
alternatively, differential processing of a 
thy-1 nuclear transcript giving rise to a 
second messenger RNA (mRNA) encod- 
ing a thy-1 molecule of 112 amino acids. 
Only a single thy-1 gene was observed in 
both the rat and mouse genome and only 
a single thy- 1 mRNA species of approxi- 
mately 1.85 kilobases (kb) in brain and 
thymus tissue was detected (12). This 
mRNA hybridized to a nick-translated 
DNA fragment corresponding to amino 
acids 107 to 143 of the thy-1 molecule 
(12) and thus included the extra 31 amino 
acids observed in the cDNA and geno- 
mic clones. There is no evidence for a 
second smaller mRNA encoding a 
shorter thy-1 molecule. 

The discrepancy between the DNA 
sequence data and the protein sequences 
of Williams and Gagnon (10) may be 
explained in either of two ways. One 
possibility is that, although the purified 
thy-1 molecule is 143 amino acids long, 
the hydrophobic peptide containing the 
extra 3 1 amino acids was lost during the 
preparation and purification of the pep- 
tide fragments that were used for se- 
quencing. Alternatively, the discrepancy 
between the DNA and protein data may 
reflect a processing step in which the 
newly synthesized thy- 1 molecules are 
cleaved to yield mature molecules of a 
different size. To further explore this 
possibility, "pulse-chase" experiments 
were performed as follows. Cells from a 
murine thymoma, BW5147, which ex- 
presses thy-1 on the cell surface were 
labeled with [35S]methionine for 5 min- 
utes, followed by incubation with unla- 
beled methionine for various periods of 
time. Included in these experiments was 
the compound deoxymannojirimycin 
which inhibits the cleavage of mannose 
residues from N-linked glycans of thy-1 
and consequently simplifies the patterns 
observed (13). Immunoprecipitation of 
the thy-1 molecule, with a rabbit antise- 
rum to rat thy-1 antibody (14) that cross- 
reacts with murine thy-1, revealed that 
thy-1 was initially present in two forms 
of different molecular weights and that 
within 10 minutes the larger form was 
converted to a smaller on? (Fig. 3). To 
determine whether this conversion was 
due to cleavage of the carboxyl terminal 
3 1 amino acids from the thy- 1 molecule, 
pulse-chase experiments were per- 
formed with [3H]tryptophan. Since tryp- 
tophan is present only in the carboxyl 
terminal 31 amino acids (at position 124) 
and absent from the rest of the molecule, 
cleavage of this extra 31 amino acid 
stretch would result in the production of 
an unlabeled thy-1 molecule. Although 
incorporation of [3H]tryptophan is low, 
both molecular weight forms were visi- 
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Fig. 3. Biosynthesis of thy-1 in the BW5147 
murine thymoma cell line. BW5147 cells were 
transferred to methionine- or tryptophan-free 
medium (5 x lo6 cells per microliter), incu- 
bated for 60 minutes, and exposed to 
[35S]methionine or [3~]tryptophan at a final 
concentration of 100 and 250 )~Ci/ml, respec- 
tively. After 5 minutes, nonradioactive amino 
acid was added to a concentration of 1 mM 
(zero time point). The oligosaccharide cleav- 
age inhibitor deoxymannojirimycin was in- 
cluded during the preincubation period and 
was continuously present thereafter. Samples 
(5 x lo6 cells) were withdrawn at the time 
points indicated and processed for immuno- 
precipitation. Immunoprecipitates were ana- 
lyzed by sodium dodecyl sulfate-polyacrila- 
mide gel electrophoresis (12.5 percent gel). 

ble when thy-1 was labeled with 
[3H]tryptophan (Fig. 3); furthermore, the 
thy-1 molecule was visible even after 
labeling was followed by an extensive 
chase (45 minutes in the presence of 
unlabeled tryptophan) indicating that the 
mature thy-1 molecule extends beyond 
the 112 amino acids proposed by Camp- 
bell er al. (9) and at least to amino acid 
124. Our inability to detect any other 
conversion step even after a 90-minute 
chase (data not shown) suggests that the 
mature thy-1 molecule has a size consist- 
ent with that predicted from the cDNA 

integration in the membrane is via the 
hydrophobic stretch of 20 amino acids 
present at the carboxyl terminus. 
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The Goldfish as a Retinex Animal 

Abstract. In an experiment designed to test color constancy in a situation 
comparable to that used in E. H .  Land's experiments with human observers, goldjsh 
were trained to approach a particular color within a richly colored but variable 
"Mondrian" background. They retained the ability to identify colors accurately even 
when the spectral composition of the illuminant was radically altered in generaliza- 
tion tests. Since the behavior o f j s h  resembles that of human beings in these tests, 
Land's retinex theory seems to apply to a relatively primitive vertebrate as well as to 
humans. 

