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'Ibis tbesis firstiy aramina the reûogade signaIîng and cetmgde transport of leukemia 

inbibitory fador &IF) and secondly the cetmgde transport of nerve growth fàctor WGF) in nt 

sympathetic neurons grown in compartmemed cultures, LE, previously known to duce a 
- 

cholinergie phenotype m cui tud sympathetic neurons, is demwstrated here to be capable of 

indu- this phnosype t h u g &  retragrade signai& as assayed by changes in neurotraasmi#er 

enzyme actïvity and quanMy in ceil bodiedproximai axons. The retrograde efEcts of L,IF were 

observed to be concentrationdependent and time-depaidem. Radioiodbîed L E  was retrogradely 

aansported following binding to specinc receptors, but to lower leveis than NGF transport. 

However, the time course of L E  transport was sllnilar to that previously reported for NGF, and 

aIso in similarity to NGF a significant portion of transported L E  appeared to be intact in ceIl 

bodies/pro.rcimal axons. These r d &  are consistent wÏth the possïbility ttiat L E  transport could 

participate in retrograde sigubg. Examining NGF transport, 1 demonstrate thaî radioiodinated 

NGF was transported at a higher velocity than previously reporteci, and vUtually no NGF or its 

degradation produccts were released h m  axons during retrograde transport. Contrasting these 

efficient transport parameters, the rate of NGF transport was datively low, which appeared to 

reflect a low internalizatioon rate because m m  axonai NGF was Suffgce-bouad at steady-state. A 

consequence of the low transport rate was that most ceU-associated NGF was not in ceii bodies 

under steady-state transport conditions but rather was associated wiîh distal axons. Slowly- 

dissociating receptors, whose binding umelated strongly with NGF retrograde transport, were 

not scarce on distal axons, suggesting rbat the transport rate was limited primarily by fàctors 

0th tban the abundauce of aanoport-competent receptors. The NGF receptor of moa 

importance to NGF transport was trkA Discrepant e h  of &p75 treannefts pfevetlted 



resolution of the role of p75 in NGF transport but raised the possiiilay that p75 be capable 

of ceguhhg rraogadc transport of tdrA-NGF complexes. Insights gained fmm these studïes 

wiil be vaiuabie for fùture studies d y h g  whether ligand transport or, aitedvely, other 

mechanisms are nsponsiile fbr retmgde signalirig- 
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Chapter 1 

Background and Introduction 

BACKGROUND 

Retrogrode A x o d  Signaiing 

The molecuiar esYiTO1111~ent ïnto which neutons extenâ theu axons can be si@cantiy 

a r e n t  h m  the environment around ceii bodies. The molecuiar mfofiiration about the neuronal 

targets is cornmunicated to ceil bodies by retrograde axod signaüngcmalinp Retrograde signais in tum 

ùitluence wents IOcalized in cell bodies such as mRNA and protein synthesis- Perhaps the best 

example of the importance of retrograde si& is the regdation of aatur ; iuy-occ~ ceU 

death which is a characteristic of many neutonal populations during dwelopment Opurves and 

Lichtman, 1985). Here it is believed that the magnitude of the rerrograde Rsponse to periphed 

neurotrophic cues detennines the extent of muonai Survivai during a d c a l  developmental 

penod. The magnitude of the retrograde response is itseIfthou&t to d e c t  cornpetition by axons 

for Lunited supplies of targetdenved trophic factor- in addition to the regdation of survival, 

retrograde signals can also influence neuronai morphology, pbenotype, and metabolic achvity, 

not ody  durhg ddoprnent but also in adult organisms (Schwab and Th- 1982; Black. 

1986; Oppenheim, 1989; Kuno, 1990; Svendsen et al., 1991; Landmesser, 1992; Hendry, 1993; 

Vogel, 1993; Marty and Peschanski, L995; Ieanpretre et ai., 1996). 

Ligand-Receptor Transport Hypothesis of Reirograde Signahg 

The mechanin by wv&ich targetderived signais reach cell bodies is not well undemooQ 

and indeed many types of mechanisms might ex&. The type of retrograde signal which has been 

most extensively studied is tbaî generatal by secrefed molecules whkh bind to receptors on the 

axonai sudice. For this type of signal, it bas been most commonly hypothesised that ligand- 

receptor complexes comprise the rctrograée signal (for reviews, see Hendry, 1993; Campenot, 

1994)- According to this hypothesis, tigaud-receptor complexes generated on avons are 

internalized and bewme constituents of vesicIes or other types of organeiies. The organeUes 



become associated with the microtubule-based transport mecbanism in axons and are then carxied 

to ceU bodies. In c d  bodies the cataiytïc activity of the receptar is believd to be maintained, 

most k L y  by ligand b i n e  thereby generating signahg caPcadcs dirrcuy in ceil bodia. The 

retrograde transport of NGF by sympafhwc neurons has been the most iafluential mode1 in 

fomniktuig this h* and is discussed below. NGF transport has widely ken interpreted as 

participating in, and in tum reflecting the r e t q p k  signahg m e c h h n  In addition to NGF, 

maay other m o l d e s  which pmmote survival or phenotypic responses in specîfic neurons in 

cdhire have been demonmaîed to be retrogradeiy ~aasponed in vivo and Hill, 1980; 

Curtis et al., 1992, 1993, 1995; DiStefano et aI., 1992; Tomac et al-, 1995; Von Bartheld et al., 

1996). No studies bave dcientiy  eballenged the theory that accumulation of target-derived 

sigaihg m o l d e s  in ceii bodies is what is largely responsible for retrograde sipahg. 

The Chulinergic Switch 

A weil chacterized example of retrograde signahg is the change in neurotmsmitter 

phenotype of sympattietic neunis which innervate nveat giands of the rat (Land.& 1990; 

Schotzinger et al., 1994). These neurons are noradreoer@c (Le. secrete noradredh) in newbom 

rats but a short time later mis phenotype almost compietely disappears and the neurons bm to 

secrete a~etylcholine~ &ce, the change m phenotype is d e d  the choiinergïc switch, Cbaiiga in 

neuropeptide phenotype aiso occur. The sympathetic innervation of the footpads, where most of 

the sweat glands are located, is noradnnergis until appro?cimate1y postnatal day 10. The 

phenotypic &ch then progresses for about the next two weeks, after which the mature 

chohergic phenorne predominattes. 

The cholinergic svitch is a target-specified event, as dernonstrated best by target 

exchange experiments. Whai Schotzinger and Landis (1988) transplanted sweat glands Uito the 

thoax of neonatai rats, the glands became ianemated by noradrenergic sympathetic avws which 

n o d y  innervatecl the hairy skin of the thorax and which normaüy remained noradrenergic 

throughout We. At about 3 weeks post-oansplantation, it was found, however, tbat the 

catecholamine fluorescence of the a.xons inne~ating the sweat gland, but not of the awns 

innvenatllig the surrounding haj, skm, begm to graduaiiy decrease. Conmmdy, the choline 

acetykransfkrase activi~y (indicative of cholinergic ianvervation) dramatidy increased, 



suggesting tbar the sweat glaads induced the change in neuronal phenatype- In r e c i p d  

e q e h e n t s  Schotziciger and Landh (1990) f w d  thp aiben pamtid glands (wkch n o d y  bave 

ody nombergïc innervation) = substituted Tw sweat glands in the fbotpaùs of mcmatai rats, 

the sympathetic innervation ta the footpad did not undergo the cholinergic switch which d d  

n o d y  ocmr, but rather remakd adreriergic, wbich again dected targtnirdistpA control of 

phmotype- 

h vivo observations of the choünergic switch were, in fkct, pmeeded by smiilar 

observations o f  choiÏnergic SWifChing in cultureci sympathedc iieumos m response to various 

applied m r s .  Patterson and Chun (1977) dernonstrated first that the switch occurs in response 

to conditioned niediun £hm a variety of dtured ceiis. The mitch@ factor h m  dnired kart 

cells, called choliaergic diffkwtiation W r  or CDF, was charactented over the next several 

years. Eventuaily its amino acid sequence was determinecl (Yamarnori et al., 1989), wbich 

reveaied that CDF is the same as leukemia inhî'bitory fàctor (LE). 

h addition to its effects on u e u r o ~ r  phenotype, CDFiLIF also is capable of 

supporthg the k v d  of a subset of sympatbaic neumas cdnired in the presence of 

nomeurond cells. CDF/LIF has been found to independdy support 70% of the newons 

normaliy supporte- by NGF, but the responsiveness to CDF/LiF does not begin to devefop uMil 

approxiniately postnatal day  3 (Kotzbauer et al., 1994). Interestingly, LIF has also been reporteci 

to induce apoptotic death in the same neurons (Kessler et al., 1993). Kotzbauer et ai- (1994) 

found that even Ï n  the presence of NGF approrrimately 30% of the newons died in response to 

CDFfLXF. CDF/LiF has also been shown to provide trophic support for sensory, motor, and 

nodose neurons (Miminou et al., f 992; Murphy et al., 199 1, 1993; Tbaier et al., 1994) as well as 

to exert a wide d e t y  of effects in many organs outside the nervous system @ilton and Gough. 

199 1; K m k  et. al., L99 1). 

Other moledes aiso d u c e  the cholinergic switch, including ciliary neurotrophic &or 

(CNTF; Saadat et. al., 1989) and 2 spinal cord membrane-assaciated hcîors (MANS; Wons and 

Kessler, 1987; Adler et. al., 1989)- These molecules as well as others such as interieukin-6 and 

oncostain M have reiaîed effkcts because they bhd to on2 or more of the same receptors 

belonging to the hematapoie~ feceptor M y  (Yamamori and Sarai, 1994; Shields et al., 1995). 

The comnly-shared, signal-transducing receptor of this farxüiy is the tyrosine kinase, gp130 

(Gearing et ai., 1992; Ip et al., 1992q Taga et ai., 1992). CDF/LiF appears to be abIe to bind 



M y  to eimer gp130 or to a seconcl reiated nibunit termed L E  recept0r-g (GearÏng et ai., 

199 1; Modre11 et al, L994), but the heteromeric canpiex of LW, LIFR$, and gp 130 appears to 

most efktively transduce the CDF/WF signai (Baumann et aL, 1994; Geating et aL, 1994). 

It bas now been reportai that CDFLIF is not tbe choiinergic fiidor in rat fo~t~ads- 

Ratber the faotpad Eiaor appcin to reprrsmr at leasr 2 fàctors, the primary one being CNTF 

and the o k r  beulg a reiated but unidentifiert factor (Rao and rnnais, 1990; Rao et al., 1992). 

However, C D F U  is reported to be rrspomble for the changes in neuropqtide phenotype in 

sympathetic netuons resuiting h m  axotomy (Rao et ai., 1993)- This role for LIF is consistent 

wïth the observation that LIF mRNA Ieveis increase dramatidy at the site of sciatic newe 

transeCaon (Banner and Patterson, 1994; C d  et ai., 1994). 

NGF Retrograde Signaiing and Retrograde Transport 

Nerve growth &or (NGF) is the best cbaracterïzed neurotrophic fkctor. Its best hown 

action is its ability to maintain the sumival of syznpathetic neurons, some dorsal root ganglion 

sensory neurons, and some ueurons of the central nemous system- Reviems on N F ,  its 

receptors, and its actions are widely available (Levi-Montaicini, 1976; Greene and Shooter, 

1980; Thoenen and Barde, 1980; Thoenen et. al., 1987; B&r and Murphy, 1992; Meakin and 

Shooter, 1992; Bradsbaw et al., 1993; Chao and Hempstead, 1995; Rush et. ai., 1995). 

Discovery of the neurotrophic activity of NGF dates back to 1948 when it was 

discovered that the mouse sacoma tumor 180, when grafted onto the body wall of 3dayold 

chi& embryos, d t e d  in an i n m e  in the size of the dorsal root ganglia that innervated the 

unor (Buekery 1948). A similar observation was made by Levi-Montalcini and Hamburger 

(195 1), who repeated the experiments, but additionaiiy Levi-Montalcini and Hamburger observeci 

an increase in the size of sympathetic gangiia, These were found to result f?om a diaisMe 

agent released by the tumor, since implantation of the tumor onto the chorioaiiantoic membrane 

of developing c k k s  also d t e d  in an increacie in d o n  size and neurite outgrowth in the 

embryos (Lai-Monralcini, 1952). Neurite outgrowth fiom qlanted sensory or sympathetic 

w o n  maintaineci in a hanghg plasma dot was developed as the in vitro assay for the nerve 

growth activity (Levi-Montalcini et ai., 1954). The growth activity was given the namey nerve 



growth Ertor, in 1954 when Cohen et al. (1954) isolafed the activity witbin a nudeoprotein 

m o n  of the sarcama tumors 180 and 37. To fiirther puri@ the wde extract, Cohen a d  Levi- 

Montalcini (1956) p e r f o d  exphenb  in which snake venom was added to the mcleoprotein 

fraction, reasaning that the phospbodiesterase firom the veaom wodd cleave the mleic  acids- 

U n ~ y . t h e s n a k e v e n o m i n ~ r e a s e d n e u r i t e ~  wtiichwaslatershownto bedueto 

the presence of NGF m snake venom (Hbgue-AngeIeüï et al, 1976). Ihe presence of NGF was 

then sought in maminaliai> salnary glands. which are homologau to snake venom &ds. and 

high concentrations of NGF indeed were f i , d  in male mouse submandi'bular glands (Cohen, 

1960). To present day no other tissues that have been examhed have been found to produce more 

NGF tban male mouse s u b d ' b d a r  giand, but the d e  of so much NGF nom this source stili 

r e m h s  an enigma- 'Ihe amho acid sequence ofthe saiivary gland NGF was naally determined Ui 

1971 (E3ogueAngekttï and Bradshaw, 1971). A more detailed, historicai account of the 

discovery and cbaracterization of NGF can be found elsewhere (Levi-Montaicini, 1975). For 

their instnimental work on NGF, Rita Levi-Montalcini and Stanley Cohen received the Nobel 

Prize in Medicine in 1986. 

NGF is exptessed in the targets of NGF-respomive nuirons, supportive of a role in 

retrograde signal& but it is additiody expresseci outside of the nemus system, niggesting 

that it bas hctions other than retrograde signahg (Korsching and Thmen, 1983b, 1988; 

Shelton and Reichardi, L984, 1986; Wbitemore et al. 1986; Nagata et al., 1987; Ayer-LeLievre 

et al., 1988; Wheeier and Bothwell, 1992). In vivo demonstrations of retrograde signahg by 

NGF inciude: a) increases in neuron size, tyrosine hydroxylase advity, auci mRNA expression in 

the rat superior cervical ganglion (SCG) foilowing injection of NGF into targets of the SCG 

(Hendry, 1977; Paravicini et al., 1975; Stoeckel and Thoenen, 1975; m e r  et al., 1994); b) 

increases in substance P and proteh content of sensory gan& foIIowing injection imo a sensory 

neuron targct (Goedert et al., 1981). ui comparbnented cultura of sympathetic neurons 

retrograde signahg is derno- by the obsenation that the neurons wiil sunive if NGF is 

absent fiom medium bathhg cell bodies but is presat in medium bathing distal axons 

(Campenot, 1977). Some studies bave also interpreted a role for NGF in retro@ signalhg 

h m  observations that the retrograde eEects of axotomy or treatment with agents wbich dismpt 

microtubule-based axonal transport in sympathetic neuons can be reversed by systemic 

administration o f  NGF (Hendry, 1975; P w e s ,  1976; Chen et ai., 1977; Johnson, 1978). 



Fiodlligs on NGF retmgrade transport have si@caatiy contn'buted to the dwelopmem 

of the ligand-cecept~r hypothesu of- ~imialinp~ The discovery tbat NGF is retrogradely 

aiuisponed was fkst made over 20 years ago, us&g as a mode1 the sympathetic imirrvatioa of the 

adult rat iris- Radioiodinated NGF injected into the anterior chamber of the eye was £o9ind to be 

taken up by axons and delivered by axoaal transport to the corrrspoadiag cell bodies of the 

supenor cervical ganglion (&dry et aL, 1974a,b; Stodcel et ai., 1974; Stocke1 and Thoemm, 

1975; J o h n  a al, 1978; Dumas et al., 1979). R e t q p i e  transport of endogenous NGF was 

connnned later &orschhg ad Thoenen, 1983a; Palmatier et ai., 1984; Nagata et al., 1987), as 

was NGF retrograde transport by the otber aeurons (Stoeckel et ai., 1975; Richardson and 

Riopelle, 1984; Johnson et al., 1987; Wayne and m n ,  1988; Yan et al., 1988). Transport& 

NGF in axons is f o d  within dtivesicular bodies, smooth vesicles, lysosomes and other 

organeiies, d e  in ce11 bodies à is cwtamed largely withùi lysosomes (Schwaù, 1977; Claude et 

al., 1982). Original studies showed NGF to be much more conceatrated in sympathetic p n g k  

than in their target tissues, which was reporteci to reflect its accumulation resuiting from 

retrome transport ratfier than locai synthesis of NGF in the SCG (Korscbg and Tboenen, 

i983b, 1985, 1988; Nagata et al., 1987). However, a recent study suggests that the concentration 

of NGF in some target tissues is higher than previously reported, so dinérencs between target 

and gangIionic levelis of NGF not be as disparate as previously thought (Zettler et al., 

1996)- NGF in ceil bodies is reported to be rnostly intact both structurally and antigeaically 

(Hendry et al., 1974a; Stiickel et al., 1974, 1976; Johnson et al-, 1978; Dumas et al., 1979). 

Bindiag of NGF to its receptor is required for NGF to exert biologicai e h ,  a 

suggested by the hdings that NGF microinjected dirstly mto the cytoplasm of PC12 ceiis does 

not increase ChAT activity but that NGF wiU increase ChAT activity when it is supplieci to the 

bathing medium (Heumann et ai-, 1984). The two known receptors for NGF are the trkA 

tposine Iànase @ubacid, 1994) and the p75 neurotrophin receptor (Chao, 1994). tri& the 

second of the two recepton to have been cloned (Kaplan et al-, 199 1; JCiein et al., 199 l), behgs  

to a fàmily of tyrosine kinase teceptors. Other members of this receptor M y  include trkB and 

trkC, each showing specificity for other neurotrophius. trkA binds NGF with high specificity, 

although it will also bind neuronophui-3 (NT-3; Dechant et ai., 1993) and nwrottophin4 (NT-4; 

Berkemeier et al., 1991; Ip et al., 1992b) to a limited eaent. NGF is reported to bind to DkA 

mostly with both low afEinity (KD r+ 10" M), although some snidies have also reported a miall 



fraftion &ch binds with high a f b k y  (16 = LW" M; Kaplan et ai., 1991; Klein et ai., 1991; 

Jing et aL, 1992; Mahadeo et aL, 1994). trkA confers NGF-responsivaess to ceüs and does not 

Rquire the second NGF iaceptor, p75, to eliat the SUCVivai a d  growth-promoting efnpcts ofNGF 

(Loeb et al., 199 1; Haronan aad Hertel, 1994; Smeyne et ai, 1994; Verdi et al., 1994a; Lucidi- 

PbUïpi et ai-, 1996). tdcA tyrosioe kinase activity and receptor mterphosphorylation presumably 

resdts from trkA dimerkation induced by b h b g  of the NGF dimer @hg et al, 1992). 

The a NGF nxeptor to be cloned was p75 (Johnson et aL, 1986; Radeke et al., 1987) 

but it sali is the less understood of the two NGF raepton. p75 is a glycopmtein b e l o ~  to a 

family of teceptors which also includes receptors for tumor necrosis fhtor, fas antigen, and 

CD40 (Chao, 1994). p75 binds NGF with low (& = IO-' M), but ako binds d e r  

neurotrophins with low a%@, includlig brainderived neurotraphic factor (BDNF; Rodriguez- 

Tébar et al., 1990), NT-3 (Rodn'guez-Tébar a al., 1992), N T 4  (Timm et ai., 1994), and likely 

neurotrophin-6 (NT-6; Goa a al., 1994). Most stucfies investigathg p75 action report that p75 

promotes NGF bigh afnaav biidmg @émpstPad et ai., 1990, 1991; Battlernan et aL, 19931; 

Mahadeo et aL, 1994) and augments akA activity (Barker and Shooter, 1994; Verdi a al., 
L994b). However, p75 &O hction more hdependeatly by participating in apoptotic 

signaihg (l3a.net and Bartieti, 1994; Rabizadeh and Bredesen, 1994) or other distinct signahg 

cascades (Carter et al., 1996). 

okA has been show to be retrogradely transportecl (Loy et aL, 1994), and its 

phosphorylafion state in axons teOects the avaiiability of NGF for biuding to axon tenninals 

(Ehiers et al., 1995). The laiter implies most Wply that NGF is bormd to tric en route to cell 

bodies, aithough perhaps trkA phosphorylatioa generated moE distally in axons is Nnained 

during transport by a mechaniSm other than NGF bindiag. The involvanent of p75 in NGF 

transport bas been las cfear. Studies have shown p75 to be retrogradeiy transported in 

sympathetic and other neurons (Taniuchi a d  Johnson, 1985; Yan et al., 1988; Johnson et al., 

1987). On the other han& Curtis a ai. (1995) reporteci th* p75 bmdiag is of little importance for 

NGF retrograde transport. In PC12 pheochromocytoma cek, which express p75 and trkA and 

which bave been used exteiisively for studying NGF's actions, NGF interlliilization is reported 

not to hoive p75 binding (Kahle et al., 1994). In nonneuronal ceils not expressing trkA, p75 bas 

been shown to internalize NGF, albeit at lower levels than when trkA is expresseci aione (Le 

Bivic et al., 199 1; KaMe and Hertel, 1992; Mahade0 et al., 1994)- 



@en'mentai Modei: Compattmented Culîures of Rat Sympathetic Narom 

The experimentai mode1 used for di experiments in this thesis was companmented 

cultures of rat sympathaic newons. The most commdtl design was a 3amp- design, 

show diagramaticaiiy in Figure 1.1. Briefly, superior cervical gangiia were rem& from 

newborn rats, eLlzymaticaiLy and mecbanidly dissociated, and the ceii bodies plated into a 

central cornpartment of a 3-cornpartment, Tefion divider seated onto a coUagen substrate- Axons 

extendeci dong tracks made in the coUagen nibstratey under the TefIon divider, and into lefi and 

right side comparimems where extensive axon netwotks deve10ped Thus, the 2 basic types of 

compartments contained either: a) ceil bodies and proximal axons, or, b) distal axons done. 

Because cWûsion under the Teflon divider occurred at an extremely Iow ratey the fhid 

enWonments of compartments were &eCavely separated. Therefiore, L E  or NGF, either in 

unlabeled or radioiodiuated form, could be applied ta ciinal a~ons, and their retrograde e n e N  or 

transport to ce11 bodies/proximal axons analyzed. 

kivestigaabg retrograde transport of Li& in compartmend cultutes has provideci 

several advaatiiges over in vivo models which have traditiody been used to investigate iigand 

transport. Ih cornpartmenteci cultures distal axons can be bathed continuousiy with the moiecule 

of interest, pemiittmg not only retrograde transport but also a~s~aîion of the m o l d e  with 

axons at steady-staîe to be m e d .  A prccise cstEaate of aiI the ligand that is rstmgradely 

transportecl bas been possible because, in addition to @and which accumuiates in ceU bodies, the 

degraded Ligand released fiom ceU bodies can ais0 be coiiected, unlike in aui.maI modet where 

degraâation products are lost to the circulation. Finaily, the culture design can be varied (e-g. 

addition of extra compartrnents) in order to experimentally address specinc questions. 



Chapter 2 

At the tune that the study iu Chaptcr #2 were undertaken, the moIde(s) in rat sweat 

glands whi& elicits the cholinergic switch by mmgmde signaihg bad not been i-ed, but ' 

CDFILIF was a candidate for mediating this event- Howevert it was not known whether CDFILIF 

couid signai the change in neurotmmnhr pbenotype by retrograde signaling- Moreover, 

retrograde signahg by any ex~~enous ligand had been &edy danoiistrated ody m the case of 

NGF. Thetefore, the foilowing hypothesis was f0nnUcrrtt.A- 

Hypothesis fC1: That CDF/LIF couid evoke the cholinergic switch by retrograde sipnalinn. 

Chapter 3 

Having demonstra&d retrograde signahg by CDF/LIF, 1 next investigated whether L E  

could be retrogradely transporteci. This was of interest because of the long-standulg theory, based 

on NGF transport studies, that vesicie-associated, ligand-r~ceptor comp1exes act as retrograde 

messengers. Moreover, if LIF was transporte& 1 was interested in whether its transport was 

comparable to that of NGF, or affecteci by NGF, since NGF bas been the prototype of a 

Hypothesis g2: That ' Z S ~ ~  codd be reer~gdeIy transporteci foiiowing binding to specific 

receptors and wodd accumulate intact in ceii bodies. 

Cha~ter 4 

If the retrograde accumulation of NGF in cell bodies is important for retrograde 

signaLing, then a ceasonable prediction is mat receptor-bound NGF on axons would be delivered 

efficientiy to ceU bodies and degraded slowly, resulting in a iarge accumulation of NGF in ceii 

bodies. Early studies on NGF distribution and transport in vivo have been consistent with this 

predidon (Korsching and Thoenen, 1983b, 1985; Nagaîa et al., 1987), although more recent 

observations shed some doubt on this view (Liu et al., 1996). Moreover, a detaiied analysis of 



transport rates, m o n  rates, and steady-state dinr'bution of NGF in neufons bas not been 

performed 'Ihus, osing c o m p ~  Cumues we addresseci the foilowing hypotheses: 

Hypothesis #3: Thaî NGF b o d  to receptors on awns would be delÏvered at a hïgh rate to cell 

bodies. 

Hypothesis #5: That NGF would not be degracieci in axons or released intact fkom axons ~ h i l e  en 

route to ceil bodies. 

Hypothesis #6: That during incubation of NGF wîth dirtal axons, most neuron-associateci NGF 

would represent a retrograde accumulation in ceiî bodieslproximal axons rather than association 

with distal axons. 

Hypothesis #7: 'Ihat NGF in ceU bodies would be degraàed with a datively slow haEl&. 

Cha~ter 5 

Detennining to what extent trkA and p75 receptors were involved in NGF retrograde 

transport was of interest because the 2 receptors are very dinerent in structure and adivity, 

which rnight a f f p c t  the nature of retrograde signaiing. In support of a mie for p75 in retrograde 

transport, p75 has been reported to be imrolved m NGF high a f b i t y  buding (Hempstead et al., 

L990, 199 1; Battleman et aL, 1993; Mahadm et al., 1994; Weskamp and Reichardt, 199 l), and 

in mm high affinity binding has ben reporteci to participate in retrograde transport (Dumas et 

al., 1979). Also, p75 is retrogradely transporte& as are large quantities of the MC192 anti'body 

RI p75 (Taniuchi and Johnson, 1985; lobiwn a al., 1987; Yan et ai., 1988). In contrast to this 

support, Cuitis et al. (1995) did not find a signifiant role for p75 in NGF transport by 

sympathetic neurons in vivo. 

