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ARSTRACT 

',() illvc'.llgatc ditTcrcncc~ in neuronal rcsp()n'ie~ 10 axotomy in thc 

marnmalliln central nervou'. <;y~tem. 1 comparcd the patterns of retinal ganglion 

ccII ((((Je) '.urvival aller II1lracranwl optH': nerve (ON) cut or crush in adult rat'i. 

Aller ON cut, approxllnately -l0',1" of the RGC'. \Vere lo~1 111 the "econd \\eek, 

t ollO\\'l'd hy a more protracled ccII 1o,,'.. \\ hile ON cru<.,h gave me to a '.Im\ RGC 

'0<.,-; hcginmng at one \\ce,", Rctrograde ,L\Ona) dcgcneratlol1 and macrophage 

Îllva\l<ln 11110 the ON '.tump wa:-- more market! aher ON l'ut than crush. hut 

pr' )grc~')ivc n:trogntde dcgelleration or a~on~ 11110 the retina dld not precede Ihe 

omel of IHiC )0<;'. In parallcl c'\pcnmcnt'), 1 round c\ddencc that hralll dcrivcd 

ncurotrophlc factor n:RNA I~ nprc ... '.cd III llolHleuron,ll eell ... of the ullinjurcd ON, 

Thc ... e oh ... ,,'n allon ... '.uggl'''>! that c\ cnts other than ncuron-targct ~cparalioll play a 

roll' III thc llIlllng and ')event) ot neuronal Joss arter axotomy, 
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RESlJl\IE 

Dans le but d'étudIer le!'> réponse des neUlOIH~, du "'y,tèI1lc Ill'I\'t'll' l'l'IllIal de ... 

mammaliens à différents type!'> d'axo!o1l1lC, l'al cOlllp:l1é ks Illode, dl' ~ul\'le dl'~ ccllllll'~ 

ganglionnaIres de la rétine, ,ott aplè!'> une ~ectlon totale, '011 aplè, un l'CI ,1 'l'1l1l'nt du IlCI t 

optique dans ~a portion IIltracrâlllennc Une !'>c(:tIon du IH.'rt l'lIl1aÎnl'. "111 une pl'II\Hk dl' 

deux semaine~, la Illort de plè~ de 40'/c- de la populatIon totale dl'" l'eIJulL' ... 

ganglionnaires, une mort 4ui !'>e prolonge 1IltérielllelllClll. L'éCla'C1l1L'llt du nell optlqlll' 

entraîne, quant à lui, une pha!'>e de mort neuronale netteI1lent plu, lente t't qUI Ile tkhutl' 

qu'une ~emall1e aprè, l'axotomle Il me faut !'>oultgnci que la <kgélléle"l't'Ilce. Il-tIO!!r,ldc 

et progle~~lve de..; axones du nelf optIque e~t un phénomènc qUI ne pléct'dt: pa" la 11HIII 

des cellules ganglionnaires Cette dégénére!'>ccncc all1SI qlle l'lIlV,I:-'lon dL' L'ellult"> 

macrophage~ dan ... la rétllle ~ont plu~ marqlléc~ aprè, ulle ,eL'lIon qu'aplè" LIll érla,clIll'lll 

Pour explorer le~ mécanbmes llloléculaile~ impliqué ... dan:-. cc, dlfléICIlCl" dc lépoll,n il 

l'axotomie, J'ai, dan:-. de:-. expénencc'. parallèle" montré que l'eXpll':-''>IOIl de l'!\RN 

messager du BDNF (Blain Denved Ncrve growth Factor). eXI,talt au Illveau dc) cellule" 

non-neuronales du nerf optIque 1I1tact Toutes cc, ()h,ervatJ()n~ ,uggl:rCnl lIu'apri" LIlle 

axotomie, des évènement:-., autre:-. que la ~éparatlon neurone-cI hie, onl tlne II1cldcncc ..,1II 

la sévérité et l'il11ttation temporelle de la mort neuronale . 
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CLAIMS FOR ORIGINAI.ITY 

1 have doeumcnted. in adult Sprague-Da\\ ley rats. with intracranial optÏt' 

nerve interruption by eut or crush. that· 

1) Retinal ganglion cell loss is delaycd for approximatcly one Wl'l'k after 

intracranial optic nerve interruption by cut or crush. 

2) The pattern of retinal ganglion ceilloss is dependcnt on the type of Icsion therl' 

is an early. rapid cell loss and a latcr. protractcd ccii loss after optic ncrVl' CUt. 

white retinal ganglion cells are lost at a single, slow rate afler optic nervc crush. 

3) Retrograde degeneration of retinal ganglion ccII axons in the optic ncrvl' and 

retina occurs more rapidly after optie nerve cut than crush. 

ln normal Sprague-Dawley rats, 1 have prcsented prcliminary cvidcnce that, 

1) Brain derived neurotrophie factor rnRNA i~ cxprcsscd in thc optie ncrvc . 
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CHAPTER 1: INTRODUCTION 

The aim of thi.\' chapter il' to pro vide a review of the cu"ent literature 

pertaining to the event.\' which follow axon in}ury as an introduction 10 the 

experiment.\' pre.\'ented in thi.\' thesis. Firstly, 1 outline the events which are 

known to ()ccur in neuronal and non-neuronal eells after axotomy of cells in the 

peripheral nervous ,\y,\'tem (PNS) and central nervou,\' system (CNS) in general 

and retinal ganglion eeU.\' (RGCr.') in partieular. Seeondly, 1 present the 

mechanism.\· that have been proposed for developmental and injury-induced cell 

death in the nervou.\' .\y.\'tem. Thirdly, 1 examine the role of trophic factors in the 

.\'urvival of neuron,\' after in}ury andfourthly, 1 deseribe the anatomicalfeatures 

of the paradigm u.\'ed in the prer.'ent study, the rat retinotectal system. Following 

thil' review, 1 present the rationale for undertaking the experiments described in 

thi.\' the.';;,'i. 

1. RESPONSES TO NEURONAL AXOTOMY 

A. Neuronal Responses to Axonallnjury 

The neuronal re"poflses that accompany axotomy involve the entire neuron, 

both structurally and functionally. These events include morphoJogicaJ, 

cleetrophysloJogical and moJecular changes and in the most severe case, neuronal 

death. Oespite the lack of a known mechanism for the signaling of these cel1ular 

l'vents after in jury. thcy have been extensively documented in many systems. In 

this section. 1 outline thc events which occur after injury in the CNS and PNS, 

prt'sl'nting examples from the litcrature. The responses documented for axotomy 
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of RGCs. the paradigm used in the present study. arc giH'n 111 detml in il latl'r 

section (see Section D). 

Axotomy results ln the separatIOn of the a\.on into a pro\.ll11al (Ill'are'it ttll' 

soma) and a distal (ncarest the termmal) -;egment. The morphologleal l'hangl'''' 

resulting from axotomy, therefore. can occur ln t\\'o part'i of tlll' nClIron 111 relallon 

to the site of in jury. Morphological e\ cnt... occurring ln tlll' l"'ital portlOll 01 thl' 

nerve are termed orthograde or Wallenan dcgencration Walknalllkgcm.'ratlon IS 

characterized by a hreakdown ofaxon'i. fo\lowed hy thl'Ir phagol'yIO~I'i hy 

invading macrophages (reviewed hy Fawcct and KCy/lc~, 19(0) Il 1 ... rl'ported to 

proceed more rapidly in the PNS compared tn the CNS (Perry, 1987, Stoll. 1(89) 

and after PNS cut compared to crush (1 ,unn et al , 19(0). 

Several morphological l'vent... that oœur ln the proximal axon ... tump and the 

attached cell soma are termed retrogradc degeneralion V/lthll1 the proxImal 

portion, as in the distal sturnp, the axons arc lo"t and 'iuh'icquently phagocylosed 

This process occllrs rapidly aner transcctlOn of the ON <Richanl",oll et al. 1(82) 

and peripheral nerves (Hendry and Camphell, 1976~ Ald\koglue.; ct al., 1(80). In 

the soma, the retrograde re~ponse involve.., chromatoly:..i\, /ludcar elTcnlncily. 

nllcJeolar enlargement and hypertrophy Chromaloly"''i le.; oh'il'l'ved , .... a 

breakdown of the Nissl hodies (aggregate<., of granular cndopla~lntc rctlCulum and 

ribosomes). Chromatolye.;i~ is accompanred hy an enla .. gernenl 01 Ihe nuc!eoilis 

and often increases III nucleolar and pertkaryal volume that re\ult 111 ccii \wclling 

(review: Lieberman, 1974; Barron, 1983 a,h, 1989). However, not ail celh reacl to 

axotomy hy cell swelhng: :..ome dor~al root ganglion neurons, for examplc, <.,hrink 

after axotomy (Verge ct al , 1989). 

Neuronal "iurfacc change,;, including thc formation of ncw procc,;<;c.., from 

the soma or dendrites is another morphological rcsponsc to in jury oh:..crvcd in 
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....ollle .... ystem~. For ex ample, Engel and Kreutzberg (1988) repOlted chromatolysis, 

ccII surfacc Invaginations and the formation of flap-like processes after axonal 

li ansectlon of gUll1ca pig dorsal vagal motor neurons. 

In additif,n to morphological changes, the elcctrophysiological properties of 

IlctJrom. ail: alc.;o altclcd aftcr axotomy. Electrophysiological changes include 

vallations ln axon conductIon vclocity, membrane potentials and synaptic 

pofcnflals (Icvicwcd oy Mendel/. 1984; Purves, 1976; Titmus and Farber, 1990). 

ln gcncral, conduction vclocity in large myelinated neurons decrease accompanied 

hy a dccrcasc in axon diameter, action potential waveforms are aItered, the initial 

scgmcnt-axon hillock region decreases in excitability and synaptic transmission 

dccrca<.;cs 

Axotomy can also affect neurotransmitter production by the affected 

nClll ons. FOI R(îCs. the putative neurotransmitter is N-acetylaspartylglutamate 

(NJ\J\(i) J\lthOLlgh the cxplession of this molecule decreases in RGC tm'gets after 

ON ICSIOIl (MotTet ct al., 1991). it has not been determined if NAAG synthesis 

decrcasl's \Il thl' RCIC ccII hodies, 

J\xotomy IIlduccs changes in the molecular functioning of the neuron as 

weil. IIlcludll1g protl'Ill Jevels, axonal transport and gene expression (reviewed by 

PlIrVl'S, 1976; Ballon 19RJ a,o, 1989; Grafstein 1983. 1986). Protein levels can 

cithcl 1 Ise ot l'ail aftcl axotomy For example, axotomy of dorsal root ganglion 

a:-..ons rcslIlted in mCfcased levels of growth associated protetn, GAP43 (Verge et 

al., 1 990a), and LI 57 kDa intermediate filament protein (Oblinger et al., 1989), 

\VIllIe l'ausing a dcclease in the levels of medium neurofilament subunit (Verge et 

al., 1990h) and the low affinity nerve growth factor (NGF) receptor (Verge et al., 

1(89). PlOtcin 1c\'els may also change in tissues near the injured neut'on; for 
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cxample. increased S' nuc1eotldasc \\ as oho;;cn cd ln rat supenor l'l'n'K'aI gallgltoll 

after pre- and post-gangllOl11c axotom~ (NacIIlllcnto and Krclll/herg. 1(90) 

Anterograde a\onal transport. \\ hlch Illo\'e" organdk~ and mate nais l'rom 

the soma to the tcrmll1ab 1'> dn Ided 111to t\\ 0 c1a~,>e~: la"t and ,>10\\ :t\onal 

transport. Thc pattcrtI of and IcH'lo;; of proteln tran~portcd l'an he altcled t'01l0\\ IIlg 

axotomy. ror e\alllpie. neurofilalllents. whlch are lransportcd 11110 the :I\on and 

influence the calibcr of the ax.on. "hO\\ del'rc~hed e\prC""lon alll'r '>l'Ialte nel\ l' 

transection (V crge ct al . 1990). Retrograde transport 01 l110lecule., IlUl) al'io he 

altered aftcr InJur) , Smger and Mcher ( 19XO) reporled that molor ncurom IIHTt'a"c 

their uptakc of 2-deox.yglucosc. a m.elaholtc marker. Illll1ledlatcl) aller Ill/ur)' l'he 

Increascd retrograde transport of cerlam molcl'llies ma)" he ail IInporlalll .,Ignal 101 

degeneratlOn becausc blockage ofaxonal transport al the rllne 01 Ihe Illcreased 

uptake delaycd the onset 01 chromat()I)~I:-' (SInger ct al. 19X2) 

Gcne expressIOn IS also ehanged fo/lowing axon irJury. hoth 1/1 thc 

messenger RNA" (mR;\IA,,) producl'd and thc levcl 01 thclr produt:llOn l'Of 

example. the expreSSIOn of high molccular wClght I11lcrotuhulc a'i.,oclated protclfI. 

MAP2. IS decrcased al'tcr axotomy of the hypoglo".,al Iluc!ell., 01 the adult rat 

(Svensson and Aldskoglus. 1992). Armstrong ct al (1991) Il,>cd /11 \/Iu 

hybndizatlOn to show that transcctlon or crtl'ihtng 01 the hypoglo.,.,al IIcrVt' cause., 

a decreased cxprcssion of choline acclyl tran~lera,>e rnRNA and an IIlcrcased 

expression ofnerve growth factor (NCir) receptor mRNA 

The most drasllc consequence ofaxotomy. ncuronal death. has heen 

documented 111 man)" "ystcms. In thc pcnphcral ncrvou:-, "y'>lem. neuronal 10.,., • ., 

not severc: Devor ct al. ( 1985) calculated the rate of pnmary .,ell,>ofY neuron IŒ~ 

after SClatlc nervc lesion as W~I pcr 100 pmt-opcrallvc day., ln the (·N~. <.:cll 

death arter axotomy IS morc pronounccd. Neuron ... In the rat mcdla! .,eptum and 



• 

• 

('h 1. In/mt/ur llon 5 

vertical 11mb of thc diagonal hand of Broca undergo cell death after the fimbra­

formx 15 transe<.:tcd. )uch that 2 weeks after InJury, 50% of the total neurons (70% 

of the choltnerglc ncurom) are lost ln the medial septum and 30% of the total 

ncurons (40% of the chollnerglc neurons) arc lo~t ln the vertical limb (Williams et 

al, 1986) and 4 \vech after InJur) 50% of the cholinergic neurons are lost from 

hoth ~tructurc<.j (Beftl. 1986) 

These rcsponses to axotomy are not uniform after every in jury, but are 

influcnced by many varIables. fhese influences will be discussed in Section C 

and will he addressed in this thesls. 

8. Responses of Non-neuronal CeUs to Neuronal Injury 

The effects of ncuronal damage are not restncted to the neurons themselves. 

The glial clements of the ncrvous system. both macro- and microglia. as weil as 

the Immune ~y'.;tem clcments. especlally macrophages. are active components of 

thc cvents that follow axon inJury ln this section, 1 examine sorne of the 

rcsponses of macroglia. mlcroglia and macrophages to PNS and CNS in jury. 

1. Macroglial Rcsponse 

The morphological response of macroglia. including Schwann cells. 

astroeytes and oligodcndrocytcs. to neuronal injury has been extensively examined 

(Thomas. 1970: RafT ct al. 1987: Reier. 1989). However. more recent 

1I1vcstlgatlons, fOCllslI1g on the molecular glial response. have indicated that glial 

cclls arc capable of ~upplying growth factors to injured neurons. 

A \.on IIljury resliits 111 hypertrophy of astrocytes and an increase in their 

content of glial flbrillary aCldic protein (GFAP). This phenomenon has been 

dcscribcd in many systems. including motoneuron transection (Kreutzberg et al., 
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1989) and the astrocytes and Millier eclls of the retina after 0;\1 transectlon (Miller 

and Oberdorfer. 1981). In motoneurons. capahle of rcgcncratlOn aftcr inkrruptlOll 

of their axons 10 the PNS. this initIai astrocy!C rcsponsc IS "-nm\n as the l'arly 

response. occurring appro\.lOlatcly two da) <; al ter IIlJun and 1<; followed by a 

delayed astroeyte reactlOn that IS charactefll.l'd h) thl' rcshaplllg of l'l'II pl'OCCSSCS 

to fonn long extensIOns (Graeber and Kreut/bcrg. 1(90) ln the ('NS. astrocylle 

hypertrophy and prol iferatlOn ereates a ma~s of astroc) tes at the ~Itl' of "\Iury 

called an astrocytic scar. It has been suggested that thl<; astrocytlc giiosis IS 

inhibitory to axonal growth (Reicr. 1983. 1989) I-fowe\'er. the roll' of astl'Ocytll' 

gliosis after IOJury is not clearly defincd. 

ln the PNS. Schwann cells have been prop()~cd as an c<;<;cnlIa1 compol1cnt 111 

the supply of NGE Sciatlc ncrve inJury rcsuIts 10 the l'xpres~lOn of N( il· and the 

NGF low aftimty receplor by Schwann cclb Cfallluchi ct al, 19X6. Ilcurnann ct 

al., 1987b). The target of lhls NGF \vas aS~lImed tn hl' the IIl.JlIred Ilcuron 

However, the sensory neurons decrl'ased thelr productIOn ol N( JI' rceeptor\ alter 

axotomy until regeneration \Vas completed (Rmvlch and Kreutlherg, 19Ki) 1 hl\ 

reduction in receptor expresslOll 1<;; accompuml'd by a dl'CreLl\C III Ihe a:--onal IIplake 

and retrograde transport of NGF alter axotomy (Ralvleh ct al, 1 <)91) '( he se 

authors suggest thal the denervatcd Schwann ccII<, may hl'come the targel for the 

large amounts of NGF produced after II1Jury, 

In the CNS. astrocytes are also rcported 10 producc growth factor~ ln Vitro 

and in vivo, indicatlllg that gliosls after IIlJury may not hc Illhlbltory l'urukawa ct 

al. (1987) reported the production of N(jF a~s()Cialed \VIth ccII growlh 111 ct:Jturcd 

mouse astroglial cclls. Vigé and col/eagues (vlgé ct al, J<)91. Carmen-Krzan ct 

al., 1991) showed that NGF \leCretlOll and NGr mRNA cxprC\\IOJl hy nl'onatal rat 

cortical astrocytes was upreguJated by the applicatIOn of 1 ntcrlcuklll-i (f L- J ) or 
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ha"lc flhrohla\l growlh fat.tor (hHiF) 10 the: cultures, Rudge ct al. (1992). showed 

the cxprc~si()n 01 N(a·, cJliary ncurotrophlc factor (CNTF), brain dcnved 

nCl/rotrop~ ic factor (HJ)Nf~) and ncurotrophln-l (NT-3) mRNA III cultl/red rat 

hlppocampal a"trocyle'i Baldllt ct al . (1991) reported that 111 \'i\'O N G F 

immulloreactlvity 01 a..,trocy le" wa ... Increa~ed aftcr destruction of hippocampal 

Ilel/rom Ba ... lc Ilhrohla..,t growth r~lctor (hHJ~) \va~ aho round to be produced by 

a..,trogl"t1 ccl!'> III l'ilro (Arau.J0 and Cotman. 1(92) and immul1ohi..,toehclmeally 

Idelllitïed 111 a..,troc) le.., III \'I\'n «-<errara ct al. J988: Hatten ct al.. 1(88), ln the rat 

ON. 1.1I ct al (1991) 100md an X-I'old Increasc ln Nfa· cxprcs<';lOn after enucleation. 

'l'lm. f{.· ... p()n~e mu..,t be non-neuronal sinec there arc no neuronal ccII bodies in the 

ON 

Thu ... , III hoth Ihe PNS and CNS. glial eclls respond to axonal injury by 

morphologleal and ll10lecular changes and play an important role in dctermining 

the avallahillly of growth factors although the target of these growth factors has 

Ilot bel'n dcterlllll1cd 

2 Macrophages and Mlerogli:! 

1 Il.l 1If) to Ihe Ilervou'\ system, as III any other tissue. may result in an 

illll11l1llOloglcal rc"ponse ..,uch a~ mflammation, The CNS is characlerized as an 

iml11unologlcall) pnnlcgcd ~ilc. but th, ... lcrm rerer ... more 10 the intrinsic leveJ of 

immlllll' compollellh ratller than Ihe abillty to aelivate an immune rcsponse, 

Reccntl). macrnphage-, ha\ c hcclI reeogni/cd a:-. important eomponents of the 

C\'Cllt ... that follO\\ <l\oIOITI) 111 thl' PNS and the role of invading macrophages and 

nllcroglla. the re~ldent brai Il macrophages. in CNS deg,:nerative events is 

bl'gll1/l1llg to hl' c1uCldatcd 
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Macrophages and microglia are tno compom'nt~ of the monolllu .. 'kar 

phagocytic s)'stem and both hm c becn rC\lC\\ cd e'tcn ... nct) (Nathan. 19R7, 

Johnston, 1988: Perry and Gordon. 1988: Papadimitnoll and Ashman. 19X9: Sln.'lt 

et al.. 1988: Thoma~. 1(92). Theil' functlOn" IIH:lwk man~ ""Pl'd" of hpid 

metabolism. regulatlOn of gramlloe) te and cr) lhro(') te poob, hO'>l dd'cn,>e agalll ... t 

microorgani-;ms, wound hcaling, hO'>1 dden~e agalllst nl'opla~1ll and ,,('(:\'l'Ilglllg 

(Papadimitnou and Ashman. 1989) They ~l'Crl'((.' O'olT onc hUlH.Irl'd lhffl'rcnt 

substances, including hormones, growlh factor .... compk'"ll'nl compOlll'nts, 

coagulation factors, cnl.ymc'i, l'l'II matrix or ccII adhe~ion prolt'IIl~, IIpid. rcacllvl.' 

oxygen and mtrogen intermedia!es (Nathan, 19R7). Thcsc part'al !t"ts of funcllon" 

and secreted factors indlcate the complcxlty of Ihese l'cils Theil' roll' III thl' 

nervous system, c'ipecially artel' in jury, ha~ rccenlly heen the focu" of many 

neurobiologists and the accumulatlng data 'iuggcst~ that filey arc important 

determinaots of the neuronal rcspon'ie to inJury 

In the PNS, compared 10 the CNS. the removal or dehn'> Ifl the dlslal a1\OIl 

stump is complcted very qu;ckly (perry ct al., 19X7). In thc ,>ctatic I\CrVC, artcr 

transection, macrophages arc rccrllitcd II1to the di~tal ~tllmp wlthm thc 1-.r~1 :1 to ~ 

days, phagocytoslng myelin dcbris Heumann and c.o!J\:·!glle .... ( 19X7) reportcd Ihat 

sciatic nerve transection rcsultcd in incrca~eJ NG" ml<NA III Schwann ccII .... and 

fibroblast-like celb of thc di .... tal ~tl1mp Thi~ Iflcrca .... e oecurred 1 n two peak ... , the 

first was ohserved wlthin 6 hour ... of II1Jury and 1 ... reported tn hc Induccd hy c-Io.., 

activation (Heumann, 1990) The 'iccond peak occlIrred hl'twccn the ..,econd and 

seventh day after lran~ccti()n. Thl ... 'iccond peak 1 .... Induccd hy macnJphagc ... that 

ecrete IL-I (Heumann ct al, 1 987h; L/Ildholm ct al, 1 9X7. HClImann et al , 

1990), promptmg Schwann ccll~ lo llprcglllatc the exprc~..,\On or N(iI~ and N(iI­

low affinity rcceptor (Heumann, 1987h). Following the remnervatlOn of the 
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IItump, the Icvel of NGF rcccptor mRNA decreases In the Schwann cells (Taniuchi 

ct al., 1988) and whcn the macrophages Icave the nerve stump, the levels of NGF 

mRNA return 10 nonnal (Heumann, 1 987b; Johnson ct al., 1988). 

The rclatlOn~hip between macrophages and NGF production in the PNS is 

sub\tantiated by observatIOns m the C57BUOla mouse by Brown et al. (1991). 

Thesc mlce display very slow Wallerian dcgcneration (Lunn et al., 1989). Brown 

ct al. (1991) reportcd that cuttmg the saphenous nerve \0 the C57BLlOIa mouse 

rcsultcd In rcduccd macrophage rccruitment and near normal mRNA levels for 

NGF and Ils rcccplor. In addition, scnsory axons, ,,\hich depend on NGF. showed 

impmrcd rcgcncralIOn while motor axons, independent of NGF, showed normal 

regcncralion. Thus. In the PNS, macrophage invaSIOn is an important determinant 

ofaxonal rcgcncratIOn. 

ln contrast to the PNS, the role of macrophages and microglia in the CNS is 

less defincd. Microglia are the third most abundant ccII type in the CNS, after 

neurons and macroglia (Vrabac, 1970). Within the rabbit retina, microglia are 

reportcd to respond to ON transection by swelling, increasIng NADPase activity 

and transiently IncreasIng In density (Schnitzer and Scherer, 1990). Retinal 

mlcroglia, as IdcnlItïcd by OX-42 immunoreactivity, were found to phagocytose 

RGCs and rctain the retrograde neuronal tracer diI after ON interruption in the 

adult rat (Villegas-Pérez et al., 1992). Differences between microglial responses 

in the rat neonatc and adult were examined by Thanos (l991). The retinal 

microglial cclls lhat phagocytosed RGCs during developmental cell death were 

also present in the adu/t and \Vere responsible for RGC phagocytosis following 

axo!omy-induccd ccii dcalh. Aftcr transcctIOn of motoneurons, microglia leave 

thcir perineunal positions and migrate to the neuropil (Kreutzberg et al., 1989). 

They become actlvated microglia (proliferating but non-phagocytic), increase in 
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CR3 complement reccptors and express vimentin and major 11IstocoJ11patahilit) 

class 1 antigens. If degcneration results. for l'\amplc. l'rom application or ttu.' tO\ll' 

lectin from RIClIllH cOlfIllWI1i\. the microglia hecmill' hrain macr()phagl'~ and an' 

capable of phagoc)'tosi'i (Kreuttberg ct al .• 19X9) MI<:rog1ia. as illu!'.tratl'd h)' thCSl' 

examples. arc capable of undergolllg morphological. mo\cclliar and funl'tu)Jlal 

changes after neuronal in jury . 

ln tissues near the site of inJury, Illlcroglia an' difficult tn di'itlllguish t'rom 

invading macrophages lfsing reccntl) dcve10ped microgllal and macrophage 

markers, Milligan el al.. (1991) found thal in the dcvelopHlg hralll. vl'iual cortex 

lesions resulted in faster dehris clearing hy invading ll1acrophagl'~ and k~~ ~carnng 

compared to lesions in the adult. where primarily the 11lIcroglta re"rhllld l ,udwrn 

(1990). howcver, reported that ln the rat ON. Wallcnan <kgeneratlon afler 

enucleation wa~ characteril.ed hy dehri~ clcarance achlcved hy macrophage'i. 

microglia and to a small degree. oligodendrocytcs 

David et al (1990) sugge'it that macrophage'i may IInprove Ihe ON's 

permissiveness to axon growth afler in jury. They dctermll1ed 1/1 l'Ilru thal Ihe 

permissivcness of the arca near transection was aS'ioclatcd \Vith an ahulldancc of 

macrophages. In addition, normal ON.., treated Wllh actlvated macrophage ... 

became permissive 10 neuritc growth Macrophagc~ arc capahlc of ... tlll1ulating 

astrocytic gliosi~ (Giulian et al , 1(89) and a~trocylc ... arc known 10 ,>cerele 

neurotrophic factor~ (Rudge ct al . (1992) 

In contra~t, in the C57HL/OIa mou..,e, a ..,train of micc charactcn/cd hy 

impaired macrophage recruitment, the rate of ROC 10..,., after ON tran..,cction i.., 

slowed compared to rats wlth normal macrophage invasIOn alter IflJury (1 .unn cl 

al., 1991). Although the link betwecn thc laek of macrophagc.., and greatcr ccII 
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"urvlvaJ ha~ not bcen di.,covcred, this observation "upport~ the suggestion that 

macrophage" arc dc/etenous 10 R<JC ~urvivaJ. 

The mie of mlcroglia and macrophage,> in the CNS after in.lury is an arca of 

acti vc rc\c:arch At pre-;ent, no dcri n!l!ve role has been el uCldated but the data 

"uggc-;h that the)' arc potcntrally Important factor" m determining the rcsponse of 

CNS ncuron" to axon J/ltcrruptloJ1 ln the prc<,cnt "tudy. thc re-;ponse of non­

neuronal cc/b 10 optlC ncrve tran<,cction will be examincd to furthcr define thcir 

mlc III thc ('NS rc"'p()n~e tn JnJury. 

c. Variables that Influence Responses tD Axonal Injury 

The respon-;c. ncuronal and non-neuronal. tn axotomy is intluenced by a 

nllmbcr of vanable,>. includmg the anImai speeics and age. type of neuron, location 

and typc of Irl.lllr) (rcvicwcd b) Licberman, 1974). The specicr.; of animal is an 

lin portant dctcrl11l1lant of the t) pe of neuronal rcr.;poflSt·, especiall) ln thc CNS. 

('NS ncuron'. 01 mammal" "ho\\' -;omc evidcncc or ahortlve sprouting, but arc 

unahlc to rq!CIH:ratc alkr Injur) In contrast. CNS neurons in fish arc able to 

rcgcncrate and rc ... torc fllllction after axotomy (revil:wed by GrafstclI1, 1986), 

The age <1Jhe allllllal alr.;o influencer.; the response to ncuronal in jury For 

c,ample, Intraorhllal ON cru~h in nlicc results 111 more marked axonal 

dcgcncratioll 111 neonatcr.; \\ hen eomparcd to adults; 0 10 20% of RGCs (75-155 

/(1112) sun 1\ cd ID da) " alkr nconatal inJury \vhlle 20 to -JO % of RGC\ survivea 20 

da)s alkr 1t· ... 101l III the adult (Allcutt ct al , 1984), This responsc, knowl1 ao:; the 

(JlIddell l'trec!. nccur~ 111 l110st .;;ystems (reviewed by Llebcrman, 1974). 

