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THE RELATION BETWEEN EXCITATION AND ADARTATION WITEIN
THE ROD’S OUTER SEGKENT
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The relation between excitaiion and adaptation in veriebrate rod photoreceptors was studied by
measuring the membrane current of tead rod outer segments in fight and darkaess. Steedy tlumin: fop
attenuaied and sped the rod respense ic flashes, and it sunpressed membrane current noise. Whea steady
illumination canded, the rod’s clectrical response, and presumably tae internal transmitier v hic caused
it, decayed guickly, but adaptation’s ¢ffects persisted temporariiy. This new observation suggests thut
excitation and adantation are loosely ¢ upled phenomera which may be mzdiated by ditierent chem i
signals.

Light causes iwo =zffects vithin vertebraic phrotorcoeptors. First it canses
excitation, the processes wlich generates the ciectrical <ignal canich the
photoreceptor transmits to ot1e - visual cells {24, 28], “ocond it canses adaptation,
process which modifies and requlates excitation {7, V1, 12, 14, 15]. 11 was once
pelieved that excitation and adptonon resulted from very difierent phw;mif‘;qéun
mechantsms. Harly evidence in licates that vertebraie phiotorceeptor. suee wently
linear transducers of the ght ey abstibod and that (har responsivenes, wi, no
directly affected by light adap.ation {21, 25 27}, Adaptation, by contrast, was
produced by large networks of proxima! reurons that modulated tire excitatory
signal as it propagatzed througtout the visual system {13, 26, 27]. Although suck
secondary nevral adaptation pools exist, their importance has been diminishen by
newer findings which show that vertebrate photorecepiars do indeed adapi (o iight
[4, 11, 19, 23]. Using 2xtracelinlar teciiniguas, for exampic Baynton anc Whitien
{8] demonstrared that the sensitivity of primaie canes is dircctly ultc;w Ly Lizady
illumination. And, using intrgceitular recording, Tain {id] showed that steads
iilumination alters the intracellular response of toad rovs:. Alhough -uch m.d.';.
proved that adaptation affects he photoreceptorns directly, they feli shov of proving
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that photoreceptor adaptation is caused by the same physiclogical process which
produces excitation. Thzre was evidence, for example, that adaptation’s effects
couid be mediated by feedback signals coming from more proximai celis {3}, or that
i was mediated by voltage sensitive mechanisms within the photoreceptor’s inner
seginent {5, 6, 10]. Recently, however, it has become possibie to measure the photo-
current which single rod outer segmenis produce when they respond to tight {7, 17].
Since this photocurrent is the primary electrical signal which the receptor produces,
the observation that it, too, is subject to adaptction strongly suggests that excitation
and adaptaiion manifest 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 iime course of the excitatory and adap:ation effects which occur
within the rod outer segmeni. These differences suggest that adaptation is not con
trolled electrically but may, instead, be regulated by a different cheinical transmiutrr
than the one which produces t..e outer segment’s photocurrent.

The membrane current of single rod outer segments was measured tising
procedures similar to Baylor, Lamb and Yau’s {7, 23]). Toad (Bufe marinusy eyes
were hemisected in dirg red light, and their retinas were removed in a Ringer
comprising (in mM): NaCl, 111; MgCl,, 1.6; KCl, 1.5; CaCl,, 1.0; p-glucose, 10;
HEPES, 3, buffered to pH 7.8 with NaOH. Retinas were chopped into fragments
vhich were transferred to an oxygenated, Ringer-lilled chamber on the stage of an
inverted compound microscope. Under visual control single outer segments were
drawn into the barrel of a pipette, and their membrane current was measured with »
cusren: to-voltage amplifier. The recording bandwidth was DC o 15 He, Flashes
and stens ot light were generated by calibrated light-emitting diodes.,

Chiper investigators have found that adaptation alters the outer segment’s
photocurrent in three ways i7, 17, 3, 30}, each of which is shown in Fig. 1. First,
adaptation reduces the response to fiashes, 50 that a smatler response is clicited when
the outer segment is light adapted ti.at when it is not (Fig. 1A). Second, adaptition
reduces clectrical noise which is present in the membrane current of dark adapied
outer segmeants (Fig. 1B). Finally, adaptation specds the photocurrent’s Kinetics so
that 2 light adapied response peaks and decays faster than an cqual-amplitude,
dark-adapted one (Fig. 1C).