Hypothesis #8: That not ody tdcA but also p75 would be involved in NGF retrograde traaspoa- 
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FIGURES 

Figure 1.1 Cornpartmenteci culture design 

The illustration above shows the placement of a Tefion divider m a coiiagenoated cdûue dis& 

in whch p d e l  scratches in the substrate have been made. The ill-on below shows oeun,ns 

aloy 1 ofthe 20 coiiagen tracks h m  a typieal cuiture. 
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Cholinergie Differentiation otRat Sympathetic Neurons in Culture: Effects of Factors 
Appiied to D M  Neurites 

INTRODUCTION 

A weli characterized modd of target regulation of neuronal phenotype is the cholinergic 

sivitch. First described in cuitured rat sympathetic murons (Patîerson and Chun, 1977), it 

involves a reduction in catechoiaminergic properties and a simuitaneous induction of cholinergic 

properties in response to a variety of externally appiied &ors and conditions (see Landis, 1990, 

for review). Changes in neuropeptide levels have &O been described (Kessler, 1985; Nawa and 

Patterson, 1990; Nawa and Sah, 1990; Rao and tandis, 1990). 

Experiments on the kenatioa of the sweat @aadS in the foot pad of the rat atggest that 

chohergic SWitcIiing fkctors reieased by the Mtget tissue can aiter the transmitter phenotype of 

the innemathg sympathetic neurons (Schotzinger and Landis, 1988). At birtb, symgatheac 

neurons ianervating the sweat glands synthesize and store caiecholamines and ladc the ability to 

synthesize and store ac~lcholine. The chohergic &ch begins at about postnatal &y 1 1 when 

choline acetyltransferase (ChAT) first becomes detectable and progresses und, in the ad& the 

innervating neurom have become b c t i o d y  choliwrgic. When sweat glands nom neonad rats 

are transpianted to a region of bairy skin, innervating sympathetic neurons which nonnally 

remain noradrenergic become cholinergic- ConverseIy, if the sweat glands of early postnatal rats 

are removed and the €bot pads replaced tvÏth parotid glands which normaily receive aoradrenergic 

innematioa, the imervatin~ neurons cemain noracirenergic (Schotzinger and Liilldis, 1990). 

Sweat gland extract given to sympaîhetic neurons in d t u r e  &O induces the choliaergic SWitch 

(Ra0 and Landis, 1990). These experiments suggest that cholioergic nvitching is induceci by 

targetderived hctor(s) at avon temiinals. 

Several purified factors, as weU as media condnioned by a varie of cuitured tissues, 

when appiied to sympathetic neurons in mass cultures* induce cholinergic nvitching. Sorne of the 

purifieci haors inciude Ieukemia inhibitop factor (Lm, which is identicai to cholinergic 



différentkition factor (CDF; Weber, 198 1; Fukada, 1985; Yamamori et al., 1989), 2 spinal cord 

membrane-associated fàctors (Wong and Kessler, 1987; Adler et al., 1989), dïary neumtmphic 

factor (CNTF; Saadat et  ai., 1989), and rat sweat gland extract (Rao and Landis, 1990), To 

address the question of whether neurons are capabb of fespo- to swïtchmg fàctors applied 

only to éum temiinals we used compamnmted cultures in which distai neurites are spatdly - 

separated fiom cell bodies and prommal neurites. Our resuits demonstrate that recombinant 

LIFKDF, hart  ceU condiaoned medium, and dermai fibmblast conditioned medium, when 

suppiïed oniy to dïstai neUrites? induce the chohergic svitch in cuitwed rat sympathetic neurons. 



MATERIALS AM) METHODS 

Culture Procedures 

Superior c e ~ c a i  p n g k  were dissecteci h m  h m  Sprague-DawIey rat pups - 

(supplied by U!versity of Alberta Farm). The ganglia were chemically dissociated by separate 

incubations in O*L% trypsin (Calbiochem, La J o b  CA) and 10 wmi DNAase (Sigma, St. 

Louis, MO), folowed by mechanical dissociation as previously described (Campemt et ai., 

199 1). General culture procedures essedially fbilowed the methods of Hiawrot and Paîierson 

(1979)- The staadard culture medium was LL5C02 medium (GIBCO Laboratones, Grand 

Island, NY) supplemented with the prescn'bed additives and 6% methylcelldose. 

Compartmented cultures were constnicced as previously descni (Campot, 1979, 

1982). Rat tail collagen was prepared and airdtied onto 35 mm tissue culture dishes @mot 

and Panerson, 1979). Paraiiel coüagen tracks were made by scratching the collagai substrate 

with a lab-made pin rakc A Teflon divider (Tyler Research Instruments, Edmonton, Alberta, 

Canada) was then seated on top of tbe tracks. 

Approximately 2500 (single dais*) or 5000 (double density) cek were piated in the 

center cornpartment of each disb The center-compartment medium consisteci of standard 

L15CO2 supplementeâ wïth 200 @ml 2.5s mrve growth fitaor (NGF; hdly supplieci by Dr- 

Richard Murphy), 2.5% rat senun @repafed by Lab Ariuaal Services, University of Alberta), L 

mdml aswr?ic a d ,  and 10 pM cytosine arabinoside (Sigma) to lMit division of nonneuronal 

ceus. NeUrites were dowed to grow into the two target (side) compartments by supplementing 

L lSCO2 medium in the target compamnents with 200 ng/rnl NGF. After 5-7 days when many 

neuntes had crossed the silicon grease barriers and for di m e r  medium changes, fresh medium 

containhg 2.5% rat senun and 1 m g h l  ascorbic acid but lacking NGF and cytosine arabinoside 

was given to the cniter compartments. Target compartments were supplied with 200 n g h l  NGF 

throughout the experiments. Ail cultures were incubated in a 5% COz atmospbere at 37OC, and 

medium was changed every 3 4  days .  



The treaûmnts consisted of bathing diotal neUrites (side compartments) with tnatumt 

media- Recombinant human LIF expressed in E. coti (Mr 20 kD) was kindly pcovided by Dr. 

Lany Guilbert (University of Alberta). The stodc c0ncentt;rtion was 80,000 unitdm1 as - 

measured by the DAla ceU iine prorirerafion assay- The activity of hyperglycosylated 

recombinant human L E  (Mr LOO D a )  has been reported to be * 20 units/ng (Gearing et al., 

199 l), which is similar to noiig-cosylateci LIF (Gough d ai., 1988). Purified recombinant 

human LIF and anti-LE pclyclonai I g i  were purchased h m  R&D Systems Inc. (Minneapolis, 

MN)- 

&art celi conditioned medium was made fiom neonafd rat hearts. After minchg 5 

karts, the cells (myocytes and fibroblasts) were dissaciated by gentie s t h i q  of the pieces in a 

physiological saline (LI5 inorganic salts recïpe) containhg 0.5 m@l collagenase (Sigma). 

Dissociateci cells were coilected and rinsed in L &CO2 containing 10% fétal calf semm L 15- 

CO2 with 2.5% rat s e m  was used for the nnal ceil suspension and aiI m e r  medium changes. 

ïhe  cens were plated in 75 cm2 tissue culture fiasks. Upon reaching near confiuency, the 

cultures were iacubated in k h  medium, usually two &YS, aâer whidi îime the condÏtioned 

medium was collected and p o o l d  Conditionhg in the same cultures was repeated und the cells 

began to detach fiom the flask surface. 

Rat derrnal fïbroblasts were obtained fkom neonatal rat skia. Pieces of dennis were 

scraped fiom skin fragments and incubateci in aliquots of 0.25% trypsin/0.25% coilagemase and 

then fxituxated to obtain dissociated celis. These were rinsed in DMEM/10% fktd calf serum, 

filtered through sterile mesh, and resuspended in the same medium type. After the ce& grew near 

confluence in 75 cm' fiasks, the medium was replaced with L l X 0 2  without senun. The 

medium was conditioned for 4 days and the aliquots nom the fiasks were pooled 

ln ail experiments conditioned media were diluteci to 50% with L15-C02. To connol for 

the presence of 2.5% rat senun in the medium conditioned by kart feb, rat s e m  was added to 

the h h  diluMg medium, as weli as to DFCM and L E  treatrnemt media to maintain a h î l  level 

of 2.5%. NGF !vas added to a final concentration of 200 ng/ml- 



Sympathetic oeurons were haiwsted fkom the culture dkhes for meaniremem of totai 

protein and choline acetyItraasféerase actMty and semiqgmtbtion of tyrosine hydroxylase - 
leweb. Media was removed and the cuiaires were nDsal twice with cold phosphate bu&red 

saline (PBS). ABer mnoval of the Teflon divider, îhe ceils were gently pipetted off the dish in 

ice-cold PBS. AU the cens nom the same treatment were poded and peileted at 1160 RPM The 

pellet was resuspetlded in PBS and tradèrred to a microcentrifiige tube. Atter a 30 second spin 

the supernatant was repiaced with cold ChAT hoxnogenïzation b&r (0.5% Triton X-100 in 

sodium phosphate buffér? pH 6.8) at a volume comsponding to appmximately 20 Cryculture, the 

tissue was homogenized by rnicropestley vo- and frozen. Except d w  centrifûgation, the 

samples were always k p t  on ice. Prior to analysis, the solutioa was thawd and uipdizsolved 

material was peiieted by centrifugation and discarde. 

A 20 pi aliquot of the dissolved tissue fiom each m e n t  pool was assayed 

coiorimemcaiiy for total protein content using the micro version of the Peterson protein assay 

(Petenon, 1977), with uormai mouse IgG as the standard The d o n  product was m e d  

spectrophotometrically at an optical deiisity of 750 m. Protein leveis in the sampie aliquots 

were calculated by regressioa analysis based on the protein standards. 

Choline acetyltransférase activity in 20 pl aliquots h m  the sarne m e n t  pools of 

dissolved tissue was measured ushg the m d e d  version of the assay by Fomrum (1975). The 

initial acetyl-CoA concentration was 135 pM, and incubations were penonned for 30 or 40 

minutes. Experiments showed that this variation in incubation thne did not change the specific 

enzyme activiry. nKsP assays penniaed the caldation of specinc CMT activity in pmol of 

produdmin~mg of protein, where the produa represented acetytcholine. LIT- and HCCM- 

induced ChAT activity was inhibited by an average of 93% in the presence of the specSc ChAT 

inhibitor, napthylvinyl pyridine (0.5 mM), dnnonmating that the large mjority of reaction 

product in the ChAT assay was the result of activity by choline acetyltraderase and not by the 

ctosdy related enzyme9 carnithe acetyitransfèrase (Pattemon et al., 1975). 

The Ievels of vosine hyiroqlase were semiquau~ed by Western blot analysis- 

Volumes of sampie material a d j d  to achieve equal prorein were Ioaded on 10% sodium 



dodecyl mlEite-polyarylamide minigels (SDS+AGE). Protein equivalency was verifiied by 

silver-staining dupliçate gels. Proteins were blotted onto nïtruceiiulose, and wnspecific binding 

was blocked by incubation in 5% s i c h  mik powder with 0.3% Tween 20. The priniary amibody 

was a monodonai mouse anti-TH whole IgG, as reporteci previously (Rohrer et al, 1986), while 

the sa* anti'body was all<alinephosphatase conjugated goat aati-mouse IgG (Boehrioger - 

Mannheim). The d o n  proâuct was developed wah Nm Blue Tetrazolium (Sigma) and 5- 

brom~oro-3 - i i idoy l  phosphate (Sigrna) in 10 mM bicarbonate b&r. The alkaüne 

phosphatase si@ were deiuitometrkaUy analyzed by processing a video camera image of the 

blot using MacIntosh Image 1.37 software. 



Choline Acetyf~~l l~ferase  A&-ty Induced By Factors On Distu2 N-tes 

Netuons dissociated h m  superior cemical gaugiia of aewbom rats were plated ni the 
- - 

enter compartments of 3-cornpartment cultures. They were mamtamed throughout the 

expehents with 2.5% rat sexum m all compattments_ During the fht 7 days 200 @ml 2.5s 

NGF \vas supplied to aii compartmmts, and r m r h  exknded into the left and nght target 

compartments7 thus ailowing manipulation of the fluid enWoument of distal neuntes separatelly 

f?om t h  of ceii bodies and proximal neurites. After 7 days, cultures were divided into 3 

m e n t  groups such that one of the foiiowing treatment media was suppliai ta ody distal 

ne& in left and right target compartments: 600 &ml recombinant (bwnan) LE; 50% rat 

h m  ceil conditioned medium ( H O ,  or; 50% rat dermal fibrobiast conditioned medium 

(DFCM). Control cuitures were gïven identicai medium Li lefi and ri@ target comparbnents but 

witbout cholinergie SWifching fàctors. During the treamiem p e n d  aii cultures were supplieci 

with 200 Wmi NGF only in the target cumpartments. AAer 14 days of treamient the dividen 

were removed and the neurons 6rom each treatment group were pooled. Aüquots fkom each pool 

were assayed for total protein by the Peterson mahod and ChAT acîivity by the Fonnwn m& 

(see Materiais and Methods). Each culture dish contained about 6 pg of protein and tbis did not 

differ between control and LIF treament grnips (Wilcoxon Signed-Ra& Test, p 4 . 0 1 ) .  

Furthexmore, when the same harvestiog steps and protein assay were perfbrmed on culture dishes 

lacking ce&, protein denved fiom residual semm and the coüagen subsûate accounted for less 

than 5% of the total protein levels of neuronal cultures. 

Treatment of distal neurites with LE, H C W  or DFCM signincantly induced ChAT 

activity over unaeated controls (Figure 2.1). This was apparent as a minimum 6.5-fold increase 

in cpm d u e s  of treated samples over untreated samples whai quai volumes of homogenized 

tissue were assayed. When the ChAT activity calculateci £hm cpm values was normalized to 

protein content, the specific ChAT activity of tissue sarnpies treaîeà with switchmg factors 

ranged fiom 132.1 - 1050.7 pmoihinmmg. The Iargest average induction occurred afkr LIF 

treatment, corresponding to 720.4 pmoVmin~mg. ChAT activity in untreated neuron samples 



cadd &O be calculated, but the cprn values h m  these aliquots wexe only margiaally higher tban 

cprn h m  concurreatiy-run ChAT b e r  b W .  Eight ofthe 9 triak on unareated samples did 

not surpass our ah- threshold (2X blank cpm) representing specific ChAT activiîy, and we 

thedore comidered codrol ChAT acàvity to be n@giile. The single qualifying trial of an 

unueated sample gave a cprn vaiue that was 2.3X higher tban that of the blank, which . 

conesponded to a spaific ChAT actbAy of35.7 pmoVminmgtng Thus, there was m overlap in 

specific ChAT activity betmeen any of the t r d  and mtreatd tissue samples. The absoIute 

values of specific CbAT activity we obtamed were smiiiar to values reported previously 

(Fatterson and Chun, 1977). 

In 2 platings (shown in Figure 2.1) the plating density of neurons was doubid Even 

though incceased neuron density in rnass cultures bas ben shotvn to whance the choiinergic 

nvïtch (Adler and Black, 1985; Kessler, 1985), no trend in our data towards higher ChAT 

activity in double density culaues was obsexved. Since the cell bodies in the center cornpartment 

aggregated at both plating densities, there may not have been differences in ceU contact d c i e n t  

to produce sigaificant clmges in ChAT activity betweea the 2 hipes of cultures. 

The tirne course of ChAT activity induction by L E  was învestigated by matment of 7 

dayold cultures (designatecl treatment day 0). L E  at a concentration of 300 units/ml, dong with 

200 @ml NGF and 2.5% rat senim, was suppiied to the target compartments for up to 14 days. 

M e r  0, 3, 7, 10, and 14 days  of  matment, groups of 3 cultures rvere harvested and p o o l 4  and 

specinc ChAT activities calcuiated fkom the homogenates. The activiey in treatment day O 

neurons was considered too low to be signifiant. Obsentsble acbvities at later tirne points 

suggested a trend of increasùig chohergic induction thughout the 14 &y m e n t  p e n d  The 

maximum ChAT activÏty observed was 923 -3 pmohinwng (Fi-= 2.2). 

The concentrationdependence of LIF-mediated ChAT induction was studied by once 

again applyins L E  to target compartments of 7-day-old cultures. Rat s e m  and NGF was 

present in the target compartments as in previous experiments. Distal neurites were suppiied 

with cuntrol medium or medium containing various concentrations of LIF for the next 7 days, a 

treatment period pfeviously found to give subsbntial and reproduciile inductions in ChAT 

activity, Neurons from 2 or 3 cultures fiom each treaîment were then pooled and assayed. At 

concentrations up to 10 d m 1  LIF there was either no or very low levels of specific ChAT 

activity, but at higher concentrations considerable induction of a d *  occurred (Figure 2.3). 



The maximum specific activity occurred at the bghest concentration tested, 1000 tmits/ml LIF, 

and was equivaient to 377.8 pmoUminwng- However, the iarge vanabîlity in ChAT a&@ 

within treatments preciuded a firm detemination of the shape of the co~ .Rntrat ione  c m .  

Cholinergicity c d d  also be induced by appfying switching b r s  to only the center 

c o m p m  or to aii three compartmeats. In one e>rperimem in &ch 600 units/ml L E  was - 

applied to cuitures for 9 Qys, ChAT activitia were 274.8 pmoVmin.mg when L E  was applied 

to the ride cornpartmen& and 405.6 pmol/minamg (1.5-fold higher) when LIF was appiied to ody 

the center cornpartmem. In another expenrnent in whïch 300 unitdmi LIF was applied for 14 

&YS to side compartments, the ChAT activity was 484.0 pmol/min~mg, but it doubied to 965.5 

pmoUminamg in other cultures when L E  was apptied to aii 3 compartments. Simiiariy the 

ChAT activity of neurons that bad been treaîed for 14 days with 50% HCCM in the side 

compartments was 277.1 prnoUrnia*mg but it increased to 648.6 when ail 3 compadmang were 

treated. ïhe d t s  of the above 3 experiments are qresentative of observations fiorn other 

experiments in which treatment condaions varied slightly (data not shown). The observation thai 

ChAT activity was induced to slishtly higher levels in cultures that received LIF in the center 

cornpamneats compared to niltura that received L E  in target compartments may simply 

indicate a relationship between chohergic h a i o n  and the amount of neuronai surface exposed 

to fiaor, h should be remembered that no hrm conciusions can be made about the L E  

responsiveness of neurites reIative to c d  bodies because neuntes are ais0 present in the center 

cornpartment. 

To verify that ChAT activÏty codd be induced by the presence of switching b r s  on 

distai n e h  aione, it was necessary to codïm that there was no Ieakage of SWifching fàctors 

fiom the side compartments into the center cornpartment. A vari- of experiments have revealed 

that the leakage baveen cornpartmenu is negiigible. FUstlya no buik fiow of medium occurs 

between adjacent wmpamwnts med to dinerent leveis, despite the hydrostatic fluid pressure 

(Campenot, 1979). At a moledar level atomic emission spectroscopy of calcium leveis bas 

stiotvn that some tramfkr of fiee calcium occurs beo~een comparûnents but at a very slow rate. 

A 100-fold 6ee ca2+ gradient of 1.0 d : l O  pM is reduced by only 1.4-1.7 CLM/day (Campenot 

and Draker, 1989). It has &O been show11 that vimaüy no radiolabelleci choline crosses from 

one cornpartment into another over a 15 hr tune pend (Vance et ai., 1991). in the present 

experiments ive used a polyclonal antibody to recombinant human LIF to block the biological 



aaivity of the purifieci -or. 5 Crg/mi of anti-LIF antibody applied concurrently with 2.5 ng/d 

of L E  to the target compactments for 8 days completely blodced the induction of ChAT actMty 

by LE, as measured from 2 pools of neuron hornogeaate (3 cultures each). When the same 

concentration of antibody was applied for 8 days to the center compartments of cultures dose  

target cornp- also ceceiveci 2.5 ng/ml LIF, the observeci ChAT activity fiom 2 pools of - 

neuton homogenate (3 culhues each) was 945.7 t 88.6 (SEM) prn~llrninmg~ Since center- 

applied anti-LIF would have neuaslUed any LIF îhat had leaked nom target compartments to 

center compartments, the chohergic induction by distally-applied L E  must have been entirely 

the result of LIF in targa comparûntmts. 

Tyrosine Rydroxyiase Levels Reduced By Factors On Distu2 Neurites 

LIF and conditioned media treamient of distai neurites not oniy increased specitk ChAT 

actïvity but aiso decreased the leveis oftyrosine hydroxylase, the ratetelkithg enzyme involved in 

catecholamine synthesis (Figure 2.4). Target compartments were supplieci with 600 units/mi 

LE, 50% HCCM, or 50% DFCM, dong with rat s e m  and N F ,  fiom Days 7-21 in culture. 

Neurons fiom several cultures were then harvested and pooled. M e r  fint quantiQing protein 

Ievels in each of the pooled samples, volumes of sample containin3 qua1 protein were nin on 

SDS-PAGE and blotted onto nitrocellulose. Equivalent protein leveis were confirmeci by silver- 

staining separately nin SDS polyacrylamide gels. hmunoblotting with a monoclonal antiiody to 

TH reveafed a reduction in the expression of which was quantifid by profihg the d m  of 

the alkaüne p h o s p k e  signal using a cornputer-assisted image processing system_ M e r  

treating distal neurites for 2 weeks the average reductions (k SEM) in TH levels for multiple 

experiments were 68 f 13% (N=3), 61 f 11% (N=4), and 74 f 9% (N=3) for 600 unithni LE, 

50% HCCM, and 50% DFCM treaûnents, respectively. 

Chlznergic Switching Factars Induce Changes In Narite Morphology 

The cholinergie switch uiduced by LIF and conditioned media on distal neurites was 

correlateci with the rnorphology of the neuntes in the target comparûnents (Figure 2.5). After 21 

&y in culture neuntes of u11tream-i cultures covered a large portion of the sudkce arpa of each 



collagai track ( P d  a). ti addition they were O& hciculated, fo- thick cables which ran 

the length of the tracks. Neurites that bad been treated with LIF (Panel 6)  or conditioned media 

(Panel c,4  h m  days 7-21 in cuiture were more concentrated isro a central cabie and covered tir 

Iess of the ooüagen surfâce than cont101 wintes. Although rat serum can cause an increase m 

cabied morphology (Campenot, 1982), both contmi and tcatumt cultures were maimamPd ni . 

2.5% rat senun, thus cxcluding the pcssi'bility that semm alone couid acmunt for the increased 

fàsciculation of treated ileurites, The increased fàsciculaaculaaon in ail treatment groups suggest that 

choiinergic switchiûg fktoa might have additiod effectJ beyond the regulation of 

neurotmmmitkr phenotype. 



DISCUSSION 

induction by target tissues represents an M e  naechaaism by which eeurons can 

acquïre specinc phenotypes. The concept as applied to sympathe<ic neurom is weii supportcd by 

transplantation experiments hvolviag rat sweat glands* one pramsc of the theoiy of -et- 
- 

mediated induction is tbat inducing M a  can exert theiu effea when present only at distal 

endiags of n e m  fiben. Based on this theory* our investigations support the idea that L E  and 

fkctors in heart cell and d e d  fibrobiast conditioned media, if directly avallable to sympathetic 

neuron tenninals, could exert such a distaUy-med&ed efFéct on the cholinergic switch in vivo. 

Exposure of d i d  neuntes in target compartnients to switcbiag fàctors was d c i e n t  to 

induce ChAT activity in the neurons, although the induction approximately doubled when the 

m o r s  were appiied to aU compartments. It is &ficuit to assess the meaning of this M o d o n  

in tenns of receptor distribution on newites and ceil bodies for two reasons. Firstiyy the presence 

of both ceil bodies and neunta in the center compartment makes it impossible to amibute 

observai activities to one or the other of these cell structures- Secondy, there is no data on the 

relative ceil surface areas in the target ccmpartments versus the center compartment. A clear 

d y s i s  of receptor distriiution awaits experirnents using labeiied switching fàctors. 

LIF is identicai to CDF Cyamamori et al., 1989). CDF was the fht choiïnergic-inducing 

factor p d e d ,  being isolated fiom r a t  heart ceii conditiond medium (Fukada, 1985). LIF has 

been irnpiicated in noaaeuronai systems where its effects are extmnely diverse, anectiig 

différentiation, proMeration, and/or metabolism both negaîively or positively, dependkg on the 

ceU type (for rwiews, see Hilton and Gough, 199 1; Kumock et ai., 199 1). UF has previously 

been shown to rnaintain the nwival of mouse semory oeuroos (Murphy a al., L W  L) and to 

induce the cholinergic switch in mass culaires of rat sympathetic newons (Yamamori et al., 

1989). 

Others have showu tbat medium conditioned by cuinired neonatal rat skin induces the 

cholinergic svitch (Geiss and Weber, L984; Nawa and Sa 1990). It is not known whether the 

switching &or in rat dennal fibrobiast conditioned medium is aiso LE, but there is 

c~munstantiai evidence su~esting tbis. Fibrobiasts are a Uely candidate for produchg the 

switching fàctor in heart ceii cuitures and are a common component of the majority of mid 

cultures wbich produce cholinergic swvitching activity. Also primary and immonalued 



fibroblasts in culture produce switching activity (Pattenon and Chun, 1977). Regardlas of the 

nature of the DFCM mrïwhkg façtor, it i .  iidaestmg tbat n e o d  d e d  fibroblasts in culbue 

secrete a swïfching fàctor, since hairy s b  m the rat, h m  whicb demai fibroblasts are denved, 

is n o d y  innervated by aaradrenergic (Le. "unswitched") neurons (Schotpnger and Landis, 

1988)- 

A ciose correlation was observed between the switching evexct and the fascicukd 

morphology of the neUrites. AIthough the phenornenon could be hterpreted in a variety of ways, 

the neurite morphoiogy does resemble a relaave shift in the adhesioa afkhity towards a neunte- 

ne& interaction rather than a neurite-substrate iateraCaon. It has been shown thaî surlàce 

molede characteristics of rat sympathetic neurons change concurrent with a switch to a 

cholinergic phenotype, but ï t  is unknown whnher tbese changes involve aiterations in adhesion 

phenornena The neurotransmitter switch has been shown to increase the expression of one 

nirface glycoproteia, wbiie decreassinq the expression of another (Braun et al., 198 1). In 

addition the binding of soybean agglutinïn (SBA) to nirface membrane increases with age of 

adrenergic neurons but not cholinergic neurons, whiie the binciiug of cholera toxin increases as 

choiinergic neurons age but decreases as adrenergic culhues age (Schwab and Landis, 198 1). 

The decreased binding of SBA O cholinergic neurons reflects laser amounts or accessibility of 

the Iectin to two neutrai glycoiipids on the ceii SuLfaCe, GL-4 and GL-X (Zum, 1982). A number 

of ganghosides are also known to M e r  quamitatively between adrenergic and cholinergie 

neurons (Zum, 1982). in chick sympathetic murons the ceU contact-mediateci up-regdation of 

ChAT activity requises NCAM homophilic binding, but does not occur if the NCAM present on 

the membranes is heaviiy polysialylated (Acheson and Rutishauser, 1988). If the application of 

cholinergic switching ficîon a&as adhesion pmcessa, the posstbility exists that cholinergic 

differentiation is at least in part the remit of an increase in ceii contact, since increasing 

sympathetic neuron celi density (Adler and Black, 1985) or addition of isolated membranes from 

gangiionic no~euronai ceUs or sympathetic, sensory, or spinai cord neurons (Kessler et al.. 

1986; Won3 and Kessler, 1987; Adler et ai., 1989) also induce ChAT activity. Further 

elucidation of the identities and fiuictious of the phenotype-specinc nirface molecules could 

possibly lend insight into the reasons for the dichotomous neurite morphologies. 

Given that ceii membranes and conditioned medium fiom a variety of comrnon ceU types 

induce the cholinergic switch, it is surprishg that chohergic switching is uncommon in vivo. 



