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I mmunocyt ochemi cal Local i zat i on of t he Lens Mai n

I nt r i nsi c Pol ypept i de ( MI P26) i n Communi cat i ng Junct i ons

DEAN BOK, JAMES DOCKSTADER, and JOSEPH HORWI TZ

Depar t ment of Anat omy and Jul es St ei n Eye I nst i t ut e, Uni ver si t y of Cal i f or ni a,

Los Angel es, Cal i f or ni a 90024

ABSTRACT

	

Pl asma membr anes of ver t ebr at e l ens f i ber cel l s cont ai n a maj or i nt r i nsi c pol ypep-

t i de wi t h an appar ent mol ecul ar wei ght of 26, 000 ( MI P26) . These pl asma membr anes ar e

ext r emel y r i ch i n communi cat i ng j unct i ons, and i t has been suggest ed t hat MI P26 i s a

component of t hem. MI P26 was pur i f i ed f r om cow l enses usi ng pr epar at i ve SDS gel el ect r o-

phor esi s f ol l owed by hydr oxyl apat i t e col umn chr omat ogr aphy . Fr om gel el ect r ophor esi s pat -

t er ns and aggr egat i onal pr oper t i es i t was concl uded t hat t he MI P26 pr epar at i on was homoge-

neous . The pur i f i ed MI P26 was used t o pr oduce monospeci f i c ant i bodi es i n r abbi t s as assessed

by doubl e i mmunodi f f usi on and cr ossed i mmunoel ect r ophor esi s of pur i f i ed MI P26 and sol u-

bi l i zed l ens pl asma membr anes agai nst t he ant i ser um. I ndi r ect i mmunocyt ochemi cal st udi es

wer e per f or med on open and cl osed l ens pl asma membr ane vesi cl es by i ncubat i on i n ant i - MI P

ant i ser um f ol l owed by f er r i t i n- conj ugat ed goat ant i r abbi t I gG. The conj ugat e bound unequi v-

ocal l y t o l ens communi cat i ng j unct i ons, i ndi cat i ng t hat MI P26 i s a component of t hese

st r uct ur es .

The l ens of t he ver t ebr at e eye i s der i ved f r om ect oder m and i s

composed pr i mar i l y of concent r i c l ayer s of l ong, hexagonal l y-

shaped uni t s cal l ed l ens f i ber cel l s. The f i ber cel l s di f f er ent i at e

f r om an epi t hel i al monol ayer t hat cover s t he ant er i or sur f ace

of t he l ens and t er mi nat es at t he equat or . Dur i ng t he pr ocess

of di f f er ent i at i on, whi ch occur s t hr oughout l i f e, t he equat or i al

epi t hel i al cel l s el ongat e and f ol l owa cur ved cour se t hat ext ends

f r om t he ant er i or pol e of t he l ens t o t he post er i or pol e . New

l ens f i ber s ar e deposi t ed over t he ol der ones, t he l at t er bei ng

compr essed t owar ds t he i nt er i or of t he r egi on known as t he

nucl eus . As a r esul t of t hi s const ant pr ocess of di f f er ent i at i on

and i n t he absence of cel l sl oughi ng, t he l ens gr adual l y i ncr eases

i n si ze wi t h age . The f i ber cel l s occupyi ng t he super f i ci al l ayer s,

col l ect i vel y t er med t he cor t ex, begi n t o l ose t hei r mi t ochondr i a,

nucl ei , and cyt opl asmi c membr anes shor t l y af t er el ongat i on

commences, but r et ai n t hei r pol yr i bosomes f or a whi l e ( 4) .

Dur i ng t hi s t i me, t hey synt hesi ze a di ver se cl ass of pr ot ei ns

cal l ed cr yst al l i ns al ong wi t h t hei r membr ane pr ot ei ns . The

ol dest f i ber cel l s of t he l ens, compact ed i nt o t he l ens cent er

( nucl eus) and havi ng l ost al l of t hei r or ganel l es, ar e i ncapabl e

of pr ot ei n synt hesi s ( 48) .

Because t he l ens f i ber cel l s ar e, on t he aver age, ver y spar sel y

popul at ed wi t h cyt opl asmi c membr anes, pur i f i cat i on of t hei r

pl asma membr anes i s si mpl i f i ed . Dur i ng t he past decade t hese

pl asma membr anes have ar oused i nt er est because, l i ke t he
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er yt hr ocyt e membr ane, t hey pr ovi de us wi t h an easi l y accessi -

bl e model f or t he st udy of membr ane st r uct ur e ( 4) . Fur t her -

mor e, t hey ar e ext r aor di nar i l y r i ch i n a uni que t ype of com-

muni cat i ng j unct i on' ( 4, 6, 27, 31, 37) t hat i s t he subj ect of t hi s

i nvest i gat i on.

I t i s now gener al l y agr eed t hat ver t ebr at e l ens f i ber cel l

pl asma membr anes cont ai n a maj or i nt r i nsi c pol ypept i de spe-

ci es of - 26 kdal t ons ( 2, 5, 7, 9) , var i ousl y r ef er r ed t o as MI P

( 9) or MP26 ( 5) . I t shoul d be st at ed however t hat t hi s si t uat i on

pr evai l s onl y i n t he youngest of l ens f i ber cel l s . As t he l ens

ages, or as t he f i ber cel l s ar e sampl ed i n successi vel y deeper

and t her ef or e ol der l ayer s of t he l ens, an i nt r i nsi c pol ypept i de

of 22 kdal t ons i s al so f ound ( 25, 42) . The l ens of a 24- yr - ol d

human has about equal amount s of t he MI P26 and 22- kdal t on

i nt r i nsi c pol ypept i de ( 25) . Hor wi t z and Wong ( 26) have shown

t hat t he 22- kdal t on pr ot ei n i s der i ved f r om MI P26 by t he

post t r ansl at i onal cl eavage of a 4- kdal t on segment . The 26-

kdal t on pr ot ei n has been r epor t ed f or i sol at ed l ens f i ber cel l

' The t er m communi cat i ng j unct i on ( 43) r at her t han gap j unct i on i s
used t hr oughout t hi s r epor t f or t he l ens because t her e i s di sagr eement

concer ni ng t he exi st ence of an i nt r aj unct i onal " gap" as or i gi nal l y

descr i bed by Revel and Kamovsr y ( 41) . Ref er ence 39 r evi ews t he

evi dence on t hi s subj ect and summar i zes dat a r el at i ng t o t he i nt er cel -

l ul ar coupl i ng t hat i s medi at ed by l ens communi cat i ng j unct i ons .
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j unct i ons f r omvar i ous speci es ( 17) . Because t hese j unct i ons ar e
so numer ous ( 50- 6001o of t he cel l sur f ace i n some cases [ 27] ) ,
sever al aut hor s have suggest ed on t he basi s of t hi s evi dence
t hat MI P26 and t he 26- kdal t on j unct i onal pr ot ei n may be t he
same ( 1, 4, 8, 17) . Thi s r epor t empl oys i mmunocyt ochemi cal

met hods i n t he i nvest i gat i on of t hi s quest i on.