The 1\ pc of n<:uro!l i" a third factor intlueneing the reo:;ponsc to neuronal 

ill.lury Neuron" of th<: mammalian CNS arc unable to regel1cratc while PNS axons 

in the .;;ame animal art' capable of regencration and funetional recover)' (Ramon y 



• 

• 

Ch. 1: InrroducllOn 1_' 

Cajal. 191",),). A stud) companng cclI dcath afh:r a\otol11) of dm ... al motor, agal 

neurons and hypoglossal neuron ... rc"ca\cJ that de'pite the U't.' of ... imilar pmto('ol .. , 

cell dcath \Vas grcater ln the doro;;al motor \ agal ncuron: 70'} and :!:;(Ït, (lI cl'II, 

\Vere lost 164 da)' ... after a\olol11) ~)f the dor.., .. 1 motor "agal and h) pogl{l\\al 

ncuron ... rc ... pccti\c1) (AI(hkoglll..,. 19XO) 

The location of the tn.lury along the Icngth 01 the (l\on al..,o dctl'l'Illlllc", tilt: 

nature and extcnt of the rcspome to II1JlIf) ln the CNS. tl1l' pattern of R( ,e 10\\ 

after ON interruption at four different dlstanCl''i l'rom !hl' l'yc ha.., hccn 111\ l''itlgall'd 

by Villegas-Pere/. et al (1992) l'he los.., nf ({(iC.., \\ a, morc ~l'\ ere al Il'r Il',lon.., 

c10ser ln the eye and the pattern of ccII lm, ... \\ a.., ,,1..,0 allncl! h) thl' k"d ni thl' 

in jury. Thi" observation i ... "llpportcd hy carher quantltallH' '.tlIdll'''' ni R(;(' 10 ...... 

(Grafstein and lngoglia. 19H2. Alkutt ct al , 19R·l, MI..,anlonc et al . l ')X·t. Barron 

ct al.. !986) A comparilion of the~c report... hCl' "'l'cllon I}) "1I~1!l''.h Ihat IH j(' 

loss is grcatcr after Il'sion" do<;e 10 the cyl' Solrcllll'\\' alld hac...,oll (l')XX) 

correlatcd the Im~ of cholinerglc cdl'> 111 the 'ieplllm \\'Itb the pro\ll11ll) 01 the 

neuronal somata to the Ics!on. Ic'ilons \Vltlllll 2500fli l l c<lu .... cd prunouilced cdl 

death «30~· 'iurvival). whilc Ic~ion~ over --lOOOJlIll :twa) (lld not (.';III..,e "l'vere l'Cil 

loss (>80% survlval). 

The type of inlury wa~ Je~criheu hy I.,eherman (197-+) a ... "perhaps the Illo .... t 

significant variahle dClcrmmll1g the chameler of the retrograde re~pon .... c" 1 hl ... 

statcment \Vas halied primanly on the re"'p()n~c of PNS ncuron.., III mammal.., a/ld 

PNS and CNS ncuron.., in l'mg.., and fïsh hecau'ie ln thc..,e Ill'uron.." thc t) pc 01 

in jury dctcrmine'. the ,>ucce<;<;,; of regeneration the morl' '-,CVl're Illlurfe.." 'd,ch " ... 

capping or ahlation of the di~tal nerve ... lIImp, whlc.h uo nol provlde a pathway lor 

the regcnerating axon gel1crally do not permit rcgcncratlon whlle Imcl cru ... hc.., or 

frcezing allow regeneration . 
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The rate of Wal/erian degcneration in the PNS has been determined 

following cut, cru~h and ligation of the c;;ciatic nerve in the adult mouse (Lunn et 

al, 1990) Degcncration proceeded more rapidly after transection than crushing. 

l'feeling of a large lenglh of nerve or prolonged ligature resulted in rapid 

degenerallOn, comparahle lo eut le~ionli. ('rush lesi()n~ where the perineurium was 

al'io cut opcn and the hlood <;upply damaged, and nerve ligature followcd by 

immediate IInlymg re,,>ultcd in ~Iow degeneration, similar to that seen after crush 

le.,ion The Huthor., "'lIggested that the continuing contact of the proximal and 

distal ..,lump" promoted ~Iower degcncralion. 

The Inn lIcnce of the type of in jury on responses to axotomy has not been 

extcnsivcly studled in the CNS. In lower vertebrates. Humphrey and col1eagues 

round <;Imilar proportion-, of ccII dcath after ON cut or crush in Rana pipiem 

(Humphrey, 19R7) and rt'porled that capping or ligation of the ON in the frog Hyla 

1lI00rei prevcnted rcgeneralion. caused a delay in RGC death and eventually 

resultcd III greater ccII death compared 10 ON crush. In mammals, there have 

been <;everal quan!ltative reports which examined RGC loss after ON eut or crush 

(Ciraf<;lcin ct al.. 1982. Allcull ct al.. 1984. Misantone et al., 1984, Barron et al., 

1986), l'lut no "inglc report has compared the hvo types of in jury. These reports 

arc de<;cnhcd in dl'lail in Section D. A comparison of the data reveals a trend 

tmvard gfl'ater RGC loss following ON eut compared to crush but the reports 

ca'lIlol he accuratcly cornpared due to the differences in the species, methods of 

producing thl' lesions and mcthods of determining RGC' counts. Mantz and Klein 

( 1951 ) qualitali \'cI) t'xamincd ROC loss after intraorbital Iigation and transection 

and dcscrihcd greatl'r ceilloss after transection . 
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D. Responses of RGCs to Axotomy 

The experirncntal system cxamincd in 1his thesis 1'; the rat \'isual system. 

The RGC has been utilizcd c\tensively for the investigation of ncuronal rcspou'>{'" 

to CNS in jury. This scction dC'icribcs prcvlOus e'pcriments pcrform{'d III tll{' 

rodent visual s) stem and highlights the major rcsults to provldc a bal'kgroulld l'or 

the present study. 

Several carly papcrs reported that in mammals, ROCs \Verc lost arter ON 

injury (Leinfelder (1918); Mantz and Klein, 1951. l-...ayrs, 1952, Polya". 1957: 

Stone, 1965: Lin and Ingram. 1973. 197-1-, Quiglcy. 1977: Raulu" and Anderson. 

1978~ Cowey and Perry. 1(79). Mant7 and Klein (1951). III a qualitative sttltl) of 

the retinal ganglion ccII morpholngy round tha1 R(i('~ wcre more "en<;ltlvl' 10 

intraorbital ON section than 10 ON ligature Lcinfcldcr (191X) and Manu and 

Klein (1951) rcported 1hat thc distance from thc "oma to the lIl.lllry IIlllueneed Ihc 

amount of ccII dea1h whilc Radius and Anderson (1978). ()lJIglcy (1977) and Lin 

and Ingram (1973, 1(74) c1aimcd tha1 thc location 01 the leslon dlo Ilot tnllucncc 

survival. 

In the past decade, several publications have cxamined quan1ltativcly Ihc 

loss of RGCs in the rodent visual systcm ancr ON tnjury (iraf~lein and Jngoglia, 

1982, AlIcutt et al., 1984, Misantone ct al., 19R-1- and Barron cl al , 19X6, V tllcga~­

Pérez et al.. 1992). Graf~(cin and Ingoglia (1982) dclcrmincJ the numner and "il.e 

of adult mousc RGes after intracranial ON cut. Thrcc day~ and (,) day" al'ter 

in jury. survival of RGes wa'i 80% and 5Wk rc'>pcctivc/y. The average "ol11a SII.C 

decreased hy 25% of control) day'i aftcr transcetion. but rcturncd to control valuc,> 

by 90 days. 

Allcutt and colleagucs (Allcutt cl al.. 1984) comparcd the I{(je 10\\ and ccII 

size after intraorbital crush in nconatal and adult micc. The ccII atrophy and dcath 
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wa~ greatcr ufter in jury in the neonate. In the adult, there \Vas an initial sharp 

dccltne until 20 days when 20 to 40% of the cells (75 - 155 ~m:) were present. 

Thi~ was followed hy a more graduai dccline until 80 days whcn 0 ta 20% of the 

RGes remallled 

Mi~ant()ne and colleague~ (Misantone ct al., 1984) examincd ROC density 

followlI1g mtracraOlal ON cru~h in the adult raI. They rcportcd normal ROC 

densltics in the first threc months after in jury but by 230 days after injury 60% of 

the 1~(iCs rcmaincd. Ccii size had dec\incd to 50% of normal 1 month after ON 

crush. (,hangc~ /0 RGC denslty and sile following IOtraorbitaI ON crush in the 

adult rat were investigated by Barron ct al. ( 1986) They reported a cell survi val of 

M t7t?, at 7 days, followed by il slow celiloss such that 32% of the RGCs remained 

at 6 months aflcr i njury. The cel f size decreased betwecn 28 and 90 days after 

injury. 

A comparison of thc loss of RGCs rcported in these four publications would 

suggest that eut in jury results in greaier RGe loss than crush in jury. However, it is 

difficult to asccrtain the accliracy of such a comparison since the species are not 

consistent and the mcthods for prodllcing the injllry (ie. type of forceps, number 

and Icngth or timc 01 crushcs) are not identical in each report. In addition, the 

rncthods used for identification of RGCs within the ganglion cell layer are not 

definit,,·c and may have resulted in the inclUSIOn of displaced amacrine cells that 

arc also located in this rctinallayer (Perry, 1981). In ail cases, morphoJogical 

charactenstics (ccii size. cell shapc, ultrastructllral observations) were used to 

idclltily RGCs Thcsc cntcna may n()t bc applicable following in jury to the cell 

when atrophy and chromatolysis occur 

A rceent IIlvcsttgation in this laboratory utilized a retrograde, fluorescent 

tracer, di 1. to cnablc measurcment of RGC densities without the error of incJuding 
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dispJaccd amacrine cclls (Villegas-Pérez ct al.. 1992> They quantitatt'd tlH.' paUl'ru 

of RGC loss after ON lcsions at dirferent distances from the eyc in adult rats ln 

addition to using an improved rncthod for RGC identification. R(;C dl'n .. itte .. \\'('rl' 

measured at Many times after in jury, l'rom 2 wct'ks to 20 months. prm'Ilhng a 

comprehensive report of the time coursc of R<iC loss. 

RGC loss 0ccuITed in two phascs' an carly rapid cd) Joss and a latl'I', more 

protractcd cell loss. The initial period of rapid RGC loss \\ a .. more .. c-vcn: artel' 

lesions close to the eyc than distal lesions, Two wCl'ks aftcr lIl.lury R( J(' dl'nsitic'i 

were 24.7 to :)8.5(~, of control for proximal (0.5'11m and:) mm l'rom tlll' cyc> and 

57.4 to 65.6% of control for distal (8 mm and 10 mm from the cyl') Il'slOn". 

RGC loss in the second pha~e. from 2 wcc"-" to 20 mon\h ... \\,a .. ..,Iow and 

protracted, such that at 12 months after inJury, RCiC dCINtlcs '\>l'rt.' 3.2 \057°;', for 

proximal lesions and ~O.4 to 200% for di'ital le..,ions. The olH,'-halr :--unwal times 

after intracraniallesions were approximalc1y 1 month and 6 ll10nths for IIllraorhltal 

and intracranial Jesions respectively. A small population (approxllnatl'I) y~)) of 

the RGCs survivcd for as long as 20 months after intraoroital axotomy This 

report cstahlishcd that the location of the in jury influenced hoth the ..,('venty and 

time course of cell death in the RGCs of the adult rat. 

The morphologieal changes which occur 10 the :-,oma after axotomy (le 

ehromatolysis) have also hecn exarmned in RCiC" aftcr inJury Barron ct al . 

(1986) describc disaggregation of riho'iomal rmette ... :) ln 14 day" artcr II1traorhltal 

ON crush, a dccrease in the numhcr of mitochondna and "lIght dccrea'ic" III 

nuclear sizc, Misantonc ct al (1984) al"o rcporlcd chrornatol)<,I" III IHi(':-­

following ON rntcrruption Thc atrophy of RC,(\ aftcr lfl.Jury 1 ... de"crihcd ahovc 

in relation to ccII death (Graf-;tclll and Ingoglra. 19X2, Allcult ct al .. 19X4, 

Misantone, 1984 and Barron et aL, 1986) . 
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Morphologleal responses that oeeur in the axon of RGes after interruption 

have aho neen inve~tlgatcd. Alleutt ct al. (1984) exammed axons within the retina 

and ON sturnp aher intraoroltal cru"h. Ten days after in jury, faseicles of axons in 

the nervc tioer layer of the reti. :\ \Vere thi.m\.!r than control rctinas, and sorne axons 

\Vere beadcd and fragrncnted Axons \Vere also observed growing aberrantly 

acros<; fi her ollndJc., and ln othcr retinal layer'). In the proximal stump, 10 days 

afrer mjllry, fa~eldc., of axons cither terminated at the lesion site or looped back 

into the rclm:.t 'J'h'rty days aner il1Jury the rnajority of axons in the retinal and 

proximal ~tllmp had dcgcnerated, out sorne of the remaining axons continued to 

display aherrant growth. The distal nervc sturnp contained degrading axons 10 

days afler inJury and by 85 days after in jury it was filled with rnyelin debris. 

Richard<;on ct al. (1982) dcscrihed rctrograde degenerative changes in the 

ON after Intracranial ON cut in the adult rat. One week afler transection, they 

observed an arca of central necrosls, contaming myclin debns and macrophages, 

that cxtendcd 3-6 mm from the cut toward the cyc. The peripheral area of the 

ncrve and the portIOn of the ncrve near the eye contained intact fibers. The 

retrograde degenerati\'e process occurred rapidly: 1 month after eut the number of 

myelinated a'.on" Illcasurcd 1 mm l'rom the eye de(feased to 10% of normal. After 

1 month, axon los" procccdcd more slowl)' ar i by 4 months the nerve contained 

mainly a~troc)'tic proeesscs. Kiernan (1984) described the axonal changes after 

intraorbital ON crush. In the proximal stllmp, qualitatIve decrcases in axon 

Illllllhcr werc obscrved l'rom the '1ccond wcck to the end of the study, 34 weeks, 

\Vhcn some <l'.ons relllaJI1ed 

Somc of thl' molecular changes that resllit from axotomy, including 

altcrations III RNA expression, protein Icvels and axonal transport, have also been 

rcported in the RGCs of adult rodcnts. A monoclonal antibody, RT97, recognizing 
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the phosphoryJated fonn of the heavy neurofilament protein is oftt.'n lIsl'd as a tool 

for visualizing the ROC tibers that traverse the relina. ln control wholcmounts. the 

RT97 immunorcactivity is rcstricted tn thl' axons Aftl'I' axot(lllly. RT97 

immunoreactivity is also oo~crved in the ~nmata of a small populatIon of R(i(,~ 

(Drager and Hoftmuer. 1984. Vidal-Sam'. PhD Thesis, Md,ill lJllIn'I'Slt). 1 99()}. 

GAP43, a growth associated protein, IS l.'xpres~l'd in RCiCs dUl'lng thl' Iwnod of 

deveJopmental axon growth Follnwing ON tran"cction dose to the cye of "duit 

rats, GAP43 immunoreactivity io;; ooservcd in a SUbpOplilatlon of R(J('~. This 

immunoreactivity is not ooserved after intracranial transections (l.o/.ano. 19RR, 

Lozano et al., 1987, Doslcr ct al., i 988). 

McKerracher (19900) investigated the rate of transport of cytoskcletal 

protcins after ON lesion in the adult rat. Onc wcck artcr cru"h the anlt.'rogradc 

transport of neurofilaments and tuoulin were slowcd whiJc othn protein\ wert.' 

transportcd at normal ratcs Thus, '\clccti vc altcrations in the axonal transport of 

cytoskeJetaJ proteins occur after ON injllry. 

Thc invc~tigation of changes in RNA cxprc~~j()n arter axolomy j" an arca of 

active research becallse thc molccular rco;ponseo; tn IIlJlIry haw not yct ocen fully 

characterizcd. The expression of growth factor'\ artcr IHiC Ifljury may he an 

important determinant of ccII survival. Lu ct al (1990) ~h()wcd an clght-fold 

increase in NGF expression in the ON of adult rah onc day aftcr cnllcleation, 

folIowcd by a decline to normal Icvcl~ hy one wcck Thcrc io.; no cvidcm;c, 

however, that NGF is a growth factor for RGC\ . 



• 

• 

Ch 1 InlrodUl'lion /9 

E. Modification of Responses to Neuronallnjun 

The fïr.,t requirement for regcneration of ncurons aner inJury is the 'iurvival 

of the neuron. In the CNS. thl ... rC{jlllrement i., often not met and ceJl death occurs 

after axon IIlterruption in many .,y ... tem... Recent expenmcnts which Interfere with 

the normal CNS state, ... uch a ... the in<.;ertion of rctal or PNS graft'i or thc 

applIcation of growth factor ... , have illu<.;tratcd the capacity of the CNS tn alter its 

re~p()nsc tn inJury. n:~ulting in a rcduction of cel 1 dcath or the regencration of the 

<.;evered axon:-.. 

One method <';lJcccs'ifully lIsed to cnhancc rcgeneration of many CNS 

neurons and decrease the cxtent of cc)) death after injllry is the attachment of 

peripheral nerve graft'i to a CNS tract (David and Aguayo. i981 ~ Benfey and 

Aguayo, 1982; So and Aguayo, 1985). The appo ... i lion of a segment of peroneal 

nerVl' to the ON at the back of the Cyl' rcslIlt'i in the rcgcncration of up to 10% of 

the RCiC population (Vidal-Sant et al . 1985) When thc PN graft i~ placed in the 

main RfiC target, the ..,upef/or colliculu~, ..,ome of the regenerating axons formed 

terminal arboritation:-. with pre- and po~t-"'ynaptic membrane 'ipecializations 

(Vidal-San/. ct al . 1 <)87, -"arter et al.. 1 988. 1 989). Electrophysiological testing 

iruJicall'd that ..,ol11e of the rl'generated RGC axons responded normally 10 retinal 

stimulation \Vith light (Klerstead ct al, 1985) and transynaptically activated 

superior coll Îl'ul U'i neurons (Kier'itcad ct al., 1989). 

Other CNS tissues capable of regenerating axons into PNS grafts incJude 

~ornat()scmor) (lknfc}' and Agllayo. 1981; Vidal-Sanz et al., 1984), motor cortex 

(Hm\'at and AglJ<l)O. 1(85), olfactor) bulh (Fricdman and Agllayo, 1985), basal 

ganglia (licnfl') and Agllayo. 19R2). thalamus and hypothalamus (Bcnfey and 

Agl.ayo, 19R5), hippocampus and amygdala (Aguayo et al.. 1983), brainstem 
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nudei (Aguayo ct al. 19R3: Muntl l'l al.. 1985) and spinal ('ord (Richardson l't al , 

1980,1982. 1984, Aguayo and DaVid. 1(81). 

Another approach 10 modificatIOn of CNS rt'"pOI1Sl''' 10 In.lllr~ !~ Ihl' ll\l' of 

fetal brain grafts al tlll' ,>,te 01 Ifl.lur) Hreglllan and Rl'Il'r (19X6) n.'pnrled lhal 

most axotomi/.cd ruhro<;pinal celb could he l't.'sclled h) IIlscrlmg !l'lai \plllai conl 

tissue (EI2-1...\.) Into !lmlthoraclc '>plllai cord !l'sIOn..; J\dull l'al R(i( '\ ITgl'll\.'ralcd 

after ON transection II1to 1-: 16 thalamu\ and tl'clUIll rdal gl al h, rorllling 

arbonzations and tcrminal vancosltic\. Thc'\c re'\ulh could 1101 hl' rcpltcatcd \\'Ilh 

laminin absorbed ln nitroccllulo .. e or an arliflelal ha\l'/llent Illclllhralll' 

(Hauscmann ct al., 1989). The effcctlveIlC\'" of pen pheral Ill'rVC and Idal grafts 

may be attributed 10 the avallahlhty of gnm th I<H.:tm~ alld good \lIh~trall'" lor 

gro\Vth, indl/ding the non-neuronal ccll\ and exlracdllliar main x 

Growth factor applicatIOn is another Illethod lhed 10 rcdllCl' neuronal dcath 

and promotc rcgencratlon afta CNS inJury N(JI· cau-.l'~ a rcdu('{lon ln Ihc (kath 

of sympathetic nellrons (Kor<;chlllg and 1 hocllcn. 19X3) Ccntral chollllcrglc 

neurons can be re~cllcu hy IntravenlnclIlar N(il· (llcltl, 19X6, Krolller, JC)X7: 

Montcro and Hcfti. 1 9RR: William~ ct al., 19X6) or hy \ccrctlOn ul N( a· l'rom Ilon­

neuronal cells gcnetically cnginecrcd tn producc NG}, (R()~cllhcrg ct al., 19XX) 

Intracerebral infusion of NG~ Imrrove~ rctcntlon of ,>pattal menHlry la\k\ and 

partly revcrsc~ atrophy of choltnergl<': ccii \ III agcd rah (h ... cher, 1 9X7) J\ 

combination of NGF InfusJOJ1) and thc ImcrtlOll of l'ctal hlppocarnpal gralh 

resultcd in m(}rc extensi ve rl'lnnervatton 01 thc 1c\lOncd \l'pto- hl ppocarnpal 

projection than elther trcatment pcrformed \eparatel) nlh/)'l1\kl ri al, 1(90) 

Fibroblast growth tactor (HiF) 1\ capahle of partlally rc ... cllln1-' I{(j( '\ alter 

ON eut by application of the growth factor to the ()N ,>tllmp (Slever ... ct al. 19X7). 

Cholinergic neurons, in addition 10 bClng rc')cucd hy N(a·, arc rC\<"lIeu by Hil' 
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after fimbria fornix le'-;Ion in the adult rat (Anderson ct al.. 1988), CNTF has also 

been rcportcd to Influence ncuronal rc~ponscs to in jury by preventing motor 

neuron degcncratloll III the ncwhorn rat (Sendtner ct al.. J 9(1), 

l he ... e cxampJc" of growth fact()r~ re ... culllg axotomllcd ncurons suggcst that 

neuronal wnlvall ... Illtllnatel) Imkcd to the availablllt} of growth factors. It has 

bcen ... uggc'Itcd that neuronal death 1" caw.cd by growlh factor deprivation in sorne 

casc~ (revlewcd hy Oppcnheim, 19(0) 

Anothcr l11ean ... of mnclIfylllg neuronal responses to lJ1.1ury \Vas rcported by 

I{lchard ... on and "'"a (19X4) One hu 'cd-fold greatcr nllmbers of rat dorsal root 

ganglion central axoll" rcgenerated at a rastcr rate when penpheral branches \Vere 

cul. Thl:-' IIlcrca.,c III rcgcncratlOn \Va ... inOucnccd h)' thc dl "tance bct\veen the 

soma and the "Ile or pcripheral l'ut. increascd dl')tanccs rcsultco III a "maHer 

rcgcnerativc resp()n~c (Richard"on and V crgc, 1986), The application of 

cokhiclIlc or nene crtlsh could not produce a slmtlar IIlcrease in central 

rcgcneratlon (I{Jl'hardwn and Vcrge, 1986), Howcver. the InjectIon of 

Cor\'lleha('/ena IJan'lIIfI to provokc an innammatory rcspon"e did enhance 

rcgcneration (Lu and Richard~on. 19(1), Although dcterring the glial proliferation 

indllccd by a\'.<ltomy did Ilot reducc the regeneration. the authors suggcst that the 

non-neuronal ccl/" in the dor"al root ganglion may influence the regenerative 

rcsron~e'i of the~e ne lirons after IIljllry. 

The ~lIcce'isrlll lise of periphcral and fetal grafts, gro\\tth factors and 

(,:onditionlllg I<.-..,Ion" ~lIggc"t.., that ncurons. if given the corrcct stimulation, can 

~urv" c a\otol11\ HowC\ cr, thesc techni4ues arc unable to rcselle the entire 

populatIOn of H\'.ot01l117Cd ncurons This limitation ma)' rcsuIt from an msufficient 

~lIpply of the ncccssary factor(s), the inahility of ail of th,' neurons to receive the 
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aid (ie. proximity to the graft) of the existence of suh-populations of Ill'urons that 

have different requirement" for survival. 

II. MECHANISMS OF NEURONAL DEA TH 

Thc cellular and molecular mechanisms of l'l'II death arc, at prescnt, not 

fully undcrstood. Somc information has hccn gainet! rrom "Itlldll'~ nI' 

dcvclopmcntal and II1jllry-indllccd ccII dcath in thc l1erVOllS "Iy"ltcm The ... c studics 

suggest that the morphology of thc dying nellron i~ Ilot untfonn, hut depcllds, in 

part, on dirrercnccs in mechanisms that lead to ccII dl'ath The two llIé11fl form'i of 

cell dl'ath based 011 the morphological aspects of the dying pron· ... ' are apopto~i~ 

and nl'crosis (Wyllic, 1981) Apopto<.;i" i.., charactcI'Il.cJ by a prugre'islv(" Ims of" 

cciI volume and chromatic condensatIon while nccrosl'i IIlvolve ... cellular cdema. 

plasma membrane rupture and leakagc or the ccii content<- ft i, not "-nown, 

however, if differcnt morphological "rorms" of ccII (Jcath, such a ... apopto"'I"I and 

necrosis, sharc sorne of the ... ame hiochcmical and moll'cular events 

A. Developmental and Injury -Induced Neuronal Death 

The neuronal dcath thal occur'i aftcr in jury and during dcvelopment ha, 

been extensively ... tudicd and our prc'icnt under-,tanding of the mcchanbm-, of ccII 

death has stemmcd predominantl)' from thl'> rc,>ean;h The factor.., whlch inflllcnc(~ 

and modify injury-induced ccII dcath have heen dcscnhcd Ifl prcY lOti'> ,>cction,> 

(Section 1. C and E). Dcvclopmental ccii death 1'> link...,d to factor ...... tlch a.., target 

tissues, affc re nt ... , hormone'i and Intcraction with non-neuronal cciI... and 

cxtracellular matrix componcnts (rcvlcwed hy Oppcnhcim, 1991) . 
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Oppenheim (1991) argues that developmental cell death in vertebrates, 

t.:nlike invertebrates, is not likely to be entirely genetically programmed, but is 

influenced by many external factors. Due to the coincidence of cell death with the 

initiation of synaptic connections, cell death in the vertebrate is often attributed to 

intcraClIon"l wllh the target tissue or with afferent inputs. The role of the target 

tissue in influencing œil dealh was proposed at the Ume of the discovery of NGF. 

Early experirncnts showed that the size of the NGF-producing target determined 

the extent of devclopmental cell death (Oppenheim, 1981, 1985; Hamburger ~md 

Oppenhcim, 1982; Lamb, 1984). However, the amount of size increase or 

decrease of the target did not always directly correlate with the effect on cell death 

(Farel, 1989; Lamb, 1980), suggesting that the control of cell death was not 

restricted to one factor. 

The afferent input is a second factor that is an important determinant of ceU 

death. In the cochlear nuclei of the rat, a reduction in the afferent input before or 

during ccli death results in increased neuronal death (Trune, 1982). This relation 

to affcrent input IS also cvident in many other systems including the rat retina 

(Linden and Perry. 1(82) and in the marsupial cat superior colliculus (Crewther et 

al., 1988). Dissociated neonatal RGCs in vitro are also dependent on afferent 

input; blocking synaptic activity by applying tetrodotoxin or low-Ca2+fhigh-Mg2+ 

medium rcsulted in cell death (Lipton, 1986). 

Neuronal actlvity may also influence neuron survival. The blockade of 

ncuromuscular actlvity in the chick embryo during the period of normal 

motoneuron death rcsulted in increased neuron survival (Oppenheim, 1987) which 

does not appcar to he related to a retardation of motoneuron differentiation 

(Oppenheirn ct al.. 1989). This phenomenon has been observed in other systems 

(reviewed hy Oppenheim. 1991). 
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Honnones have also becn implicatcd as determinants of lk"dopnwntaln'II 

death. Thyroxin regulatcs the onset and rate of natlllally OlTlIITlIlg motoncuroll 

death in the [rog spinal l'oro (Kollro'i, 1(81) whcrc lowcr k\ l'I ... lk'n'l'aSl' l'Cil lm ..... 

In the moth. A1anducli \('.\1(/. ccdystel"Olo hormonl':-' control thc tlllllng and 

initiation of the degcneration of a 'id of Illotollcuron'i and tlll',,' t~ .... gct IllUSdl' 

(Trueman and Schwartl. 19X4) ln thc rat. ~C\lJal dlmorphl ... m III the "'plnal mldl'I 

is controlled by androgens (Nordcen ct al. 19X5). \\hlch an' abo n ..... pon ... ihlc lor 

sexual dimorphism in other neuronal types (revlcwcd h) Oppt'lIhc 1 Ill. 1 ()l) 1 ) 

ln imertchrates. ncuronal dcath IS gl'Ilcrall) genetlcally progr:lI11llll'd ln 

the nematode, C e!egal1\. ccllirneagc'i arc ... tm:tl) control/cd ~t1l'h that certain l'dl" 

always undergo dcgeneratlüll and ccII dcath (lIonlt/d al.. Il)X2) Thc genetll' 

control of this ccII dcath is dcmonstratcd hy the CXl:-.tencc of mutant .... Irkc n'd ., 

and ced-4. in which ail normal ccII dcath i~ prcvcnted (re\ lewed by ()ppcflhellll. 

1991). 

Glia and thc extracclllllar matrix may al"o he IIlvolved in the dctc:rllllflallOn 

of developrncntal ccII dcath. Recent reporl<, rt" caled Ihat trophlc 1 actor~ and 

trophic-likc effect ... can be uerivcu from glia and the cXlraccllular maln\ (J AploJl. 