Our findiap that distaily-oupplied LIF and conditioned media induce cholinergïc switching 

suggests that tbe ranty of switcbg in vivo is liiely not due to an mabilay of sympathwc 

neurons to cespond to these fiaon in the periphery. Sympathetic P~WOIIS m culture cledy 

possas the meciun;sm to translate a dvmical signai in peripheral regions iato biocbeaiical and 

morpho10gïcai changes in the ceik M y  one other biologicai molede, nerve growth fhctor, has . 

so f k  ken s h m  to exert pkiotropic ef3kts when appiied to distai aeuaeS in cuiture 

(Campenot, 1982)- A wide variety of différentiathe enécts have been a#nbuted to both NGF 

and LE, and it wiii be interesting to determine the extent to which the signal translation 

macbinery is shared by these 2 biochemicai cues. 
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FIGURES 

Figure 2.1 Induction of c h o k  acetybderase by factors rppüed to d&td U- 

Target c o m p m  containïng nmntes of sympashetic aeonms were supplied wiih medium 

conraining 200 @ml NGF and either LJF (600 &ml), 50% heart ceii conditioued medium, or 

50% dermai fibrobiast conditioned medium h m  days 7-21 in cuiture. Neurons h m  2-10 

cultures fiom separate treatments were then pooled, and aliquots were assayed for ChAT activity 

and total protein Data are expressed as absolute specihc ChAT activity. Each symbd 

represents the resuits of an individuai ûïai, and alike symbols represent trials fiom the same 

plathg ofneunw. Fillecl symbok represent experïments wnh double density cuitures. 
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Figure 2.2 Time dependence of induction of spccific CMT activity by LIF 

Sympathetic neumns were aüowed to grow for 7 days, at which time ( m t  day 0) didal 

neUrita in target compartments were suppiïed with 200 ng/rnl NGF and 300 d m 1  LE fbr up 

ro 14 days. For each triai neurons fiom 3 cultures were pooled and equd aliquots assayed foc 

ChAT activity a d  Mal protein Data are expresseci as aôsolute specific ChAT a d . .  Each 

synbol represents an individuai triai, and aWre symbois represent trials h m  the same plating of 

neurons. A third order regession of the mean activities is piotted showing the time-dependenî 

trend, 
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Figure 2.3 Concentration dependence of induction o f  specific CbAT aCtmty by LIF 

Sympathetic neurons were allowed to graw for 7 days, after which time neUrites in target 

compartments were suppied 200 ng/d  NGF and L E  at the mdicated c o n d o n  fbr 7 days. 

For each trial neurons fiom 2-3 cultures were pooled and assayeti fbr total protein and ChAT 

activity. Data are expresscd as absolute specific ChAT activity. Each symbol represents an 

individual triai, and aiike symbols represent trials fiom the same pktiag of neurons. A tbiid 

order regression ofthe mean activities is ploüed showing the concentrationdependent t d  



r I I I I T i 
O 0.1 1 .O 10 100 lm 

LIF Concentration (unitslml) 



Figure 2.4 Reduction in tyrosine hydroxyiase by factors rppüd to dist.l n e d t a  

Sympathtic neurons were treated as in Fïg. 2.1. Prateniquhdent aliquots nmi each 

were nui on SDS-PAGE and blotted onto aitroceiiuiose. Blots were probed with a manac1oaal 

antibody to TH and secondarily with an alkaine phospktase-coupled secocuky TH 

signai density was anaiyzed using an image processhg system- A repraentatiw immunoblot 

with relative signal densïties is show. Lane 1, no-treatment coutrois; lane 2, 600 UIiltS/ml LIF; 

lane 3,50% HCCM; lane 4,50% DFCM; . 



Control LIF HCCM DFCM 



Figure 2.5 Morphology of distai neurites treated wïth cholinergk switching factors 

Sympathetic neurons were hpated as m Fig. 2.1. ReprPsenative dinal nearites photographed on 

day 21 in culhue (2 weeks of treatment) show a central ne& cable on each of the coilagen 

uacks (arrowheads). An extensive network of neurites sunoundiug the centrai cable is fiuther 

observed in control cultures but not in cultures treaîed with 600 units/ml LIF (b), 50% kart ceil 

conditioned medium (c), or 50% d e d  fibroblast coaditioned medium (d). Bar, 200 pm- 





Leukemia Inhibitory F'actor and Neme Gcowth Factor are Retrogradely Tramported and 

Processecl by Cuitured Rat Sympathetic Neurons 

INTRODUCTION 

A variety of motecuies which support the survivai, growth, and différenÜatÏon of netuons 

exert their &ects by interacting with axons or aron tenninals. The binding of fàctors to s p d c  

receptors on the neuronal membrane triggers cascades of intracefluiar signals w h .  regdate not 

only local events at nerve tenninals but also responses at the cell body whicb can be a long 

distance fiorn the site of raeptor binding. Although many second messmgers and erqmalic 

events in si& transduction bave been documented, the 10%-range trophic signals which link 

events in nerve tenninals and celi bodies are unknom- 

Two molecules which eiicit long-raoge signahg in sympathetic neurons are nerve growth 

factor (NGF1; Paravicini et al., 1975; Levi-Montaïcini, 1976; Campenot, 1977; Campenot, 

1982; Korsching and Thoenen, 1983) and Ieukemia inbiiitory factor (LE; Wre et al., 1992)- 

Several other events foUow the binding of NGF to its receptor, including receptor-mediaîed 

endocytosis, activation of multiple protein kinases and other enzymes, and retro@ transport of 

NGF (reviewed by Hendry, 1992). The retrograde transport of NGF nom avon temùaais has 

been show both in vivo (Hendry et al., 1974; Korsching and Thoenen, 1983a) and in vitro 

(Claude et al., 1982b). Retrograde aanspon has long been thought to be important for many of 

the NGF-mediateci effects, in part due to evidence demonstrating that NGF rernauis largely intact 

aAer retrograde transport (Stoeckel et ai., 1975; Stoeckel et ai., 1976; Johnson et al., 1978; 

Taniuchi and Johnson, 1985). Furthermore, it has been shown that a monoclonal anti'body (192- 

1 6 )  raised against the p75 neurotropbin receptor is retrogradeIy transported in rat sympathetic 

neuroos and n e o d  rat rnotor neurons, suggestllig that the p75 receptor is also retropdely 

transporteci (Taniuchi and Johnson 1985; Yan et al., 1988). However the devance of the 

transport of NGF, p75 receptoro or other molecules to retrograde s i m g  has not b e n  

established, 



LIF is also b o n  as cholinergic diffêrentiation fktor (CDF; Weber, 1981; Fukada, 

1985). It duces  the cholinergic différentiation of rat sympathetic tzeuf~ns (Yamamori n al., 

1989), suppresses tyrosine hydroxylase expression in trigeminal murons (Fan and Katz, 1993), 

enhances the sunival of chi& sensory neumns (Muphy et al., 1991), and promotes tùe growth 

of rat motor neurons (Martiaou et ai., 1992). LIF also bas xnuitiple e&cu outside the nervous - 

system (for reMew, see Hilton, 1992)- We have previously shown that LIF is able to switch the 

phenotype of culnued rat sympathetic n e t ~ ~ n s  h m  adrenergic to choliaergic when applied ody 

to peripheral neurites (üre et aL, 1992). nidore,  LIF, iike NGF, must induce a signai which 

travels retrogradely ia neuntes to reach the ceil body L E  bas been shown to be transported 

retrogradely in sensoxy neurons in vivo (Hendry et al., 1992), but attempts to demonstrate 

retrograde hansport by sympathetic neuroas in vivo have been unsuccessfiil ( H e  et al., 

1992). We now report that sympathetic neurws do retrogradely transport '%LE in a 

cornpartmental culture system and that the transport displays similar cfiaracteristics fo %NGF 

retrograde transport- niese resuirs are comûtenî with a possible role of '%HF retrograde 

transport in signahg events in cell bodies. 



MATERIALS AM) METHODS 

Superior c e ~ c a l  ganglia (SCG) were dissected fiom newborn Sprague-Dawley rat pups 
- 

(supplied by Unive* of Aiberta Farm). The gangiia were chemically dissociateci by separate 

incubations in 0.1% (wfv) trypsin (Caibiochem, La J o b  CA) and 10 Wl.1 DNAase (Sigma, St. 

Louis, MO), foliowed by mechanical dissociation as previously descnied (Campenot et al., 

1991). Generai culture procedwes essenÉally foiiowed the methods of Hawrot and Patterson 

(1979). The standard culture medium was L15C02 medium (GIBCO Laboratones, Grand 

Island, NY) supplemented with the prescribed additives and 6% methylceilulose. 

Cornpartmenteci cultures were constructeci as previousLy described (Campenot, 1992). 

Rat tail coüagen was prepared and air-dried onto 35 mm tissue culture dishes (Hawrot and 

Paeterson, 1979). Parallei cobgen tncks were made by scratching the colkgen substraîe with a 

lab-made pin rake. A Tenon divider flyler Research uisauments, Edmonton, Alberta, Carda) 

\vas then seated on top of the tracks- 

Dissocid newons were plated into the center compartments and miutaineci for the 

6rst 5 days in medium containing 2.5% rat senun (pcepared by Lab Animal Services, University 

of Alberta), L m g h l  ascorbic acid, 200 ng/ml2.5S NGF (Cedariane Laboratones Ltd., Hornby 

Ontario), and 10 pM cytosine arabinoside (Sigma). After 5 days, when neurites had cmsed 

under îhe divider into adjacent compartments, the ceil body compartments no longer received 

NGF. Compartments containing only newites received medium containing 200 ng/d NGF at aii 

times, d e s s  otherwise stated- Medium was changed every 3-6 days-  Cultures were maintaineci in 

a 5% CO2 atmosphere at 37°C. 

Wioiodination of LllF, NGE and Cytachrome C 

Carrier-& recombinant human LIF (R&D Systems hc., Minnesota, MN) was 

iodinated by the iodine monochioride method (Contreras et al., 1983; Hilton et al., 1988). First, a 

mixture was made coasisting of 1 mCi of b e r - h  N~ '=I  (Amersham), 40 p1 of O.2M sodium 

phosphate bmer (pH 7.2), 100 pl of 5 mM ammonium bicarbonate bufZer c0ntaki.q 1 pg of 



LE, 40% (v/v) acetonitdey 0.125% (v/v) trifluoroacetic acid, and 0.02% (v/v) Tween 20- To 

start the d o n ,  5 pl of 0 2  mM KI in 2 M NaCl was added to the mixture at room 

temperature, while vortex@. After I min the reaction was stoppeci by the addition of 10 pl of 1 

M KI. Then a 5 pl diquot of the reaction volume was reaoved for TCA determinatioon of 

iabeiling &ciencies and specific actïvities, aud the remaiiider was sequeabally nia o w  - 

Sephadex G a  gel filtration and CM-Cellulose ion exchange caiumns. Specinc d v i t i e s  of 

'%,IF ranged h m  800-4600 cpm/fkol- In the DAlk c d  Iuu prolifératon assay, we fôfwnd 

that LIF-induced prolifération activity was not reduced by iodinatioon to 4600 cpdfiaol. 

NGF and Cytochrome C were iodinatted by the lactoperoxidase rnethd The initial 

mixture mmisted of 37 pi of 50 mM potassium phosphate bufFzr (pH 7.4), 3-5 pl (2.5 mC3 of 

~ a ' y  and 10-20 pl (10-20 pg) o f  2 -5 S NGF or cytochrome C. To start the d o n ,  10 pi of 33 

&ml lactoperoxidase (Sigma) and 10 pl of 0.003% H a  were then adde& At the haKway point 

of the L hr, rmm-temperature teaction, a second identical aliquot of H A  was added. To end the 

reaction, 5 pl of f-mercaptoerbaaol (Sigma) and 320 pl of 50 mM potassium phosphate buffrr 

coniairiiag 1 m g / d  BSA (pH 7.4) were added. TCA detennination of labelhg efficiencies and 

specific activities was perfomied with a 5 aliqyot of the nnai reaction volume, and the 

remainder was nui over Sephadex G-25M gel filtranon columns. Specific activities of '%NGF 

and '%cytochrome C ranged fiom 600-1800 cpdfinol. 

Retrograde Transport and Autoradiography 

Radioiodioated compounds were added to L15C02 medium for addition to 

compartmentd cultures. NGF was additionally added to a final concentration of 200 ngM to 

aiiquots containirig '%,IF or "1-cytochrome C, uniess othemise statd The radiolabel- 

containing medium was added to side compartments containhg only peripheral neurites. Prior to 

the addition of the '%NGF, side compartments wre fïrst rinsed once with medium to remove 

residual nonlabeled NGF. 

Afkr a pend allowed for retrograde transporf center compartments of cultures were 

anaiysed quantitativety and gualitatvely for the aansported materiais. In general, medium was 

firsr removed fkom aIl compartments, followed by one riase with cold phosphaie buffered saline 

(PBS). In quantification studies the PBS rime from the center cornpartment was pooled with the 



center-compartment medium. After tbe PBS Mse, reducing sample b&r containing 1.3% 

sodium dodecyl Mbe (SDS) was added to center compatmemts to dissolve pmximai neuntes 

and ceii bodies. Afkr 1-3 min the extmcts were coUected. Medium and extract cpm were then 

quantïiïed using a Wallac 1470 gamma comter- 

Some sampks were M e r  dmacterized by electmphorwis and autoradiography. When . 

medium components were to be analyseci, only a sxnail volume of medium (50-100 pi) was added 

to the cornpartment at the beginnùlg of the retrograde transport espriment in order to concentrate 

the released radioactive material. Samples were nm on gradient polyaczylamiàe gels, then the gels 

were fixed in methanoYacehc a d ,  dried, a d  exposeci at -70°C to Kodak X-OMAWAR film. 



125 1-tlF 1s Retrogrcdely. Ax~mlZy Transported By a Receptor-spea$c Mechanism In  
Sympathetic Neurons 

Retrograde transport of radiolabeled h r s  was studied in owiparûmnkd cultures of 

dissociated rat sympathetic neumos. Io the comparûnented culhue systan netuites gmw h m  ceii 

bodies plated hto a center compartment and extend hto left and right side cornpartmem. The 

silicone grease appiied to the underside of the Tefion divider d u h g  cornpartment culture 

construction creates a sealeci b a h r  between comparùnents but aIlows penetration of nedes .  

The barrier has been show to be higbiy resistant to bulk fluid flow and diffllsion of m o l d e s  

between compartments (Campenot, 1979; Campenot and Draker, 1989; Vance et al, 1991). 

Quantitative cornparisons foiIowing various treamients were performed on cultures within 

individual plarings to elimiDare the variability in ceJi and neunte densw that occurs baveen 

platings. Ail experiments were conducted in cultures tbat were at least 10 days old- 

Retrograde transport assays comisted of applying radiolabeIed Iactofs to peripheral 

neurites in side compartments continuously for a penod oftune, after which radioactiity in the 

center compartment was analysed in some experiment~~ radioactivity present in the medium and 

ceil extracts nom the center compartments, made with reducing SDS-sampe b&rr was 

separately quantifiai frorn parallel cultures at various intervais foUowing the inhiai application of 
l 'ILLIF to side compartments. In a typical experiment show ia Fig. 3.1, which was confinneci 

by two other similar experiments, radioactivity appeared first in the ceiI bodies and proXimai 

neUntes and then later in the centerarnpartment medium baîhing them. Radioadvity 

accurnulated in the neurom unal 6-9 hr, aAer which it a p p d  to reach a plateau. Radioactivity 

continued to accumulate in the centerampartment medium throughout the course of the 

experïment- In aU m e r  experixnents, center compartment radiolabel was anaiysed foliowing 

approximarely 17 hr ofcontinuous transport, at which tirne about 75% of the label was present in 

the medium. 

To determine the extent to which -ter radiolabel accumulations represented a 

retrogracie tramport event, severai controi treatments were perfomed In these experiments total 

radiolabel accumulations were compared, the total accumulations being the anbineci radiolabel 



fiom celi adraa~ and medium. As shown in Fig. 32 ,  the ' z ~ - ~ ~ ~ d e r i v e d  radiokbei 

accumulation could be blocked by CO-treatmg peripheral n e h  wnh a 100-Md excess of 

unl=iheIed LW. The accumulaLiion muid also be blocked by eeatiDg newons with dbitmpheno1, 

which mcouples oxidative phosphorylaaon, or with colchicine (data rmt s h m ) .  The low leveis 

of accunnilation accompauyiug these b r  treamiems did not exfeed ceater radioliibel - 

accumdation m mock cultures which contained no ceb. These resuits, which were each 

confïrmed in at least two other simüar experimems, indicate that radiolabel accumulation in 

center compaimients foUowing "1-LIF application to side comparbnents is iargely due to an 

energydependent, retrograde transport process, and suggest tbat an early step in the transport of 

l x ~ - ~ ~  involves the binding of '%JAF to a saturable pool of L E  receptors. 

T o  quanutattively compare totai transport of L E  with other factors, side compartments of 

cultures were provideci with 1 riM of either '"1-LE, '*I-NGF, or '%cytochrome C. A k r  17 hr, 

significaut radi01abel accumulations were fouid in the center compartments foiiowing both lU1- 

LE and l 'J~-NG~ incubations, althou& to different levels (Fig. 3.3). On a m o k  basis, '%NGF 

was aansported to the highest Iwel, reaching approximately 9 fino1 per culture in the experiment 

shown in Fig. 3.3, wide '?-LE transport was coasiderably las. In four sUnilar experiments, 

?-LE transport ranged f?om 522% of the '9-NGF transport, with the average beïng 14%. 

L%ytochr~me C was used as a control for tloaspecinc transport since it does not bind to 

specifïc cell surfàce receptors. Center compamnent accumulation o f  '2S~-cytochr~rne C-derived 

radiolabel did not exceed accumularions of "Lcytochrome C or %LE in modr cultures which 

lacked cells. Therefore, retrograde traasport foilowing non-specific uptake (e.g. pinocytosis) 

c m o t  explain the observeci accumulations of '%JF and ' Z S ~ - ~ ~ .  

me Rote of '25~-LLF ~ r m ~ o n  Ls Unaffected By NGF Concentration 

NGF supports the su~val  and growth of the neurons, while LIF alters their 

neurotransrnitter phenotype. AIthough these effects are very different, both molecuIes are 

intemaiized by receptor-mediateci endocytosis and presumably share many of the same 

mechanisms. Therefore, the uptake and transport of one of the moledes might be expected to 

change tbat of the other molede. To examine whether the magnitude of '%LE transport was 

related to the NGF concentration in the medium bathing the peripherai newites, 1 nM '%LE 



IMS appiïed in combination wïth either 10 or 200 aglrnl NGF to penphed neUrites in pacaUe1 

cultures. For four days prior to the experiment, neurites in side compartnients bad been 

mahtained in 10 ng/mi NGF rather than the normal 200 ng/ml to d u c e  the possible intetEerence 

of tesiduai NGF (Ham 1982). Foflowbg incuban'on of peripheral neUrites fer 20.5 hr, no 

dinérence in receptor-specific, '%LE rnrograde transport was observeci bdween the two . 

treatments (Fig. 3.4). These cultures had no NGF supplied in the cester-COmpartment medium In 

other cultures, mclusion of 200 @ml NGF in the center cornpartment d u k g  the transport period 

also bad no anpEt upon '%LE transport- Tbese obsewations were fonfirmed in one addiaonai 

experiment, In examining the reverse situation, whether L E  affects NGF transport, prehnïmy 

experimaits suggest tbat %NGF transport does not cbaage in the ppresmce of LIF. 

'%GF and ' U ~ - ~  transport 1s Reduced Following Neuronal Pretreahnent Wirh LLF 

The presence of L E  did not appear to a i  "LNGF retrograde transport (se above). 

However, it is possible tbat long-terni, L E  pretreatment would &£kt the subsequent transport of 

'"1-NGF or '?-LIF, since the pbenotypic change in cul& sympathetic neurons f h m  

adrenergk to chohergic develops over many days (Ure et al., 1992). We tested this possibility 

by pretreating cuitues with LIF for 6 days prior to pertorming '=I-NGF ami %LIF retrograde 

transport assays. S k  &ys was chosm as the LIF pretreatment period as thi-s is a tirne at which 

the switch to a choiinergic phenotype is reliably detected (Ure et ai., 1992). As shown in Fig. 3.5, 

afkr pretreathg the neurons with 600 d m i  LE, and afkr innibathg peripberai neUntes with 

either %NGF or '2S~-~IF, center radiolabel accumulations were si@cantly reduced, compared 

to the same assay in cultures thai were not pretreated A reduction of similar magnitude was also 

observai atter pretreatment with 5 ng/d of purifiai LIF (data not shown). The reduction in '*I- 

L E  transport occurred whether pretreatxnent 0ccwTed in the side cornpaismats or in the cemer 

cornpartment. Since LIF receptor sequemition b peripheral neurites wotdd not have occurred 

after centercompartment app iication of LIF, tbis event could not aocount for the reduced '%JF 

transport. Rather, it appears that the reduction in transport of both '%TGF or l Y - ~ ~ ~  is the 

result of a generai pbenotypic change in the neurons. 



'U~-LLFand '%VGF Uiergo  Inmcelllulor Pproteolysfs and Release 

To investigaie the nature of the radiolabel assocîated wiih the newons and medium 

during or following retrograde transport of '%LE and '?-NGF, samples of c d  extract and 

medium were anaiyzed by SDS-PAGE and autoradlography Reducing sample butEr was used to 

make the cell extracts as weii as to prepare medium for SDS-PAGE. M e r  15-1 8 hr of transport, 

both 'ZS~-~IF and ' U ~ ~ ~  in center-compartment extmcts were present as appaientiy intact and 

paRiaUy processed f o m  (Fig. 3.6 and 3 3. Two "1-LIF @es were observed in extracts, one 

migrating a -  the same position as intact lY1-LJF and the second, in approximateiy q a i  

proportion, migrating at a slighrly lower m01eculaf weight. The major form of ' 2 1 ~ ~  in 

extracts migrated at the same molecuiar weight as  intact ' 2 5 ~ - ~ ~ ~ t  although 3 Euter-mi&rating 

fonns were &O present As '%NGF decreased in size the radioIabeI intensities &O decreased. 

To control for the unWrely possiiility tiiat the lower mo1ecular weight species in the ceU 

extract were prduced a r t k t d i y  during the harvest procedure, imact '%LE or '%NGF were 

dissolved in sample buffer and appIied to the -ter compartments of cultures not previously used 

in a retrograde transport assay. No degradation of the factors was observed under tbese 

conditions7 mggesting that the processing obsemed afkr retrograde transport had occuned withlli 

intact ceils (Fig- 3 -6). 

When radiolabel released into the medium was anaiyzed by SDS-PAGE and 

automdiography, the only observed species rnigmîed at the phenol mi dye &ont on bigh 

concentration &radient gels. Dye-fmnr signals bave been show to largely represent single 

radiolabeled tyrosine residues (Layer and Shooter, 1983; Eveleth and Bradshaw, 1992). The 

radiolabel in the medium was not precipitable with tnchloroacetic acid, which is consistent with 

extensive proteolysis of the -ors (data not shown), and which is also consistent with 

observations k g  cwditioned medium fiom PC12 celis (Layer and Shooter, 1983). To test the 

possibiiis, that '=I-NGF was degraded by cellular eazymes released into the medium, non- 

radioactive medium f h m  centerampartments was incubated with intact ' s ~ ~ ~ ~  for periods up 

to one hou. Under these conditions no degradation of '"1-NGF was observed (data not shown). 

Taken together, these results show that retrograde transport of '%LE and ' 2 S ~ ~ ~ ~  is 

accompanied by the cellular accumulation of intemiediaie, proteoiysed products of these factors. 



These data M e r  suggest that -ive degradation and release of at least some, and perhaps 

al i  of the products bto the medium completes the ceiiular pmcessulg of "I-LIF and '%IGF. 



DISCUSSION 

It was prevïously shown tbar LIF can induce the switch h m  an adrenergïc to cbolinergic 

phenotype in rat sympathetic neuons when applied only to neudes in side compartments (Ure et 

ai., 1992). In the present saidy we have found that retrograde transport of LIF occurs whai the 
- 

factor is applied to pexipheral neurites, The process is receptormexbted and is accompanied by 

processing of the ligand and accumulation o f  ceU-associatecl, processeci We have 

similarly o b s e d  ligand processing and a c d k t o n  of '%NGF foilowing retrograde 

transport, 

Retrograde transport of L E  has previously ken investigated in vivo @kndry et al., 

1992). Aiihough L E  was reporteci to be transporteci in seasory neuronsy retrograde transport by 

sympathetic neurons was not detected (Hendry et al., 1992). An important consideration is that 

the above in vivo study focuseci on maiwe, addt neurons, wMe our studies are on actively- 

growing, n e o d y d e d  neurons. The observai Iack oftransport in vivo codd also be related, 

in part, to our observation of low transport capacity, approximately 6-fold less than NGF. The 

cornpartmented culture system is especially well-suited for detectiag and qyantifying retrograde 

transport in that, unlike in vivo experimeatation, labeled ~ ~ r s  can be supplieci to penpheral 

axons for sustained periods, and ali of the kbel reieased by the ceU bodies can be coilected- A 

report of increased retrograde transport of ciliay neurotrophic fkctor (CNTF) following 

peripheral nerve injury (Curtis et al-, 1993) raises the possibility tint the LIF transport which we 

observe may be enhanced by the axotorny th occurs when the neurons are removed fiom the 

anunal- 

The time course of radiolabel accumulations in ceU extracts and medium and the 

autoradiographic identification of the radiolabeled species is consistent with a modd in which 

neurons retrogradely transport LE, store it for a p e r d  in both intact and partiaUy proteoIysed 

forms, and then completely degrade and release it into the extraceilular environment, Our data on 

NGF processiug and transport as weil as tbat by Claude et al. (1982b) suggest a sirnilar mode1 

for NGF. it is ciifficuit to interpret the meanhg of the various label iatensities of the ce11 extract 

species, since their accumulation in the intraceiiular compartments and, in tum, our ability to 

detea them is related to variables nich as residence tintes in the intraceilular compartments, the 

number of molecules passing through the& and the number of iodinated residues per molecule. 



Nevertheiess, the presence of the very low molecular weight species ody in the medium and not 

in the ceU extract suggests that the exit rate of ligand components ftom the h a i  site of 

degdation must be relatively rapid. 

The ceiiular accumulation of intezmediate products of NGF and LIF processing 

following tetrograde transport has mt been previously observed in any system In d e s  where - 

the products of '=I-NGF retrograde transport bave been studied by SDS-PAGE, l m  molecular 

wveight fomw in extmts of supenor cervical gangiia bave not been reported (Stoeckel et al., 

1976; Johnson et al., 1978; Taniu& and Johnson, 1985). EEowever, in two of the reports the data 

do not exclude the possibility that degradaiion products did accumulate, aibeit in very small 

quantities (Stoedce1 et al., 1976; Johnson et ai., 1978). In PC12 cells, intermediate products of 

'%NGF degdation bave been reported not to accumulatey although smail amounts of 

tenninally degraded '%NGF were Msualued 
- - in cell extracts @Meth and Bradshaw, 1992). As 

with the LIF transport, conflicting obsewaîions may be relared to the différences between in vivo 

and culhue modek, =&or to the bigh s d v i t y  of our culture system, 

Intermediate, intraceUukr produas of l i e d  processing have been o b s e d  in the case 

of intenialization of e p i d e d  growth fàctor (EGF) by nbmblam (Matrisiaa et al., 1984; Planck 

et al., 1984; Renftew and Hubbard, 199 l), insulin by hepatocytes (Assoian and Tager, 1982; 

Pease et al., 1985; Hame1 et al., 1988; Williams et al., 1990), and p-subunit of human 

choriogonadotropin (KG) in Leydig -or cells (Ascoli, 1982). The mle of lirnited proteolysis is 

not howu but there is evidence tbat it rnay act as an off-s~vitch to signahg by the receptor by 

inducing iigand-receptor dissociation (Carpader et al., 1975; Ascoli, 1982; Planck et ai., 1984; 

Wiey et al., 1985; Hame1 et al., 1988; Backer et al., 1990). By d o = ,  processing of LIF and 

NGF that we have observed may reduce or ~enninate the signals generated when these molecules 

bind to their receptors. 