This evidence is compatible with the hypothesis that photocurrent and adeptation
are both controlled by @ single physialogica! mechanism within the outer segment,
One possibilicy is thai adaptauon is directly repulated by the photocurrent itself.
This hypothesis is piausible since many nerve cells are known to contain electricaliy
excitabie processes thut regulate their activity. Alternately, adaptation could be
controlica by the direcr effects of the chemical which, according to the internal
transmitter theory, oroduces the phoitocurrent. According 1o this widely accepred
theory {4—6, 9, 20), an internal! transmitter, which is produced by the rod disks when
they absorb photons, quickly diffuses to the outer segiment’s plasma membrane,
where it blocks sodium chanpel and preduces phoiocuszent, This process



Fig. 1. Light affects the outer segment’s membrane current in thiee ways. A: light reduces sensitivity. A
flash (132 guanta/see/pm?y produced a larger respo.se in darkness (upper record) than it did o light
(4.59 quanta/sec/ um?}, The measured photocurrent is propurtional to the length of ouier segment in the
electrode [T). In this case, the full length of the onter sepment was in the electrode, and the cell producud
% maximum response (Rusd of 15.2 pA. A fight (1, of 9.4 photons/pm? praduced g half-maximal
response. The edapting light produced a steadyssiate current of 4.6 pA. B light suppresses stoow, large
amplitude bumos (arrows) such. a5 others have attributed to the spontansous isomerization of pboto-

pigment {36}, This nolse is absent during illumination (1260 auantassec/ gty Only the tip of the outer
segiient (appronimately 7-8 Ay was drawn into the electrode during this regird. Adter the entive ouler
sepment was drawn intG the pipette, However, Rune = 19.20A and i, = 8.4 guanta/pm? for this cell.
fight specds the response to flashes, A flash (132 quanta/see/am?) vhich ocourred in e presence of an
adapting light (4.59 quanta/sec/am?) produced a current (unbroken ling) that peaked sooner than the
eauabamplitude current (circlesy produced by a flash (12,9 quanta/sec/pm?) that securred in darkness.

Same cell 25 in A, Since adapting lights produced maintained currents, the baselings of the records of A
and € were mmﬁmmﬁy aligned for comparison. Siimuli, produced by 560 nim light emitting diodes, art
rwmmim by ixmimmat kws Flashes lasted 2&)&} msee, The uumber of guumz absorbed by the oute
segment can be extimaled in ztw: mﬁwmg manner. The rod photopigment absorbs maximally at 300 nm
2] and s awum s@w:tmm i cimm%md by a conventiona! nomogram [7]. FM;@,, i o pssumes that the
wiier @wgimzm s effective mﬁ}wm@ ares s 5.1 pm? for nonpolarized lighi [7], then the equivalen