1986: Walicke. 1989: John~()n ct al., 19R8. Rudge. 19t>2) Il trophlc factor 

deprivation i~ one cause of dcvclopmental neuronal death. the glIal and matnx 

elements, in addition to the larget ti..,..,lIe. may he Hlvolvcd III medlatlll;! thl" dealh 

(reviewed by Oppcnhclm, 19(1) 

This overv icw of the factor", that Iflfluence devcloprnelllai ccII dcalh 

suggests that. like in jury-indu l'cd ccII death, il J~ a cornplex phc:nomelloJl The 

many factor~ that Influence l'l'II dcalh may Inulcate thal Ihere arc multiple 

mechanisms or ccII ueath ln contrast, therc ma} he only a ~lJ1gJc rnecharmm. 

which is controlled and infl ucnccd hy a varlet y of factor" Some of the 
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biochemlcal and molccular evcnts leading 10 ccII death during development and 

alter inJury arc examincd in the following Section. 

8. 8ioehcmieal and Molecular Mcchanisms 

The moJccular and biochcmical basis for injury-induced and developmental 

ccii death has also been invcstigated. At present. the mechanisms arc not fully 

understomJ, hmvevcr, certain cvcnt') and molccules are known to be involved in 

the proccs~ of ccii dcath 

Several Ions have been implicatcd in the process of cell death. including 

sodium. potas'iium and predominantly. calcium. Extracellular sodium and 

potassium arc known to be nccessary in the tirst phase of neuronal damage after 

ischemm, \Vhen the neuron swells immediately after the injury (reviewed by Choi, 

1988a; Choi and Rothman. 1990). The second phase of neuronal damage aftcr 

ischemia, dclaycd untll 48-72 hours after the in jury , involves the disintegration of 

the ccII and dcpcnds on the presence of extracelllliar calcIum (Choi, 1 988a). 

The importance of calcium IS not restricted to ischemic damage. Orrenius 

et al. (1990) de~cribe the role of calcium in toxic and programmed cell dcath and 

examine the possible methods by which calcium could dctennine ccII death. In the 

normal ccII cytoplaslll, calcium levels are maintained at a very low concentration 

(IO-7M) cOJ11pared to external Icvels (IO-3M). Calcium iS also storcd 

intracellularly and the concentrations are maintained by pumps, most importantly 

the Ca2l-, Mg2~-A l'I)ase'i in thc endoplasmic rcticulul1l, mitochondria and the 

plasma memhrane. To\ie chcmicals and their reactive metabolites inhibit calcium 

transport sy,tcms in the endoplasmic retleulum and mitochondria, causing calcium 

to be rcleascd t'rom intracellular stores (Orrenius and Bellomo, 1986). During 
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apoptosis In the immune "ystcl11. slIstatllcd. 1.'11.'\ atcu Ca~ t. callsed b~ an inllu\. 01 

extracellular calcium. is a cnllcal cvcnt. 

Thc mechanism of ccli dcstructlOn after calcium !creis han.' been rll'\ ated, 

is relatcd to dlsrupllon 01 the cytoskcIetalllet\\'or'" ,mu Ihe ullcorllrol1cd :tcltvatton 

of calcium depcndcnt catabolrc eru)'mc:-- Increased !c\'eb 01 C.IICllltll CIU ... l' 

cytoskeletal disruptioll b~ the dl~soCtatIOn of tllicrolï lament... 1 mm ,II pha-acllll, Ihl' 

activation of protea~e!'> that deave actlO-blmi!ng prolelll'>, therrl)~ Il'mm mg thc 

anchor bct\Vcen the plasma membrane anu the cyto,,"'cleloll (o\ldatl\ e '>Ire ... " 1 Il 

platelcts. Mirabclli ct al.. 1989). and the actl\'atlOll of trall"gllltalllrlla:--l'. c:tu ... rllg 

cytoskclctal altcrations (e g .. IIver l'clis lIndergorng prograrnrned l'dl dealh l·e~lI"'. 

1989). 

The activation of catabolic cnlymes by cIevated GIICllIlll II\vol YC'" 

phospholipascs. rcsulting in membrane lipl(j breakdown and Ihe gC/lerallo/l ()I 

toxic metabolites. ncutral proteases (cg. tOXIC 1I1Jllry in hepal<lC}IC", Nlcolcra cl al , 

1986). and endonucIcases that cleave DNA 1(110 oirgollllclco ... otllc-Icllglh Iragmcllh 

(thymoeytes. WyllIe. 1980: Me( 'onkc)' cl al.. 19XX, liver ccii .... Ilrblllo cl al , 19X9) 

Thus. the conscqllcnce~ of cIcvaleo calcium arc ... evcrt', alld ma)' he 

involvcd in devclopmenlal and tOXIn-lllduccd ccii dcalh III Iloll-Ileuronal l'db 

Reccnt report!'. also Implicatc calcium rn ncuronal l'l'II (Jcath Korke and 1 anah 

(1990) show cd lhat therc I~ a correlatIOn between 1/1 \ïfro ... ympalhcllL ganglIOn 

cell survival and concentratIOns of intraccllular calcium ùunng N( il· depnvatlOl1 

In addition. Rich and Hollowcll (1990) rcported that tlunanllne. a calcllHlI channel 

blocking agent protect~ embryo/1lc ,,>en~ory dnd ... ympalht:lrL ncut"On"> lrom ccII 

death by NGi" d<:pnvatron. Howevcr. the hlgh conccnlratlOll reqlllrctf lor lhl'> 

effect suggcsts thal the Ilunanlinc I~ not actIng a,> a calcrum channel hloder AI 

high concentrations, it IS able to pcrform other lunctlon\ ... uch a ... the InhlhltlOn of 
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calmoduhn (Rich and Hollo\\lcl:. 1990). Thc~e reports mdicate that, at least in 

l'llr(), growth factor <Jcprivation-induccd ccII death may bc related to calcium 

Icvc/<'. 

A xotomy-induccd ccII death ma)' also be rclated to calcium Icvels. 

Strautman ct al (1990) rcportcd that calcium levcl'i ri~e in the axons of transected 

... pinal <lxom Tccoma ct al (1989) invcstigatcd the effect of N-methyl-D­

a ... partatc (NMDA) antag()JlIst~ on thl' neuronal degcncration that follows 

mcchaJllcal damage ln vitro The NMDA antagonists, dcxtrorphan and D-2-

ami no-5 phmphol1m alcratc. protected fetal neocortical celIs from degenerativc 

change ... , "'lIgge,",ting that cxcitatory ammo acids, acting on NMDA receptors, 

rt''''lIltlllg in Jncrea~ed mtracellular calcium, may partictpate in injury-induced ccli 

death. 

The rclationshlp betwccn cxcitotoxin-induccd ccII death and calcium levels 

I~ Ic<;~ clear Man) report,> suggest that excitotoxic ccII death is mediated by 

calcium cntry throllgh NMDA-receptor'i (MacDermott ct al.. 1986; Siesjo et al., 

1989. Choi. 1990: Pau\\'el'i ct al., 1991). Michaels and Rothman (1990) found that 

the cxcitator) amino actd. glutamate. mediates ccII toxicity by receptors such that 

an NMDA antagol1l'it (MK-801) blocks the neurotoxic effect. Ho\\ever, only a 

poor correlation \\a ... found between the calcium concentration and ccII dcath. The 

rok of calcium in c\citotoxic ccII death is also supported b) the observation that 

the prc<;cncc of calciul11-hinding protcins. such as calbindin and parvalbumin, 

decrea~l' the sllsccptihilit) of thcse ncurons to cxcitotoxic amino acids (Weiss ct 

al.. 1990. Mathon ct al , 1(91) 

In addition to lon<; <;lIch as calcium, genc cxpression and protein synthesis 

ha, l' aho hccll dl'lcrmincd to bc required for sorne instances of cell death. 

Oppcnhcim (1990) found that inhihition of protcin and RNA synthesis resuIted in 
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decreased 1) developmcntal cell dcath, 2) ccII ucath (,'all~t'd h~ 11mb nud n.'111 o\'al 

and 3) ccli ueath duc to periphcral a\.otomy in Chll'" motnnellrons Thuo;, 

developmcntal. target derl\ cd growth factor ueprl\ ation- IIldul'l'd and a\otol1l~' 

induccd neuronal death appear to rcquire aelt\ e gl'IlC l'\.prCO;"101l ,lIld proll'in 

synthesis (OppenheuTI. 1990). Scott and Dm It·S (1990) reported a ..,imllar 

requircmcnt for protcin s}nthc~l" dUflng the l'l'Il death of "\.'I1"Or), and 

parasympathetlc neurons after NG F depri\ allOn Then.· ma) ne a connet'lIon 

between the induction of gene cxpre"'iion and calclUlll ln ch. Shcng CI al. ( 19(0) 

reported that c-fos e.xpres~ion i~ calcIUm dcpendcnt. 

The e'pression or regulatlon or certain protclIl~ has also oeen associatcd 

with ccII dealh in ~omc systems. Pnlyllbiqllltlll (,'xpre""iol1 IIll.TCaSI.'''' al the 

commencement of intcrsegmental mu..,c1c degencration III Al(//ul/ll'(1 \(:'.\/ll 

(Schwartz et al., 1990). This e\.rrc~~J(H1 1 ... dclaycd whcn the degl'fIl'ration I~ 

chemicall} delayed. Polyubiquitin i.., involvcd ln targctlllg intrat'c1lular protein" 

for degradation (Schwart.l ct al., 19(0) Nacglc ct al (1991) rcported that the 

commencement of devclopmcnlal ccii <.!cath III Ihe "lIhplalc nClIron.., of Ihe cerchral 

cortex is as,>ociatcd wlth increased levcb of a 56 kDa protelll, a.., as"e..,..,cd hy 

immunohistochcmistry. In regard to neuronal <.lcath lollowlIlg tht, rClllovaJ of 

survival fa("tors. In addition to thl' rolc of gcnc cxprC..,..,lon, the reglllatlOlI 01 ..,cveral 

en..lymcs have hcen a~'iociated \Vith thc ... c procc..,,,e..,. Ru"cn ... telll ct al (1991) 

reported that thc death of PC 12 ccl b 1'ollm\- mg "crum -cmoval Gill he attcnuated 

by adding a vanet) of agcnt~. Includll1g for<;kolin, pcrrncant cyclH.: adCflO..,lIle 

monophosphatc (cAMP) analog'" or in~lIlin The action 01 thc,>c îtf!cnh appcar.., to 

involve thc reguJation of protein kina ... c actlvlty, ..,uggc,>tlflg that protei" klJla..,e.., 

may play a role in the preventIOn of ccii dcath Thc 10 ... .., of "'yrnpalhcllC ncuron ... 

by thc process of apopto'iIS III l'ilro duc to NG}' dcpnvatlOn can he prevcnlcd hy 
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adding NGF very late after the initiation of ccII death, at a lime when protein­

Io)ynthe~i\ inhihJtor~ arc no longer effective (Edwards ct al., 1991). This rescue is 

mimlckcd hy the additIOn of aurintricarhoxylic acid, a suppressor of endonllclease 

activity (Hati\tatoll and Greene, 1991). This observation suggcsts that 

endonuclea\c, an cn/ymc that Cllt~ I1NA into fragments whose size" are multiples 

of 1 R5 kDa, may he an elo)")ential component of the later events in growth factor­

deprivatlOn mcdlated neuronal death. These reports indicate lhat the cxpression of 

certain proteins may he crucial in thc proeess of ccII death. 

c. Morphological Correlates of Cell Death 

ln addition to dctcrmining the biochemical and molecular events that lead to 

ccii dcath, rc~earcher ... have attempted to cJassify neuronal death according to the 

morphology of the cells a-; they arc lost Morphological classification may reflect 

the eXistence or different ba ... ic mechanisms of ccII death as the molecular and 

morphological changes in the ccII occllr in tandem. 

Kerr and Wyllie (Wyllie ct al., 1980, Wyllie, 1981; Kerr et al., 1987), 

distinguish two general morphological classes of ccII death: necrosis and 

apoptosi~. Neerosi~ I~ charactcri/cd by cellular edema, rupture of plasma and 

nuclear nH.'mbranes and Icakage of cellular contents. This type of ccII death is 

gcncrall) a~sociated \Vith traumatic injur). The cellular events whieh may be 

IIlvol"ed incJuol' interfercnce \Vith mitochondrial oxidative phosphorylation, cell 

membrane damage and disrllptwn of transmembrane transport (reviewed by 

Tr!'mp ct al., 1 9R J, Dcan, 1987). 

Apoptosl" IS characterized by a progressive loss of cell volume, and 

chromatic condcn~ation (Rursch ct al., 1990). Cells undcrgoing apoptosis scparate 

into memorane - bound fragments that arc rapidly phagocytoscd. Bursch et al. 
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(1990) describe apoptosls 111 distinct steps. After "timulatlOn. then.' 1" a penot! 

wherc no histologlcal changes arc e\ Idcnt. The flfSt \ ISlbk "lage '" characterI/ed 

by the chromatlll condensatIon and the IsolatIOn of the alfel'tell l'dl 1 rom ItS 

neighbors. This condl'matJon reqUlres the aetJ\ atlOn 01 an l·IH.logenou.; 

endol1uclease that degrade~ the DNA l'he second "tep. C) toplasl11lc conden"atHm 

occur~ '" hen the cytoskeleton IS <.hsrupted. thl' IIlterrnedlate 1 d,llllcnt.; l'llndcll',e and 

the cell surface become, dlstortcd. ln the final "tage the œil 1" 1 ragmcntcd mtn 

"apoptotic bodies" WhlCh arc phagocytosed The apoptoltc procc.;~ '" l'ol11pkll'd III 

about 3 hours lncreased tran"glutamlIla"e actJ\ Il) ha" becll a~,,()cIatl'd \\Ith 

apoptosis (Fesus ct al. 1987) and may he re~p()I1~lhlc lor CroS,,-IIIl"-lllg 01 the 

cytoskeletal components. Apoptosl" is \ Icwcd a" the l11alll t) pc 01 l'l'II death 

during development (revlewed by Kerr ct al. 1(87) and III ccII death al ter 

hormonal or growth lactor withdrawal. ';llch as ln r -1)ll1phocytc" 1/1 culture. aller 

interleukin-2 (lL-2) depnvation ( Kerr ct al.. 1987). 

Schweichel and Merker (1973) have dclïned three type" 01 ccli death ha~cd 

on the involvement oi lysosomes Clarke (\9<)0) expanded on the"e three types 

and divided thc third type IIltn two suhtype". f he Ilr"t type or cdl death I~ 

apoptosis as descnbed by Kerr and Wyllle (Wylilc ct al.. 1980. Wyllie. 1<)81. Kerr 

et al.. 1987). ft is charactcrized hy thc e\'cntual dc~lrllctlOn 01 1 ragmellh III the 

secondary lysosomes of other l'clis (heterophagocyto"I") ('1arkc ( J <)<)0) notcd that 

this type of ccli dcath occurred pnmanly in Isolalcu cclb. ralher than area ... 01 ma~.; 

destruction. 

The second type of ccli death dcfïneu hy Sl'hwcll'hcl and Mcrker ( J 97.1) 1" 

autophagocytosis. whcrc the cclll~ dcstroyed 111 Il~ own ly"o"oll1e,> f he ccII form" 

numerous autophagie \'acuole~. the organelle,> olten dt/ate and the pla~ma 

membrane IS often altcrcd. Clarke (1990) noted thul thl" type "f ccII dealh 
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gcnerally occurred ln regJOns where ail the cells were degenerating 

~imultane()usly. 

The third type of ccJl dcath dc~cribed by Scweichel and Merkcr (1973) did 

not involve Iy~mome~ Clarke (1990) called this type non-Iysosomal vesiculate 

dcgradatioJ}, and divided It into non-Iy~osomal dlsintegratlon where the ccli 

disintcgrate~ into ~mallcr and "maller picce~ and the "cytoplasmic" type of 

degcneratio/l, whcrc the organelle~ dilate and break into vesicles. followed by the 

rounding of the ccII and ev('ntual phagocytosis. This latter desclption IS similar to 

necrosl'i. 

ln regard 10 the distlllction between developmental and injury-induced ccII 

dealh, Clarke (1990) suggec.;ts that these three classes are represented in both 

circunlstanccs Thus, the diffcrent morphological descriptions of cell death may 

ref/cct overlappil~g mechanisms for ccli death during development and after injury. 

III. ROLE OF TROPHIC FACTORS IN NEURONAL SURVIV AL 

A. Ncurotrophic }l'actors 

The main neurotrophic factors that have been identified are: the 

neurotrophin~. ciliar) neurotrophic factor (CNTF) and fibrobJast growth factor 

(HJF). The'ie molecule,> are IIlvolved in the survival and growth of neurons during 

development. the maintenance of neurons in the adult. and in the survival of 

ncurons arter IllJur) Desplte this corn mon function, these factors display both 

structural and targt't dl\ ersity 

The neurotrophins - ncrvc growth factor (NGF), brain derived neurotrophic 

factor (RDNF). neurotrophin-3 (NT-3). neurotrophin-4 (NT-4) and neurotrophin-5 

(NT-5) - arc a structurally re!ated family of factors which promote the survival of 
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neurons. NGF \Vas the first factor disco\'t.'rcd. purified l'rom thl' mOllS(' sali\"ar~ 

gland (Cohen, 1960) NG Fis a dimer of t\\'o polypeptides. Il H allllllO al'ius e'H.'h. 

that has a thin clongate shape (MeDonald. 19(1). The dllner IS rornu'd hy strong 

hydrophobie interactions. 

BDNf \Vas i'iolated by Harde ct al. (19H2) and later doned hy Lll'Iwock l'I 

al. (1989). This dlSCOVery led to the identilïcation of the three othl'r Ill'UlotrophilW 

NT-3 (Maissonpierre ct al, 1990; Hohn ct al.. 1990. Roscnlhall"l al . 1990. IOIll"s 

and Reiehardt, 1990), NT-4 (Hallhüok ct al.. 19(1) and NT-5 (Berkl'Jl1eler d al.. 

1991). Ali fivc neurotrophins arc hlghly homologou'i and have specifie as weil as 

overlapping target neuronal population., (rn IC\\Il'd hy Badc) l't al.. 1991: 

Neuroscience Facts, Fidia Rcscarch Foundallon. 19(2). 

Basic and acidic fibrobla~t growth factor" (hl--(a' and aHII'), an,' 

structurally related proteins of about 16 000 daltons that arc nlltogcnic and can 

promotc the survival of some ncurons in \'llro and III \'1\'0 They arc no! Illcrnbcr'i 

of the neurotrophin family, but rather. hclong to the HH' fanllly. wJlIch IIldudc~ 

other structurally relatcd mitogens. They arl' prc~ent III the cmhryolHc hralll 

(Risau et al., 1988) but arc also abundant in the adult bralll «Jo"'podarowÏl:z, 

1986). 

Ciliary neurotrophic factor (CNTF), at...o a potent ncurotmphle factor. 1 ... not 

included in the neurotrophm family. Il 1 ... a 200 am/no <.tcld protclIl ongmally 

identitied in aVlan ovular tissue (Aider ct al., 1979) and latcT purified lrolll rodent 

sciatic ncrvc (Manthorpc ct al., 19X6; Lin ct al, 19(0). CUfloll"Jy, CN'I l' Jack ... a 

classlcal peptide <;ignaJ sequence for .,ccretion, oh ... cllnng the mcchalll,>m lor It~ 

biological activit). 

The tissue and cellular I(Jcalizatjon, targets, and functiol1'> of thc'-.c 

neurotrophic factors has not becn complctely elucidated. The prc<,cnt data 
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~uggcst<; that they have a cntical role in the developrnent, maintenance and injury­

rcspon~e of the ncrvous sy.,tem. 

u. Nl'urotrophic .'actors and Dl'velopmental Cell Death 

'l'hl' naturally occurnng ccII death ohserved in most neuronal populations 

has hecn linked 10 the <"L1ppl) of ncurotrophlc factors ln the target tissue. As 

di~cusscd earlta (SectIOn lIA), the timing of de"cJopmcntal dcath coïncidcs \Vith 

thc arrivai of the ncuron~ at thelr targel, <;uggcstlllg that lhe targel tissue may be 

involvcd i ri 1111'; dl'alh. 1 n many vertehrate neuronal -;y<.,tems, the target tissue 

prodllcc<, a II/mled amoullt of <"pecJfïc molcculc-; reqlllrcd for neuronal survival, 

cn.'aling a competitIOn (or the Hvailablc lrophîc faetor<; (rcvlewed hy Barde, 1989). 

N(," wa~ thl' flr~l Ileurotrophln discovered and the first to he implicated as 

a targel deri"cd factor II1volved Ifl devclopmelltal ccII death. Cohcn (1960), 

ohscrved that antl-Neil-' ant/hodies inJecled Il1to newhorn rodents resulted in 

destruction of the penphcral <,ympathctlc nervoll<; system. To suhstantiatc the rolc 

of NGF in the ccii dealh of the ... e ncuron~, Nnf admilllstration \Vas found to 

decrcase thc nUlllher of pyknotlc ncurom (Oppenhclfn, 1982) and NG F (Korsching 

and Thol'ncn, 19R3) and Ih mRNA (l-leurlUmn ct al, 1984; Shelton and Rcichardt, 

1(84) Wl'rc -;hown to hl' located III tht: target tiS<;llCS of the sympathetic neurons. 

ln addItion, the IIltcrruptlon 01 relrograde a'\onal transport rcsultcd in a similar cell 

los~ as antl-N( i F treatml'nl (Hcndry, 1975; Johnson, 1978) 

N(if-< has alsa heell proposed as a target derived factor for sensory neurons 

(Hamollrgcr ct al.. J 9R l, Johnson ct al., 1986). In the sensory system, anti-NGF 

difft.'relltlall~ affccb suh-populations of sen<\ory neurons; ncurons derivcd [rom 

cctodermal placodc~ (Pearson cl aL, 1983) and large myclinatcd sensory axons 

(Gocdcrt l't al , J 98 .. 1.) \\<cre not affected. A tight correlation hetween the lime of 
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target Innervation and the detection of NGf mRNA has hCl'n ùetcnlllllcd (Dancs 

ct al.. 1987). 

Central cholinergie ncurons arc a third neuronal populatton tnnucnced hy 

NGF. NGF and its mRNA arc located In the targct lI"''iliC. tht' p~ranlldal cells 01 

the hippocampal neurons of the ù~ntate gyrus (K~)rschll1g ct al.. 19X5. Shclton and 

Reichardt. 1986: Whi ttcmore ct al.. 19X6) 

ln addition to NG", other neurotrophlc t actnr ... have heen propo~cd as targct 

denved survlval factors dunng developmcnt. HDNl· ... upports thl' ... urvl\al of 'iuh-

populations of embryollic pnmary ~ensory ncuron .... hoth /II l'lfro and III \'1\'0 

(revlewed by Harde. 19X9). Ihe aOlltty of BDNl,to ... upport ccll ... ur\'ivallII \'1110 

has also beco rcported for cmhryolllc rat R(,C ... (Johnson ct al.. 19X6), basal 

forebraIn cholInergic neurons (Alderson ct al.. 19(0) and dopamlllcrgic nl'urons III 

the substantia IlIgra (Hyman ct al.. 19(1), 

Both aCldlc and baSIC t'Cil' have becn rcportcd to promote III l'I/ro the 

survival of cmbrjonic neurom l'rom the hlppocampus (Walld.c ct al. I<JX6). the 

cerebral cortex (Mornson ct al.. 19R6), the ')lnatum. \cplllm and thalamu'i 01 I:IX 

rats (Walicke, 1(89). carly pŒtnatal mouse ccrl'hellum (/latten ct al . 19XX), and 

chick ciliary ganglta and spinal cord (lJnslcker ct al. 1 <JX7). 

The III VI\'() runcllons of the mmt rccently ùlscovercù neurotrophlfl"', N'I ·3, 

NT -4 and NT-5 have not j'Cl heen l'ully IOvc ... tlgatcu Howc ~r, III vi/ro, NT-3 has 

been reported to IIlcreasc survlval of primary ,>cnsory nCUf()J1", (llohn (" al , 1 <)90, 

Rosenthal et al.. 1990) and NT-4 wa'i 'ihown 10 he capahle 01 prornotlllg ncuntc 

outgrowth from cmbryolllc ehlck nodose and d()r~al foot ganglJa (flallhook ct al . 

1991 ). 

This overview of the involvemcnl of ncurotrophlc faclor~ 111 ucvclopmcntal 

cell death suggcsts that although a deficit in the amounh of largct dCrlvcd lactor\ 
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have not heen e'itahli.,hed a'i the cau'iC of developmental cell death in ail systems . 

.,uch a mecham'im appcar'i tn functlon in sorne ncuronal systems. 

C. Injury-Induœd Neuronal Heath and Neurotrophic Factors 

Duc to the dependence of many neuronal types on target derived trophic 

factor., dunng devclopment (revlewed In SectIon A). It has been postulated that 

adult fleurons ..,1111 rcqulrc 1rophlC support Thus. axotomy-mduccd neuronal death 

In the aault may re.,ult l'rom the separatIOn of the neuron from the target-derived 

factor ... (revie\Vcd hy ~ >ppcnhclm. 1991) The involvement of several truphic 

factors In inJur) -/Ilduced ccII death has been mvestlgated. 

ApplicatIOn of N(J}-< was "hown to inerease the survival of basal forebrain 

cholinerglc neurons and dorsal root ganglion neurons after axotomy (Heftl. 1986: 

Williams. 19H6. Krol11er. 1987; Otto et al.. 1987: Rleh ct al.. 1987: Koliatsos et al.. 

1990. TlIs/yn'ikl ct al. 1(90). Antl-NGF antibodles glven to aduIt micc for one 

monlh resulted III the death of 25(k' of the sympathetic neurons In the superior 

cervical gangha (RUll ct al . ( 1(90) 'iuggesting that in thls system. adult neurons 

reqUlre NUI· Howcver. 'iomc neurons that are dependcnt on NGF in the embryo 

arc no longer N(i"-rcsponsl\e ln adulthood. for example. embryol1lc rat dorsal 

root ganglIOn neurons (Lll1dsay. 1988: rcvlcwed by Barde. 1(89). In addition, the 

rcmoval ot the targe! tissue of some adlllt neurons does not cause ccli death: for 

example. adul t basal forebram cholinergie neurons survive after excitotoxic 

ahlation of thelr target (Sofrel1lew ct al.. 1990). 

The abiltty of }-<GF to rescuc adult cholinergic neurons and RGCs after 

a,otom)' has also bcen c,aI11lned. Cholmerglc neurons are rescued by FGF after 

tïmbria forni \ lesions (Anderson ct al.. 1988). ApplicatIOn of FGF to the eut 

stump of the ON resultcd ma 3-fold (basic fGF) to 4-fold (acidic FGF) increase in 
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RGC survival (Sievcrs ct al., ) 987). Adult RGCs I1la) al .. o he n,'-;pomiH' to 

BDNF: in rctinal c\.plants, RGCs l'rom adult rat" \Verc "upported and thelr rate of 

axon elongation increased lt1 the presence of HDNJ-< (Thann-; ct al . 1(89) 

Thcse ohsenations do nol dlrectl) Illlpllcate target dc..'pm alion :1-; the c..'all"l' 

ofaxotorny-indllccd ccii death. hut -;lIgge"t that "oille adult nc..'lIron" an,' respon~1\ c..' 

to ncurotrophic factnr~ hcforc or arter lIl.lllr). l'he dl"Cln l'r~ that tlophlc..' lactors 

and trophic-like effeets arc aho dcm cd from glla and the c\trac..TlIlIlal matn\. 

(Walieke. 1989; Johnson ct a\., 1988. Llpton. 19X6. Rudgc ct al , 1 ()l):!) ilH.hcatc..'s 

that if neurons arc dependent on trophic -;upport. thc"c factor" 111:1) Iw rc..'ka~c..'d 

f rom the gl ia. 

D. Neurotrophin Receptors 

The neurotrophins (NGr, BDNF, NT-J. NT-4 and NT-5) arc l:apahlc or 
initiating hiologlcal rcsponse'i at vl'ry low concentrations Thl\ 1" accompllshcd hy 

binding to high afflllity receptor~ on the targct cciI Nei l' ha" two structurall)' 

lInreiated reccptors. a low affinity receplor, p75N(J1 1<, whlch al"o ,>crvc" a~ a 

reecptor for ail the known f1curotrophins and a 'iccond. tllgh-affllllly n.'lTptor. 

pJ40Ir J../\. Thc sccond NUI-" receptor is a mcmhcr of the trk. tamlly of tyroo.;inc 

kinase rcccptors, including p 1..t5IrJ..B, thc rcceptnr for BDNI' and N'I -l, and 

pI45IrJ..c, the reccptor for NT-J 

Nerve growth factor hlllds its rcccptor~ on the surface or the ncrve termlllaL 

followed by clustcring of the rcccplor'i and IIltcrnalil<ttloll Hl rnernhranc-hound 

vcsicJes. The vC"lelCo.; traVl: .dong mlcrotuhulco.; to dcllvcr Intact, hlOloglcally 

active NGf' to the neuronal cdl body (1 hoencn and Barde, 19XO) Signai 

transductIOn occur-; dunng reccptor himhng hut thcrc 1'-, aho a I)()'-,"Ihllity that 

additional signalling takcs place dllring tran"'port (Mcakll1 and Shooter, J CJ91 ) . 
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The low affïnity NGF receptor is a single peptide chain of approximately 

400 amlno acid re\idues, containing a single membrane spanning domain, an 

intracellular domain and an extracellular domain. Its distribution is widespread, 

ooth ln the CNS and other tissues (Emfors et al, 1990a). 

The p 140trkA NGF rcceptor is a 790 amino acid chain, containing a single 

membrane "panning domain. lts tyrosine kinase activity is in the cytoplasmic 

domain. The BDNF receptor. p 145trkB , has a number of differentially expressed 

transcripls, one encoding a truncaten form, p9StrkB, which lacks the cytoplasmic 

domain (Klein cl al., 1990). The three trk receptors, A,B and C, have similar 

sequences, especially in the tyrosine kinase domains (Meakin and Shooter, 1991). 