Utrastructurai examination of the location of intraceildar NGF foliowing retrograde 

transport both in vivo and in vitm ceveal iîs presence in several organene types in ceii bodies, 

including Lysosomes, mdtivesicular bodies (MVB), miooîh vesicles, and smooth endoplasmic 

reticulum (Schwab and Thoenen, 1977; Claude et al-, 1982a; Claude et al., 1982b). Ih cultured 

rat hippocampal neurons, fluid-phase markers have ais0 been observed to be associateci widi 

severai organelle types during and following transport (Parton et al., 1992). Given the variety of 

organelles in which NGF bas been previously observed, and the variety of processed f o m  which 



we have obsemed, d is temptïng to speniktc tbar multiple processing pauiways might exïst for 

NGF and possïbly for LIF. Endosomes bave traditionaily been thought to act principally as a 

nanspon ceservoir, but there is consïdedle evidence ais0 ïmpiicating them in the p d  

proteolysis of several intemaiized mo ldes  (Matnsian et al., 1984; Diment and Stahi, 1985; 

Pease et al., 1985; Schaiidis et al., 1987; Hame1 et al., 1988; D k t  et al., 1989; Backer et al., - 

1990; Doherty et al., 1990; BIum et ai., 1991; Renfkw and Hubbard, 1991). In some cases 

where endosornes have ken show to have a proteolytic hction, a r e n t  degradation patbways 

for the same m o l d e  have been reported to exist within a singie ceU type (Misbin et al., 1983; 

Williams et al., 1990; Sorkin et ai., 1991). 

NGF is discreteiy localized in the adult rat, and its abundance in target fields of 

sympathetic neurons correlates with the extent of uuie~ation (Konching and Thoenen, 1983b; 

Korschiag and Tboenen, 1988). Messenger RNA for LIF is &O discretely localùed in the duit 

rat, inciuding its presence in footpads which are targets of sympathetic neurons- It is worthwbile 

to know whether either of the factors a r t  an effect on signaiing by the other fgctor, especiaily 

sinçe there is very We overiap in the types of efEects the &ciors have on sympathetic neurons. 

Our results reveaiing no difference in '%LE m o n  over a 20-fold range in NGF 

concentration suggests that LE-induced retrograde signahg is d e c t e d  by accessibilÏty to 

NGF, ass-g thaî the signaiïng is dùectly corrdated with LIF retrograde transport. ï h i s  

postdate may not apply at very low NGF concentrations when neuronal viabiiïty may be 

compromisd In contrast to the above resuitts, retrograde signaiing by NGF might be reduced 

under conditions in which sympathetic neurons are cbronidy exposed to LE or related b r s ,  

such as in the adult rat fmtpad (revimved by Rao and Landls, 1993). We found that %NGF 

aaaspon was signincantly reduced in neurons that had been pretreated for 6 days with LIE 

However, it is not yet known whether NGFdependent, retrograde signahg events such as gene 

transcription or SUCVival are affécted by chronic LIF exposure. 

Our observations of LIF retrograde transport support the hypothesis that ligand transport 

to ceii bodies is important for induction of ceii body events. It will be interesting to discover 

whether some faaors exen retrograde effêcts *out themselves behg transportedl The 

pouibility still exists that retrograde transport is an obtigatory event foiiowing receptor bindiug 

whose fimction is only to mtabolize ligand that has aiready induced Id signals. in tbat case, 



long-cange signais must be g e n e d  by other mechanisms, perhaps by the transport of other 

second mcssengers or of rewptor whose activation is rmStained even afler ligand dissociation. 
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FIGURES 

Figure 3.1 Time course of radiolabcl accwnulrtioa in centtr-compartment media and 
extracts foilowing IU1-LIF retrograde transport 

0.25 n M  "1-LF was applied to 8de compartments of 14 da-d cultures. At the indicated 

tïmes, center-compartment media and ceil aarafts were collected a d  assayed separately for 

radioIabel content (amd). Individuai points represent means (k SEM) of 3 cul-, aIcept at 12 

hr where the mean of 2 cultures is providd Except for 12 hr, errors fd i  within the symbols when 

error bars are absent, 
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Figure 3.2 Characteristics of %LIT retrograde transport 

1 nM ' ' J ~ - ~ ~ ~  was appiied to side compartments alone or in combuiation with 100 nM uniabefed 

L E  in side comparments, or with 5 mM dhhphenol in all cornpartmen@- These 

wre  applied to 28 daydd neuronal cultures. M d  cuitures (no cells plated) were given '%,IF 

for cornparison- After 17 hr, cetltercompartment media and ce11 extracts were harvested, a d  the 

cornbineci radiolabel contents quantifie& and cowerted to amoUcenter cornpartment, Bars 

represent means (k SEM) of 3 cultures. 





Figure 3.3 Center-cornpartment accumuiations of radiolabdled factors 

Radiolabeled fàcîors were applied at a concentration of 1 nM to side compartments of neuronal 

cultures (35 daysold) or mock cultures (no ceils piaîed). Aûer 17 hr, center-compartment media 

and ceii extracts were batvested and the combinecl radiolabel contents quanàtied and conveted to 

amoVcenter cornpartment. Bars represent means (5 SEM) of 3 or 4 dtures, except fbr 

cytochrorne C treaaneats (2 cuitures each), 





Figure 3.4 Effed of NGF concentration on T-LLF arasport rate 

For 4 da- pnor to ihe retfogak transport assay, peripheral neuntes were incubatecl with 10 

ngmi NGF. For the transport assay, 1 nM '%LE was then applied to si& compamiieiits (20 

day-old cultms) in combuiafion wiîh either 10 or 200 ng/ml NGF. in one experïmentai p u p ,  

100 n g h i  NGF was alw added to cemer comparûmmts. In otha cubes, 100 nM L E  was 

additionally added to side cornparanem~. After 20.5 br, centetampartment media and celi 

extracts were barvested, and the combined radiolabel contents quantifid and corwerted to 

arnoUcenter cornpartment Bars represent means (2 SEM) of 4 cultures, except for cultures which 

received acess L E  (2 cuItures each), 





Figure 3 5  E f f e  of L E  pretreabnent on T-NGF and --LE transport 

Cultures were mtreated or pretreased in the indïcated compartments wah 600 mitdm1 L E  

(DA1.k proiifèraiion assay) fOr 6 days pnor to the retrograde transport assays. For the transport 

assays, 7.7 n M  '=I-NGF was applied to si& compartmeiits of 15 dayold a>mirps for 18 hr, or 

0.25 nM '%LIF was applied to side comparûmnts of 11 day-old cuitures for 15 hr. Center- 

cornpartment media and cell extracr were harvested, and the combineci radioiabeL contents 

quantifieci and converteci to amoYceuter cornpartment- Sotid bars: ' U ~ - ~ ~  transpoc open bars: 
115 1-LIF transport. Bars represent meam (+ SEM) of 115 cultures. 





Figure 3.6 Electrophoretic migration aad autoradiography of retrograddy tramporteci % 
LIF 

A- After 17 hr of '%LE retrograde transport, ceii exa~s (made wim reducing sample b e r )  

and medium h m  the center cornpartments of two, 13 dayold cuituns were combinai and 

electrophomed thraugh a 10% Linear polyacryIamiIamide gel- Lane 1, radioactive standards; iane 2, 

intact '%LE h m  side compartments following the transport assay; iane 3, inîacî '%LE 

incubateci for 1 hr with reducing sample b* and ceIl bodiedproximai neurites h m  a culture 

not previously exposed to '%,IF; ianes 5 and 6, center-compartment samples following --LE 

t ranspo~ After fixaiion and drying, the gel was exposeci to autoradiographic f5im for 17 days. B. 

A shorter exposure of lanes 2 and 3 h m  Panel A, showing thaî ody the single intact fom of 

'%LE is present. 





Figure 3.7 Electropboretic migration of retrogradeiy tramportcd 'Y-NGF 

After 17 hr of retrograde transport, celi amacto and aiiquots of medium h m  two, 18 dayold 

cultures were elenmphoresed through a 13022% gradient polyacrylamide geL W %NGF 

kvas additionaily loaded Experiment 2 is essentially identicai to Expt. 1 except that the cuitwe 

\vas preneaxed for 6 days with LE, a treatment found not to alter %NGF degradation î'%e gei 

wis  Exd, dried, and exposed to autotadiographic fih for 21 days. 





Retrograde Transport and Steaciy-State Distriiution o f  lU1-NGF in Rat Sympathetic 
Neuroas in Compartmented Cultures 

[Accepted for publication in 1996 in J'imaI of Neuroscience, in press] 

Neurotrophic fàctors are intemalized by axons and retrogradely transported to ceIl 

bodies. This was first demonstrateci by the fiadhg mat %NGF injected into the eye is deiivered 

to neuronai fell bodies ofthe sympathetic superior ceNical &on (SCG) by axons iMeIWa~g 

the iris (Hadry et ai., 1974gb; St&kel et ai., 1974; Stôckei and Thmen, 1975; Johnson et al., 

1978). It was later confhed that dogenous NGF produced in targets of sympathetic axons is 

renogradely aaosported and accumuks  to higû levels in sympathetic --a (Komching and 

Thoenn, 1983a,b, 1988; Palmatier et ai., 1984; Nagata e t  al., 1987). NGF is mostly intact 

foliowing its transport (Hendry et al., 1974a; Stikkel et al., 1974, 1976; Johnson et al., 1978; 

Dumas et al., 1979; Ure et al., 1994). These observations have been interpreted as niggesths 

that NGF diredy participates in signaii~~g in celi bodies, likely as part of a traiisported ligand- 

receptor complex This vesicular transport hypothesis of NGF signaling is supported by 

correlations berneen NGF retrograde transport and changes in enzyme activity and gene 

expression which occur in celi bodies (Paravicîni et ai-, 1975; Stoeckel and Thoenen, 1975; 

Kessler and Black, 1979; Goedert et al., 198 1; MïUer et al., 1994). 

The vaicular transport hypothesïs of NGF signahg bas been ùiterpreted as irnplying 

that NGF should be concentrated in the ceil bodies of respomîve neurons. in caldations of 

transport velocity an assumption is made that NGF enten the mmpon pathway rapidly after 

binding to receptors on auw terminais and that transport rates are Limited only by the velocity of 

the transport mechanism (Hendry et al., L974i3,b; Johnson et ai., 1978). It is also assumai that 

NGF is neither degraded nor released intact while en route to celi bodies. However, some NGF is 

contained in lysosornai organelles in avons (Claude et al., 1982a; Bernd and Greene, 1983), and 

the possibility that it may be degraded or released before reaching celi bodies has not bew tested. 

Rigorous tests of these assurnptions have been diffïcult to perform in retrograde transport 

models in vivo. In the present study we have d e d  tbese assumptions using compartmented 



cultures of sympathetic neurons given 'Y-NGF on their distai axons, which aiioweù 

determination of the amount of NGF assoaared with disral axons, the amount transporteci per 

hour to ce11 bodies, the amount accumulrired by c d  bodies at sîeady-sbte, and h r e  NGF or its 

degradation products are released 



MATERIALS AND METHODS 

Newborn Sprague-Dawley rats were sqptied by University of Aiberta Fann Trypsin 

was obrained h m  Calbiochem (La IolIa, CA). LlSC02 culture medium was obtamed h m  . 

GIBCO Laboratones (Grand Island, NY). Adult rat serum was prepared k m  whole b 1 d  

supplieci by Lab Animai SeNices, University of Alberta Rat tail coiiagen was prepared by the 

method of Hawmt and Pattenon (1979). 2.5s NGF was purchased h m  Cedarlane hboratoria 

Ltd. (Hornby, Ontano). Tefion dividers were purchased han Tyler Research riistniments 

(Edmonton, Alberta). ~ a ' 3  was purchased from Amersbarn ( O M e ,  Ontario). PD40 

sephadex G-25M columns were purchased fiom Pharmacia Biotech (Baie d'Uri%, Quebec). 

Reagents whose supptiers are not stated were obtained fiom Sigma (St. Louis, MO). 

Comparmented Cultures 

Sympathetic neurons were isolated nom the superior ceMcal ganglia of newborn rats by 

O. 1% (w/v) t rypsh incubation and mechanical dissociation, as previously desm'bed (Campenot et 

al., 1991). The standard cuiture medium was L15CO2 supplemented wnh the prescni  

additives and 6% methylceuulose. Cornpartmenteci cultures were constructecl as previously 

describeci (Campenoc 1992). Briefiy, rat *UI collagen was air-dried onto 35 mm culture &hes 

and then pardel scratches made in the substrate. Tefion divïders of either 3-cornpartment or 5- 

cornpartment design were seated onto the coliagen tracks ushg silicou vacuum grease. Ceii 

suspension was piated into a single compartment of each culture (2000-3000 neurons/culture), 

and axons extendeci into adjacent compartments containing NGF. For the fint 6 days foiiowing 

platin& medium additives in the ceii body cornpartment/proximal axon compartment included 

2.5% rat senun, 1 mg/mi ascorbic a d ,  10-200 @ml NGF, and LO pM cytosine arabinoside. 

Thereaffer cell body compartments received only rat serum and ascorbic acid- Axon 

compartment. received ody NGF as a medium additive at concentrations of 10-200 ngfml 

throughout the entire culture penod Medium was changed every 4-6 @S. Cultures were 

maintaineci in a 5% CO2 atmosphere at 37°C. 



NGF was radioioduiated by the lactopemxkiase methoci. Tbe foiiowing hgrdïents were 

maced at m m  temperature for 1 k 3-5 pi (1.5 mCi) ~ a ' y  10 pl (10 pg) NGF, 37 pi 0.5M 

potassium phosphate b&r (pH 7.4), 10 pi 33 pgmi lactopemidase, and 10 pi O-003% H202. 

Atter the fint 30 min of incubation, an a d d i t i d  1Op.i of Hz02 was a& The reaction was 

temiLiated with 5 pi Osiercaptoethanol and 415 pl 1 mg/rnl BSA in potassium phosphate b&r. 

Specific activïties and Iabeiing &ciencies were caicuiated after acid pncipitation (20% 

trichioroacetic) of an aliquot of the reaction mixture. F m  iodine was separated h m  '%I%F 

using Sephadex G-25M gel filtration colwans. Radioactivity was measured using a Wahc 1470 

gamma couter. Specific acùvities averaged 151 c p d p g  and '3-NGF was d wiihùi 3 weeks 

of iodination. Molar concentrations of NGF were based on a moiecuiar weight of 26,000. 

Retrograde Trmporî Assay and S i p l e  h i y s s  

Three different designs ofcornpartrnented cultures were used, based on 2 models of 

Teflon dividers. l'he cultures differed principally by the nurnber ofcompartments îhrough whkh 

axons could unidirectïonaiiy extend (Fig, 1). Al1 retrograde transport assays were performed by 

applying '%NGF to distal a..ons in compartments most distal to the celi body cornpartment aiid 

incubating at 37°C to d o w  pime for the neurons to retrogadely transport '%~GF. 

Radioactiviîy nom ceii body/proxùnal axon compartments (aansported '%NGF) and in some 

experïments h n  the intermediate luron compartments (5compamnent cultures) was quanafieci 

foliowing the incubation. Medium was coilected and combined with a cold PBS rime, then celi 

extracts were made using reducing sample buffer containing 1.3% sodium dodecyl suhie. Total 

transported '*I-NGF was the combined radioactivity f3om ceii bodiedproximal axons plus the 

medium batbing hem. Background difnision of '%JGF under the Teflon divider was very low- 

For example, when '"1-NGF was appiied at a concentration of 1500 cpmfpi (10 uglml) to both 

side compartments of 3-compartment dishes iacking celis, typicaily radioactivity a c d a t e d  in 

the center cornpartment at a rate of 10 cpm/hr (0.06 p*). Aiter a 24 hr incubation in these 

rnodc cuitures the &ai %NGF concentration in center compamnents resuiting fiom 

backgound diilhion was typicaliy about 1 pM. To compete the uptake of ' ~ N G F  directiy by 



the celi bodies, 8 n M  NGF was included in the medium batbiilg di bodiedproximai axons in ai i  

etcperimests .Tbepresenceof8nMNGFhthiscomp~~ fOIlndnottoanPathe 

retrograde transport rate- For cxampley m one npcrimeDt 10.4% of the axonal '%NGF was 

transportai per hou (transport rate) when 8 n M  NGF was mcluded in the celi body 

cornpartment, whereas the transport rate was 9.8Ydhr when NGF was absent h m  this 

cornpartment The nacrion of cellular '=I-NGF found in cell lxniïes/proxïmai axons ais0 was 

uaa&rted by includhg NGF in the cell body cornpartment, Resuits h m  a second, si& 

experiment were consistent with these conclusions, 

Iat amount of '3-NGF associatexi with, or dissociated h m  distal axons was 

cietennuleci following the ovemight '9-NGF incubation Axons w e ~  rinsed with cold PBS for 

20-30 s (or in some experiments not rinsed), and then either: i) fksh medium containing 1 pg(ml 

NGF (except 1 experimen~ using 0.4 @ml) was added back to the compartmeats in diss4ciation 

experiments, or, ii) the axons were immediately harvested to detenaine auonassoçiated '3-NGF. 
Avons were ail eventualiy harvested by vigorous trituration with oniy water which reduced the 

release of nonspecifïcaily-bound ' ~ - N G F  from the coiiagen substrate, compared to detergent 

extxaction, The 20-30 s rinse pnor to amn harvesthg or chasing was found in a separate 

experirnent not to d u c e  levels of axon-associated '%NGF, compared to no ciuse. Also there 

was no correlation between rinsing and relative transport rates, which &O implied that 

sigrdicant arnounts of %NGF did not dissociate fiom low aflhiqr ceceptors on axons during a 

20-30 s rinse, 

Specific transport, avon association, and dissociation were detennined by subtracting 

nonspecific values h m  torals. Nonspecific values were detemùned by perfonning the same 

procedures in cultures in which a 100-200-fold higher concentration of unlabeled NGF was 

includeà in the '%NGF incubation with distai axons. Typicallyy nonspecific transport accountd 

for less than 10% o f  total transport, whde nonspecific association accounted for 40050% of the 

total axon association. The decrease in fke '%VGF concentration in axon ~wipartments due to 

24 hr of axonai uptake and transport was at most 22%, but was most often less thau 10%. Ceil 

body/proW axon '%NGF at steady-nate canged fiom 1-96 pg, but it is not infocmative to 

make cornparisons of absolute quaatities between experiments because of the variability in 

neuronal number and axon growth between culture platuigs. 



Kioetic iLIIitlysis was performed on the decay of ceU-associated radioactivity. The puise- 

chase protocol is descni  under Wts- Cultures were used in which distal axons were 

a~otomized at the end of the puise, which elimùnted interférence due to the pdonged Chase- 

transport fiom distai axons. CeU-associated radioacbvity at the various intervals was not - 

measured in these cultures, but instead was estimated by subtraccing the cumulaàvve release at 

each time point h m  the total amount of radioactiMty released during the Chase. This method 

could be used because the totai, cumulative release of radioactïvity over at least 30 hr was a close 

estimate of the initial ceII-associated NGF- That is, in cultures in which distal axons were left 

intact during the chase the amount of radioact i .  measured in ceU b0diedpmxba.i axons at the 

end of a 30 hr chase represented only 5% ofthe total, centercompartment radiOaCtMty (medium 

+ cell exîmct), some of which was due to nonspecific transport- In cuihues where chase-transport 

was absent, residuai cell body NGF was k l y  only about 293%. The estimated fiaction of ceU- 

a s s o c i d  '9-NGF was then plotted as a hction oftirne. 



NGF Is Mostij Associated With Distai Axons ut Steady-state 

The steadylstate disaiiution of NGF in 3-cornpartment cultures (show in Fig. 4.1a) 

was investigated by bathing distai axons continuously in %NGF for 15-24 hr, during which 

t h e  some of the '=I-NGF was retrograddy transporteci to ceii bodies and proximal axons. 

Previous d i s  have shown thai steady-state association with axons is reached within 2 hr 

(Hitwror, 1982), and steady-state accumuiation of %NGF in ceU Wedproxlliial axons is 

reached in about 8 hr (Claude et al., 1982b). AIso, most radioadvity in ceU b o d i e d p r o ~  

axons is intact '9-NGF by SDS-PAGE anaipis (UR and Cainpenot, 1994). As shown in Fi- 

4.2, the '=I-NGF which retrogradely accumuiated in ceii bodiedproàmal axons at steady stare 

accoumed for only 5.30% of the celidar '%NGF, while the &der was associateci wirh 

distai axons. The distribution was slightly agedependent, such tbar proportionaliy more '?-NGT 

became aun-associateci in older cuihueshues Interestingly, the diSmbution was oniy weakly 

dependent on '%NGF concentaton, even though the concentration of %NGF supplieci to 

distai axons ranged h m  0.2-40 @mi (8 pM - 1.5 nM). The highest ceU body accumuiaîïon 

(30%) occmed in an exparperiment using 0.2 ng/ml l U ~ ~ ~ ~ ,  but in 2 other experiments with this 

concentration the ceil body accumulation was not rnafkedly higher tbaii at higher '%NGF 

concentrations. At 8 pM '%NGF, most '=I-NGF bindiDg should be to hi@ afkity receptors, 

based on reported receptor affinities fiom other neurons (Sutter et al., 1979; G d h y  and 

Shooter, 1986). Therefore, at this concentration the abundance of '%NGF associated with distal 

axons could not have resulted fiom extensive bincüng to low aEnity receptoa that might not have 

participated in transport. 



Dismckuion assays at 37OC were perfi,mied to detexmine wbether the dUtal axon 

NGF was sudkdmund, or intemalized and posstbly en route to d bodies. This niebiod was 

usedRthQtbnacid-wash(BumeretaL. 1990)bccawthelaaatecbniqueapparedtonX - 

axons to the mbstrate. FoUowing ovemi& Ulcubations with 10-20 ogld 'q-NGF, distal axam 

were chased at 37°C in the presence of a00-fold excess unlabeled NGF. AU radioactivity 

released fiom axons was intact '*I-NGF by SDS-PAGE anaiysis (not shown). The warm chase 

was perfonned over 2 consecutive intemais of 6 and 18 hr- Figure 4.3 shows representative 

redts fiom 1 of 4 experïments. From al1 experimentts, over the total 24 hr chase 7597% 

(mean=85%) of the axon-associatexi '%GF was reieased, in similanry to other cells (Sutter et 

ai., 1979; Landreth and Shooter. 1980). Most of the release occurred dwing the first chase 

interval, but about 20% occurred Mer, indicative of very slow dissociation of sorne of the '% 

NGF. There was no indicaiion that %NGF release varied with culture age (16-42-day-old 

CUItures). 

As has been suggested previously for PC 12 celis (Eveleth and Bradshaw, 1988; Kasaiau 

and Neet, 1988; Bmer et ai., 1990). some of the wann-chased '%NGF may have been released 

fkom an intraceUulaf pool by retroendocytosis- Since retroendocytosis has beea shown to be 

blocked by dinittophenol @NP) treatment (Marshall, 1985; Formisano et al., 1994), we included 

a group with DNP (0.5 rnM) in the medium during the first 6 hr chase. DNP, which depletes 

AïP stores, is efféctive in Our culture mode1 in biocking retrograde transport of leukemia 

inbibitory fàctor (üre et al., 1994). Three experiments were pedionned ushg 10-20 nglml "'I- 

NGF, and a representative result is shown in Figure 4.3. DNP treaûnent did not duce the 

amount of '%I-NGF released h m  the axons and even slightly increased its release in 2 of 3 

experiments, in similarity to previous reports (Olender and Stach, 1980, 1981; Stach and 

Wagner, 1982). These results suggest thaî wons did not retroendocytose '%NGF, and in h m  

suggest that appmximately 85% of distal axon NGF was s&-bound, a portion of wbich was 

associated with very slowly-dissociahng (hi& afnnity) sites, in sùnilarity to a previous report 

(Godtiey and Shooter, 1986). 



Rate of Retrogrude Transport 

To directiy quanti& the rate at wbicb the axo~associatcd ' Y ~ ~ ~ ~  was delivered to c d  

bodiedpmird axons, additionai data were used h m  the experiments desmi in Fig. 41. 

Total NGF transport was caiculated as the combiaed radioaaivity c o i i d  aOm the cell - 

bodies/proltimal axons, representing intact NGF, and k m  the medium baîhing them, 

representing products of NGF degradaaon released by the ~ u f o t l s  dur@ the incubaîio~~ (Ure and 

Campeno& 1994). After 24 hry more tban 85% of the traasported %NGF was degradeci and 

released into the medium The average transport rate was determined M y  by dividing totai 

NGF transport by the period of aampoxt which averaged 20 hr (cpm/hr), and tben express* Ï t  

as a percentage of NGF associated wïth djstai axons (final units = Ydhr). The rafe detemineci by 

this method différed by QYhr compared to the rate caicuiaîed once steady-state transport was 

mched. 'Ibis smail discrppancy iikeiy r d d  the absence of '=I-NGF transport wimin the fbt 

hour of %NGF application to distai axons (Claude et al., L982b). When 1 2 S ~ - ~ ~ ~  was suppIied 

to distal axons for 15-24 hr, ody 2025% of the distai axon "1-NGF was transporteci to ceii 

bodies each hour, with the rate declining as a hction of culture age (Fig, 4.4). Expresseci 

differently? no las than 4 hr wap requiied for '%NGF to be tmnspoxteà in an amount quivalent 

to the amount associateci with axons at steady-state, and in older cuitwes as long as 50 hr was 

required. The transport rate was not strongiy dependent on the concentration of l U ~ - ~ ~  

supplieci to axons, which cangeci nom 0.240 ng/xnl (8 pM - 1.5 nM). For ewmpIe, in 2 

experimerits the oanspon rares in 4 nglml '*I-NGF (0.15 aM) were oniy Io/& higher than in 40 

n&nl '%NGF (1.5 nM). Using 0.2 nghl '"1-NGF, at which the biading should be 

predomiaantiy to high affinitv receptors? we found that the transport rate in only 1 of 3 

experhents differed markedly f5om transport rates at bigher '=I-NGF cuncenttations. These 

resuits are consistent with re~ptors of multiple affinities participatuig in NGF transport and 

suggest that tramport occurred at a Iow rate even when %NGF associated rnostiy with high 

affinity receptors. 