MATERI ALS AND METHODS

Pur i f i cat i on of MI P26

Af t er decapsul at i on, bovi ne l enses wer e par t i al l y cr ushed wi t h a mor t ar and

pest l e i n 20 mMTr i s- HCI , 0. 1 MNaCl buf f er , pH 7 . 7. Lens nucl ei wer e r emoved

by st r ai ni ng t he cr ushed l enses t hr ough st er i l e gauze. Af t er t hi s st ep, t he cor t i cal

suspensi on was homogeni zed i n t he same buf f er usi ng a Ten Br oeck gl ass

homogeni zer . The homogenat e was cent r i f uged at 18, 000 r pmf or 25 mi n i n a

Sor val l SS- 34 r ot or ( DuPont Co. , Wi l mi ngt on, Del . ) . The pel l et was washed si x

t i mes by r esuspendi ng wi t h homogeni zat i on i n a Ten Br oeck gl ass homogeni zer

and r epel l et i ng t he i nsol ubl e pr ot ei n f r act i on by cent r i f ugat i on . The f i nal buf f er -

i nsol ubl e f r act i on was t r eat ed si mi l ar l y si x t i mes wi t h 7 Mur ea added t o t he

buf f er . Bef or e each cent r i f ugat i on st ep, t he homogenat e was di l ut ed 1 : 4 wi t h

Tr i s- HCI buf f er wi t hout ur ea. Ur ea was r emoved f r omt he f i nal i nsol ubl e f r act i on

by t wo washes wi t h t he same buf f er .

The r esul t i ng mat er i al was sol ubi l i zed i n 20 mMTr i s- HCl buf f er , pH 7. 7,

cont ai ni ng 1%SDS, and t hen cent r i f uged at 20, 000 r pmf or 15 mi n . 6 ml of t he

super nat ant ( t ot al pr ot ei n, - 15mg) wer e appl i ed t o a 4 x 120 x 160mmt oot hl ess

sl ab gel , and el ect r ophor esed at 20 mA f or 18 h. St acki ng and r unni ng gel s wer e

composed of 4. 5%and 15%acr yl ami de, r espect i vel y . To pr event heat - i nduced

aggr egat i on of t he l ens mai n i nt r i nsi c pol ypept i de, t he sampl e was not heat ed
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bef or e el ect r ophor esi s ( 47) . Af t er el ect r ophor esi s, a 1- cmver t i cal st r i p, cut f r om

t he cent er of t he gel , was scanned at 280 nmusi ng an ACTA MVI spect r opho-

t omet er ( Beckman I nst r ument s, I nc . , Pal o Al t o, Cal i f ) equi pped wi t h a model 2

Gel Scanner . Thi s scan al l owed t he l ocal i zat i on of MI P26 i n t he pr epar at i ve sl ab

gel ( Fi g. 1) . Ahor i zont al sl i ce cont ai ni ng MI P26was cut f r omt he gel and cr ushed

t hr ough a 6- ml syr i nge. The cr ushed gel was suspended i n an equal vol ume of

0. 1 Msodi um phosphat e buf f er , pH 6. 8, cont ai ni ng 1%SDS. The suspensi on of

cr ushed gel and buf f er was st i r r ed gent l y at r oom t emper at ur e f or 24 h t o al l ow

t he pr ot ei n t o di f f use f r omt he acr yl ami de. The super nat ant was t hen appl i ed t o

a l cm x 3 cm col umn of hydr oxyl apat i t e equi l i br at ed wi t h 0 . 1 Msodi um

phosphat e buf f er , pH 6. 8, cont ai ni ng 1% SDS. Af t er f l ushi ng t he col umn wi t h 5

bed vol umes of t he st ar t i ng buf f er , a t wo- st ep di scont i nuous gr adi ent consi st i ng

of - 25 ml of 0 . 3 Msodi umphosphat e, pH6. 8, cont ai ni ng 1% SDS, f ol l owed by

0 . 5 Msodi um phosphat e, pH 6. 8, wi t h 1%SDS, was used t o el ut e t he pr ot ei ns

f r omt he col umn . The mat er i al el ut ed wi t h t he 0. 5 Msodi umphosphat e/ 1%SDS

buf f er was col l ect ed and pool ed. Because t he hydr oxyl apat i t e col umn was at

t i mes over l oaded wi t h pr ot ei n, t he f r act i on el ut ed wi t h 0 . 3 Msodi umphosphat e

cont ai ned a si gni f i cant amount of MI P26. To r ecover t he pr ot ei n, t hi s f r act i on

was di l ut ed agai n t o a f i nal concent r at i on of 0. 1 Msodi umphosphat e buf f er , pH

6. 8, wi t h l %SDS and r echr omat ogr aphed as descr i bed above.

Removal of SDS and Concent r at i on of MI P26 by

KCI Pr eci pi t at i on

Sol i d KCI was added t o 5- ml al i quot s of t he 0. 5 Msodi um phosphat e/ I %

SDS el ut i on peak f r omt he hydr oxyl apat i t e col umn t o a f i nal concent r at i on of

0. 5 M. The KCI pr eci pi t at ed t he MI P26 as wel l as t he bul k of t he dodecyl sul f at e

i on. We cent r i f uged t he suspensi on at 18, 000 r pmf or 10 mi n and di scar ded t he

super nat ant . The pel l et was washed by r esuspensi on i n 0. 5 ml or I ml of 20 mM

Tr i s- HCl buf f er , pH7. 7, f ol l owed by cent r i f ugat i on at 18, 000 r pmf or 10 mi n .

