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ABSTRACT

Rabbi t r et i nas wer e st udi ed i n vi t r o under condi t i ons known t o mai nt ai n t hei r
physi ol ogi cal f unct i on. Ret i nas i ncubat ed i n t he pr esence of [ 3 H] chol i ne synt he-
si zed subst ant i al amount s of bot h [ 3H] phosphor yl chol i ne and [ 3H] acet yl chol i ne .
Wi t h t i me, [ 3H] phosphor yl chol i ne pr oceeded i nt o phosphol i pi ds, pr i mar i l y phos-
phat i dyl chol i ne .

Ret i nas pul se- l abel ed by a 15- mi n exposur e t o 0 . 3 , uM [ 3H] chol i ne wer e i ncu-
bat ed f or a subsequent hour under chase condi t i ons desi gned ei t her t o r et ai n
newl y synt hesi zed acet yl chol i ne wi t hi n synapses or t o pr omot e i t s r el ease . At t he
end of t hi s t i me t he t wo gr oups of r et i nas wer e f ound t o cont ai n equal amount s of
r adi oact i vi t y i n t he phosphol i pi d pat hway, but onl y t he r et i nas i ncubat ed under

t he acet yl chol i ne- pr ot ect i ng condi t i ons cont ai ned [ 3 H] acet yl chol i ne . Fr eeze- dr i ed,
vacuum- embedded t i ssue f r omeach r et i na was aut or adi ogr aphed on dr y emul si on .
Al l r et i nas showed si l ver gr ai ns over t he phot or ecept or cel l s and f ai nt l abel i ng of
al l gangl i on cel l s . I n t he r et i nas t hat cont ai ned [ 3H] acet yl chol i ne, si l ver gr ai ns al so
accumul at ed densel y over a f ew cel l s wi t h t he posi t i on of amacr i ne cel l s, over a
subset of t he cel l s of t he gangl i on cel l l ayer , and i n t wo bands over t he i nner
pl exi f or m l ayer .

Fi xat i on of t he r et i na wi t h aqueous osmi um t et r oxi de r et ai ned onl y t he r adi o-
act i ve compounds l ocat ed i n t he phot or ecept or and gangl i on cel l s . Sect i ons f r om
f r eeze- dr i ed t i ssue l ost t hei r wat er - sol ubl e chol i ne met abol i t es when exposed t o
wat er , and aut or adi ogr aphy of such sect i ons agai n r eveal ed r adi oact i vi t y pr i mar i l y
i n t he phot or ecept or and gangl i on cel l s . Radi oact i ve compounds ext r act ed f r om
t he sect i ons wer e f ound t o f ai t hf ul l y r ef l ect t hose pr esent i n t he t i ssue bef or e
pr ocessi ng ; anal ysi s of t he compounds el ut ed f r om sect i ons mi cr odi ssect ed al ong
t he out er pl exi f or m l ayer showed [ 3H] acet yl chol i ne t o have been synt hesi zed onl y
by cel l s of t he i nner r et i na.

Taken t oget her , t hese r esul t s i ndi cat e t hat t he phot or ecept or s and gangl i on cel l s
ar e di st i ngui shed by a r api d synt hesi s of chol i ne- cont ai ni ng phosphol i pi ds, whi l e
acet yl chol i ne synt hesi s i s r est r i ct ed t o a f ew cel l s at bot h mar gi ns of t he i nner
pl exi f or m l ayer . They i mpl y t hat t he onl y neur ons t o r el ease acet yl chol i ne wi t hi n
t he r abbi t r et i na ar e a smal l gr oup of pr obabl e amacr i ne cel l s .
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That most ver t ebr at e r et i nas cont ai n chol i ner gi c

synapses i s i ndi cat ed by many bi ochemi cal ( 13,

34, 37, 55, 70) , enzymol ogi cal ( 37, 68, 69) , and

hi st ochemi cal ( 56, 57, 64, 65, 76) obser vat i ons. I n

t he r abbi t such evi dence has been f ur t her sup-

por t ed by t he el ect r ophysi ol ogi cal demonst r at i on

of acet yl chol i ne' s sel ect i ve ef f ect on neur onal ac-

t i vi t y, and by measur ement of l i ght - st i mul at ed

acet yl chol i ne r el ease ( 50, 51) .

The exper i ment s t hat demonst r at e t he pr esence

of chol i ner gi c synapses i n t he r abbi t r et i na al so

pr ovi de an i ndi cat i on of t hei r si t e : ( a) chol i ne

acet yl t r ansf er ase and acet yl chol i nest er ase ar e con-

cent r at ed i n t he i nner pl exi f or m l ayer ( 57, 64, 69) .

( b) Ret i nas i ncr ease t hei r r at e of acet yl chol i ne

r el ease i n r esponse t o i l l umi nat i on, a st i mul us t hat

hyper pol ar i zes t he cel l s synapsi ng i n t he out er

pl exi f or m l ayer but t hat depol ar i zes many of t he

cel l s synapsi ng i n t he i nner pl exi f or m l ayer ( 50) .

Because t he si gnal f or neur ot r ansmi t t er r el ease i s

depol ar i zat i on, t hi s suggest s t he i nner pl exi f or m

l ayer as a si t e of acet yl chol i ne r el ease . ( c) Low

concent r at i ons of acet yl chol i ne appl i ed t o t he i so-

l at ed, super f used r et i na exci t e many of t he gan-

gl i on cel l s . Thi s i s t r ue even i n r et i nas i n whi ch

synapt i c t r ansmi ssi on has been bl ocked by a com-

bi nat i on of hi gh Mg` and l ow Ca" , i ndi cat i ng

t hat t he gangl i on cel l s t hemsel ves possess acet yl -

chol i ne r ecept or s ( 51) .

These f i ndi ngs st r ongl y suggest t hat most of t he

r abbi t r et i na' s chol i ner gi c synapses ar e i n t he i nner

pl exi f or m l ayer , but t hey do not di r ect l y i dent i f y

t he cel l s i nvol ved . The quest i on seemed par t i cu-

l ar l y i nt er est i ng because acet yl chol i ne af f ect s gan-

gl i on cel l s of di f f er i ng f unct i onal cl asses sel ec-

t i vel y . Most of t he acet yl chol i ne- sensi t i ve gangl i on

cel l s have on- cent er or di r ect i onal l y sel ect i ve r e-

cept i ve f i el ds . Ot her s, usual l y t hose wi t h of f - cent er

f i el ds, ar e unaf f ect ed by hi gh concent r at i ons of

acet yl chol i ne, by ant i chol i nest er ase, or by acet yl -

chol i ne' s compet i t i ve ant agoni st s ( 51) . Thi s i m-

pl i es t hat acet yl chol i ne pl ays a qui t e sel ect i ve r ol e

i n t he r et i na' s physi ol ogy- one pr esumabl y me-

di at ed by a f unct i onal l y def i ned subset of t he

amacr i ne or bi pol ar cel l s .

The goal of t he exper i ment s r epor t ed her e was

t o i dent i f y, mor phol ogi cal l y, t he cel l s t hat secr et e

acet yl chol i ne. Var i ous i ndi r ect met hods have pr e-

vi ousl y been used as i ndi cat or s of chol i ner gi c neu-
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t ons, i ncl udi ng hi st ochemi cal l ocal i zat i on of ace-

t yl chol i nest er ase ( 57, 65) ; i nt r oduct i on of sub-

st ances shown i n ot her t i ssues t o bi nd acet yl cho-

l i ne r ecept or s ( 63, 76, 82) ; and aut or adi ogr aphi c

i dent i f i cat i on of cel l s wi t h hi gh- af f i ni t y chol i ne

upt ake ( 13) , whi ch i s cor r el at ed i n br ai n subar eas

wi t h t he pr esence of acet yl chol i ne ( 42) . Of t hese

met hods, t he l at t er seemed t he most pr omi si ng .

For our pur poses, however , i t appear ed t o have an

i mpor t ant l i mi t at i on ; i t depends on most of t he

chol i ne t aken up bei ng dest i ned f or acet yl chol i ne .

Even at l ow concent r at i ons of ext r acel l ul ar cho-

l i ne, some t i ssues- i ncl udi ng t he r abbi t r et i na-

i ncor por at e chol i ne mor e r api dl y i nt o phosphol i p-

i ds and t hei r pr ecur sor s t han i nt o acet yl chol i ne

( 10, 50, 78, 81) .

We t her ef or e sought t o i dent i f y [ 3 H] acet yl cho-

l i ne di r ect l y i n aut or adi ogr aphs of r et i nas exposed

t o [ 3H] chol i ne . Thi s r equi r ed exper i ment s t o di s-

t i ngui sh si l ver gr ai ns caused by [ ' HI acet yl chol i ne

f r om t hose caused by [ 3 H] compounds of t he phos-

phol i pi d pat hway . Ret i nas wer e i ncubat ed i n vi t r o

under condi t i ons known t o mai nt ai n t hei r physi -

ol ogi cal f unct i on . Af t er a br i ef pul se- l abel i ng, t hey

wer e i ncubat ed under chase condi t i ons desi gned

ei t her t o r et ai n acet yl chol i ne wi t hi n synapses ( hi gh

Mg" ) or t o pr omot e i t s r el ease ( f l ashi ng l i ght ) .

Thi s al l owed a subt r act i ve i dent i f i cat i on of acet yl -

chol i ne, i n whi ch r et i nas t hat cont ai ned r adi oac-

t i vi t y onl y i n t he phosphol i pi d pat hway wer e com-

par ed aut or adi ogr aphi cal l y wi t h r et i nas t hat con-

t ai ned t he same amount of r adi oact i vi t y i n t he

phosphol i pi d pat hway but al so cont ai ned [ 3 H] ace-

t yl chol i ne .

Because acet yl chol i ne i s ver y wat er - sol ubl e, and

i s not i mmobi l i zed by known f i xat i ves, t he com-

par i son descr i bed above was made on t i ssue t hat

was qui ckl y f r ozen, f r eeze- dr i ed, and aut or adi -

ogr aphed on dr y emul si on ( 13, 53) . The chol i ne-

cont ai ni ng phosphol i pi ds, i n cont r ast t o acet yl cho-

l i ne, ar e wat er - i nsol ubl e and ar e i mmobi l i zed dur -

i ng t r eat ment wi t h osmi umt et r oxi de ; t hi s al l owed

an i ndependent ver i f i cat i on of t he si t es of [ 3 H] -

phosphol i pi d synt hesi s, by aut or adi ogr aphy of r et -

i nal t i ssue i n whi ch phosphol i pi ds wer e sel ect i vel y

r et ai ned . We f ound i n addi t i on t hat t he wat er -

sol ubl e chol i ne met abol i t es coul d be r ecover ed f or

anal ysi s f r om sect i ons of f r eeze- dr i ed t i ssue . Mi -

cr odi ssect i on of t hi ck sect i ons t hen per mi t t ed di -

r ect chemi cal conf i r mat i on of t he r adi ochemi cal

cont ent s of cel l s l ocat ed wi t hi n some of t he r et i na' s

l ayer s .