Binding studies suggest that p 1401rkA and p 145trkB , but not p145trkC have 

overlapping specificities to the neurotrophins (Meakin and Shooter, 1991) 

Ali threc trks are able to mediate biological function without p75NGFR 

although the low affinity receptor may be involved in modul.:ti'lg the binding and 

signalling of the trks (Meakin and Shooter, 1991). 

E. BDNF as the Neurotrophin for RGCs 

Scvcral observations support the suggestion that ROCs are responsive to 

RDNE one of the nClIrotrophins. Johnson et al., (1986) reported that BDNF 

supported the slIrvlval of RGCs in El7 retinal cultures. RGCs were identified by 

Thy-I immunohistochemistry and by retrograde HRP labelling. This observation 

rcveals that embryonic RGCs, at least in vitro. are responsive to BDNE Thanos et 

al.. (1989). showed that RGCs in an adult retinal expiant, display increased 

survival (51 % survival at 6 days, compared to control survival of 20-30%) and 

substantial axonal e1ongation (> 500 jl.m). The ROCs were identified by the 

• retrograde label, rhodamine isothiocyanate. Hofer et al., (1990) examined the 
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regional distrihution of BDNF mRNA and reportl'd that the "upcrior colhl'ulus of 

the adult mousc c'\pressc<.; lo\\' le\ cl" of BON'" Thc'\c Oh'\l'f\'ations "upport thl' 

idea that BDNF is the RGC ncurotrophin. Howl'\'Cr. Feil· has al"o hl'l'Il .,hown to 

support adult RGC axon c1ongation 111 l'i/ru (Thann,> ct al, 19X9) and 10 "k'crcasl' 

RGC lo.;;s aner ON cut in 1'11'0 whcn applied \0 the nen e .,tump (Sle\ cr" ct al , 

1987). Therc may also he ~llhpopulatlon-' of RCiC\ \\ IlH:h re'ipond \0 dllll.'fl'nl 

neurotrophins Thus, although ADNF j" a plml'\ihle camhdalc, Ihe precise 

neurotrophin{s) that support RGCs in the developing and adult retilla nUI) not )l't 

have heen identified. 

IV. RETINOTECT AI. SYSTEM 

A. Retina 

1. Retinal structure: 

The rat retina is a complcx 'ilructure, containing nille "ieparalt.' laycr~ 

Beginning at the vitreal surface, these layer ... arc. 1) thc inner hmitmg memhrane 

which forms the edge of the retina, 2) the lïher layer, conslsling or R(J(' :!X()J1"i 

traversing in large hundles From the 'ioma to the optÎc disk, whl're they .1 0 III to l'mm 

the optie disk, J) the ganglion ccII layer, conlalfllng the RCiC ,>orna-. " ... weil a"i 

displaced amaerinc cell'i, 4) the mner plexiform layer, contatlllng amacnne ccII 

proeesses, RGr dcndnte~, and hlPolar ccII axon-., 5) the inncr l1uckar layer, 

containing amacrine ccll~, hipolar ccII 'iomata and hon/ontat ccII ... omala, 6) Ihe 

outer plcxiform layer, containlllg the hori/.ontal ccII pnKC'>'>C"', Ihc blJ)olar ccII 

processe\ and the ba'!e of the photoreceptor cclh, 7) Ihe ouler nuclear layer, 

containing the reccptor ccII somata, 8) the outer limitlng memhrane, which 

separates the receptor cell somata From their outer \egment, 9) the receptor 
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...cgmcntlayer, containing the outef segment~ of the feceptor cells that receivc the 

vl~ual Input. Dircctly hCl)lde the reccptor~ cells i~ the pigmented cpitheliallayer, 

which givc~ color to the cyc and Jacks pigment in the alhino rat. 

The vi ... uaJ IIlpuf pa~se ... through the relinal layerl) and is received by the 

photofcccptor .... The mput I~ tran~mitted to the hipolar cells and then the ganglion 

ccII ... , whllc the amacrinc and horilontal cells arc responsible for directing signais 

tmn"iver')dy Hl the retina. 

The glial eomponents of the rctina arc the astrocytes, mieroglia, Müller 

eells and 01 igodendrocytc .... The astrocytes residc next to blood vcssels in the outer 

plcxiform layer') and their proccl)ses arc located deeper retinal layers. In the 

normal rctma, microgIJa arc rcgularly arrayed and have long, branched, fine 

proCCSSl'S (Perry and (Jordon, 1988). Mùller ccII somata arc locatcd in the inner 

nuc":ar layer, but thcir procc~"cs extcnd from the outer limlting membrane to the 

inncr IImiting memhrane whcrc they sprcad aJong this membrane in structures 

cal/cd endfcct (Hughes, 1985). A small number of oligodcndrocytcs can also be 

idcntlfïed in the RGC layer of the retllla (reviewed by Stone, 1981). 

2. Rt-tinal Ganglion Cells: 

The R<JCs comprise only 50% of the cells within the ganglion cell layer 

(GeL) of the rat retma. Ramon y Cajal (1893) described displaced amacrine cells 

in the GCI, and PCI ry ( 1981) discovered that only 50% of the cells in the GeL are 

labl'lled by application of horseradi~h pcroxidase (HRP) at the target tissue, and 

that the 1I1llabellcd population. consisting of displaced amacrine cells, survives ON 

axotomy. 

Sorne RGCs. called displaced RGCs arc located in the inner nucIear layer. 

Linden ( 1987) reported that in the rat. these RGCs have a normal size range and 
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represent I~, of the total ~GC population. In addition. RGCs thal do not proj"'cl 

outside the retina. cali cd as'\ociation RGCs. have hcen ohsl'rved in the human. dog. 

mouse and rat rctina (Gallego and Cru!. 1965. Drager l't al . 19H-t) 

The density of RGC ... , ... not uniform along the :m'a of thl' rctina l'hl' rat. III 

contrast to othcr mammat.... doc ... not ha\ l' a fO\ l'a central, ... hut dOl· ... l'ontalll a 

rcgion of hlgh ROC dcn"'lt) i Il the "'lIpcrotemporal quadrant, 1 :2 mm from 11ll' 

optie dise. cal1cd the arca ccntrali ... (Sefton and Drcher. IC)X5) 'l'hl' tolal nurnher of 

RGCs has hec:! ealculatcd ln he from 1 1 () 000 t () 1 15 oon (Schohl'r and (i rtI ... ch"'a. 

1977; Fukuda. 1977; Perr). 19RI. Dreher ct al.. 19R4) RCiC den ... ,t) ,n Ih,,' l'l'nlral 

region. approximatc1y 2500/mm2 (perry. 19H 1; ytllcga ... -Pércl ct al. 19(2) 1<; 

greater than in the pcriphcry, approxlmatcly 16()(}/nlln2 (Perr). 19R 1 ) 

Rat RGC., have hecn c1a..,..,ified into thrcc group'" ha ... cd on thcir ~I/."'''' 

(Fukuda, 1(77). Small RGCs, ranging 111 diamctcr l'rom 6 10 Il 5 /l111. compri ... c 

67% of the RGC population. Mcdium sized RCJC\ var) in dJalllctcr 1 rom Il 5 ln 

14.5 J1m and rcprescnt 28% of the population. I .. argc R(.es \Vith dJalllclcr\ gR'ater 

than 14.5 pm aceount for only 5% of the total Smalt and large R( ;e.., arc evenly 

distributed across thc retina whilc mcdium ..,il.cd RfiC.., are preferenllally loealed 

near the optie disc. Other means of c1asc.;ifying RCi(\ depcnd on l'lther ... oma ... 1 Il' • 

dendritic morphology, or a comhmation or the hvo' dIlTu ... c and c.;tratilïed (Bunl, 

1976), I. Il and Il. similar lo the large, medium and ... mall da ... ~ilïcalJ(lfl dc ... cnhed 

above (Perry, 1979) and L lia, lib, and III (Dreheret al, 19X5). 

B. Oetie nerve 

Thc optie nervc bcgins at the optie dise, whcre the axons of the IH J(' ... !cave 

the retina andjoin together, and extends approximatcly 10 mm tn the opllC chia ... m 

ROC axons travcrsing the retina are not myclinated hut the majonty ofaxon ... 
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(Perry and Lund, 19(0) hecomc myelinated a~ they pass through the lamina 

criho'la The number ofaxon'l in the ON of adult rats has becn estimated as 100 

000 ln the alhino rat (}-<ukllda ct al., 1982; Sligimoto ct al., 1984) and 117 000 

(l'orre<,lcr and Pc te r ... , 1976) to 120000 (Hugh"i, ]977: Perry et al., 1983) in the 

p.gmenled rat '1 hc axon d.amctcr'l range from 0.3 to 3.0 Ilm (FlIkllda et al., 

19X2) The conduction vclocitlc-; of the ON axom are c1assified into thrce groups, 

avcraging 61, ] / 4, and 16.R m/<:;ec (f'lIkuda, ] 977). These groups based on 

conduction vcJocity corrc"ipondcd 10 the lhrce "iizc group") of RGC "iomata in the 

rctina, al'\o reportcd hy FlIkuda, ( 1977) 

Thc ON contalns non-neuronal cells as weIL namely microglia, 

o/igodcndroc)'tc ... and a'\trocytcs. Microglia are regularly distribllted in the ON, 

similar tn thc rctma The ON axons arc arranged in bundles of varying size, 

"'lIrroundcd hy a ... t rocy tic proc:c)scs (SkofL 1975). Vascularization intraocularly is 

'\upplicd hy thc rctinal artery, which travc1s adjacent to the ON from the optic dise 

(RlI~kcJL 196-l) Intracraniall), thc ON rcccives ils blood supply from small 

artcriolc"i in Il<; rnenlllgcai covcring (Kiernan, /985). 

A t the opti(.· chia~m, 97 to 98% of the RGC axons in the rat cross to the 

contralateral optic tract ('_und, 1965; nrchcr, /985). The somata of the small 

perCl'l1tage of a\.on'l that proJcct ip"iil::itt.:rally arc located in the inferotcmpora/ 

retinal quadrant (Cowc)' and rran/ini. 1979). In addition, there are a small 

numhcr of a\.ons that pn~JCct hilaterally (Jeffery ct al., 1981). 

c. Retinal Ganglion CcII Targets 

The RCiC., projcci 10 "ix diffcrcnt brain nuclei: 1) the superior eolliculus 

(SC), Ihl' main larget, rccciving 95% of the axons (Linden and Perry, 1983); 2) the 

dorso-Iatl'fal geniculatc nuc/cus (dLG N), which rcceivcs the second major 
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projection, 37% of the RGCs (Martin, 1986). The hranchlllg of a\()n~ to inm.'f\ ate 

more than one nuclei explains the ovcrlap of ROC targcts (Senon, 19(8): J) the 

ventro-Iateral geniculate nucleus (Legg and COWC). 1(77): -l) thc acce,",sory opti<: 

nuclei in the midbrain (Si mpson. t 984): S) the prctcctul1l (Scalia and Arango, 

1977); and 6) the hypothalamus ( Kita and Oomura. 1(82). 

v. RESEARCH PROJECT: RATIONAI .. E 

The first step in the process of regeneration aner neuronal axotomy is tht.' 

sprouting and regrowth of the "ievercd axon. CNS axons, however, do not rc~pond 

to axotomy by regeneration but rather. hy undcrgoing rt'trograde lkgent.'ration and 

often, cell death. The responscs 10 neuronal injury arc complcx, Illvolving 

morphological, biochcmical and molccular evcllts wlthin the ccII in addition to 

changes in non-neuronal cells near the damaged neuron. /'.n lInder~tandlllg of the 

events which occur during CNS degencration and the factors whlch cOlltrol thi ... 

process may enable the prevention or delay of degcncrative cvents and inerease the 

effectiveness of treatments which promote rcgencralion. 

Two of the many variahles (revicwed hy f ,ieberman, J 974, ... cction 1 C) that 

influence the respo'bc of neurons 10 in jury ale the location of the inJury and the 

type of injury Several recent reports have cxamincd in detélil how the'ic varlahles 

influence certain aspccts of the neuronal rcsp()n~e to in jury. Villega'i-I'érel ( 1 (92) 

investigated the effect of the soma-in jury distance on the ~lIrvlval of R( j("" 111 the 

adult rat. RGC IOlis occurred in two pha'\c'i, a rapid early lo,>'i, rollowcd hy il later, 

more protracted phasc of cciI loss. The pattcrn~ of 'HiC 10'>'> \Vere dcpendent on 

the location of the lesion, whcre IC'iions c1o'icr to the cye rC'iultcd JO greatcr IH je 

loss. Lunn et al. (1990), reported that the type of IC'iion i nfi lIcnced the ratc of 



• 

• 

('h /. Inlrodw lion 43 

Wallerian degeneration in the mou~e scÎ"tic nerve, where eut injury resulted in 

more rapid degcneratlOn than cru~h in jury. These observations of peripheral 

nervc were made hy ..,t1vcr ~taining and noting the presence or absence of a 

compound action potential 

Thc'ie "illldic ... promptcd the que'ilions: does the type of in jury, eut versus 

cru'ih, infl uencc the "iurvi val of neurons of the CNS? and if so, are there 

morphologlcal or molecular cvents which occur after eut and crush le'iions which 

could contnoute tn the differencc in cell survival') These questions are addressed 

in this thC"ii'i in an attempt 10 ddine further the events which compose the neuronal 

rcsponsc to in.lllr) and to detcrmine how these events are controlled. The adult rat 

reti no-Icctal "i y"item 1 <; idcal for 'illch a "tudy bccause the RGC scan be accurately 

idcntilïed and countcd hy applying a retrogradely transported fluorescent tracer to 

the target lÏs'iue, the a ... on~ of the RGCs travel in a uniform direction in the ON and 

hoth the rctina and the ON arc ea~ily accessible for morphological and moleeular 

investigation ln addition, the effect of soma-lIljury distance on ROC survival ha') 

heen previoLJ'ily documented in this laboratory (Villegas-Pérez. 1992), forming a 

ha"iis for the pn.'sent 'itudy 

ln the initIaI cxpcriment, therefore, 1 determined the time course for RGC 

sllrvival after ON cut or crush at a fixed distance from the eye. In the second 

c'\pcnlllcnt, to detcrminc if thcre was a correlation hetween the pattern of cellioss 

and the extcnt of rctrograde degencration, 1 investigated the morphological events 

which oC('ur in the RGC axon<; aftcr eut or cru"h. To determine if the expression 

or growth factor ... contrihllted 10 the survival of RGCs after eut and crush in jury, 

thl' finall'xpl'rirncnt involvcd thc mcasuremcnt of the level of BDNF expression in 

thl' normal rctina and ON . 
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The results reportcd in this thesis. 1) cstahlish that cul and crush Ifljur) 

result in different neuronal responses (inclllding ccII death .. ,onal dalllag(' and 

non-neuronal responses) in the RGCç; of thc adlilt rat, 2) dcscrih(' "('''l'rai of the 

differences between the cvcnts occurring aflcr ON eut and crush wlllch nw)' hl' 

determinants of the extcnt of RGC death, J) SlIpport tht, sugge"tlon lhal orain 

derived neurotrophic factor, the neurotrophic faclor proposed for R( ;CS, mRNA IS 

expressed in the ON and 4) furthcr characteril.c the rat rellllo-tcl'lai "y~tcm as a 

paradigm for studying neuronal rcsponscs 10 in jury III thc ('NS . 
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CHAPTER 2; METHODS 

ln thi.., thesis, 1 compare the responses ofretinal ganglion eells (RGCs) to 

two types of injury, cut and crush. In this chapter 1 describe in detail the 

methods used to investigate responses to RGC injury. The application of 

retrogradely transported neuronal markers accompanied by fluorescence 

microscopy enabled the measurement of retinal ganglion cell survival after axon 

interruption. The morphological changes occurring in the RGC axons alter 

injury were investigated by immunohistochemistry, light and eleetron 

microscopy. The expression of brain derived neurotrophic factor, the 

neurotrophin proposedfor RGCs, in the normaloptic nerve was determined by 

Northern blot hybridization. 

J. EXPERIMENTAL DESIGN 

The expenrnents described in this thesis are divided into three groups, each 

addressing a ~eparate aspect of the events which occur after axotomy of CNS 

neurons, specifically the RGCs of the rat visual system. In the tirst experimental 

group, 1 invesugated the death of CNS neurons after two different methods of 

axotomy. The survival of RGCs was quantitated after intracranial ON cut and 

crush. The RGCs are identified by a retrograde tracer, Fluorogold(R) which is 

applied to the supcrior colliculus prior to the ON in jury . RGC densities were 

determined at several times after injury between 1 week and 6 months. 

To determine if morphological changes in the axonal portion ofaxotomÏzed 

neurons corresponded to the exL!nt of cell death, in the second experimental 

group 1 investigated the retro grade morphological changes which occur after 
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intracranial ON eut or crush. The ON stump and the intraretinal axons werc 

examined by immunohistochemistry, light and electron microscopy Olt several 

times after injury between 3 days and 3 months. 

To determine if the proposed ROC neurotrophic factor, brain derived 

neurotrophic factor (BDNF) is expressed in the normal ON, in the t hird 

experimental group 1 determined the lev el of BDNF expression in the retina and 

ON in normal animais. The BDNF mRNA was examined hy the Northcrn hlot 

technique using a rat BDNF DNA probe. 

II. ANIMALS: GENERAL PROCEDURES 

Female Sprague-Dawley rats, weighing 180-200 grams were used in ail 

experiments. During surgieal manipulations, the rats were deeply anesthctizcd 

with intraperitoneal 7% chloral hydrate in saline (0.42 mg/g body wcighl) 

Following surgery the rats were supplied with analgesia in the form of 

subcutaneous buprenorphine (0.02 mg/250g body weight). The animais werc 

sacrificed by intraperitoneal injection of a lethal dose of chloral hydrate (0.7 mg/g 

body weight). Animais were housed in groups of 1-4 per cage on a 12 hour 

light/dark schedule. Food and water were provided ad libitum. 

III. Group 1: RGC SURVIVAL AFTER INTRACRANIAL ON CUT OR 

CRUS" 

A. Sun:ical Procedures 

1. Retrograde Labelling of ROCs 

The fluorescent tracer, Fluorogold(R), was used to retrogradely label RGC 

somas in the retina, allowtng the subsequent quantitation of ccli density. The 

Fluorogold(R) was applied directly to the superior colliculi, targeL of the maJority 
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of ROCs (Linden and Perry, 1983). The skull was exposed by making a midIine 

incision in the overlying skin. The fascia was scraped away from the skull and a 

partial craniotomy performed using a Dremel Cordless Moto-Tool, Model 850. 

The superior colliculi were exposed bilaterally by removal oÎ the overlying cortex. 

Small perforatIOns were made In the pia mater using fine forceps. The tracer was 

applied uSlng small pieces of gel foam (approximately 3 mm3) soaked in a solution 

of 2% Fluorogold ln 10% dimethylsulfoxide (DMSQ) and saline. Two 

applicatIOns were applied to each colliculus prior ta closure and the final 

application remaIn~d on the supcrior collicuJus. The area was covered with a dry 

piece of gel foam pnor to c10sure of the wound. The fascia was sutured with 6-0 

silk and the skin wIth 4-0 silk. Secondary surgical procedures were performed at 

least 7 days after Fluorogold(R) application when ail ROCs were labelled (Grant 

Robinson, personal communication). 

2. F!uorogold(R) as a Retrograde Fluorescent Tracer 

Fluorogold( R) was utilized as a retrograde tracer because: 1) it has a rapid 

labelling lime the RGCs are labelled 6 days following surgery, 2) the tracer is 

persistent, rernaming in the ROCs for approxtmately 6 months after application of 

the tracer. 3) II wllhstands immunohistochemical processing of the retinal tissue 

followmg sacntïcc and 4) is observed as a punctate label ln the cytoplasm of the 

RGCs, allowlIlg vlsualIzatlüll of the soma boundanes facilitatmg easy 

IdentificatIOn tluring quantttation (O. Robinson, G.M. Bray and A.J. Aguayo, 

unpublished observations). Due to these characteristics, Fluorogold(R), as a 

retrograde tracer ln the rodent visual system, is superior to diI, the dye previously 

used in this laboratory. Oïl requires three weeks to complete RGC labelling 
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(Vidal-Sanz ct. al.. 1988), it is lost from the R(JC~ during ImmUllohlstochcmistl) 

and does not fill the ccII soma as cnmplctcly as Fluorogold(R) 

3. Intracranial Interruption of RGC A \.ons 

The left ON \Vas C\poscd lI'1ing a dor~al mtraeranial approach h)' li partial 

craniotOlTI} and rcmo\'al 01 the ovcrlyll1g cortc\. Thc a\.on" \\ itllll1 thc m,'nT w('rc 

interruptcd approxllllateiy <.) mm l'rom the had, of th(' cJc t 1 mm from Ihl' oplll' 

chiasm) hl' onc or two "lIrgical procedure,,' 1) th(' ON wa~ l'lit \\ ilh sCl"sors 

producing a proximal (attachcd to thc cyl') and distal (al!:tchcd to thc hralll) ()N 

stump, or. 2) the ON \ra" cru .. hcd 1\VICC l'or 10 "l'comb l'ach tlml' al the 'Iamc 

position lIsmg fmc forrcp:-- (H·S-3). The area \\'a'\ cmelcd \\llh gel foam, Ih(' 

fascia overlying the skull \"'" '\uturcd \\lth 6-0 "JI" and thc .. 1..111 \Va'> "lIllll'cd wlth 

4-0 silk. Opthalmic polysponn (Hurrough .. Wclkolllc Ine, Klrkland, ()\lchee) wa~ 

placed over the eycs dunng recover)' ln prl'\ ent dehydratlOll. 

4. Intracranial ln jury Followed hy Huorogold( R) Lahclling 

To c'itahlish that the eut and cru"h procedure'l re"ulted III complcl(' 

interruption or rl'tinal ganglion ccii axons, ln .1l1mmal" thl' ON wa~ Cllt (11-=-1) or 

crushed (n=2) followcd immediatcl) hy thc appllC<ltloll 01 HlIorogold on the 

supcriorcolliculus. Thc'ic animais \Vere '\acnfïced 1 or -l \V('ck" aller the in./llry 
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8. Tissue Proccssing 

1. "Îxation and Di<;sccllOn 

Animah were sacnficcd at '-ievcral times afler ON injury: 7 days, ] 0 days, 

14 day'-i, 1 monlh, 1 rnonth~ and 6 month~. The number of retinas analyzed at each 

of these timc pOint-; i~ summaril.cd in thc following table: 

NlTMBER OF RETINAS 

Type of TIMf: AI-'TER IN rRACRANIAL ON INJURY Total 

Injllry 7 day 10 days 14 days 1 monlh 3 months 6 months Number 

('trI 4 4 5 4 4 1 22 

('RUSH 4 4 4 4 ..J- I 21 

At the tlme of sacrifice, thc animais \Vere perfused through the heart \Vith 

O.<)(X, NaCI followcd by 41)f paraformaldchyde in 0.1 M phosphate bllffer. The 

ON .. \Vcre rcmoved and po'\tflxcd in 2.Sty(' glutcraldehyde/O.5% paraformaldehyde 

for 2-24 hour\ and thcn rinsed ln 0.1 M phosphate butTer. The retmas \Vere 

rerl10ved and f'illf radiai cuts made 10 faeilitatc flat-mollnting onto a sI ide \Vith the 

vitreal ~lIrracc up A piece of l'liter papcr was placed on top of the flattened retmas 

and they \Vere pO'-ittixed III 4% paraformaldehyde for one hour. After fixation, the 

retlllas \\ CIC rellloved trom the tilter paper and rinsed ln 0.1 M phosphate buffer. 

l'hl'sc rctil1a~ \Vcrc Ilatmollllted, vltreal 'iide up, for viewing of the retrograde 

tracer, Huorogold(R) 

2. OX-l2 Imll1unohislochcmistry 

OX-42 (Scrotec, (T.K.) is a monoclonal antibody that recognizes epitopes 

on the surface of 11lIcroglia (Robinson et. al., 1986). Two retinas, one control and 
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one 2 weeks after intracranial ON eut, were removed from their slides following 

Fluorogold (R) counts. They were washed and incubated for one hOlll al -4°C wilh 

the OX-42 antibody, diluted 1/10 in 5% bovine sel li III alhlllllln (ASA) in saline. 

followed by incubation wIth a secondary antibody couplcd to t hodallllllC (goat 

anti-mouse IgG tetramethyl rhodamine isothiocyanale). Thcse tcllllas \VL'IL' 

examined in the Leica Ortholux Il fluorescent microscope lISlIlg thc TIlIC Bluc 

fiIter (excitation filter: 355-425 11111, suplession filter: Long Pass flltcr ·t60 nm) to 

observe the ceUs labeHed with Fluorogold (R) and the Ihodamine flltcl (excitation 

filter: 530-560 nrn, supression filtel: Long Pass Flller 5HO 11111) to ohserve 

microglial cells. 

3. Li~ht Microscopy of Optic Nerves 

The ONs were osmicated, dehydrated and eut into 1 mm segments. These 

segments were embedded in epoxy resin (Epon(R» and 1 /lm scctlOns welc eut l'or 

light microscopy. Sections were examined on the Zeiss Itght miCioscopc 10 

establish the complete interruption of RGC axons after ON l'lit or crush. 

C. Measurement of RGC Densities 

The RGC density for each retina was detcrmlncd hy counting 

Fluorogold(R) labelled neurons in each quadl ant in thlcc ,lIcas (023 x 035 mm 

each), located ], 2 and 3 mm flOlll the optic disco Thc total lllllllhcl or lahcllcd 

RGCs in these ] 2 areas were used to calculate the mean denslty of R(.('<; pcr Illln2 

for each retina. This method, which dctermines the numbcr of lahcllcd (HiC's in 

approximately 1.6% of the retina, was previously described for detclllllning R(ie 

density with dil labelling (Villegas-Pérez et. al., 1992) . 
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FI uorogold(R) labelled ccll~ \Vere counted using a Leica Ortholux II 

fluorescent mlcro~cope lI~ing the Truc Blue filter (excitation band 355-425 nm, 

suppres~i()n filler: Long Pass fllter 460 nm). Fluorogold(R) labelled RGCs \vere 

rccognil.cd by the fine, punctate fluorescence m thcir ccli bodies. After injury, 

cells with hright nu()re~cencc fï/lmg the ccII body \Vere al 1\0 observed. These cells 

\Vere microgltal eclls which had phag()eyto~eù labelled RGC~. This phenomenon 

\Vas prevlOu~ly reported in motoneurons (Riniman ct al., 1991) and in RGCs 

lahellcd with dtl (Vi/lcga~-Pérez ('t al., MSe. Thcsis, McGill University, 1991) 

n. Statistical Analysis of RGC I>ensities 

The patterns of R(iC survival after ON cut and crush were analyzed with 

the Sigmaplot(R) 4 1 Cl/rvc fitting module that uses the Marquardt-Levenberg 

algorithm. Rq!CSSIOIl hnes \Vere caJculated u~ing the GB Stat program (IBM). 

Individual R( je dcnsJlic~, rather than mean denslties. \\ cre used in the eurve 

lïtting program and in the calculation of regression lines. The two-sided Student t-

test \Vas llsed tn compare groups of denslties 

IV. Group Il: RETROGRADE AXONAl. CHANGES Aff ER ON eUT OR 

CRUS" 

A. Surgical Pro{'edures 

Th{' Icn ON of (,fOUp Il experimental animais was either eut or erushed as 

descrihed III the Group 1 melhods. Twenly-seven animais reeeived ON eut and 25 

animais n.'cclvct! ON crush A third method ofaxon interruption was used on 2 

addilional anlll1als in Group II. The ON wall crushed intraeranially and a 6-0 silk 

slItun.' wa" lied snugly around the ON at the position of the crush. The suture 

rcmaincd in place untll the animais \Vere sacnfieed. 
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B. Tissue Processing 

1. Fixation and Dissection 

The animais were sacritïced at several limes after ON in jury: J days, 

week, 2 weeks, 1 month and 3 months. The l1umher of animais analYl.ed at each 

time is summarized in the following tahle: 

NlJMBER Of ANIMALS 

Type of TIME Af-<TER INTRACRANIAL INJlJRY 'l'otal 

Injury 3 days 7 days 14days 1 month J mOllth~ Numhcr 

CUT 4 .... 6 9 .... 27 

CRUSH 4 5 5 7 .... 25 

The animais \Vere perfuscd with fixatIve ~olUlioll and the ON~ and fctlllas 

removed. The ONs were post-flxed as de~cnhed in the tirou)) 1 method.... ()nl' 

retinal quadrant [rom each retina was rcmovcd and po,>I-I/xcd III 2 5% 

gluteraldehydc/O.5% paraformaldehydc for two hours '1 he fcmalfllng Ihrc(~ 

quadrants \Vere affixed to filter paper and po~t-f/xcd 111 4(}'r, paraforlllaldchydc as 

described in the Group 1 method~. Arter post-fixattol1, the rctinas \Vere nn~cd III 

O.lM phosphate buffer to prepare them for immunocytochcm/stry n qlladrant~) or 

EM processing (1 quadrant). 

2. Light and Electron Mieroscopy of Optie Nerves 

The ONs were osmicated, dehydratcd and cut inlo 1 mm ~cgmcnl~ Thco..;c 

segments were embeddcd in hpon(R) and sections \Vere cut for Itght (1 /lm) and 

electron (100 nm) microscopy. Light microo..;copc sections were ... ta/ned \Vith 

jl 
,1 
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Malloy's azure II-mcthylcnc nluc and examined on the ZeIss microscope white EM 

scctlons were exammed on thc Philips CM 1 0 electron microscope. 