NGF is Reirogrodly Trunsported At A VeIm-ty of 10-20 minlhr 

We have used the re1ease of degradeci '%NGF nom the ceil bodies to atsaare the 

velocity of NGF rrtrognde transport. This was accompiished by cornparhg tbe time course of - 

release in 3-ampartmait cuifures with the tmie coune in S-comparhnent cultures ia which the 

NGF was transparted an additional 5 mm thmugh an intermediate ayon compamnent (Figures 

4. lu and 4.lb). W e  asswned that intenializa;tion and loading of NGF uIto the transport system as 

weii as de$radation and cekase of NGF h m  ceil bodies oc& with the same time course in 

bath types of cultures. 'lherefore, any deky in the appearance of degraded NGF from ceil bodies 

in Ssompartment cultures would cepment the time required for hansport h u g h  the exna 5 

mm of awm Afkr applying l Y - ~ ~  to distai axons, medium in the center compartments was 

exchangeci at 15-min intervais. WC obsemed that the fïrst release of radioactivity fmm dl bodies 

was delayed in 5-comparhnent cultures by oniy 15-30 min (1-2 intervals), compared to 3- 

cornpartment cultures (Fig. 4.5). Thetefore, the transport velociv is estimated to have been 10-20 

mm/hr (i.e. 5 mm/15-30 min). This is higher than the esthaîe of 2-3 mm/hr d e  for NGF 

retrograde transport in adult rat sympathetic neurons in vivo (Hendry et al., 1974a,b; Johnson et 

al., LW%), but is sirnilar to estimates of 7-13 m d h  for NGF transport by sensory neurons 

(Stoeckd et al., 1975; Yip and lobmon, 1986) and 12 mmlhr for dopamine j3-hydmwase 

transport in sympathetic axons of the sciatic newe (Brimijoin and Heliand, 1976). 

Little or No "1-NGF is Degraded or Released From Axom During Retrograde Transport 

Some NGF in sympathetic axons (Claude et ai, 1982a) and in neurites of PC12 ce& 

(Bemd and Greene, 1983) is associateci with lysosornal organeIIes. Momver, a Mnety of 

evidence supports the possibility that degradaave events rnight occur in axons (Broadwell, 1980; 

Gatnnsky et al, 1991a,b; Doherty et al., 1990; Renfbsv and Hubbard, 199 1; Overly et al., 

1995). Ako, release of prwiously intemalipd, intact '%NF fkom PCl2 cek bas been 

reportecl (Eveleth and BfadShaw, 1988; Buxser et ai., 1990). We addressed the possibility of en 

route release of breakdom products or intact NGF by iavesti@s transport in five- 



cornpartment cultures show in Figure 4.1~. In these cultures there are additional comparmienrs 

interposed between the cell body/pmlgmal axon eompartment and the distai axon cornparma 

where '%NGF was applied. One of these compartiments is large and is t e n d  the ïntennediate 

auon cornpartment We were able to determine wkther any NGF king transported tbrough the 

imemiaiiate airon cornpartment was celeased en mute to ceil bodies. '9-NGF at 10-50 d m 1  

was appiied to dista1 axons (Cornpartmats #4 & #S) fôr 22-40 hr, after which aU of the 

radioactivity transporteci into the ceil idyfproximai axni and intetmediafe axon cornpartmats 

(#1 and #2) was quantifieci- Mean cesuits h m  13 dtures are show in Figure 4.6. ûfd the 

radiOactiMty coiiected, oniy 3% was fiom the medium bathhg intermediate axons, which was not 

significantly above background- Thus, Little or no NGF or its bfeakdown prducts were released 

from axons while NGF was en route to ceIl bodies- In previous experiments we showed tbat ceii 

bodiedproximril =ans do not retaïn low molecuiar weight breakdowu products of %NGF 

which indicates that tbey are released quickly h m  the neufons (Ure and Campenot, 1994). Thus, 

it is uniikety that in the present experiments 'UL-NGF was degraded in i n t e d a t e  axons and 

that the degraded '7S~-NG~ was transporteci to celi bodiedproxhi axons. Theref~re~ these 

resuits suggest that neariy ail '%NGF loaded onto the retrograde transport system was 

deiivered intact to ceIl bodies. 

NGF Degrarcltion FolIowing Reîrograde Trmporr 

The tumover of cell body/proxhal avon NGF was iavesh~ated in 3compaihnent 

cultures, both under steady-state conditions and in pulse~chase experiments. Under steady-state 

conditions, r a d i d v i t y  lwels in ceil bodiedproximal axons are relatively constant beyond 

approximately 10 hr (Claude et al., 1982b) and degraded '%NGF is released into the medium at 

a linear rate (not shown). Turnover rates can be detexmineci by samphg the radioactivity 

rekased into the medium duriiig this M i e  and cornparhg the release to %NGF levels in the ceil 

bodiedpronmal axons upon harvening. From 10, 3somparânent cultures (14-38 days old) we 

found, on average, that the release of degradecl %NGF was equivaient to 39% of the ceU 

body/pro?cllnal axon pool per hour, corresponding to an average turnover imenal of 2.7 hr (range 

1.6 - 4.3 h). 



For the puise-cbase d y s i s  of degmhïon rates, "I-NGF (50-200 ng/ml) was supplied 

to dïstai axous in 26-36-dayold culaires fw 5 hr during which %NGF accumuIated both in 

distai axws and in celi bodies/proximal axons. The l%~~~antainïng medium was then 

exchangeci with medium conbinhg at least 200 @mi NGF. During the chase the medium 

bathing ceU bodiedproximal axons  pas excbanged several times and the released radioactivity 

quantified. Siaee this radidvity represents ody àepded '%NGF and Canipend, 1994), 

we were able to detexmine the time course of retease of %NGF degdation ptoducts. 

Representative resuits fiom 1 of 4 expergneats are shown in Figure 4.7a (chse-iiltact cultures). 

The degradation and re1ease of '?I-NGF breakdowu producîs OC- with a wISz of 6.1 hr, 

which reflects not o d y  the clearance of '%NGF which was in cell bodies at the end of the puise, 

but ako reflects retrograde transport and clearance of '%NGF associateci wïth distal axons at 

the end of the pulse- 

ïhe pulse-chase analysis was also performed in cultures in which distal axons were 

removed imrnediately foliowing the 5-hr '*1-NGF pulse (cbase-axotomizecî culhua). Suice there 

was no prolo@ rctmgade transport in these cultures, the accumuiaîïon of radioactivity in 

medium bathing ceii bodies/proximal axons during the chase Wely reflected degradation of the 

'?-'I-NGF which resided in ceil bodies at the end of the pulse. A representative t h e  course, from 1 

of 3 experiments, is shown in Figure 4.7a. As expeeted, the wma.dmal release of 1 2 S ~ - ~ ~ ~  

degmkion products in the chase-axotomized cuinires occurred sooner (tir, = 3 hr) than in 

cultures in which distai axons were [eft intact during the cbase (tin = 6. I hr), although the pattern 

of clearance was similar in both types of cultures. From the 3 hr difference in w m a -  

release we can conciude tbat when the IfSI-NGF supply k remowd tiom distal avons (in chase- 

intact cultures) and the axons are cbased with NGF, signincam amounts of '%NGF continue to 

be retrogradely aaasporred for no more than about 3 hr. Foiiowing its delivery to cell bodies, '=I- 

NGF is then degradeci with an average h&iifé of approrrimately 3 hr. 

To determine if ail "1-NGF in cell bodies/proximal axons was degradeci at a d o m  

rate, or altedvely if there was more than one rate of degradaoioq we perfonned a kinetic 

analysis (see Mater& and Metfiods) of the data h m  the chase-axotomized cultures above- 

R d t s  nom ali 3 experirnents (Mal o f 9  cultures) are shown in Figure 4 3 .  In each experiment 

the decay in ce11 body '%NGF was bipbasic, suggesting that there were 2 distinct rates of '% 
NGF degradation. Slopes fiom the early and late stages of '%NGF turnover appeared to differ 



2-3-fol& These data niggest tbat ceU baliedprorrimai aaws contained 2 or more hmctioaally 

cifirent pools of %NGF that were d e p k d  at différent rates, the net resuit beiag an avewe 

half-Wk of 3 hr- 



DISCUSSION 

Some Cellular Events Promote NGF Ac~~muIation in Cell Bocfies 

Retrograde accumulaaon of trophic f5ctor in celi bodies is believed to be important for 

retrograde sigtding. Several aspects of the procesoing ofNGF by sympaîhetic muons which we 

have invesbgated promote accumulation o M F  in ceil bodies- F i y ,  we observed that litîie or 

no NGF was degded or released intact fiom axons during rerrograde transport, which was not 

known fiom previous experiments- Degradation or felease of mtact NGF during transport, if Î t  

had been observed, would have seriously qyestioned views about the role of NGF transpor~ 

A second aspect k the rapid transport veloüty for NGF of 10-20 mmhr. This velocinf 

matches reporteci retrograde organelle velocities fiom a variety of axons (Forman et al., 1977; 

Smith and Cooper, 198 1; Koles et al., 1982; Breuer et al., 1987; Abbate et al-, 199 L), which 

suggests tbat once NGF k Ioaded onto the transport mechanism iî is optimally delivered to ceU 

bodies. The several-&Id, higher velocity which we observed, as compared to that in sympathetic 

neurons Ui vivo (Ekndry et al., 1974a,b; Johnson et al.' 1978), might suggest rbat the velocdy of 

retrograde transport is faster in immanue neurons usai for culturuig than in adult neurons used in 

the in vivo studies. 

A thud process fàvoring accumulation ofNGF in ceU bodies is a rdatively slow 

degradation rate. As compared to the turnover of a wide varie of inteIlliiliZ:ed ligands in 

nonneuronal celis, the 3 hr for c d  body N G F  tvhich we observed is relaavely slow 

(Chen et al., 1982; Huang et al., 1982; Wakai et al., 1984; Davies et al., 1985; Fujii et al., 1986; 

Zooa et al., 1986; Roupas and &rington, 1987; Sorkin et ai., 199 1; Nielson, 1992; Yanai et al., 

199 1; Adetta et al., 1992; Pimdey, 1992; Zapf et al., 1994). Interestingiy, kinetic d y s i s  

suggested that the 3 hr average is k l y  to be the net resuit of 2 distinct rates of 

degradation. Basic FGF and TNF-a. can be iaterùalized aod degraded at different rates dependhg 

on the type of receptor to which they are bound (Pennica et al., 1992; Gleizes et al., 1995), so by 

analogy, perhaps the degradation rate for NGF is dinerent depending on whether NGF is bound 

to trkA or p75. 



NGF Trmporî  is Rate-Limired Upstream ofrhe Transport Mechanism 

W e  observed that no less than 4 hr was requirrd for 'Y-NGF to be retmgdely 

transporteci in amounts equivaient to steady-state ieveis in disiai axons, This intemal co~esponds 

to a maximum transport rate of25Ydhr. Pen& of at ieast 10 hr (transport raie 2100/dh.) were 

mon ammon. Transport rates appeared to be oniy weakiy depedat on the '%NGF 

concentration, which ranged 200-fold h m  8 pM - 1.5 nM, ~ g g e d n g  tbat receptors of more 

than one afEnity were iavoived in NGF transport- This conclusion is consistem with previous 

findings in vivo (Dumas et dJ979). Since M y  all axonal binding shouid be to hi& afEnïty 

receptors at 8 pM NGF, based on binding characceristics ofother newons (Sutter et al., 1979; 

Godney and Shooter, 1986), and since it has been prwiousiy show that NGF b o d  to hi@ 

a 5 i t y  receptors in PC 12 celis is internalized at a hi& rate (Bemd and Greene, 1984), we 

expected to observe higher transport rates tban we did. The low transport rate observed at any 

concentration used did not reflect a low capacity of the transport mecbanism, since previous 

resuits indicate that retrograde transport does not saturate uti l  at least 4 nM NGF (Hawrot, 

i 982). The low cransport rate also did not resuit fkom release of degrade4 or intact NGF while it 

was on the transport mechanism, as shown above- Thedore, we conclude tbat retrograde 

deiivery of NGF to ceil bodies was rate-limited prior to the shuttling ofNGFantaining 

organelles a l o ~  the microtubule-bd traasport mechanism. The fiacting tbaî approxhateily 

85% of the distal axon NGF was surfhce-bound at steady-staîe mn@y suggests t h . .  

intenialization was rate-limiting. Theorebcaiiy, had the rate-hitiq step occurred foilowing 

ùitemaiization, then a large intra-axonal accumulaaon of NGF should have been observed. 

W e  considenxi whether the transport rate was low because of a hi& fiaction of bindïng 

to low af3ïnity receptors whch might not have been efficient at intemaiizing NGF (Bemd and 

Greene, 1984; Hosang and Shooter, 1987; Kasaian and Neec, 1988). This is an inadquate 

expianation for the transport rates observed at 8 pM NGF, since at this concentration very M e  

of the binm shouid have ben to low affinity recepton. Since p75 neurotropbin receptor binds 

NGF wah mody low affinity, the low transport rate at 8 PM NGF can not be explaineci by 

excessive binding to p 75. It is possible, however, thai the slightly lower transport rates which 

were observed when using the highest NGF concentraiion (40 nglml) might have resuited h m  



incfeased bindmg to p75, since several studies indicate tbat p75 intemalizes d o r  transports 

NGF at a low rate, Eat ai i  (Le Bivic et  ai., 199 1; Kable and Hertel, 1992; Mihdeo a al., 1994; 

KaMe et a1.,1994; Curtis et al., L995)- Furthemore, augmeiited p75 b k b g  have been the 

reasoa for lower naasport rates in older cultures. We bave found that p75 mRNA 1eveIs increase 

with culnite age in newons gïven a concentdon of NGF s i m .  to thaî used to maintalli 

cultures in the present study (Ma et al., 1992)- 

As an exphnation for the low transport rate, we hypdhesize tbat a hrge W o n  of the 

awn-bod NGF might have been bound to receptors that did not have immediate access to sites 

of intenialitirtion That is, perhaps molecules necessary for scient interaaIization are in Iimited 

supply or are camp- in axons. For example, aithough it has been show that 

receptors dong sensory axons in vivo do internaiize and retro&radely transport NGF (Richardson 

and Riopelle, 1984), it is possible that oniy ceceptors on p w t h  cones internalize NGF at a high 

rate. 

Transpo~ VeZoaCIîy Dues Nor Accutintfor the Delay in NGF Trmport 

'=I-NGF i k s t  appean in celi bodies/pro>rimal axons after a delay of appro><miately 1 hr 

foliowing its application to dimi axons (Claude et al., 1982b; additional data not shown). This 

delay is not likely to resuit fiom a delay in '%YGF bindïng to receptors on the axonal surface, 

since signficant binding to distal axons occurs witbin 10 min O ~ ' ~ I N G F  application (Hawrot, 

1982). We can now consider whether transport velocity accounts for the delay. Since the 

transport velocity was found to be 10-20 mm/hr, and sùice a distance of only 1 mm separates 

distai axon and ceil body/proxirnai avon compartments, %NGF should have appeared in cell 

b0diedproxixna.I axons within several minutes if it was immedïately intenialued in axons and 

loaded ont0 the retrograde transport mechanim. Moreover, the transport mecbanism shouid have 

been suniciently rapid to transport a large quantity of ' ' S ~ ~ ~ ~  (e-g 1 axonal receptor Ioad) 

within the 6rst hour of incubation since the longest distance over wbich "'1-NGF had to be 

transportai in, for exampIe, 20-daydd cultures was about 20 mm, based on observai mon 

extension rates of 1 mm/day (Campenot, 1982a). Assuming that the average transport rate 

measured after 4 hr of transport (data not shown; see dso Claude et al., 1982b) is similar to rates 

observed during earlier perds, our assays should have detected transport within severai minutes. 



Thedore, vue can now interpret thaî the Iag m transport is not a dection of the transport 

velocity. Instead, the lag rnight indicaie that NGF-receptor compIexes reside at the axoa surface 

for a considerable puid More king intemaiid, which is ~on&ent with our observation of a 

large proporîion ofaxonai %NGF at thc e e .  iüm, ~ ~ ~ x o n t a i u i n g  organelies eaild 

posnily unciergo a maairation step prior to Ioading onto the Rnoqrade transport niedisnism, 

which could contri'bute to the lag. Endosomai matudon bas been descri'bed for EGF (DUM and 

Hubbad, 1984; Schmid et ai-, 1988; Stoorvogel et al-, 199 L). 

Distal Axons as Resemoirs of NGF 

A surprïsing d t  fkom this study was that las NGF was rnaintained in cell bodies by 

retrograde transport than was associated with distal axons at steady-state- Given the importance 

of retrograde n w  to neurom and the important role that trophic transport is thought to play 

in this process, Ï t  couid have been pdÏcted that more %NGF would bave accumuiated in ceil 

bodies. A relatively Iow levd of c d  body NGF is not an obvious interpretation fkom previous 

studies in vivo showing that NGF is more concensated in sympathetic &a than in samples of 

mget tissues (Korschiug and Thoenen, 1983a, 1988; Nagata et ai., 1987). However, in similarity 

to our findings, more cecent stuclies in vivo report tbat at least for some sympathetic neurons 

NGF is extemiveiy associated with axon terminais (Liu et al., 1996)- As already discussed, 

several transport parameters are consistent with a role for NGF transport in retrograde s i w g ,  

but the Iarger amount of NGF associateci with distai avons than in cell bodies suggests other 

important fhctioiial roles. A~onal NGF undoubtedly has local signaluig hctions such as 

promotmg axon gmwth, but addkionally, a x o d  NGF mi@ generate other types of retrograde 

si@ which travel to ceH bodies llnaccompanied by NGF- 
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Figure 4.1 Computmented c u l t u e  desigus 

illustrations of individuai tradrs (20 trad;s per cuittare) are shown h m  t k  ciïffkm desigus of 

compartmented cuihues used in the present study. Tdon septa separate compaimients. Disiai 

avon uimpamneao, where '?I-NGF was always applied, were separateci fiom ceil 

body /prod  axon compartnmts by distances of: a, 1 mm; b, 6 n m  and; c, 8 mm. Illustratio~~~ 

are not to d e .  





Figure 4.2 Rehtivt dwtri'butions of cdl-usoaatcd NGF 

In 3-compareient cuiturps of various ages* 02-40 @ml "SL-NGF (8 pM - 1.5 nM) was suppliecl 

to distal axons for 15-24 hr, during which time some '%NGF was rrtrogradely transportai to 

ceil bodies/proximal axons. Distd axons in wme cultures dditionaily raeived 2100-fold excess 

NGF for determination of nonspecSc association/transport- &r removhg the culture medium 

and rinsing ail compaztments, ceii extmcts were made and the radioactivity pantifid S h m  are 

relative proportions of '%NGF radioactivity associateci with axws or accumuiated in ceU 

bodiesfproxÏmai axons, wim nonspecific values subtracted- Concentrations of apptied ' ~ N G F  

a: 0.2 ng/d (circies); 3-20 ng/rnl (sqzuzres); 40 ns/d (triangles). Dïstai aw>n-assockted '3- 
NGF is the sum of both side CornpartmentS. In each experiment 2 4  cultures were used per 

treatment group. Error bars (SEM) fàii wnhin symbols when not vist'ble. Lhear regressions were 

calculaîed fkom data f%om a total of 17 experiments. 
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Figure 4.3 %NGF d*sochtioa from dktd asoirr 

In 37 &y* 3 - c o m p m  cultures, distai axons were supplied 20 ng/d %NGF for 10 hr, 

after which cultures were split uito 3 gmups: ï) Distal axons were mimediately hamested (6 

sides); ii) Axonai '9-NGF was chased with 0.4 &ml NGF for 6 hr, then 18 br, at 37°C (6 

sides), and the dissociated %NGF cokcted foilowbg each chase; üi) Axonai %NGF was 

chased wdh 0.4 pg/ml NGF and 500 pM dlaioophenoi (1000x dilution) for 6 hr at 37OC (4 

sides) and the dissociated ' z ~ - ~ ~ ~  coiiected Specinc values for '9-NGF association and 

dissociation are show (means + SEM). Two other expeNnents gave simiiar d t s .  





Figure 4.4 Rates of retrograde transport 

Data are taken h m  experïments descri'bed in Fig. 42. Trapsported 'WGF was quanOned by 

coliecriDg ail radioacti.  h m  center cornpartmm (medaim + cen bodiedproxgnal axons) 

atter the 15-24 hr incubations with 0.240 ns/d 7-NGF. TotaI transport was dMded by the 

transport intemi and then compareci to the amount of '%NGF associated w i t h  dista axons at 

steady nate (100%) to determine the transport rate (O/&)). Concentrations of applïed l s ~ - ~ ~ ~  

are: 0.2 ngmi (cïr~ies); 3-20 ag/d (squares); 40 ng/mI (màngles)- Error bars (SEM) fàii w ï t b  

symbois when not visible- A iinear regression was calculated h m  data fiom a total of 17 

experiments. 
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Figure 4.5 Velocity of retrograde tramport 

la both 3comparîment and S-compartment cultures (show m Fig. 4-la and 4.lb), distal axons 

were incubatecl with 10-65 ngld  L Y - ~ ~ ~ .  At 15 min intervals, medium h m  the ceU 

body/pro)rimal axon cornpartment was archan$ed and the fadioactivity in the medium aiiquots 

quançified. A, Representative cultures, in which the fht appeamnce of fadioactivity above 

background, representbg release by the ueurons is marked by an arrow. B, Cumulative data, 

showkg when radioactivity was fïrst rekased fiom ceîi bodiedproximal =ans. The 15-30 min 

delay in S-compartment cuitures was aîtriiuted to transport across the intemediate axon 

cornpariment spanning 5 mm. Transport velcity was estunated as: 5 mrcd(0.25 to 0.5 hr) = 10- 

20 mm/hr, 
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Figure 4.6 La& of dease of NGF or its degradation products by intermediate axons 

in 5-cornpartment cdtures (show in Fig. 4k), distai axws were innibatai wïth 10-50 ag/ml 

L ' I ~ - ~ ~  for 2240 hr, duriog which '%NGF was retrogradely transported through intermediate 

avons and into ceil bodïes/pr~xhd axons. Radiaactivity was then collected from various 

fraaons, as shown, Data are expresseci as prantage of total, combined radioacfiiviry h m  ûoth 

cornparûnents- Shown are mearis (* SEM) of 13 culaires. 
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Figure 4.7 Time course of NGF degradation by pulse-chase d y s i s  

4 Dinal awms of 26dayoM, 3-cornpartment cultures were pulsed with 200 ng/d  %NGF for 

5 hr, during which '7-NGF associated with dïstai axons and retrogradely acaimulated in cell 

bodiesfproximai axous. Foiiowiag the pulse, distal axons wexe left intact m some cultures 

(circtes) or were removeci by axotomy in other cultures (tnangies), a d  the ' f S ~ - ~ ~ ~ a m h i x g  

medium replaced with medium containing 200 nghl NGF. Radioactivity in the medium bathuip 

ceii bodiedproximai awm, representing 'Y-NGF Qgradation products, was thm guantified 

repetitively in the same cultures by medium exchange at the times shown- Data are expresseci as 

percentages of the total, cumulative release. Mean values h m  1 of 3 experiments (k Sm 3 

cultures/~roup) a~ showa. B, Kinetk anaiysis of the estimated decay of %NGF fiom ceU 

bodies/pro?iimal axons Erom cultures in whicb distal avons were absent durhg the chase (see 

  mate riais and Methch)- Resuits fiom 3 separate experïment., Ïndicated by dBèreat symbois, are 

shown (9 cultures total). 
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Chapter 5 

Roles o f  NGF Recepton in 9-NGF Retrograde Transport by Rat Sympathetic Newons in 
Computmented Cultures 

msults presented fn this chapter have notyet been submittedfor publication. J 

INTRODUCTION 

The retrograde axonai transport of NGF is thought to be important fbr retrograde 

signaling by NGF. The fint step in the retrograde delivery of NGF to cell bodies b the binduig 

of NGF to receptors on axons. The two known NGF receptors are the tdA tyrosine kinase and 

the p75 nemotrophin feceptor- trkA is a tyrosine b e  receptor which is suffiCient to mediate 

the siwival and grod-promotuig effects of NGF (Bothwell, 1995). It has hïgh specificity for 

bin- NGF but bas also been shown to bind neurotmphin-3 (NT-3) and ~ e m t r o p b ~  (NM; 

Berkemeier et al., 199 1; Ip et al-, 1992; Dechant, 1993). h.kA is the best candidate for deliverhg 

NGF and possibly the retrograde signai to celî bodies because most if not ai i  tyrosine kinase 

recepton efficiendy intemalize their ligands (Sorltin and Waters, 1993). In support of this role, 

trkA has been shown to be retrogradely transporteci (Lay et ai., 1994; mers et ai., 1995). Also, 

Ehlers et al- (1995) reportecl that retrogradely tramported tdcA in sensory ayons h m  the sciaac 

nerve was vosïne &ospborylated Moreover, they found tbat when leveis of fke NGF in a 

seasory neuron target, the fmtpaâ, were Mned either by injecting NGF or NGF anti-se- the 

extent of akA phosphoryiation changeci, consistent with the pbosphorylation state of traasported 

trkA being depenciem on NGF binding more distaliy dong axons. 

The p75 receptor, which is structuraiiy dinerent fiom trk& bkds aii neurotrophins wim 

similar affinities (Rodnguez-Tébar et al., 1990, 1992; ïimm et al., 1994). It is very fkpently 

co-expressed with akA Li NGF-responsive aeumns (Bothwell, 1995). nie role ofp75 in NGF 

transport, as weli as in other aspects of neuron biolopy, remains controversial. Several studies 

investigatiag sympathetc neurons or other neurons have shown tbat p75 as well as the MC192 

antibody to p75 are retropdely transportexi (Taniuchi and Johnson, 1985: Taniuchi et al., 

1986% Johon et al., 1987; Yan et al., 198%). Also in support of a role for p75, MC 192, which 

iucreases %NGF association with p75 (Chandler et al., L984), bas been shown to increase '=I- 

NGF transport (Taniuchi and Johnson, 1985). in con- CUms et al. (1995) reporteci tbaî p75 



bindbg was not sigdi~antiy involved in NGF transpon by sympathetic netuons in adult rats and 

was mniimally involved in NGF transport by sensory aeurons. They found, however, tbat p75 

was madcediy inwlved in ROograde transport of BDNF, NT-3, and NT-4 by sensoty neuom. In 

participaie in NGF intemakation (Rahle a al.. 1994). However, NGF is internalized in other 

cells wkre p75 but not trkA is expresse& aibed at relatnley low levels (Le Bmc et al., 1991; 

W e  and H é d ,  1992; Mahadeo et al., 1994). 

Apart fiom the molecuiar distinctions of the NGF receptors, difikrent receptors have 

been distuiguished by WC and steadystate binding properties. From these anaiyses at least 2 

bindïng sites have been docurnenîed in neurons (Sutter et al., 1979; Olender and Stach, 1980; 

Oiender et al., 198 1; Godfr-ey and Shooter* 1986; Meakin and Shooter, 1992). One has been 

called a low .tfiaitv or rapidlydissociatiag (kt) rrceptor because it bas a & e 10" M and 

because NGF dissociates rapidly h m  this receptor at a q  temperature (tin < 1 min). The other 

type has been callesi a hi& affinity or slowlydissociating (slow) receptor because it binds NGF 

with a & = 10-" M and because NGF dissociates slowly h m  this receptor at37OC (tlz 2 10 

min) and v h d l y  not at ail at low temperatures (e.g. 2°C). However, descnbing a single receptor 

type (e-g. high affinitv/slow receptor) by either its binding a 5 & y  or its dissociation behaviour is 

not entuely accurate. For ewnple, PC12 ceUs do not have receptors with 10" M aBMies (hi& 

affinity), yet they do have slowly-dissociiating receptors (Schecter and Bothwell, 198 1; Bemd and 

Greene* 1984; Woodniff and Neet, 1986). Similarly, ceils expressing trkA aione bind NGF 

mostiy with low affinity, yet dissociation fiom t d d  occurs only with sIow kinetics (Kaplan et al., 

1991; Klein et al., 1991; Jing et aL, 1992; M e a h  et aL, 1992). Thus, slow dissociation is a 

necessary cbaracteristic of high afnnity bindiog. but slow -tors need not aU biud NGF with 

hi& afEnity but can aiso biad with Iow atnnity. Slow dissociation is characteristic m d y  of 

trkq dthough mder some conditions p75 bas als4 been shown to represent a slow receptor with 

high mty binding (Bwer et al, 1985; Bothwell, 1995). No studies have examid the rote of 

slow re~epton, per se, in retrograde transport, but the concentration-dependence of NGF 

transport in vivo has been previously d e d  (Dumas et al., 1979). In that study it was found 

that 2 distinct classa of receptors participateci in NGF aaaspon by sympathetic neurons in adult 

rats, with one receptor being of hïgh a 5 i t y  and one being of Iower f i t y .  In PC12 ce& O* 



hi& affinity receptors are reportexi to uitemaiize NGF (Bernd and Greene, 1984; Hosang d 

Shooter, 1987). 