MATERI ALS AND METHODS

New Zeal and Whi t e r abbi t s wer e dar k- adapt ed f or at

l east 0. 5 h, sedat ed wi t h sodi um pent obar bi t al ( 15- 20

mg/ kg) , and br ought t o sur gi cal anest hesi a wi t h et her .

The eye was r emoved under di mr ed l i ght . I t was hemi -

sect ed, t he vi t r eous body was l i f t ed away, and t he pos-

t er i or eyecup was i mmer sed i n oxygenat ed i ncubat i on

medi um. The eyecup was ever t ed over a Tef l on r od, and

t he r et i na was t eased f r ee f r om t he pi gment epi t hel i um.

The r et i na was cut f r ee and t r ansf er r ed t o a 20- ml " boat "

( 31) . The cont r ol i ncubat i on medi um cont ai ned ( mM) :

Na' , 143. 0; K' , 3 . 6 ; Ca" , 1 . 15 ; Mg" , 1 . 2; CI - , 125. 4;

HC03, 22 . 6 ; H2POa- , 0. 1 ; HPO4, 0. 4 ; S0, ` , 1 . 2 ; gl u-

cose, 10 . I t was equi l i br at ed wi t h 5% C02 and 95%02.

The boat s wer e i ncubat ed at 37' C i n a f l owi ng wat er

bat h, and wer e gent l y r ocked . These t echni ques, whi ch

wer e devel oped by Ames and hi s col l eagues ( 2, 3, 51) ,

have been descr i bed i n det ai l i n pr evi ous publ i cat i ons .

Ext ensi ve pr ecaut i ons t o pr event cont ami nat i on of t he

medi um wi t h possi bl y t oxi c subst ances wer e t aken . Pr e-

vi ous wor k has shown t hat i f t hese pr ecaut i ons ar e t aken,

r et i nas mai nt ai n pr ot ei n synt hesi s ( 4, 5) , mor phol ogi cal

i nt egr i t y ( 77) , phot or ecept or sensi t i vi t y ( 59) , and el ect r o-

physi ol ogi cal f unct i on as r ef l ect ed by gangl i on cel l r e-

cept i ve f i el ds ( 51) f or at l east 8 h.

I ncubat i ons

Ever y r et i na was exposed t o [ ' H] chol i ne f or t he same

t i me and under t he same condi t i ons . Af t er exposur e t o

[ 3 H] chol i ne, r et i nas wer e i ncubat ed i n one of t wo ways,

t o f avor acet yl chol i ne r et ent i on or acet yl chol i ne r el ease

( Fi g . 1) .

Label i ng was done by i ncubat i on of t he r et i na f or 15

mi n i n t he pr esence of 0. 3 t t M [ met hyl - ' H] chol i ne chl o-

r i de ( 69 . 5 Ci / mmol , New Engl and Nucl ear , Bost on,

Mass . ) and 30 WM physost i gmi ne sal i cyl at e ( Si gma

Chemi cal Co. , St . Loui s, Mo . ) . ( I t was pr eceded by 10-

mi n pr ei ncubat i on i n cont r ol medi um, i n or der f or t he

t i ssue t o st abi l i ze af t er i sol at i on f r om t he eye. ) Dur i ng

l abel i ng t he r et i na was st i mul at ed wi t h l i ght , usi ng pa-

r amet er s pr evi ousl y ( 50) f ound ef f ect i ve i n pr omot i ng

LABELI NG - 15 mi n .

0. 3 #M 3H- chol i ne

30 uM physost i gmi ne

f l ashi ng l i ght

ACh pr ot ect i ng

ACh r el easi ng

acet yl chol i ne t ur nover i n t hi s pr epar at i on ( xenon st r obe

f l ashes at 3 Hz, peak i nt ensi t y - - - 334 l umen/ m2 ) . Physo-

st i gmi ne was used because i t pr omot es l abel i ng of t he

neur onal acet yl chol i ne pool ( l 5, 61) .

Af t er l abel i ng, r et i nas wer e t r ansf er r ed i nt o one of

t wo i ncubat i on medi a . The f i r st was desi gned t o r et ai n

acet yl chol i ne wi t hi n synapses . I t cont ai ned 20 mMMg"

and 0. 2 mMCa" ( t o pr event acet yl chol i ne r el ease) and

30 [ I Mphysost i gmi ne ( t o pr event t he hydr ol ysi s of ace-

t yl chol i ne by i nt r acel l ul ar est er ases [ 61] ) . I t al so con-

t ai ned l mMunl abel ed chol i ne, t o pr event t he cont i nued

synt hesi s of [ ' H] chol i ne- cont ai ni ng compounds and pr o-

mot e cl ear i ng of [ ' H] chol i ne f r om t he cel l s .

A second gr oup of r et i nas was i ncubat ed, af t er t he

i ni t i al l abel i ng, under condi t i ons desi gned t o cl ear t he

r et i na of ( ' H] acet yl chol i ne . The medi um cont ai ned no

ant i chol i nest er ase and cont ai ned I mM unl abel ed cho-

l i ne . Dur i ng t hi s per i od t he r et i nas wer e agai n st i mul at ed

by f l ashi ng l i ght .

Bot h post l abel i ng chases l ast ed I h . At t he end of t hi s

t i me, each r et i na was r i nsed f or 4 mi n i n f r esh medi um

i dent i cal t o t hat of t he chase. Pr evi ous wor k has dem-

onst r at ed t hat >99% of t he l abel i ng chol i ne i s cl ear ed

f r omt he i nt er st i t i al space by t hi s pr ocedur e ( 3) . Roughl y

hal f of t he r et i na was anal yzed chemi cal l y, a smal l st r i p

was f i xed wi t h osmi umt et r oxi de, and t he r emai nder was

f r ozen f or aut or adi ogr aphy ( Fi g. 2) .

Chemi cal Anal ysi s

The hal f - r et i na was t ouched t hr ee t i mes t o gl ass and

was dr opped i nt o a t ar ed Kont es gl ass homogeni zer

( Kont es Co. , Vi nel and, N. J . ) cont ai ni ng 0 . 5 ml of el ec-

t r ophor esi s buf f er ( 0 . 47 Mf or mi c aci d, 1 . 4 Macet i c aci d,

pH 1 . 9) t o whi ch physost i gmi ne ( 100 [ M) had been

added . The t ube was qui ckl y wei ghed and t he r et i na was

homogeni zed. A 100- LI l al i quot of t he homogenat e was

count ed i n Aquasol ( New Engl and Nucl ear ) . Count i ng

ef f i ci ency was est abl i shed by i nt er nal t ol uene st andar ds .

( Homogenat es sol ubi l i zed by st r ong base [ " NCS, " Amer -

shamCor p . , Ar l i ngt on Hei ght s, I l l . ] bef or e count i ng gave

r esul t s i dent i cal t o t hose obt ai ned by count i ng t he cr ude

CHASE - 60 mi n .

20 MM Mg* * 0. 2 r nM Co"

30 pM physost i gmi ne

I mM unl abel ed chol i ne

f l ashi ng l i ght

I mM unl abel ed chol i ne

FI GURE l

	

Condi t i ons under whi ch r et i nas wer e i ncubat ed . Ret i nas wer e har vest ed i mmedi at el y af t er

t he chase . For det ai l s see t ext .
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I dent i f i cat i on of Ret i nal Acet yl chol i ne
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Fr ont vi ew of t he i nt act r abbi t r et i na . At t he

end of i ncubat i on t he r et i na was di vi ded i nt o t hr ee

pi eces, wi t h t he myel i nat ed f i ber bundl es and accompa-

nyi ng bl oodvessel s as a gui de . Fi ve t o ei ght smal l squar es

of t i ssue wer e cut f r om t he sect or i ndi cat ed and i ndi vi d-

ual l y f r ozen . Because t he r egi on of hi gh gangl i on cel l

densi t y ( vi sual st r eak) i s an el ongat ed r egi on t hat ext ends

hor i zont al l y acr oss t he r et i na ( 39) , each of t he t hr ee

sect or s sampl es bot h t he cent r al and per i pher al r et i na .

Asi de f r om t he var i at i on consequent t o di f f er i ng cel l

densi t y, aut or adi ogr aphi c r esul t s wer e i dent i cal at al l

r et i nal l ocat i ons .

homogenat e . ) The r emai ni ng homogenat e was cent r i -

f uged at 50, 000 g f or 20 mi n. 50 pl of t he super nat e was

spot t ed on What man 3 MM paper and subj ect ed t o

el ect r ophor esi s f or 2 h 20 mi n at 3, 000 V, as pr evi ousl y

descr i bed ( 38, 50, 62) . The i dent i t y of peaks of r adi oac-

t i vi t y cor r espondi ng t o phosphor yl chol i ne, acet yl chol i ne,

and chol i ne was est abl i shed by st ai ni ng adj acent l anes,

spot t ed wi t h aut hent i c compounds, wi t h i odi ne vapor . I n

some cases t hi s was conf i r med by anal ysi s of sampl es t o

whi ch t he aut hent i c ' ° C compounds had been added .

The r emai ni ng super nat e was car ef ul l y t aken of f and t he

pel l et was t wi ce r esuspended i n t he aci d buf f er and

cent r i f uged . Negl i gi bl e r adi oact i vi t y was f ound i n t he

super nat e of t he t hi r d ext r act i on . Most of t he f i nal pel l et

coul d be r eadi l y sol ubi l i zed by 2 : 1 chl or of or m- met hanol ,

l eavi ng a f i ne whi t e pr eci pi t at e t hat was sol ubi l i zed by

NCS and cont ai ned negl i gi bl e r adi oact i vi t y. When t he

chl or of or m- met hanol ext r act was subj ect ed t o el ect r o-

phor esi s as descr i bed above, r adi oact i vi t y r emai ned at

t he or i gi n but none r an as phosphor yl chol i ne, chol i ne,

or acet yl chol i ne . The r adi oact i vi t y r ecover ed f r om t he

super nat e as phosphor yl chol i ne, chol i ne, or acet yl chol i ne

pl us t hat sol ubi l i zed f r om t he pel l et by chl or of or m- met h-

anol account ed f or 92%of t he t ot al r adi oact i vi t y pr esent

i n t he homogenat e . Pr evi ous dat a i n a var i et y of neur al

t i ssues i ndi cat e t hat most of t he chol i ne pr esent i n t he

phosphol i pi d pat hway af t er br i ef exposur e t o [ ' ' H] chol i ne

i s i n t he f or m of phosphor yl chol i ne or phosphat i dyl cho-

l i ne ( 10, 20, 46, 48) . That t hi s was t he case f or t he r abbi t

r et i na was conf i r med i n r et i nas wher e a chl or of or m-

met hanol ext r act of t he pel l et was pr epar ed accor di ng t o

Fol ch et al . ( 28) and anal yzed by t hi n- l ayer chr omat og-

r aphy on si l i ca gel i n 95 : 36: 6 chl or of or m: met hanol : wat er

accor di ng t o Fl ower and Bl ackwel l ( 27) . Mor e t han 90%

of t he ext r act ed r adi oact i vi t y r an as phosphat i dyl chol i ne .

