by increasing Bax protein or aetivity,

or via other pS3 target proteins (polyak et al., 1997).
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CHAPTER 6: GENERAL DISCUSSION

L Overview orthe Role of Neurotrophins in the Development orthe Vertebrale Nervous

System:

Neurotrophins exert multiple effects on the developing and mature nervous system. In

addition to their well-defined role in promoting and maintaining the survival ofdifferentiated

neurons~ these proteins affect neuron precursor cell proliferation and differentiatio~ regulate

neurotransmitter and neuropeptide synthesis~ and influence neuronal morphology and synaptic

plasticity throughout life (reviewed in Gu~1995; Hal1bôôk et a1.~1995; Sendtner~ 1995). A brief

aœount of the roles neurotrophins play during neuronal development is described in this

section, which is aimed at integrating the findings ofthe previous chapters and setting them in a

general developmental framework.

One ofthe earliest roles for neurotrophins during neuronal development is the induction of

terminal mitosis in proliferating neuroblasts. Interestingly~ this ability is not exhibited by ail

neurotrophins~and thus far, only BDNF and NT-3 have been shown to affect the 1010birth date" ~

or terminal mitosis, ofa neuron (Cohen-Cory and Fraser,1994; Ahmed et al.~1995; Liu et

al., 1997; Jungbluth et al.~1997). The inability ofNGF to elicit a similar effect on dividing

neuroblasts is probably due to the lack ofexpression of its cognate receptor~ TrkA, in these

cells (Verdi et al.,1994). Indeed, the timecourse ofexpression ofthe neurotrophins and their

cognate Trk receptors indicates that BDNF and NT-3 play crucial raies during early neuronal

development, whereas NGF exerts its effects at later timepoints. How are BDNF and NT-3

targeted to dividing neuroblasts? Il has recently been shown that BDNF is secreted in an

autocrine! paracrine manner by dividing neuronal precursors, to affect the differentiation of

these cells (Cohen-Cory and Fraser,1994; Liu et al., 1997). This represents a local mechanism

ofcontrol whereby timing ofdifferentiation within populations is regulated by that population

itself: It is crucial however to coordinate the development ofthe nervous system, and it is

highly likely that distant neuronal populations are a1so able to impinge on newly developing

systems~ to coordinate their development. How does this occur? We hypothesize that

established neuronal populations might temporally regulate differentiation within newly

developing target populations, via the anterograd~secretion ofneurotrophins. Indeed,

correlative data bas suggested that BDNF is anterograclely transported by early developing
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intemeurons to mediate the ditTerentiation ofmotor neuron progenitors (Jungbluth et al., 1997).

Our results demonstrate that BDNF is anterogradely transported by noradrenergic neurons in

the developing CNS, and we postulate that this early secretion ofBDNF in the vicinity of

TrkB-expressing cortical neuroblasts may regulate the differentiation ofthese cells. These

etTects may he direct, or indirect via the regulation of neurotrophin expression in target

neurons, and is further discussed below.

The survival of neurons immediately following exit from the cell cycle, and prior to

target innervation, is generally believed to be neurotrophin-independent. In vitro studies of

different populations ofcranial sensory neurons have shown that the initial duration of

neurotrophin independence is controlled by an intrinsic timing mechanism and correlates with

the distance an axon needs to cover prior to target innervation (Vogel and Davies, 1991). For

example, vestibulocochlear neurons have close targets and survive for ooly a short duration in

the absence ofneurotrophins, whereas nodose neurons have distant targets and are

neurotrophin-independent for a longer duration (Vogel and Davies, 1991). This is not to say

that neurotrophins do not exert any effects at this developmental stage. Indeed, sympathetic

neurons already express their TrkA and p75 receptors at this point, and we hypothesize that

their ditTerential activation May play a role during the formation of neuronal connections

(discussed below). Moreover, early sympathetic neurons express the TrkC receptor, which

may modulate other neuronal funetions, although it is not required for survival (Fagan et

al., 1996).

Aceording to the classical neurotrophin hypothesis, innervating neurons become

dependent on Iimiting quantities oftarget-derived neurotrophin for surviva~ in a mechanism

that allows a target to dictate its innervation density. However upon closer examination,

neuronal development al tbis stage appears more complicated. Indeed, multiple neurotrophic

factors ftom multiple sources have been shown to aet concurrently and sequentially during

tugea: field innervation in several neuronal systems, and have been shown to exert both positive

and negative effects on neuronal survival. The final outcome after exposure to multiple

neurotrophins depends on the receptor repertoire expressed by the neuron as weil as their

spatio-temporal pattern ofexpression. What is the biological significance of having multiple

neurotrophic factors acting concurrently or sequentially on neuronal populations? First, let us
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examine how multiple neurotrophic factors cao aet concurrenl/y on a neuronal population with

a set receptor repertoire, to sculpt the development ofthat population.

The rapid elimination ofexcess neurons that are unable to sequester appropriate levels

oftarget neurotrophins during the time ofinnervation, is generally referred to as programmed

cell death. Our laboratory bas reœntly shown that the absence ofthe appropriate neurotrophin

alone is insufticient to drive rapid neuronal apoptosis, which tùrther requires the activation of

the p75 receptor by other neurotrophins (Bamji et al., 1998). We hypothesise that it is the

precise cohort ofneurotrophins to which a neuron is exposed that determines cell survival or

death (see Fig.6.1), and postulate that these neurotropbins cm be derived retrogradely from

target cells, anterogradely from afferent neurons, locally in an autocrinel paracrine manner, or

ftom glial cells. Such a mechanism, whereby neurotrophins aet positively and negatively to

affect neuronal survival, reveals a level of sophistication that was previously unpredicted by the

neurotrophin hypothesis, and May play an essential role in the matehing of neurons with their

targets throughout the nervous system.

To ensure appropriate target innervation and overall circuit fidelity, it is also important

to have a mechanism that ensures the elimination ofaxon collaterals that have innervated

inappropriate targets. Recent evidenee bas suggested that neurotrophins can inhibit the growth

and elongation ofaxons via the p75NTR in the· absence oftheir cognate Trk receptors

(Kimpinski et al., 1998). We now propose that tbis provides a system whereby inappropriate

target innervation is determined by the neurotrophin repertoire expressed in targets and the

receptor repertoire on innervating neurons, and that this inappropriate innervation is actively

eliminated by the action of one or more ofthese neurotrophins on the p75NTR (Fig.6. 1). Thus,

we propose that during the time of innervation multiple neurotrophie factors act to ensure

appropriate target innervation. Although it bas yet to he detennined whether innappropriate

target innervation takes place in the absence ofthe p75NTR, ectopie expression ofNGF in glial

cells oftransgenic mice resulted in aberrant sympathetic innervation to these ceUs within the

cerebellum (Walsh and Kawaja,1998). This aberrant sympathetic innervation was inereased

when NGF was ectopically expressed in

p75 -/- mice (Walsh and Kawaja, 1998).

