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ABSTRACT 

I n p s y c h o p h y s i c s ,  th e e f f e c t s o f  l i gh t  b a c k g r o u n d s an d 
pho top igmen t  b leach in g ca n b e equate d i n a  va r ie t y o f  s i t ua t i on s 
involvin g sens i t i v i t y ,  f l i c ke r ,  an d th e sub jec t i v e pe rcep t i o n o f 
br igh tness .  We hav e inves t iga te d suc h poss ib l e equ i va lence s a t 
th e s i n g l e u n i t  l e ve l  t h r o u g h i n t r a c e l l u l a r  r e c o r d i n g s f r o m 
v e r t e b r a t e r o d s .  A t  a  g i v e n l e v e l  o f  b a c k g r o u n d o r  b l e a c h i n g 
adapta t ion ,  ve r tebra t e rod s respon d w i t h cha rac te r i s t i c  w a v e f o r m s 
t o b r i e f  f l a s h e s o f  l i gh t  o f  i n c r e a s i n g i n t e n s i t y .  Th e p e a k 
r e s p o n s e s ca n b e p l o t t e d v s .  f l a s h i n t e n s i t y t o g i v e a  r e s p o n s e 
curv e i n e a c h s t a t e o f  a d a p t a t i o n .  T w o c o n s e q u e n c e s o f  l i g h t 
a d a p t a t i o n a r e a  s h i f t  t o h i g h e r  l i g h t  i n t e n s i t i e s a n d a 
c o m p r e s s i o n o f  t h e r e s p o n s e c u r v e .  W e h a v e b e e n a b l e t o 
e s t a b l i s h e q u i v a l e n c e s i n s i n g l e u n i t s b e t w e e n b l e a c h i n g an d 
b a c k g r o u n d s i n t e r m s o f  t h r e s h o l d e l e v a t i o n a n d r e s p o n s e 
c o m p r e s s i o n .  M o r e o v e r ,  w e h a v e f o u n d tha t  s u c h e q u i v a l e n t 
(background ,  b leach ing )  pa i r s hav e s im i la r  respons e cu rves .  Bu t 
thes e r e s p o n s e c u r v e s a r e d i r e c t  m e a s u r e s o f  s t i m u l u s f l a s h 
i n t e n s i t y .  B a s e d o n t h e c l o s e p a r a l l e l s b e t w e e n t h e 
p s y c h o p h y s i c a l  a n d t h e n e u r o p h y s i o 1  o g i c a 1  e q u i v a l e n c e s o f 
b leachin g an d backg rounds ,  w e there fo r e propos e tha t  b r i gh tnes s 
percept io n i s med ia te d b y th e pea k response s o f  p h o t o r e c e p t o r s . 
I t  i s  no t  o f t e n tha t  b e h a v i o r a l  o b s e r v a t i o n s ca n b e t r a c e d b a c k 
t o th e neurona l  mach ine r y an d th e latte r  sugges t  psychophys i ca l 
test s wh ic h ca n fur the r  c lar i f y b r igh tnes s equ iva lenc e re la t i ons . 
Thi s approac h i s d iscusse d i n th e l igh t  o f  ou r  r e s u l t s . 

Introduct ion ; 

A major aspiration of neuroscience is to relate 

psychophysical and behavioral observations to the underlying 

neuronal machinery. Correlations with complex functions, such as 

memory, are difficult to come by- We are better off with 

adaptation and brightness perception which are considered in this 

paper . 

Light adaptation is a fascinating phenomenon. We can see 

the light from a faint star in the night sky and we can see 
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o b j e c t s s o m e 1 0 ^ 2 t i m e s a s b r i g h t  i n f u l l  s u n l i g h t .  W h e n th e 

ambient light level changes it takes time to adapt to it and the 

bigger the change, the longer it takes. At any given level of 

background light our visual system only operates over some three 

orders of magnitude of light intensity. This is the operating 

range of the photoreceptors, as well as of the neurons at the 

various stages of the visual pathway. The neuronal input-output 

ranges can be modulated somewhat through biochemical changes and 

through the interplay of excitation and inhibition. But they 

cannot be shifted over the enormous intensity- range over which 

light adaptation operates. Moreover, as a general principle, 

there cannot be responses at any one stage of a serial 

information system to responses outside the range of a preceding 

stage. We must therefore conclude, as the signal is transmitted 

from photoreceptors to ganglion cells, LGN and cortex, that the 

capability for shifting the operating range over the adaptive 

range must reside in the photoreceptors (Leibovic, 1971, Dowling 

& Ripps, 1972). 