Aut or adi ogr aphy

Pi eces of r et i na wer e pl aced on t hi n t i n f oi l t hat had

been cl osel y per f or at ed wi t h a needl e . Excess f l ui d was

dr awn of f by suct i on t hr ough t he t i p of a Past eur pi pet

pl aced agai nst a pi ece of l ens paper pr essed t o t he

opposi t e si de of t he f oi l . The t i ssue was t hen pl unged

i nt o a pr opane sl ur r y mai nt ai ned at l i qui d ni t r ogen

t emper at ur e . Ti ssue sampl es wer e sl owl y f r eeze- dr i ed by

a met hod pr evi ousl y descr i bed ( 53) . The sampl e chamber

was br ought t o at mospher i c pr essur e wi t h dr y N2, Os04

cr yst al s wer e added, and t he speci men chamber was
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FI GURE 3 Radi oact i ve chol i ne met abol i t es cont ai ned

i n t he r et i na at t he end of an i ncubat i on desi gned t o cl ear

f r ee [ 3 H] chol i ne but r et ai n [ 3 H] acet yl chol i ne ( acet yl cho-

l i ne- pr ot ect i ng chase) . Abbr evi at i ons i n t hi s and al l ot her

f i gur es : Chol i ne p " l i pi d, chol i ne cont ai ni ng phosphol i p-

i ds ; PCh, phosphor yl chol i ne ; ACh, acet yl chol i ne ; Ch,

chol i ne . Bar s show t he mean val ues obt ai ned f or t he si x

r et i nas i ncubat ed under t hese condi t i ons and al so st udi ed

aut or adi ogr aphi cal l y . St andar d er r or s of t he means wer e

<15%f or t hese r et i nas and f or al l ot her gr oups of r et i nas

pr esent ed her e . Rows of dot s i ndi cat e t he di st r i but i on of

r adi oact i ve chol i ne met abol i t es cont ai ned i n t he homog-

eni zed hal f of r et i na No. R98, an aut or adi ogr aph of

whi ch i s shown i n Fi g . 4 .



her was br ought t o at mospher i c pr essur e agai n wi t h N2

and t he t i ssue i nf i l t r at ed f or 3 h wi t h Spur r ( 73) r esi n

t hat had pr evi ousl y been degassed and dr i ed i n a vacuum

oven. The r esi n was pol ymer i zed over ni ght at 70° C.

Ot her sampl es of r et i na wer e f i xed af t er i ncubat i on f or

l h by i mmer si on i n 1% OSO, i n bi car bonat e buf f er ,

dehydr at ed t hr ough a gr aded ser i es of al cohol s, and

i nf i l t r at ed and embedded i n Spur r r esi n. ( We used l ow-

vi scosi t y Spur r r at her t han t he somewhat mor e pol ar ,

but mor e vi scous, Epon pl ast i c pr i mar i l y t o ensur e ade-

quat e and r api d i nf i l t r at i on . Af ewr et i nas embedded i n

Epon gave t he same aut or adi ogr aphi c r esul t s as t hose

embedded i n Spur r . )

For aut or adi ogr aphy, t wo di f f er ent sect i oni ng and

coat i ng t echni ques wer e empl oyed . Ti ssue t hat had un-

der gone i mmer si on f i xat i on i n 1%OsO, was sect i oned at

1 I M, col l ect ed on a wat er dr op, dr i ed on aci d- cl eaned

sl i des, and di pped i n NTB- 2 emul si on ( Kodak) by con-

vent i onal t echni ques ( 66) . Fr eeze- dr i ed t i ssue was sec-

t i oned at 1 or 2 t , m wi t h a dr y gl ass kni f e . The sect i ons

wer e t r ansf er r ed wi t h a 27- gauge syr i nge needl e t o a

gl ass sl i de. To r educe hydr at i on of sect i ons by at mos-

pher i c moi st ur e, t he sl i des wer e kept cover ed i n t he

pr esence of a dessi cant , and a cl ear pl ast i c shi el d was

ar r anged bet ween t he oper at or and t he cut t i ng st age t o

pr event br eat hi ng on t he cut sect i ons . Fi ve sect i ons wer e

pl aced on each sl i de, and at t he end of each cut t i ng

sessi on t he sl i des wer e gent l y pr essed agai nst sl i des t hat

had been di pped i n NTB- 2 emul si on and dr i ed i n an

upr i ght posi t i on. When t he sl i des wer e separ at ed, t he

t i ssue sect i ons adher ed t o t he emul si on- coat ed one. We

f ound t hat t he best r esul t s wer e obt ai ned when t he

sect i ons wer e pr essed agai nst t he t hi nnest par t of t he dr y

emul si on, near t he upper end of t he sl i de . Sl i des wer e

st or ed i n l i ght - t i ght boxes at 4° C f or per i ods of up t o 7

wk . Aut or adi ogr aphs wer e devel oped by st andar d t ech-

ni ques ( 53) . Appr opr i at e cont r ol s wer e r un t o det er mi ne

chemogr aphi c ef f ect s .

As wi l l be shown, t hi s aut or adi ogr aphi c t echni que

ef f ect i vel y l ocal i zes acet yl chol i ne, a hi ghl y wat er - sol ubl e

compound. Cer t ai n pr ecaut i ons ar e, however , necessar y

f or r el i abl e r esul t s. Ext r eme car e must be t aken t o ensur e

t hat sect i ons ar e pr ot ect ed agai nst moi st ur e. As t he sec-

t i ons ar e dr y, t hey ar e di f f i cul t t o f l at t en . The cont act

bet ween sect i ons and emul si on, af t er pr essi ng, i s t hus

subj ect t o var i abi l i t y, and many sect i ons f r omeach bl ock

shoul d be exami ned t o ensur e t hat an obser ved gr ai n

pat t er n i s r epr oduci bl e . Pr essi ng ver y har d, t o ensur e

cont act , pr oduces a pr ohi bi t i vel y hi gh backgr ound and

pr event s t he phot ogr aphi c f i xi ng sol ut i on f r om cl ear i ng

t he emul si on under t he sect i on . Fi nal l y, t he pr esence of

emul si on under t he sect i on i s an i mpedi ment t o success-

f ul st ai ni ng, because st ai n pr eci pi t at e col l ect s i n t hi s ar ea .

The t echni que shoul d per haps be used f or t he l ocal i za-

t i on of compounds as hygr oscopi c as acet yl chol i ne onl y

when cor r obor at i ve i nf or mat i on, as pr esent ed her e, i s

avai l abl e .

Sampl e of Ret i nas

A t ot al of 28 r et i nas was st udi ed bot h chemi cal l y and

aut or adi ogr aphi cal l y . An addi t i onal 10 wer e st udi ed onl y

chemi cal l y . 39 ot her s wer e st udi ed usi ng t he exper i men-

t al pr ot ocol s descr i bed above, but wi t h t he concent r at i on

of chol i ne dur i ng i ncubat i on 0. 1 or 0 . 2 pMi nst ead of 0. 3

t LM, or wi t h t he post l abel i ng chase 2 h i nst ead of l h .

These exper i ment s gave r esul t s qual i t at i vel y i dent i cal t o

t hose obt ai ned wi t h t he pr ocedur e descr i bed above, but

f or si mpl i ci t y t he t ext wi l l descr i be onl y t he r esul t s of

exper i ment s i n whi ch 0. 3 j i M ext r acel l ul ar chol i ne and

a l - h chase wer e used.

RESULTS

As expect ed, cel l s of t he r abbi t r et i na t ook up

ext r acel l ul ar chol i ne r api dl y and i ncor por at ed i t

i nt o acet yl chol i ne. A subst ant i al amount of [ ' H] -

phosphor yl chol i ne was al so synt hesi zed, and wi t h

t i me was i ncor por at ed i nt o [ ' H] phosphol i pi d . Be-

cause sever al r adi oact i ve chol i ne met abol i t es wer e

f or med, meani ngf ul aut or adi ogr aphy r equi r ed ex-

per i ment al mani pul at i ons by whi ch si l ver gr ai ns

seem over i ndi vi dual r et i nal el ement s coul d be

at t r i but ed ei t her t o [ ' H] acet yl chol i ne or t o ' H com-

pounds of t he phosphol i pi d pat hway .

Compar i son of Ret i nas Cont ai ni ng or

Depl et ed of [ 3H] Acet yl chol i ne

Ret i nas anal yzed soon af t er a 15- mi n exposur e

t o 0. 3 pM [ ' H] chol i ne cont ai ned r adi oact i vi t y i n

t he f or m of f r ee chol i ne ( 8%) , acet yl chol i ne ( 30%) ,

phosphor yl chol i ne ( 54%) , and phosphol i pi d ( 8%) .

I n or der t hat we coul d cont r ol t he t i ssue' s di st r i -

but i on of r adi oact i ve chol i ne met abol i t es, separ at e

r et i nas wer e i ncubat ed af t er l abel i ng under con-

di t i ons desi gned ei t her t o r et ai n acet yl chol i ne

wi t hi n t he t i ssue or pr omot e i t s r el ease ( Fi g . l ) . I n

bot h cases t he post l abel i ng i ncubat i on al so cl ear ed

f r ee [ ' H] chol i ne f r om t he t i ssue .

One gr oup of r et i nas was i ncubat ed af t er l abel -

i ng i n a medi umcont ai ni ng 20 mMMg" and 0. 2

mMCa" , t o pr event acet yl chol i ne r el ease ; 30 pM

physost i gmi ne, t o pr event t he hydr ol ysi s of acet yl -

chol i ne by t he pr esynapt i c i nt r acel l ul ar est er ase ;

and l mMunl abel ed chol i ne, t o cl ear f r ee [ 3 H] -

chol i ne f r om t he t i ssue . Under t hese condi t i ons a

subst ant i al f r act i on of t he [ ' H] acet yl chol i ne or i gi -

nal l y pr esent i n t he t i ssue was r et ai ned, f r ee

[ ' H] chol i ne was essent i al l y el i mi nat ed f r om t he

t i ssue, and r oughl y hal f of t he [ ' H] phosphor yl cho-

l i ne or i gi nal l y pr esent was i ncor por at ed i nt o phos-

phol i pi d ( Fi g . 3) .
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FI GURE 4

	

Aut or adi ogr aph of f r eeze- dr i ed t i ssue f r om a r et i na ( R98, Fi g . 3) i ncubat ed under acet yl cho-

l i ne- pr ot ect i ng condi t i ons . Si l ver gr ai ns ar e seen over t he phot or ecept or cel l s, especi al l y i n t he r egi on of

t he i nner segment ( I S) . Two cel l s at t he i nner mar gi n of t he i nner nucl ear l ayer ( I NL) ar e densel y l abel ed,
and gr ai ns have accumul at ed i n t wo bands over t he i nner pl exi f or m l ayer ( I PL) . Two densi t i es of gr ai ns

ar e seen over cel l s of t he gangl i on cel l l ayer ( GCL, ar r ows ; see al so Fi gs . 12, 13, and 15) . OS, out er

segment s ; ONL, out er nucl ear l ayer . Sect i on i s 2 t I m t hi ck, as ar e al l of t he aut or adi ogr aphed sect i ons
shown her e . Exposur e, 6 wk . Bar , 201I m.