A key issue in the study of color vision presumably derives from a mechanism 
is that colors of objects can be identified that computes relations between spectral 
despite large changes in illumination features of an object and its surround- 
conditions, which induce large variations ings. As part of a long series of observa- 
in the spectral composition of light re- tions on such phenomena, Land (I) and 
flected from each object within a scene. his colleagues have noted that variations 
This well-known color constancy effect in spectral composition and intensity as 
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far as 30" away from a test area can 
determine its color as much as nearby 
objects do (2). Such experiments have 
led to the retinex theory of human color 
vision (I), which has shown wide predic- 
tive power (3). 

The term "retinex" has been left in- 
tentionally indeterminate with respect to 
the locus of computation in the brain. 
Since retinal receptive field interactions 
appear too restricted to mediate the 
wide-field comparisons shown by human 
subjects, however, most physiologists 
would be inclined to look for a cortical 
locus of spatial interactions (4). In the 
anesthetized rhesus monkey, the output 
of the retinex processing seems to be 
readable in single neurons of Zeki's visu- 
al area IV (5). When a multicolored 
"Mondrian" image is fixed on the retina, 
these cells give reports on local colored 
areas in correspondence with human ob- 
servations. Further evidence that these 
comparisons are based on a cortical, but 
not retinal, mechanism derives from a 
recent demonstration that normal, but 
not split-brain, persons can use a multi- 
colored Mondrian stimulus in one hemi- 
field as a component of the computation 
in determining the color of a paper locat- 
ed in the opposite hemifield (2). 

Another approach to neural modeling 
of the retinex theory is to find an orga- 
nism with a less elaborate visual archi- 
tecture than a primate whose behavior 
obeys predictions from this theory; for 
example, are teleost fishes (animals 
without a recognizable neocortex) reti- 
nex animals? Along with birds and pri- 

mates, several teleost fishes have excel- 
lent trichromatic color vision (6), and 
some teleosts apparently see the same 
color-contrast effects as those reported 
by human observers (7). Since the spec- 
tral sensitivities of retinal pigments and 
the center-surround organization of reti- 
nal ganglion cells are well known for the 
common goldfish (Carassius auratus), 
this experiment addressed whether this 
relatively simple vertebrate perceives 
colors as constant under a variety of 
critical illuminated variations as the hu- 
man observer does. 

I trained fish to approach a colored 
object for food reward under even illumi- 
nation with a specified white light and to 
ignore other colors relatively near in 
hue. When the task was learned, the fish 
was tested to see whether it would gener- 
alize this training to radically different 
illumination conditions [such as those 
used in assessment of human color per- 
ception ( I ) ]  and behave as if it sees an 
unchanged color. Alternatively, the fish 
may be too simple an operator to make 
the computations posited by the retinex 
model and may instead be guided chiefly 
by the spectral composition of light re- 
flected from a particular colored area. 

To my knowledge, only one study (8) 
has been directed toward the operation 
of color constancy in fish species. In 
1923, Burkamp trained fish of three dif- 
ferent species to select feeding cups of a 
particular color and to ignore other hues, 
including a large variety of gray shades. 
He then tested for specific color selec- 
tion after interposing various gelatin fil- 

Fig. I .  Goldfish were tested in 
j. 4 a 10-gallon aquarium with a 

water-filled prism attached to 
the left side, through which 
light was projected (8). In an 
otherwise dark room, this light 
was reflected from a 28-cm2 
stimulus insert immersed at 
one end of the aquarium. Dur- 
ing early training, colored pa- 
pers were placed behilid each 
aperture in a white insert. 
Next, the fish viewed the aper- 
ture colors within a Mondrian 
insert (shown here within the 
tank), and finally the fish con- 
fronted Mondrian inserts with- 
out apertures (shown above). 
The target color is identified 
by stippling. 

ters in the path of light entering the 
window. Although this study, exemplary 
for its time, suggested the operation of 
color constancy in fishes, three weak- 
nesses prevented knowing how good 
their constancy mechanism really is. (i) 
The fish made many errors in choosing 
gray cups when novel illuminants were 
used, which would not have been ex- 
pected in a human observer. (ii) No 
quantitative spectral information was 
available regarding the object colors or 
the gelatin filters modifying the wave- 
length composition of the scene. (iii) 
Burkamp adapted his fish gradually to 
each novel lighting condition. My experi- 
ment was designed to measure, in highly 
trained fish, the precise changes in spec- 
tral composition of each area of the 
Mondrian in terms of light reaching the 
fishes' eyes and to test color memory 
after abrupt changes in composition of 
the illurninant. 