Following the successful innervation ofa target, sympathetie neurons are faced with

innervating an increasingly large area as the target increases in size. In order to respond to
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increases in target area and, therefore~ increases in NGF levels~ a neuron must be able to

respond to large variations ofNGF in a graded fashion. We propose that the negative

modulation ofTrkA tyrosine kinase signaling by p75 plays an integral role in enabling the

neuron to respond to a large range ofNGF concentrations. Moreover, increases in terntinally

derived NGF upregulate the ratio ofp75 to TrkA, suggesting NGF rnay widen its own

concentration response range via a modulatory feedback loop that regulates neuronal responses

to NGF itself: Indeed~ the NGF-induced increase in the ratio ofp75 to TrkA could serve to

ensure that the growth response would occur over a much broader concentration range than

predieted by the number ofTrkA receptors atone (reviewed in Miller, 1994)

These are situations whereby neurotrophins acting concurrently on a given neuronal

population cao exen very different and indeed.. opposing etTeets~ on the cell via the Trk and p75

receptors. This is not to say that neurotrophins a1ways exert opposing etTects on ceHs. Indeed,

given the receptor repertoire of the cell.. multiple neurotrophins may aet synergistica1ly ta

Mediate the survival ofthe cell as in the case ofBDNF and NT-3 on early trigeminal neurons~

and, NT-3 and NGF on mature sympathetic neurons. What is the biological significance of

neurotrophin redundancy? In fa~ a1though neurotrophins May aet redundantly to Mediate the

survival ofa neuron, it is still not clear whether these factors Mediate exactly the same

biological effeets, or whether they Mediate subtly different influences not detectable by

examination ofgross effeets like survival and death. Indeed, it is likely that as the mechanisms

by which neurotrophins Mediate their effects are studied in greater detail, ditTerences between

the intracellular signaling events and corresponding biological effects that are mediated by the

different neurotrophins will become apparent.

Neurotrophins may a1so exert distinet effects at ditTerent timepoints during the

development ofa neuron. In this sense~ there are changes in the funetions ofneurotrophins,

and changes in the particular neurotrophins serving these funetions, throughout the

development and maturation ofdifferent neuronallineages. For example~ following the period

ofneurotrophin-independency~trigeminal sensory neurons becomes transiently responsive to

bath BDNF and NT-3~ which Mediate a synergistic effect on survival (Davies et al., 1986).

Following a briefperiod during which a neuron is responsive to BDNF, NT-3 and NGF~ the

neuron loses its responsiveness to BDNF and NT-3~ and becomes dependent on NGF for

survival. Although sympathetic neurons were believed to undergo a similar switch in
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neurotrophin responsiveness, ftom NT-3-dependence to NGF-dependence, such a

straightforward change in neurotrophin dependency is not as evident. Despite the faet that

sympathetic neurons are not generally believed to require TrkC signaling for survival (Fagan et

a1.,I996), the high expression ofTrkC at early timepoints during sympathetic neuron

development may affect subtle changes on the raie ofNT-3 on sympathetic neurons. It is still

unclear what these roles may be.

The recent realization that neurotrophins cao also be anterogradely transported in the

CNS and PNS makes it important ta examine the effeets of innervating neurons and their

neurotrophin repertoire, on the survival of target populations. Indeed, our lab bas recently

shawn that overexpression ofBDNF in afferent noradrenergic neurons, cao mediate the

survival of injured facial motor neurons (Fawcett et al., 1998). Such a scheme represents an

afferent-supplied adjuna to retrograde signaling that charaèterizes the neurotrophins.

Recent studies have made it clear that the role ofBDNF and NT-3 in the CNS extends

beyond that ofdifferentiation and trophic support. Indeed, BDNF and NT-3 (but not NGF)

produce rapi~ neuromodulatory effects in a variety ofadult systems, and can augment neuronal

firing rates, neurotransmitter release, metabolism and the phenotypic expression ofenzymes in

cholinergie, dopaminergic, serotinergic or peptidergic neurons (reviewed in Lu and

Figurov,I997). In the CNS, the rapid efTects ofBDNF are best described for the long-term

potentiation ofhippocampal synaptic responses (reviewed in Lu and Figurov,1997). This raie

for BDNF bas implications for learning and memory, and the failure of cognitive abilities in

dementia including Parkinson's and Alzeimer's disease.

n. Anterograde Transport of BDNF in the CNS:

(i) Regulation ofBDNF Secretion:

The anterograde transport ofneurotrophins in the brain has classically been demonstrated

by the use ofhighly specifie antibodies, which have identified the presence ofBDNF and NT-3

in nerve terminais ofbrain and PNS populations that do not contain the corresponding mRNA

(Radka et al.,. 1996; A1tar et al.,1997; Conner et al., 1997; Smith et al., 1997;Yan et al., 1997).

We have furthered these slodies and have demonstrated a functional role for anterogradely

secreted BDNF in mediating the development and survival oftarget neurons. How is this

release oftrophic factor regulated? Several slodies have suggested that neurons ofthe CNS are
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able to target neurotrophins to the regulated secretory pathway for release at presynaptic nerve

terminais (reviewed in Altar and DiStefano,I998). This activity-dependent release of

anterogradely transported neurotrophins is in keeping with the proposed neurotransmitter-like

role for neurotrophins in the CNS. CNS neurons contain both constititive and regulatory

release pathways, the latter being used to package neurotransmitters within synaptic vesicles

and neuropeptides within large dense-core vesicles (reviewed in Kelly,1991). Indeed, BDNF

immunoreactivity in the rat brain is enriched in synaptosomal fractions, its distribution

resembling that of synaptotagmin, a protein associated with synaptic vesicles and large dense

core vesicles at nerve terminais (Fawcett et al., 1997). Furthermore, endogenous BDNF in

cortex (Grisbeck et al., 1995) and [l25I]-BDNF preloaded into a synaptosomal fraction ofcortex

and hippocampus (Murray-Rust et al., 1993) cao be released following depolarization with

potassium and glutamate, similar to that seen with neuropeptides.

Noradrenergic neurons of the locus coeruleus exhibit slow spontaneous aetivity that

tluctuates systematically with spontaneous changes in the vigilance of the animais (Foote et

al., 1980). Although we hypothesize that BDNF secretion trom noradrenergic Le neurons

varies with changes in its discharge aetivity, this bas yet to be examined. This couId provide a

potential molecular mechanism for coupling alterations in aetivity in neural circuits with

morphological and functional changes in those systems.