An aut or adi ogr aph of a r et i na i ncubat ed under

t hi s pr ot ocol i s shown i n Fi g . 4 . Si l ver gr ai ns wer e

seen over t he phot or ecept or cel l s, over some of t he

cel l bodi es at t he i nner mar gi n of t he i nner nucl ear

l ayer , and i n t wo bands over t he i nner pl exi f or m

l ayer . A f ew cel l s of t he gangl i on cel l l ayer wer e

densel y l abel ed, and t he ot her cel l s of t he gangi on

cel l l ayer wer e f ai nt l y l abel ed .

A second gr oup of r et i nas was exposed t o [ 3H] -

chol i ne i n t he same way, but was i ncubat ed af t er

l abel i ng under condi t i ons desi gned t o pr omot e t he

el i mi nat i on of [ 3 H] acet yl chol i ne f r om t he r et i na.

The medi umcont ai ned 1 mMunl abel ed chol i ne,

whi ch cl ear ed f r ee [ 3 H] chol i ne and pr event ed i t s

f ur t her i ncor por at i on i nt o acet yl chol i ne, and t he

r et i nas wer e st i mul at ed wi t h f l ashi ng l i ght at a

f r equency ( 3 Hz) pr evi ousl y f ound opt i mal f or t he

r el ease of r et i nal acet yl chol i ne ( 50) . The di st r i bu-
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t i on of r adi oact i vi t y f ound i n t he phosphol i pi d

pat hway of t hese r et i nas was essent i al l y i dent i cal

t o t hat obser ved i n r et i nas . i ncubat ed under ace-

t yl chol i ne- pr ot ect i ng condi t i ons. Fr ee [ 3H] chol i ne

was agai n cl ear ed f r om t he t i ssue . These r et i nas,

however , cont ai ned negl i gi bl e amount s of [ 3H] ace-

t yl chol i ne ( Fi g. 5) .

Aut or adi ogr aphy showed many si l ver gr ai ns

over t he phot or ecept or cel l s and a f ew gr ai ns over

t he cel l s of t he gangl i on cel l l ayer . Gr ai ns wer e no

l onger seen over t he i nner nucl ear or i nner pl exi -

f or m l ayer s, and no densel y l abel ed cel l s wer e seen

i n t he gangl i on cel l l ayer ( Fi g . 6) .

Thi s r esul t i mpl i ed t hat acet yl chol i ne i s synt he-

si zed by t he densel y l abel ed cel l s seen i n t he i nner

nucl ear and gangl i on cel l l ayer s of acet yl chol i ne-

cont ai ni ng r et i nas, whi l e t he phot or ecept or s and

most gangl i on cel l s synt hesi ze si gni f i cant amount s
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FI GURE 5 Radi oact i ve chol i ne met abol i t es cont ai ned

i n t he r et i na at t he end of an i ncubat i on desi gned t o cl ear

f r ee [ ' H] chol i ne and [ ' ' H] acet yl chol i ne f r om t he t i ssue

( acet yl chol i ne- r el easi ng chase) . Convent i ons as i n Fi g. 3 .

Bar s show means f or si x r et i nas . An aut or adi ogr aph of

f r eeze- dr i ed t i ssue f r om r et i na R81 ( r ows of dot s) i s

shown i n Fi g . 6 .

of chol i ne- cont ai ni ng phosphol i pi ds but no ace-

t yl chol i ne . The t hr ee f ol l owi ng obser vat i ons cor -

r obor at ed t hi s concl usi on .

Ret i nas I ni t i al l y Fi xed wi t h

Osmi um Tet r oxi de

Phosphat i dyl chol i ne ( and t he mi nor chol i ne-

cont ai ni ng phosphol i pi ds) ar e r et ai ned af t er f i xa-

t i on by osmi um t et r oxi de ( 74) , whi l e phosphor yl -

chol i ne and acet yl chol i ne ar e not . The sampl es

f r om acet yl chol i ne- cont ai ni ng r et i nas t hat wer e

di r ect l y f i xed wi t h 1% aqueous osmi umt et r oxi de

showed f ew si l ver gr ai ns over t he i nner pl exi f or m

or i nner nucl ear l ayer s, and had no densel y l abel ed

cel l s i n t he gangl i on cel l l ayer . Such t i ssue r et ai ned

t he r adi oact i vi t y r esponsi bl e f or dense gr ai ns over

t he phot or ecept or s and spar se gr ai ns over t he cel l s

of t he gangl i on cel l l ayer ( Fi g . 7) .

Wet t ed Sect i ons

Acet yl chol i ne, phosphor yl chol i ne, and chol i ne

ar e ver y sol ubl e i n wat er , whi l e t he chol i ne- con-

t ai ni ng phosphol i pi ds ar e i nsol ubl e. When sect i ons

f r om acet yl chol i ne- cont ai ni ng r et i nas wer e ex-

posed t o wat er bef or e appl i cat i on of t he emul si on,

t he pat t er n of si l ver gr ai ns seen i n aut or adi ogr aphs

became t hat of r et i nas i ncubat ed under condi t i ons

t hat depl et e acet yl chol i ne : many gr ai ns wer e seen

over t he phot or ecept or cel l s and some wer e seen

over t he gangl i on cel l s, but f ew wer e seen over t he

i nner nucl ear and pl exi f or m l ayer s, and t he dense

l abel i ng of a subset of cel l s i n t he gangl i on cel l

l ayer was no l onger obser ved ( Fi g . 8) .

Anal ysi s of Mi cr odi ssect ed Ret i nal Subar eas

The sever e l oss of r adi oact i vi t y seen aut or adi -

ogr aphi cal l y when sect i ons wer e exposed t o wat er

suggest ed t hat we mi ght be abl e t o syst emat i cal l y

ext r act t he wat er - sol ubl e compounds f or chemi cal

anal ysi s . Thi s pr oved t o be t he case .

When 10- t t m sect i ons cont ai ni ng 1- 3 l i near mm

of r et i na wer e i mmer sed i n f or mat e- acet at e buf f er ,

r adi oact i vi t y was el ut ed i nt o t he buf f er . I f t he

amount of t i ssue cont ai ned i n t he sect i on was

i nvar i ant , as i n adj acent sect i ons f r om a si ngl e

bl ock, t he amount of r adi oact i vi t y r ecover ed was

r emar kabl y const ant : anal ysi s of t he r adi oact i vi t y

f r om 20 ser i al sect i ons t ypi cal l y yi el ded r adi oact i v-

i t y wi t h st andar d er r or s of <2%of t he mean . The

r ecover y of r adi oact i vi t y pr obabl y var i ed so l i t t l e

because t he ext r act i on of r adi oact i vi t y was near l y

compl et e . Af t er sect i ons had been i mmer sed i n t he

aci d buf f er f or 48 h, no f ur t her r adi oact i vi t y coul d

be ext r act ed . When t he t ot al r adi oact i vi t y el ut ed

i nt o t he buf f er was compar ed wi t h t hat r ecover ed

f r om adj acent sect i ons compl et el y sol ubi l i zed by

5% et hanol i c KOH or by NCS, we f ound t hat

>85% of t he r et i na' s t ot al wat er - sol ubl e r adi oac-

t i vi t y had been el ut ed f r om t he sect i on i nt o t he

buf f er . Appar ent l y, a 10- t t m sect i on of Spur r pl as-

t i c i s penet r at ed al most compl et el y by t he buf f er .

The r adi oact i ve compounds el ut ed i nt o aci d

buf f er coul d be separ at ed by hi gh- vol t age paper

el ect r ophor esi s . The r esul t s showed t hat el ut ed

phosphor yl chol i ne, acet yl chol i ne, and chol i ne

wer e pr esent i n pr opor t i ons essent i al l y i dent i cal t o

t hose f ound when t he f r eshl y homogeni zed hal f of

t he same r et i na was anal yzed . That i s, r et i nas

known t o have var yi ng di st r i but i ons of t he r adi o-

act i ve chol i ne met abol i t es bef or e f r eezi ng yi el ded

t he same r el at i ve amount s f r om t he washed sec-

t i ons ( Fi g. 9) . Thi s i ndi cat ed t hat t he compounds

sur vi ve f i xat i on wi t h osmi um vapor and embed-

di ng i n Spur r r esi n, and t hat none ar e pr ef er en-

t i al l y r et ai ned by t he sect i ons .

Knowi ng t hat t he wat er - sol ubl e chol i ne met ab-

ol i t es coul d be r el i abl y ext r act ed f r om t he sect i ons,

we under t ook t o compar e t he r adi oact i ve com-

pounds of t he phot or ecept or s wi t h t hose of t he
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i nner r et i na . A r azor bl ade chi p was at t ached t o

t he obj ect i ve of a mi cr oscope, so t hat i t s cut t i ng

edge was j ust above t he f ocal pl ane of t he obj ect i ve

but was st i l l vi si bl e wi t hi n t he f i el d . Sect i ons 10

ur n t hi ck, sel ect ed t o pr ovi de t he l ongest possi bl e

r un of st r ai ght r et i na, wer e pl aced on a gl ass sl i de

and vi sual i zed under 200 x . The sl i de was mani p-

ul at ed on a r ot at i ng st age unt i l t he bl ade was

posi t i oned above t he desi r ed l i ne of cut t i ng, whi ch

l ay al ong t he out er pl exi f or m l ayer . The obj ect i ve

was t hen l ower ed unt i l t he bl ade di vi ded t he sec-

t i on ( Fi g . 10) . The sl i de was t r ansf er r ed t o t he

st age of a di ssect i ng mi cr oscope, wher e t he cut

hal ves of t he sect i on wer e t r i mmed t o excl ude

ar eas of r et i na t hat wer e not di vi ded at t he desi r ed

l evel ( usual l y wher e t he sect i on began t o cur ve) .

I t was possi bl e t o make t he cut wi t h consi der abl e

accur acy . The gr eat est sour ce of er r or was f ol di ng

or di mpl i ng of t he embedded t i ssue, causi ng l ocal

def or mat i on of t he r et i nal l ayer s . Al t hough we
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FI GURE 6

	

Aut or adi ogr aph of f r eeze- dr i ed t i ssue f r om a r et i na ( R81, Fi g . 5) i ncubat ed under acet yl cho-
l i ne- r el easi ng condi t i ons . Si l ver gr ai ns ar e seen over t he phot or ecept or cel l s, and t wo cel l s l ocat ed i n t he
gangl i on cel l l ayer ar e f ai nt l y l abel ed . I n cont r ast t o aut or adi ogr aphs of r et i nas t hat cont ai n a si gni f i cant
amount of [ ' ' H] acet yl chol i ne, no densel y l abel ed cel l s ar e seen i n t he gangl i on cel l or i nner nucl ear l ayer s,
and t he bands of gr ai ns pr evi ousl y seen over t he i nner pl exi f or m l ayer ar e absent . Exposur e, 6 wk . Bar , 20
gym.
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of t en coul d f i nd an ar ea of r et i na t hat was f r ee of

t hese def ect s ( t hey pr obabl y ar ose when t he i so-

l at ed r et i na was l i f t ed ont o f oi l f or f r eezi ng) , t he

cut occasi onal l y i nvaded t he out er edge of t he

hor i zont al cel l bodi es or t he i nner edge of t he

out er nucl ear l ayer . I nspect i on of t he di vi ded sec-

t i ons under hi gh magni f i cat i on showed t hat t he

vol ume of t i ssue i nappr opr i at el y i ncl uded wi t h t he

out er or i nner hal f - sect i ons was at most a f ew

per cent of t he t ot al vol ume of t i ssue anal yzed . For

t he pr esent pur pose t hi s amount of er r or i s i nsi g-

ni f i cant , as we assume onl y t hat we succeeded i n

separ at i ng t he phot or ecept or s f r om t he r est of t he

r et i na.