FI GURE 1

	

A r epr esent at i ve absor pt i on scan at 280 nmof a pr epar at i ve pol yacr yl ami de SDS gel . The ur ea- washed pel l et cont ai ni ng

l ens pl asma membr anes was di ssol ved i n buf f er wi t h 1%SDS and el ect r ophor esed . The pr ot ei n peak appear i ng at a di st ance of

3 . 8- 4 . 7 cm and i ndi cat ed by ar r ows, cont ai ns t he 26- kdal t on mai n i nt r i nsi c membr ane pol ypept i de ( MI P26) .

FI GURE 2

	

El ut i on pr of i l e of MI P26, whi ch was r ecover ed f r om t he r egi on of t he gel i ndi cat ed by t he ar r ows i n Fi g . 1 and t hen

appl i ed t o a hydr oxyl apat i t e col umn . Membr ane pr ot ei ns wer e el ut ed wi t h 0 . 3 Mand 0 . 5 phosphat e buf f er cont ai ni ng 1%SDS. For

mor e det ai l s see Mat er i al s and Met hods sect i on .

FI GURE 3

	

SDS PAGE of var i ous f r act i ons cont ai ni ng MI P26 . Col umn 1 : pl asma membr ane f r act i on af t er ur ea- wash ; col umn 1:

same as col umn 1, but heat ed at 100° C f or 4 mi n bef or e el ect r ophor esi s ; col umn 3: MI P26 el ut ed f r om t he hydr oxyl apat i t e col umn

wi t h 0 . 3 Msodi um phosphat e ; col umn 4 : same as col umn 3, but heat ed at 100° C f or 4 mi n bef or e el ect r ophor esi s ; col umn 5:

pur i f i ed MI P26 el ut ed wi t h 0. 5 Msodi um phosphat e f r om t he hydr oxyl apat i t e col umn ; col umn 6 : same as col umn 5, but heat ed

at 100° C f or 4 mi n bef or e el ect r ophor esi s ; col umn 7 st andar ds ( OV, oval bumi n ; CH, a- chymot r ypsi nogen ; CT, cyt ochr ome c) .

Appr oxi mat el y 30 Rg of pr ot ei n was appl i ed i n each of col umns 1- 6.



Mor e t han 90%of t he pol ypept i de gener al l y was r ecover ed i n t he super nat ant of

t he second and t hi r d washes, as det er mi ned by absor bance measur ement s at 280

nm.

The concent r at i on of r esi dual SDS pr esent i n t he r ecover ed pr ot ei n was

det er mi ned by i nt r oduci ng 35 S- l abel ed SDS i nt o t he st ock buf f er - SDS sol ut i on .

Resul t s f r omsever al exper i ment s i ndi cat ed t hat t he r esi dual SDS i n t he pr ot ei n

sampl e was <_0. 05%of t he SDS or i gi nal l y added . I n addi t i on t o bei ng i nval uabl e

i nsof ar as bul k SDS r emoval was concer ned, t hi s t echni que al so ser ved t o

concent r at e t he sampl es 5- t o 10- f ol d . Fr om a t ot al of 15 mg of membr ane

pr ot ei ns t hat was appl i ed t o t he pr epar at i ve gel , 2 mg of hi ghl y pur i f i ed MI P26

wer e obt ai ned.

Pr epar at i on and Char act er i zat i on of Ant i ser a

Femal e New Zeal and r abbi t s wer e i nj ect ed i nt r ader mal l y wi t h 0 . 3 mg of

ant i gen i n Fr eund' s adj uvant per i mmuni zat i on. At t wo successi ve 10- d i nt er val s,

t he i nj ect i ons wer e r epeat ed, af t er whi ch t he ani mal s wer e bl ed f or t he f i r st t i me .

Ther eaf t er , r abbi t s wer e bl ed mont hl y f or - 6 mo wi t h an i nj ect i on of ant i gen

admi ni st er ed 1 wk bef or e each bl eedi ng. I mmunodi f f usi on assays wer e per f or med

i n 1%agar cont ai ni ng 0. 2%SDS t o pr event nonspeci f i c pr eci pi t at i on as descr i bed

pr evi ousl y ( 38) . I n addi t i on, cr ossed i mmunoel ect r ophor esi s was per f or med on

pur e ant i gen and sol ubi l i zed membr anes by t he met hod of Conver se and Pap-
er mast er ( 13) wi t h t he modi f i cat i on suggest ed by Chua and Bl omber g ( 12) .

Pr epar at i on of Membr anes f or
I mmunocyt ochemi cal St udi es

Bovi ne l ens pl asma membr anes wer e pr epar ed by di scont i nuous densi t y
cent r i f ugat i on accor di ng t o t he pr ocedur e of Bl oemendal et al . ( 6) . A f r act i on
r i ch i n pl asma membr anes was col l ect ed f r om t he 1 . 14/ 1 . 16 and 1 . 16/ 1 . 18
i nt er f aces . Af t er r emoval of t he sucr ose by t wo wat er washes, t he membr anes
wer e washed t wi ce wi t h 7 Mur ea i n 20 mMTr i s- HCI , 0. 1 MNaCl , pH 7 . 7 . The
r emai ni ng pel l et was washed t wi ce wi t h phosphat e- buf f er ed sal i ne ( PBS) , t hen
al i quot ed i nt o sever al f r act i ons, each cont ai ni ng 3- 4 mg of t he t ot al pr ot ei n . I n
some of t he exper i ment s t he ur ea wash was omi t t ed i n or der t o t est i t s ef f ect on
ant i body bi ndi ng.

I ndi r ect I mmunocyt ochemi st r y

Each of t he above membr ane f r act i ons was suspended i n PBS cont ai ni ng 5%

bovi ne ser um al bumi n f or 15 mi n. I mmune ser umwas added t o t he membr ane

suspensi on at a f i nal di l ut i on of 1 : 3 . Low di l ut i ons of t he ant i ser umwer e used

due t o t he ext r aor di nar i l y hi gh concent r at i on of ant i gen i n each membr ane

f r act i on ( 3- 4 mg of pr ot ei n, 80%of whi ch was MI P26) , al t hough di l ut i ons of up

t o 1 : 100 gave posi t i ve r esul t s . The mi xt ur e was i ncubat ed f or 1 h at 21' C. Dur i ng

t hat per i od, t he suspensi on was gent l y homogeni zed once wi t h a si ngl e st r oke of

t he pest l e. The suspensi on was t hen washed wi t h PBS. Cont r ol f r act i ons wer e

pr epar ed i n an i dent i cal manner , except t hat t he membr ane suspensi ons wer e

i ncubat ed i n pr ei mmune ser um. Af t er t he PBS washes, t he membr ane f r act i ons

wer e agai n suspended i n PBS cont ai ni ng 5%bovi ne ser umal bumi n, and af f i ni t y-

pur i f i ed f er r i t i n- conj ugat ed goat ant i r abbi t I gG ( GAR- Fn, 1 . 0 mg/ ml ; Mi l es-