J. Immunohistot'hcmical Visualization of Intraretinal RGC Axons 

In three quadrant,> of cach retina RGC axons were visualized with RT97, a 

monoclonal antlbody that rccognil.cs phosphorylatcd 200kD neurofïlaments or a 

c1o<.;c1y rcJatcd protcin (J\ndcrtoll ct al., 1(82). The incubation \Vas compIeted at 

room tcmpcraturc \VIth RT97 dilutcd 111000 \VIth 0.01 M phosphate buffered 

saline (PHS) conlaimng 2% ASA and 1 % Tnton-X 100. Twelve to 18 hours later, 

the retinas \Vere rin"cd \Vith 0.01 M PHS for 1 hour 

Two of the quadrants were incubatcd for 1 hour al room temperature with 

Iluoresccin-isothiocyanatc (FITC)-conjllgated goat anti-mousc IgG (Sigma) 

diluted III 00 with 0.01 M PAS contaimng Jo/r} BSA and 1 % Triton-X 100. The 

tlurd quadrant \\'a~ IIlcubated for one hour at room tcmperatllre \VIth blOtinylated 

11Or~e alllt-nHHI~C IIllJl1ul1oglobin (i (lg(J) (Ycctor Laboratories) dduted 1/200 with 

OOIM PHS cOlltallllllg y~, BSA and 1(1c Tnton-X-IOO followcd h) reaction with 

ABC aVldlll con,ÎugallOll "y'itclll for 1 hour and incuhation \Vith diammohenzidine 

and f]ydrogen pero\ldc for Il'n minllte" 

J\ftcr thc Illlmunolustochel1l1str)'. the retinas \Vere flatmountcd onto slides 

and exallllned wlth the Leica Ortholux Il fluorescent microscope using the 

tluoresct'În filler (excItation filter: 450-500 nm, suppression filter: Band Pass filter 

515-5(0) 

.l, Electron Microscopy of Intraretinal RGC Axons 

'l'hl' t'ourth rctmal quadrant \Vas 'icctioned radially into J segments, followed 

hy seetioning cach segment transvcrsly. 2 mm l'rom the disk. These retinal pieces 
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were dehydrated and embcdded in Epon and 100 nm sections Wl'rc cut for clel'tron 

microscopie viewing of intraretinal ROC fibcr hundlcs 111 cro-;s-sl'ctioll 2 mm l'rom 

the disk. 

c. Measurement of Intraretinal Axon Bundle Size 

Control and ex.perimcntal rctinas ineubatcd \\' ith RT97. l'ni hm cd ln 

diaminobenl.idinc, were cxamincd by light micro-;copy to deh.'rmil!c thc 

distrIbution of the axon bundlc sizc near thc ophc dlsc. A 1llIcromclcl' wa-; lI"icd 10 

measure the width of each ROC axon bundlc locatcd along a 0.22 mm :-.cgml'nl of 

flatmounted rctina, 0.22 mm from the optie dise. 

v. Group III: BDNF EXPRESSION IN THE ON AND RETINA 

A. RNA Isolation 

Total RNA was i"olated was lIsing a guanidiniulll thiocyanatc and chlondc 

procedure moditïcd from Chomc.lyn~ki and Sacehl (19X7) Thc animah, Icrnalc 

Sprague-Dawlcy rats welghing 180-200 g \Vere sacnflccd \VIth an over<!o ... e of 

chloral hydrate and perfused hrieny \VIth ,>almc ln rcmov~ hlnod 1 rom Ihe tl\"'IIC'" 

The tissue was removed, wcighed and placcd on ICC ln a gl< ....... -gla\\ (opllC nl'f\'cs) 

or glass-teflon (ail other tls ... ue ... ) homogcnl/.cr contaHllllg 1 ml 01 Ihe dcnatunng 

solution (4M guanidinium thlocyanate, 25mM ... odiulll citrate. l'II 7. () 5% \éln;o ... yl 

and 0.1 M 2-mereaptocthanol) per 100 mg of tIS..,UC Thc tl\\UC was Ihen 

homogenized by hand (glass-glas~) or with a h ... hcr clec.:tnc homogcnil.cr (gla~ ... 

teflon). 

The tissue \Vas transfcrred 10 Eppendorl tuhes and 0.1 volume \ooium 

acetate, pH4, 1 volume phenol and 0.6 volume~ chl()rof()rm-I~()amylalcoh()1 \Vere 
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added \cquentially '1 he luhe \Va ... mixcd, cooled on Ice for ) 5 minutes and 

cenlnfuged al J () 000 X g for 20 minutes at ·rc The upper aqueous layer, 

conlalJlJng the RNA, wa ... tran ... ferred 10 a fresh tuhe One volume of isoprapanol 

wa ... added and the lllhe wa ... placed al -20'C for 2 - 16 hours ta precipitate the 

RNA 

l'he tllhe wa ... '>pun al 10 OOOXg for 20 minute.., and the pellet ,ur drieJ. The 

pellet wa ... rc ... u ... pcndcd 111 \\ater and 2 volumes of ethanol \Vere added. The tube 

wa ... placl'd al -20 (' for 2 - 16 hours to precipitate the RNA The tube was 

ccntrif ugl'd a ... hcfore. the pellet wa~ \Va~hcd gentl) \Vith ethanol and resuspended 

Hl 20-50 Jll ni J)I-~PC 1120 

l'he conn.'nlratIOn 01 RNA wa ... measured by the absorbance ratio, A260 : 

A2XO and 1-2 I~ 1 01 each ,>ample were run on a small agarose gel to detennine the 

4uality or the RNA and to further cllsure equal RNA loading on the Northem blot. 

After ,,>olatlOll, the RNA wa,> ,>torea in ethanol or water at -80'T untii used. 

8. Agarosl'-Formaldchydc Gel 

The {otal RNA ,>amples diluted III a sample buffer (1.3X MOPS, 8% 

fornulldeh)de and 65(Yr deiomzed formamide) such that to every 5 jlg of RNA 6 

Jd 01 ... ample burkr \Vas added l'he ,>ample,> \Vere heated to 75"C for 15 minutes 

and cookd on ,Ct' Imllledmlcl) hefore loading Ihe "amplc~. 1/)0 volume of 

loadlllg dye and 1110 VOIUIlH.' of eth,dlllm hromidc (lmg/ml) \Vere added. 

'1 h\.' gel apparallh (BRL Hon/on 11.1-1-) wa ... washcd for J minute \Vith 

1 H~P(' \\ atel and nn ... ed 1\VICl' \\ Ith RNa,>c-frct' water. The gel \Vas prcpared by 

hollll1g 1.3 g agarml' and 75 ml RNa,>e free H~O. coohng 10 60°(' and adding 10 ml 

IOX MOPS (0 2M MOPS. 50 mM ,>odium acctatc. 1 mM EDTA. pH 8) and 14 ml 

37(Yr formalddl\ dl' l'he gel \Vas poured immediatcl} and left to set for 30 
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minutes. Ten ~g of RNA was loaded per lane. The gel was run al 90 V for 5 

minutes followed by 3-4 hours at 80 V using 1 X MOPS as a running huffer. The 

amount of RNA loaded per lane was verified by pholographing the gel on a UV 

light box (Foto/PrepI by Bio/Can Scientific). 

c. Transfer to Nylon Membrane 

The RNA was transferred to a Nytran(R) tilter (Schleicher & Schuell) using 

the Vacugene(R) XL vacuum blotting system. The Nytran( R) was soaked in 20X 

SSC for 5-10 minutes prior ta transfer. The transfer was rnediatcd hy several 

washes: 5 minutes with water, 5 minutes with 50 mM NaOIl. 10 mM NaCI, 5 

minutes with 0.1 M Tris-Cl pH 4.0 and 2-3 hours wlth 20X SSc. The Nytran(R) 

membrane was blotted and air-dried followed by ultraviolet-crosslinking in the 

Stratalinker (Stratagene). The ribosomal RNA bands and lanes wcrc rnarkcd and 

the filter was stored in the dark until needed. 

D. Hybridization with Probe 

The protocol for Northem blots with a DNA probe. as descrihcd hy 

Maissonpierre (1990), was followed. The prehybridization huffer consisted of n.s 

M NaP04, 1% BSA, 7% sodium dodecyl sulphate (SDS), 1 mM disodium 

ethylenediamine tetraacetate (EOTA) and 1 00 ~g/1l1 'lai mon sperm DNA. The 

filter and prehybridization solution wpre placed ln a scaled bag at 6H"C in a 

shaking water bath for 1-4 houTs. 

The probe (5 miHion counts per ml) was added and the bag rescaled. The 

filter was hybridized at 68°C overnight. The filter was then removed from the bag 

and washed twice at room temperature in 2X SSC, 0.1% SOS and twicc al6WC in 
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2X SSC, 0 1 % SDS for 15 minutes each wash. The blots were rinsed \Vith \Vash 

"iolution and placcd on film with 1 or 2 intcnsifying scrcens for 3-7 days. 

Ji:. BUN., l'robc 

The rat H DN F probe \Vas obtained in the lab of Dr, P. Richardson using the 

polymerase chall1 reactlOn \VIth upstream and downstream primers corresponding 

ln pig BDNI" ,>cqucnces The ,>cqucncc obtained was cut \Vith EcoRI within the 

pl imer rcgion~ to enahlc insertion II1to the pGEM 7Z "cctor at the Sma site. 

'1 () prepare a fragment for labelling of a DNA BDNF prohe, the entire 

BDNI"' 'ieqllencc wa!'> i!'>olated hy cutting \Vith EcoRI and scparating the 750 base 

fragment on a low meltlllg point (LMP) agaro')e gel. A Pharmacia oligolabelling 

kit was lIscd tn producc a DNA prohe One hundrcd ng of DNA from the gel slice 

was heated to 95- J o(re for 7 11lIl1ute') followed by 3TC for 10 mInutes. The 

"ample wa'> ccntrifuged and the follO\\ ing reagenls added. 50 pCI ,2P-dCTP, 10 

Id reagent ml'\., 9 Jil H 2() and 1 pl Klenow fragment. The tube was mixed and 

(Jlaced III a 37 (' \Vater bath for -l h()ur~ 

hee nllck()tide~ \Vere remm cu usil1g a N lIctrap Pu"h Colul11l1. The column 

was prewetted \VIth STJ: huffcr (OOIM l-:DI'A, pHS. 002M TrisHCI, pH7.6, lM 

NaCl) and the ~all1ple. hrought up tn 70 III \vith H2(), \\a~ added. The probe \Vas 

cluted lISlIlg 901'1 01 STI-., hullcr and collcctcd ln an I:PPcl1dorf tube One ,d was 

(Jlaccu III a '\cll1tlllatlOl1 tune anu counled on the tntlum channel. Thc counts per 

minute (l'pm) obtallled multlplied h) four) iclded the Cherenko\' counts, a 

mca~un.· or the ~2p l'pm'). The labelling rcaction Ylelded approxllnatcly 120}/1 of 

probe al 1 \ 10(' cpm/Jil. 
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CHAPTER3:RESULTS 

ln this chapter, 1 present the re.,.ults of the expenmt·IlI.\' ln thi.\' the.\'i.\', 

which e~amine the re.fiponse.fi of adult rat refinal ganglIOn ('ells to 111Jllry. III th(' 

first ,,.ectioll 1 report the patterns of ccli lm ... .,,· oh.\'en'ed aJier cut or l'rll,\'h of the 

optie nerve. III the !,ec(}ful seelwn 1 de.\crrbe the nwrplwlo~l(,lI! chtlll!:e.\' 

oeeurring in the retinal ganglion ecU tlXOll.\' located 1Il the optlC /len(' ami rl'tllla 

alter cut or erw;h injury. f'inally, III the thzrd sectll'" 1 de.\'cribl' the exprt'.\'.\'WIl 

olbrain derived Ileurotrophicfactor in the normal raI optie /l('rv('. 

I. RGC SURVIV AL AFfJ<:R INTRACRANIAL ON eUT OR CRlJSII 

A. Fluorogold IJaheling 

ln control rctina", Fluorogold(R) labclcd IH.i( '" wcr(' fl'cogni/.cd by thl' 

fine, punctate tluorc\ccncc ln the perinuclear cytopla"m and "orne proximal 

dendrites. After in jury, many RGCs appearcd to hc H.lcntlcal to control IHi( '\ 

Other axotOJl1Izcd R(J('..; rclmncd the pUllclate lahl'llflg hut \Vere only lallltly 

fluorescent compared to thl' bright labclmg oh~cr\'ed III control RC J( \ ln adthtlOll, 

ccII" \Verc al",o Idcntificd w}lIch contained very hnght, coar\e Huorogold(l{) 

laheling. Thc'\e cell~ \Vere often clongated and \Vere localcd III a deepl'f plane 01 

focus than lhc pundatc lahcled RCi( \ Thl\ coar"t f1uore'.ccllcc \va'> prlovlOu"ly 

describcd for microglla and macrophagc\ ln motoneurO/l nuclcl aller InlLlry 

(Rinaman cl al., 1991). To lIlvc ... tlgate the pO\'>lhlc non-neuronal nature 01 thl' 

Fluorogold labeling, \cvcral rctma'. \Vere rcacted \VIth ()X ·U, éln anllhod) whlch 

rccognizcs microglJa Mo"t c,<>I1 ... coar"c1y labcleu \\Ilth Huorogol<.J(R) were al\o 

immunostaincd \Vith OX-42, sugge"tmg that mlcroglw had phagocyto\ed the 
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HlIorogoltHR) from ucgraulng nCllron~. as prcviously reported for dil labeled 

rct,na\ (V J1lcga..,-Pércl., MSc lhc~i~, McGillUniversity, 1991) 

IJ. R(;C J)('n~iti{'s in Control Rctinas 

'1 he mcan den",ty of F1uorogold laheled RGCs in control retinas \Vas 2272 

.± 61 cd \ ... /mm=' (Tahle 1. hgurc 1 a) Control values did not change with the age of 

the alll/nai Vdlega,,-Pércl cl al (1992) rcported dll-Iubelcd ccII den~ity in control 

rclllla" a.., 22XX ± 66 ccll,,/inm=' 

C. R(;C J)l'nsitil'~ Aftl'r Intracranial ON Cut or Crush 

R( le 1,0"''' 1" Dclu\cd 

SC\'CIl day'" artel' ON cut or crush, menn RGC densi tles \Vere not 

"'Igniflcanll~ dlffcrellt trom control \alues (p > 0 05: two-~Ided Stlldent t-test. 

Mean de/hlllc.., dt one weck \\cre 21-1-5 ± 120 and 2218 ± 92 ccll ... /mm2 for ON cut 

.1Ild LTu..,h rc..,pn:tl\'cl)' reprc..,enttng œil survlvah of 94 -l and 97 6C'j(J Thus, the 

ccII 10..," after 1Illracralllai ON Ill.lllf) I~ delaycd for at least 7 days, lhis delay is 

rndepcndenl 01 Ihe Iype of ON IllJllry 

2 Two Wcà" 10 SI\ Months DttTercnt Patterns of ROC Loss Arter ON Cut 
and Cru..,h ----

At tcr the II1l1lal one \\-cek dclay ln RGC 10lis, the patterns of cell loss were 

Jlflcrcnt aftcr ON cut and crush Cut InJury was charactcnzed by t\\lO phases of 

l'l'II loss, .111 carl), rapld In'is fnllmvcd hy a laler, more protractcd 10')s RGC loss 

after <'rush /n.lllr~ contlllllcJ at a constant rate from one week to six months (Figure 

2) l'rom IOda)'.., tn 6 months, mcan RGC densities after ON cut were 

~igl1llïcantl) diffcrent than arter ON crush (p > 0.05; tvvo-..,ided Student t-test) . 
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a. ON Cut: Early Rapid and Later Protracted ROC Loss 

There appeared to be an abrupt loss of celIs in the second week ufter eut 

(cell densities at 10 and 14 days were 1398 + 27 and 1364 + 80 cells/mm2 

respectively) followed by a more protracted loss which continucd until 6 months 

(Table l, Figure 2). An attempt was made to characteriœ thl~ loss hy maklalg l~ • ...: 

assumption that the surviving cells werc subject to onc or more processcs 01 loss. 

each exerting a uniform effeet over timc on thc survlval of thlTcrcnt populatIons ot 

cells. This assumptlon is described by the equation: C(t) = CtC-·1I + ClC-hl I-CW-l'I 

+ ... where C(t) is the number of survivmg cells at time t after axotomy and Ct. C2 

etc. are the number of cells subject to ccli death with time cono.;tants 1 la, I/h etc. 

The data were fit to equations of this nature using thc Slgrnaplot 4.1 curve 

fitting pro gram which uses the Marquardt-Levcnberg algortlhm Becausc thcrc 

was no apparent loss between time zero and 1 weck, thc ttlne ICro pOl1llS wcre 

excluded from this analysis. 

The trajectory of ROC survival from 1 week to 6 months aflcr intracranial 

ON eut was best fit by a curve with two exponcntials (l'ahle III) which is ploued 

in Figure 3. The initial loss of ce]]s tS succceded by a later phase of cxponcntial 

loss with a ca1culated half survlval timc of 2.3 montho.;. 1 502 RCiC~/rnm2, or 66% 

of the original population were subject to this lattcr pha~c of Joss. 

As a check on this ca1culation, regre~slOn hncs wcrc <.,cparatcly dClcrmmed 

for the celI survival data from 7 days, 10 days, 2 wcch or 1 mOJlth 10 6 months 

(Table III). In the latter three ca'\cs the rcgresc.;lOn Ime<., mdlcatcd a hall' <.,urvlval 

time of 2.4 or 2.6 months, the R2 valuc improving c.;lightJy as lh(; carlier data werc 

eliminated, consistent wlth the mflection at about 1 () da ys on the ,>urvival curvc 

calculated from the curve fitting. 
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b. ON Crush: Single Rate of RGC Loss 

Unlike the eut mjury, RGC loss after erush injury did not appear to result in 

a rapid early loss of cells, but rather, the ceJl loss from 1 week to 6 months after 

crush in jury was slow and protracted. ROC densities at ail time points after ON 

crush were grcater than aftcr ON eut and the densities at ail time points after 1 

week were ~Ignificantly diffcrent for the two types of injury (Table l, Figure 2). 

The RUC dcnsity after ON crush was qualitatively greater than after ON eut from 

2 weeks to 6 months after inJury (set Figure 1 band e for pictures of 1 month 

Fluorogold(R) labelled rctinas). 

Curvc litting, as deseribed above, was performed on the ROC survival data 

after ON erush. The trajectory of ROC survival from 1 week to 6 months after 

intracranial ON crush bcst fit a curve with one exponential (Table III) which is 

plotted in Figure 3. The calculated half survival of the single rate of ceJ loss was 

5.3 months. As a check on this c:.llculation, regression lines were determined f'c'r 

the cell survival data from 7 days, 10 days, 2 weeks or 1 mcnth to 6 months (Table 

III). In the lattcr three cases. the regression lines indicated a half survival of 5.3 or 

5.5 months WIth R2 values of 0.85 te 0.88. The rate of ccII Joss after erush injury 

(one-hall' survlval tllne of 5.3 months). therefore, IS more than two times sJower 

than the rate ot cell loss in the second. protracted phase after ON eut (one-half 

survival time of 2.3 months) . 
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D. Validation ofAxonallnterruptioil following ON Crush 

1'0 validatc the complctcness ofaxonat IIltcrruption aftt'r ON crush, two 

animaIs \Vere backlabcllcd with Huorogold 1n1lnl'dlatcl~ afh.'r ON l'rush and orle 

animal was labcllcd after ON cut. Thesc HllImal'i . .,al·nfin'd al t WCt.''' ( t crush. 1 

eut) and 6 wceks (1 crush), did not di .. phl) Huorogold(R) labclllllg 111 tlll' retllla 

contralatcral 10 the tnjury \Vhlle the control rclina. Ip'illaleral to tlll' IIIJury. 

eontained a normal population of Fluorogold(R) lahdlcd ccii" 
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• TABLEI 
FG- LAnELLED DENSITIES IN RETINAS AFTER ON CUT OR CRUSH 

Cell DCm,ILy Tlmc AiLer Type of ON JntenuptlOn 
cclh/mm2 rnJury 

1 eUT CRUSH 

Mc.m iShM control 2272 ± 56 (n=21) ~ li 
-II 

7 days 2247 2123 
2200 2303 
2309 2406 
1825 2038 

Mean ±SEM 2145±109 2218 ± 84 
% control 94.4% 97.6% 

JO day5 1473 1803 
1405 1948 
1356 2055 
1358 1841 , 

Mcan ±SEM 1398 ± 27 1912 ± 57 \ 

(XI control 615% 84.2% 1 " . 
14 days 1347 1905 

1578 1803 , 
1462 1980 1 

1099 2064 " 

1336 1 

Mcan±SEM 1364±80 1938 ±56 
% control 60.0% 85.3% 

1 month 897 1767 
1033 1657 
936 1689 
1220 

Mean ± SEM 1022 ± 72 1704 ± 33 
(,''c, contml 45.0% 75.0% 

-

3 months 688 1622 
592 1437 
668 1465 
626 1511 

Mcan±SEM 644 ±22 1509 ± 41 
% contml 28.3% 66.4% 

6 months 263 829 

• ('To control 11.6% 36.5% 
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Figure 1 

Fluorescence photomicrographs of a portion of oee rClinal quadrant Showlllg 

retinal ganglion cells retrogradely labelled with Fluorogolù(R). The optic dise i~ 

located in the Iower right corner. Bar = 250 ,.un. 

a. Control Retina: Retinal ganglion cells Jensely covrr the (cIma and ale 

recognized by the punctate nature of the fluorescence. Blood VC':-,sds .\Ie vIsible as 

striations in the retina where no RGCs are locatcd. 

b. Four Weeks After Intracranial ON Cut: The denslly of IH,Cs IS Illarkedly 

reduced. Many of the labelled cells do nul di'iplay punctatc labelling and are Ilot 

rounded in shape: these are phagocytlc cells that have engulfed dymg ';('Cs. 

c. Four Weeks After Intracramal Crush: The dcn:-,ity 01 R( j('s IS Ict/uerd 

compared to control retinas but is greater th an after ON lUl. Phagocytic cdls 

containing Fluorogold(R) are less frequent than after ON cut. 
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• 
TABLE Il 

MATHEMATICAL ANALYSIS OF RGC LOSS A~TER CUl' OR CRUSH 

INTRACRANIAL ON eUT INTRACRANIAt ON CRIJSH 

RGCs SUBJECT TO RGCs SUBJECT 1'0 
PROTRACTED LOSS SINGLE RATEOF LOSS 

Number of cells 1502 Numbcr ot' cclL.., 2103 

I/time constant (months- I) 0.30 (/time constant (months -1) . 0.13 

Halfsurvival time (months) 2J Halfsurvival time (months) 5.3 

TAULE III 
LINEAR REGRESSION ANALYSIS OF RGC LOSS A~TrER IN.JURY 

Type of Optic Nerve l-inear 
Lesion Re~ressi()n 

Time After ( )nc-tJalf 
1 njury( months) R2 Stope SurvivlIl Time 

( months) 

CUT 

0.25 - 6 0.86 -0.33 21 
0.33 - 6 0.94 - 0.29 24 
0.5 - 6 0.93 -0.29 24 
( - 6 0.95 - 0.26 2.6 

CRUS" 

0.25 - 6 0.86 - 0.14 5.0 
0.33 - 6 0.88 - 0.13 5.5 
0.5 - 6 0.88 - 0.13 5.3 
) - 6 0.85 - 0.13 5.3 

• 
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Figure 2 

Graph of rnCLill ROC density + standard error after intraeranial ON eut or crush 

versus tlnlC aner in jury plottcd on a linear seale. Mean ROC densities are joined 

hy straight lines. Loss of RGCs is delayed for l week after ON eut and crush. 

Ccll loss after cUl LnJury occurred rapidly during the second week followed by a 

more protracted ROC loss. Cell loss after crush occurred at a slower rate than 

aftcr ON cut. 
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Figure 3 

Graph of ROC density after intracranial ON eut or crush versus time after inJury 

plotted on a semilogarithmic scale. The curves plotted were calculatcd as the œst 

fit exponential decays for the data from 1 week to 6 months. The data at time I.cro 

were excluded because the œil loss was delayed unt)1 ] week after mjury. Al' ter 

ON eut, ROC 10ss was best fit by a curve with two exponentlals descnbing an 

early rapid cellioss followed by a later, more protracted cellloss. After ON crush, 

ROC 10ss was best fit by a curve with one exponential describmg a ~mgJe rate of 

cellioss. 
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Il. (;ROIJP Il RETROGRADE AXONAL CHANGES AFf ER 

INTRACRANIAL ON eUT OR CRUS" 

A. Retrograde ( 'hange~ in the Optie Ner\'c 

('ollln,1 ( ).1'\ 

('ontrol ()N., \ Icwcd ln crŒs-~cctlOn by light and ch:ctron mlcroscopy 

conlal/lcd ax.on" 01 \ anou~ ~17Cl.) groupcd together mto fasclcles The fascicles 

\- ancd III .,ll.e and were dclmcatcd by the astrocytlc proccsses which surrounded 

tht'm Almmt ail of the axom "'vere mychnated and \Vere irregular in shape (Figurc 

-la, hgurc ) 

2 ON After Cul Inlun 

After Illtraeranlal eut InJury. tllc ON was charactcrizcd by a core of 

e\tell'iIVe mydmated flhcr (MH loss which \Vas obscr\'cd from the mjur) site to 

wlthm 2-3 mm t rom the C) e At three days. the eut .,îte eontalllcd no intact axons 

and many axons ln the central arca of the nerve l'rom the sIlc of IllJury to wlthm 2-

3 mm appcared tn be dl.,1 ntegratlllg ['he area ncar the l') e contalllcd onl) normal 

axons. No macrophage,", \\ cre prcsent. At one wcek, the ner\'c 1 n ero'55 section 1 

mm lrom tht.' cyl' (Olltall1ed an occas/Onal dl~ruptcd Mf' (hgllre 6a). Four mm 

l'rom tht' t'ye. Mr Jos~ \\ al.) pronounccd wlth a cort' ni macrophages and astrocytic 

proccs~e,", 1 he outcr Il m 01 the nen e contamed an occasIOn al dlsrupted MF 

(Hgurc 6b) Si \ mm 1 rom the cye the central regwn conlallled 1 C\v axons while in 

the 1"1111 nI the nen c. more thm~ one hall' of the a\ons were lm!. bght mm from 

the l'~l' (\\flhlll 1 Illm of thc eut .,Ile) there \\crc numerous macrophages and 

a"trot'~ tIC proCl'S.,l''I hut 110 1 ntaet a\on~ (hgure ne). 

1'\\'0 wl'cks al tcr l'Ut. thc l'ore of dislIltegrating Mh had not extended 

dO~l'r 10 the C\ c but 1 mm t'rom the cyl' therc were more disruptcd MFs than 
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observed at 1 week. The core occupicd a larger portIOn of tht' nen t' in cros~­

section; at 4 and 6 mm rrom thc eye, the central area cont,lIl1cd no a\.on..; ",hlll' the 

outer edge of thc nen e contaim:d a ..;mall population of Intact a,on" 

.'our wccks after cut, al 4 mm (hgun.' 7h), 6 mm (hgurt' ~lh) and X I11m 

(Figure 7c) t'rom the cF thrrr \'{'fC !lO IIltael (\xon" onsl'I\ ed III -t 01 6 animaIs 

One mm (hgurc 7a) and 2 mm trom the cyc, nH'1 half LIt' Ml'''; 'H'n.' dl~rupkd and 

\Vere replaccd by astrocytc pr()Ce~""',, Thn'(' mon' hs al ta ()N clIl, a k\\ mtad 

axons \Vere present at the penpheral arca of the ON 1-2 mm l'rom the l') l' l'he ()N 

from the eut "ite to 2 mm fronl the C) 1.' eontalllcd no intact fibcr~ and conlaillcd 

many macrophage~ and astrocytl<; rrocc ... '.l''' 

Cut iI1JlIr). thcrclorc, cau'.cd rapHL ("\kn'.lvc rctrngrade damag'" c\lemhng 

6-7 mm towaru the cye \\ithlll 1 \vcc" 01 IflJlIf)' The cort' area contallllng many 

macrophage" and t'l'\\' Mt,,, dld not c'\tcnd clmer 10 the t')'c h) tour wed" atkr 

mjury 'l'hi" core oc.:t:uplcd a gleater portion 01 Ihe ()N III no,,'. '.el'l101l ovcr 1 lu.' 

time course on:-,cn cd "uch that al --l '''Tck ... , tllcH' \\ l'Il' no mlad a\on'> Ilom ~ <) 

mm (rom the cye Withlll3 mm of the cyl', qw ON proglc'."lvd) 10,,1 MI·" 1 rom 1 

week, wlten onl) oet:a"lonal MI''> \Vere dl'.rupled. to :l wcck ... , wllen more Ihan hall 

of the MFs welc 10,,1 No macrophage,> I.'lItcrcd Ihe :lrt:(t \Vlthlll '2 mm 01 thl' Cyl' III' 

until 4 "'l'ch. ... artcr Jn.llll) , a ... oh"cn ed b) morphologleal a"'."",, mt'/1 1 III I,M 

~ecti()ns Mt· Ims wa ... act:O/npa/llcd by a..,trocylJc 1'1 her II1va"'IO/l and lm'. 01 Ihl' 

fasclcular nature of the ON (hgurc 9). 