Hecht (1937) had proposed a chemical basis for visual 

transduction and adaptation. In agreement with his ideas, the 

state of photopigment bleaching does affect adaptation, but not 

in the way he had envisaged. Nor is adaptation determined solely 

by the bleached pigment. It also depends on a biochemical cycle 

mediating transduction and affecting membrane conductance in a 

series of steps involving Ca"*"*" and cGMP which have yet to be 

fully elucidated. 

Crawford (1947) showed how background light and pigment 

bleaching both affect the state of adaptation, and he introduced 
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th e not io n o f  a n equ i va lenc e be twee n backg round s an d b leach in g i n 

terms of threshold elevation. This equivalence has been amply 

confirmed in a variety of different experimental situations 

(Rushton 1962). In particular, it has been extended to the 

perception of brightness: Barlow and Sparrock (1964) have shown 

that the apparent brightness of a bleached retinal area is the 

same as that of the background which elevates the visual 

threshold by the same amount. 

If light adaptation is indeed mediated by photoreceptors, 

how do their responses correlate with the psychophysical findings 

and what measure of these responses can be assigned to brightness 

perception? We have addressed these questions by recording the 

intracellular responses of the rods in the isolated retina of 

Bufo marinus. In particular we have investigated the effects of 

backgrounds and bleaching on thresholds and response amplitude. 
* 

The s t i m u l u s w a s a  10 0 m s e c f l a s h .  A  b a c k g r o u n d o f  a  g i v e n 

intensity could be projected onto the retina, and bleaching of 

the photopigment could be accomplished by exposing the retina to 

a timed, intense background light. The materials and methods 

have been described fully elsewhere (Leibovic, Dowling, Kim: in 

preparation) . 

Clearly there are species differences and we know that, for 

example, the rods of rats adapt differently from those of frogs. 

Nevertheless, there are similarities among all vertebrate rods 

and, as we shall see, the results on Bufo bear quite a 

resemblance to psychophysical data. 
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Buf o Ro d R e s p o n s e s ; 

A typical series of intracellularly recorded rod responses 

to flashes of increasing intensity is shown in Figure 1. At high 

7 7 5 >/~6. 5 y -5 . 5 - 4 5 - 2 . 5 

Peak 
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F igu r e i :  Response s o f  a  dar k adapte d ro d t o lOOmse c f lashe s o f 
i nc reas in g i n t e n s i t y . 
I n s e t :  Th e p e a k r e s p o n s e s ( m V )  a r e p l o t t e d v s .  r e l a t i v e 
f l a s h i n t e n s i t y (I p =  n e u t r a l  d e n s i t y o f  f l a s h i n lo g 
u n i t s ) .  A t  h i g h i n t e n s i t i e s th e p e a k an d p l a t e a u o f  th e 
r e s p o n s e g i v e r i s e t o t w o b r a n c h e s o f  th e c u r v e .  Th i s i s 
th e "opera t in g curve" . 

intensities the response waveform develops a spike and a plateau 

before relaxing back to baseline. The response amplitude cannot 

increase indefinitely, but saturates at some level. The flash 

intensity producing the smallest detectable response (in 

practice, a criterion response of 1/2 mV or 1 mV) is the 

threshold intensity. 

Both threshold and saturated response amplitude depend on 

the state of adaptation. Two consequences of either bleaching or 

background adaptation are a shift of the threshold to higher 

248 



DA Threshol d 

25 0 

S e c o n d s 

Figure 2: Threshold Recovery when a Background is turned ON and 
OFF: 

at  N.D .  -5. 5 th e l i gh t  w a s t u r n e d o f f  a f t e r  d i f f e r e n t 

response . 
The o r i g i na l ,  dar k adapte d thresho l d o f  th e cel l s w a s Lo g I p 
= - 7 . 5 .  Th e e s t i m a t e d f r a c t i o n o f  p i g m e n t  b l e a c h e d a t  th e 
te rmina t io n o f  l igh t  exposur e wa s les s tha n 0.0 2 u p t o I g = 
-4. 5 an d a b o u t  .0 7 a t  I g -  - 3 . 5 ,  w h e r e I g i s th e N.D .  o f  t h e 
background . 

N.D .  i s s h o r t  fo r  th e l o g o r i t h m o f  n e u t r a l  d e n s i t y 
at tenua t  io n . 

N O T E: 
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l igh t  i n t ens i t i e s an d a  r e d u c t i o n o f  th e sa tura te d a m p l i t u d e .  I n 

fact, all response amplitudes are reduced. This can be displayed 

in the "operating curve", a graph of peak amplitude versus flash 

intensity for stimuli from threshold to saturation at each level 

of adaptation, illustrated in the inset to Figure 1. 

