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The relation between excitation and adaptation in vertebrate rod phOtoa't.~cptors ~'~s studied l,.~ 
mea.<~t~ring the membrane current of  to:)d rod ou~.¢r segm,,.nr5 ~o. lig~t art.,', darkn¢~5. Steed:, i'lu~i~" icJD 
att~tialed and sped the rc..,d rc~perise ;c fla.~bcs, a.nd it suppressed membranc current noise. V,"ben ~t~:~Jdy 
illumination enlk.n:l, the rod's  electrical ,es.oonse, and presumably t ~c internal transmitter vhich cau~,.cd 
it, dec~yed quickly, but adaptation'.,, t.ffects persisted teinporariiy. This )icy.. observation suggc,:t,, tb:~t 
excitation and zdap~atior, are loosely c, upled phc,:omer.a v, hich m~.,y be mediated by ditfc-ent cl~.cm):a; 

¢,ilinats. 

Light causes two effects ~'ithin ve;tebrai:e pl~o!orcceptors:. First it c.:-~.~<.c.,, 
ex~:itation, the procef, ses tv l i ch  .generates tht~ cieci;ic:d ~i~.~.nl ,<v~fi<:h I h t "  

photoreceptor trarismit~ to ol] lc • vi.~tial cells [24, 2t, l. ?,..c,~d it +;a:!.<;t::; ..'t..!z~i;.tlh),l, :.: 
pr,,nce~s which modif ies alid rc,4ulat.~.': excitation [7, I1, 12, l:i, I5i. i~. ~,i-i~ ,~,l!~:o 
believed thai ezci!at ion ~!nd adipla; . lon ~'e.~,tl!Ict;! f rom very ~.t¢t'lt~rc~i pilV,;ioi'n~l~:;li 
t r l c 'c l r /a l i iS l i l .~ , .  Early evid,.nce in lic;:~,r. ~bat vcrtcbru{¢ !)}iotor?t0i)t~)'. : . . : : ,o  ~.,::~:ri7 
linear tra:i~Ddticer<J of  t l ic l ight I:,cy ai-~,,,,,i Lc,.;l al;d th'.t-: Lh.':$r rv'd,',~yl~":;~o:,:. :-.';~:., .,t-~ 
dh'ecfly affected by light adap,.ation [21, -5 27]. Adaplatioi~, by co:3tra<~t, waq 
produced b:,, large network.,i of proximal r,euro~s that modulated ti~e ,.'~;cit.:0.or7 
signal as it pron~gated throug~'.out the vist.:al svs'tem rI3, 26, 271, Aitho~gh ,'"~" 
sec.ondary m:ural adaptation pools exist: their impoft.;irlcc has ~eep. dimi~:i.<;hc:! by 
newer findings which show that vertebrate photoreceptors do indeed, adapt to iight 
[4, 11, I9, 23]. Using ~.'xtracellvlar tcchni.q,~e.~, for e×~mple, .i.~oynton an t  Wbiw..r'.. 
[81 demon~tra~.ed that the <;en~silivity of !3i'imale ,:ories ;...~ d{rccti)' attc~cd b)., :,',~ac37 
i!htminatiori. And, usfrlg intra=e[tular recording, l-ain [i,l] ~,~,,J,,,'..:,., ~,~a- .~-,.:_.~.i~ 
iihlmination alters the intracellutar response o~ toad ro~,a. A.!)kou~!', :u.;h .~r.t:di=; 
proved that adaptation affect~ tLe piiotorec.cptor~ direct!:,,, '..key fe:~i .;.'.,to,, <U ,o~,-ovir~: 
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,,hat photoreceptor adapr.ation is caused by the same physiological proce~+s which 
produces excitation. There was evidence, for example, that adaptat'ion's effects 
could be mediated by feedback signals coming from more proximal cel~ t3}, or that 
it was mediated by v o | ~ e  ser+sitive mechardsms ~ I d n  the photore~-l~or's hn.q~ 
~gment [5, 6, 10]. R~-'ntly, however, it has become possible to me~sar¢ the photo- 
current which single ¢o',.t outer ~egments produce ~'hen they respond to light [7, I7]. 
Since this photocurrent is the primary eleclrieal signal which the receptor produces, 
the oo.~ervation that it, too, is subject to adaptation strongly suggests that excitation 
and adaptation manif~.~. [ two different effects of a single physiological process [7, 
17, 29, 30]. New studies reported here show, however, that there are important 
differcnces in the time course of the e~citatory and adaptation effects which occur 
~,itbin the rod outer segmem. Thc~ differences suggest that adaptation is not con 
trolled electrically but may, instead, be regulated by a different che~aical transmiw.r 
than the one which produces the ot~ter segment'~ photocurrem. 