3. ON Arter ('rush Inlury 

Retrograde changrs in the ON after cru~h InJlIry \Verc characleri/cu hy flllld 

loss of MF< The t:flhh ..,Ite in ail animal ... t:ontamcu no Intact Mh anu cO/J\I,>tl'd 

mainly of astrocytlc proce\<;e~, and tn ')orne animal ... , an occa\loIlal macrophage 
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Thi\ complete los~ of axons observed at the crush site did not extend more th an 1.5 

mm from the injury. Threc days af'tcr ON crush, the crush site conlained no intact 

axons and the nervc wa~ fillcd wlth astrocytic proces'ics. No axon loss was 

ohserved in the rcmaindcr of the ON. One week artcr ON crush, sevcrl: loss of 

Mh extcndcd le.,,, than 1 mm toward the cyc TI-Jc rcmaining ON proximal to the 

II~Jury appcarcd normal or contalncd only an ()cca~ional di~rllptcd MF. Two 

WC('k~ after crtl~h, the lm., 01 M}~" extcnded IIp lo 15 mm j'rom thc tn.lury site but 

the rCfllmlllllg ON ~ttlmr ... howcd onl)' occa"ional disruptcd MI·s. Four weeks 

ancr crmh, thcre \Va ... a mtld 1o" ... of M.· ... 1 mm (hgure 8a), 2 mm, 4mm (Hgurc 

Hh) and 6 III III (hgul'c -k) Irom the eye The cru~h ~Ite (,olltamcd no IIltact axons 

hut, "il11llal' 10 1 wet'" arter in.lllr). contallled m:11Jl~) dcbris and astrocytic 

procc~-;c~ (hgure Xc) 'l'href.' months afler cru-.h . ..,omc axons III thc ON were 

disintegratlllg. hut 11l0',t appcar II1tact. No tore area of II1crca~ed axon loss was 

oh ... crved alter cru,>h lI1Jury A-. alkr eut inJur), tht: 10<;" or MFs wa.:; accompanied 

hyan innea.,.:d area occuplcd h) astroeytlc procc'>'>e,> 1 ntact MI,,> appcarcd 10 he 

smaller 4 \Veel<.. -; and ~ month" artel crtl"h whcn cOlllparcd 10 control ncrvcs. 

('rush i!lJUI') , therdorl'. call.,e~ -;c\'cre retrogradc lm,> or Mh only 1-2 mm 

t'rom tht.' Slh.' 01 11l.l1lr) The rcmall1der 0;' the ON stump undergncs a .very slow. 

progn.'S'-ilh' lo~:- 01 a\ons huI b) -t. wceks after in jury, most of thc ON shows only a 

I11lld 10..,'> of MFs (hgure 9) 
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Figure 4 

Light micrographs of the ON in cross-section, 4 mm l'rom the cyl'. 

a, c, e: Low power micrographs of the whole ON. Bal == IO()pm. 

b, d, f: Higher power micrographs of a portion of the ON. Bal -~ ")()pnl. 

a and b: Control Optie Ncrvc: Most axons arc lllycllllatL'd and V;IIY ill sile. 

They are organized into bundle~ that arc ~cparated by a~trocytlc l'fOl L'~~l'"" 

C and d: Four Weeks After Intracfal1lal Cut: The l'l'IIU al portion of IhL' ON 

is occupied by macropp'l~es and myelin dcbns. The pcriphclal <l1l'a 01 the ON 

contains disintegrating axons and some mtaet axons 

e and f: Four Weeks After Intracranial Crll~!l. The UN appcars to hl: .... llllllal 

to the control except for a small population of degcncrating axons .... ( alterl.'d 

throughout the cross-section . 
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Figure 5 

Low power electrcn micrograph of a contro! optie Herve 4 mm flOm Ihe cyl' Mosl 

axons are myelinated and vary in size. The axons arc groupcd JIlIn hUlldks that 

are separated by astrocytic processes. Bar -= 1 0 ~un 
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Figure 6 

Low power electron micrographs of the ON stump in Closs-seclHll\ at ditklCllt 

distances from the eye one week after intracranial ON cut. Bal - 1 () P/ll 

a. One mm from the eye: The fIbcrs appear sH11IIal to l'Olltlol. 1\11 

occasional disintegrating f1ber ;:. observcd. 

b. Four mm fromJl~~: The fibcrs III thc pcnphcry of the ON "l'l'Il olllhe 

right side of the micrograph are mo~tIy intact wlth a fcw dlsIIllcgratlllg flhcl~ 

while the central reglOl1 of the ON, sccn on the lef! "Ide 01 the II1ll'roglaph, 

contains very few II1Ulct hbeI <.; and is occupied by Illacroph<lgl'~ and a~tJ()l'ytrl 

processes. 
c. Eight mm from the eye: Near the cut SIte, the entilL: IICIVC III CI()~~-\l'Ctf()J1 

is filled with macrophages arId con tains no intact fibers. The macl ophagL'~ COlltalll 

degrading myelin debris . 
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Figure 7 

Low power electron micrographs of the ON slump in cross-~c('l1on at diflell'II1 

distances from the eye four wecks after 1l1tracranial ON cut. Bal = 1 () pm. 

a. One mm from the eye: Most fibcrs arc disintcglatmg and :he hUlldll's 01 

axons are not clearl y delineated. 

b. Four mm from the eye: No flbers arc intact 111 the cellt/al ON. l'hl' 

periphery of the nerve may contain a few intact fihcrs. The ON conlall1s many 

astrocytic processes and macrophages engultïng mycJlI1 debn~. 

b. Eight mm [rom the eye: No fibers are II1taet. The ON I~ occupled by 

astrocytic processes and macrophages engulfing lIlychn dcbns . 
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Figure 8 

Low power electron micrographs of the ON stump in cross-section al dit klt'nl 

distances from the eye four weeks after intracranial ON crush. 13:\1::-: 1 () pm. 

a. One mm from the eye: A few fibers are dismtcgrating. Axon blllldles aIl' 

c1early delineated. 
b. Four mm from the eye: A few fibers are disinlegrating. ÂXOIl hlllldles 

are clearly delineated. 
c. Eight mm from the eye, the crush site: No IIltaet axons arc ohscrvcd. 

Disintegrating fibers and astrocytic processes occupY thc Ilcrvc . 
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Figure 9 

Schematic diagrams of the eye and optic nerve after in jury. The area of ~eVl'Il' 

tissue disturbance, axon 10ss and macrophage invasion IS showl1 hy hatched lilll's. 

a. lntracranial Cut: A core of severe axon loss and maclophage lIlva~\()1l 

was observed from the injury site to within 3 mm of the cyc. 
b. Intracranial Crush: Severe axon loss was ob~ervcd al the CllI:-.h sile 10 

approximately 1-1.5 mm from the inJury. Phagocylic cells were ()ccaslol1ally 

observed . 
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U. Rl'trograch' Chang('~ in the I{("tina 

il RI (n Inlllllllloreac\l\ Il) IfI Ihe "IorTllai Retllltl 

l<l'IlIwl j!angll()lllelh .... l'nd Ihclr d,on" 1 Will tht, ccII hod) 10 the OpllC UI .... C 

III large ;t\un hulldk .... \\1111.11 Ira\.::r,,': Ihe rlh(,'1 la)l..'r nI Ihe n'tilla The a'\on" 

\Vllhll1 the rdl"" 0111..' 1101 /lI)rllllatl'd al/d l'ail 11l' \ H'\\eU on lIatlnoul1h \\llh 

1111 III 11110111'"(()t!ll' 1111 cal \lalllll1~ \\llh RT(n (plO\ldcJ 11) DI John \Vood) \\hlCh 

rl'('oglll/e'.. the 20C kI>a 1Il1l'1I11cdlate 1 i lamcn! 'dlhlllllt (Andcrtpll. 19X2) 

HIIOH'\lTllt 1< 197 lahellllg \\ 1111 '" 1 ( , O!l a "ho!cl11ollntcd control rdllla ... IJO\\,.., the 

larHl' dCI1\t' ;J\O" hllndlc\ l'Oll\ l'I 0111 " al the ul)lll' dl'>c (hnllll' 10a) 
~ r ~ ~ 

I{ 1 ()7 11l1I1l11I)\)/Cal'lf\ Il) l'an he olN:n cd III Ille Iight 1111cnM'olK' hy Il:-'lIlg a 

D/\ B \ccoIHbr.\ 1 l'dl. 11011 rC'.,lIltlll1! in a darh. hr<m n fraction product Rl'tinal 

Il,,tlllOlIllh It:al'Ied 1 n Ihl .... \\ a\ \Vere lI\l'd tn \ 1\lIalllC and mea'.Ufe the 'iÎze 

dl .... tnhllllOIl 01 I{(;(' liher hllndk" \\ ithin the [('lllla In COllln)1 rrlllla<", thr peak of 

hUlHlle "lit" dl\llIhllllPIl \\:1' III Ihe 5-201'1ll range, 25(/( 01 control hunôlc" \Vere in 

each (lI Ihc 5 10, 10 15, alld 15-20/1111 .... ll.e cl< ..... "c ... (hgurc 1 J ) 

h KI">7 ImlllllnOle,l(:II\II~ III the RctlIlH l\flcr Cul InJury 

Aller cul 11l11lr~. Ihe Jo",> 01 R< iC a\on., \\Ilhin thc rctma wa\ ohscrved as a 

dCCH:a"c III Ihe '>l/l' and dt"n .... ll) nI' the R 197 Ill1lllllflorcacti\ c :t\on hunall''i in 

lia t mOl/lllrd 1 cl ilia.... ()nc \\ Cl' k allLT i ntfilel ailla 1 ON cut. Ihl' a \.on hundl c.., dld not 

aplwal ql/altlall\c1) ddlrl\..'nt lrom conlrol rctlna\ (fO\H'\l'r 11) 1\\0 \',cck" after 

ON CUl, tlle hllndk ... appl'an.'d lhllmCf and Ic~" dClhC lhan control retill<h Thcrc 

\\':1' .. a pIOglC\ .... I\1' dCClI';M' III a\OIl hUIlJk ... i/c and dcn"lt) '10 that tour \\cck" aner 

l'lit. the a\PIl hUIH.lk .... appl'arcd ln OCCUP) Ie'l" than hall' the rrtmal arca occuplcd in 

il COlltlnllellll,1 (hgllrc IOh) 
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( h,.~ Rt'\/I//\ 

ln aùdltlon, "nlllC :I\.OfI" nr "mail hUlHlk" (lI ,\\01'" dli.l Il (lI Inlill" Ihl' 

normal "tralght l'()LJr"~ \\ Jlhll1 Ihc Il'tlIl.! 1 Ill'~ ~)l'l'.hl\)ll.dl~ IllIIH .... d ,1IId 1\\ cd,Ippt."d 

adJa~~nl a\nl,.., lImii Ihc) JOlnl"li :I11othl'1 :I\I)J! hllndk ,\Ild l'I)J1l11l1ll'd 1111:\1 palh III 

Ihe di"c (hgllrt.' IOh) 

1 he d,,,tnhllIIOIl 01 R( i( , 'Iher hUlldk \\ Idlll" \\ a" ,Iho dt.'tt.'''l1ll1l'd .11 ICI l'lIl 

InJur~ A ..,hlll III hundk dl<lI1lCtl'r dlqnhlliion lu "m,lIkl hundlc ""l''' \\.1'> 

oh~cncd at -l \\l'l'b after ON Cllt k:;// \)1,1\,011 humlle" \\l'Il' 111 Ihl' () .;; 11111 ..,lIl· 

catcgor) -1- \',cd" atter rul comparcd to ~(I nI l'llJllrnl hlll1dll..' .... III 111l' ""Illl' "Ill' 

cla'is (Figure Il) Il \\CI" Iwted Ihat the IIUlllhcl 01 hlllldk" Illl'a ... ulcd pl'I 111111 

rctlllai dl ... lanec II1crea'\ed aller ON rul 

c RI 97 ImmunOrl'acll\ Il) III the Rctll1a Aller ()N ('/1I"h 

The change ... 111 Intraretlllai a\OI1 dcmll~. qllaillall\ cl) dl'lclIllIlll't1 Il.' RI (n 

Immunoreacll\ 11), \\erc morc graduai allcr ()N l'Iu,>h Ihall ()N tlll :\Itcl l'lIhh 

II1Jur~ .. Ihe den""I) and ... l/e nI IlIlrarcllnal ;t\'OIl hllnt/Ie'. appe,lIt'd 11It' '. ,!I Ill' ,1'" 

control l'etllla,> untii four \\ce",> ,tll~r IIIIUI) AI 1I1IIr \\l'l'~"'. Ihl' cI\!)1I hundln 

appcared ... llghtl) "malkl. hut 01 l'qllal dell..,ll) a.., lOlllrol Il'llIIa ... ("'I!"n: 1 0(') 1 he 

path ot the ,\\.011 bundle .... unllh Iho,>c aller cul k'>lOn, dld Iloi devlale lrom 

normal 

rhe dl <.,lnhutlon oll/llrarctillai nllndlc \\ J(jlh ... \\ a.., al"o rnca ... ured :lIlt'l crtf'-.h 

InJury Agam. the decrca ... c In a\.on hllndlc \\Jdth \'va,> morl' graduai alln (>N cnl,>h 

than ON cut I·our \\eek., alter cllJ,>h. Ihe pea~ 01 hLJndk ..,lIl' dl"lnhlllloll had 

shiftcd to "'inalJcr hundle .,lIe,>: 3')(1t 01 nundlc,> \\ere 111 Ihe ') IO/lm da..,.., ,lIld 27% 

of hllndlc ... \\ cre III the 0-5pfll cla.,.., (111!1Irl' 1 1) t\ trend Icm :tld "malin :t\OIl 

bundlc'l \Va ... on~er\.'ed atter hoth type'-. 01 axon IlIterruptloll hlll Ihe ..,hd 1 Jo ..,fIIalkr 

bundlc'-. \Va ... flot a ... pronounccd alter ()N cnJ ... h 
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Figure 10 

Flu()rc~cellce photnmlL-lograrh.., <.,!lO\,,:mg RT97 ImmunoreaClIVIty In a portIOn of a 

rCllnal quadrant The RCiC axons, arranged in bundles, traverse the reOlla from 

Ihclr ccII bodlcs 10 Ihc orlle dl'iC, located to the nght m each mlcrograph. Bar = 
5(Xhllll 

a. Control Rl'tIlL\· The axon bundles are large In diameter and their 

proJcctlOn IS ~tnllght. 

h. Four Wcl'k<; :\ftcr Intracral1lal ON Cut: The bundles appear reduced ln 

dtameter cornparcd to comrols and sorne <L'l.OnS or groups of a.xon~ traverse the 

rl'tma 111 an aberrant lhrectIol1. 

c. Four wcc"'~ After O:-J C'ru'ih: The ~'(on bundle size IS slmdar to the 

control rel1l1a . 
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Figure Il 

1I1,>lngram r1lu,>lratmg the "I/e distriolltlOn of rntraretinal RGC axon bundles 

IIlca-;ured 0 22 mm from the dise in cOlltrol retinas and four weeks after 

Intracrarual cul l)r l'rush l'he hllndlc ,>Ile distnbutlOn shifts to smaller bundle 

\\ Idth .... It)IIO\\ IIlg ()N \.:fush (hatchcd bars) and to l'vcn smaller bundle widths after 

ON l'ut ~l'n)"'" hatched bars) 
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2 I-:Icctron MllTlN:\)fn ni Jl1l1.J!..l.:.W!:!L..)~~!tLB~~!IJI~: .... 

a ('nntrol rl'tina ... 

Conlrol rL'lIll;\" \\ l'Il' l".1Il111ll't1 III 1 f\1 III l'In ... " "crllol1 Il' \ Icn lhe hIlIH.P:" 

or a\OIl ... Ira\ ~'r"'ln~ the l'Clilla tn Ihr dpll\.. dl"'"' ('Illliroi hUl1dll-" \\l'Il' 101llHI ,Ill" 

,anet! 11l ... 1/\.'. cllntalnlll~ .lppn),\lllIald~ 100 III I()O{) .t'dll" 1 he ,1\1111'. III .1\'"l1dk 

\\l're tlghll~ appp"cd tllcadl othl'r and tlll' hUlldln "l'It' "l.'p:II.llnlll\ ~11111r1 u:1I 

pron'..,"~·\ and blood \c""l'h. hp\\l'HI thl' 1101111d:ll) ul l',lrh hlllldk \\,1'> 1l(l11'1r:1I1~ 

uchncated -1 hc Idelltlt: ni the hllndk conlcllt... ,l''.t pure poplilatl<1I11l1 :l,on ... rould 

/lot he cOlllirmcd ,1\" a Ic ... ult. quantllattoll or the a\o/l Illlllllwr or \..lOI.,,, ""TIIOllal 

arCH wa ... not P\hl.,lhlc (hgurr 12a) 

b. Intrarl'llllai ;\ \on Bundlr ... Alkl ON ('ul 

No change'> III the 1I1lr.tn.'tlllal ;t'Oll hlllHllc ... Il.HI Ol'Cul/cd dl Ollt' \\ ~'d., alll'I 

ON cut. 1I1n\ C\ rr. al t\\ll \\cd,,- :t!lcr cul. Ihe <t\PII ... \\ Ilhlll C.ll Il hundlc Wl'rr 1101 

as do ... eI) a"'''(llï;tled \\ Ith c<tl'h otlln ,tilt! the hOlllld.trlc,> oll'.1l h hlllldk \\CIl' !c-,,> 

appan:nt l'our "l'cio...., ,dll'r ()N <'111, 1 1 he rI., \\l're "'l'Iwalnllllrll}{ r Irolll cadI oIIH:r, 

the hllndk ... apPcclled ln "plll Il1to \Illalkr palclll'\ 01 :I\.OIl', .tIld Ihe hOlllld.lllr'o 01 

eaeh hundk \'ell' llldll.,lcrrllhk (hl;ur-c 12h) IItc'>(' oh"cndllOIl\ CIl hllndl<.­

hrcakdo\\11 Il'''111~ Clel'troll IllICrmCOp) ulIrl'l"lt \\dl \\llh Ihl (lh..,u'.tllo/l\ of 

RT97 ÎII1IllLJIWlt"H:II\Jt) III llatlllollllll'd rdllla... BoIl! IlH'I!Jot!" 11.."\ <.alrd a 

qualltatJ\'C change III the '>I/C 01 '.I\on hUIHJlcl., at 2 \\ cd, '> al ter ( )N tlll th.11 bel,lIlle 

morc markcd al -l \\ cc\... '> 

c Intrarell/laJ ;\ \on Bl/mlle ... Arter ON ( 'rmh 

No change tn thc axon hunulc ... \Va ... oh"crvcu untl! <-l wcd,.., alll'r ( )N <:m"h 

four wed. ... after eru..,h, the axon'> '\-cre not dcn ... c1 y packcd and Ihe hlllldic 
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nOIlI)(janC\ \Vere Ir..,.., dl\llllcilhan 111 control rctina<., (Hgurc 12e) The retinal fibcr 

layer arpcared ..,,,nrlar to Iho\e ob..,cn cd 2 \\'ccb aftcr ON l'ut Thcsc 

oh..,cn atlon.., , .... lJlg LM al\o corrclatc \\ l'Il \, Ith thc a);,on 10\.., oh..,cn cd usmg RT97 

Immlllloreactl"lly Both rllcth()(.)<, rc\caled that qualltatlVc lo..,~e.., in RGC axons 

\\crc not apparent IInlil <~ \\cc"-.., alterON cru..,h 

<. '. ('ru!-.h and Suture 

1 he ON 01 anl/Hah rC<:Clvlrlg crll~hc" and ligature ... \Vcre ohscrved hy light 

The ON dcgcncrati"c changc ... \\cre 

(.halal'lefl\llc of a cul k ... 1011 , 2 \\cck.., alter nI/ur) a central arca 01 'Ic\cre libcr 

10..,.., and macrophage.., \\(1'" ()h~er\'cd and the flher lm'l \\-a~ pronounccd near the 

eyl' 



• 

• 

Figure 12 

Low power micrographs of the vltrcal ~urracc 01 thL' Il'IIII,I "ho\\ Ill)' tht' I~(;( , Ilhcl 

layer and the inner nuc1ear layer Bar:-= 5 ~lrn. 

a. Control Rctina: The RGC rll)cr .... :\lC :Inangcd III lalpt' hUlldlt" 01 

approximately 100 to lOOU fd)clS locatcd ne,lr the vllll..'al \\111.11.1..' ()I\I.' h\llHlk 1" 

seen in thls mlclogroph. 

b. Four \Vceh Arter Intracr,IIlIaI ON CUl' Lllgl' ,IXOIl hlllldk ... :111..' Ilot 

visible. Small groups of flhcrs and IlldlvidualldkT'; aIl..' "ldttell'!! .d(~:tJ' tlll' 1 Jlll'i 

layer. 

c, Four Week~ l\fter rntracralliai QN CU.!~l· Lal) .. !,c (1\011 hUlIdk\ ail' 

observcd, similar to control fctma,; . 
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('Il 3' Rt'\lIfl\ 

III. EXPRESSI()\ OF BRAI~ I>ERl\l·:n :\FI RO Il{O.,IIIC FACTOR I~ 

THE OPTI(' ~ER.\'E .\ND RE 11~·\ 

\jnrthcrn hldl dl1.II\"I'" nI tnl.iI hralll R~.\ \\lIh .11.11 PN·\ plohe 

rccogn1/lllg hr~lIn dl.'ll\l'J 1I1'1I(1)lropl1ll' Lll'lnr Il'\l'akd 1\\0 Ir,lll'>l"Ilph. 

appro~lImllll~ 1 ~ and·~ 2 Kh ln '>1/1.' ~n C\PIl''>''OIl '''1'> llh"l'IH'd !Il 11\ CI 1 he,>e 

rc~ults \\cn. IXC\ Illll,>l~ 'l'portct! (Ilulelct al. 19l)(), l\'hll "Ull pH.'! Il' l\.t1 . 11)t)(}) ,ml.l 

\\cre rcpeated tn c'itabll,>h Ihat Ihe rat DNA Plohc 'l'l'l)~IlIll'd thnr BI )NI· 

transcnpt" J'hl'> rat DNA probe \\a,> Il'>cd 10 prohe RNA 1101\11101111,11 ()N ,lI1d 

rctma 1\\0 BDNl- tl<llhenl)!'> (1 ~ and -~ 2 "-h) \\l'IC dc,lI" \,,>,hk III hl:11I1 

mRNA preparatIon, \Iï~ure 1). lanc 1) ln rcllllai (Iallc 2) ,ltHl ()N (LIIIC \) 

mRNA prcparatlon". tallli hand,> "l'le dclt.Th:d III Ihe ',lIl1e 1"gIUII... IIH' ln cl ui 

exprcs'lOl1 \\ a,> hlghcr III Ihc rclIlla Ih:\11 III the ()Ï'J 1 \prc'>'>loi! III BI )NI· III Ihl' 

adult retma \\ a, prn '()l!"I~ rcportcd h~ ivlahOllpll'rre el.rI (1 t)()()h), \\ ho IOlllld a 

low le\ cl of c\prc.,,,lon cO!l1parcd ln adlill brai /1 

AdthtlOnal BDNI' prohc" "trC lItlllll'd dUllllg Ihe mur ... c 01 Ihe l'\I1l'IlIlH'1l1 

a mouse BDNI· rnRNA 'l'ql/cllce. ()hl~lll1ed 1 rom M Ilo/cr, wa., ll"rd 10 prepare 

RNA and DNA prohe" Boil! prohe, latin! 10 ICC()~lIl1l' BJ>NI III lai RNA 

preparatIOn,> Il''lng \anou" h~hndllatloll and \\a,>IIlll!~ l'o/Hlllltlll .... de"'PIIl' the 

Identlcal "Iequcncc" of rai and rnou"l' BDNI· IIlI<NA 1 hl' 1<11 H/)~I ... cqlll'ml' Il,>cd 

to make a DNA probe lor the npenmenh lepollcd III tlll\ Ille,,, \lia" .tI,,() Il,,ed I() 

prepare an RNA probe \)orthcrrJ hlo!'> preparcd \\ IIh till'. pr()he .,hO\H·d 110/1 

'ipecIfïc hlllding 10 Ihe noO\omal RNA \\ hl ch Illterlnet! \\ lth the HI >NI· hand ... 

locateJ dlrcctl) helm\ the rRNA ha/H.t... IllU'. the 1'.11 HI )~I' 1 )NA prohe \va., 

dctcrmmcd ln he the !l10"t dlcClne prohe lor Northnn hJbndl/:lII()1I 01 l'al ( NS 

U<;suc 
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Figure 13 

N011hc11l hlot III brall1 (1î,11~ 1), rctina (janc 2) and optie nerve (Jane 3), probed 

wllh ;1 \:P-J,lbcllcd lat blai'1 denvcd neurolrophic factor (BDNF) DNA pIobe. 

l'wo Ir .Ilbl r Iph (1 S and "~ 2 kb) wcre clear Iy visIble JO bralP. rnRNA preparatIOns 
,1IIc1 failli hand" \\lTC ()h~cl vell IlllctinaJ and ON IllRNA preparations . 
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IV. S(fMMAH.Y OF RESl'LTS 

1 hl' palllT/1 01 IH;(' Im\ alter a\otol11) 1'1 /Iltlucnccd b~ thc mcthod of ON 

mtt'frllptlo/} '1 hac l, ail tnltlal dc:la) III cciI dcath alkr bnlh ClIt and cflI"h Injur) 

IHiC <1('/1\11/(· ... ()IlC \\cck :dtcr IIIJUf) arc nol ,igfllfi(;lI1tl~ d,:ïcrenllrolll control 

\a!tH:, IHÎ(' 1(1 ...... altcl ON (lIl occlIr" III l\\O pha"c". an carl) raplt! ('cil Im'l 

/oll()\\cd h) a Iain. /llll/l' prolractcd l'cil 10"'''''. \\hdc IHiC 10"''' artcr cm ... h rnjury 

OCClIl" al éI .... 11l~lc .... I(l\\ rail 

1 he rct/()~fade IIwrphologlcal change .... that occur ln the R(J(' a\on.;; aftef 

1I1JlIf) aIl' al"ol/l!lllcllccd h) Ihc t)PC ni ON Jntclruptloll Arter ON cul. the axons 

\\ Ith/Il the ()~ ,kgclll'Iate l.tpldl~ and the centfalleglOll of thc ON, e'\tendlng from 

tlll' Ill/ur) tu \\lIhlll 2, mm 01 the c)c contaI Il''' ll1~lInl) dehrr, and In\ading 

macrophagl·... 1 he <t\OIl" III the rclma are ahn I(),I raplol) qllalttatl\ c change ..... m 

oh"cl\ ed h) RI <)7 II1llllllll0feactl\ il) and cketron I1lICro<;COP). arc apparent 2 

\\ cc"- .... al ter IIIJlIr) .lIld al -+ \\ cd ..... the hllndle .... l/e and density ha" decrca ... ed to Ics" 

than hal roi <.'ol1tlOh 

()N l'rtI,1l 1" l'haral't~r/led h) a le"., Inten\c. graduai lm" of a'\on ... 111 both 

tht' ()N and the l'l'tilla 1 he rJlK'1 10"''' III the ON appear" to he undorm along the 

kllgth (lI Ihl' ()f',; "lump al1d "'eH'rC Ml, 10"" and rnal'mphagc lIl\a,IOI1 i", ob.,cncd 

0111\ at the l'rll,h ,Ile 1 hl.' Ill"''' of III traretllla 1 a\u!1\ 1" Ih)! qualltatl\ cl~ oh"en able 

Ihl/lg R l'ln .",lI Cll'dlOIl flllU\I,COP) unIt! l'OUI \\ l'l'k" after IIlJur) "hen -;Iight 

dCtTl'",e" III hUl1dk ""l' and den"ll\ arc apparent 

No/thl'III hlnh lI"'llg a lat HDNI' DNA probe "ugge\t that BDNF IS 

e\.pn'''''l'd III l\l\\ Ie\ eh III the normal ON 1 \\ 0 BDNF tran",cnpt". 1 .5 and -1-2 kh 

\\c..'f"c..' nh"lT\cd 111 the hrall1.ldlna and ON, hut nol III the Il\er 
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Ch, -l' Di\( 11\ \ion 1)/ 

CHAPTER 4: DISCUSSION 

In thü chapter, the po.\'.nble mechalli.wIlJ (~r axo[omy-lIulllCf.'l1 n'llIUlI 

ganglion cell death are dt.\'CWi.\ed, III Ihe fint .\'('('tWIl 1 exarllllll' the d~rf('r(,lll 

patll!rnS of eell death ohserl'ed c.ftcr axotom}' hy cul or l'rtl.\h {lllli \U}:gnl 

mechallisms of cell dealll that may he rc\poll.\'lhll' for the de/ayct! lIalure (~f tht' 

celllo.5~ afler botll type,\ of lnJury, the rapul allli protra('/t'l} 10\'\ {~/il'T ClIlllWI tlh' 

single, ~'l()w rate (~f celllos.\ alter CTu.\'h, III the ,\'e('()ful,\eclum 1 t!l\('U,"" IIOW tlu 

axonal change,., ob.\efl'ed ltl the ON and rellllll (~/"er cul llllt! t'rtl.\h mlly 

cOlltribule 10 the d~[rerl'nl palterm (~r l'dl 10,.",\, III the tlurd \('c1Wll 1 t!l\CU\.\ tilt' 

pos.sible roll' (~r growfh factor\' denVl'd from llon-lll'lIrOlltll cd/,\ "' tlll' 

maintenance of RGC \ïln'lJlal ({fier axofol1ly. 

I. RGC SURVIVAL AVfER INTRACHANIAL ON CllT OR ('HIISII 

A. RGC Sun inti Ar'cr ON Crul\h or Cllt: C()mpari~on \\iUa .:adic..'f' Studi(·o.; 

Several pn.'vloll" ,>tudlc,> havc !Ilvc,>llgatl"d RC;(' "ur\'l\al al1l'1 ()N 1I1/lIry 

Earl) report,> c,>tahli,>hcd that nC'uronal lm,> oc:c:urred al ln ON IIlter! "piIOIi (IallH' ..... 

1933: LC'lI1felder. 193R. Mantl and Klein. 19'11. hl)r,>. 19'\2, Pol)ak 1 <)'-;;X. Stone:. 

