
before cell breakdown, and (ii) in in- 
dividual cells and slides there may be 
both: areas having free acid phosphatase 
and areas having intact lysosomes. Our 
evidence suggests that acid phosphatase 
is liberated at the moment of cell break- 
down by rupture of the lysosomes. 
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hybrids between these species and 
they segregate in second-generation 
and backcross hybrids, as expected of 
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genetic study suggests that shifts ob- 
served 'in the absorption spectra max- 
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substitutions of amino acids in the 
visual proteins. 
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served 'in the absorption spectra max- 
ima of visual pigments are related to 
substitutions of amino acids in the 
visual proteins. 

The visual pigments are proteins 
conjugated with a carotenoid prosthet- 
ic group known variously as vitamin 
A aldehyde, retinene, or retinal (1). 
The absorption spectra of visual pig- 
ments depend in part upon the pros- 
thetic group, which is either retinene-1 
or retinene-2. Either retinene can com- 
bine with the appropriate protein 
(opsin) to form a visual pigment. 
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Hence, for every opsin, there is a 
pair of visual pigments; a mathemati- 
cal relation between the wavelengths 
of maximum absorbance (,max) of 
such pairs has been described by Dart- 
nall and Lythgoe (2). Many spectrally 
distinct visual pigments have been ex- 
amined, and two series have been de- 
scribed, one based on retinene-1 (2) 
and another on retinene-2 (2, 3). The 
differences within each series are be- 
lieved to depend on variations in the 
structure of the opsins (4). However, 
little is known about opsins as pro- 
teins because their low concentration 
and insolubility make standard bio- 
chemical study difficult (5). 

The visual pigments of the trout- 
like fishes called chars (family Sal- 
monidae, genus Salvelinus) have re- 
cently been investigated by the method 
of partial bleaching (6). The brook or 
speckled char, Salvelinus fontinalis 
(Mitchill), has a retinene-1 pigment 
with a Amax of 503 ? 1 m/. The 
lake char, S. namaycush (Walbaum), 
has a different retinene-1 pigment with 
a Amax of 512 ? 1 m/z. In addi- 
tion, they also have the correspond- 
ing retinene-2 pigments. Fertile hy- 
brids between these species can be 
produced by artificial fertilization and 
these hybrids are called "splake" (from 
speckled X lake). The first-generation 
hybrids (Fl splake) appeared to have 
both parental retinene-1 pigments, 
together with the corresponding reti- 
nene-2 pigments (6). This evidence 
suggested that these pigments are in- 
herited with codominance, in the same 
way as human M,N blood antigens 
are, but the hypothesis was uncer- 
tain because the visual pigments were 
studied only in retinal extracts from 
several animals and not in individ- 
ual fish. Furthermore, the analysis of 
four visual pigments mixed together 
in the same extract is extremely 
difficult. 

We have obtained additional ma- 
terial, including F1 splake, second- 
generation hybrids (F2 splake), and 
the backcross progeny of F1 splake 
and brook char parents (7). The ret- 
inas of individual dark-adapted fish 
were frozen in 4-percent potassium 
alum solution and then stored at -20?C 
until used. Each opsin can be repre- 
sented in two forms (as the retinene-1 
and retinene-2 pigments), but the 
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Number of fish 

5032 pigment 503, + 512x 512, pigment 

Brook char 
7 0 0 

Lake char 
0 0 19 

F1 splake 
0 12 0 

F2 splake 
4 8 3 

Backcross (F1 X brook char) 
8 7 0 
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only (8). The frozen retinas were 
thawed, centrifuged to remove the 
alum solution, and washed twice with 
distilled water and once with 0.15M 
phosphate buffer (pH 6.5). They 
were extracted with 0.5 ml of freshly 
prepared 2 percent digitonin and 
treated with high-frequency sound to 
disrupt the visual cells. After centrifu- 
gation the supernatant extract was 
bleached exhaustively with orange 
light (610 miy), which is not absorbed 
by the products of bleaching. To the 
bleached extract was added 0.02 ml 
of a solution of 11-cis retinene-1 in 
digitonin (9), and regeneration pro- 
ceeded in darkness for 2 hours at 
25?C. The regenerated extract was 
mixed with 0.02 ml of 0.8M neutral 
hydroxylamine solution to inactivate 
any excess retinene and was buffered 
with 0.05 ml of saturated sodium bo- 
rate (final pH, 8.3 to 8.8). 