The membrane current of single rod outer segmcu'~s was m~asu,ed ,:sing 
procedures similar to Baylor, Lamb and Yau's [7, 29]. Toad i'Bufo marinus) eye'., 
were hemi~,ected in dim rr.d light, and their retinas ~'ere removed in a Ringer 
comprising (in raM): NaCI, !11; MgCI z, t.6; KCI, 1.5; CaC12, t.0; t)-glucose, I0; 
HEPES, 3, buffered to pH 7.8 with NaOH. Retinas were chopped into fragmer, ts 
which were transferred to an oxygenated, Ringer-filled chamber on the stage of an 
inverted c,.~mpound microscope. Under visual control single outer ~gments were 
drav,:n into the barrel of a pipette, and their membrane current was measured with 
cu'.rcv.:, to-vol lage  amplifier. The rtco:'ding bandwidth wan IM..." to 15 Hz. t;ia,,hc~ 
and ¢,~ep~ of ligh) were generated by calibra)ed light.emitting diod~, 

()~.bcr investigators have found ,ha) adaptation alter,, the  outer ~egment's 
ph:m}curret=t in three ways ~7, 17, .".9, 30], each of which is showlt in Fig. 1. Fir'.,t, 
adaptation reduces the ¢¢spon~ to flashes° so tlmt a smaltet r~po l ;~  i> elicited when 
the outer segment is light adapted tt,at wh.*n it is not (Fig, IA). Second, adaptation 
reduces electrical noise which i~ present in the membrane current of dark adapted 
o~ater :.egments (Fig. 1B). Fi~aally, adaptation speeds the photo.current'~ kinetic.,+ so 
that a light adapted r~pon¢e peaks and decays faster than an equal+amplitude, 
&~rk-adapted one (Fig. IC). 

Thi~ evidence is compatib]+: with the hypothe,~is that phototurrent a~ i  adaptation 
are bot~ ~ontroiled by r. sin,~le physkflogica! m,.~hanism within the outer segment. 
One possibili~]: is that adaptation is directly regulated by the photocurrent itself. 
This hypothesi~ is plausible since many nerve cells are known to contai)t electrically 
excitable proces,~es that regdate their activity. Alternately, adaptation could be 
controtied by the dir~c~ effect!, of the chemic.+d which, accordit~g to d:e imern".l 
transmitter theory, produces the pho~.ocurrent. According to this widely accepted 
theory [4--6, 9, 2t~], an internal t~'ansmitter, which is produced by the rod disks wi~en 
they absorb photons, q~.~ick!y diff,as~ to the outer segment's plasma mtmbrane, 
where it blocks sodium chant, e l ' . . tnd  produces pi:,:~to,:ur~cnt. "fhi.:. t.~oc~-~; 
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apparen~ t.v ,'~ccur.~ ;~ quick!7 tha~ :he phc~,~cu.~re.~t'~ amplitude i:.-a ~.~arly perfect 
ir~dicato~ of  the coz:.:.cn~.ra!~on of  internal transmitter within the outer segment. 