1965: QUlgk) C't al. 1977. Radill'> and ÂlIlkr,>oll, 1 ()7X) and "lI~gl',>h:d thal 1 ht." 

location of thc In/ur) (Lelllfclder. 1 c)3~, Mantl and K kl JI 1 <)'11 ) alld 1 hl" type 01 

intraocular InJtJr)" l'ut "cr,>u,> ligature (Mantl and K lelll, 1 ()') 1) Wl'fC IInportant 

determinantr.., of the extcnt of RCiC 10'>" 

Later. quantltatl\ c "tUÙIC''> of R( je 10..,'> In the rodC'nt exarnlllcd thc cf !reh 01 

a "ingle type and locatIOn or ON k'>IOJl «(iral\tclll and Ingoglta. 1()~2. Alleu" et 

al., 19R4: Mi..,antonc ct al , 19X4; Rarrofl ct al . 19X6) The,>c ,>tIHJIC\ rcllcù on 
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(h -1 /)/III/\\If1!/ 

UHl\entlunal hl\tologlcal \taln\ 10 Identtfj IHi(\' Ylllega<.,-Pérc7 ct al (1992). 

who u\cd a rdrowadc f1uOfc<.,ccnt tracer. dlL to UI,>tlllgUI"h R(le,> l'rom uj<,placcd 

arnacn ne lCI/\ (Par), 1 <JX 1 ). exarnllled the cl fect ni thc location 01 the IflJlIr) on 

Ihe lH J(' 10'>\ HOWl"vl'f, /10 "Ingle ,>tud) quantlt:ltcd the clfeet 01 thc t) pc 01 ON 

\c'>IO!l ()n the lm" ni !<.(j(\ ln the P\l\, Lunll ct al (J9<)()) ,>ho\\,cu that the type of 

"'IIIr) Inlllll'IIll'd Ihl' morph()l()g) (II the ON uunng Wallcnan dcgcncratlOn: ncrvc 

<,('cllolt alld prolo/lgnJ Il,~alllrl' produlcd more raplu anu more prolloullced 

dcgl'Ilcrall\ l' <. !J;lIll!e" 111:1/1 lTu"h IIljtJr) or tcrnporar) lIgature 

l'hl' prc.'\clIl ... llId) dOllllllCllh lhat thc rnethod or él\onallntcrruptlol1, eut or 

<.fll\h IIIrl1ll'llll'''. tllr paltl'rIl 01 lleuronal lo<'I., 1/1 the CNS. <'(1ccllïcall) in the RGe" 

nI Ihl' .ld"lt raI \VIth l'Ithn 1c\IOIl there h an Il11tlal ucla) pnm tn R(iC 10")") 

ulIltrol (/('I].,IIIC\ ;IIC Illalillallled lor Olle wrek after hoth eut anu cru"h InJune'), 

f{(;(' 10\., .dter l'ut III/ur) oClllr" III t\\O pha<,c\ an carl). raplu pha"e lollowcd h) a 

!.Iter. prOllil( tcd ph"'>l'. ,I/ld 1\ more \cvere than H< Je 1o ... " alter cru'Ih Injllry. whlch 

1\ mrld and m'ClIr" al a ... 11l)!k rail' At ail tlllle ... arter Injllr~, R( Je "un Ival \\ a ... 

grt.'.ller a/lcr ()N l'fll ... h than l'lit 

1 hl' r\h:nt 01 l'l'II 10...\ alkr thc")e two type" of tnjur) l'an hl' comparcd to 

carller quantltall\ e Il'pnrh (,ral\tcln and Ingoglla ( 19X2) reportcu that RGC 

... ur\'J\ al artcl Illiracrarllal ON l'ut ln the 1l10U'IC \\:1" XOC( at 3 da)' ... anu SOq at 65 

da~., (prl'''l'Il( ... tlld) ()--t .y; , ~S Wii' and 2X 3r;, al 7 da) ... , 1 rnonth and J rnonths 

n: ... pectl\ l'I~) !\11.,.lIllo11e el ,li (19X-l). Il1\e'\tlgated the effect of Intracramal ON 

crd\h 011 1 at R ( il' "UI\ 1\ al l'he.\' rcportco no lo~ ... nI' RCJ{"" up 10 J month~ after 

"lJlIr~ ,lfld ()O(; \lIn 1\ .11 al no ua)',> (pre-.ent "tUU) h6 -V'r and 36 srl at .3 months 

and h Illonth ... rc..,pl'ctl \ CI)) A eompanSll/1 of thc"c t\\ 0 carller report" ')uggests 

{hat tH l( , ln ... " 1<., greatcr after ON l'ut The pcn:clltage\ nI "un'! \ ing RGCs arc not 

Ihl' 'IarlH,' a" thO~l' ohta/llcu 111 thl" rcport pcrhap" hecau~c Ihe carlier studies 
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in\ohed diffcrent SpCCIC";; anJ l\',cd liltTerClll lllnlph\)ln~ll'al l'llh.'rJ.\ 1" Idl'IlIII} 

RGCs ln addItIon. tlK' k"lon 1) pc and IOl.':llltlll Ill,l} Ilol hl' Idcl1lll',d 1 hm l'\ l'l,III 

splte ofthc ... c dllfercncc ..... the .... anH.' trend !lm;\ld !:!rc,llcI 1..'1..'111o"" .lIh.'1 ()N CUl l'aJl 

bc deduccd from Ihc carllCf "Imlrc" 

Villcga~ Pcrcl ct al (1992) qll:ll1tllatcd Ihl' Ill ........ ul }«.(\ .llll'l ()N k"lllll'" al 

diffcrent d, ... t'lnce" l'rom the c)e lnlracralllai ()N IIltl'nllplHII\ \\.1" pl'rturmc..'d h} 

multiple crll'ihc ... ,n the ... allle "'11l' Clll"'lll~ Ihe I1l'ne ln 11l' ""'\l'Inl \\hdc IlIlr.lI)(hll.1I 

les IOns were tran'>ecllon ... \\tllh ... c,,,,,nr" 1 he Illultlple l'Ill,,1J l.llI"nl .llll:trl} r:lprt! 

lo~s of R(J(\ a" oh ... cncd aher lIItracralllalclll 1111hl' Plt'''L'1J1 npl'IIIIIl'IJI ',lIl" IIt .. 1 

al IWO weck~ the IH;C dcmil) "ncr multlpk 111Ir.\Lï;1I11.tI 1'I11"hn \\.1" "IIlId.\I Il) 

study). Howl'ver the ralc ni R(;C lm ... lrom '2 \\cd .. " ln 1 ~ rll(lIllh.., .t!ln 1I1tt!lljlk 

crush \Vas slm'ver (olle-hall' ... ur\!\ al Illne = () I-() 7 111011Ih,,) Ihall ( )~~ llll t 10111 1 

weeks 10 6 rnonth~ (olle-hall "lln'lval IlIllC -= 2 ~ 1I1Ol1tlh) ()( ()N (III"IJ 110111 ) 

wccks ln (, month" (ntH.'-hal1 IIk =.)3 Jllonth,,) Dl'''PIIl' Ihl' dl!lcrl.'l11 p.llll'Ill (lI 

celllos~ oh ... crved alter muillple cru..,h. thl' R(.(· dcn"'ll) .11 ,dl 11I1Il· ... ;t!lcr IIIIJlllpll' 

crush IIlJury wa~ grealer Ihan the R(i(' dcn"'lt) alll'r IIl1racr<llllal (!JI .1IId Il''''~ Ih.11I 

th~ RGC den~lty alter IOtracramal lTU ... h 1 hC"l' drllrrC:"1 p;llll'IlI\ ()I ll'II I()"., 

suggcst that the multIple crmh Il1JlIr) ted1l1lqlll' (JI Vlllq.' ..... Pell'/ cl.1I (1()I)2) Illay 

reprcsent an IIlJury tntermeOlalc hctWlTIl ON LilI and Iht: dOllhlt- CI 11\11 lI"l'd III Ihl' 

present stud) 

Thus, a compan..,on 01 car/lcr quantltall"c ... Iutlrc\ alld Ihl' prc"('IJI /l'porl (lI 

RGC ~ urvival after mtracral1laJ ON IIlJur} ... upporh Ihl' Idc;. Ihal Ihl' 1) pl' 01 1111 111 Y 

influcncc~ ccII <)urvl\al whcrc ON ClIl n.· ... uJh III L'rl'aler J~( j( , Il)'''' ''''III ()N erll"" 
" 

In addition, the type of cru ... h al,>o 1I1llucncc\ lhc palkrn 01 IH j(' 10\", whl'rt: 

multiple crush results 111 greatcr RGC lm.., than d()lJhk lfll\h 
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(h I/)/\I/o\/(Jf/ !(){) 

1 he pattern of IHiC Ic)'.,,> after intracranial eut can a\<'o he compared to the 

pattern,> of ccII 10\'> aller ,nlraornltal cut oh\erveu Dy YJllcga,,-Pércz ct al (1992). 

Intraorhllal tut al 0') mm ylcldcd an IHiC 10'>'> to 24 7(J, "uf\l\'al al t\\O \\ccks and 

a flllC h,dl '>lInlv:l1 IHm: 01 0 ~ month,>, calculalcd from 2 wcc"-) to 3 m()nth~ The 

R( j(' dcn", I~ .l' tvvu \\ cc"",, alkr II1traorhltal cut at .1 mm \\a,> 38 5 7r of control and 

thl' olle n,III \urVI val IlJne \\ a,> 1 2 month", ,>uggc,>tlng that IC"lon) cime to the cyl' 

r<:'>1l11 III lI10re rnr)f(! ll'II Im\ (Ydlcga:-,-Pérci et al, 19(2) ln the prc,>cnt ~tudy, 

,Iller I/llraer,lIllal l'ut ,It ,\pprO\lInatcly <) mm l'rom thc cyl', IHIC ..,urvlval \Vas 

()O ()I;'r at 2 \\Tl'''-'' an~llhL' olle-hall' \urvlval tlme \\a,> 24 month,> calculatcd from 2 

WCC~.., 10 6 !l1()lIth\ 1 III',>, the pre\cnt re\ulb \lIpport the oh\crvlltlOo hy ytllcgas­

Pén" cl al (1992) that lIH:rea"'l'lg the dl\tanCl: lrom the '>, ';,la tn Ihe Injury results 

1/1 Je..,,> r~ljml J{(;(' ln..,.., 

1 he ((.ka Ihat the location nI' the mjury mlll/ellee\ the cxtcnt of RGC lo~s 1" 

lunher ..,upp0rlcd hy a cornpafl\on of earllCf rcport.;; of RCiC ,>un'\val after 

IIllraorbllal ( )N cf\J'>h .ml! the prr'>rnt report of '>Uf\'I\ al arter mtracranJaI ON crll'ih. 

1 wo earlll'r rcporh quanlltall'd R< Je \ur\'Jval artcr Illiraorhilai ON crush. In the 

1I10U'>I..', Alkl/lIl't al (lt)X-l), reported :!()-.J(YIr \unnal and 0-2W7r \urvlval 20 and 

~() tJa~.., whde (1Ilhe raI, Barroll cl al (19R6), ... ho\\ed 6-l-r:'c \lIrYlval at 7 days and 

.t~(Ïr' \111 \ r \ al 6 Il1n/llh ... atkr Ihe ..,al11e InJlIr) Althollgh Ihe.;;e <;tudic\ used 

dJl fl,tellt "'pl'I..ïl·'" am! melhod ... nt Idcnllfy mg RCiC ... , the RGC )Ufvival after 

rlliranrhital Cfu..,h rn the,>l' l\\'() report\ arc gC'neraily IO\\-er than the RGC !'IurvÎval" 

repO/tnl afin IIIlracra,lJaI ()N cru:-,h III the pre'\ent .;;tudy, 'iuggc'itmg that RGC Joss 

IS errata al tel Illlraorhrlal crLi'>h than Iniracralllai crush Thu~, for both cut and 

lTu'\h k\IOll ... , the In\" of RCiCs ùecreasrs \\ Ith lestons further l'rom the eye 
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B. RGC Loss is Delayed ACter ON Cut and Crusb 

The Joss of RUes after both IIltracranial eut and l'rush 1'; delaycd unlll 

approximately one wcd-. atter ON lIlJury. Vlikgao.;·P0rl'l ct al. (1 q')2) I.hd not 

document a dclay prim to cell loss because the retrogradl' tr.ICl'r. dll. lI~cd 11\ IlwlI­

study, did not allow accuratc RGC quantItatIon prIm to 2 wcd .. s aftcl 11I11I1y. 11110.; 

delay in ROC loss was suggcstcd earlicr by McKcrrachl'r CI ,tl (1 Ol) 1) ,II tCI Ihl'v 

showed that two cytoskcletal proteins. tuhuhn and nelImlllalllent. COIIIIIIIIl' 10 hi.' 

expressed normally for nearly 10 days after 111tracralllai a\.o\omy III adduloll. 

these proteins cOlltmue tn hc transported norlllally lor OIlC \Vcc'" allcl IlIlllf\', 

followed by a JO-l'old dccrease In the ratc of slow Irall~pOl t (McKl'f1 achel cl al . 

1990b). Cytoskcletal protems also contlllue 10 hl' l'xprl's\ed aller ,Ixolollly 01 

rubrospinal neurons: mRNJ\ ... for tubulin and Ilcuroldalllent .111..' IIlCfea\cd durtng 

the first weck, followcd by a decrca~c in mRN/\ dunng the \I:cond and thllll wee\.., 

after axotomy, cotr1cldcnt wnh thclr atrophy (l'culai j el al . 1 ()C) 1 ) 

ThIS delay prior to lcllloso.; suggcSl\ Ihat I{(;(\ do not die a ... a cllnTI rl'\1111 

of mechamcal damage, whlch would he cxpeclcd to ()CClII rapldly Ralher. IH j( \ 

may die via a mechantsm rcquiflng a dclay, Ihat pO'i\lhly pl'lllllh Il'Ilogradl' 

transport of a sIgnaI, genc exprcsslOn and pmtclII "'ynthc<;1\ i\11I\(11l~'.h H'\logradl.' 

axonal transport occurs rapldly, thc tnlle requlrrù lor gelll' l'Xprl'\\IOII. proll'III 

synthesis and induction of degencratJve change<; lrI the l'l,II hody 1'-. prl"-ol'lIlly !loI 

known. Singer et. al. (19X2) rcrortet! Ihat a hlockade of n'If\l/',r.lde aX()lIal 

transport in motor nerve.\ dclaycd axotomY-I:Jduccd dJ!olllaloly\l\ 1'1111\, Ihe 

induction of chromato[y<.;lo.; III thc ... c rnotor neuron\ may he depelldl'Ilt <lI\ retro)',r.lde 

transport of a ~Ignal If a retrogradc \Ignal 1\ requm:d for Ihe dealh of tH J( '<.., .d 1er 

in jury, one wouJd expect that the dl~tancc from the !e'-,JOII to Ihe œil 1)()(ly would 

influence the Jength of the delay This pO~<';lhJllly 1\ pre<.,elltly hclflg ex;unllled (S 
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Mam,()ur-Roha~y, pcrvmal commUnICatIOn). Although the morphological changes 

In the ..,oma of RGC" wcrc Hot addre..,~ed In the prc..,cnt report and the suggestIOn 

of ail alllvc ITlclhalll"/ll 01 RGC (.kat/' 1" purely "'pcculatlve. "everal rccent ~tudics 

propo..,c thl' IIlvo!vcmclIl 01 gcne cxprc..,çlOn In neuronal dcath. E. M. Johnson and 

collcag\l~", for cxalllpk. ~l1~ge..,t Ihat '\yl1lpathetlc neuron<." when dcpnvcd of NGF 

III culture, dlc hy .III .lctlvc "UICldc-likc proccs~ that can he plcvcnted by mhibitors 

of RNÂ and protCIn synthc<.;)~ (Martin ct al., 19XR) The role of gene expression 

and prntcm '\)'ntllc\l" III ncuronal dcath 1" dl..,cu,\,\cJ lTl detali lJ1 Section 1 D 

Ân alternative nplanatlOn for the delay ln ccli deatb I~ the transient 

cxprc..,"loll 01 growth f aclor" 10 the ON that mamtaIn RGC "urvlval for thls period. 

Lu ct al (1991) rcported a tr amlent Incrcase III expression of NGF III the distal ON 

"tump alter clluclcatlOlI III the adult rat. An 8-fold incrcase occurred al day 1, 

followed hy a dccrcasc to normallevel~ hy 1 weck. Such a tramient IIlcrease may 

explalll the dclay III RCiC dcath. howcver. thc cxpre~~lOn of NGF or other growth 

factor~ and thelr reccptors has not bcen IOvestlgated after IIltracranJaI inJury. The 

possihIllly that trop/ill' factors arc cxpressed aftcr inJury IS cxamined in Section III. 

c. RGC Loss "nef ON eut Occurs in Iwo Main Pbases 

The RGC 10"" after ON l'ut occurs in IWO phases: an carly, rapid ccII loss 

followed by ,l latcr. more protracted cell loss. Thts pattern of cell loss IS 

comparable 10 the d,lI,l (lI Vtllegas-PlÇrel, et al (l<)<)~) The)' rcported ROC Joss 

al' ter Ifltraorhltal l'ut or multiple il1tracr~mIaI crush: there \Vas an carly. rapld phase 

dependent on the ~oma-ltljury distance followed hy a later. protracted phase of 

RGC loss. 

DIfferent phases of l'l'II loss have a[so been documented after other types of 

II1,Jury. IschemIe neuronal death occurs in two steps. immediate and delayed 
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ln thc\c t\\O c\amplc .... the In.lur~ \ ... cau"ed b~ a .... lllgk l" l'Il\ th~\,H)\la) UI 

agent (AMPA). ) Cl lhe dealll <.!tK· ... 1101 on'ul dl a ... lIlgk 1 al: "al'h pha:-l' 01 

neuronal (.kath ma) hl' If1fhll'lllTd h) dllTerl'nl \:tn.lhk" l'nI' n:lI11pk. Ihl' Ikl.l\cd 

phase nI' I ... chl'm I,l Induerd tlcat h. bul rH lt thl' 11ll1lll'dl.lll' ph:N·. 1" dcpl'lIdl'Jlt (ln 

protCIO <:;)ntl1l'';;I'' (,oto l'l al . 1990. Shlgel10 cI.lI . lINO) and Lill hl' pIn t'Illed h\ 

NMDA reccptor antagol1l\t ... (rC:\tc\\l'd b~ SIl>'.In l'l ,II 1 1) XI) , ('11\11, 11IQO. ('1\01 

and Rothm,lO. 19(0) rhe ... l' c\.arnpk .... ni ,1 .... 11l~.dl' agl'Ilt Llthlll~' !llllll' Ih.111 \l1Il' 

pattern of crll death. \"hcrr eaeh pha .... e l'an he IIHkpClldllltl: III!llll'lll'l'd h\ 

external factor ..... "ugge ... t that more than one mn:l1alll"lIl ni u:11 dCdl" l.11I h~: 

tnooercd hv one aoent nr l'vent The nellrtmal 10 ....... al Il'! ()N lill. \\ hlllt III (·ur .... III 
0.0 '" t=' 

two phase", lTia) rc ... ult t'rom a "'Ingk tactor actlllg \ la 1\\001' 1\111Il' 1I\t'l'h,ll\I ... m ... III 

ccII des tructlOn 

D. Earlv, Rapid R(;C Joss Aftef ON ('u' 

The fir~t pha..,e nI' R(J(' lm,> alter IlIlracralllal ON eut 1 ... rapld. ,>ulll th.tl 

34.YYr, of the ccII'> arc lo ... t hct\\el'n 1 and 2 \\Cl''''> alter 11I1I1r: 1 hl ... rapld pha,>l' III 

ccllioss 1" not oh\er-;cd arter the type (JI ON cnl\h IIlJlII) u'>l'd III Ihl' pll">t'/ll '>III<1y 

In addition. tlm rapld ccII lm,> hcgrn'> appro\lllIatcl) one Wl'e" al tCI (III IIIPH) and 

thereforc. 1'> not precedcJ h) the rctrograoc oq;rnc..T.ttloll 01 Ihl' .1\( 1\1'> /10111 l!te ..,11t: 

of inJury tn the ,>oma Rather. the <l\()I1'" 1 mm Irom Ille cyl' :tppt'.11 1I(11111al 1 \\l'eh 

after ON cut cxcept for a ver] ,>mall populatlofl (JI dl'>llItegratl ng a X()fl'> 1111 ... 

observatIOn ellmlnate,> the pO""lhtllt) that Ihe 10<.,.., 01 the ... orna n.·,>ulh 1 rolll tlle 

dying back of tht. axon 

Villega,,-Pérel ct al (1992) aho ..,howl'o :lP carly. rapld 10..,.., o! IH j("" alter 

intraorbital ON cul and Intracranlal ON interruption hy cru\h. The "'l'verlty 01 l'm 

carly loss \va:;, dcpcndcnt on the locatIon of thc lnJlIry whcre le\Îoll'> c!o,>e to tlle 
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axons, If confirrncd by quantitative studies of surviving ROC axons, this 

observation climinatcs the pussibility that the los:'! of the soma results from axons 

dying bar'k 

Villcgas- Pt:rcl ct al. () 992) also showed an early, rapid 10ss of RGCs after 

intraorbital ON eut and IfIlracramal ON interruption by crush. The severity of thls 

carly lo~~ wa~ dcpcndcnt on the location of the injury where lesions close to the 

cyc resuIted III more \cvcre RGC loss in the carly phase. In the present study, the 

carly pha\c 01 l'dl 10<;\ cndcd al 10- 14 days after Intracramal ON eut. 

The oh\ervcd dclay pnor ta the rapid ccli loss suggests that the events 

imtiatmg thls IHiC death may rC4U1re several day~. The continued expressIOn of 

cytoskcJetal COlllf)()IlCIlI lllRNA tlurmg thls delay In ccII dcath (McKerracher et al, 

1991) suggcst\ that I11cchamsms Hlvolving gene expreSSIOn and protein synthesis 

could he rc"pon~lblc for this delay. ProteIn and RNA ~ynthesis have been shown 

to he es~cntlal for ccii dcath in many systems: devclopmental, target-removal 

induccd, and axotol1ly-induCl'd cell death In chick motoneurons (Oppenhelm, 

1990). l"chcllllC hralll II1Jury (Goto ct aL. 1990. Slllgeno et aL, 1990), NGF 

dcpnvallOll III "ympathctlc flcurons (Martlfl, 1988) and in sensory and 

parasympathctlc nClIIorls (Scott and Davlcs. 1990). In addition, genetic control of 

ccII dcath by ~pcCilIr "J..lller gencs" has been reportcd in invertebrates such as C. 

elegans (Dn\cnll and Chalfie. 1(91), 

Ccii death \VIth the morphological feature~ of apoptosis also reqUlTes 

protclll ~yllthe~l~ (WalJ..cr ct al. 1988. Bursch ct al., 1990). Although not 

exalntIled 111 the pre~cnt study, several observations by other mvestigators support 

the pOSSlhility that RGCs die by apoptosls. Barron (>t al.,( 1986) reported 

chromatin cnnden~atlOn. one of the early events in the process of apoptosis, in 

RGC nucici after ON mjury. ApoptOSlS has also been observed during retinal 
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developmental cclI death lTl rats (Harvey ct al.. 1 (90) and ctllckens (I1schncl and 

Waring, 1992) and has been assoctated wlth l'l'Il dcath alter tropll1c LIl'IOI 

deprivation (MartlTl et al. 19XX) or e\.cilOto\.lCtly (G.lrthwalle .\Ild (;arthw;lIte. 

1991). Thus the ohservatIOn that ROC dcath aftcr ON cul 1" dl'laycd followcd 

immedtately by raptd ccii loss suggc~t" that tills I.lpld l'l,II dcalh 1ll.IY Ol'ClIf hy 

delayed processes. posslbly reqUiring RNA and protC1I1 -,ynthesl" 

In addition to gene expression, the actJvlty nt prolCill klllasc~ has alsn heclI 

associated wIth ccli survival ln culture Rukcmlelll CI al (l' J(1) IcpoIlcd Ihal 

PC12 cells, wlllch (he r.lpidly III a -.;erum Irec medlulll lInk:-.'\ NCIF 1" pn·"l'lIl. cali 

be rescued from cell dcath by :Iddmg a varlely or .lgCIll". lI'cllldlllg lor .. ,I..,ollll. 

permeant cAMP ,1Ilalog:-.. 1Il'l1l11I1 and In~llllIl-llkL' growtlt Lll'tor~ 1 alld Il III thl' 

serum free medIum. Each of thcsc agenls appealcd to Illcdlalc tell "\ItVIV.tI by 

regulating protem kma ... c actlvity. :-,uggc ... tlng thal prolClll kma"l'''' may pLly ,III 

important rolc tr1 the prevention of l'l'II dcalh. !\poptollC l'l'II (kalh ha\ ,t1:-.o hl'l'Il 

linked to thc actlvtly of cndonllclea-.;e, an el1/ylllc thal rlll\ thl' 1\lIl'kat 1>N!\ rlllo 

fragmcnts of DN!\. ut:tected t)y the productIOn of a DN!\ 'Iaelder' wh(,11 11111 Oll ail 

agaro,e gel Sympathctlc neurol1\ can he Ic\clll'd very Lill' III Ihe prOll'\I., 01 ~H'" 

deprivatlOn-lllduccd apopto"'l\\ hy auding NC,I-'. at a tI(JI~ whclJ plotClI1 .... yllthl',,'" 

inhibitors are tncffectlvc in rescumg thc-.;c cclL; (Euward~ cl al . 1 <)<) 1). TIJ(· .... c n·lI ... 

can also he ICSCUCU hy Ihe adc!ttron 01 aurmtncarhoxylrc aCld. a '-,\rppn'\"or 01 

endonuclca~c actIvIty (Batl~tatou and ('rcenc. 1 <)<) 1). "'lJ~'gl'\lllIg Iltat l'ildOIlIIl ka\e 

activation 1-; a kcy cvcnt dUfing the la1er rha~c<., of l'l'II dl'ath hy tlpop/ml'" Thil ..... 

although mRNA and protelfl \ynlhc-';I\ arc Illvolvcd III llIally Iype .... ()I cl'll dl'alh, 

lJIe regulation of (,Tl7yrnc actlvltlC<" Illay al ... o hc ail Importalll deter/nlllallt 01 ccII 

death (reviewed by Altman, 1992). In addItIon to molecular CVCflt\, the IClrograde 



• 

• 

Ch 4 IJI.\·Cu.\.\lOn 106 

transport of a signal pnor to the initiation of ceH death, as mentioned previously, 

may contribute ta the delay before ROC loss. 

E. Later and Protracted RGC Loss After ON Cut 

The carly phase of rapld cell losl\ after ON cut was followed by a protracted 

cell lo~~ that contlHueo lin li 1 the end of th(" study. This later phase of RGC los~ 

was also rcported hy Villegas-Pérez et al. (1992). They showed that the rate of 

this lo~~ wa~ slow alter multiple intracramal crush in jury. However, the rate of 

RGC loss Hl the later phase of ON eut in the present study was three limes greater 

than the rate ohtlillleo hy Villegas-Pérez et al. (1992), for intracranial repeated 

crushe<;. Ttm dllTcrencc may he related to: 1) the longer duration of the study by 

Villegas-Pérel ct al. (1992), 2) the possIble inaccurac)' of the 6 month time pomt 

in the pre<;cnt study, wherc only one animal was avallable, or 3) the type of in jury, 

cut versus multiple crush. This latter explanatlon is supported by the observation 

that the <;lIlglc rate of RGC death after intracranial ON crush in the present study is 

less than half the rate of ccII loss after ON eut. The other possible explanations (1 

and 2 ahovc) l'an he addrcssed by extending the present study and increasing the 

numbcr 01 allllllab at 6 months. 

Lunn ct al. (1991) suggested that the different morphological changes 

observcd after PNS l'ut and crush may be related to the integrity of the nerve 

sheath smce l'ut Il1jury severs the sheath while crush in jury does not interrupt the 

sheath The prolonged connection of the two nerve stumps after crush may allow 

trophlc factors from the target to reach the axons, or in contrast, may prevent the 

axons from è\PO~url' to harmful factors in the external environment. Serum, for 

eX<lmple. has bcen shawn to be required for excitotoxic cell death in rat cerebro­

cortical cell cultures (Erdo et al.. 1990). 



• 

• 

Ch. 4: Discussum 107 

The importance of target-derived factors for RGC'..; III the adult rodent has 

been investigated. Removal of the visuai cortex and the ~upcnor colliculus 111 the 

adult rat does not result Hl RGC los~ (Perry and Cowcy. 1 (>79). '\uggestlIIg th,lI. 

unlike neonates (Perry and Cowey, 1979; Carpenter ct al . 19X6) l{(;Cs 111 llll' .ldult 

do not rely stnctly on targct-dcnvcd factors. In contrast. 111 cal'\ lhe 11'I1loval 01 the 

dorsallateral gcniculate nucleus by kalfl1C acid les Ion cau'il'S IU;(' los, lor up to (1 

months after inJury (Pearson and Storner. 19(2). Target ICllloval ll\,lY ,tlso 1l"1I11 

in refonnation of synaptlc contact with olhcr neuron,> (ZWlIllpfel. 1 ()X().II)I)() ut 

altematively, RGCs rnay reacquire depcndcncy Oll IrophlC ~Urp()rt ,II leI a:-.olomy 

This latter suggestIon 1'1 supported hy ohservatlOll'\ Ihal the \IIIVIVal 01 

regenerating RGCs IS mamtaincd after penpheral nerve graU \ arc III'>l'l tl'd 11110 the 

superior colliculus (Vidal-Sanz ct aL. 1(91) while graft\ kil 1I1lCOIIIlectcd \howcd 

a decline in number (Klcrstead el aL, 19X5). ln additioll. 1) troptllc 1:1<:1<>1'\ have 

been found to be expressed lB the ~llpCflor colliclllll~. the malll rH iC laI gel 

(BDNF, Hofer et al., 1990; bFGF, Ernfors ct al., 1 <)\)()h), 2) BDNF ('J'hallo" el al . 