(ii) Role ofAnterogradely-DerivedBDNF in the Mammalian CNS:

What is the role ofanterogradely transported BDNF in noradrenergic neurons? The early,

prenatal formation of noradrenergic projections to the forebrain bas led to the proposition that

these axons exert a trophic and regulatory influence during the ontogeny ofthe cerebral cortex

(Oison and Seiger,1972). Although it was previously believed that this trophic influence was

largely due to norepinephrine release, the perturbations we have observed in the cortex of

DBH:BDNF transgenic mice, indicate that this trophic factor May also be crucial in the

regulation ofcortical development by noradrenergic afferents. Indeed, the perturbations in the

neo<:ortex as demonstrated by the pattern ofTal:nlacZ expression in Tal:n1acZxDBH:BDNF

transgenic mice, and in nissl stained sections ofDBH:BDNF mice, are not attributable to

indirect effects such as changes in the number ofnoradrenergic neurons ofthe locus coeruleus,

changes in the pattern ofnoradrenergic innervation, nor to changes in catecholamine levels in
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the cortex. (Fawcett et al.,1998). This phenotype rnay he achieved through a number of

ditrerent mechanisms, including premature neurogenesis, inappropriate migration, and

alterations in neuronal survival. Indeed, there is precedent that increased BDNF in the vicinity

ofthe developing neoconex cao exen ail three effects. However, we hypothesize that the

cortical phenotype ofDBH:BDNF transgenie miee, is primarily due to the premature

expression ofBDNF in afferent noradrenergie axons, and the consequent premature ~~push" that

dividing neuroblasts receive towards untimely differentiation. First, there is a decrease in the

size of the neocortex and in number ofcortical neurons in DBH:BDNF transgenie mice. Early

ditrerentiation ofcortical neuroblasts may deplete the precursor pool and severely decrease the

number oftotal cortical neurons, resulting in a reduction in cortical width. Interestingly, the

number ofneurons and width ofthe neocortex is most severelyaffected at the anterior-most

part ofthe neocortex, one ofthe first areas innervated by LC neurons, and one ofthe last

cortical areas to reach maturity. Together, these two occurrences could provide the widest

window ofopportunity for LC-derived BDNF to influence cortical precursors, and may explain

the more severe depletion ofcortical neurons in the anterior neocortex. Secondly, when

heterozygote DBH:BDNF transgenic mice were crossed to Ta1:nlacZ mice, ~-galactosidase

expressing blue cells were observed at earlier timepoints in the cortex ofthe BDNF

overexpressing progeny compared to wildtype littennates following X-gal staining (data not

shown). As the Tal:n1acZ transgene is tumed on in neuronal cells following exit trom the cell

cycle (Gloster et al., 1998), the early expression ofthis transgene in BDNF overexpressing mice

(at E 13), indicates premature differentiation ofcortical precursors.

During cortical development, cells in the ventricular zone exit the cell cycle and migrate to

their appropriate position in the cortical molecular layer, its position depending on the birth

date ofthe cell (reviewed in Bayer and Altma~1991). There is sorne indication that changes in

the neurotrophin level and indeed, alterations in the noradrenergic innervation ofthe cortex,

may affect the migration ofcells. For example, cortical heterotopias (groups ofectopic cells)

were observed in the molecular layer ofmice injected with NT-4, and to a lesser degree, BDNF

(Brunstrom et al., 1997). In addition, ectopie neurons were observed in brains treated with 6

hydroxydopamine (6-0HDA) (Lidovand Molliver,1982). This data does not differentiate

between effects on neuronal migration and proliferation, nor does it unequivocaIly lie loss of

innervation effects to loss of neurotrophins. Further experiments are required to elucidate the
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mechanism ofDDNF action on the developing cortex. However~ as the time ofcell cycle exit

may affect the survival and/or the position a neuron is destined to migrate to, it will he very

hard to distinguish between differentiation and migration effects on cortical progenitors and

neuron~ respeçtively.

Although the use oftransgenic mice bas proved to be extremely important in uncovering

the biological funetions of the neurotrophins in vivo~ a cautionary note must he added against

interpreting these effeets to be direct~ as opposed to being secondary effects upon manipulation

ofan entire system. Several factors suggest that the effects we observed on cortical

development were directly mediated by anterogradely-derived BDNF from noradrenergic

afferents. First, TrkB aetivity is increased in BDNF overexpressing mice~ and secondly, there

are spatial changes in the severity ofthe perturbations that correlate with noradrenergic inputs.

However, it May be that in such a coordinated system, other factors May influence cortical

phenotype and may themselves be influenced by the overexpression ofBDNF in Le neurons.

For example, increases in the level ofBDNF in noradrenergic neurons, may have an effect on

other neurotrophins expressed by these neurons~ and rnay result in decreased NT-3 expression

in neurons ofthe Le. Indeed, neurotrophin compensation has previously been thought to

account for the lack ofgross morphological effects in the CNS ofMany neurotrophin knockout

mice, and may be evolutionarily essential to dampen the effect ofalterations in one system, that

could severely perturb the function ofmany networks in the brain.

BDNF a1so plays an important role in regulating the expression ofneuropeptides in the

brain as evidenced by the decreased expression of neuropeptide Y (NPY), parvalbumin, and

calbindin in DDNF-I- mice (Jones et al., 1994). Recently, our lab has shown that ca1bindin

expression is increased in the septum ofDBH:BDNF transgenic mice, and that treatrnent of

wildtype mice with 6-0HDA results in a decreased expression ofthis neuropeptide (Fawcett et

al., 1998). It is therefore conceivable that a1terations in the growth and survival of neuronal

populations in the brain are due to secondary effects ofBDNF on fluctuations in neuropeptide

levels which may then directly influence survival and differentiation, possibly via its ability to

modulate neuronal aetivity. While the precise mechanisms remain to be elucidated, these

findings expand potential influences ofneurotrophins into more dyoamic aspects ofbrain

function than previously envisioned.
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We have al50 demonstrated that anterogradely-derived BDNF can Mediate the survival of

target neurons. This is very important in examining the effects of neurotrophins in

neurodegenerative diseases. For example? noradrenergie neurons of the locus coeruleus are

severelyaffected in patients with Alzeimer's and Parkinson's disease with a trend for greater

neuronalloss in patients with concurrent dementia (Zweig? et al.? 1993). Neurons ofthe locus

coeruleus innervate both the substantia nigra pars compaeta (SNe), and the pyramidal eells of

the hippocampus. One ofthe etiologies of Parkinson' s disease is the severe depletion of

neurons within the SNe (Quik et al.? 1979), which depend on BDNF for survival (Hofer et

al., 1991). Although it is tempting to speculate that decreased exposure to BDNF results in the

death ofmidbrain dopaminergic neurons, this population does not appear to be dependent on

BDNF for survival as evidenced by studies in BDNF-/- mice (Ernfors et al., 1994).