Effects of Backgrounds on Thresholds; 

When a background is projected onto the retina the 

intracellular threshold response falls rapidly from an initially 

high level to a lower value. When the background is turned off 

the threshold again falls rapidly to the dark adapted value, 

unless some measurable fraction of the pigment has been bleached, 

in which case the final threshold is elevated, depending on the 

amount bleached. This is quite analogous to the psychophysical 

observations. Our data are shown on Figure 2 for three different 

backgrounds. The complete range of threshold elevations is about 

five orders of magnitude (5 log units) of light intensity. This 

is comparable to the range of some 6 orders of magnitude for the 

scotopic range of human vision. 

The steady state threshold elevation of Bufo rods in the 

presence of a background is shown in Figure 3. Again there is a 

close parallel with psychophysical results. At low background 

intensities the threshold is close to the dark adapted value. As 

the intensity rises the threshold becomes proportional to the 

square root of the background. This is precisely what one would 

expect for the detection of a signal in the presence of noise 

(see e.g. Leibovic 1972 p. 114). At still higher intensities, 

threshold is proportional to background (Weber-Fechner rule in 

psychophysics). 
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F i g u r e 3. :  T h e o r d i n a t e 
i s t h e t h r e s h o l d 
e l e v a t i o n a b o v e th e d a r k 
a d a p t e d t h r e s h o l d i n 

u n i t s o f  N . D .  T h e 
a b s c i s s a i s th e r e l a t i v e 
b a c k g r o u n d i n t e n s i t y i n 
u n i t s o f  N.D , 

We ca n se e tha t  t h e r e a r e c l o s e s i m i l a r i t i e s b e t w e e n 

psychophysics and these single photoreceptor responses with 

regard to threshold elevation due to backgrounds. 

Effects of Bleaching on Thresholds: 

There is essentially no pigment regeneration in the isolated 

retina. Therefore it is an ideal preparation for studying 

bleaching. Our data for threshold elevation as a function of 

bleaching are shown in Figure 4. Up to almost 20% bleaching. 
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F i g u r e 4 :  T h e o r d i n a t e 
i s th e s a m e a s i n F i g u r e 
3 .  T h e a b s c i s s a i s th e 
b leache d p e r c e n t a g e .  Th e 
l o w e r  c u r v e i s t h e 
t h r e s h o l d e l e v a t i o n du e 
t o t h e r e d u c e d p h o t o n 
a b s o r p t i o n s i n t h e 

p r e s e n c e o f  b l e a c h e d 
p i g m e n t .  I n f a c t ,  th e 
t h r e s h o l d e l e v a t i o n i s 
m u c h g r e a t e r ,  s h o v i n g 
t ha t  i t  i s  no t  s i m p l y du e 
t o t h e p r e s e n c e o f 
b leache d p i g m e n t . 

I n s e t :  T h r e s h o l d 
equ iva len t  I g an d B .  Fo r 
e a c h p o i n t  o n th e c u r v e , 
I n an d B  h a v e th e s a m e 
t h resho ld . 

B % —-

t h e t h r e s h o l d r i s e s l i n e a r l y a n d t h e r e a f t e r  i t  r i s e s 

exponentially. The linear region has not been reported 

previously, perhaps due to the difficulties of accurate 

measurement and the scatter of the data points. If there were 

fewer data points in that region on our graph, one might have 

been tempted to simply draw a straight line through the points, 

which would have implied an exponential relationship over the 

whole range. The value of the exponent depends on the range of 

thresholds covered. Thus, Rushton (1962) used an exponent of 20 

(see his Figure 3) on a graph that has a maximum threshold 

elevation of log 20. But this is an extrapolation. The actual 
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t h r e s h o l d s h e m e a s u r e d o n l y w e n t  u p t o a b o u t  lo g 7 .  T h u s ,  th e 

differences between our data and psychophysics may be more 

apparent than real. In any event, the qualitative similarities 

are close. 

Effects of Background and Bleaching on Saturated Amplitude: 

When we measure the saturated amplitudes, firstly in the 

dark adapted cell, secondly in the presence of a known background 

and thirdly after bleaching a given fraction of pigment, we can 

find the reduction of the saturated response in the last two 

conditions. Our data are shown in Figures 5 and 6. The points 

on these Figures are mean values obtained from the raw data. 

These Figures establish a relation between bleaching and 

backgrounds at the upper end of the operating curve, just as 

Figures 3 and 4 establish a relation at the lower end. 

Is there any connection between these relations? 