Yeda, Rehovot , I sr ael ) . Af t er i ncubat i on f or 1 h at r oom t emper at ur e, t he
f r act i ons wer e washed t hr ee t i mes wi t h PBS. At t hi s poi nt , t he membr ane

f r act i ons wer e suspended agai n i n PBS and st i r r ed gent l y over ni ght at 4° C t o

ensur e t hor ough r emoval of l oosel y bound GAR- Fn . Each f r act i on was sedi -

ment ed i n a Sor val l SS- 34 r ot or at 20, 000 r pm f or 15 mi n . The pel l et s obt ai ned
wer e f i xed i n a sol ut i on of 2%gl ut ar al dehyde, 0 . 1 Mphosphat e, pH 7 . 3, f or t wo

h, and f ur t her f i xed i n 1% osmi umt et r oxi de f or 1 h. Al l membr ane pel l et s wer e
dehydr at ed i n a gr aded et hanol ser i es and embedded i n Ar al di t e 502. Si l ver

sect i ons wer e pr epar ed and vi ewed on For mvar - car bon- coat ed gr i ds i n a Si emens
I A or JEOL 1000 el ect r on mi cr oscope.

RESULTS

Pur i f i cat i on of MI P26 f r om Lens Fi ber Cel l

Pl asma Membr anes

Fi g . 1 shows a densi t omet r i c scan of a t ypi cal ur ea- washed

membr ane pr epar at i on r ecor ded f r om a st r i p of pr epar at i ve
SDS pol yacr yl ami de gel . I n t hi s f i gur e, t he MI P26 i s cont ai ned
i n t he peak appear i ng at a di st ance of 3 . 8- i . 7 cm on t he

pr epar at i ve gel . Af t er r emoval of t he pr ot ei n f r om t he gel , t he

FI GURE 4

	

Doubl e i mmunodi f f usi on of cow l ens MI P26 agai nst l ens sol ubl e cr yst al l i ns, r abbi t ant i - MI P26 ant i ser um, and r abbi t
pr ei mmune ser um. Wel l A, 35 pl of i mmune ser um. Wel l B, 20I t g of t ot al l ens sol ubl e pr ot ei ns sol ubi l i zed i n 0 . 1%SDS. Wel l C, 20

I Lg of KCI - ext r act ed MI P26. Wel l D, 35 pl of pr ei mmune ser um. Dar k- f i el d phot ogr aph .

FI GURE 5

	

Cr ossed i mmunoel ect r ophor esi s of MI P26 and i t s mul t i mer i c aggr egat es agai nst r abbi t ant i ser um r ai sed agai nst MI P26 .
20 Wg of pur i f i ed MI P26 wer e f i r st el ect r ophor esed i n a convent i onal SDS PAGE syst em, as shown i n Fi g . 3, col umn 5. The l ane
cont ai ni ng t he sampl e ( 2 x 6 x 10 mm) was cut out of t he gel . A 2 x 2 x 80 mm st r i p cont ai ni ng t he per t i nent bands was t hen
el ect r ophor esed i n t he second di mensi on i nt o t he agar ose ant i body- cont ai ni ng gel , as descr i bed by Chua and Bl omber g ( 12) . The
agar ose gel cont ai ned 7% i mmune ser um, and t he i nt er medi at e gel cont ai ned 3%Lubr ol PX. Al l ot her condi t i ons wer e as descr i bed
pr evi ousl y . Coomassi e Bl ue st ai n .

FI GURE 6

	

Cr ossed i mmunoel ect r ophor esi s of cr ude cow l ens pl asma membr ane pr epar at i on agai nst MI P26 ant i ser um. 20 Wg of
ur ea- washed membr anes wer e f i r st el ect r ophor esed i n SDS as shown i n Fi g . 3, col umn 1 . A 2- mmst r i p cont ai ni ng t he per t i nent
bands was t hen el ect r ophor esed i n t he second di mensi on i nt o t he agar ose ant i body- cont ai ni ng gel . Al l condi t i ons wer e t he same
as Fi g . 5 . MI P26 ( 26K) and i t s di mer ( 1- 26K) wer e t he onl y bands t o el i ci t r ocket s i n t he agar gel . Coomassi e Bl ue st ai n .

BOK ET AL.

	

I nt r i nsi c Pr ot ei n i n Lens Communi cat i ng Junct i ons
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pr ot ei n sol ut i on was appl i ed t o a 1 x 3 cmcol umn of hydr ox-

yl apat i t e . The f i r st pr ot ei n peak ( Fi g. 2) , el ut ed wi t h 1% SDS

cont ai ni ng 0. 3 Msodi um phosphat e buf f er , compr i ses mai nl y

t he MI P26 component ; however , appr eci abl e amount s of

smal l er pept i des can be det ect ed i n t he el ect r opher ogr am of

t hi s f r act i on ( Fi g. 3, l anes 3 and 4) . The pr ot ei n f r act i on el ut ed

wi t h 0 . 5 Msodi um phosphat e buf f er was f ound t o be f r ee of

any l ow mol ecul ar wei ght cont ami nant s . An SDS PAGE pr o-

f i l e of a concent r at ed sampl e obt ai ned f r om t he 0 . 5 Msodi um

phosphat e el ut i on peak of t he hydr oxyl apat i t e col umn i s shown

i n Fi g. 3, l anes 5 and 6. I n agr eement wi t h an ear l i er r epor t ,

MI P26 f or med mul t i mer i c aggr egat es wi t h i ncr eased pur i f i ca-

t i on and concent r at i on ( 26) . Fur t her mor e, MI P26 aggr egat ed

when t he sampl e was heat ed bef or e el ect r ophor esi s . Si nce

MI P26 i s t he onl y pr ot ei n associ at ed wi t h l ens membr anes t hat

i s heat sensi t i ve, t hi s behavi or ser ved as an addi t i onal cr i t er i on

f or t he pur i t y of t he pr epar at i on ( 25) .