BDNF bas been implicated in regulating sYnaptic plasticity and long-term potentiation in

the hippocampus, a mechanism believed to be associated with memory formation and leaming

(reviewed in Cain, 1998; Frey and Morris, 1998). Indeed, decreased expression ofBDNF in

BDNF-/- mice resulted in decreased formation ofLTP, which was rescued by exogenous

applications ofBDNF (Korte et al., 1995,1996). This perturbation in hippocampal funetion and

LTP formation may be relevant to the dementia seen in Alzeimer' s patients and Parkinson's

patients with severe LC neuron loss. Thus, anterogradely-derived BDNF from noradrenergic

afl"erents may play a role in hippocampal LTP and memory formation.

(iii) Modelfor the Role LC-DerivedBDNFas a Mediator of UState ofArousal" Effects 011

Brain Developmenl:

Together, we suggest that BDNF May be anterogradely transported to effect the

development, the phenotype and the survival of target neurons. What is the biological

significance ofanterogradely-derived BDNF? It is important to consider that the level of

BDNF synthesis (Emfors, 1991; Lindefors et al., 1992) and release (Griesbeck et al., 1995;

Androutsellis-Theotokis et al., 1996) is increased by activity induced either by pharmacological

or direct stimulation. Together with the biological effeets ofanterogradely.derived BDNF, this

aetivity-dependent modulation ofBDNF sYnthesis and release, can he used to propose a model

for encoding long-lasting changes in the development and function in the CNS as a result of

changes in the environment and the general state ofacousal ofthe animal.
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Neurons ofthe locus coeruleus generally act as postsynaptic integrators ofextemal and

internai inputs, regulating the state ofarousal ofthe animal by altering the funetional aetivity of

target neurons (reviewed in Foote et al., 1983). We propose that during development, neurons

ofthe Le establish a baseline level ofaetivity that is dependent on environmental inputs during

specifie developmental windows. Lowering this baseline level ofactivity (for example, in a

stimulus-deprived environment), may lower the sYRthesis and release ofgrowth factors sueh as

BDNF (reviewed in Lindholm et al., 1994). Conversely, in high stimulus environments, the

baseline level ofLe neuron aetivity is high, and the synthesis and release of BDNF is

concommitantly increased (reviewed in Lindholm et al., 1994). Alterations in the level of

BDNF being secreted into target areas, as determined by the level ofactivity in those circuits,

May play an essential raie in regulating the development and survival oftargets during critieal

developmental widows.

In support ofthis idea, a1terations in neurotro~hin levels (McAllister, et al., 1997) and

noradrenergic innervation (Maeda et al., 1974) has been shown to affect the growth and

morphology ofcortical dendrites, and alterations in BDNF levels have been shown to affect the

survival ofdifferentiated cortical neurons (Ghosh et al.,1994), and synaptogenesis (Braun et

al., 1996). Thus, in a deprived environment, decreased secretion ofBDNF from neurons ofthe

LC, MaY result in decreased survival, growth and synapse formation. These effects will be

long-lasting, even if the level ofenvironmental stimulation returns to normal following the

critical developmental window. This model, although speculative, provides a novel framework

for thinking about the molecular mechanisms underlying psychopathology.

Within the field of psychology, it is generally believed that the strength of memory

formation is dependent on the state ofarousal ofthe animal and its concentration on a given

task or stimulus (reviewed in Barldey,1997). Here, we propose a model whereby LC-derived

BDNF enhances memory formation via its aetivity-dependent release at the hippocampus.

During the state of increased vigilance, there is an increase in the spontaneous aetivity ofLe

neurons, resulting in a potential concommitant increase in BDNF levels being secreted to target

areas. This increase in BDNF levels at the hippocampus resuhs in enhanced LTP formation.

Conversely, during astate ofdecreased vigilance, less BDNF is secreted to targets in an

activity-dependent manner, decreasing the chances ofan LTP event and a decreased chance of

memory consolidation.
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Thu~ we propose that the LC-derived~activity-dependent anterograde secretion ofBDNF~

mediates a number ofbiological effects throughout the lifetime ofan animal and may expIain

the differences in animais reared in environrnentally-rich conditions versus animaIs reared in a

deprived environment.

RI. The Role of the p75 Neurotropbin Receptor in the Development of Sympathetic

Neurons of the SCG:

The p75 neurotrophin receptor plays a multifaceted role during the development ofthe

mammalian nervous system. Ind~ anaIysis ofp75 null mutant mice and supporting ill vitro

data have revealed potential functions of p75 in target innervation and neuronal survival and

death. The following sections outline potential models ofhow p75 May act to negatively

regulate neuron growth and survivaL and how these negative roles reconcile with its ability to

form high affinity binding sites for NGF.

fi) Role ofp75 in the Regulation ofAxon Oulgrowth and the Appropriale Innervation of

Targels:

Evidence suggests that the total number ofaxonal branches extending from a given neuron

tends to be conserv~and may be regulated by the limiting production of factors made in the

neuronal œil body which are needed by the axons for their growth and survival (reviewed in

Smalheiser and Crain, 1984). This process, termed '~sib1ing neurite bias", is one in which

excess or inappropriate synaptie contacts are "pruned downn to stabilize a limited number of

axon terminaIs, usuaIly those possessing an optimal specifieity ofcontacts and accruement of

trophic factors (reviewed in Smalheiser and Crain, 1984). We propose that the p75NTR plays

an integraI role during target innervation and may regulate the extension or retraction ofaxon

collaterals via its local modulation orthe TrkA receptor.

Evidence for a role ofp75 in target innervation is derived trom p75-/- mice, which exhibit a

lack ofsympathetie innervation to the pineal gland and reduced innervation to specifie footpads

(Lee et al., 1994). We propose that functional antagonism of the p75 and TrkA receptors acts to

"fine-tune" the innervation oftargets in a similar mechanism to that involved in regulation of

neuronal survival.
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Expression oftrlcA and p75 mRNA are first detected in sympathetic neurons al E13.5, just

prior to the time when these neurons innervate proximal targets (Wyatt and Davies,1995). One

ofthe first potential roles ofthe p75NTR during sympathetic neuron innervation may be to

slow down axon growth as the axon arrives at the target, via its activation by target-derived

neurotrophins. Iodeed, a recent study suggests that the p75 second messenger. ceramide. acts

in distal axons, but not œil bodies, to negatively regulate neurite growth (posse de Chaves et

al., 1997). Moreover. specifie activation ofp75 in sympathetic neurons decreases neurite

branching, an etTect reversible using antibodies to the p75 receptor (Kohn et al., 1998). We

speculate that NGF-responsive neurons regulate neuritic growth via cross-talk between TrkA

and p75NTR signaling pathways. A mechanism can be envisioned in which the secretion of

target-derived NGF into the proximal environment just prior to axon arrivai favors growth, and

potentially affects neuronal pathtinding to direct axons to the target. As axons get closer to the

target, target secretion ofother neurotrophins sueh as BDNF. which May be expressed at lower

levels or may not be able to diftùse as far into the proximal environment, May activate the p75

receptor to inhibit local growth via ceramide.