In the pcesent study we have examinai the importance of différent NGF teceptors 
. - (slowly-dissoaabiig, tdrq p75) in the retmgmk transport of NGF by sympathetic neurons 

grown in compartmeated culnires- p75 and trkG are the primary receptors in postpatal 

sympathetic neurons, although d @es of bK: mRNA are ais0 pre~enr (Webn~re and 

Oison, 1995). Their maximal survival and rieunte extension m culture occurs in response to 

NGF, although NT-3 and NT4 also exert these efEbm to a iimited extent BDNF does not 

support theù survival or local axon growth (unpublished obsewations)- W e  have M y  examinecl 

the role of slow receptors by comparing NGF binding to slow receptors on axons with the NGF 

transport rate. Secoadly, we have examined the roles of trkA and p75 by measuriag NGF 

association with axons and retrograde transport when bidïag to ûkA or p75 was btocked by 

various treaîments- ûur resultts not only provide a quantitative account of contniutions of the 

receptors to retrograde transport, but raise some possibilities about how the receptors, in 

partidar p75, might hct ion  in NGF transport. 



Newborn Sprague-Dawley rats were supptied by University of Alberta Farm. Trypsin . 

was obtained ami Calbiocbem (La Job, CA). LlSCO2 cuiûm medium was obtained h m  

GIBCO Laboratories (Grand Umâ, NY). Ad& rat sem was prepared h m  whcde b i d  

suppiied by Lab Animai Services, U m  of AIberta Rat tail coUagen was prepared by the 

method of Hiwrot and Pattemm (1979). 2.5s NGF was purchased h m  Cedarlane Laboratories 

L t a  (HombyP -0). BDNF, NT-3, and NT4 were M y  suppiied by Regeneron 

Pharmaceuticals. Teflon dividers were purchased fiam T y k  Research Instnunents (Edmonton, 

Aiberta). N ~ ~ I  was pwchased h m  Amers- (Oakville, -0). PD40 sephadsr G-ZSM 

columns were purchased b m  Pharmacia Biotech (Baie d'Urf& Quebec). Reagents whose 

suppiiers are mt stated were ob?ained h m  Sigma (St Louis, MO). Labeled NGF and M - 3  

supporteci SuYival and axon extension by sympathetic neurons. Labeled BDNF supporteci 

sumival and axon d o n  by nodose neuro~~~ .  

Compartmented Cultures 

Sympathetic newons were isolated nom the superior ceMcai p g i i a  ofnewbom rats by 

0.1% (w/v) trypsin incubation and mechaaicd dissociation, as previously descn'bed (Campenot et 

ai., 1991). The standard culture medium was L15C02 supplemented with the prescn i  

additives and 6% methy1ceUuiose. Cornpartmented cultures were constnicted as previously 

described (Campenot, 1992). Briefiy, rat tail coliagen was air-dned onto 35 mm culture dishes 

and then parailel scratches made in the substrate. Tdon dividers (3-compartment design) were 

seated onto the coUagen tracks us& silicou vacuum grease. Ceii suspension was plated into the 

center compartment of each culture (2000-3000 neurons/culture), and axons extendeci into left 

and tigbt side compartments (distal axon compamnents) containïng NGF. For the fht 6 days 

fo110wing plat@, medium additives in the ceii body caapartment/proxhd axon cornpartment 

included 2.5% rat senun, 1 aiglml ascurbic acid, 10 ng/d  NGF, and 10 pM cytosine 

arabinoside. Thereafter celi body cnnpartments received only rat senun and ascoibic acid Axon 



compartments received ody NGF as a medium additive at a concentration of LOO @ml 

throughout the entire culture period- Medium was changed every 4-6 days. Cui- were 
- .  maunamed in a 5% CO;? amiosphere at 37OC. 

NGF, BDNF, and NT-3 were radioiodiaated by the lactopetoxidase 

following ingredienis were macd at m m  tanperahirr for 1 hr: 3-5 pI (1-5 mCi) 

(10 pg) neurotr~phh, 37 pi OSM potassium phosphate buf6er (pH 7-49, 10 

lactoperorcidase, and 10 pi 0.003% H202- Afkr the fï.rst 30 min of incubation, 

methad. The 

10pi of Hz02 was added The teaction was termina+& with 5 pi O-mercaptoethanoi ami 415 pl 1 

mglml BSA in potassium phosphate bu£&. Specifïc -es and IabelliDg eiliciencies were 

CalcuIated after acid precipitation (20% a i c h l o d c )  of an alicpot of the reaction mamire- 

Mixtures were p d e d  ushg Sephadex G45M gel mtration coiumns. R a d i d v i t y  was 

quantifiecl using a Wallac 1470 gamtna ~oullfer- Specific activites averaged 146, 111, and 68 

cpdpg for NGF7 BDNF, and NT-3, respectively. Ligands were used widiin 3 weeks of 

iodination, Molar concentrations of neurotrophins were based on a molecular weights of 26,000 

g/moIe. 

Nmrottophin Re~ogrude Trampor& Association, and Dissociation 

The protocois for assaying neumtmphin transport, association, and dissociation began 

identicaily7 by supplying radioiodinated neurotrophins, either alone or with additional treatments, 

to distal axons ovemisht, during which mon-association and retrograde acccumulation of 

neurotrophin in cell bodies teacfied steadytate. In d experiments one group of cultures were 

coincubated with iodiiiated neurooopbin plus a 100-200-fold excess of unlabeled ne~otrophin~ 

The neurotrophin transport, association, and dissociation that occurred in these cultures 

represented the nonspecitic values for these variables. Unless otherwise stated, aii mea~ufements 

of '%NGF transport, association, and dissociation giwn in this report represent specific values 

(Le. nonspecific values subtracted). 



Remgrade transport was quantifid by cneamhg an radioactiyity in ceil 

bodiedpmnmal rums (coîiected by exîmctio11 with SDS-PAGE sample bu&) plus in t6e 

medium bathhg them- The medium radioadhity aimost &y reprrsadai neuromphin 

degradation products releaseû by the celt bodies (Ure and Campaiot, 1994). FoiiowHig a 24 hr 

incubation with %NGF or '9-NT-3, apprOXYllSlte1y 85% of the traosp~rted raâioactiVity was 

in the medium fhcîi01~ Nonspecific '%NGF transport lepmenteci Iess dian 10% of the 

transport foilowing incubation with '=I-NGF alone. 

To quantay neumtmphin association with disral axons, medium fbm the si& 

comparûuents was removed thomghiy foiiowhg the Ulcubation and then an extract of the axons 

made with distilleci water. This procedure was d c i e n t  to remove dl axonal material. 

Nonspecific association averaged 40% of the association fonowlng incubation wîth '9-NGF 
alone, 

The procedure for detenninuig the amomt of 'T-NGF bound to slowly-dis~~ating 

recepton ù descn'bed in detail in Resuits. Nonspecific dissociation of 'Y-NGF from slow 

receptors averaged 35% of the dûsociation in cuitures incubated with '%NGF alone d u h g  the 

association phase. 



RESULTS 

Weuxd3zaiip;iimuntntlnuesinwhichnewbom~oJgmpathticne~ro~platedmtoa 

central (cd body/pmrrimal axon) cornpartment exten&d axons into Le6t and ri& distal axon 

compartmmts. The culture mode1 is descriibcd prevïously (Uie anci Campenot, 1994). In these - 

cultures %NGF suppüed to distai compartmem associates wah distal axons and is 

retrogradeIy transporteci to ceil bodies. Association to disial axons mches steady Rate within 

approxhateIy 2 hr (Hawrot, 1982) and leveis of ce11 body-associated '%NF reach steady-state 

within approximately 6 hr of contïnuous incubation o f  distal axons (Claude et al., 1982). nie 

radioactivity in cell bodies is mostly iutacî '%NGF which is eventdly degradeci and the 

degradation products released hto the medium bathing the ceil bodies and proximal axons (Ore 

and Campenot, 1994). Total rwograde transport is r e p d  by the combined r a d i w  

fiom the c d  bodiedproximai axons and h m  the m d i m  b* t .  

Relationrhip Between Slow Receptor Binding on Distd Axons and Retrograde Transport of 
NGF 

We fht examinai the relationship between 1 2 5 ~ - ~ ~ ~  binding to slowly-dissoeiatmg 

(slow) receptors on àistal axons and '%NGF retrograde m o r t -  We meaPurPd slow receptor 

bindinp as  the amount of axon-associateci 'Y-NGF which was stable to a 2OC c h e  but was 

subsequentiy released hm axons during a 37OC chase. Disial axons wea incubated with 131- 

NGF (10-20 nglml) at 37OC for 11-21 hr, sdlicient for steady-state association to be reached In 

each experiment sorne cultures aiso received 100-200-fold excess NGF for deter- 

nonspecific values for '3-NGF association and dissociation. The ' % J ~ ~ a n t a i n i n g  medium in 

&KOU comparbnents in aU cultures was then replaced with chase medium comaining 1 @ml 

unlabeled NGF. Axons were chased at 2OC for 6 houn to dissociate 'TNGF h m  fast receptors 

and then nibsequently cbased with fiesh ctrase medium for an additional 18 hr at 37°C to 

dissociate the %NGF h m  slow receptors. The amount of '%NGF rcleased fkom the slow 

recepton was cnapared to the arnouiit of '%NGF associatecl wah axons at the begùining of the 

cbase (detennhed in separate cultures) to estnMe the proportion of êwnal %NGF which was 

bound to slow receptors at steady-state. For these calculations ody specifïc d u e s  for '%NGF 



Procedures). Previous experimenîs suggested that %NGF ~Ieased at 37OC rep- 

dissociation h m  sdhce ceceptors raîher than retroendocytosis h m  an intraceI1ular pool aid 

that appmhately 85% of a x o d  '--NGF was sudhz-bound (Ure and Cam- 1996). Five 

experiments wae Performed, and theïr rwilts are shown in Figure S . l a  Slow receptot bïndïng 

was found to ceptesent 2243% of the s p d c  '9-NGF aSSOCiati011 to distai axons. Th higher 

kvek (41% 63%) occurred in 16day~Id dîmes, whlle the 1- levels (22033%) occurred in 

3742 day-old cultures. The cornbhd %NGF dissociation h m  the 2 chase intemais averaged 

83 + 9% of the axoaxocial '%NGF, and the r e l d  radïOacQvity mi- on SDS-polyacrylamide 

gels as only intact '*I-NGF (not shom). These results indicate tbat a considerable fhctio~~ of 

a~onal '%JGF was bound to sIowly-dissocihg receptors. 

Retrograde transport rates were measured in sister cuhures to those used for analysis of 

slow ceceptor bindhg to daermine ifthe amount of slowly-dissociahg %NGF conelated wah 

the amount of '%NGF wbich was retrogradely transporte& '9-NGF ccmcentmtions were 

identical to those in the experiments above. Retrograde transport rates were caicuiated by 

divîding the total retrograde transport nom the overnight '%NGF mcubsition by the total 

transport pend (15-20 hr), and then expressing the rate relative to the amount of '=-NGF 

specifically associated witb axons at My-sta te  (final units = Ydhr). Retrograde transport rates 

for the 5 experhents are shown in Figure 5.lb. W e  found thaî the fraction of axonal '%IGF 

transported per hour (1.46.3%) ~rrelaîed stmngly with the M o n  of axonal '9-NGF bound 

to slow rezeptors (Fig. 5.1~). That is, nemns wbich had high levels %NGF binding to slow 

recepton also transporteci 'Y-NGF at a high rate, coasis<ent with an irnportaat d e  for slow 

ceceptors in retrograde transport, 

The relationship between levels of slow receptor binding and retrograde transport was 

m e r  examineci by Uicluding another treahaent group in the above experiments. In this group 

'"1-NGF was supplied dong with 150-fold excess N T 4  to distal axons. We eqected excess NT- 

4 to be & i v e  at reducing slow rezeptor binding, and in tum possibly 1 2 5 ~ - ~ ~ F  transport, 

because Weskamp and Reichardt (199 1) reportai that half of the slow feceptor bindiDg on PC 12 

ce% 9 dependent on '=I-NGF binding to p75. The high wncenaation of NT4 sbould have 

blocked viriually aii binding of 'TNGF to p75, but additionaiiy, it might have blodred some of 

the '%JGF bhdhg to tdcA (Bexkemeier et al., 1991; lp et al., 1992). FoUowiug the ovemight 



incubation with %NGF plus NT4, cultures were cbased according to the protom1 above. We 

f o d  in ail 3 experimmts (culture ages = 16, 37, and 38 days~ld) thaî 'q-NGF dissociated 

h m  ayons only during the 37OC chase, indicating that %NGF was bound ody to slow 

feceptors- However, as show11 m Figure 5 2 ,  the dissociation in these cultures was only 54% 

(range = 4468%) as ababuDdPm as m amimi cultures which had bgn incubateci W %NGF 

alone. Reaograde transport was aiso reduced in these ailairrs. by sirnilar ieveis as slow %NGF 

dûsofiaton- ki the prr~eire of excess NT4. '3-NGF craospon OEcuned to the l m 1  of 51% 

(range = 4842%) of the transport in control cultures. These resuits M e r  demonstrate an 

important relationship between slow receptor binding and retrograde transport, likely indicating 

that '~SI-NGF w a ~  transported p ~ y  if w t d y  by S~OW r e c e p t ~ ~ ~ .  

Conniautions of trkA a d p 7 5  Binding to ?L-~~~Association with Distul Axons 

h the next experiments '%NGF biding to tdcA or p75 m distal axons was blocked with 

antibodies or uakbekd BDNF, and the e f k t s  on '%NGF associsition and retrogracie transport 

were examine& Results on '%NGF association are pmented W Distai axons were incubated 

for 16-24 hr with 3-10 nglml '=I-NGF plus one of the foilowing additional -: 5% RTA 

antisenim or 500 pgI.m.1 RTA IgG, which blocks '%GF binding to tdcA (Clary et al., 1994); 4- 

5% REX antisenim or 2150-hfd m o k  excess of BDNF, both of which blodr '?I-NGF bindiag 

to p75 (Weskamp and Reicbardt, 1991; Rodnguez-Tébar et al., 1990); 5% normal rabbit 

antiserum or 500 d m 1  normal rabbit IgG as a cbntn,i, or, 2150-fbld moiar excess NGF for 

deter-on of nonspecific bindiag. Following the incubation distal axons were hamested to 

determine levels of specific 'y-NGF association. Figure 5.3 shows the resuits of ail experiments 

where the eneaS of at least 2 of the anti-reeeptor treatments were directiy compareci. W e  found 

that the contn'butions of p75 and trkA diaoged as cultures aged. In the youngest cultures RTA, 

REX and c<ccss BDNF each reduced spccific '=I-NGF association by approximately 50%. 

However, as cuiailtures aged a d e r  naaion O~'%NGF association was reduced by RTA, while 

a larger hction appeared to be reduced by REX and excess BDNF. These redts  indicate that 
12s 1-NGF association became relatively more p75aependent as the neurons aged in cuittue. It is 

dso important to note that RW( and excess BDNF were equdy &&ve at reduciag '%NGF 

association, n i g g d g  thaï both ûeamians equally blocked %NGF bhding to p75- 



Contributions ofbCA d p 7 5  Bindlng to ' w ~ - ~ ~ ~  ~etrograde Trmport 

The efnçts of RTA, REX, ami excess BDNF on '%NGF transport were Werp next 

(treatmwts descnM in preceeding section). FoUowïng the 16-24 hr incubation with 3-10 ng/ml 

'%WF plus one of the additional tr*ihncntp, the totai amount of %NGF which had been 

delivered to the ceil bodyfprorcimal axon coqartment (medium + ceU extract tadiOaCtiyitY) 

during the mcubation was quantifid The results are presented in Figure 5.4 (same dîures as in 

Fig. 5.3). Uniike the effecu of the t m t r m t s  on '%GF association, which varied with dtw 

age (1642 days old), the effais on '?-NGF transport were found not to vary signifïcantiy with 

age. An important d e  for akA in %NGF transport was c l d y  &dent, since RTA antiady 

(5% antiserum or 500 Wmi IgG fiaction) reduced specific transport by 80% on average. 

The role of p75, however, was not c1ear7 because iaerestingly7 REX (44% antisenun) 

and excess BDNF (2 150-fold) reduced '=I-NGF tmmport by myhg degrees. REX reduced 

transport by 60% on average, whereas excess BDNF reduced transport by 25% on average- 

Altbough the resuits with excess BDNF were more variable than those with REX, '=I-NGF 

transport in the presence of excess BDNF always ex& transport in the presence of REX by a 

minimum of 33%. Because REX and excess BDNF sUnilar1y reduced '3-NGF association to 

disai axons (Fig. 5.3), the différent effécts of REX and BDNF on transport did not appear to 

arise because of v q i q  abilities to block %NGF bmding to p75. The higher level of transport 

in the presence of BDNF &O did not appear to arise h the absence of pn-incubation with 

BDNF, as we found m one experiment that '=I-NGF tramport was the same, with or without an 

additional S-hr BDNF treatment prior to mcubation wïth '%IGF plus excess BDNF (not 

shown) . 

Our resuits provide severai suggestions about the role of p75 in '=I-NGF transport. 

Firstly, they suggest rbat p75 wntn'buted to at Ieast 25% of '%NGF transport, as impüed by the 

effect of excess BDNF, altùough the contribution may have been as high as 60% of the transport, 

as impiied by the e f k t  of REX and possibly by the effects of excess NT4 (previous section). 

Further experiments are required to resolve the exact contn'bution of p75. Proposed expedents 

include the foliowing: (1) Compare the ena0 of REX IgG and REX Fab's on '"1-NGF 



transport to determine whether p75 crossiinking by REX IgG has an on %NGF 

transpors (2) Investgate the efbects of antiq75 peptides wbich btock NGF binding to p75; (3) 

Examine the retrograde transport of mutaut forms of NGF which bindmg ody to tri& (fbiikz et 

al., 1992) or only to p75 (Woo et al., 1995). The second suggestion from our resuits, bascd on 

the kiing that approximately 20% of %NGF transport was not blocked by R .  io mat p75 

partïaily fiindons as a carrier of %NGF to ceU bodies, because %NGF shouid have been 

b o d  oniy to p75 m the presence of RTA Fiuaiîy, the the ctiffétem o f f  and BDNF on 

%NGF transport but not on '%NGF ôssociation -est that the interaction oforne or ôoth of 

these molecules widi p75 influenaxi %NGF transport by some mecbamsm. Since '%NGF 

s M d  have bound ody to trkA when axons were incubated with REX or BDNF, it appears that 

under one or bath of tbese experimeatal conditions that p75 regulated ~~~A- '~SI -NGF transport. 

' 2 S ~ - ~  d lZ1-AW-3 Retrograde Transport 

The suggestion that p75 fimctioned partly as a neurotrophin carrier in reirograde 

aanspon was nuther explored by investigating wheîher '%BDNF and ' s1 -~~-3 ,  which ais0 

bind p75, would ako be retrogradely transported Dista1 axons were incubated with medium 

contahg '%E%DNF or '=I-NT-~ (5-10 nglml), but without added NGF. As shown in Figure 

5-5 (results fiom 1 of 3 experiments for each of '%BDNF and '%iT-3), Whially no ' 2 5 ~ -  

BDW was aaosported, indidng  tbat p75 was not signiscantly involved in "SI-BDNF delivery 

to ceii bodies. '9-NT-3 was transported to 9% of the levei of l U ~ ~ ~ ~ ,  but since some '%YT-3 

transport likely occurred through trkA @ecbant et al., 1993) and possibly through trkC 

(Wetmore and Ohn, 1995), the contn'buhon of p75 was likely Iess than 9%. These results do 

not inciicate a sisnificant role for p75 in delive* BDNF or NT-3 to ceiî bodies, at least at the 

concentratioas used in these experiments, and contrast with the suggested role in '%NGF 

transport. 

' 2 S ~ - ~ ~ N F  ~ssociation With Distal Axom 



TO CO& that ~?-BDNF did associate wah dim ~XOI~S, %BDNF (5-10 ng/ml) - 
provided to distai axons for 16-22 br, either done or witb 150-fbld excess BDNF or NGF, The 

stesidy- a~SOCiati011 w a ~  tben meosUial FOIK Carpaniuntr w e ï ~  mrniai, Usmg 15-35 &y- 

old cuihires, and the results frOm one ofthese - is shown in Figure 5.6 (35-dayold 

cultures). Whai "-SI-BDNF was suppiied done a meamdie quantïty of %BDNF did 

assoaate with axom, as coqared to the background bimiing oPS-BDNF in siùe coq- 

whose axons were mmpletely remwed with distined watcr prior to q-BDNF incubaticm. The 

'%BDNF asSwanon wiih mns war smi i lar  in quanMy to the total '%NGF associati~~~ that 

occurred in the presence of RTA a n t i i i i  (not shown), wbich was eqected if '--BDNF band 

primarily to p75. Suiprisingly, we were unabte to the "specific'' level of '=I-BDNF 

association because a 150-fold excess of unlabeled BDNF, eqected to compete '%BDNF 

b i n a  actuaily inczea~ed 1 * ~ - ~ ~ ~  association with axons by neiuiy 2-fo14 a f k  accounting 

for the background biading to the culture dish. The augmented association was due to bhding to 

the axons, since excess BDNF did not change background binding to the culture dish A 150-foid 

excess of NGF, also expected to compte %BDM binding to p75, did not change '=LBDNF 

association in the older dtures, indicating a sirnilar ef3kt  to excess BDNF but to a iesser 

degree. A similar, 2-fold induction by excess BDNF was obsenied in 32 daydd culnires, wbile 

in 15- and 21-day-old cultures excess BDNF did not aiter the level of total '=I-BDNF 

association, indiatbg tbat the induction of '?-BDNF association was not as prominent in the 

younger cuituns (not shown). Our d t s  might be paraally expkimd by positively cooperative 

binding of BDNF to p75, but also possibly by BDNF association with a hi@ fhquency, very low 

a f E i t y  binding site. At a minimum the resuits indicate that distal axons had a remarkable 

c a p e  for binding andfor secpestering BDNF. 



DISCUSSION 

Siowiy-Dissociuting Receptors and NGF Transport 

The proportion of axonai 'WGF which was bound to slow (slowlydïssociating) 

receptors correlated strcmgiy with the proportion which was rrnogradely transported per hou 

(transport rate). The leveis of siow teceptor binding which were measured, 2040% of axonai 

' ~ N G F ,  probably r ~ p d  a niinimum estmiare of the m e  Ieveis, since some of the ~Y-NGF 
bound to these receptors was IikeIy transportai during the 37°C chase iu the assays to determine 

the level of buidinp- However, underesbmatuig slow receptor binding shouid not have 

sipi6cantly altered the correlation with retrograde transport because the me, steady-state 

binding can be reasonabiy assumeci to have been underestiniated by a similar percentage in ail 

experiments (Le. sùnilar ratio of the rate constants for d i s s o c i a t i o r ~ ~ r t ) .  A correiation 

berneen slow receptor bindiDg and retrograde transport was &O observed when '%NGF 

binding to axons was bIocked with an excess of NT4. Tbese resuIts suggest that the receptors of 

züst hctional signiIicance for retrograde transport were slowlydissociaÈng receptors. 

High a f f k t y  receptors are reported to be important for NGF transport by sympathetic 

neurons in adult rats (Dwnas et al,, 1979) and for NGF internalization by PCL2 cells (Bernd and 

Greene, 1984; Hosang and Shwter, 1987). Our results showing the importance of slow receptor 

biading are comistaa with &ese previous resuits, k o f k  as hi& nffniav receptors have b a n  

co~idered to be the same as slow reçeptors in the lïterature (Sutter et ai., 1979; LaadAth and 

Shooter, 1980; Schecter and Bothwell, 1981; Woodnrff and Neet, 1986; Weskamp and 

Reichardt, 199 1; Clary et al., 1994). Indeed, receptors must be slowly-dissociating if they are to 

be hi& a 5 ü t y  receptors. However, slow nceptors do not necessady have to bind NGF wïîh 

hi& affinity but can also bind NGF with lower afhïties (e.g. & 10' M), as exemplifieci by 

binding to PC 12 celis (Schecter and Bothweii, 198 1; Benid and Greene, 1984; W o o d .  and 

Ngf 1986) or to ceiis expressing trkA alone (Kaplan a aL, 199L; Klein et al, 199L; Jing et al., 

1992; Meakin et al., 1992). The slow receptors involved in NGF transport which we have 

investigated might indeed teptesent 2 or more distinct types of fecept~r, each wnh a diffkrent 

binding affinity- h a previous midy we found mat transport rates did not consistently vary to a 





weight complexes of p75 bave in f ic t  been a comwa observation in mmy studies (Gmb et aL, 

1985; Green and Greene, 1986; Taniuchi d ai., 1986% b; Barker and Murphy, 1992). Green and 

Greene (1986) famd m PCl2 ah that a 103 lrDo receptor-NGF complex i d d e d  by chernical 

crosslinking (likely rrprrseibiiig p7S-NGF) reprrsentcd mt oniy a low aEdy/fàst nccptar 

complex but also a high  slow receptor cornplsr FÏnaiiy, p75 has mentiy been reported - 

to bind neurotrophins with positive aqerativity, whkh wcesady implicates p75 in biaduig 

with diflkren~ M e s  (V-haan et ai., 1990; Rodriguez-Tébar et al., 1990, 1992; 

Bothweli, 1995). Accordmg to BothweU (1995), the aflCinities ofaeuma~pbin b ï d b g  to p75 can 

approach affinines typidy ngarded as high affiiiity bildiog for neumtrophins. Thus, we 

speculate tkt a fiadon of the axonal p75 fbms dimers which behave as slow NGF teceptors 

and which participate in NGF transport 

Slow NGF receptors are insoluble in Triton X-100, likely refiecting an interaction with 

the cytoskeleton (Schecter and Bothwell, 1981; Vale and Shooter, 1982; Grob and Bothwell, 

1983). it is tempting to speculaîe, therefore, that a cytoskeletai Iinkage contriiutes in some way 

to stabilizing the receptor cornpiex. h o ,  the cytoske1etd linkage enhance receptor 

s i m g  and retrograde transport, given the importance of slow receptors to these events. Similar 

hypotheses have ban raised for o k r  receptors which urteract with the cytoskefeton (Pfefir et 

al., 1987; Mao et ai., 1992; Caplan et al., 1995; Gromwski and Bertics, 1995; VaIitutti et al., 

1995). For example, the EGF receptor bmds EGF widi 2 affni;ties emn though there is no 

heterogeneity in primary receptor stnrcnire and ewn though each EGF m o l d e  binds to ody one 

raeptor molecule. Howwer, a distinct neatiup of the higher afnaitv receptor, which transmits the 

biological ef&cts, is au association with the actin cytoskekon (Van Bergen en Henegouwen et 

al., 1989; Den Harbgh et ai., 1992). It can be pcedicted that all trlcA but oniy a M o n  of the 

p75 wodd be cytoskeletally-iioked, reflecting their roles as slow receptors. Consistent wiîh this 

prediction, CrkA is ~poned to be clustered dong axons, w h e m  p75 is dïstriiuted more diffiisely 

(Kohn et ai., 1996). h o ,  in fluorescence m v e r y  experimems p75 is immobilized more in 

NGF-responsive cells (expressing slow ceceptors) than in nonrespomive ceUs (Venkatakrisb 

et ai., 1991), consistent with p75 contri'buing to some of the slow receptor binduig. Cytoskeletal 

linkage might serw a role in retrograde transport by increasing die efnciency with which 

receptor-iadened vesicles wociate with the transport mechanimi. Sites where ceceptors are 



cytoskdetaiiy-linlred might ais0 be sites where molecules necessary for fecept~r activation and 

intenialization are locdid.  