The out er and i nner hal f - sect i ons wer e col l ect ed

and 20 of each wer e pool ed and ext r act ed t oget her .

El ect r ophor esi s showed t hat t he i nner r et i na con-

t ai ned r adi oact i ve acet yl chol i ne, chol i ne, and

phosphor yl chol i ne, as woul d be pr edi ct ed f r om

our aut or adi ogr aphi c evi dence t hat t he i nner r et -



FI GURE 7

	

Aut or adi ogr aph of osmi um- f i xed t i ssue f r om a r et i na i ncubat ed under t he acet yl chol i ne-

pr ot ect i ng condi t i on . Radi oact i vi t y i s pr esent i n t he phot or ecept or cel l s and a gangl i on cel l ( ar r ow) , but
t he r adi oact i vi t y associ at ed wi t h acet yl chol i ne i n f r eeze- dr i ed t i ssue i s absent . Exposur e, 7 wk . Bar , 20 j m.

FI GURE 8

	

Ef f ect s of wet t i ng on t he r et ent i on of wat er - sol ubl e chol i ne met abol i t es. ( A) Aut or adi ogr aph
of a sect i on f r om a r et i na i ncubat ed under t he acet yl chol i ne- pr ot ect i ng condi t i on . Sect i on was cut dr y . ( B)
Aut or adi ogr aph of a sect i on cut f r om t he same bl ock as t he one shown i n Fi g. 8A, but sect i oned and
col l ect ed on a wat er dr op . Fai nt l y l abel ed gangl i on cel l s ( ar r ows) wer e seen i n sect i ons exposed t o wat er ,
but t he r adi oact i vi t y r esponsi bl e f or t he densel y l abel ed cel l s of t he i nner nucl ear and gangl i on cel l l ayer s,
and f or t he bands of gr ai ns over t he i nner pl exi f or m l ayer , i s gr eat l y r educed. The densi t y of l abel i ng of
t he phot or ecept or s i s much l ess af f ect ed. Exposur e, 6 wk. Bar , 40 j m.

i na cont ai ns bot h cel l s t hat synt hesi ze acet yl cho-

l i ne and cel l s t hat synt hesi ze chol i ne- cont ai ni ng

phosphol i pi ds. Most of t he r adi oact i vi t y el ut ed

f r om t he out er r et i na was i n t he f or m of phospho-

r yl chol i ne ( Fi g . 11) . Acet yl chol i ne det ect ed i n t he

out er hal f - r et i na r epr esent ed <4% of t he t ot al
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Compar i son of t he r adi oact i ve compounds

el ut ed f r om sect i ons wi t h t hose pr esent i n t he r et i na

bef or e f r eeze- dr yi ng and embeddi ng. Fr esh homogenat es

wer e compar ed wi t h t i ssue f r om t he same r et i na t hat was

f r eeze- dr i ed, embedded, and sect i oned, as f or aut or a-

di ogr aphy . I n each case 20 sect i ons, 10 [ Lm t hi ck, wer e

pool ed f or el ut i on of r adi oact i ve compounds. These r e-

sul t s show t hat t he wat er - sol ubl e chol i ne met abol i t es

el ut ed f r om t he sect i ons f ai t hf ul l y r ef l ect t hose pr esent

i n t he r et i na bef or e pr ocessi ng.

[ 3 H] acet yl chol i ne f ound i n t he sect i ons . That smal l

amount pr obabl y di f f used f r om t he i nner r et i na

dur i ng i nf i l t r at i on and embeddi ng- a f ai nt hal o

of gr ai ns was seen at t he mar gi ns of t he t i ssue i n

many of t he aut or adi ogr aphs.

One addi t i onal r et i na was di vi ded by a di f f er ent

met hod. Fi f t een 10- i t msect i ons wer e r e- embedded

f l at and sect i oned ser i al l y at 5 p. m, st ar t i ng f r om

t he phot or ecept or si de . Occasi onal l - i t m sect i ons

wer e cut and st ai ned . When a 1- l t msect i on showed

t hat t he out er edge of t he i nner nucl ear l ayer had

been r eached, t he t hi cker sect i ons wer e pool ed and

anal yzed as above. Radi ochemi cal anal ysi s of

el uat e f r omt he i nner and out er r et i na gave r esul t s

i dent i cal t o t hose obt ai ned f r omsect i ons mi cr odi s-

sect ed under di r ect vi sual cont r ol .

Ret i nas aut or adi ogr aphed soon af t er l abel i ng-
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when r adi oact i vi t y i n t he phosphol i pi d pat hway

was most l y i n t he f or m of phosphor yl chol i ne, and

when [ 3 H] chol i ne was pr esent - showed essent i al l y

t he same di st r i but i on of gr ai ns as acet yl chol i ne-

cont ai ni ng r et i nas st udi ed af t er t he post l abel i ng

i ncubat i on t hat was used t o cont r ol t he r et i na' s

[ 3 H] acet yl chol i ne cont ent ( Fi g . 12) . The l ocal i za-

t i on t hus i s not an ar t i f act of event s t hat mi ght

occur dur i ng t he post l abel i ng chase .

Nor was t he l ocal i zat i on pecul i ar t o t hat af t er i n

vi t r o exposur e of t he r et i na t o [ 3H] chol i ne . A

qual i t at i vel y i dent i cal aut or adi ogr aphi c r esul t was

obt ai ned when 50 uCi of [ 3 H] chol i ne chl or i de was

i nj ect ed i nt o t he post er i or chamber i n vi vo and t he

r et i na i sol at ed and f r ozen 3 h l at er ( Fi g . 13) .

Rel at i vel y f ewer si l ver gr ai ns wer e seen over t he

out er r et i na t han when exposur e t o [ 3H] chol i ne

was car r i ed out i n vi t r o, pr esumabl y because

[ 3 H] chol i ne di f f usi ng f r om t he vi t r eous was di l ut ed

as i t met unl abel ed chol i ne di f f usi ng f r om t he

chor oi dal ci r cul at i on . The r et i na' s acet yl chol i ne

pool i s smal l er and t ur ns over mor e r api dl y t han

t he pool of chol i ne- cont ai ni ng phosphol i pi ds . I f 6

h or mor e el apsed bet ween i nj ect i on of [ 3 H] chol i ne

i nt o t he eye and anal ysi s of t he r et i na, [ 3 H] phos-

phol i pi d account ed f or most of t he t i ssue' s r adi o-

act i vi t y . I t obscur ed t he r et i na' s [ 3 H] acet yl chol i ne

i n aut or adi ogr aphs .

When t he r et i na was exposed t o 0. 3 l M [ 3H] -

chol i ne i n t he pr esence of 50 p. M hemi chol i ni um-

3- an agent t hat bl ocks chol i ne t r anspor t ( 15) -

[ 3H] acet yl chol i ne synt hesi s and [ 3H] phosphor yl -

chol i ne synt hesi s wer e depr essed t o 0. 5 and 15%

FI GURE 10

	

Mi cr odi ssect i on of a 10- f t m sect i on f r om a
f r eeze- dr i ed, vapor - f i xed, and pl ast i c- embedded r et i na .
A r egi on of r et i na has been di vi ded al ong t he out er

pl exi f or m l ayer . The sect i on was t hen t r i mmed as i ndi -

cat ed, yi el di ng an out er hal f - r et i na cont ai ni ng t he pho-

t or ecept or s and an i nner r egi on cont ai ni ng t he r est of t he

r et i na . The t wo pi eces wer e t eased apar t f or anal ysi s .

Bar , 40 [ m.



of t hei r cont r ol val ues, r espect i vel y, and f ew si l ver

gr ai ns wer e seen over t he t i ssue ( Fi g. 14) .

Char act er i st i cs of t he Acet yl chol i ne-

Synt hesi zi ng Cel l s

The maj or i t y of cel l s of t he gangl i on cel l l ayer

had t he f ai nt l abel i ng t hat was associ at ed wi t h

[ 3 H] phosphol i pi d synt hesi s . These cel l s wer e

cl ear l y di st i nct f r om a smal l er popul at i on of cel l s

i n t he gangl i on cel l l ayer t hat had t he dense ac-

cumul at i on of si l ver gr ai ns associ at ed wi t h t he

pr esence of [ 3H] acet yl chol i ne . Because of t he var -

i abi l i t y of gangl i on cel l posi t i on and si ze, our

mat er i al does not al l ow us t o det er mi ne whet her

t he posi t i on or si ze of t he densel y l abel ed cel l s

wi t hi n t he l ayer di f f er s f r om t hose of t he f ai nt l y

l abel ed cel l s.

The l abel ed cel l s of t he i nner nucl ear l ayer wer e

wi t hout except i on l ocat ed i mmedi at el y adj acent t o

t he i nner pl exi f or m l ayer . Thei r si ze was not no-

t i ceabl y di f f er ent f r om t hat of t he ot her cel l s f ound

i n t hat l ocat i on. I n al l of our aut or adi ogr aphi c

mat er i al ( over 1, 300 sect i ons f r om 25 [ 3 H] acet yl -

chol i ne- cont ai ni ng r et i nas) , t hr ee densel y l abel ed

cel l s wer e seen t o l i e unequi vocal l y wi t hi n t he

i nner pl exi f or m l ayer ( Fi g. 15) .

The f r equency of occur r ence of acet yl chol i ne-

cont ai ni ng cel l s was est i mat ed by count i ng t hem

i n unst ai ned, aut or adi ogr aphed sect i ons and com-

par i ng t he r esul t wi t h t he t ot al number of cel l s

obser ved i n adj acent st ai ned sect i ons . Al l sect i ons

wer e 2 um t hi ck . They wer e sel ect ed t o sampl e

bot h t he cent r al and per i pher al r et i na . A t ot al of

24 st ai ned sect i ons, and t hei r aut or adi ogr aphed

nei ghbor s, wer e st udi ed : t hr ee pai r s of sect i ons per

bl ock f or t wo bl ocks f r om each of f our r et i nas . I n

t hi s sampl e t he gangl i on cel l l ayer cont ai ned an

aver age of 24 ± 6 cel l s per l i near mmof r et i na.

An aver age of 7 ± 1 cel l s per mmwer e densel y

l abel ed, i ndi cat i ng t hat r oughl y 29%of t he gan-

gl i on cel l l ayer cel l s synt hesi zed acet yl chol i ne .