One model ofneuronal pathfinding suggests that growth-promoting and growth-inhibiting

signais act in concert at the growth cone where they are translated into a directed growth

resp?nse (reviewed in Tessier-Lavigne and Goodman, 1996). The local generation ofceramide

may he one inhibitory signal regulating neuronal growth and pathfinding. Although activation

ofthe p75 receptor bas been shown to mediate apoptosis in sympathetic neurons, it is possible

that at this developmental stage, activation ofp75 cannot Mediate apoptosis due to the

immaturity ofthe apoptotic signaling cascade and the potential absence ofcrucial apoptotic

signaling molecules.

Following target innervation, axon collaterals from the same neuron compete with one

another for trophic factors which will not only determine neuronal survival, but also determine

whether an axon collateral becomes stabilized or resorbed. This competition among growing

sibling neurites could provide an additional mechanism by which elongation and survival ofa

neurite cao he atTected not only by its local environment. but by signals acting on its siblings

growing in distant regions. In tms way, small differences in target cues acting upon different

axon collaterals can be amplified (reviewed in Smalheiser and Crain, 1984). Therefore, ~~sibling

bias" may contribute to the establishment ofspecifie neural connections, as weil as to the loss
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of inappropriate ones. We propose that the maintenance ofaxon-target contact is regulated by

the level ofTrkA signaling occurring at a specifie collateral. Indeed, one can imagine a

scenario in whieh a neuron extends two collaterals that innervate ditTerent targets. Ifone of

those collaterals arrives early at a target and is able ta sequester high levels ofNGF, then the

robust TrkA signaling would retrogradely Mediate the survival ofthat neuro~ and would

locally promote growth ofthat axon. Activation ofp75 by target-derived growth factors would

be integrated, but would not override this signal. Ifthe second collateral arrives at a target that

has already been innervated or arrives at an inappropriate target, the low level ofavailable NGF

would result in weak TrkA activation, and ligand-aetivated p75 would aet locally to attenuate

the growth ofthat specifie axonal branch. The net result would be the retraetion ofone axon

collateral and the maintenance ofthe other (see Fig.6.1).

Interestingly, the level ofsympathetie innervation to the pineal gland is increased in BDNF

/- mice, and cannat he explained by the increase in sympathetie neuron number atone. The

pineal gland normally produces BDNF (Kahn et al., 1998), and we propose that in the absence

ofBDNF-mediated p75 activation, local signais for retraetion are absent, resulting in a

persistence ofsympathetie innervation. Thus, p75 may play a sirnilar negative modulatory role

in neurite outgrowth ofTrkB-expressing, BDNF-responsive neurons.

Somewhat counter-intuitively, there is a laek ofsympathetie innervation to the pineal gland,

and reduced innervation of specifie sweatpads in p75-/- mice (Lee et al.• 1994). The lack of

specifie target innervation in p75-1- mice cao be explained in two ways. First. strong survival

and growth signais mediated by robust TrkA activation in the absence ofp75. rnay result in the

persistent innervation ofearly targets which sequester the majority ofgrowth proteins for axon

arborization, thus preventing the formation or growth ofaxon collaterals to late targets such as

the pineal gland. Evidence for this cornes trom transgenic rnice which overexpress NGF in

keratinized skin (K14:NGF mice) (Guidry et al., 1998). Here. examination ofsympathetic

innervation to the footpad revealed an increased innervation ofthe dermis, and a concommitant

decrease in the innervation ofsweat glands and bl()od vessels (Guidry et al., 1998). Thus, the

robust activation ofTrkA in one target area May result in ditTerential sympathetic innervation.

Another example ofthis cao be seen in DBH:NGF mice, which express NGF in

sympathetie neurons themselves (Hoyle et al., 1993). There is an overall decrease in the

innervation density ofsympathetic neurons in these miee, supporting the idea that in the
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presence ofstrong local survival signais, neurites are not required ta useek" additional sources

ofneurotrophin. This would account for the decreased sympatbetic innervation pattern. It

would be ofgreat interest to see whether there is a bigher incidence of inappropriate target

innervation in these mice.

Another explanation for the apparent lack ofsympathetic innervation to the pineal gland in

p75-1- mice may he the inability ofthese axons to pathfind to this specifie target area. It is weil

known that axons grow a10ng previously established axonal routes to arrive at target areas. It is

possible that p75 aids in neuronal pathfinding in early neurons in the absence of prior axonal

routes. As the pineal gland is not innervated by either sensory or motor neurons, it is possible

that sympathetie neuites are required to pathfind to the pineal gland independently. In the

absence of p75, this axon pathfinding MaY be severely compromised, resulting in the absence

ofpineal innervation.

Although it is relatively easy to coneeptualize how TrkA and p75 May aet locally to initiate

a growth or retraetion signal in specifie axons, it is harder to imagine bow a neuron integrates

signais iTom all neurites, and interprets the spatial arrangement ofTrk signaling such that it

faeilitates growth or maintenance ofone collateral, white causing another to retraet. Indeed.. this

bas yet to be examined.

(ii) The Role ofp75 in Neuronal Survival and Death:

a) Biological Consequences:

Once a neuron becomes dependent on NGF for survival and competes for limiting amounts

oftarget-derived NGF during the period ofnaturally-occurring œil death, the role ofthe p75

receptor shifts to rapidly eliminate neurons that are unable to sequester adequate amounts of

NGF. We postulate that the rapid pruning ofthese neurons makes biological sense, to allow

for the "oost" neurons ta innervate the target. We believe that this is a result offunetional

antagonism between the TrkA and p75 signaling pathways, briefly deseribed below. Our

model ofhow the p75 receptor regulates neuronal survival and death bas previously been

described in ehapters IV and V and reviewed in Miller and Kaplan (1998), and will not be

further discussed here.
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b) Signaling Events Mediated by the p75 Neurotrophin Receptor:

Apoptosis serves to control œil numbers during development and throughout life. It is

important during the normal development ofthe nervous system and is a feature of

neurodegenerative diseases (reviewed in Gelbard et al. 9 1997). Therefore9 understanding the

signaling pathways regulating apoptosis in neurons is ofparticular interest. Sympathetic

neuronal apoptosis is known to OCCOT upon withdrawal ofNGF in vitro and in vivo9 and the

inability to sequester sufticient NGF during development is believed to be one of the hallmarks

ofcells undergoing programmed cell death. We have recently shown that sympathetiè neurons

undergo apoptosis upon selective activation ofthe p75NTR with BDNF (Bamji et aI. 9 1998).