Char act er i zat i on of Ant i ser a agai nst MI P26

The speci f i ci t y of t he ant i - MI P26 ser umwas demonst r at ed

i n an ear l i er r epor t by doubl e i mmunodi f f usi on ( 49) , and t he

dat a t her ef or e i s onl y par t i al l y r epeat ed her e. That st udy

showed no cr oss- r eact i vi t y wi t h any of t he sol ubl e bovi ne l ens

cr yst al l i ns . Fur t her mor e, no nonspeci f i c pr eci pi t i n l i nes wer e

obser ved when 1%SDS was di f f used agai nst i mmune ser um.

Fi g. 4 r eemphasi zes t he l ack of r eact i vi t y wi t h sol ubl e l ens

pr ot ei ns and demonst r at es i n addi t i on t hat no r eact i on was

obser ved wi t h pr ei mmune ser um.

To achi eve a mor e r i gor ous demonst r at i on of speci f i ci t y of

t he ant i - MI P26 ant i body, we used t he cr ossed i mmunoel ect r o-

phor esi s syst emof Conver se and Paper mast er ( 13) , whi ch was

r ecent l y i mpr oved by Chua and Bl omber g ( 12) . A hi ghl y

pur i f i ed pr epar at i on of MI P26 was f i r st separ at ed by SDS

PAGE and subsequent l y el ect r ophor esed at r i ght angl es t o an

agar ose gel cont ai ni ng ant i - MI P26 ant i ser um ( Fi g . 5) . I t i s

not ewor t hy t hat , i n addi t i on t o MI P26, ever y mul t i mer of t hi s

pr ot ei n r eact ed speci f i cal l y wi t h t he ant i ser um t o pr oduce a

r ocket whi ch was pr opor t i onal t o t he concent r at i on of t he

cor r espondi ng MI P26 mul t i mer . The r esul t of cr ossed i mmu-

noel ect r ophor esi s wi t h a ur ea- washed l ens membr ane pr epa-

r at i on i s shown i n Fi g . 6 . I n t he f i r st di mensi on ( SDS PAGE) ,

many pr ot ei n bands ar e obser ved i n addi t i on t o MI P26. The

t hr ee bands of mol ecul ar wei ght <26 kdal t ons ar e known t o be

cr yst al l i ns ( 26) . Upon el ect r ophor esi s i n t he second di mensi on,

MI P26 r eact ed wi t h t he i mmune ser um t o pr oduce a r ocket .

We al so obser ved consi st ent l y a second weak r ocket at t he

posi t i on cor r espondi ng t o 52 kdal t ons, whi ch r epr esent s t he

di mer of MI P26. Thi s agr ees wi t h a pr evi ous obser vat i on t hat

di mer s of 26 kdal t ons can be f or med i n sol ubi l i zed membr ane

pr epar at i ons ( 26) . Thus combi ned, t he i mmunodi f f usi on and

cr ossed i mmunoel ect r ophor esi s exper i ment s demonst r at e t he

speci f i ci t y of t he ant i ser um agai nst MI P26 .

I ndi r ect I mmunocyt ochemi st r y Usi ng GAR- Fn

Pur i f i cat i on of l ens f i ber cel l pl asma membr anes by sucr ose

densi t y cent r i f ugat i on and washi ng i n 7 Mur ea t o r emove

adher ent cr yst al l i ns pr oduced open and cl osed vesi cl es wi t h a

wi de r ange of si zes ( Fi gs. 7 and 8) . The bi ndi ng of ant i - MI P26

ant i body t o t he membr anes was qual i t at i vel y t he same whet her

or not t he ur ea wash was i ncl uded i n t he pr ot ocol . Al l r esul t s

r epor t ed bel ow ar e f or ur ea- washed mat er i al . Fi g . 7 i l l ust r at es

a membr ane pr epar at i on t hat was t r eat ed wi t h i mmune ser um
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f ol l owed by GAR- Fn . Each vesi cl e i s l abel ed on i t s ext er nal

sur f ace and some ar e l abel ed on t hei r i nt er nal sur f ace as wel l ,
i ndi cat i ng t hat t he l at t er wer e open dur i ng i ncubat i on i n t he
i mmune r eagent s . Cont r ol vesi cl es t hat wer e i ncubat ed i n

pr ei mmune ser umf ol l owed by GAR- Fn showed no bi ndi ng of
t he l abel ( Fi g. 8) , al t hough occasi onal nonspeci f i c adsor pt i on
of f er r i t i n par t i cl es or cl umps was obser ved . Fi g . 9 shows a
hi gher magni f i cat i on of a vesi cl e t hat was open dur i ng i t s
t r eat ment wi t h i mmune ser um and GAR- Fn. The vesi cl e i s
composed ent i r el y of communi cat i ng j unct i on as evi denced by
i t s pent al ami nar pr of i l e ( 16) . Fer r i t i n- l abel ed ant i body i s
evenl y di st r i but ed al ong bot h t he ext er nal and i nt er nal sur f ace .
These t wo sur f aces r epr esent t he cyt opl asmi c si des of l ens f i ber
membr anes t hat wer e connect ed i n si t u. Wher ever t he j unct i on
pr of i l e i s f avor abl y or i ent ed, i t can be obser ved t hat t he f er r i t i n
mol ecul es ar e separ at ed f r om t he membr ane sur f ace by a

t r ansl ucent zone . Thi s i s t o be expect ed when f i r st and second

st age I gG mol ecul es i nt er vene bet ween ant i geni c det er mi nant s
on t he membr ane sur f ace and t he f er r i t i n t hat i s conj ugat ed t o
t he second st age ant i body .

An even di st r i but i on of f er r i t i n was not al ways obser ved over

vesi cl es t hat wer e f or med ent i r el y of j unct i onal membr ane . Fi g.

10 i ncl udes t wo vesi cl es t hat wer e cl osed dur i ng i ncubat i on i n

t he i mmune r eagent s . The di st r i but i on of f er r i t i n over t he

exampl e on t he l ef t i s i nt er r upt ed i n sever al pl aces, wher eas

t he vesi cl e on t he r i ght i s sat ur at ed wi t h l abel . I t i s possi bl e

t hat vacanci es i n t he ot her wi se uni f or ml abel i ng pat t er n r esul t

f r om i mper f ect del i ver y of ei t her t he pr i mar y or secondar y

ant i body t o t he membr ane sur f ace dur i ng i ncubat i on . Al t er -

nat i vel y, t he vacanci es i n t he st ai ni ng may wel l be due t o

cl umpi ng of MI P26 i n t he pl ane of t he membr ane, wi t h r esul t -

ant denuded pat ches . Thi s phenomenon has been obser ved i n

f r eeze- f r act ur e r epl i cas of l ent i cul ar j unct i ons ( 17) .