The extracts were analyzed by the 
method of partial bleaching (10). In 
every experiment the photosensitive 
pigment was bleached in three stages 
(Fig. 1). The difference spectra of the 
regenerated retinene- 1 pigments of 
both brook and lake char are identi- 
cal to the difference spectra of the 
retinene-1 pigments obtained in sepa- 
rate experiments performed without 
prior bleaching and regeneration (Fig. 
2). This shows that 11-cis retinene-1 
is the visual isomer in these species. 
The experiments with retinal extracts 
of hybrid fish were all performed in 
the same way. The procedure gives 
three criteria for determining whether 
each extract contains a mixture of the 
two retinene-1 pigments (Amax 503 and 
512 m/t), or either pigment alone. As a 
consequence of the difference in Amax of 
these pigments, the 5121 pigment is 
more sensitive to red light. An expo- 
sure to red light bleaches extracts of 
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Fig. 1. Partial bleaching experiments with retinal extracts of three individual F, splake. 
Curve 1, absorbance spectrum of each extract following regeneration with 11-cis 
retinene-l; curve 2, after 2-minute exposure to 660-muA light; curve 3, after 10-minute 
further exposure to 660-m,u light; curve 4, after 6-minute exposure to 610-mt light. As 
indicated, the extracts contained a mixture of the retinene-l visual pigments absorbing 
at wavelengths of 503 and 512, or either pigment alone. The proportions of the total 
pigment bleached at each stage reflect the greater sensitivity of the 5121 pigment to 
660-m,u light. 

the 5124 pigment more completely than 
it does the mixed extracts or those of 
the 5031 pigment alone. (i) The na- 
ture of the extract is clearly indicated 

by the fractions of the total pigment 
that are bleached at each stage in the 
standard experiment (Fig. 1). (ii) 
Each extract can be assigned to one 
of the parental types or to an inter- 
mediate group (mixture) by compar- 
ing the total difference spectra, result- 

ing from all bleaches taken together, 
with the difference spectra of the pure 
parental retinene-1 pigments (Fig. 2). 
(iii) The presence of either pigment 
alone or of a mixture of the pigments 
is shown by plotting the individual 
difference spectra resulting from each 
bleach. When either pigment is pres- 
ent alone, the difference spectra are 
all alike; with a mixture, the differ- 
ence spectra shift in position as the 

experiment proceeds. The combination 
of these three criteria makes the final 
assessment secure. 

The occurrence of the 503, and 

512, pigments in individual brook and 
lake chars and the various hybrids is 

presented in Table 1. In the F1 genera- 
tion each individual contains both 
parental pigments. The FR splake have 
either visual pigment alone or a mix- 
ture of both. Backcrosses between F1 
splake and brook char contain either 
the 503, pigment or a mixture of 503, 
and 5121 pigments. The results fit a 
ratio of : 2: 1 for the F, generation 
and : I for the backcross. 

The genetic data indicate that there 
is a single-factor difference between 
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the visual pigments of brook and lake 
char. A lack of dominance is shown 

by the presence of both pigments in 
the heterozygotes. Most of the hybrid 
fish were immature and their sex was 
not determined, except for nine back- 
cross animals, but the available data 

suggest that the inheritance is not sex- 
linked. The pattern of segregation is 
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Fig. 2. Total difference spectra of regen- 
erated retinene-1 visual pigments of three 
individual F, splake. Each curve is equiva- 
lent to the difference between curves 1 and 
4 of Fig. 1, replotted on a percentage scale. 
Solid line, from an extract containing only 
the retinene-1 pigment absorbing at a 
wavelength of 512; dashed line, the 5031 
pigment alone; and dotted line, a mixture 
of these pigments. Open circle (0), differ- 
ence spectrum of visual pigment 512, of 
lake char; crosses (x), difference spectrum 
of visual pigment 503, of brook char. 