Tl,~ese two t:ypor_heses lead )o a common pr~!ct ior: :  when ilhzmi~.'.,ation ends, 
• ",.:la.~ta',ion's effects should diss.~pate at leas~ a~ q~.:i.ckt~, .'.:~ ~hc p]~c.~o,::i,'r¢.,'...~,,e:.L 
Fig. 2 summarizes the results o f  new experiments ,~'bi~ ~lemor~s;.ratt:, contrary to 
• he,~e hyp~the_,-,es' prediction, that adaptat ion 's  df~cl.~ p,'a.rsist a~ lea_,:t ~--10 tim~.~. 
longer ia darkn',..'.'ss than the outer segmerit's photocurrent.  Fil l  2A sbows, for 
examp!,.:, lhat atthough the photocurrent produced by a bright light ends within 
abo~t I0 sec in darkness, the fla.~h sensitivity, is suppres~d for a~ leas" 1 rain. Even 
though tt'.e photocurrent,  and pres:~mab!~' th.~ internal transmitter wh~.ch ¢:~used it, 
ends quickly, some adaptat ion signal r~rsis~s which de~'csse.~ the outer segme,at's 
t'c,~l'~onse to ii!umination. ih!'., persisting s;:.;na ~. also produces the other ad~.ptation 
effects which are r~~ar.if,:'~r dur:r'g ~;t,~d~. ~I~ur,~itaation. Fig. 213 shows, for e×amplc, 
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[ ig .  2..,~.d:q~;~',lion',, clfect. ,  f,¢l-i~t in dar}.~r,es~, a f t e r  ti~e m e a ' b r ~ n e  cur ren t  hal2 t-tided. A: a f t~;h I I ~  

.quat~ta,'se,:, ;au.'-~ -vhitl~ proc~uced e. l a r s e  t,zspc;";c i~ d~ fkrv,.',,s, p re , Juced  , ,m~l~r  re:lx~r~e5 foll,~;~,,jllff :.~11 
a d a p t i n g  light: L26v9 qu,~t:la"sc~',. '~m2). Af t e r  ~.he adaF,: i t ,g  h~,h: was ex t ingu i shed ,  fla.,~-sen~il+~ily ,,~a~ 

;empor~r i lx  dci ' res~ed e~.cn I h o u g h  ~h¢ m e m b r a n e  c u : r e a t  had  ended .  [ )us ing  t!',;,, ie,-otdh;~.' 

ai~proxiz,::~tety one-hzdf  o f  ~he ..'~,l{e," ~cgtllen~.s w'..'t~. -!rg,.~n !r.r.o .'.he elect~c.Je.  U ~ d e r  h¢-:c c~m~ition5 

Rn,.~, = ,q. ~ DA anO io :- 6.1 c luan t , / t~m z, B: a 29-5,,~ -',ftar~tii~.~ ligh[ (1260 ~,J~ .n ta , s . ec lMn")  ended  ~s the 
~:,<~rd bega~ .  A!thoul~h the m e m b r a n e  eu.~ren~ ~:ndcd qul  :kl;.., eleclr~,.'z[ noi.,,: ( a r r o w s )  d id  ~o~ r,:~,pt'~.~r 
;'r~','~:.. diatc:,: N~;~-  -..;.,))!'~i:. ;':,ioi'~ f,.,Ik,~..~n-. ~ :~d~q~at~o:,, i~ :.. :r,e evider'~ ir  [ i~. IB. S a ~  ,'ell :~'. hl FI~. ' ,~. 

(. : a 3(I .~¢= ada,nt i~g light ~'3 6 log q u a n ; a  "~,:¢'~t~.:) wa_- f,,ti.,aguishec!. Six:.y : iccoad~ a l t e r  t h :  m e m b r a n e  

,:ttt ,, c ~  ha~ ..,ad,,..:t. a I lash (~q) qua:,ta."se~:.- ::,,'a 2} pr~Su.ze~ a ct~.."real ~,l~;<h i~¢~,ked soot ier  ( u q b r o k c a  line) 

• ~;;.~ ,.i; cq t ; :~- -amp!i iadc  curren~ p r o d s : t e d  ~wo ~[~to.,.~t¢.~ !a::.t a,,  :~/~.::-ther f i s h  ~9.2g quanl , t /sec/ . '~m21. Fo r  

thi ~, .:,'.t[ ~,::. ,, ~ 25:1 :~..". ,aeti i,~ ;s 9.30 quevta. ' ;~a ' : . .  