We have also attempted to unravel the potential signaling cascade by which p75 mediates its

apoptotic funetion (Aloyz et al., 1998). In the following section, the potential signaling

pathways leading to sympathetic neuron deatb will he discussed9 focussing on NGF

withdrawal-induced death and p75NTR-mediated death.

We propose that NGF withdrawal-induced death and p75NTR activation-induced death,

May he mediated by the same apoptotic signaling pathway. Indeed, given the similarities

between NGF withdrawal and p75NTR activation, we propose that NGF withdrawal-induced

apoptosis May be, to a large exten~ a p75NTR-mediated process. That is to say, in the absence

ofsufticient TrkA signaling, we predict that target-derived and aurtocrinelparacrine-derived

neurotrophic factors impinge on the p75NTR and rapidly induce apoptosis. This will be

discussed focussing on the temporal events ofsympathetic neuron death afier these two events9

as well as the timecourse ofactivation ofapoptotic signaling Molecules.

The first evidence that NGF withdrawal-induced death and p75NTR activation-induced

death are similar in sympathetic neurons derives from the timecourse ofneuronal death

following NGF withdrawal (Deckworth and Johnson, 1993) or p75 activation (Bamji et

al., 1998), which occur approximately 48 hours fcllowing experimental manipulation. This

timecourse ofcell death is different from that observed in rat oligodendrocytes where p75

activation led to apoptosis in 4 hours (Casaccia-Bonefil et al., 1996).

Second9 we have shown that NGF withdrawal-induced apoptosis is greatly delayed in

p75NTR null mutant mice in vitro, and that programmed cell death is delayed in vivo (Bamji et

al., 1998). This indicates that the absence ofTrkA signaling is insufficient for rapid apoptosis9

which requires activation ofthe p7SNTR-mediated apoptotic signaling cascade. This is the

300



•

•

best biological evidenœ showing that NGF witbdrawal-induced death is, to a large exten~ a

p75-mediated process. The neurotrophin binding region of the extracellular domain was

targetted for disruption in p75-1- mice, however these mice have recently been shawn to

express splice variants containing the intracellular domain ofp75 (A.Vaillant, D.R.Kapla~

F.D. Miller, unpublished results; Y.A. Barde, personnal communication). Although there is an

absence of ligand-activated p75 signaling in p75 -/- mice, which rnay account for the decrease

in cell death seen in vivo and in vitro, it is possible that the intracellular region ofp75 may

function to mediate a constitutive death signal in the absence of Ligand as previously suggested

(Majdan et al., 1997). This constitutive signal may account for the delayed cell death seen in

p75 knockout mice. It would therefore he very interesting to see whether there is a complete

rescue ofNGF-deprived neurons in the absence ofthe entire p75 receptor.

Extensive work by a number of laboratories bas provided information on the temporal

activation ofapoptotic proteins following NGF withdrawal, and the timepoints after which

blocking these proteins is no longer able ta rescue cells from death (see Fig. 1.4). Although such

an extensive examination ofthe timecourse ofevents has not been examined after p75

activation, evidence shows that c-jun becomes hyperphosphorylated (Estos et aL, 1994; Ham et

al., 1995; Bamji et aL, 1998) and p53 levels increase (Aloyz et al., 1998) with similar

timecourses following NGF deprivation and p75 activation (Fig. 1.4). Thus similarities in the

timecourse ofactivation ofkey apoptotic factors provides the third piece ofevidence that the

signaling cascade activated by p75 and NGF deprivation is, by and large, similar.

How does Iigand-dependent and/or ligand-independent p75 signaling lead to apoptosis?

One possibility is that p75NTR activation antagonizes suboptimal TrkA survival signals by a

direct eifect on the TrkA receptor as shown in PC12 ceUs by MacPhee and Barker (1997).

Although intriguing, activation ofthe p75 receptor with BDNF in sympathetic neurons (Bamji

et al.,1998), or constititive p75 activation in Ta.1:p75ICD transgenic mice (Majdan et al., 1997),

does not eifect tyrosine phosphorylation of the TrkA receptor. P75 may, however, mediate

apoptosis by inhibiting signaling pathways downstream ofthe TrkA pathway as previously

demonstrated (Yoon et al., 1998). P75 is also able to directly signal apoptosis independently of

Tr~ as demonstrated by its ability to Mediate apoptosis when neuronal survival is maintained

by chronic depolarization (Bamji et al., 1998).
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What are the players in the p75-mediated signaling cascade? Although the complete

mechanism by which apoptosis is triggered by p75NTR is unknown, sustained elevation of

ceramide levels by activation ofthe sphingomyelin pathway may be involved (Casaccia

Bonnefil et al., 1996; Frago et al.,1998; reviewed in Dobrowsky and Carter.1998). Indeed,

ceramide has been shown to increase JNK levels and Mediate cell death (Verheij et al., 1996).

JNK can be activated by SEK1, which is in tum, activated by MEKK1 (Lange-Carter et

al., 1993; Minden et a1.,1994; Derijard et al., 1995; Lin et al., 1995). Although it appears that

ceramide lies upstream trom JNK activation, it is unclear whether it lies upstream of MEKK 1

(as shown on Figs. 1.3, L7), or whether it activates JNK through a parallel pathway. In

addition to activating the JNK pathway, ceramide may Mediate neuronal apoptosis by

inhibiting Akt activity (Summers et al., 1998; Zhou et al., 1998; Zundel and Giaccia, 1998).

One of the targets ofJNK is c-jun, and increased phosphorylation ofc-jun is also

observed upon activation ofp75 (Bamji et al., 1998). Although c-jun has been shown to be

required for sympathetic neuron death (Estus et al.,1994; Ham et al., 1995) and was thought to

lie upstream ofp53 in the sympathetic neuron death pathway, more recent evidence suggests

that JNK May be directly responsible for increasead p53 levels (Fuchs et al., 1998; R.Aloyz.,

D.R.Kaplan, and F.D.Miller,unpublished results).