Goldfish learned to approach an aper- 
ture within a white wall at the end of the 
training tank, behind which was inserted 
a colored paper (Fig. I), to obtain a small 
piece of beef liver from a pipette. Green- 
positive fish also learned to ignore blue- 
green and yellow-green paper, and yel- 
low-positive fish learned to ignore yel- 
low-green and orange apertures. The fish 
continued to perform this simultaneous 
discrimination after we introduced a 
Mondrian background (9) composed of a 
variety of brightly colored papers (Fig. 1 
and cover) in place of the white back- 
ground. Three fish attained a stable per- 
formance (at least 90 percent correct 
over 60 trials) on the three-color task 
with the Mondrian background. 

The test tank was moved into a dark 
room where the Mondrian could be 
evenly illuminated by projecting light 
through a water prism. Training contin- 
ued under a condition in which the sepa- 
rate intensities of red (690 nm), green 
(545 nm), and blue (450 nm) filtered 
lights (10) were adjusted to produce 
equal intensities of each light source 
reflected from a medium gray patch on 
the Mondrian. Each colored patch was 
viewed from the opposite end of the tank 
through a telephotometer (10); and mea- 
sured long, middle, and short-wave- 
length light reflected from various areas 
of the Mondrian as well as from the 
colored patches to be discriminated be- 
hind the apertures. During this training 
phase (condition I) ,  the positive green 
stimulus was presented with either (i) 
blue-green plus yellow-green, (ii) blue 
plus blue-green or (iii) yellow plus yel- 
low-green; and the positive yellow stim- 
ulus was presented with either (i) green 
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plus yellow-green, (ii) yellow-green plus 
orange, or (iii) orange plus red. Whereas 
the random choice score would thus be 
only 33 percent correct, the three fish 
performed almost perfectly in condition 
1 (Table 1). The fish trained to green 
selected green, and the other two ani- 
mals, trained to yellow, selected yellow. 
Each correct choice elicited a bit of liver 
delivered from behind the Mondrian 
once the fish had thrust its snout into the 
aperture. 

Two additional illumination conditions 
were used for a critical comparison of 
fish color perception with human percep- 
tion. In condition 2, the relative intensi- 
ties of all three lights varied so that the 
light reflected from the positive patch 
(either green or yellow) was equal for all 
three wavelengths, with the conse- 
quence that fish A would confront a 
green paper whose spectral distribution 
of reflected light was identical to that of 
the gray paper in condition 1. On alter- 
nate test days, fish A was exposed to 
condition 3, in which the green patch had 
the same spectral composition as the 
yellow paper had in condition 1. Similar- 
ly, fish B and C confronted in condition 2 
a yellow paper whose reflected light had 
the same spectral composition as that 
from the gray paper under condition 1. 
Under condition 3 this yellow paper re- 
flected the same light as the green paper 
had under condition 1. If the local wave- 
length composition alone determined the 
color, fish A would perceive the training 
color (green) as gray under condition 2 
and as yellow under condition 3. Fish B 
and C would perceive the training color 
(yellow) as gray under condition 2 and as 
green under condition 3. To diminish the 
possibility that fish were identifying the 
positive color by its association with 
particular surrounding colors, we alter- 
nated two Mondrians with different ar- 
rangements of colors around the three 
apertures. Despite these variations, all 
three fish continued with 90 to 100 per- 
cent correct scores under conditions 2 
and 3 (Table 1). Although fish were rein- 
forced for all responses under these two 
test conditions, good discrimination was 
maintained by interspersing training con- 
dition 1 between the generalization test 
sessions. 

The abilities of these fish to select a 
target on the basis of color when size, 
shape, and location on the Mondrian 
were made more variable was next test- 
ed with two flat Mondrians (without ap- 
ertures) in which the target was a green 
or yellow rectangle placed in one quad- 
rant (see cover). The location and orien- 
tation of the target color was varied by 

Table 1 .  Performance scores of three goldfish 
on two critical color discrimination tests. The 
number of correct trials per total test trials is 
given for each lighting condition. Only behav- 
ior under condition 1 was differentially rein- 
forced. Statistical evaluation was deemed un- 
necessary with such consistently low error 
rates. 