I t was not possi bl e t o make a f i r mj udgment concer ni ng t he

bi ndi ng of ant i - MI P26 ant i body t o nonj unct i onal ar eas of t he

l ens f i ber cel l pl asma membr ane because, i n sect i oned vesi cl es,

one coul d never be cer t ai n of t he past st at us of appar ent

nonj unct i onal r egi ons . Wi t hout quest i on, our vesi cl e pr epar a-

t i ons cont ai ned some nonj unct i onal membr ane because t hey

wer e f or med i n t he absence of det er gent s whi ch ar e known t o

sel ect i vel y sol ubi l i ze l ens nonj unct i onal pl asma membr ane

( 17) . Nonet hel ess, i t i s concei vabl e t hat communi cat i ng j unc-

t i ons wer e capabl e of di ssoci at i on under t he condi t i ons em-

pl oyed. Junct i onal spl i t t i ng i s known t o occur i n l i ver under

hyper t oni c condi t i ons ( 19) . One mi ght concl ude t hat t he vesi -

cl es i l l ust r at ed i n Fi gs . 11 and 12 demonst r at e exampl es of

l abel ed j unct i onal and nonj unct i onal membr ane . Al t er nat i vel y,

i t coul d be ar gued t hat t hose segment s t hat appear t o be

nonj unct i onal ar e i n f act r egi ons wher e t he communi cat i ng

j unct i ons had spl i t apar t . We have evi dence f r om i ndi r ect

f er r i t i n i mmunocyt ochemi cal st ai ni ng of l ens ul t r at hi n f r ozen

sect i ons, however , t hat MI P26 i s di st r i but ed at hi gh densi t y

bot h j unct i onal l y and ext r aj unct i onal l y ( Fi t zger al d, P. J . , D.

Bok, and J. Hor wi t z, manuscr i pt i n pr epar at i on) .

DI SCUSSI ON

Ear l i er st udi es, based on bi ochemi cal and f l uor escence i mmu-

nocyt ochemi cal met hods, showed t hat MI P26 i s a component

of t he l ens f i ber pl asma membr ane ( 2, 5, 7, 9, 10, 14, 46) .

However , because l ens communi cat i ng j unct i ons had not been

pur i f i ed and because of t he r el at i vel y l ow r esol ut i on of f l uo-

r escence mi cr oscopy, i t coul d not be det er mi ned whet her



FI GURES 7- 9

	

Lens f i ber cel l pl asma membr anes pur i f i ed by sucr ose

densi t y cent r i f ugat i on, washed i n 7 Mur ea and i ncubat ed i n ei t her

pr ei mmune or i mmune r abbi t ser um f ol l owed by f er r i t i n- l abel ed

goat ant i r abbi t I gG ( GAR- Fn) .

FI GURE 7 Membr ane vesi cl es i ncubat ed i n i mmune ser um and

GAR- Fn wer e al ways l abel ed . I n some i nst ances, f er r i t i n was bound

onl y t o t he ext er nal sur f ace of a vesi cl e ( l ong ar r ows) wher eas ot her

vesi cl es wer e l abel ed on bot h t hei r ext er nal and i nt er nal sur f aces

( shor t ar r ows) i ndi cat i ng t hat t he l at t er wer e pat ent dur i ng i ncuba-

t i on . Bar , 0. 5 ym. x 50, 000.

FI GURE 8 Vesi cl es i ncubat ed i n pr ei mmune ser um and GAR- Fn

wer e not l abel ed . Occasi onal cl umps of f er r i t i n ( ar r ows) ar e ob-

ser ved i n t he f i el d . Bar , 0. 5 gm. x 40, 000 .

FI GURE 9

	

Some vesi cl es wer e composed ent i r el y of communi cat i ng

j unct i on . I n t hi s case, t he ext er nal and i nt er nal sur f ace of t he vesi cl e

r epr esent t he t wo cyt opl asmi c sur f aces of t he j unct i on . Fer r i t i n i s

uni f or ml y di st r i but ed on bot h sur f aces ( ar r ows) of t hi s vesi cl e whi ch

was i ncubat ed i n i mmune ser um and GAR- Fn . Bar , 0 . 1 gm. x 92, 400.

BOK ET AL .

	

I nt r i nsi c Pr ot ei n i n Lens Communi cat i ng f unct i ons
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FI GURES 10- 12

	

Lens f i ber cel l pl asma membr anes pur i f i ed by sucr ose densi t y cent r i f ugat i on, washed i n 7 Mur ea and i ncubat ed

i n i mmune r abbi t ser umand GAR- Fn .

FI GURE 10

	

Vesi cl es composed of communi cat i ng j unct i ons wer e not al ways uni f or ml y l abel ed . The cl osed vesi cl e on t he r i ght

appear s t o be sat ur at ed wi t h l abel wher eas t hat on t he l ef t has an uneven di st r i but i on of f er r i t i n on i t s sur f ace . The l at t er may be

due t o t he uneven del i ver y of i mmune r eagent s or t o cl umpi ng of MI P26 i n t he pl ane of t he membr ane . The vesi cl e on t he r i ght

has r et ai ned some l ens cr yst al l i ns i n i t s i nt er i or ( f l occul ent mat er i al ) . The j unct i on f or mi ng i t appear s t o be separ at i ng ( ar r ows) .

Al t er nat i vel y t hi s r egi on mi ght r epr esent nonj unct i onal membr ane. Bar , 0. 2 Am. x 62, 000.

FI GURE 11 Vesi cl e pr of i l es mor e compl i cat ed t han t hose i l l ust r at ed i n Fi g . 9 and 10 wer e al so obser ved . A l abel ed si ngl e-

membr ane vesi cl e ( shor t ar r ow) i s obser ved wi t hi n a l ar ger l abel ed vesi cl e i n t hi s f i gur e. I t i s deduced t hat t he l ar ger , obl i quel y

sect i oned vesi cl e consi st s, i n par t , of communi cat i ng j unct i on, because por t i ons of i t ar e i nt er sper sed by separ at ed membr anes

( l ong ar r ows) . These l abel ed ar eas mi ght r epr esent di ssoci at i ng j unct i onal r egi ons or t hey coul d be i nt er veni ng nonj unct i onal

membr ane. Bar , 0. 2 Am. x 65, 000 .