sumber of 500 am photons ahsorbed during 8 100 msec flash s equal to 0,17 times the flash intensiy (i
560 nen quania/sec/uny
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anparently cceurs 30 quick'y that the phetoturrent’s s amolitude i3 & nearly perfect
indicator cf the conzentration of mtemal transmitter within the cuter segment.
These two nypotheses lead to a common prediction: when illumination ends,
adaptation’s effests should dis:*pa’v at feast as quickiy as the phoiocuiront wsel).
Fig. 2 summarizes the resuits of new experrments which demonsirate, conirary to
*hese hypotheses' prediction, that adaptation’s effects persist ar least T -10 times
longer ia darkness than the outer segment’s photocurrent. Fig. 24 shows. for
exarphs, that altiough the photocartent produced by a bright light ends within
about 10 sec in darkness, the flash sensitivity is supprassed for ar leas: 1 mitn. Even
though the photocurrent. and presumably the internai transmitter which caused it,
ends quickly, some adaptetinn signal persisis which depiesses the outer segment’s
response to iiluinination. This persisting s.;na! also produces the cther adaptation
effects which are rmarifest durirg steady Humtination. Fig. 2B shows, {or exampiz,
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Fig. 2. Adapiation’s effect. fersist in darkness after the wearhrane cuerent had ended. A a flash (19
quaniassec sy which procuced & large essperse in darkness, produced smalier responses follning i
adapting light (209 quenta“sec/win®). After the adapting boht was extinguished, flasn-sensitvily was
wmporarihy depressed even though the membraas curret had ended. Duiing thiy secording
approxincately onc-halt of the outer cegments was deann inro the cechrcde. Under theie conditinns
Rua = R pAanct iy = 6.1 guantasem?, B a 200 adanting light (1260 quantas sec/um?) ended 25 the
rouord began. Aalthough the membrate current ended quiokiv, electrics! noise (arrows) Jid not reappear
UREL IS NOte suppioasion foliowing adapraton is =hae ovidens i Eig, 1B, Saree cell o in Fig. 18,
Coa 20 oce adanting Light {3 6 log Quania s v’} was £ x'.mguxshec. Sixiy secondds atter th2 membrane
catrent hao onded s Rash (S0 quasta’sec: gmd) produced o current witah peaked soonet (uabroken hine)
i s cquai-amphitwde carvent prodeced 1wo miautcs taee by another fiash (9.28 quisnta/sec/am?). For
ais el R+ 284 0 apd 3 1 60 quantas g,
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that nottinese m the membrane current is supnrcssed in darkness iong w'ter the
photorurrent has ¢nded, ang Fig. 2C shows tha: the flash response elicited in
darkmss afier the rmhotocurrsst's end, peaks anc decays sooner than an squal-
ampiiiude resporse elicited afier “he outer segment 1as dark-adapied. Thus, cach of
the agapiatioe effects which occiirs during steady illumination persists in darkness
atter excitarion hag endec.

One interpretation of these offects is that internal transmitter descnsitizes the
otiter segment’s membrane just a< cther chemical transmitters densernsitize their
postsynaptic targets {183, In borh cases the reductions in seasitivity persist afier the
transmitier has begen remuved. Despite this and other similaritics betweer
adapianion and desensitization, however, therz is an important difference between
these wo effects which underscores an intzresting pronerty of outer segient

arlaptation. Although desensitization produces a refractoriness in the posisynaptic
cell so that, in the limiting case, additionzl transmitter has nc effect, «daptation
altery the sensitivity of the outer segment without gctually causir 2 the membiran2 10
becorne :efractory. Titus, an outer segment which can produce a 20 pA current in
darkness can aiso produc a 20 pA cuirent baiight, but in the latter casc a portion nf
thie nhotocurrent will represent the cell’ resporse ‘o the acapting hight. Adaptation
does not diminish the outer segreent’s capacity to oroduce photocurrent. Rather, ot
adjusts the cell’s sensiiivity s0 ihai brighter lights are needed 1o preduce an
incremental cesponse,

Since adaptatioa does nnt lunit the photocurrent which the cuter wegment et
mroduce, @ must not scwally inactivate the receptor sites within the membiane, s
densensitization apparently does Inaead. adap ation peabaniy diniiishes the
araount of iuteeal trassinitter which s codeaied by the dia wnen ey absorh
photenr-. The precise bass for this effect 1 vkown, but §t b, phonible, oy oihoers
bave suggested [, that adaptation’s atfects withiv the guter wogeioni e medintod
by a second forin of internal transmitter, whick spreads amonn the disks and aiters
heir production and refease of juternal transmitter, The nreseni resydi, ihal
adaptation persists fonger in darkness tharn excitation, could then be explained by
postulating that the cdaptation transieiiter survives longer in daihrncss than the
internal transmitter waich produces photoousrent.
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