1989) and bFGF (Bahr ct al., 1(89) have heen ~h()wll to IrllproVl' adllii ({< jC 

survival in culture 3) aFGF and bFGF, placcd at the Hljury \Ile Cl Il 1 IC\ClIC I«;('~ 

after axotomy ln VIVO (Slcvcrs ct al., 1(87), aJld {li NnF. placed III Ihe Vltfl~()II\. 

can rescue ROC'i after axotomy (Carmlgnoto et al. 1 ()X<) Trophlc lactor \lIpporl 

may also be Hlvolved in the enhanccd ~urvlval of RCI( \ III vllro III Ihe prc\cllce 01 

Schwann ccll~ (Baehr and Bungc, 1(89) or le .... ioncd pcnpheral 11er\'(' ('J'hall()\ el 

al., 1989) and ln VIVO aner Schwann cell'i arc placed lU the vllre()ll'> (Mallel el aL. 

1990) or embryonic targcts arc placcd on the Ol\l 'ilump (Slever .... el al , 1 <)X9) 

The importance of larget-dcnved trophlc )upport and the po\\I1l1llly that 

crush injury maJf1taJn~ thls trophic ~upply ha..., not beeTl dcflllcd at pre\cnt. Anothel 

possible source of trophic support for neurons i..., the non-neuronal ccII'>. h,r 
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ex ample, Lu cl al. (1990) reported an 8-fold increase in NGF mRNA in the distal 

ON <.,tump alter enucleation JO the adult rat. The possible role of non-neuronal 

production ot troptllC factor~ will bc discussed in Section III. 

F. Sim:Jc Rate of RGC Loss ACter ON Crush 

RGC loss alter ON crush, following an initial delay, occurs at a single rate 

t'rom one wcek to ~IX 1l10nths. ft is difficult to postulate if this RGC loss 

corresponds to one of the Iwo phases of cell Joss after ON cut. It;s not likely to 

correspond to the carly, rapld cell loss after ON cut since this loss is not prolcnged 

and occurs at a rate approxirnately 250 times faster than the single rate of cell loss 

after ON crush Ilowever. the initial delay after both cut and crush. suggests that 

the RGC losse~ alter lhis dclay rnay mvolve a rnechanisrn requiring a retrogradely 

transportcd \Ignal and/or the synthesis of mRNA and protein. The second phase of 

ccII loss alter ON cul IS more protracted and prolonged. similar to the cell loss 

after crush. The rate of ccII loss after crush IS twice as slow as this prolonged loss 

after eut. Thi~ dlfferencc suggests that the rate of prolonged cell loss may be 

dependent on the Iype of IrlJury. as discussed in section i E. 

The very ~Iow nature of the loss of RGCs after ON crush is reminiscent of 

the lo~s of R(JCs oh~l'rvcd after ON cut in the C57BL/Ola mousc. In this mouse. 

Wallcnan and rClrog,rade dcgeneration in both the PNS and CNS is slow (Lunn et 

al., 1989; Perry cl al.. 1 990b. 1991). ln the ON. 63 days aftcr ON lesion. the cell 

density 111 thc g,lIlg,lion ccli layer was 6.1 x 103/mm2 in the C57BL/OJa and 2.9 x 

103/m111 2 in the BAtB/e contTol. The C57BL/OIa mouse was reported to have 

deficicllt macrophag,c recrUltmcnt. which appeared to he genetically controlled 

(Perry cl al.. 1990a). The slow rctrograde degeneration and loss of RGCs 

assoclated \Vith the lack of invading macrophages in this mouse raises the 
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possibility that macrophages influence the rate of dcgcneratlon attl'r lIl,ury rhe 

recruitment of macrophages after eut and l'rush injury and thelr pos~lhlc \Ok' 111 

determining thc extcnt of rctrograde degeneratlOll and IU~C de.nh I~ dlsl'l1s~l'd III 

Section II. 

II. RETROGRADE AXONAL CHANGES AFTER INTRA( 'RANIAL 

ON eUT OR CRUSH 

Several prcvlOUS studics cxammed rctrograde challgl'~ III the .1:\011' 01 

RGCs aftcr ON II1jury. Richardson et al. (1 9X2) dc~crtbcd ail .\lca 01 lTlltl al 

necrosis following mtracramal ON cut, accompamed hy a lapld 10"" 01 dXOIl ... III 

the ON stump. Kiernan (1984) quahtattvely cxamlllcd Ictrogradc ilXOII 100.; ... III Ihe 

ON after intraorbital l'rush, ooscrving dcl'rea"ies III a.\OIl 1I111llher 1 rolll 2 10 ~·I 

weeks. Allcutt ct al (1 9X4b) qualltatlvely de~crthed ax()nal 10.,\ III Ihe Il'lllla .lIld 

proximai ON stump after tntraorolta! ON cru~h thc lll;lJ0rtly 01 aXOIl'l III the rl'lllIa 

and ON had degcncratcd oy 30 day"i alter inJury 

The influence of the type of inJury on morphologlcal axoll change ... ha ... ()Illy 

recently been addrcs'\ed III the PNS. Lunn ct al. ( 19(1) dC\Cflhcd Ihl' cl teel 01 lut, 

crush, ligature and frcezH1g on Wallcrian degclll'ratioll Ifl the LIt \( lat Il IIl'rV(' 

Cutting, frec:l1ng or prolonged Iigatürc re",ulted III IllOle I;lfwl de"CIIl',atl(lI) thall 

crushing or traIlSlcnt ligature. Four day\ alter IIlJ Il ry , the a XOIl\, d.., .l\\l'\\cd hy 

silver-staining, wcrc largely intact alter cru\h wlllie alter l.ut tlH':y had 1I1iJ/Oflllly 

degenerated. The loss of a compound actIOn potcntlal wa\ aho Illore rarHI alter 

eut in jury: at two days thc rncan ~izc of the compound actlOlI putclltlal wa\ ~() 1 

6.9% and 11.5 ± 7.8% of control for cru~h and cut re<.,pcct1 vely Thc dC)!Cflcratlve 
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changes in the~c peripheral axons began at the distal end of the nerve and 

progre'iscd loward the inJury <.;ite (Lunn et aL, 1990). 

The prcl,cnt ~tudy documcnt~ that the method ofaxonal interruption, eut or 

crush, influencc<; the rctrograde morphological changes occurring in CNS axons, 

spccifically III the RCiCI, ln the adult rat. Cut illJury results in more rapid fiber 

loss, charactcrllcd hy a central core of severe axon breakdown and macrophage 

invasIOn lfl the ON whde cru"h mjury results in very mild axon loss in the ON and 

retina. In additIOn, In the present study a prolonged intracranialligatioll produced 

a core of ~cvcrc l1 .... ~ue di~ruptlOn like a eut mjury, similar to Lunn et al. (1991) 

who obscrvcd il raple!. eut likc degeneratton following prolonged ligature. 

ln thl~ I,cctlon 1 dlscuss the possible CJuse of the central core ofaxon 

dcgeneratlOll 111 the ON after cut mjul)', and how the difference in the rate of 

retrogradc degcneratlOn after ON CU" and crush may contribute to the patterns of 

RGC los" 

A. RGC Axons in the ON: More Rapid Retrograde Degeneration After ON 

Cut tha') Crush 

Pos~lhle Causc~ of RapH.i Retrograde Degeneration After ON Cut 

The rapld degencratlon after ON eut is characterized by a central area of 

severe i1xon los<; that 1<; observed from the in jury to within 2-3 mm of the eye. 

Richardson et al. ( 1982) also reported this central core of degeneration and 

descnbcd Il a~ a nccrotlC arca Three days afler in jury, this core area showed 

axonal hreakdO\vlI and at one wcck, contained only a few normal axons and was 

IllIed \Vith macrophages. suggesting that this area of severe tissue breakdown 

develops 111 the ON carly after in jury. Similar "necrotic" changes have been 

obscrved ln the spmal cord after mjury (Barnett et al., 1965). This core may be 
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caused by ischemia. resulting l'rom interruption of the bload supply lO Ihe ON. 

Intracranially. the ON blood supply is in the form of small hranches trom the 

sheath of the nerve (Kieman. 1984). Thio; o;upply would hl' IIltcnuplcd followlIl).! 

ON eut but would only he transiently pcrturhcd dunng ON cru~h /ochodnc and 

Ho (1990). who used the lechnique of hydrogCfl ckarancc 10 l1leastlrc pt'llphcral 

nerve blood flow, rcportcd thal sClatlc Ilcrvc crush d(ll"\ Ilot 1 l'still 11\ Isdll'lllla. 

The possibility of the core being causcd hy Ischclllla 1 ... ",upportcd Ily the 

preservation of intraorbttal axons neaT the cyl' that rccclvc thclr blood "'lIpply !rom 

a different source. the rclmal artcry (Kiernan. 1 9X-l) 

It is pos~lblc that thc core of altcrcd tis ... ue oh ... ervcd HI Ihe l'lH ON ('ould 

influence axonal and RGC survlval through cxposurc tu fad()r~ in tll(' l'xtl'rnal 

milieu derived l'rom ~crum and cclb ... uch :1" macrophage,> t\ ('Ohl'II (pe!\ollal 

communication) has shown that the addition 01 serum ln culturc" 01 Ileollatal 1>1 

adult RGCs causes the breakdown of neuntco;. ft 1" JV)""'lt)le th.ll n'llalII 

components of the ~erum are tOXIC 10 the ncuron'\ or are Ilcce ...... ary Irigger ... lor cell 

death. For example, Erdo ct al. (1990) has reported Ihal ... emm 1<; Il'qlllred lor 

excitotoxic ccli death 111 rat ccrebrocortlcal œIl cullure ... CIII "lluly. hy 

interrupting the nerve "hcath, allows the axom 10 he npo ... ed !o the ntt..:rnal 

environment longer than ON crush, whcrc the ... hcath rt..:malll ... Ifllacl The Iole 01 

factors such as ~erum componenls and cellular ... ecrctory product"i 111 dctcrrlllllmg 

neuronal damage III VlVO i\ prc'lcntly hemg IIlve ... lIgaled III addlllOll, a more 

extensive Joss of non-neuronal ccII ... III Ihe eut ON could deplcle IH;(\ 01 ail 

important ~ource of trophic moleculcs . 
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2. Events Lcading 10 Greater RGC Loss Arter ON Cut: Role of Rapid Retrograde 

Axonal Degcncration 

The different patterns of ccII death observed after ON eut and crush may be 

related 10 the rapld los\ of axons in the central area of the ON after ON eut but not 

crush. In thls <;eclion, several possible rnechanisms of ROC death, related to the 

rapid lo~<; of axons aftcr ON eut will be discussed. 

a. Ischemla-Inducco RGC Death 

If the core of <;everc axon degradation after ON eut is caused by ischemia, 

ROCs rnay undcrgo I\chemia-induced cell death or death secondary to ischemia. 

ln othcr cel b, Ischernia-induced cell dcath is associated with glutJrnate 

neurotoxlClly and calcium influx (reviewed by Choi, 1990). The neuronal death 

aftcr ischclllla I~ delaycd, "iimilar !" the death of RGCs after ON eut, but usually 

occurs wU/lin 2-4 days 01 il1Jury (c.g. hippocampal CA 1 neurons, Hoffman et al., 

1992). Nakano et al (J (90) reported that ischernia-induced death can also occur 

in a slowly progrcsslve manner over weeks or rnonths, as they observed in the 

dorsolatcral stnatum and ncocortex after transient middle cerebral artery 

occlusion. Thesc ob~ervatIOl:<; suggcst that the mechanisms which are responsible 

for ischcr11lc dcath r11lght contnbulc to the loss of RGCs after ON eut. Thus, the 

presencc of lschcrlll:\ after ON cut, but not crush may Induce certam rnechamsms 

of ccli death, uItllnatcly resulting in different patterns of ccli Joss after these two 

types of in jury . 

h. Axon Length as a Determinant of RGC Survival 

The core of severe axon loss apparent after ON eut cou Id also influence the 

pattern of RGC dcath by altenng the length of the axon proximal to the lesion site. 

Villegas-Pérez ct al. (1992) documented that axon interruption near the soma 
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causes more severe loss of axons than distal \Il]ury. Thus. the rap1C.i loss of a largc 

proportion of the proxImal axons and their assoclatrd non-neuronal l'cils arter 

Întracranial eut tnjury may ll'ad to a more ~CVl'rl' loss 01 IICUfOlI!\ Ihan thl' 

intracranial crush, where the axons rl'main mtact for months alter 1Il1\lfV 

Although most axons retrogradely degenerale 10 with11l 3 111111 01 the cyl' 

after intracranial ON eut, RGC ~urvlval is grrater than alter ail IIllraorbltal l'ut al , 

mm from the eye (VIllegas-Pérez ct al., 19(2). For exalllpk. Iwo \\'l'C"S alld tlllcl' 

months after tntracranial cut. ROC survlval wa~ ()O.l l,''c, and 2X.3 1,{, 01 COIlIIOI 

respectively while aftcr intraorbital l'ut. ccli survlval wa" JX )l/t, and 1 1 XCYr, 01 

control at the same tlmes aftcr tnJury (Vtllcgas-PérCll't al .. 19<)2) ThiS tltf fcrl'IIl'l' 

in cell survival may be caused by thc preservation of somc aXO/l!\ III the penphery 

of the ON stump after intracranial eut or, alternatlvely, 11 lIlay Hldirate Ihal the 

length ofaxon 1~ not the only detcrrmnant of RGC ..,urvlval. 

Greater neuronalloss after injune~ wlllch dC'itroy lart!,c portlOIl'i 01 the axo[} 

may result from: 1) the tncreased likelihood that cvents ..,uch ;1'., calciulll IIIflux and 

depoJarization. which extend rctrogradely l'rom the proxllnal tip (Strautmal1l1, 

1990) will affect the ccII soma; 2) a decrea'ic in trophlc support (e.1-! BDNI") lrolll 

the non-neuronal cclb of the ON stump; or ,) the I(N; 01 ..,urlace Illelllhra/ll', ,\Ild 

therefore, receptor~ (e.g. trkB) for trophlc molecules ,>uch :1\ BDNF ln thl.., way, 

the destruction of the axons ln the central arca of the lIervc altcr ON LuI Lould 

indirectly resuIt in more severe ROC loss by dC'itroying a longer leflgth 01 axon 

c. Role of Macrophages 111 Neuronal RegeneratIOn and Re!!fOwth 

The core of severe axun Joss al' ter ON cut 1.., accolTlpallled hy the IlIv<t'iIOn 

of large numbers of macrophages. ln contrast, ON cru..,h d()c~ /1ot rc..,ult 1/1 

pronounced macrophage invasion and they arc onJy (Jb..,crved at the lfu~h 'ilte. 
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The cxtcnt of macrophage ir.vasion could contribute to the different patterns of ceU 

los"i aftcr ON cut and crush. The time course of macrophage invasion, occurring 

belwccn 4 and 7 day ... , also supports the suggestion that they are responsible for the 

carly, rapid pha ... c of RGC dCé1~h after ON cut. Macrophages and microglia are 

complcx ccii", havmg many functions and capable of secreting over 100 different 

substances (Nathan, 1987; Perry and Gordon, 1988; Streit et aL, 1988; 

Papauimitriou ami Â'ihman, 1989; Thomas. 1992). 

ln the PN~';. tnLrophagcs play an important role in both the degeneration 

and rcgcncrallon of lJ(~uron<.; aftcr inJury. After sClatic nerve in jury, Schwann cells 

uprcgulatc Ihclr expression of NGF. This increase occurred in two peaks and the 

second peak, hctwcclI the second and seventh day after transection, was induced 

by IL-I secrellon hy macrophagcs (I-Ieumann et al.. 1987b; Lindholm et aL, 1987; 

Heumann ct 411., 19<)0). The IL-I also induces the expression of the low affinity 

NGF rcceptor (Ilcumann ct al., 1987b). These increases in NGF and its receptor 

support the regeneratlon of the axons. In addition, C57BL/Ola mice, which have 

reduced macrophage recruitment, do not show increased NGF mRNA after the 

saphcnous nervc 1<.; cut. The sensory axons, which require NGF, show impaired 

regencration wlllle motor axons are unaffected. The degef'eration of the sensory 

flbcr~ IS also ~Iow Hl ttm mou~e. suggestmg a relation between the macrophages 

and the cxtcnt ofaxon degradatlon. Thus. in the PNS. macrophages are a critical 

componcnt 111 the l'vcnt>; that follow in jury. 

ln the CNS. the role of macrophages after in jury IS not as clearly defined. 

l'herc IS somc cVlllcllCC 10 support a positive effect via the clearing away of myelin 

debris that I~ inhihitory to axonal growth (revlewed by Perry et aL, 1987; Perry 

and Gordon. 19XX). In additIOn, DaVid et al. (1990) suggested that macrophages 

ran cause the ON to hecome permissive to neurite growth after transection. 
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In contrast. observations in the ('57B L/Ola mOllse sugge~t lhal 

macrophages may he mvolvcd in the l'vents that lead 10 neuronal dl'ath .11'tcr CNS 

in jury. These miel', whll'h have Impalred macrophage rt'l'Iullmcl1l, .lIso have 

improved RGC ~urvlval aiter ON lIliury (Perry cl .d., !lN 1 ), SOllle ot lhe 

molecules that macIophage~ arc known to "l'crete arc Ill\lL' to cl'lb {e g tUllllH 

necrosis factor, Beutter and Cerami. 19X9). lIowevl'I. Illany of the larlOl ~ 

macrophages secrete have multiple function~ (Nathan, 19X7) hlr n:lmpk. 1lI1111' 

oxide is known to be mvolved in lumor and hactcflal kllltng and lH'lllntO\1C death 

(Dawson ct al.. 19(1) bUI has also rccently heen found tu arl a .... 1 m'ulollal 

messenger. simIiar 10 a ncurotranSll1ltter (Brcdt and Snydl'I, 1 ()l)2) Thus, the roll' 

of macrophages In the CNS is Ilot clcarly deflllcd. Macrophagcs .He capahle. 

nonetheless, of mediating l'l'Il death and lhey arc a pm ... ihle candidate fOI 

triggering the more severe lo'\s of RGC~ after ON l'ut. 

The greater loss of axons in the ON '\tump a/kr ON cul cOlJlpared to ()N 

crush may be eaused by Ischerma or by the expo~lIre (lI the l'lit axon ... 10 halllllui 

factors in the cxternal milIeu. The resulting core of <"cwrl' aXO/l lm,> (,o!JllI, in tUr/I. 

result in a greater Joss of ROCs via Ischel1lJa-induccd ccII dealh, Ihe Jo') ... or Jarge 

portions of the axon or the invasIOn of macrophage ... 

B. Intraretjnal Axons; More Severe Loss of Axons Aner ON <;u1 'l'han 

Crush 

The tlrnc eour"lC of mtraretlllaJ axoll los.., corrcl<lle\ Will! the I()~s ofaxo/ls 1/1 

the ON. After cut in jury, axon los"l 111 the rctina IS qualltatlvely ob ... ervahlc two 

weeks after injury whcll axon 10\'" ln the ON near the glohe 1 ... abo ob ... ervahk 

AfteT crush injury, axon loss III both the rctina and the ON '" vcry \Iow and 1\ rlot 

qualitatively detectable until four wceks after In)ury. The correlatI<Hl hetwecn 
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axonaJ los~ ln the retina and ON suggests that the RGC axons are progressively 

dying back toward the soma or that the loss of axons at bath level"i is secondary ta 

the dcath of the neuron 

J lowever, 110 correlation is observed between the loss of axons aftef cut 

InJury and thc carly, rapid lo\s of f<GCs. This rapid ROC death that occurred 

belween 1 and 2 week"i aftcr l:1jury was not accompanied by a period of rapid 

rctrograde dl'generatJon 111 the axons within the retina and ln the ON ncar the 

glohc. In contra\1. .1 progre"i\IYC Im,~ ofaxon~ was ob<.:.crvcd. ThiS "iuggest"i that 

the early pha\c 01 rapHI R(JC lo'.;"i docs not result frl'm neuronal die-back, but is 

more likely cIlJ\ed by ail lfltcrnal mechanism triggercd by the mJllfY that directly 

affects the pcnkaryon. 

The later protracted lo"i<'; of RGCs aCter ON eut and the slow rate of RGC 

dcath aitcr ON Cfll\h may he caused by the retro grade death of the neuron. 

progrcssmg 1 rom Ihl' mjury site to the soma. The rate of the protracted phase of 

ccII dcath al tcr ON cut wa\ approximately twice the rate of ccII loss after ON 

crush. 'l'hl' lo\s 01 :l\om III Ihe ON and rerina after ON cul was also faster than the 

10ss of (lxon" alter ON l'ru~h. It i"i. Iherefore. pos~lhle that the protracted loss of 

RGCs aftcr ON IIlJury IS cau\cd hy neuronal die-hack 

ln additIOn tn a dccrcasc Ir1 the numher of intraretinal axons after ON eut. 

the axons \vere oh\crved to dcvlatc l'rom thclr ~tralght retinal coursc. These 

deviatioll'\ III .\ \on:ll dllcctlon were prevlOu"ily !latcd by Vidal-Sanz (ph. 0 Thesis. 

199()) AddltlOn,1l l'\penmCTltatlOll 1\ rcqulred to detern1ine thc cause of these 

irrcgular axonal path~ howcver. they may result from axonal :~prouting or 

altcIatlOns III :tx.on-a\on adheslOn followmg eut in jury . 
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In summary. the morphologleal axonal changes after ON illjury arc alsn 

dependent on the type of inJury; thcse retrogradc changes oceurnng in RCiC axons 

after ON eut and erush may contnhutc to the diffcrcnce in ccII SurYIV.I!. 

III BDNF EXPRESSION IN THE ON 

The survival of many neurons during devclopment and alkr in,ury 1<; 

dependent on trophlc -;upport. Several aspects of the pattl'rn~ of R(j(' I()-;~ aller 

ON cut and crush may hc related to the suppl Y of trophK lactor ... H'n'Ived hy Ihe 

RGCs: 1) the mamten,l1lù' of neryc sheath contllllllty "flcl ON nllsh 1ll<IY allow 

trophie sUppOJ t from the larget to Icach the inJured aXOl1, 2) the prc:-'l'f vatloll 01 

axons for months alter ON crush, III contrast 10 ON cul, may fl''''lIlt 111 Hlcrcasl'd 

eeU survival by allowmg thcse axons to rccelvc trophlc ~UPP()(t f rom 1l00Hll'I\I01lai 

cells in the ON, and 3) the trallSlcnt production 01 )!,rowth lactor ... 111 IIIl' ()N altl'r 

in jury may mediate the ohscrved dclay III RCiC dcath alter ON eut and (fll ... h 

The present litudy liuggestli that BDNF i<; cxprcli\ed 111 the lIormal ON, 

although as other~ have feported (ller/og and Barde, 1<)92), Ihe IIlRNA 1\ d"'lcult 

to demonstrate by Northern blot analylils. Sincc Iherc arc no Ilellronal (l'II \Jodlt'\ 

within the ON, thls expres\lon appear\ 10 he located III Ille IIOIl neurollal ccliii 01 

the ON. Several earlier reports :-.upport the \ugge\tlon that BUNF \) the 

neurotrophic factor lor R(J(\ In culture, BDNI; ,>upport,> the \tlfvlval 01 EI7 

RGCs (Johnson ct al., 1 9X6) and adult RCiC\ (Thano,> et al, 1 <JX<») III ,tcldlllOfl, 

the mam RGC target, thc \upcrtor collJculm, exprc\\l'\ BUNI- rnRNJ\ (1lokr et 

al., 1990). Finally, ln VIVO, multiple tntraocular tnJCCtHHl\ 01 BUNI- l'llhafiCe IH;e 

survival by 20% 2 weeks after intraorbital tran<.,ection comparee! 10 l. ontrol 

injections of saline or PBS/ BSA and by 40% tri compart\oll to the RGC 
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population"> ln rats with eut ON that were not injected with BDNF, BSA or PBS 

(S. Mansour-Robacy, personal communication). Thus, the present observation 

that BDNF 1<., normally cxprcs'Ied in the ON endorses the possibility that BDNF is 

an RGC tropillC factor. My atlempts to determine the level of BDNF in the ON 

after IrlJury were hlilderl'cI hy the low Icvels of RNA present in the ON and the 

accompanylllg dJfTlculty of Illea~unng the amounts of RNA accurately to create a 

Northern hlot wlth e(jual RNA in each lane. However, since 1 left the laboratory, 

olhcr, have round cVH.kncc for lIlcreased BDNF mRNA expression aftcr ON 

in jury (/\. Je/sma, pcr<.,onal communical. n). Lu et al. ( 1991) repol1ed an 8 foid 

Increase In NGI: mRN/\ in the ON after cnucleatlOn. NOF injccted into the 

vitreous ha~ been "hown to rescue RGCs and theiT axons after intracranial 

axotomy. Thc<.,e ob~ervatJon"l raise the possibility that a sub popl .. datIOn of ROCs 

arc rcsponslvc lo NOF after II1Jury or that NOF 1S able to mediale ROC survival 

via the BONF receplOf Presently, the majority of the available data on ROC 

troph)(,; ~UpP()rt ..,ugge"lts that BDNF is a likely candidate for supporting ROCs. 

Thus, the expre:~"'lOn of B DNF \Il the normal ON endorses thls idea and raises the 

possihihty that B DNF may he resp0nsible for the grcater neuronal survlval after 

ON crush comparcd 10 cut, or may mediate the delay ln neuronal death after ON 

injury. 

SUMMARY OF FINDINGS 

The expcnmcnts III this thesis document the survival of RGCs after two 

Illethods of ON Interruption, examine the morphological axonal changes to 

deterl11111C if thcy may contnbute to the patterns of RGC death and examllle further 
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the possibility that BDNF is a neurotrophic factor for RC,Cs by deternnning If il is 

expressed in the normal ON. The resuIts support the f{ll1o\\'ing conclusIOns: 

1) Although both intracrantal l'ut and crush lcslOns completely interruptt'd ail 

RGCs al the same distance l'rom thetr targets. the pattern of R(J(' los~ vancd with 

the type of leslOn and time aftcr in jury. 

2) The los~ of RGCs IS dciayed for approximately one \Ved. alter hoth lllethods 01 

axon interruption 

3) The interruption of the ON hy intracranial cut rcsultcd in an carly. rapid loss 

and a later. more protractcd loss of ROCs. 

4) The interruption of the ON by intracranial crush rcsultcd in a single .... Iow ratc 

ofRGC loss. 

5) The morphological change,> occurring in thc RGC axons wllhlll the ON and 

retina vary with the typc of IcslOn. Thesc dlffercnt morphologlt'al challges may 

contribute to the diffcrent pattern~ of RGC loss the rctrograde degcllcralioJ) of 

axons • .md the loss of RGCs occurs more rapldly alter ON eut than cnl' .. h 

6) Non-neuronal cciiI) of the normal ON appcar to expre"i'> BDNF rnRNI\. This 

neurotrophic factor may he Involved in dclaying thc Iw .. ,> of JHi(\ alter ullury or, 

alternatively, greater quantltie ... of BDNF may be avaJlahlc 10 JH iC axorl'> alter ON 

crush than eut, resulti ng in greatcr ccII s urvi val. 
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CONCLtJDING REMARKS 

The expcnments dcscribed ln this thesis were aimed at investigating 

neuronal ,,>urvival aflcr central nervous system (eNS) in jury in adult mammals, 

The survlval of rcunal ganglIOn eells (ROCs) and the aceompanying axonal 

changes were documented aftcr two methods ofaxon interruption: optie nerve 

(ON) cut or cru~h WllIle thc sevenng of axons by eut or crush both interrupt 

neuronal-target IlltcraCllon ..... thu~ rcmoving nerve eclIs From their main soure,=" of 

trophic support, my IllvestIgatlOns suggcst that additional events in the ON play :l 

key role in Ihe lIImng and ~cvcrity of the neuronalloss that follows axotomy. 

After cuttlllg RGC axons 10 the ON approximately 9 mm From the retina, 1 

observed an lIllIJal .tbrupt loss of neurons whieh was followed by a more 

protractcd and graduai rcductlon in the RGC populatIOn. but crushmg the ON 

intracranially gave n~e 10 a slow rate of cell loss. My observations also indicate 

that the dcath of approxlmatcly 40% of the RGCs in the lOitial stages following 

ON cut occurrcd abruptly bctwccn 7 and 10 days after IOJury and that the loss of 

thcsc nCUfO!lS i ..... not preccdcd by a progressive retrograde degeneration of axons 

l'rom the ortIe nerve Illto the retina, This previously unreeognized delay of 

approxlIllately one wed. prior to the onset of ROC loss may result from the 

induction of a "\llIcldc program" involving gene expressIOn Approximately 6 mm 

of the ON "tump pnn,lIllal to the site of cut showed a severe tissue disruptlOn 

characterl/ed hy li market! central 10ss of glial cells and axons and a proliferation 

of macrophage~, .... uch .llteratlOns were minimal after crush. Additional 

observatIOns tnggercd by these cxperiments suggest that components of the 

disruptcd ti~sul'. namely ~crum and macrophages. may be a source of molecules 

lhal negatl':cly atfect neuronal survlval. 



• 

• 

Ch. 4: DiscuSSLOIl { :! 1 

In parallei experiments 1 presented evidcncc for the expression of two hr:ulI 

derived neurotrophic factor (BDNF) mRNA transcripts (1.5 and ,t 2 kilohases) hy 

non-neuronal cells of the unmjured optie nerve. BDNF l'i a neurotrophln kllown tn 

support the survival of RGCs. ft is possible that the more severe los,", of RG('s 

observed afLer ON eut rcsults from a diffcrence III the expresslOll 01 thls 

neurotrophin and/or its receptl1r followmg eut and l'rush IIllury. 

These observatIons encourage the l'ontinucd lIlvestigatlOn of the 

involvement of "suicIde" gene expression, maerophagc~. "l'rUIll l'lilllponents and 

glial-derived trophlc support m the determination of l'l'Il survival .tI·ter neuronal 

in jury in the adult mammalian CNS . 
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