Age-Dependent Eflects of Anti-Receptor Tivuhrents on ' % ~ ~ ~ ~ s s o c f a t i o n  But Nor on 'q- 
NGF T r m p ~  

Reductioas in %NGF association wiih dis*il axons reSuIîing h m  anti-tdA @TA) and 

amig75 @EX, excess BDNF) tmtmem& were obseiwd to be agedepdent. In younger 

minues %NGF was reduced to a sïmiiar extent by both qpes of treatmeats, whereas in ol&r 

cultures '~I-NGF asSOCSttion was reduced more by anri975 eeanaents than by RTA niese 

findings suggest tbat the p75- ratio mcreased with cuiture age, which might have resulted 

fiom the use of NGF at a high concentdon (100 @ml) in the routine maintenance of the 

cultures. Miller et al. (1994) found that injection of exogenous NGF into the anterior cbamber of 

the eye woked an hcrease in the p753dcA ratio, in temis of both the mRNA IeveIs and in 

receptor inrm- dong the inneNati]l& sympathetic a~ons. Also, we have previously 

observeci fontinuoudy increasing lewls of p75 mRNA in culturesi awom maintahed in high 

concentrations of NGF (Ma et al,, 1992). 

In contrast to the effeas of anti-receptor treaûnents on %NGF association, the relative 

e f f t  of these treatments on %NGF transport did not vary with culture age. This would 

suggest th only a subset of the axonal receptors participatecl in '%NGF transport and that the 

composition of those transport-efficient r~feptors did not cbange as cuit- aged. As already 

discussed, slow receptors are interpreted to be the transport-efficient receptors, to which t r k .  and 

p75 both contribute. A principal role for trkA in '%NGF transport is obvious from experhents 

uskg RTA antiiody, but Û also s u p p o w  by the observation thaî as the contribution of trkA to 

'=I-NGF association declined with age, so too was there a decline in the M o n  of axonal lS1- 

NGF transporteci per hour (data not shown, but see Ure and Carnpenot, 1996). 

Function in 1 2 5 . - ~ ~ ~  Transport 

Distai axon treatment with RTA anti'body reduced ' z ~ - ~ ~  transport by approxllnately 

80%, clearly demomtmting the importance of t r l d  binding for NGF delivery to ceU bodies. 



There are two generai ways in WU akA rnight haw b d m d  in tetrograde transpait, & 

these nn, d o s  aiso apply a how p75 might have functioned (M in the foiIOwiIIg 

section). Firstiy. tdA mi@ have fiinctioned as a carrier of NGF to ceii bodies. Tb* Iikeiy wao a 

prominent de. considerhg that tymke kinase ceceptors fomrnoniy intenialip i i g d  (Solkin 

and Wafers, 1993). Ehlers a aL (1995) denioastrated tbpt mmgradely transported tdcA in 

sciatic neme was phosphorylated d y  when NGF was a d l e  at axoa twninals, which could 

lx imxpreted as the traa~port of trkA-NGF complexes. 

Secondly, however, trkA in its b o d  state might have f u n c t i d  as a regulator of the 

transport of p7S-NGF complexes. This could potdaily d t  fiom a physical association 

between trkA and p75. Through this interaction, p75-MF complexes might have 'bgged onto" 

activaîed trkA as it was intenialized, If trkA fiinctioned panly in this way, then in our 

experiments the 80% of transport bloclad by RTA might bave represented an uaderstimate ofthe 

trkA role because bivalent RTA crosslinks and activates trkA (Clary et ai., 1996). Another 

possible way in *ch trkA m u t  have regulated p75-NGF transport is through ktraceilular 

sigding. Perhaps p75 could transport NGF oniy if it was a downstream target of trkA signa@. 

Ln support of this possibility, a correlation ezusts between p75 involvement in 

inte~on/transport  and the efféct of K252a, a blocker of td&arediatPd tyrosine 

phosphorylatioe Kahle et al. (1994) reported that in PC12 ce& p75 is not inwIved in NGF 

intemakation, nor does K252a &kt  inte-oa In coiitrast, we have observed that p75 

does contniute to tetrograde transport and that K252a does reduce retrograde transport by 

approxMately one-haif (not shown). which couid suggest mat p75 participation in NGF transport 

is dependent on trkA s i m .  

REX and a large excess of BDNF are both reporteci to be M v e  at blocking NGF 

binding to p75, and we fowd that both &ceci %NGF association by the same degree. In 

contrast we fomd thai REX reduced '%IGF transport by approxhately 60% of c o n t d  leveis, 

but excess BDNF reduced transport by ody 25% on average. These redts suggest at a 

minimum that p75 was involvd in NGF transport, but it is not clear whetber the extent of 

involvement exceeded 25% of transport. Excess N T 4  which also cornpetes %NGF bmding ta 



p75, reduced oansport by appnnrimately 50%. W e  this would pean to suppoxt a iarger 

contriiution of p75, f ïs uncertain to what extent the reduction by NT-4 resuited nmi bloc@ 

p7S because NT4 mi@ also have cornpetai binâing to tdcA @e&emeier et al., 199 1; Ip a al., 

1992). The fiidlig that '?-NGF transport stiii o c c m d  m the presence of- to the lm1 of 

20% of control tramport, aiso is consistent with a role for p75. Moreover* the 20% iwoivement 

appears to have repmented a fimction fin p75 because m tbe presence dRTA %NGF 

should have bound and have been delivered to ceii bodies oniy by p75. 

G i m  that p75 appeared ta deliver some of the NGF to cell it was somewhat 

rmtprisiiig that '~ -BDNF was not Aaogndely transported, ûne explanation for the lack of 

transport might be that NGF and BDNF interact with p75 différentlly, which is consistent wah 

observations of the p75miediated induction of the early gene* N W ,  in fesponse to NGF binding 

but not BDNF binding (Carter et al., 1996). Howevert Ï t  is also possiile tbat transport of NGF- 

p75 compIexes depend on akA signahg. p75 mi@ be capable of tmnsporting 

neumtrophins only iftrkA is activami. In the '%BDNF experiments NGF was absent h m  the 

medium so t rU should not have bea, arrRated to a sigdicant extent, whereiis in '%NGF 

experiments using RTA, trkA shouid have been activated because RTA crosslinks the receptor 

and elicits it biological effeas ( C m  et ai., 1994). Investiigaooig '3-BDNF transport under 

conditions where trkA is activated (e.g. when RTA or d quantmes of NGF are supplieci) 

wodd help to detennine the d e  oftrkA activation in p75 transport- 

Two possibilities are considered below to moncile the dinerent ef£ècts of REX and 

excss BDNF on ' U ~ ~ ~ ~  transport: a) nrrtly, that the reai b e l  ofp75 involvement was 25% of 

'%IGF transport, as demonmated by BDNF treatment, ad tbaî REX art&ctdy inhi'bited 

transport to an even greater extent due to Ïts binding to p75 (e.g. possibly p75 crosslinlàng), or; 

b) secondly, that the real level of p75 involvement transport was 60% of '%NGF transport, as 

demoPstrated by REX mament, but that BDW did not d u c e  transport by this amornt because 

BDNF binding to p75 augmenteci %NGF transport. A combinaîïon of these e x p ~ o u s  is also 

possible. In eaha (a) or (b), it is signifïcant to note that p75- a d o r  p75-BDNF complexes 

are necessarily implicated in reguktiag the retrograde transport o f t r k A - ' % I ~ ~ ,  since l Y ~ - ~ ~ ~  

shouid have associaîed only with trkA and be carrieci ta ce11 bodies only by tckA during REX or 

excess BDNF incubation. The efEcts of REX and BDNF require fwther investigation to be 

resolved, but we hypottiesize tbat BDNF gave the fàise indication of the contribution of p75. We 



propose that NGF binding to p75 n o d y  enbancs retrograde transport of aLA-GF 

cornpiexes thmugh a ngulatory m~~hanism and tbat in our experimeats BDNF biading to p75 

rnimicked this positive, regdatory e f k t  Furtûemore, a prediction can be made that any 

neumt~phia wuld foc*tate transport of t r k ~ p b i n  compfexes, since rmmtmphins 

ubiqyhusly bkd p75. ti support of t h  posst'biiity, C d  a aL (1995) fbund that s d ï  doses 

ofNGF i n j d  mi0 targets o f x i w r y  neumiu h vivo anpm&d Rtrognde of 

coinjected '?-BDNF and '%JT'. Aiiaba obsetvation which is condent with this hypahesis 

is tbaîthe MC192 a n t i i y  to p75, which inmases p75 Ifnaitv fôr NGF (Chandler et al., 1984), 

increases NGF traosport flaniuchi and Johnson, 1985; also unpublished observations). 

Ta explain how a p75-neurotrophin interaction might augment trkA binding and in tum 

retrograde transport, Bothweii (1995) proposed a model in which high p75 dimers 

resuiting h m  positively cooperative bhd@ ( V m h n a n  et al., 1990; Rodn'guez-Tébar et 

al., 1990, 1992; Bothwell, 1995) imeract wah td<A in some manrvr to inmase trkA afnnity and 

in turn uicrease the association of NGF with tdEk Neuro~roptiins that bound p75 widi hîgh 

cooperativity (e.g. BDNF) were prêdicted to be most effective at increasing trkA binding and in 

turn augment the cesponses resuiting fiom trkA binding- Our data suggesting t .  BDNF 

augmented ~&A-'~-NGF transport is consistent with this aiiosteric model. Also consistent with 

this mode1 is a correlation between the magnitude of coopedve binding by various 

neurotmphins and the reported extent of invaivement of p75 in retrograde transport of these 

neumtrophins in sensory neumns (BDW ) NT-3 ) NGF; Bothwell, 1995; Curtis et al., 1995). 

High afZkity, p75 dimers Mght hilitate tikA buiding by stabilizïng aLA duaers, perfiaps 

through association of extraceUular domaiiis (Wolf et al., 1995; Ross et al., 1996). Alteniatively, 

they might be capable of regulating trkA endocymsis by means ofthe mastoparan-iike domain of 

p75, since mastoparan bas been reparteci to reguk endocytosis through its eneaS on G-proteiris 

(Colombo et al., 1992; Carter et al,, 1993; Eker et al., 1994)- 

A différent model of p75-tikA uiterilction which bas received some support (Badcer and 

Shootery 1994) is the presentation modei, but our data are Iess consiscent with thk model. 

According to this modei, p75 augments trkA binding by locally concentrating NGF in the vicùiity 

of trkA If p75 fiinctioned solely by this cnecbnism, then in our expedents REX and excess 

BDNF, *ch appeared to equaily block %NGF bhâing to p75, should not have &cted 



transport di&érently. By the same aigumem, our data are ais0 not coasisteat with p75 and akA 

fonning heterodmiets and sharjng the bindmg âmdMdual NGF dimers. 

Our results suggestirig a d e  for p 7 ~  m %NGF transport are ccnsisteot with p m r i ~  

findings that p75 is zetqmkiy transported in syinpatheac neutons and that MC192 anribody 

a~gmenis 'q-NûF ttansport, In comrast, Curtis a aL (1995) fd that blocking '3-NGF 
binding to p75 with REX or soIuble, tmmted, p75 receptor did not have a statisticcaiiy 

signiEicant &ka on '%NGF wiisport by sympathetic newons m vivo? ahhough a trend towardP 

reduced transport is disamible h m  the data In sensory aeuoos they fbund p7S did coutribute 

u, appmiumeiy 30% of '%NGF transport. NO satisorozy expiamion can be o f E n d  at this 

tirne for the diilèrent observations berweeii tbeir study and the present study on the p75 role in 

sympathetic newns, particular1y since REX was used m both saidies. However, the 

experïxnentai techniques in the 2 stuclies are niad<edly cWèrent, and &O d is possibk tbat a real 

différence iu the mie ofp75 does exkt between young neurons growing in culture as wmpand to 

mature neurons in aàuit animais, 

'2S~-~~NFAssociat ion With Distal Axons 

A 150-fold excess of BDNF fXed to compete '%BDNF association with axons. On the 

contrary? the association was increased nearly 2-fold in cultues older than 30 days. These results 

demonstrate a tremendous capacity of distal axons for BDNF assmOCtation, which very likely 

involved p75 because no other BDNF receptors are hown to exkt in sympathetic neurons. The 

most Nely explanation for an increase in '9-BDNF associanon is that BDNF bound p75 wah 

strong positive cooperativity. That is, the aflhity of p75 markedly increased vuhen excess BDNF 

was addd  Positively cooperative binduig to p75 has previousiy been reporteci for BDNF, NT-3, 

and to a d extent for NGF (Ve&&kïahnan et al., 1990; Rodriguez-Tébar et ai., 1990, 

1992; Bothwell, 1995). Positive cooperativity cornmody d e c t s  changes in quartemary structure 

in oligomeric proteins (Pemtz, 1990), although in the case of larnprey hemogiobin a amplete 

dissociation of subuniîs is believed to be responsible for increasing hernoglobin afnnity for 

oxygen @ohi et al., 1973; Penir, 1990; Nikinmaa al., 1995). Thus, a reasonable hypathesis 

for p75 is that ï t  exists as dimers in both the neurotrophin-bound and unbound states but that 



subtIe suucturai changes ocnn in the dimers upon neurottophin bmdm$ to permit a fÏactim of 

thedimentoadoptabighafnnicy&nnaa'ioa 

Coopentive biDding d oLIo explain the hck of an etFect of exwss BDNF on '3 
BDNF association wuhich we observed în cultures younger tban 30 days old, although an 

alternative expkaation might be that p75 was -1y abundaut on axons and boiml BDNF 

with an a f h i t y  much iower than = 1 nM as commoniy repuzted (Radeke et aL, 1987; Clary et ai., 

1994; Mabadeo et al., 1994). A very low aSnï@ p l 5  (e.g. & * IO-' M) couid permit bindmg of 

high concentraaons of BDNF used in our experiments (60 nM) without signîficaniiy compeMg 

1 2 S ~ - ~ ~ ~ ~  bïnding. Some studies have, in fiad, aiggested a K, in exfess of 10 UM Vaniuchi et 

al., 1986a; V i s ~ a ~ j j j  aiad Ross, 1990). As yet unknown BDNF bindïng sites besides p75 that 

are of high fiequency and Iow aEdy mi@ also have contri'buted to the BDNF associationLI 

Ifa very Iow affinity fonn of p75 was fesponsble for the excessive BDNF bin- then 

t could reasonably be predicted tbat '%NGF, which binds with a simikr steady-state a f b &  to 

p75 (Rodriguez-Tébar et ai., 1990), &O would not be competed by excess NGF. Yet, we 

observed tbat 'y-NGF association was aiways competed by excess NGF. On the other hanci, 

BDNF and NGF binding to p75 rnight be dïfkrent and this might explain the Mixent association 

of '3-BDNF and '''I-NGF. The positively charged residues m BDNF which are importaut for 

p75 binding, are uoiquely distn'buted in the rnolecuIe as compared to tbeiir distriion in other 

neurotrophins (Rydén et al., 1995). 

Severai observations h m  our experiments support a small degree of cooperative NGF 

binding, which corroborates previous reports (Woodniffand Neet, 1986; Venkatabisbiiai, et al., 

1990; Bothweli, 1995). Fimly, in the 42dayold cultures shown in Figure 3 REX and excess 

BDNF reduced '*I-NGF assaciation to a greater extent than did excess NGF, suggesting thai 

excess NGF augmentai '=I-NGF association &ove truiy "noospecific" levels. Secondly, 

dissociation assays ni h 37-day-old cultures su* that more '%SGF becomes bomd to 

rapidly-dissociatùig receptors (i-e. p75) in the ptesence of a w s s  NGF tban in the pfe~etlce of 

excess NT4 (not shown). Thirdly, we have observed tbat a 10-fold range in the concentration of 
125 I-NGF applied to disral axons produces a 12-fold range in 'UI-NGF association (not shown). 

Cooperative bindiag can complicate the detemination of "speciW (higher afhity) binding 

because the tme level of nonspocific binding (i.e. normally representing '*I-ligand bindiDg in the 

presence of excess, unlabeled ligand) is obsctuecL However, îhe conclusions âwn this midy 



Unportant d e s  for slow reçeptors aud trkA in '%NGF transport have been 

demoiiJaatcd. The rolc of p75 remaii enigmatic bat it tm con&iIbuted to %NGF trampor& at 

least to a minor extent Beyonci the quanritarive coutri'buti011~ of the receptors, this study has 

begun to addnss how tdFA iud p75 might hction in transport, Although more arpaimnts are 

rquired to resolve these fllnctioas, the present data raise the possiaility that both receptars rnight 

function not only as NGF carriers but as reguIattors of each other's transport, 

What mi@ be the fiinctional significance of p75, given that it internalizes neurotrophins 

inefficidy, that itr binding occurs wiih positive cooperativity, and aid it t afnects binding 

(Badrer and Shooter, 1994), trkA sigiraliiig (Barker and Shootrr, 1994; Kahle a al., 1994; Verdi 

et al., L994), and reaograde transport? These cbaracteristics would seem to & p75 an ideal 

sensor of trophic environments. The advanîage of positive c00peratMty for a receptor is that 

smaii changes in free ligand wouid translate into relaavely large changes in receptor ocnipancy. 

Changes in p75 occupancy could then be conveyed to t&& resulting in fesponses (includhg 

retrograde transport) appropriate to the sumo- concentration of trophic fkctor- In essencey 

axonal p75 might serve as a '6positive-gaid' feceptor- The low intemahaîion rate can be 

predicted to be benefid by mainaiauig p75 in the axonal membrane where it is able to sampie 

the extraceiiuiar environment 
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FIGURES 

F i p e  5.1 Comlrtion betwcrn T-NGF bhding to slowly-dissocirting recepton and T- 
NGF reîrogrrdt transport rate 

Distal axons were incubated at 37OC for 11-21 hr with 10-20 @mi %NGF, eaber aione or in 

combination with 125-20O-fOId excess NGF (for deteaninadion of noqe&c binding). Cultures 

were then split into 3 groups: i )  Axons h m  some cuiûues were barvested to detennine levek of 

auon-associateci 'Y-NGF at steady-state (6-7 axon compartments/treahneat/expenment); ii) In 

some cultures ' D ~ ~ ~ ~ - c o n t a i n i n g  medium was acchanged with medmm containing 1 p g / l  

NGF, and the axons cbased for 6 hr at 2°C. Axan medium was then exchanged a second tirne, 

and the cultures further incubateâ for 18 hr at 37OC, during which '%NGF bound to siowIy- 

dissociatiag feceptors was released imo the bathmg medium and coilected (6-7 axon 

compartmeatsltreatrnent/ experiment); iii) in some cultures the amount of retrogradely 

transporteci '%NGF was detennined by collecting ail radioactivÏty fiom each ceil body/proximal 

avon cornpartment (medium + ceii smaa; 3 cdtures/treatnieat/experiment). (A) %NGF 
dissociated âom slow receptors is expressed as a percentage of the axon-assoaated '%NGF, 

with noospecific values for dissaciation and association subtr;tcted, (B) Retrogradely transportai 

%NGF is expresseci as a percentage of the axon-associateci '%?TGF, with noospecinc values 

for transport and association subtracted- (C) Data fiom (A) a d  (B) showing correlation between 

retropule transport rate and proportion of axonai l%GF association which was to slow 

receptors. 





Figure 5.2 Reductions in %NGF bindbg to slow recepton and in 'UI-NGF retrograde 
transport by ercess NT4 

Distal axom were incubated at 3 P C  for 11-21 hr with 10-20 ng/rnl '~-NGF, eaber alone or in 

combination with 150-fold excess NT-4 or 150-fb1d excess NGF (for detennmatlon of 

nonspecific bmduig). Culaires were fhen split iuto 2 groups: i) In some cultures the specinc level 

of slowly- '%NGF ~sociacion was m d  as in Fig. 5.1 (6-7 axon comparm>ents/ 

aeatment/experiment); ïi) rii some culnires tk speçinc level of retrograciely transpoxted %NGF 

was quantifiai as in Fig. 5.1 (3 cultures/ treattnd experiment). Shown are mean, relative levels 

(k SEM) of slow receptor bïnchg and retrograde transport fkom 3 experiments, with noaspccifïc 

vaiues subtracted, 
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Figure 5.3 Contributions of p75 and t r U  to 9-NGF association with dïstai uons 

Distal axons were incubated st 37OC for 15-24 hr with 5-10 nglml %NGF plus one of the 

foffowing: 5% nounai rabbit antisenun (contml), 5% RTA aatisenun (cides), 44% REX 

antisenun (squares), 150-200-fold excess BDNF (triangles), or 150-200-&Id excess NGF (for 

determinhg noMpecific associaton). In each eqerhmt  4-8 disral axon c o m p ~  were used 

per treatment. Dïstai axons were tben harvested to qusntify asrociated 'Y-NGF. Association is 

expressed relative to control h e i s  (means + SEM), witb nonspecinc association subtracted.. 
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Figure 5.4 Contributions o f  trkA md p75 to %NGF retrograde tramport 

Retrograde transport was measued in the cuitwes desm'bed m Fig- 5.3. FoUowing the clistai 

avon incubation with ' ~ -NGF plus one of the additional trea~ments, aU radioactivay h m  each 

cell body/proximai axon campamneid (medium + ceil extracî) was quantifiecl (2-4 

cdtures/treatmerit/experiment)- Transport is expresseci relative to contml transport (means k 

SEM), with nonspecinc transport subtmcted. 
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Figure 5.5 Retrograde triIlsport of %BDW rnd ?-NT.-3 

In Zldaydd (A) or 16-day-old (B) cultures, distal axons were incubated at 37OC with the 

bdicated neurotrophins. Iodiriated wuotrophins were supplieci at 5 nglml (A) or 10 @ml (B), 

and unlabeled neurotrophhs were pmvided m 200-fold excas of the labeled neumtrophins- 

Incubation periods were: (A) 18.5 hr for '%NGF, 22 hr fbr '%BDNF; (B) 27 7 Lr both '3- 
NGF and '%NT-~. Total accamulatio~]~ of radioacitMty m ceii body/pmcimd airon 

compamnem~ were then measured Shown are levels of r e t q m h  transport, expresseci as wans 

and ranges ficorn 1-3 cuitwes/treaanm 





Figure 5.6 9-BDBD association with dutil rmnr 

in intact 35day-old cultures and in culaires m which âïstai axons were removecl with distitled 

water prior to the aperimait 10 Mmi '%BDNF was mpplied to the side (distal axon) 

cornpartments, either alone or in combination with 150-fold excess BDNF or NGF. After an 18 

hr incubaiion at 37OC the '%BDNF associateci with distal axons andor with the dish was 

measured. Each bar represents the mean Level ofradioactiiviry t SEM fiom 6 axon cornpartmam. 





Chapter 6 

Summry rad Conciusions 

S d i e s  With Cell Culfures 

Key resuits firom this thesis research are summariad below and discussed in the context 

of previous literature- One gened point of discussion concerns the use of c d  cultures as an 

experimental modd. Caution shouid be ralrai in dra- paraUeis between observations frnn 

culture modeis, as usPd presedyy and events or conditions tbat might arist in vivo. With the use 

of pure cultures of dissociated neun,ns there is a high Ievel of control of experimental vanables, 

which pennits îhe invesîïptor to accurately record or measure a variable of inîerest. Generally, 

culture modeis are subject to fwver assumptions than in vivo modelis. However, removing celis 

fiom their physiological environment removes them fiom a wide range of stimuli, which has the 

potential to greatiy alter the fhnction of the cd. The usefiilness of c d  culture studies is tbat they 

provide insights ino possible physioiogicai functionsy Ïnsights thaï are not easily achieved h m  in 

vivo smdies. Resuits fiom cell cuiture studies define how a ceii can fiinction under a set of 

experllnentai conditions, and not necessarily how the ce11 does fiinction in the organism where 

coaditions are merent. In the following discussion of resuits, it should be seEevideat that aay 

dûsimilarities between my d t s  and previous obseNations in vivo might reaect the diffèrent 

e x p e r i m d  conditions. 

Use 0 f Iodinated Pm feins 

Previously reportai procedures have ken used in this thesis ta iodinate LE, NGF, and 

other proteiris. Speciûc activities of the labeled proteins were calculaiecl by coki trichioroacetic 

acid precipitation of an aliquot of each d o n  mixture. The average speciftc activities were 

2814 cpdhol %LIF (n=5) and 2109 cpm/hol '%VGF (n=i5). The average specific 

advity of 'q based on the supplier's specifications (Amersbarn), was 5.1948 x 10' hnoUmCi, 



whichwas-~3263 c p d f f d ~  wherethecpmwas ~asuredwiththe wailac 1470 

gamma coanter. The ratio, mokr Wv11101es %gmeiq was c a l a  fbm tbc rpeanc 
a c t ~ 1 i c s 6 ~ c ~ ~ a n i c a d i d t b t l a k l a i ~ ~ d w a s ~ ~ a v c r a g c 0 . 9 d 0 . 7 f o r t h t  

-C romu a --LE aad ~ ~ - N G F ,  -lyicpeaivdy. ~t tbis spcanc activity, %NGF h~ 

been shown by abcn to perform identicaüy to non-iodmated NGF in Raptor bïnding assays and 

bioassays (EIemip ami Sboata, 1973; Sotto a ai., 1979; Dis* a d, 1992). 

~ b e ~ k t ü i t y o f ~ k ~ ~ ~ h a ~ r i @ d y l f h d e d o u r m * u ~ r r m e o u o f  

retrog.de transport, The volatile specïes oîiodmt ïs dïatomic ekmentd iodine &) vuhich foms 

h m  the Orridation of iodide in acid soIuticms (Radbtion S e  Uaiversity of 

Alberta, 1996). In ihe iodiaation of proteins by iactopeZOMdase, iodide is oxidïzed to mmoatomic 

iodine which then bonds covalentiy to tyrosine residues and to a lesser extent to ather amino 

acids. ïodine linlUwl to proteins is teiatively stable, but iodide or elemeriral iodine can dissociate 

k m  the protein mer tune. Ebever, over the cuurse of 24 hr (typical retrograde transport 

perwf)tbere1ea~eofi~speciesnOmsaiaaliodiaptedpmteii ishasbeaisho~lt~tobe 

appfeciable (Bo@mm and Strasb, 1975). 'Ihe question of most devance m the present 

experïments is wnetber the degradarion pfoducts of '?-NGF might include elemental iodiw 

which wodd then vaporize fkom the medium baîbing cell bodies, thereby produciag an enor in 

qwntiatioou of rptrogtade transport. In studies on several types of iodinated proteins and peptides, 

lY~-tyr~sine is a cotnmon dzgdation product, and our - findlligs on %LIF and %NGF 

degradation are consimnt wah ibis observatio~ The same studies a h  repart the release of k e  

iodide but not el- iodme h m  the ceb (KublenxbmicIt et al., 1984; Sonne, 1985; Swope 

and Schonbrunn, 1987; Gaadhi et ai., 1993). While it is likefy tbat socne of the radioactivity 

released by neurons fdlowiug degmdatiotl of l Z S ~ - ~ ~ ~  and '*I-NGF represents ike iddey  it is 

unlikeiy tbat the iodide is oxidized ta the volatile eiementd ioduie in culture medium @H 7.4). 