Equivalences between Backgrounds and Bleaching; 

We can establish an equivalence between backgrounds and 

bleaching with respect to either thresholds or amplitues: Given 

a threshold elevation Al-f we can find a background Ig and a 

bleached fraction B which produce this threshold elevation. We 

write this equivalence as: 

A I 
I g ^  B (1 ) 

We ca n s imi lar l y es tab l i s h a n equ iva lenc e 

A 
Ig^s ^  B (2 ) 

w h e r e A  i s th e r a t i o o f  th e s a t u r a t e d a m p l i t u d e i n th e p r e s e n c e 

253 



o f  th e b a c k g r o u n d I g o r  d u e t o t h e b l e a c h e d f r a c t i o n B  t o th e 

saturated amplitude of the dark adapted cell. 

1.0 

. 8 

. 6 

4 

- 8 - 6 

Log l e 

- 4 - 2 20 4 0 6 0 

%B • 

80 m 

F igu r e 5. :  A m p l i t u d e 

r e d u c t i o n v s .  backg round . 
See tex t  fo r  de ta i l s . 

F igur e 6 :  A m p l i t u d e 

reduc t i o n v s .  b leach ing . 
See tex t  fo r  de ta i l s . 

I n th e s imp les t  cas e th e tw o equ i va lence s ar e th e same .  I n 

other words, if Igj and Bj produce the same threshold elevation 

All then they also give rise to the same amplitude reduction Aj. 

The inset on Figure 4 plots the (ig.B) equivalence with 

respect to threshold elevation derived from the curves of Figures 

2 and 3. These points are replotted as the open circles on 

Figures 5 and 6 as follows: From the (Ib.B) equivalence, log l^= 

-4 corresponds to B = 54%. The open circles on Figures 3 and 4 

with abscissae -4 and 54 respectively are then positioned as 

closely as possible to the experimental data to yield the same 
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v a l u e o f  A  i n th e t w o F i g u r e s ,  w h i c h i s 0.2 5 i n t h i s c a s e .  T h e 

other open circles are obtained similarly. The curves on Figures 

4 and 5 are drawn by hand and it can be seen that they are close 

to the open circles as well as to the experimental points. Thus, 

the (Ig,B) pair with the same value of Al also has the same 

value of A. This implies a close agreement between the 

equivalences (1) and (2). 

The agreement between the equivalence relations can also be 

demonstrated by a statistical procedure (Leibovic et al., in 

preparation). The result is the same. We therefore accept the 

proposition that the two equivalences coincide. But, if this is 

the case, then do the equivalences at the beginning and end of 

the operating curves extend also to the complete curve? More 

precisely, suppose the thresholds and saturated amplitudes 

coincide on the operating curves for a given background Ig and a 

given bleached percentage B. Do the curves then coincide 

everywhere? 

Figure 7 shows this to be the case. In view of the 

statistical variability of the data evident in Figures 2 to 5, 

the (lg,B) pair with coincident operating curves will not 

necessarily correspond to the exact pair on the inset of Figure 

4. The significant point is that if a particular (Ib,B) pair 

have the same threshold, they have the same saturated amplitude 

and the same operating curves. 

Some Implications for Psychophysics: 

Equivalent effects of bleaching and backgrounds were first 

established in psychophysics. It is now evident that there are 

equivalences operating at the cellular level as well. We have 
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mV 

LLBlHI . ^  L '  O p e r a t i n g 
c u r v e s f o r  a  c e l l  i n th e 
dar k adapte d stat e (  A  ) , 
i n th e p r e s e n c e of a bac k 

- g r o u n d o f  N.D .  - 5 ( •  ) 
an d a f t e r  b l e a c h i n g 
a p p r o x i m a t e l y 1 5 % ( o ) . 
N o t e th e c o i n c i d e n c e o f 
th e c u r v e s f o r  N.D.- 5 an d 
1 5 % b l e a c h i n g .  S i m i l a r 
resu l t s we r e obta ine d fo r 
o t h e r  ( I g .B )  p a i r s u p t o 
b a c k g r o u n d N.D .  -3. 5 an d 
7 0 % b leach ing . 

d e m o n s t r a t e d tha t  th e ro d th resho l d i n Buf o ca n b e e levate d som e 

5 or 6 log units before rising to saturation. This is the same 

as the psychophysica 1 ly measured range in scotopic vision. At 

low background intensities the rod threshold obeys the Rose-de 

Vries rule and at higher intensities the Weber-Fechner rule, just 

like psychophysical threshold. In bleaching adaptation the rod 

threshold varies exponentially with the bleached fraction just as 

the psychophysical threshold, although the value of the exponent 

is different, in part at least due to the treatment of the data: 

in psychophysics too the value of the exponent differs in 

different experimental situations. 