The same sect i ons cont ai ned 101 ± 15 cel l s per

l i near mmi n t he i nner cel l r owof t he i nner nucl ear

l ayer . The aut or adi ogr aphed sect i ons cont ai ned an

aver age of 5 . 5 ± 0. 5 l abel ed cel l s per mm, or 5%

of t he t ot al cel l s pr esent .

An i ndependent measur e of t he f r equenci es of

acet yl chol i ne- synt hesi zi ng cel l s r el at i ve t o each

ot her was obt ai ned i n a second gr oup of 30 aut o-

r adi ogr aphed sect i ons f r omseven di f f er ent bl ocks .

96 densel y l abel ed cel l s wer e encount er ed i n t he

gangl i on cel l l ayer and 75 i n t he i nner nucl ear

20
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Radi ochemi cal anal ysi s of t he i nner and

out er hal f - r et i nas . Top shows anal ysi s of 20 undi vi ded

sect i ons. Bot t om shows t he compounds el ut ed f r om 20

sect i ons di vi ded at t he l evel of t he out er pl exi f or m l ayer .

The sect i ons t hat wer e di vi ded wer e cut i n a cont i nuous
r un wi t h t hose anal yzed undi vi ded . For t he di vi ded

sect i ons, t he per cent age of r adi oact i vi t y r ecover ed as t he
i ndi vi dual chol i ne met abol i t es i s expr essed r el at i ve t o t he

t ot al r ecover ed f r om bot h hal f - sect i ons . Dat a ar e mean

val ues obt ai ned f r om f our r et i nas .

l ayer . Thi s agai n suggest s t hat t he absol ut e number

of acet yl chol i ne- synt hesi zi ng cel l s i n t he gangl i on

cel l l ayer i s somewhat gr eat er t han t hat of acet yl -

chol i ne- synt hesi zi ng cel l s i n t he i nner nucl ear

l ayer .

These est i mat es shoul d be consi der ed as pr el i m-

i nar y ones, f or t wo r easons : Fi r st , we have not

made a si ze cor r ect i on ; because t he gangl i on cel l s

ar e on t he aver age l ar ger t han t he cel l s of t he i nner

nucl ear l ayer , t hi s l eads t o an over est i mat e of t he

r el at i ve number of cel l s of t he gangl i on cel l l ayer .

Second, cel l s i dent i f i ed by an accumul at i on of

si l ver gr ai ns i n an aut or adi ogr aph ar e not st r i ct l y

compar abl e t o cel l s i dent i f i ed i n st ai ned sect i ons .

Ret i nal gangl i on cel l s ar e st ai ned r at her pal el y by

t ol ui di ne bl ue, so t hat i n gr azi ng sect i ons t hey ar e

occasi onal l y har d t o det ect . A gr azi ng sect i on of

an aut or adi ogr aphed acet yl chol i ne- cont ai ni ng

cel l , however , may be made vi si bl e by aut or adi og-

r aphy . The compar i son t hus coul d t end t o i ncr ease

t he appar ent f r equency of acet yl chol i ne- synt hesi z-

i ng cel l s l ocat ed i n t he gangl i on cel l l ayer . Our

subj ect i ve i mpr essi on i s t hat t he pr obl em i s not
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Chemi cal anal ysi s and aut or adi ogr aph of a r et i na har vest ed i mmedi at el y af t er l abel i ng . Such

r et i nas cont ai ned a subst ant i al amount of [ ' H] acet yl chol i ne, and t he aut or adi ogr aphi c r esul t s ar e ver y

si mi l ar t o t hose seen i n r et i nas subj ect ed t o t he acet yl chol i ne- pr ot ect i ng chase . Ret i na was r i nsed f or 4 mi n

i n medi um cont ai ni ng 20 mMMg" , 0. 2 mMCa" , and 30 f M physost i gmi ne, t o cl ear ext r acel l ul ar

[ 3 H] chol i ne . These r et i nas nonet hel ess showed a l ar ge backgr ound r adi oact i vi t y t hr oughout t he t i ssue .

( Dur i ng t he 4- mi n r i nse some of t he i nt r acel l ul ar [ 3 H] chol i ne was al so el ut ed, so t hat t he r adi ochemi cal

r esul t s shoul d not be t aken as r epr esent i ng t he amount of f r ee [ 3 H] chol i ne pr esent i n t he cel l s at t he end

of t he 15- mi n l abel i ng per i od . ) Bar s show means f or f our r et i nas . Not e t he di f f er ence i n si l ver gr ai n densi t y

bet ween t he heavi l y l abel ed gangl i on cel l ( ar r ow) and t he mor e weakl y l abel ed cel l t o i t s r i ght ( ar r owhead) .

Exposur e, 6 wk . Bar , 20 pm.

ver y ser i ous ; f ew cel l s of t he gangl i on cel l l ayer

wer e ambi guous i n t he st ai ned sect i ons . But we

pr ef er t o concl ude si mpl y t hat somewhat mor e

t han 20% of t he cel l s i n t he gangl i on cel l l ayer

synt hesi zed acet yl chol i ne . These pr obl ems seem

i nsi gni f i cant i n t he case of t he i nner nucl ear l ayer

cel l s, whi ch ar e mor e uni f or m i n si ze and st ai n

mor e dar kl y t han t he cel l s of t he gangl i on cel l

l ayer .

Phosphol i pi d Synt hesi s i n t he Phot or ecept or s

The aut or adi ogr aphi c r esul t s ( Fi gs . 6 and 7) and

anal ysi s of r adi oact i vi t y el ut ed f r om sect i ons ( Fi g .

11) bot h i ndi cat e t hat about t wo- t hi r ds of t he

r et i na' s t ot al synt hesi s of chol i ne- cont ai ni ng phos-

phol i pi d occur s i n t he phot or ecept or cel l s . Because

of t he pul se- chase pr ocedur e used i n t hese exper -

i ment s, t he pr ogr essi ve synt hesi s of phot or ecept or
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phosphol i pi d f r om phosphor yl chol i ne coul d be

f ol l owed bot h chemi cal l y and aut or adi ogr aphi -

cal l y . Fi g. 16 shows t hat af t er pul se l abel i ng wi t h

[ 3 H] chol i ne, cont i nued i ncubat i on i n t he pr esence

of a sat ur at i ng concent r at i on of unl abel ed chol i ne

l ed t o a pr ogr essi ve f al l i n t he r et i na' s cont ent of

[ ' H] phosphor yl chol i ne and a r eci pr ocal r i se i n

13H] phosphol i pi d . Aut or adi ogr aphy of r et i nas

f i xed wi t h aqueous osmi umt et r oxi de showed t hat

i mmedi at el y af t er l abel i ng, t he densi t y of gr ai ns

over t he phot or ecept or s was l ow ( Fi g . 17) . 2 h

l at er , when si gni f i cant [ ' H] phosphol i pi d had been

f or med, t he t ot al densi t y of gr ai ns over t he pho-

t or ecept or s was hi gher ; many gr ai ns wer e seen

over t he i nner segment s, and a si gni f i cant number

of gr ai ns was seen over t he out er segment s ( Fi g .

17, see al so Fi gs . 6 and 7) . At t he t i mes st udi ed,

gr ai ns appear ed uni f or ml y di st r i but ed over t he

out er segment . Fi xabl e r adi oact i vi t y accumul at ed
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Chemi cal anal ysi s and aut or adi ogr aph of a r et i na exposed t o [ ' ' H] chol i ne by i nj ect i on i nt o

t he post er i or chamber . 3 h af t er i nj ect i on, t he r et i na was i sol at ed and pr ocessed as usual . The aut or adi -

ogr aphi c r esul t s ar e qual i t at i vel y i dent i cal t o t hose obt ai ned f r om r et i nas l abel ed i n vi t r o . Resul t s obt ai ned

by i nj ect i on of [ ' ' H] chol i ne i nt o t he post er i or chamber wer e mor e var i abl e t han f or r et i nas l abel ed i n vi t r o,

pr esumabl y because i nt r avi t r eal i nj ect i on exposes t he r et i na t o [ ' ' H] chol i ne i nhomogeneousl y . Exposur e,

6 wk . Bar , 20 pm.

mor e r api dl y i n t he i nner segment s and cel l bodi es

of cones ( 17) t han i n r ods .

DI SCUSSI ON

Local i zat i on of Acet yl chol i ne

Acet yl chol i ne synt hesi zed f r om ext r acel l ul ar

chol i ne by t he r abbi t r et i na was f ound i n t wo

bands wi t hi n t he i nner pl exi f or m l ayer and i n a

subset of t he cel l bodi es at bot h of i t s mar gi ns .

Thi s l ocal i zat i on was i ni t i al l y i ndi cat ed by t he f act

t hat t he mar ked cel l s, and t he bands i n t he i nner

pl exi f or m l ayer , wer e pr esent or absent as [ 3H] -

acet yl chol i ne was r et ai ned i n or cl ear ed f r om t he

r et i na . I t was conf i r med by t he i nsuscept i bi l i t y of

t he compounds f ound i n t hese l ocat i ons t o f i xat i on

wi t h osmi um, by t hei r wat er sol ubi l i t y, and by

di r ect anal ysi s of t he r adi oact i ve compounds

el ut ed f r om t he i nner r et i na.

That acet yl chol i ne i s r el eased i n t he i nner pl ex-

i f or m l ayer i s consi st ent wi t h t he physi ol ogi cal

st udi es of t hi s pr epar at i on t hat wer e r evi ewed

ear l i er ( 50, 51) . Si nce t he i nner pl exi f or m l ayer of

t he r abbi t r et i na has been shown i ndependent l y t o

cont ai n hi gh l evel s of acet y1chol i nest er ase and

chol i ne acet yl t r ansf er ase ( 56, 64, 69) t he concl u-

si on t hat t hi s l ayer cont ai ns chol i ner gi c synapses

seems qui t e cer t ai n . A var i et y of evi dence suggest s

t hat t hi s i s al so t r ue f or t he chi cken, pi geon, and

mouse r et i nas ( l 3, 63, 68, 69, 76, 82) .