Therefore, the total accumufation of radioactivity which we measwed m each cell bodyfproximai 

axon cornpartment was k 1 y  a very close esaimate of the tme amount of %NGF retro- 

eansport- 



LIF RETROGRADE SIGNALING AND TRANSPORT 

L E  appiied to chiai axais iaduced changes in newntmsmïüer enzymes in cd 

bodies/pcOximal axons, indicating that a retmgrade ri@ was propagafed to cdl bodiedproxïmai . 

axons- C o n d i t i d  media h m  dtured heart ceüs and dermal 6ômblasts, laiown to contain 

cholioergic switching fiutors, also mduced the choliaergic mvitfh by a fetqmie mechanism. 

The LIF retrograde signai Vaned as a fimctim of the eoncentraoon ofLIF appiied to disial axons 

and as a fimcbtm of the duration of the L E  treacmenc, 

Despite the view that retrograde simialinp is very prevaiem and important for specifjkg 

neuronal phenotype and survival, there have in faa been few studies which have directiy 

examinai what @c moiecules are capable of exerting a retrograde influence on neurom. 

Even for NGF, which represents the prototype of molecules capable of retrograde siialing, only 

a h a n a  of bave concretely demonstrated its retrograde effects- It should not be assumed 

rhat any ligand opable of evoking a response in neurom wbai dmhistered to the entire neuron 

would be capable of evoking the response when m r e d  only to axons. In this coatext the 

demonstration tbat a molecule with very difterent e f k t s  than NGF, c m  retrogradely signal is 

si@cant 

The nodiop suggest that LIF d d  be capable of exerting retrograde idluences on 

sympathetic newons in vivo. One possible condition where L E  might act in this way is in sweat 

gland innervation where axon terminais bave ben shown to undergo a deve1opmemal d c h  to a 

cholinergic phenotype. However, in the rat footpad where the cholinergic switch bao been most 

commonly studied, the available evidence suggests tbat L E  is not the physiological switching 

&or (Rao and Lands, 1990; Rao et al., 1992)- Instead, LIF might retrogadely signal foUowing 

nerve injury (Rao et al., 1993), a condition in which mRNA levek m the nerve sheath increases 

markedly (Curtis et ai., 1994; Banner anci Pattemon, 1994). 

Retrograde Transport of LIF 

LIF was retmgradely transporteci with sïmiiar characteristics to NGF transport. That is, 

the transport occuned by a receptar-specific mechanism, the accumulation of LIF in cell 



bodies/proxhd axons occurred with a similar tirne course to that previously reporteci for NGF, 

and L E  was partially intact in ceIl bodiedpraxjmal axons under steady-state c~nditioos. 

However, L E  was transportai at lower leveis than NGF. &O, LIF hansport did not vary 

qnnîhtively across a 20-fbld range in NGF m o n ,  mggestiq that NGF did net regulate 

LE traDspoa 

Whiiethesestudies wereinprogress,two~upsreportedthatLIFis a o t ~ l y  

na~sported by sympatMc neumas in aduit ats but tbat it is transportecl by se~wry and motor 

newons (Hendxy et al., 1992; Curtis et ai., 1994). One possible exphaîion fbr the contrashg 

observatons on sympathetic muons between those studies and our study could be tbat youager 

newons do transport LIF but duit newons do not. Another poss%ility is thai neurons in culture 

('kjured neur0m")ort L E  but not uninjured neunns do not, since Curtis et al. (1994) 

f o d  tbat peziphed nerve injury markedly incfeased LIF transport by sensory and motor 

neurons. 

Our findlig of LE retrogrode transport and of intact L E  in cell bodieslproximai axons 

establishes the possibility, in sunilarity to that proposecl for NGF, that LE-receptor transport 

could participaie in retrograde signaluig by LE. It is imriguing that L E  and NGF were 

transporteci with sirnilar time coucses. One possible expianatÏon is that the transport mechanisms 

for LIF and NGF were interdependent. For example, perhaps the LIF-ceceptor and NGF-receptor 

complexes were CO-localized in the membrane and became encorporated into the same transport 

organelies. K this oceurreQ then it would be predicted that the lewl of LIF transport would 

c-e when the level ofNGF transport &O changeci. However, LIF transport was found not to 

Vary across a 20-fold NGF conantration range. A second possibility for the similar transport of 

LIF and NGF is tbat the tirne course of LIF or NGF transport was prhady a reflection of the 

kinebcs of ligand binding, and that the similariiy in tirne courses was a coincidence resulting h m  

L E  and NGF receptors binding theü iodiaatsd ligands with simikr kinetics. A thiid possibility, 

which searis most likely, is tbat the observation of Jimilar time courses was not p-y a 

reflection of simüar receptor properties, but rather was a reflection of gewralized mecbanisms in 

axons which detennined the rate at which any transport-competent receptor would be inte* 

and tramportcd Examples of generalitcd mechanisms Mght be a limited number of sites in 

axons where internalization d d  OCCU, or secondly, a maturation of endosornes pnor to loading 

ont0 the retrograde transport mechanism. 



NGF RETROGRADE TRANSPORT 

NGF Transport VeIoaCIty and Transport k g  

NGF was mmgadely transporteci at a velocity of 10-20 mmk. This speed is m8Eicient 

to permit NGF moleailes to ceach œil bodies wimm only 5 m h  ofbecoming associated with the 

axonal transport ~chaoism Howaier, in Jimüority to previous observations (Claude et al., 

1982b), NGF was not deteded in celi bodies umil a p p r o ~ l y  1 hr of distal axon incubation 

with NGF, indicaîing a hg in '%NGF loading onto the transport mechanism. 

A velocity of 10-20 mm/hr is much fàster than pteyiously reporteci- Snidies on NGF 

traasport by SCG neurons in vivo have estunated the transport vdocity to be 2-3 mnimi: ( I l d r y  

et al,, 1974a,b; Johnson et al., 1978), although in sensory newons v e l d e s  of at 7-13 mm/ l~  

bave been qorted (Stoeckel et aL, 1975; Yip and Johnson, 1986). WWe it is possible that the 

discrepancy between my estimate anà thse in vivo might reflect real f i rences  in transport 

velocity between younger, growing neurons aiid mature nairons in addt anùiials, 1 believe our 

experimentai approach to be superior to that used in vivo. In vivo estimates were made by 

detennining bow long was requued for '9-NGF fo reach the SCG afkr inj-g %NGF into 

the anterior cbamber of the eye in ad& rats. The '9-NGF is taken up by the mature axon 

tenninals innervating the iris and transported over an estimated distance of 20 ma The in vivo 

experiments do not control for the possibility of signifïcant time king required for administered 

%NGF to become laaded onto the transport mechaniSmmechaniSm For example, endosenous NGF bomd 

to transpor&-cornpete~t receptors must nrSt dissociate before the admiaistered %NGF caa 

associate wdh them. Our experiments control for events prior to 'y-NGF becoming waciated 

with the transport mecbism.  A velocity of 10-20 mmlhr at 37°C is in fiut predicted fiom a 

large number of studies which have measured retrograde organelie velocities in axond 

preparations, mostiy h m  sciatic neme (see Chapter 4). 

The delay of approximately 1 hr before NGF supplieci to distal axom begari to 

accumulate in c d  bodies might d e c t  t h  NGF-receptor comp1exes reside in the axo1emma for 

considerable perïods @or to inîemajization. Another possible explanation is that newly-firmecl 



endosornes containhg NGF-feceptor complexes pass through a mûnation or sort& stage 

hahg dose to 1 hr before being retmgdely delivered dong mi~f~tubuies. Our report is the fust 

to suggest that the dehy resutir from some variable otber tbaa the velociry oftra~sporr In vivo, 

the interval tbat eiapses More target-admh&ed '%~GF begios to reetogradely accumulate in 

di bodies has been astn'buted oniy to the transport velocityocity 

NGF Transport Rdeliîy 

During l U ~ - ~ G ~  retrograde transport, only 3% of the %NGF delivered h m  distal 

axons accum- in an intemiediare axcm cornpartment, eiîhet in an intact or âegraded form 

Siace e>bmJively degraded '*I-NGF k released apidiy h m  cek, it is MWreiy that any 

signincant '%NGF degradation occurred in wons, foilowed by retrograde taasport  of 

d-on pmducts. 

Thë resuIt suggests thaî the fidelity of the transport mechanism for delivering intact NGF 

fiom axons to ceii bodies is extremely bigh. 'Ihis is an important findiog, considering the 

perceived importance of the retrograde accuMulation of intact NGF in ceil bodies for retrograde 

sigding. An opposite finding, that a significant amount was degraded or released intact nom 

axons, would bave raised serious doubt about the retrograde signaling fiinction of transporteci 

NGF. in- imo axonal degradation or release of neurotrophic faaor h m  axons have been 

untested until this tllne because of the great difficulty in quantitaÉvely addressing these questions 

in vivo. 

NGF Degraiabtion Rate 

NGF was degraded at a rate of40% of the celi bodylproximal axon NGF pool per hour 

during steady-nate incubation. By pulsedase anaiysû, the average NGF haKiSe was 3 hr. The 

pulse-chase d y s i s  also revealed tbat NGF was depded at 2 more distinct rates, difEeNig 

appmximaîely 2-3-fold. 

The obsemtion of 3-hr ha&lifé is in agreanemt with the prcvious obsendon of a 4.5-hr 

wlife in vivo (Korschuig and Thoenen, 1985). The steady-staîe turnover rate which 1 observeci 



is senilar to mat praiously reported for M y  dissociated sensory netnom (Sutter et aL, 1979) 

and for PC12 ce& ce& Wyer and Shooter, 1983). A cornpans00 ofthe tumover of NGF and 

other Ligands in nonneuronai ce& reveaIs tbat NGF is degiaded slower thaa mûst othr ligands, 

which is advantageous for a iarge NGF supply in œîi bodies. No prevïous studïes 

have reported hetemgeneity in NGF Qegrcldation rates within a single ce11 type- 

NGF Trmport Rore 

No more tiian 25% of the distal axon-associated NGF was d e l i d  to ceii bodies each 

hour. More comrnonly3 transport rates averaged 10Ydhr or less, which can be considered to be 

Iow At Ieast 85% of distal axon NGF appeared to be at the axon nirEiçe at s&ady-sîaîe3 

suggesting that the iaternalization rate was rate-limiting for NGF dehery to c d  bodies. Slowly- 

dissociating receptors, whose binding strongly correlated with NGF retrograde transport, 

accounted for 20960% of totai NGF assocjaijon to axons, suggesîïng tbat the low transport rate 

which was observed was not pnmarily due to a hck of transpo~ompetent receptors on axons. 

1 consider the retrograde transport rate to be low, based partly on intexpretations of 

bigher intemalizanon rates in PC 12 c e h  (Layer and Shooter, 1983; Bemd and Greene, 1984) 

and p d y  on observations that NGF c m  be Ï n t e d k d  withia only several min- of bUidmg to 

s h c e  receptors (Bernd and Greene, 1984; Kasaian and Neet, 1988; Buxser et ai., 1990). Data 

presented by Bemd and Greene (1984) suggested an NGF inteRli3LiZafion rate in PC12 cek of 

approximately 300% of the steadystate, surfkce-bound NGF per hour. Howwer, since the cell 

harvest methods in tbat study might have eliminatecl low d h i t y  binding, it is possiile that 

3000/dhr represened the intemahtïon rate of NGF bouud to high aB&y (slowlydksaciating) 

receptors- Steady-state NGF turnover in PC12 ceUs can be interpreted fiom data presented by 

Layer and Shooter (1983) to have been approximately 30% of the ceii-associated NGF/hr, which 

suggests that the interiialization rate would also have been approximately 30% of the Surface- 

bound N G F k  This interpreted rate is still higher than the retrograde transport rates which 1 

r o u ~ e y  observeci. Electron microscopy studies on PC12 cells have provided conflicting teports 

about the i n t e d o n  rate following initiai apptication of labeled NGF (Hope-Angeletti et al., 

1982; Bemd and Greene, 1983). No reports are aMilabie fiom previous studies about how much 

won terminal-associated NGF is transported per hou. 



M y  observation that Roognde transport correlated widi slow meptor (hi& ?tnnity) 

biading is coasistan with previous studies *ch reported that hi& athniry receptocs are 

impomm tor NGF tnasport m vivo @unas et al., 1979) and NGF inïerdkti011 by PC12 ceiis 

(Bernd and Greene, 1984; Hosang and Shooter, 1987)- The M i n g  that transport rates were lm 

even when slow receptors repiesaded a signiscant fiaction of d axonai receptocs is copsistent 

with the intemaikation rate being limited pmaarily by saae variab1e other iben the quaptity of 

slow ceceptors. This conclusion U made ôecause if di slow fecept~rs couid ïnternaiize NGF 

with. several minutes of binding, as suggested h m  studies on PC12 dis, then rctmgde 

q o r t  rates shouid have been much higher tban wiiat was observe& A variable which a-ghî 

have ümited retrogmde transport is the availabiiity of molecules necessuy for intenializab . . 
on of 

ligand-receptor complexes. The nadiog of a similar t h e  corne of L E  and NGF retrograde 

transport (above) is consistent with this possibïlity- The possibilay remairis, however, that ody a 

subset of slow receptors were in a state permissable for internaihiion and retrograde transport, 

A low rate of retro@ transport wodd not be expected if targetdenved trophic factor 

is in limiting quandty and neurons must e£nciently aamport it and ConceDtrate it in ceil bodies in 

order to nwive. Altematively, it is possible that the lm1 of celi body NGF r e q u i d  to miiintain 

a ma.- celi body response might be sufiïcientiy maintaineci by a low rate of retrograde 

transport. Jh any went, my hding hi&lights the need to diredly test the hypothesis that NGF 

transport k important for retrograde signaiïng. 

When '%NGF was supplied continuously to distal axons, no more thaii 30% of m u -  

associaîed '*I-NGF was found in ceU bodies, representing tbe retrograde accumuIaQon, with the 

remainder king associateci with distai axons. More commonly, less than 20% was present in celi 

bodies- 

NGF qpantîties and concentrations per gran of tissue have been meamred in vivo, with 

the originai findings that NGF is much more concentraîed in sympathetic ganglia than in 

sympathetic neuron targets such as the iris, heart, and submandï'bular gland (Korsching and 

Thoeneq 1983b, 1988; Nagata et al., 1987)- Whiie the in vivo obsefvafions mi& at first seem 

contradictory to our fïudings, the observations in vivo are in fàct Mcuit  to interpret. For 



exampie, detectable NGF in target tissues couid represent £iee* e~traceliular N F ,  axonbod 

NGF, or NGF mecbanicaiiy released hm secretory celIs upon homogenitatioa h is not biown 

whetkr the NGF m gangija is eveniy distriiuted among all neurons or whether the distribution is 

hetemgenous. In addition, a recent sRidy bas reporteci that the original techniques of meamhg 

tissue NGF Wed to release NGF h m  hi@ aSnity ceceptors, and so NGF concenttations in 

some h e s  are likely to be up to 10-fbld higùer t h  previously thougût (Zettier et ai., 1996). 

Thus, the m w o  experiments can aot be directly compared to our experiments because 

sipiiicant assuxnpàons m u t  be made in interpretmg the in vivo data and because the in vivo 

experiments did not directly examine the axo~l-association and cell body accurmilation of NGF 

for one distinct set of murons. Comùorating our hiings, one recent study in vivo bas indeed 

show NGF to be extemiveiy associated with axon termiaals of at least some sympathetic 

neurons (Liu et al., 1996)- 

The extensive ass0~1*ation of NGF with distd axon supports the likelihood that there is 

extensive signal generation occurring in axons. In hrni, it raises the iatriguing possiiility that 

local signais generated by NGF binding to a x o d  receptors might serve to inaiate a retrograde 

signahg mechankm that d a a  not requïre the retmgde transport of NGF. Interestingjy, other 

qeriments fÎom our kb bave shown that phosphoryIation of- in ceil bodiedproximal axons 

occurs within 1 min of increasmg the concenuation ofNGF bathing distal axons. This retrograde 

trkA phosphorylaîion is too rapid to result h m  veside-mediaîed transport of NGF-trkA 

cornpiexes, com*dering that the NGF transport velocity was calculated as 10-20 mm/br and a 

minimum transport distance for NGF to cell bodiedproximal axons is 1 mm. Thedore, it 

appears that non-vesicular types of mgrade  signahg does occm in the neumas. 

TdA and p 75 Fmction in NGF Transport 

Blocking NGF bindiag to trkA with RTA andbody reduced NGF transport by 80% on 

average, indicating that trkA was vexy important for NGF transport and suggesting that p75 

delivered a small amount of NGF to celi bodies. Blocking NGF binding to p75 with REX 

antibody reduced NGF transport by 60% on average, but blocking NGF biading to p75 with 

excess BDNF reduced NGF transport by oniy 25% on average. REX and excess BDNF biocked 



NGF association with awns to sliiilar leveis, suggesting that their dinerent efEécts on NGF 

transport cüd cmt arise because ofdifberiDg degrees of blocking NGF b k h g  to p75. 

These resuits do not pncisely delkate the e v e  conmiutions oftdrA and p75 to 

NGF transport baause of the possi'bilicy that RTA, REl& W o r  BDNF inauenced transport 

0 t h  than sïmpLy by bloclrkig NGF bindïng to trU anci p75- Ehmer, the cesdts do suggest that 

tdcAUv~y~forretrogradetranspodthatpf5  does contri'buteto rerrogradepaaspoctto 

some extent. It is possiiie tbat p75 might bave even c011tnibuted to uver half of the transport- 

Prevïous stuclies have not provided comistent resultr on a role fot p7S in NGF transport, Curtis 

et al. (1995) reported that p75 binding was not signifidy Wrolnd in NGF transport in adult 

sympathetic neurom in viw. However, it has been reportecf that p75 is retrogradely transportai 

in sympathetic neuroas and other neurons flaniuchi and Johnson, 1985: Johnson et al-, 1987; 

Yan et ai., 1988), and the MC 192 a n t i i  &ch mcreases NGF association with p75 (Chandler 

et al., 1984). augmans NGF transpoit by sympathetic newons (Taniuchi and Jobnson, 1985; 

also unpublished obseNations)- 

The results that REX and BDNF exerted différent enectS on transport but not on '% 
NGF association are iotriguïng because they suggest that p75 can regulate the transport of trkA- 

NGF complexes under some experimental conditions. Moreover, they niggest that the regdation 

occun by a mechanimi other than the control of the local NGF concentration, which bas 

prexiously bem presented as a mode1 of p75-trld4 interaction (Barker and Shootery 1984). 

Rather, our resuits are more consistent with a newly proposai mode1 of p75-trkA interaction 

which involves cooperatïve bïnding to p75. To funher clarifi how p l 5  and ttkA participate in 

NGF aaaspaa (e.g. carrier versus reguiatory bctions), fitture studies shodd examine if bivalent 

and Fab forms ofRTA and REX afhca NGF transport differently- These experiments would help 

to determine the mie of ~ceptor crosslinking and activation in NGF transport. 

BDNF Association ta Axons 

A 150-fold exass of unlabeled BDNF fàiled to compete '%BDNF assoaation with 

di& axons and even increased ' ~ B D N F  association in older cultufes. 

'Ibe extensive BDNF/'Y-BDNF association with axons iikeîy refiected positively 

cooperative binding of BDNF to p75 and &O possibly binding to a very low atnaity form d p 7 5  



or another receptor expresseci at very hi& levels. Cooperative b d h g  of BDNF and other 

n e w p h i n s  to p75 has previously been repocted dthough never to the c&ee which might h a .  

occurred in our exphenU (kdada%bnan et al., 1990; Rodrîguez-T6bar et aL, 1990, 1992; 

Bothweli, 1995). A h ,  Cooperative biaduig has m l y  ken fâctored mto modeis ofNGF recept~r 

hinctio~ The coincidence of the odd efbects of excess BDNF on %BDNF association anci on 

%NGF transport raises the possiiiky that p75 ailostery not oniy aiters aeurotrophin binding 

but might also rcgulate subquent events (q. intemalizaton) respnsi'ble tor rermgrade delivay 

of w~otrophins. The magnitude of the BDM association aiso raises questions abaut what role 

cooperative budiiig might play in other cellular respollses. Further studies should examine the 

concentration-range over which binding to p7S is cooperatM and whether biological responses 

correlate with cooperative binding. 

A MODEL OF NGF RETROGRADE TRANSPORT 

The foliowing mode1 of NGF retrograde transport by sympathetic neurons takes into 

account the d t s  obtained h m  these studies as weli as speculatious arising fiom these resuits 

and those of other investigators. The model is not meant to be solely a summary of observations 

but rather as an updaîed hypothesis of how NGF be bound by awin tentUnalS of 

sympathetic neurons and retrogradely transportecl. This model should serve a~ a basis for M e r  

experirnentation, 

Receptor Binding and Intemikation: 

NGF binds to p75 and trkA on axons. Under steady-state conditions p75-NGF and trkA- 

NGF complexes are mostiy at the axon &. 
Most ûkl-NGF complexes are linked to the sytoskeleton, aialring than relatively immobile 

in the membrane and producing a paîchy distribution on the axons. Second messenger 

molecules and perbaps molecdes which stabilizie a - M F  dimers are &O conaatmted at 

the sites oftrkG-cytoske1eton interaction. The intetaction of &A-NGF with the cytoskeleton 

and with the associated moldes  produces slow dissociation chcteristics. 

Most p75-NGF complexa are not linked to the cytoskeleton, makiiig them rektiwly mobile 

in the membrane and producing a dinuse distnhtion dong axons. However, some of the p75 

does hac t  with the clusîered tdrA The interaction is initiated through physical association 



of the extm~liular domains of the receptors but subsequedy iiiMLves cross-feceptor 

s i g a h g  tbrough the ïntraceiluiar domains. The p7S which associates with trkA is a bigh 

i S & y  dimer? a product of cooperative bmdiog. The p75 dimers help to stabiiize t & ~  

dimers- 

NGF is imailalized at the sites of cytoskeletal lialra$e, either through akA chuers or thmugh 

complexes of akA duners and p75 dmiers. Most or aii internalizaaon requires ekk 

Intemahaîion does not occur at a high rate, Ïndïcaîing either thaî receptor dimers are short- 

lived and thedore unable to &ciently Uiitiate receptormiediated endocytosis or tbat other 

m o l d e s  tequired for efficient internalizatioon are in limitai supply. 

From theü a x o d  mirface location NGF-receptor complexes are interaalized as consituents 

of maîed vesicles. Coated vesicles undergo m o n  mto transport organeiies (e.g. smooth 

vesicles, muitivesidar bodies)- The maniration reqWres 30-60 minutes More transport 

vesicles are Ioaded onto the microtubule transport mechanism. NGF-receptor comp1exes are 

not re-routed back to the axonal s u r f k  by an energydependent mechaniSm- 

Vesicies carrying NGF-receptor complexes are trafncked to ceii bodies at 10-20 xnm/hry the 

iimit of axonai transport velocity. The transport vesicles do not acquire NGF degradaave 

m e s  during transport, Thus, NGF-receptor complexes remain in a b o d  and intact state 

during transport. NGF-teceptor complexes are not re-routed to the axonal surfâce during the 

shuttle of transport vesicles dong microtubules. 

Cell Body Accumulation: 

NGF-receptor complexes enter ceii bodies but are not re-routeci in significant nwnbers back 

into axons. 

NGF is degraded at a steady-state rate of40% of the ceIl body NGF per hou- However, this 

oxt represents an average of 2 difterent rates. Dfirent rates might reflect the type of 

transport or&aneUe which mters ceIl bodies which in tum rnight depend on the specinc type 

of receptor-NGF cornplex beuig transponed. NGF is degraded stepwisey redting in the 

accumulation of intermediate m o n  products. Partially degraded f o m  of NGF mi@ 



PELATIONSHIP BETIlVEEN RETROGRADE TRANSPORT AND RETROGRADE 
SIGNALLNG 

At least since the discovery of NGF retrq@e transport over 20 years ago, reaograde 

signahg by neurotrophic fâctors has widely been theorued to requUe retmgde transport of the 

factor. This view has not been experimemally Wenged., although some nnduigs do raise 

question about its vaïldity. For example, studies have reportecl tbar men though CNTF aad basic 

FGF exmt b i ~ l ~ c a i  efikcts on some specific neurom, they are not retrogradely transponed by 

those neurons (Ferguson et ai., 1990; S m d  et aL, 1991). Concepnially, it is possible that 

retrograde signalhg does not rPquire thai the trophic b r  be transporte& For arample, 

acrivated second messcoger molecules generated on axons might themselves be transported and 

signal in ceU bodies. Auother possibility is that the receptors might be activatecl by ueurotrophin 

bindhg on axons but be able to retain their signaiing hinction throughout their transport without 

ha* to remain neurotrophin-bound 

There have been several investigations in nonneuronal ceils on whether Ligand-receptor 

complexes serve thek hction wbiIe embedded in the plasmalemma or, altemtively, whether 

they must be endocytosed to exert their fuil range of effects. This question is somewhat analogous 

to whether retrograde transport of newotropbia-receptor complexes is Rquired for retrograde 

simialinp. The prbary efEcts of EGF and gonadotropin-releasing homone have been reported to 

occur because of feceptor activation at the celi surfhce without the need for iuternalization (Corn 

and Haaun, 198 1; Chen et al., 1989; Wells et ai., 1990). On the other band, intenialized EGF- 

receptor complexes are kinase-active (Cohen and Fava, 1985; Kay et al., 1986). Also, studies on 

other fecept~rs suggest that imenialized REepton do contribute to biological responses (Rothlein 

and Kim, 1983; Von Haegen et al., 1989; Gilboa et al., 1995). Thus, whether a receptor is active 

vdhk  tells in addition to king active at the celi nuface seems to depend on the receptor and the 

ceU in question. In cylindricai ce& it is possible thaî signais might be propagared h m  the cell 

surface to the nucleus without the need for intraceiidar shuttling of the Iigand and receptor, but 



in neurons in which axon terminais arad ceil bodies can be separated by tremendous distances this 

wouid seem less k l y .  

The resuits presented ia this tbcsis do not directiy address whether N G F - w m r  

cornpiexes exert their efféct oniy l d y  in axons or additionally whether theu accumulation in 

celi bodies is respomMe for zetqpde signaiing- However, au obsemaiions help US to spenikte 

on the relative importance of NGF-receptors in local a d  retmgde PignJiiig. The extensive, 

skady-state association of NGF with receptors on axons and the relativeIy lm NGF mqma 

rate are with a prominent d e  of NGF-eceptor complexes locally in axons. The 

h o m ,  local contn,L of axon gmwrh by NGF is an obvious consapence of receptor b- on 

axons- The hi& fidelny of NGF transport, its accumulati*on intact in ceii budies, and its reIaîiveIy 

slow degradatioon are more consistent with retrograde signahg by transporteci NGF-receptor 

cornpiexes- Future investigations will Iikely reveal that NGF-receptor transport is responsi'ble for 

some, but not ail retrograde signais- 
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