P53, in tum MaY promote aPOptosis by influencing the transcription of bcl-2 and box

genes (reviewed in Evan and Littlewood,1998). Mechanistically, the shift toward the increase

in BaxlBax homodimer formation permits the release ofcytochrome C from the mitochondria

(reviewed in Evan and Littlewood, 1998). Blocking cytochrome Chas recently been shown to

rescue NGF-deprived sympathetic neurons (Neame et al., 1998), suggesting that this mechanism

of apoptosis cao be generalized to sympathetic neurons. In addition, the p75 receptor family

member, TNFRl, bas recently also been shown to Mediate caspase activation via cytochrome C

release in certain cell types (Luo et al., 1998; Srinivasan et al., 1998). The release of

mitochondrial cytochrome C causes the activation ofcaspases, leading ta structural alterations

in the œil and culminating in cell death (reviewed in Evan and Littlewood, 1998). Caspase-9

knockout mice have recently been generated and have shown that neuronal death is perturbed

in the absence of this apoptotic protein (Hakem et al., 1998; Kuida et al., 1998).

It is Iikely that cross-talk between p75NTR and TrkA is bidirectional, and that one of

the mechanisms whereby TrkA supports neuronal survival is by silencing a neurotrophin-
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mediated death signal (Yoon et al., 1998). This MaY occur at may levels and is now thought to

include suppression ofcaspase-9 by Akt (Cardone et al., 1998; Fig. 1.3), suppression of the JNK

pathway by Alet (R.Aloyz, D.R.Kaplan, and F.D.Miller, unpublished data), and supression of

the JNK pathway by Ras (Mazzoni et al., 1998).

c) Differentiai Raies ofp75 During Development: Analysis ofthe Role ofp 75 in Migration and

High Afftnity Binding:

Thus far we have explained how the p75 neurotrophin receptor rnay negatively regulate

TrkA signaling and/or direct1y Mediate apoptosis. Although this is clearly an important role for

the p7SNTR., one cannot discount the faet that certain neuronal populations are compromised in

the absence ofp75. Indeed, in p75-1- mice, there is a significant decrease in the number of

large and small diameter sensory neurons in the dorsal root ganglion (Stucky and

Koltzenburg, 1997). Here we discuss two possible mechanisms by which p75NTR expression

can positively influence sensory neuron development; via its role in the migration of sensory

neuron precursors, and via its ability to positively regulate the survival ofsensory neurons at

specific developmental stages through the formation of high affinity NGF receptors. This

section is therefore aimed at uncovering potential alternative roles for the p75 receptor during

the development ofthe rnammalian nervous system, and providing a hypothesis of the role of

high affinity binding in vivo, using NGF-dependent sensory neurons as a model system.

P75NTR activation bas been shown to cause enhanced cellular migration in Schwann

cells (Anton et al.,1994), epidermal Langerhans ceUs (Wang et al., 1997), and in tumor cells

(Iwamoto et~ 1996). In addition, activation ofthe p75 receptor bas been shawn ta induce the

gene for the neural cell adhesion molecule, NILElLl, in PC12 ceUs (Itoh et al., 1995), and

enhance extracellular matrix penetration ofhuman melanoma ceUs (Hermann et al., 1993).

Thus, one hypothesis ofwhy there is a decrease in the number ofsensory neurons in p75-1

mice may he due ta perturbations in the ability of sensory neuron precursor ceUs to migrate to

distant sites where they coalesce to form sensory ganglia.

The decrease in the number ofsensory neurons in p75-1- mice was initially believed ta

ref1ect the ability ofp75 ta act as a "co-receptor~ for TrkA. This was supported by primary

culture experiments using embryonic sensory neurons from El8 p75-1- mice. which indicated

that nearly four-fold more NGF was required ta maintain the survival ofp75-1- neurons at this
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stage compared to wildtype cultures (Lee et al.~1994). In additio~ expression of p75 antisense

oligonucleotides resulted in decreased sensory neuron survival at early embryonic timepoints

(Darrett and Bartlen., 1994). Together~ these two results suggest that the decrease in sensory

neuron number in p75-1- mice May be due to decreased survival ofearly seosory neurons which

require p75 for survival.

Interestingly~ expression ofp75 antisense oligonucleotides resulted in iocreased survival

in E19-P2 sensory neurons (Barrett and Bartlett~1994). Indeed~ accumulatiog evidence

suggests that p75 aets as a negative mediator of survival and growth in late embryonic and

postnatal sensory neurons. When sensory neurons from postnatal mice were sorted ioto high

and low-p75 populations~ low p75 œlls were found to exhibit enhanced survival in the absence

ofneurotrophins, while cells with high p75 levels had reduced survival, compared ta the overall

population (Darrett et aL~1998). In addition, reducing p75 levels using antisense

oligonucleotides prevented the loss ofaxotomized sensory neurons in the dorasl root ganglia of

newbom mice (Cheema et al.~1996). Finally~ activation ofthe p75NTR in cultured PI sensory

neurons had a negative effeet on axon outgrowth similar to that seen in sympathetic neurons

(Kimpinski et al.~1998).

How can the differential ability ofp75 to Mediate neuron survival and death be

explained? Thus far the mechanism(s) responsibie for this profound switch is unknown and

further research is required to distinguish between multiple putative scenarios. One potential

explanation as to why embryonic sensory neurons and sympathetic neurons differ in their

response to p75 activation during programmed cell death May be their differential ability to

form high aftinity NGF binding sites.

It has long been known that p75 and TrkA receptors cao form high affinity binding sites

for NGF, which is dependent on the relative ratios ofp75 and TrkA. Indeed~ high affinity

binding bas been observed in celllines displaying a high p75 to TrkA ratio (Hempstead et

al.,1990; Battleman et al.~1993; Mahadeo et al., 1994), but not when p75 to TrkA levels are

lower (Jing et al.~1992). The developmental expression ofp75 and trkA mRNA appear to be

very similar in sensory neurons~ and increase in parallel with the acquisition ofthe NGF

survival response at EI2 (Wyatt and Davies,1993). In contrast, the increases in trkA and p75

mRNA are out of step with one another in the developing SCG (Wyatt and Davies~ 1995). In

these neurons~ the level of trlcA mRNA initially increases much more rapidly than that ofp75
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mRNA. 50 that near the onset of programmed cell death (E17), the level of trlcA mRNA is

almost seven-fold higherthan thatofp75 (Wyatt and Davies,1995). The level ofp75 mRNA

bas been shown to increase from E 17 onward, but is still three-fold lower at birth and two-fold

lower at P4 (Wyatt and Davies,I995). The level of trlcA and p75 mRNA at later dates is

unknown. These ditTerences in the developmental profile ofp75 and trkA mRNA expression in

sympathetic and sensory neurons, may provide a plausible explanation for the differential role

ofp75 during the development ofthese two populations.