The compression of the rod responses due to adaptation is 

analogous to the fading of rod vision under photopic conditions. 

Finally the equivalence between bleaching and backgrounds 

extends to the complete rod operating curve at any level of 
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a d a p t a t i o n .  T h i s r e s u l t  i s  e s p e c i a l l y i n t e r e s t i n g .  F o r ,  t h e 

o p e r a t i n g c u r v e p l o t s th e p e a k r e s p o n s e s t o f l a s h e s o f  l i g h t . 

Eac h f las h in tens i t y i s assoc ia te d w i t h a  g i ve n pea k respons e a t 

an y leve l  o f  adap ta t i on .  Ther e i s the re fo r e a  1- 1 c o r r e s p o n d e n c e 

b e t w e e n l i gh t  i n t e n s i t y an d pea k r e s p o n s e .  A  g i v e n ( I g , B )  p a i r 

w h i c h i s e q u i v a l e n t  w i t h r e s p e c t  t o t h r e s h o l d a l s o r e s u l t s i n 

equa l  p e a k r e s p o n s e s t o a  f l a s h o f  l i g h t .  T h i s i s th e c e l l u l a r 

c o u n t e r p a r t  o f  th e e q u a l  a p p a r e n t  b r i g h t n e s s o f  a  t h r e s h o l d 

equivalen t  ( ig.B )  pa i r . 

Can t h e r e b e a n o t h e r  f e a t u r e o f  th e r e s p o n s e w h i c h c o u l d 

s i gna l  e q u i v a l e n t  b r i g h t n e s s ? I f  s o ,  i t  w o u l d no t  b e th e t i m e 

i n t e g r a l  o f  th e r e s p o n s e w a v e f o r m o r  an y o t h e r  t i m e d e p e n d e n t 

f e a t u r e .  A  l oo k a t  t h e d i f f e r e n t  r e s p o n s e w a v e f o r m s du e t o 

bleachin g an d background s suf f ice s t o con f i r m th is :  Th e respons e 

k inet ic s ar e s ign i f i can t l y fas te r  w i t h a  backgroun d tha n fo r  th e 

equivalen t  leve l  o f  b leach ing .  Bu t  ther e coul d b e anothe r  po in t 

on th e w a v e f o r m s i n 1- 1 c o r r e s p o n d e n c e w i t h th e p e a k r e s p o n s e 

whic h woul d serv e equal l y w e l l .  Tha t  i s poss ib le .  H o w e v e r ,  f ro m 

th e po in t  o f  v i e w o f  s i g n a l  d e t e c t i o n ,  th e p e a k r e s p o n s e i s th e 

eas ies t  t o d e t e c t  an d t r a n s m i t .  We t h e r e f o r e p r o p o s e t h a t 

b r i g h t n e s s p e r c e p t i o n i s m e d i a t e d b y th e p e a k p h o t o r e c e p t o r 

respons e . 

Our  proposa l  wou l d rece iv e add i t iona l  suppor t  i f  i t  coul d b e 

show n psychophys ica l l y tha t  no t  onl y i s th e sub jec t i v e b r i gh tnes s 

th e sam e fo r  equ iva len t  b leachin g an d background ,  bu t  a ls o tha t 

th e p e r c e i v e d b r i g h t n e s s o f  f l a s h e s o f  i n c r e a s i n g i n t e n s i t y i s 

th e s a m e ,  w h e n s u p e r i m p o s e d o n r e t i n a l  a r e a s o f  e q u i v a l e n t 

bleachin g an d background . 
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I f  t h e p e a k p h o t o r e c e p t o r  r e s p o n s e c o n v e y s b r i g h t n e s s 

information, we may ask what information is contained in the rest 

of the complex response waveform? It is a long lasting response 

which generates a visual persistence, a form of short term 

memory, which may be responsible for the perceived temporal 

continuity of the visual world. 

A final point concerns the significance of 

electrophysiological signals: The neural response waveform 

reflects underlying biophysical and biochemical mechanisms. Thus 

the various phases of the action potential are shaped by sodium 

and potassium conductance activation and sodium inactivation. 

Similarly photoreceptor responses reflect changes in the 

electrical parameters caused by light absorption and the 

transduction biochemistry of phosphodiesterase, transducin, 

cyclic GMP, calcium and other products. As we have seen here, 

certain features of the response waveform can also be correlated 

with psychophysical phenomena. Electrophysiology, therefore, 

occupies the interface between sensory and molecular events. 
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