FI GURE 12

	

An exampl e si mi l ar t o t hat shown i n Fi g . 11 i ndi cat es l abel ed separ at ed ar eas ( ar r ows) t hat coul d be i nt er pr et ed ei t her

as di ssoci at ed j unct i onal or as nonj unct i onal membr ane . Bar 0. 2 Am. x 65, 000.

MI P26 i s a j unct i onal or a nonj unct i onal component . Lens

f i ber communi cat i ng j unct i ons have r ecent l y been pur i f i ed t o

mor phol ogi cal homogenei t y wi t h a concomi t ant enr i chment of

MI P26 ( 7) . The i mmunocyt ochemi cal dat a pr esent ed i n t hi s

st udy suppor t t hi s bi ochemi cal evi dence f or MI P26 i n com-

muni cat i ng j unct i ons. Because our i dent i f i cat i on of nonj unc-

t i onal membr ane had t o be made wi t h equi vocat i on, we wer e

not abl e t o say wi t h cer t ai nt y f r om t hi s st udy whet her MI P26

i s di st r i but ed t hr oughout l ens f i ber pl asma membr anes or

whet her i t i s conf i ned t o communi cat i ng j unct i ons . However ,

wor k i n pr ogr ess, ut i l i zi ng f r ozen sect i ons of l i ght l y f i xed l ens

cor t ex shows a gener al di st r i but i on of MI P26 i n bot h j unct i onal

and nonj unct i onal r egi ons . The f unct i onal consequences of t hi s
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r emai n t o be det er mi ned ( Fi t zger al d et al . , manuscr i pt i n

pr epar at i on) .

I t i s obvi ous f r om our dat a t hat ant i geni c det er mi nant s

suf f i ci ent l y pr ot r ude f r om t he cyt opl asmi c sur f ace of t he l ens

pl asma membr ane communi cat i ng j unct i ons t o al l ow bi ndi ng

of t he f i r st st age ant i bodi es . Thi s i s not a sur pr i si ng f eat ur e f or

a pr ot ei n t hat i s engaged i n t he f or mat i on of t r ansmembr ane

channel s . I t i s al so consi st ent wi t h t he obser vat i on t hat pr ot e-

ol yt i c di gest i on of i nt act l ens membr ane cl eaves t he 26- kdal t on

component t o a 20- kdal t on " cor e" t hat i s r esi st ant t o f ur t her

pr ot eol ysi s . These r esul t s suggest t hat t he cor e 20- kdal t on

pol ypept i de i s pr ot ect ed by t he l i pi d bi l ayer , wher eas a 6-

kdal t on component i s accessi bl e t o t he enzymes ( 44) . Si mi l ar



r esul t s wer e obt ai ned by ot her s wi t h pr ot eol ysi s of l i ver com-

muni cat i ng j unct i ons ( 22) . The ext r acel l ul ar sur f aces of t i ght l y

apposed communi cat i ng j unct i ons shoul d not be accessi bl e t o

enzymes or t o i mmune r eagent s whose mol ecul ar wei ght s

exceed t hat of subst ances known t o penet r at e t he ext r acel l ul ar

gap bet ween convent i onal communi cat i ng j unct i ons . Because

of t hi s i naccessi bi l i t y, and because no met hod exi st s f or t he

cont r ol l ed di ssoci at i on of l ens communi cat i ng j unct i ons bef or e

i ncubat i on i n t he pr i mar y ant i ser um and l abel ed second st age

ant i body, i t coul d not be det er mi ned whet her t he r abbi t ant i -

MI P26 ant i ser um i ncl uded I gG speci es di r ect ed agai nst ant i -

geni c det er mi nant s on t he ext r acel l ul ar sur f ace of t hi s j unc-

t i onal pr ot ei n.

Dur i ng t he past 10 yr , consi der abl e ef f or t has been expended

i n at t empt s at i sol at i on and char act er i zat i on of t he subuni t s

t hat make up t he connexons ( 15) of communi cat i ng j unct i ons .

The quest i on has been r ai sed whet her t hese subuni t s woul d be

conser vat i ve i n t hei r st r uct ur al and f unct i onal pr oper t i es f r om

one t i ssue t o t he next i n a gi ven i ndi vi dual and even among

cl asses of ver t ebr at es . However , i n r ecent year s, i t has become

appar ent t hat t hi s may not be t he case, because communi cat i ng

j unct i ons bet ween l ens f i ber s have pr oper t i es t hat ar e not

shar ed by communi cat i ng or gap j unct i ons i n ot her t i ssues .

One maj or di f f er ence may i nvol ve t he mat t er of connexon

cr yst al l i zat i on i n t he pl ane of t he membr ane . Under condi t i ons

of i ncr eased pr ot on or cal ci um i on concent r at i on, t he commu-

ni cat i ng j unct i ons of nonl ent i cul ar t i ssues ar e uncoupl ed wi t h

r espect t o i on per meabi l i t y ( 28, 45) . I t i s f el t by some t hat t he

mor phol ogi cal cor r el at e of t hi s uncoupl i ng, when vi ewed by

f r eeze- f r act ur e el ect r on mi cr oscopy, i s t hat of a cr yst al l i ne

ar r ay of i nt r amembr anous par t i cl es or connexons wi t h a cent er

t o cent er spaci ng of 8 . 5 t un, wher eas t he el ect r i cal l y coupl ed

ver si on di spl ays a mor e f l ui d conf i gur at i on ( 10 . 3- 10 . 5 r un

spaci ng) wi t h a somewhat r andom di st r i but i on of connexons

wi t hi n t he j unct i on domai n ( 32, 34) . Ot her s agr ee t hat con-

nexon cr yst al l i zat i on occur s under condi t i ons of hi gh cal ci um,

l ow pH, and anoxi a but f eel t hat t he r el at i onshi p bet ween

cr yst al l i zat i on and f unct i on i s by no means cl ear ( 40) . The

cr yst al l i ne j unct i onal conf i gur at i on i s r epor t ed t o be r ar e i n

l ens f i ber s by some i nvest i gat or s ( 17, 20) , al t hough t her e i s

di sagr eement f r om one l abor at or y t hat has publ i shed f r eeze-

f r act ur e evi dence f or cr yst al l i zat i on of i sol at ed l ens communi -