typical of a codominant allelic pair 
and extends this type of inheritance 
to the proteins of visual pigments. 
Multiple alleles probably exist, for the 
retinene-1 pigment of the closely related 
arctic char, Salvelinus alpinus (Wal- 
baum), has a XAax of 509 mtu (6). 
The visual pigments of hybrids be- 
tween this species and other chars have 
not yet been examined. We suggest 
the genetic symbols Op503', Op"09, and 
Op512 for the alleles that determine the 
opsins of S. fontinalis, S. alpinus, and 
S. namaycush, respectively. This no- 
menclature is based on the combina- 
tion of the opsins with retinene-1 
rather than retinene-2. 

The results of this study touch on 
the relation between the structure of 
opsins and the spectral characteristics 
of visual pigments. Dartnall and Lyth- 
goe (2) found that the known visual 
pigments do not form a continuous 
distribution with respect to X,max, but 
cluster instead about certain wave- 
lengths, and Bridges (3) demonstrated 
independently the existence of a series 
of "preferred positions" for retinene-2 
pigments. Dartnall and Lythgoe (2) 
have suggested that the resonance of 
retinene is affected by the adjacent 
charge distribution on the opsin mole- 
cule. The experiments with hybrid 
chars show that a single-factor differ- 
ence produces a sizable "jump" in 

X,,,,l from 503 to 512 myA. How 

might this genetic difference be ex- 
pressed in the opsin molecule? Prob- 
ably it is represented by the substitu- 
tion of a single amino acid in a poly- 
peptide. Possible specific mechanisms 

might be the alteration of a polar side 
chain of an amino acid or a changed 
spatial configuration of the opsin mole- 
cule. In either case, this substitution 
might disturb the resonant frequency 
of the retinene sufficiently to account 
for the observed change in X,Aax of 
the visual pigment. 

WILLIAM N. MCFARLAND 

Division of Biological Sciences, 
Cornell University, Ithaca, New York 

FREDERICK W. MUNZ 

Department of Biology, University of 
Oregon, Eugene 97403 

References and Notes 

1. We prefer to reserve for "retinal" its mean- 
ing "of the retina" and shall, therefore, em- 
ploy "retinene" for the prosthetic group. 

2. H. J. A. Dartnall and J. N. Lythgoe, Vision 
Res. 5, 81 (1965); in Colour Vision: Physi- 
ology and Experimental Psychology, A. V. S. 
de Reuck and J. Knight, Eds. (Churchill, 
London, 1965) pp. 3-21. 

3. C. D. B. Bridges, Nature 203, 303 (1964); 
Vision Res. 5, 223 (1965). 

SCIENCE, VOL. 150 

l- 

\- 
\ 

L . - 
\ '.\ 

\x 

I- 



4. H. J. A. Dartnall, The Visual Pigments 
(Methuen, London, 1957), pp. 178-180; G. 
Wald, in Visual Problems of Colour, National 
Physical Laboratory Symposium No. 8 (Her 
Majesty's Stationery Office, London, 1958), 
vol. 1, pp. 12-17. 

5. H. J. A. Dartnall, in The Eye, H. Davson, 
Ed. (Academic Press, New York, 1962), vol. 
2, pp. 427-459. 

6. F. W. Munz and W. N. McFarland, Nature 
206, 955 (1965). 

7. We are deeply grateful to Dr. F. E. J. Fry, 
Dept. of Zoology, University of Toronto, for 
his generous assistance in this project. Hybrid 
fishes that had been produced for other 
studies were made available to us through the 
courtesy of the Hybrid Unit of the Research 
Branch, Ontario Dept. of Lands and Forests, 
and of Dr. D. A. Webster, Dept. of Conser- 
vation, Cornell University. 

8. Our experimental design is based on the re- 
generation method developed by G. Wald, 
P. K. Brown, P. H. Smith, J. Gen. Physiol. 
38, 623 (1955), in their investigation of 
chicken visual pigments. Fof other studies 
of visual-pigment regeneration, see also: 
G. Wald and P. K. Brown, Proc. Nat. 
Acad. Sci. U.S. 36, 84 (1950); - , J. Gen. 
Physiol. 35, 797 (1952); R. Hubbard and 
G. Wald, ibid. 36, 269 (1952); and G. Wald 
and P. K. Brown, Nature 177, 174 (1956). 