:ka.'. ;~o!s':..c,r:.,~ in ;hr. ).'ae~bra:-~e current is supprc-,.,;ed in darkness icm~ a,'~er t~e 
phot~:,arreat  has ended, a ' ~  Fig. 2C shows the: the flash response elicited ip 
darkrress after -.'~= ,r,.hotocurr,:r~,.'s end, peaks ane d~.~ays sooner than an equal- 
ar,~.ii,>-~de res_'_aor:se ~:!i~ ited ab:e, :he outer segment la.,; dark-adapted. Thus, ~:ach of  
t~e ada~,,:atioe, effects ~'hicb o,:curs during steady illumination persists in darkness 
after excita, ion ?..as ended. 

One ;nterpretation of  these effects is that internal transmitter descnsiti~:es d~e 
outer segment's membrane just as e ther  chemical transmitters densensitizv their 
,'3o:;tsyne:p~.iC target.: It g.~. In bo, h ca~es the re,:luctions in sensitivity persist a f;er 'he 
ue.nsm~-tter has been rem~.,w:d, Despile ttais and other simiiari).ies bc;ween 
ad~p~atten and de,en.';itization, however, :hera is an important  differen,_e betw<en 
these :-,.~o effects wh{ch underscores an interesting property of oute- segrr)enl 
adaptat ion.  Although de:>en:;itization produces a refractoriness !n the pcstsynaptic 
ee',..~ so that,  in l):e limiting case, additiona, t transmitter has nc effect, ~,dap~atioa, 
alter.', :be sensiti~uty c,f the outer ~cgment without ~'ctually causir .g .,he mc:.~bran,." to 
become refractory. £1:u:;, aa outer- scgrnen',, which can produc~ a 20 pA :urrcnt in. 
darkn..'rss can aiso produc,: ~t 20 pA cu, r.a~.t i:a light, but in the latter ca~c a portion of 
the .,.~hotocurrcnt ,,.'ilt represent the cell ' ,  response '.o the adapting !ight. Adaptatio~ 
does not diminish the outer segment'.,, cal::a,'ity to produce pEotocurrep, t. Rather, i, 
adjusts the cell's sensitivity so thai brighter lights are needed to p;c'-fiu,-e a)l 

incremental tesponse. 
Since adaptati<m does no~. h~i l  th~ F.hotocurrcnt wi~ich th,." outer ~.e;~rnc)~t c , ' ,  

pro,'.!uc:;', {{ must no). ~ctually inactivale the rec('pl,,r ~>{~,v:v vA!hi;~ :iw mc.rr)b;a~e, ;',s 
. . . . . . .  . . , )  ! i N , ;  {C~'~ , den,:en:d)iza);')n appar,.,n~ly doe,, In,.~ca-J. :td:q):)ti~)~ ,,~,-~oa,,<,! d n : - . t  . .  ,iv." 

;:f/~;~u.'.)! of i)itefqal trat~sanitt.-.r which {5; i":)e.q',e,! by the d ;# ' .  :vra~::~ :".'.~,, :Q):c,.))-!:: 
ph<>t(;~>. "i'hc lS~Cci',e ba'~b. ;or tll~S Ct'f~.,: ' i~, ~;U}: : e , ) ,u r ; ,  h i ) !  it i:., ~:,i:: )it;it)hr.. ;.'s /.,~}~'¢'f'; 

,r. ' ,, ,r K '~U['2~' , ' . .E f l . . . ' t  ~i~t: h.avc v;~-.v("t,.,~,..,.,.~ . It],  ~h~'.t adap ta ' ion ' s . . i f , c .  ",,.'i:.hi:, ,'~.. ~,,,-' r~cdi::).'.-<i 
by ,a second form o.r internal trata.smitter, ~hic): sprea'.~s amount'. ,,he di:~ks >'.nd alters 
&eir production and re!ea.~e of imernal tra,~slnit~e)', The pteseui ;csu1~. !,.'.~ 
adaptat ion persist~ longer in darkness that: excitation, cottkl ,h~:n be ea~!ained I>v 

C~-a.t l,.,~r,/>.) [a118.I'1 ".]~.e postulati~g that the ~.dar.tatioq transmiti.e; ~ur,eives lonKer in ...... ' ...... 
!rlternal transmitter wi~ich produces photex.urrcn'. 
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