The pr esence of chol i ner gi c phot or ecept or cel l s

i n t he r et i nas of t he gol df i sh ( 71) and t ur t l e ( 45,

70) has been suggest ed, but t he pr esent f i ndi ngs-

as wel l as t hose of ot her s- i ndi cat e t hat such cel l s

do not exi st i n mammal s . ( a) Rabbi t phot or ecep-

t or s seem not t o synt hesi ze acet yl chol i ne ; when

acet yl chol i ne el ut ed f r om sect i ons was measur ed

chemi cal l y, none was f ound di st al t o t he out er

nucl ear l ayer . One mi ght ar gue t hat t he neur o-

t r ansmi t t er r el eased by t he phot or ecept or s woul d

be l i mi t ed t o t hei r synapt i c t er mi nal s, so t hat our

cut , whi ch appr oxi mat el y di vi ded t he out er pl exi -

f or m l ayer , woul d have par t i t i oned some of t he

phot or ecept or s' hypot het i cal acet yl chol i ne i nt o t he
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i nner hal f - r et i na . However , much evi dence ( see

bel ow) i ndi cat es t hat neur ot r ansmi t t er s synt he-

si zed by smal l neur ons exi st i n si gni f i cant concen-

t r at i on t hr oughout t he cel l , so t hat t he out er nu-

cl ear l ayer shoul d cont ai n a subst ant i al amount of

acet yl chol i ne i f i t wer e used as a neur ot r ansmi t t er

by phot or ecept or synapses . ( b) The out er r et i na of

mechani cal l y or bi ol ogi cal l y f r act i onat ed r abbi t

and mouse r et i nas has been shown t o cont ai n l i t t l e

chol i ne acet yl t r ansf er ase or acet yl chol i nest er ase

( 68, 69) . I n t he r abbi t , <0 . 5% of t he r et i na' s t ot al

chol i ne acet yl t r ansf er ase act i vi t y was f ound di st al

t o t he i nner nucl ear l ayer . ( c) Recor di ng f r om t he

per f used cat eye ( 58) has shown t he act i vi t y of

hor i zont al cel l s t o be unaf f ect ed by mecamyl ami ne

or at r opi ne, even at concent r at i ons known t o af f ect

t he act i vi t y of gangl i on cel l s . ( d) Bot h t he r abbi t

( 51) and cat ( 58) r et i nas cont ai n a popul at i on of

gangl i on cel l s whose act i vi t y i s unaf f ect ed by hi gh

concent r at i ons of acet yl chol i ne or r el at ed dr ugs ;

t he phot or ecept or s af f er ent t o such gangl i on cel l s

172
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Chemi cal anal ysi s and aut or adi ogr aph of a r et i na i ncubat ed wi t h 1' Hl chol i ne i n t he usual

way, but wi t h 50 pMhemi chol i ni um- 3 al so added t o t he medi um. Ret i na was har vest ed i mmedi at el y af t er

l abel i ng . The synt hesi s of [ ' ' Hl acet yl chol i ne was r educed essent i al l y t o zer o, and t he gr ai n pat t er n associ at ed

wi t h acet yl chol i ne i s not seen . [ 3 Hl phosphor yl chol i ne synt hesi s was r educed t o 15% of t hat seen i n t he
absence of t he i nhi bi t or , and t he densi t y of gr ai ns seen over t he phot or ecept or s and over t he gangl i on cel l s

( ar r ows) i s cor r espondi ngl y ver y l ow. Bar s show t he mean f or f our r et i nas. Exposur e, 6 wk. Bar , 20 I m.
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ar e pr esumabl y not chol i ner gi c . Whi l e one can

per haps i magi ne an unor t hodox chol i ner gi c syn-

apse t hat woul d not be r eveal ed i n any of t hese

exper i ment s, i t seems f ar mor e l i kel y t hat t he

phot or ecept or s of mammal i an r et i nas do not r e-

l ease acet yl chol i ne.

Asmal l gr oup of t he cel l bodi es at ei t her mar gi n

of t he i nner pl exi f or m l ayer accumul at ed [ 3Hl ace-

t yl chol i ne . Those of t he i nner nucl ear l ayer made

up about 5% of t he t ot al number of cel l s seen

adj acent t o t he pl exi f or ml ayer . The pr opor t i on of

acet yl chol i ne- synt hesi zi ng cel l s i n t he gangl i on cel l

l ayer i s har der t o est i mat e because of t he l ower

and mor e var i abl e gangl i on cel l densi t y, but i t i s

pr obabl y 20- 30%of t he t ot al .

The number of acet yl chol i ne- synt hesi zi ng cel l s

i s of some i mpor t ance f or at t empt s t o under st and

t hei r r ol e i n r et i nal f unct i on, and i t i s t her ef or e

wor t hwhi l e t o consi der f act or s t hat mi ght r est r i ct

t he l abel i ng of r et i nal neur ons . The most i mpor -

t ant such possi bi l i t y i s t hat acet yl chol i ne f or med



FI GURE 15

	

Aut or adi ogr aph of f r eeze- dr i ed t i ssue f r om

a r et i na i ncubat ed under acet yl chol i ne- pr ot ect i ng con-

di t i ons . A l abel ed cel l l i es near t he cent er of t he i nner

pl exi f or m l ayer ( I PL) , bet ween t he bands of gr ai ns as-
soci at ed wi t h acet yl chol i ne.

at synapses i s r et ai ned t her e, so t hat t he acet yl cho-

l i ne f or med i n t he i nner pl exi f or m l ayer does not

di f f use i nt o al l of t he par ent cel l somas. However ,

sever al f act s suggest t hat t hi s i s not t he case . Fi r st ,

t he avai l abl e evi dence i ndi cat es t hat t he enzymes

of neur ot r ansmi t t er synt hesi s ar e i n gener al pr es-

ent t hr oughout neur ons, so t hat acet yl chol i ne syn-

t hesi s i s not r est r i ct ed t o t he pr esynapt i c t er mi nal

( 12, 22, 33, 41) . Fur t her mor e, di f f usi on wi t hi n

smal l neur ons i s r api d and r el at i vel y compl et e ( as

shown by t he f i l l i ng of f i ne neur onal pr ocesses by

i nj ect ed dyes or r et r ogr adel y t r anspor t ed hor ser ad-

i sh per oxi dase) so t hat a compound synt hesi zed i n

t he cyt opl asm( 29, 32, 40) shoul d not l ong r emai n

i nhomogeneousl y di st r i but ed wi t hi n t he cel l . I n

f act , pr evi ous st udi es usi ng mor phol ogi cal met h-

ods t hat pr ovi de hi gh r esol ut i on of neur ot r ansmi t -

t er s i n t he r et i na have r eveal ed dopami ne ( 25, 26) ,

gamma- ami nobut yr i c aci d ( 49, 54) , and gl yci ne

( 54) t o be pr esent t hr oughout t hei r r espect i ve neu-

r ons . Fi nal l y, we do not see par t i al l y l abel ed cel l s

i n t he i nner nucl ear l ayer : t he cel l s ar e ei t her

densel y l abel ed, l i ke t hose shown i n Fi gs . 4, 8 a,

12, and 13, or cont ai n negl i gi bl e amount s of r adi o-

act i vi t y . Adi f f usi on r est r i ct i on woul d t hus have t o

be absent i n some cel l s and per f ect i n ot her s .

The l ow f r equency of l abel ed cel l s i s not an

ar t i f act of t he 1- h i n vi t r o chase per i od used i n

most of our exper i ment s, because i t was al so f ound

i n r et i nas har vest ed i mmedi at el y af t er i n vi t r o

l abel i ng and i n r et i nas l abel ed i n vi vo . Evi dence

agai nst a f ai l ur e of t he aut or adi ogr aphi c met hods

comes f r om t he f act t hat t he bands of gr ai ns

l ocat ed over t he i nner pl exi f or m l ayer cont i nued

t hr ough st r et ches of r et i na wher e no l abel ed cel l s

wer e obser ved i n t he adj acent i nner nucl ear or

gangl i on cel l l ayer s . Fi nal l y, el ect r on mi cr oscope

st udi es of a- bungar ot oxi n bi ndi ng i n t he i nner

pl exi f or m l ayer of t he mouse r et i na ( 63) r eveal

onl y a smal l popul at i on of synapses t hat bi nd t he

t oxi n . For al l of t hese r easons, t hen, i t seems

pr obabl e t hat t he f r act i on of chol i ner gi c cel l s i n

t he r abbi t r et i na i s i n f act ver y smal l .

I dent i t y of t he Acet yl chol i ne- Cont ai ni ng Cel l s

Acet yl chol i ne- cont ai ni ng cel l bodi es l i ned bot h

mar gi ns of t he i nner pl exi f or m l ayer . Those of t he

i nner nucl ear l ayer had t he posi t i on of amacr i ne

cel l s ; al l wer e l ocat ed i mmedi at el y adj acent t o t he

pl exi f or m l ayer . I dent i f i cat i on of t he acet yl cho-

i
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Changi ng r et i nal cont ent s of [ 3 H] phospho-
r yl chol i ne and [ 3 H] phosphol i pi d dur i ng t he post l abel i ng
chase . These r et i nas wer e l abel ed i n t he st andar d way,
and t hen i ncubat ed under acet yl chol i ne- r el easi ng con-
di t i ons, i . e. , i n t he pr esence of 1 mMunl abel ed chol i ne .
( I dent i cal r esul t s wer e obt ai ned i n r et i nas t r eat ed by t he
acet yl chol i ne- pr ot ect i ng pr ot ocol . ) That t he unl abel ed
chol i ne i n f act pr event ed f ur t her i ncor por at i on of [ ' H] -

chol i ne i nt o phosphor yl chol i ne i s conf i r med by t he near
const ancy of t he t ot al r adi oact i vi t y cont ai ned i n phos-
phor yl chol i ne and phosphol i pi d . Thus, t he r et i nal phos-
phor yl chol i ne pool was r api dl y l abel ed dur i ng exposur e
of t he r et i na t o ext r acel l ul ar [ 3 H] chol i ne, af t er whi ch
[ ' H] phosphor yl chol i ne was mor e sl owl y i ncor por at ed
i nt o phosphol i pi ds . The i ncr ease i n [ ' H] phosphol i pi d i s
shown aut or adi ogr aphi cal l y i n Fi g . 17. Mean val ues f or
si x r et i nas .
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FI GURE 17

	

I ncr ease i n osmi um- f i xed r adi oact i vi t y i n t he phot or ecept or s wi t h t i me of i ncubat i on . ( A)

Ret i na f i xed i mmedi at el y af t er l abel i ng. ( B) Ret i na l abel ed i n t he same way and subsequent l y i ncubat ed

f or I h i n t he pr esence of 1 mMunl abel ed chol i ne . At t he end of t he chase ( B) a si gni f i cant number of

gr ai ns i s seen over t he phot or ecept or out er segment s . Even t hen, t he maj or i t y of gr ai ns ar e over t he out er

nucl ear l ayer or i nner segment s . Cones ( ar r ows) wer e mor e heavi l y l abel ed t han r ods . Not e ( B) t hat much

mor e osmi um- f i xed r adi oact i vi t y i s cont ai ned i n t he phot or ecept or s t han i n t he out er pl exi f or m or out er

nucl ear l ayer s . Exposur e, 4 wk . Bar , 24 um.

l i ne- synt hesi zi ng cel l s as amacr i ne woul d be con-

si st ent wi t h t he r epor t ed synt hesi s of acet yl chol i n-

est er ase by amacr i ne and gangl i on cel l s of t he

r abbi t ( 56) . Thei r si ze was not st r i ki ngl y di f f er ent
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f r om t hat of t he unl abel ed cel l s seen at t he i nner

mar gi n of t he i nner nucl ear l ayer . Al t hough t he

i nner nucl ear l ayer of many ver t ebr at e r et i nas i s

known t o cont ai n a f ew di spl aced gangl i on cel l s,



t hey ar e t hought t o be subst ant i al l y l ar ger t han

amacr i ne cel l s ( 16- 19) .