cat i ng j unct i ons ( 33, 35, 36) . I n spi t e of a l ack of consensus at

t he mor phol ogi cal l evel r egar di ng compar at i ve f eat ur es of l en-

t i cul ar and ot her communi cat i ng j unct i ons, mor e def i ni t i ve

st at ement s can be made about di f f er ences i n t he chemi st r y of

l ent i cul ar and ot her communi cat i ng j unct i on subuni t s nowt hat

we ar e cer t ai n t hat l ens MI P26 i s a j unct i onal pr ot ei n. I n t hi s

r espect , i t i s best t o compar e t he j unct i onal subuni t s of l i ver

and l ens, si nce t hey ar e t he best char act er i zed of t he l ot . The

mol ecul ar wei ght of l i ver j unct i onal pr ot ei n t hat has not been

exposed t o enzymes dur i ng pur i f i cat i on ( 22, 24) and t hat of t he

l ens ar e bot h - 26 kdal t ons, but t hey ar e qui t e di ssi mi l ar i n

sever al ot her r espect s . Pept i de maps pr epar ed f r om l i ver and

l ens 26- kdal t on pr ot ei ns ar e di f f er ent ( 23, 30) , as ar e t hei r NH2-

t er mi nal ami no aci d sequences ( 30) , wher eas pept i de maps of

MI P26 f r om mammal s, bi r ds, r ept i l es, and amphi bi ans ar e

si mi l ar ( 44) . Ant i bodi es agai nst MI P26 f r om l ens do not cr oss-

r eact wi t h t he 26- kdal t on pr ot ei n f r om l i ver gap j unct i ons ( 23,

49) , wher eas t hey do cr oss- r eact agai nst MI P26 f r om human,

chi cken, t oad, gekko, and shar k ( Hor wi t z, J . , and D. Bok,

manuscr i pt i n pr epar at i on) . Ear l i er r epor t s cl ai mi ng t hat avi an

MI P26 di d not cr oss- r eact ( 3, 49) r esul t ed f r om a l ack of

sensi t i vi t y i n t he i mmunopr eci pi t at i on met hods used at t he

t i me . Evi dence has r ecent l y been pr esent ed t hat connexon

symmet r y al so var i es bet ween l ens and l i ver communi cat i ng

j unct i ons . X- r ay cr yst al l ogr aphy of cent r i f uged, unf i xed pel l et s

and i mage r econst r uct i on met hods appl i ed t o negat i vel y

st ai ned j unct i ons f r om l i ver have suggest ed a si xf ol d symmet r y

f or connexons f r om t hi s t i ssue ( 11, 22, 29) . On t he ot her hand,

t wo ot her l abor at or i es have r ecent l y suggest ed t hat l ens con-

nexons ar e t et r amer s r at her t han hexamer s ( 36; and G. Zam-

pi ghi , per sonal communi cat i on) . Thus, not onl y i s t her e ampl e

evi dence f or si gni f i cant di f f er ences wi t h r espect t o ami no aci d

sequence and i mmunochemi st r y, but t he manner i n whi ch t he

connexon monomer s i nt er act wi t h one anot her may al so be

st r i ki ngl y di f f er ent f or l ens and l i ver communi cat i ng j unct i ons.

Two l abor at or i es have r epor t ed t hat t he epi t hel i al l ayer f r om

whi ch t he l ens f i ber cel l s di f f er ent i at e i s not st ai ned by i mmu-

nof l uor escence wi t h ant i - MI P26 ant i bodi es ( 10, 46) , wher eas,

as was st at ed ear l i er , t he l ens f i ber membr anes st ai n i nt ensel y .

Si nce t he l ens epi t hel i um i s known t o cont ai n communi cat i ng

j unct i ons ( 18) , t hi s coul d be t aken as evi dence t hat t he pr ot ei n

i n communi cat i ng j unct i ons of l ens epi t hel i um and t he MI P26

f r om t he j unct i ons i n l ens f i ber s ar e i mmunol ogi cal l y di st i nct .

Thi s i nt er pr et at i on coul d be di sput ed f r om t he st andpoi nt t hat

t he j unct i on densi t y i n t he epi t hel i um mi ght be t oo l ow t o be

det ect ed by i mmunc f l uor escence, but i t i s st r engt hened by t he

obser vat i on t hat i sol at ed, sol ubi l i zed pl asma membr anes f r om

l ens epi t hel i um do not cr oss- r eact wi t h MI P26 ant i bodi es ( 10) .

The evi dence i s bui l di ng t hat l ens communi cat i ng j unct i ons

ar e const r uct ed of an i nt r i nsi c pr ot ei n t hat i s ver y di f f er ent

f r om i t s count er par t i n t he l i ver . Much r emai ns t o be l ear ned

about t he si mi l ar i t i es and di f f er ences bet ween communi cat i on

j unct i on pr ot ei ns f r om ot her t i ssues such as hear t , ki dney, and

t he var i ous epi t hel i a wi t hi n t he eye i t sel f . Wi t h r espect t o

compar i sons wi t h t he l i ver , however , l ens j unct i onal pr ot ei n

appear s t o be a uni que gene pr oduct t hat appear s upon el on-

gat i on of l ens epi t hel i um i nt o f i ber cel l s . I n spi t e of t hese

sur pr i si ng di f f er ences, el ect r ophysi ol ogi cal evi dence ( 39) and

exper i ment s i nvol vi ng t he t r anscel l ul ar di f f usi on of f l uor escent

dyes i nj ect ed i nt r acel l ul ar l y ( 21, 39) under scor e t he r ol e of l ens

communi cat i ng j unct i ons i n t he ext ensi ve coupl i ng of l ens f i ber

cel l s . Met abol i c cooper at i on i s an essent i al f eat ur e i n an avas-

cul ar st r uct ur e such as t he l ens ( 18) , whi ch must r el y upon a

suppl y of nut r i ent s f r om t he ocul ar aqueous humor f or i t s

sur vi val . Now t hat we ar e cer t ai n of t he pr ot ei n speci es t hat

subser ves t hese i mpor t ant f unct i ons, we ar e bet t er equi pped t o

expl or e mechani sms wher eby l ens communi cat i ng j unct i ons

exer t t hei r cont r ol over t he t r anscel l ul ar t r anspor t of met abo-

l i t es .

We ar e par t i cul ar l y gr at ef ul f or t he exper t t echni cal assi st ance of Car yl

Schecht er who pr oduced some of t he el ect r on mi cr ogr aphs f or t hi s

r epor t .

The wor k was suppor t ed by gr ant s f r om t he Nat i onal Eye I nst i t ut e

EY 00444, EY 00331, and EY 01622.

Recei vedf or publ i cat i on 26 Mar ch 1981, and i n r evi sed f or ny20 August

1981 .
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