One can imagine a scenario whereby the high expression ofp75 in early embryonic

sensory neurons leads ta the formation ofhigh affinity binding sites for NGF via p75-TrkA

interactions, as weil as activates a p75-mediated death pathway. Ifp75's contribution to high

affinity binding, and thus enhanced NGF responses, is greater than its ability to signal

apoptosis, then the net effect ofthe p75NTR on these neurons would be as a positive regulator

ofsurvival. The 1055 ofp75, such as in p75 null mutant mice, would therefore result in a net

decrease in the level ofTrkA signaling in response to a limited level ofNGF that can no longer

bind to TrkA with high affinity. These high affinity binding sites have been observed in chick

sensory neurons (Sutter et al., 1979).

A1though high affinity NGF binding bas not been examined in sympathetic neurons, it

is plausible tbat the relatively low p75:TrkA ratio in tbese neurons results in the absence of, or

fewer higb affinity NGF binding sites. Here, p75 expression leads to activation ofthe death

pathway, and the net effeet ofthe p75NTR on these neurons would he as a negative regulator of

survival. This could explain why there is an increase in the number ofNGF-responsive basal

cholinergie (Van der Zee et al.,1996; Yeo et al., 1997) and sympathetic (Bamji et al., 1998)

neurons in p75 null mutant mice. As the expression pattern ofukA and p75 mRNA is largely

unknown in late embryonic and postnatal sensory neurons, it is difficult to say whether the

negative etTeet ofp75 at this developmental stage retlects ditTerences in the ability ta form high

affinity NGF binding sites. Together, it is possible to propose a model whereby differences in

p75:TrkA ratios in ditTerent neuronal populations or al different stages within a population,

determines the net effect ofp75 activation in mediating survival or death.

One cannot discount the possibility that p75 may exert differential effeets on neuronal

populations due to differences in the expression pattern ofnaturally-occurring p75 splice

variants. Indeed, a1though the function ofthe various splice variants are stilliargely unknown,
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these factors may mediate a constitutive death signal or May exhibit a dominant-negative role

for high affinity binding or apoptotic signaling.

Thus far the p75 neurotrophin receptor bas only been observed to exert deleterious

effects on TrkA-expressing neurons that depend on NGF for survival. It is ofgreat interest to

determine whether the p75 receptor subsumes a similar role in BDNF-, NT-3- and NT-4

dependent populations. Analysis ofp75-1- mice (Lee et al., 1994; Stucky and Koltzenburg, 1997)

and Ta.I :p75ICD transgenic mice (Majdan et al., 1997) would indicate that p75 exerts a

minimal effect on TrkB- and TrkC-expressing neurons, at least during the period of naturally

occurring cell death. Ind~ TrkB- and TrkC-expressing cells do not appear to be grossly

compromised in p75-1- mice (Lee et al., 1994; Stucky and Koltzenburg, 1997) and Ta,I :p75ICD

transgenic mice (Majdan et al., 1997), although expression of p751Cn does appear to have a

negative effect in the neocortex (Majdan et al., 1997). There are a number of plausible

explanations for this. It is possible that TrkB and TrkC mediate their survival effects through

difTerent signaling pathways that cannot be negatively modulated by p75 activation. Indeed,

preliminary evidence suggests that the Ras-MAPK pathway plays a much more important role

in TrkB-mediated survival than TrkA, which Mediates survival primarily through the PI 3

kinase-Alet pathway (J.Atwal, D.R.Kaplan). Anotber explanation May be that the p75NTR is

typically coexpressed with TrkA in NGF-responsive neurons, in contrast to cells expressing

TrkS or TrkC which May not necessarily express p75 (Schechterson and Bothwell,1992; Verge

et al., 1992). This does not, however, explain why these neurons aren't eompromised in

Tai :p75ICD transgenic mice which express the p75ICO in aIl neurons (Majdan et al., 1997).

Thus, it is impossible to determine whether p75 is unable to modulate survival and death in

specifie neuronal subtypes that are dependent on specific neurotrophins~ or whether this

receptor is predominantly absent in these populations.

Evidence that p75 May play a negative role in survival ofBDNF-responsive neurons

comes trom studies which have examined the survival ofaxotomized motor neurons in p75-/

mice (Ferri et al., 1998) and in Ta.I :p75ICD transgenic mice (Majda et al.,1997). Indeed, the

loss ofp75 lead to the protection ofinjured motor neurons (Ferri et al., 1998), and

overexpression ofp75 in Ta,I:p75ICD mice resulted in decreased survival ofaxotomized facial

motor neurons compared to wildtype mice (Majdan et al., 1997).
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IV. Future Directions and Clinical Penpectives:

The pace ofresearch into the mechanisms by which neurotrophins mediate their

funetions bas rapidly accelerated over the past few years, leading to an increased understanding

ofthe delivery ofneurotrophins to responsive populations, and the intracellular biochemical

pathways that propagate neurotrophin signais from the plasma membrane ta the nucleus.

Together~ these studies will provide further insight into the roles ofneurotrophins in

degenerative disorders ofthe nervous system as weil as into the pathogenesis of these

disorders. Indeed, an understanding ofhow neurotrophins are transported to responsive

neuronal populations either in the anterograde or retrograde direction, will provide further

information regarding the role ofneurotrophins in the etiology ofdisease or in the occurrence

ofsecondary symptoms following degeneration ofa specifie population ofneurons. For

example, degeneration ofa particular population ofneurons May effect other populations via its

inability to provide an adequate source ofanterogradely-derived trophic support. Furthermore,

characterization of the neurotrophin aetivated apoptotic signaling mechanisms via the p75 and

Trk receptors, should provide insights into the pathogenesis of neurodegenerative disorders.

An understanding ofthe regulation ofthe p75 receptor, its splice variants, and the members of

the apoptotic signaling pathway May provide an understanding ofwhy specifie neuronal

populations are more susceptible to neuronal degeneration.

In addition to learning about the role ofpositive and negative neurotrophin signaling

pathways in the normal development ofthe nervous system, characterization of the

neurotrophin-aetivated signaling mechanisms could provide a basis for the potential

development ofnovel strategies in the treatment ofdegenerative disorders ofthe nervous

system. Controlled elinical trials ofneurotrophins in diseases such as amyotrophie lateral

sclerosis and diabetie neuropathy have revealed that administration of neurotrophins is often

accompanied by adverse etTeets. An important goal for understanding the mechanisms that

enhance neuronal survival and death will provide the rationale for the development of

theraputic agents that specifieally regulate the survival and death pathways to mediate the

appropriate survival effeets.
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