9. Obtained from Fisher Scientific Company. 
The digitonin solution was made up in 
0.15M phosphate buffer (pH 6.5) and the 
retinene was present in excess. 

10. F. W. Munz and D. D. Beatty, Vision Res. 
5, 1 (1965). 

11. Supported by PHS grant NB 02588. We thank 
Shirley Schwanzara for technical assistance 
and C. W. Clancy, H. J. A. Dartnall, and 
A. D. Keith for criticism of the manuscript. 

19 July 1965 

Decision Theory in Studies 

of Discrimination in Animals L 

The work of Boneau, Holland, and 
Baker on wavelength discrimination in 
the pigeon (1) shows clearly that the 
tendency to respond to stimuli in which 
reward is never available is increased 
on trials immediately following reward. 
However, there was little if any de- 
crease in the ability of the pigeon to 
respond differentially to closely spaced 
wavelengths, despite this general in- 
crease. The authors say they "can only 
describe the effect somewhat inexactly 
as a change in response bias." 

I would like to suggest that their 
data are entirely consistent with an 
application of decision theory to the 
detection or recognition of stimuli in 
psychophysical experiments with hu- 
man subjects. In this theory (2) the in- 
ternal effects of stimuli are represented 
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I would like to suggest that their 
data are entirely consistent with an 
application of decision theory to the 
detection or recognition of stimuli in 
psychophysical experiments with hu- 
man subjects. In this theory (2) the in- 
ternal effects of stimuli are represented 

as Gaussian distributions of equal vari- 
ance. When two stimuli differ physi- 
cally by very little, their distributions 
overlap, and the observer is viewed 
as having to decide which distribution 
gave rise to his observation on a par- 
ticular trial. In order to maximize ex- 
pected value, he must weigh the prob- 
abilities and values of the outcomes 
and establish a criterion observation 
level, above which he always makes a 
certain response. The theoretical prob- 
ability of response to a stimulus is giv- 
en by the area under its distribution 
above the criterion. As the criterion 
varies, the probabilities of correct and 
incorrect responses covary according 
to a receiver-operating-characteristic 
(ROC) curve. This function has a 
parameter called d' which is equal to 
the difference between means of the 
distributions divided by their standard 
deviation. Invariance of d' under vari- 
ous experimental manipulations indi- 
cates that the discriminability of the 
stimuli has not changed, while the par- 
ticular values of the response probabili- 
ties reflect the criterion level as well 
as discriminability. 

If more than two stimuli are pre- 
sented, as in the work of Boneau et al., 
the theoretical probability of response 
to each stimulus is given by the area 
under its distribution which exceeds the 
criterion. If that criterion is lowered, 
response probabilities are increased. If 
these sets of response probabilities are 
plotted against each other, a curve of 
ROC form results, in which the pa- 
rameter reflects the amount by which 
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In order to apply this theory to the 
data of Boneau et al., I took the prob- 
abilities of responding to the stimuli in 
which rewards were never available 
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Fig. 1. Probability of response of two 
birds (1, figs. 1 and 2) to stimuli in which 
rewards are never available on trials im- 
mediately following reward (To + 1) 
plotted against probability of their re- 
sponse to the same stimuli on trials im- 
mediately preceding reward (To - 1). 
For description of theoretical curve, see 
text. 

Both birds' data are reasonably well 
described by the curve. 

It is by no means clear that decision 
theory is applicable in detail to operant 
discrimination experiments of this sort. 
In particular, we cannot evaluate re- 
wards, the effort involved in respond- 
ing, and the consequences of unre- 
warded responding in terms which 
make the maximization of expected 
value meaningful. However, the theory 
has been useful in integrating work 
on threshold processes in human psy- 
chophysics, and it may be fruitful in 
studies of animal discrimination per- 
formance as well. At the least, it may 
provide a technique for evaluating the 
effects of rewards on response bias. 
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