The acet yl chol i ne- cont ai ni ng cel l s seen i n t he

gangl i on cel l l ayer coul d be ei t her gangl i on cel l s

or di spl aced amacr i ne cel l s . ( They ar e t oo l ar ge t o

be gl i a . ) I n f avor of t hei r bei ng gangl i on cel l s i s

t hei r r el at i vel y hi gh f r equency ( one woul d expect

anat omi st s and per haps el ect r ophysi ol ogi st s t o

have seen many di spl aced amacr i nes i f t hey make

up >20%of t he cel l s of t he gangl i on cel l l ayer )

and evi dence suggest i ng t hat t he r et i nal i nput t o
t he t ect um of t he t oad may be chol i ner gi c ( 30) .

Agai nst t hei r bei ng gangl i on cel l s i s t he f act t hat

chol i ner gi c agent s i nt r oduced i ont ophor et i cal l y

i nt o t he l at er al geni cul at e body of t he cat had

equi vocal ef f ect s ( 21, 23, 24, 60, 67) , whi ch i s not

t he r esul t expect ed i f a subst ant i al i nput t o t he

l at er al geni cul at e body wer e chol i ner gi c . The ques-

t i on t hus cannot be r esol ved f r om t he avai l abl e

evi dence . I t s answer i s of cour se i r r el evant t o our

mai n concl usi on, whi ch i s t hat t he onl y neur ons t o

r el ease acet yl chol i ne wi t hi n t he r abbi t r et i na ar e

a smal l gr oup t hat ar e pr obabl y amacr i ne cel l s .

These r esul t s suppor t concl usi ons r eached f r om

ear l i er st udi es i n whi ch Baughman and Bader

car r i ed out dr y aut or adi ogr aphy of chi cken ( 13)

and t ur t l e ( per sonal communi cat i on) r et i nas ex-

posed t o a l ow concent r at i on of chol i ne . Acet yl -

chol i ne account ed f or about f our - f i f t hs of t hese

r et i nas' t ot al chol i ne met abol i sm, so t hat t he cel l s

t hat accumul at ed t he most r adi oact i vi t y af t er ex-

posur e t o l ow concent r at i ons of chol i ne wer e al -

most cer t ai nl y t hose t hat synt hesi ze acet yl chol i ne .

I n bot h cases r adi oact i vi t y accumul at ed i n t wo

bands wi t hi n t he i nner pl exi f or ml ayer and i n cel l s

at bot h of i t s mar gi ns . Al t hough a f ew cel l s deep

i n t he i nner nucl ear l ayer of t he chi cken r et i na

al so accumul at ed r adi oact i vi t y, t he over al l pat t er n

of l abel i ng was ver y si mi l ar t o t he l ocal i zat i on of

acet yl chol i ne seen i n t he r abbi t r et i na. I t i s st r i ki ng

t hat t he t hr ee speci es, di f f er i ng wi del y i n phyl o-

genet i c posi t i on, show a di st i nct i ve and near l y

i dent i cal ar r angement of acet yl chol i ne- synt hesi z-

i ng cel l s.

Funct i onal Rol e of t he Chol i ner gi c Cel l s

Chol i ner gi c i nput cont r i but es t o t he r esponse t o

l i ght of many r et i nal gangl i on cel l s, but such i nput

i s not essent i al f or a r esponse : i n el ect r ophysi ol og-

i cal exper i ment s we f ound t hat chol i ner gi c ant ag-

oni st s depr essed, but never absol ut el y pr event ed,

t he cel l s' l i ght - evoked act i vi t y . Thi s was t r ue de-

spi t e t he f act t hat t he same ant agoni st s coul d

ent i r el y bl ock t he r esponse t o a t est dose of exog-

enous acet yl chol i ne, showi ng t hat t he ant agoni st s

wer e appr opr i at e t o t he r et i na' s acet yl chol i ne r e-

cept or ( 51) . I t t hus appear s t hat t he acet yl chol i ne-

sensi t i ve gangl i on cel l al so r ecei ves i nput vi a neu-

r ot r ansmi t t er s ot her t han acet yl chol i ne, and t hat

t he ot her neur ot r ansmi t t er s can sust ai n a subst an-

t i al par t of t he cel l ' s r esponse t o l i ght . When one

r emember s t hat t he r et i na al so cont ai ns a gr oup of

gangl i on cel l s t hat ar e not sensi t i ve t o acet yl cho-

l i ne at al l , t he evi dence seems cl ear t hat t he f ew

acet yl chol i ne- r el easi ng cel l s i dent i f i ed i n t he pr es-

ent exper i ment s ar e not par t of an obl i gat or y

t hr ough- pat hway f r om phot or ecept or t o gangl i on

cel l .

The pr eci se r ol e of t he acet yl chol i ne- synt hesi z-

i ng cel l s r emai ns t o be l ear ned . They must r ami f y

wi del y, because t he bands of l abel r epr esent i ng

acet yl chol i ne- cont ai ni ng pr ocesses wer e cont i nu-

ous t hr oughout t he i nner pl exi f or m l ayer . An ar -

r angement i n whi ch a f ew wi del y r ami f yi ng cel l s

have cont r ol - but an i ncompl et e cont r ol - over

many ot her s evokes t he possi bi l i t y t hat t he r ami -

f yi ng cel l s per f or m a r at her gl obal r ol e, such as

r egul at i on of t he exci t abi l i t y of t he el ement s on

whi ch t hey synapse . Al t er nat i vel y, t he chol i ner gi c

cel l s coul d be par t of t he mi cr oci r cui t r y t hat shapes

some hi ghl y r est r i ct ed el ement of gangl i on cel l

r ecept i ve f i el ds . Such a f unct i on woul d have t o be

exqui si t el y speci f i c, bot h because of t he pauci t y of

chol i ner gi c cel l s and because of our exper i ence

t hat t he gr osser char act er i st i cs of r ecept i ve f i el ds,

such as cent er - sur r ound or gani zat i on, ar e not se-

l ect i vel y af f ect ed by appl i cat i on of chol i ner gi c

agent s t o t he r et i na ( 51) . To under st and t he r ol e

of t he chol i ner gi c cel l s wi l l r equi r e bot h det ai l ed

physi ol ogi cal exper i ment s and hi gher r esol ut i on i n

anat omi cal ones, and t he l at t er i s par t i cul ar l y i m-

por t ant because t he desi gnat i on " amacr i ne" ( i f

i ndeed t hese ar e amacr i ne cel l s) i s l ess i nf or mat i ve

t han mi ght once have been t hought . I t i s nowcl ear

t hat t her e i s a var i et y of amacr i ne cel l subt ypes,

and a subpopul at i on as smal l as t hat const i t ut ed

by t he chol i ner gi c cel l s coul d wel l have escaped

ei t her anat omi cal or physi ol ogi cal descr i pt i on . Be-

cause of t hi s di ver si t y, an exact def i ni t i on of t he

acet yl chol i ne- synt hesi zi ng cel l s wi l l r equi r e met h-

ods by whi ch t hei r connect i ons may be i dent i f i ed .

Phosphol i pi d Local i zat i on and Over al l

Chol i ne Met abol i sm

I n our mat er i al t he cel l s t hat l abel f or acet yl cho-
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l i ne st and out st r ongl y f r om t he ot her s, and i n

aut or adi ogr aphs exposed f or shor t t i mes one mi ght

have concl uded t hat t he [ ' I Hj chol i ne i ncor por at ed

i nt o phosphol i pi d f or med a di f f use backgr ound

t hr oughout t he r et i na. However , on cl oser exami -

nat i on we f ound t hat t he phot or ecept or cel l s and

gangl i on cel l s sel ect i vel y accumul at ed [ ' ' Hj chol i ne

compounds t hat wer e r el at i vel y wat er - i nsol ubl e,

wer e f i xed by osmi umt et r oxi de, and wer e pr esent

when t he r et i na was known t o cont ai n much

[ 3Hj phosphor yl chol i ne and f Hj phosphol i pi d but

a negl i gi bl e amount of [ 3 Hj acet yl chol i ne. By mi -

cr odi ssect i on we i sol at ed t he phot or ecept or s, and

f ound t hat most of t hei r wat er - sol ubl e r adi oact i v-

i t y was i n t he f or m of phosphor yl chol i ne. As

[ 3Hj phosphor yl chol i ne was pr ogr essi vel y i ncor po-

r at ed i nt o [ 3 Hj phosphat i dyl chol i ne dur i ng a chase

wi t h unl abel ed chol i ne, t he amount of f i xabl e l abel

i n t he phot or ecept or s and gangl i on cel l s i ncr eased .

Cl ear l y, t he phot or ecept or s and gangl i on cel l s of

t hese r et i nas synt hesi zed a di spr opor t i onat e

amount of t he r et i na' s chol i ne- cont ai ni ng phos-

phol i pi d .

One expect s phot or ecept or cel l s t o synt hesi ze

phosphol i pi d r api dl y because of t he l ar ge amount

of di sk membr ane r equi r ed f or out er segment r e-

newal ; i n t he r at , each r od must appar ent l y r epl ace

somet hi ng bet ween 200 and 600 f m2 of di sk mem-

br ane per day ( 47) . Phosphat i dyl chol i ne compr i ses

- 45%of t he t ot al out er segment phosphol i pi d ( 6-

9) . We f ound r adi oact i ve phosphol i pi d i n t he out er

nucl ear l ayer , i nner segment s, and out er segment s

of t he r abbi t r et i na, wi t h t he gr eat est accumul at i on

i n t he i nner segment s . These f i ndi ngs agr ee wi t h

concl usi ons r eached by Young and hi s col l eagues

f r om exper i ment s i n whi ch f r og r et i nas wer e ex-

posed t o t r i t i at ed gl ycer ol or chol i ne ( 14, 83) . The

out er segment s ar e appar ent l y unabl e t o synt hesi ze

phosphol i pi ds ( 14, 72) , and t he phot or ecept or s

seem accor di ngl y t o synt hesi ze phosphat i dyl cho-

l i ne i n t he i nner segment s f or expor t t o t he out er

segment s .

Si mi l ar l y, t he gangl i on cel l s may r equi r e phos-

phol i pi d f or t he mai nt enance of t hei r axons : phos-

phat i dyl chol i ne i s known t o be t r anspor t ed down

a var i et y of sensor y and mot or ner ves ( 1, 11, 36,

75, 79) . I t i s wor t h not i ng, however , t hat a gr eat er

f r act i on of t he r et i na' s t ot al phosphat i dyl chol i ne

synt hesi s occur s i n t he phot or ecept or s t han i n t he

gangl i on cel l s ( see Fi gs . 6 and 7) , so t hat t he

phot or ecept or s domi nat e t he r et i na' s t ot al met ab-

ol i smof chol i ne- cont ai ni ng phosphol i pi d . The f act
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t hat t he phot or ecept or cel l s synt hesi zed a l ar ge

amount of [ ' ' Hj phosphol i pi d at even a ver y l ow

concent r at i on of ext r acel l ul ar chol i ne suggest s t hat

t hey may possess a speci al i zed chol i ne upt ake

syst em ( 35, 43, 44, 80) , as a concomi t ant t o t hei r

need f or out er segment membr ane r enewal . Fur -

t her evi dence on t hi s possi bi l i t y wi l l be pr esent ed

el sewher e ( 52) .
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