Mondrian with apertures 
A 30130 19122 23124 
B 23123 19120 20120 
C 42146 20120 2 1124 

Flat Mondrians A and B 
A 25125 25125 24125 
B 24125 24125 23125 
C 24130 (retrained) 

2012 1 23125 24125 

rotating these Mondrians by 90" or 180" 
from trial to trial: that is, it was some- 
times a vertical and sometimes a hori- 
zontal rectangle. For each Mondrian the 
target color was surrounded by a differ- 
ent set of colors to eliminate contextual 
cues. Fish A and B generalized their 
experience with the apertures immedi- 
ately to these new Mondrians even 
though the reward had to be delivered 
from in front of the Mondrian after the 
fish pecked at the correct color. The 
choice behavior was unambiguous: fish 
either directly approached a given color 
and mouthed it, or they circled in front of 
the Mondrian and returned to the start 
compartment for another run. Since gen- 
eralization scores were 96 and 100 per- 
cent correct for these two fish in condi- 
tion 1, daily tests continued to alternate 
with conditions 2 and 3, as before. Each 
fish performed with only one or two 
errors out of 25 further tests trials on 
each condition (Table 1). 

Fish C initially scored only 18 correct 
trials out of 27 with the flat Mondrians 
under condition 1, choosing yellow- 
green instead of yellow on many trials. 
Since this fish did not seem to survey the 
whole array, retraining this fish was 
done with more familiar tasks: flat Mon- 
drians with four larger colored squares 
matched to the aperture colors of the 
first experiment but presented at two 
rotations. Since errors ceased after a few 
training days, flat Mondrians A and B 
were followed by conditions 2 and 3. 
Now fish C performed as well as fish A 
and B on the critical generalization tests 
(Table 1). 

The experiments indicate that goldfish 
determine the color of an object, as 
human observers may, within the con- 
text of the background array, rather than 
by the spectral composition of light re- 

flected from the object. This demonstra- 
tion is not subject to the criticism (as 
reports of colors by human observers 
might have been) that selection might 
reflect subjective impressions previously 
conditioned or suggested by the context 
of testing. It is hard to imagine that such 
a cognitive bias can guide the fish toward 
its target color during these very differ- 
ent illumination conditions. This labora- 
tory demonstration confirms ecological 
speculations, based on underwater pho- 
tometry, that color identification by fish 
must be achieved under a wide variety of 
natural lighting conditions (11). In addi- 
tion, fish have evidently evolved this 
ability without having an identifiable 
neocortex. A subcortical visual mecha- 
nism may thus exist in the fish to com- 
pute color relations over wide areas of 
the visual field (12). Although the gold- 
fish retina contains many double-oppo- 
nent ganglion cells, which may encode 
relationships between nearby colored ar- 
eas (13) and constitute a part of this 
mechanism, it seems likely that the final 
computation of color takes place at cen- 
tral visual stations in the midbrain or 
diencephalon. Further physiological 
study of fish should help to identify the 
anatomical basis of the retinex computa- 
tions, and comparative studies of color 
coding by cortical neurons may also help 
to specify facets of color vision for which 
primates gain special advantage over 
lower vertebrate species. 

Note added in proof: We have now 
trained five additional goldfish, including 
two with ablation of the telencephalon, 
to select as targets red-orange or blue 
colors. All fish show color constancy 
when tested as described in this report. 

DAVID J. INGLE 
Rowland Institute for Science, 
Cambridge, Massachusetts 02142 
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Heat Generated by the Dark-Adapted Squid Retina in 
Response to Light Pulses 

Abstract. A rapid increase in the temperature of the dark-adapted squid retina 
evoked by a brief light pulse was detected with a pyroelectric detector. The amount 
of heat generated by the retina in response to a pulse of blue light of moderate 
intensity was far greater than that produced by direct conversion of the stimulating 
light by the retinal pigments into thermal energy. D-Glucose in the medium was 
required to maintain the ability of the retina to produce light-evoked thermal 
responses. 

In a variety of invertebrate eyes, 
readily detectable electrical responses 
can be evoked by a very small number of 
photons absorbed by visual pigments (I). 
It is generally believed that the photo- 
chemical reaction initiated by absorption 
of light by visual pigments is followed by 
a succession of biochemical reactions 
that amplify the effect of light stimulation 
and eventually lead to the generation of 
electrical responses (2). How this ampli- 
fication takes place is not precisely 
known. 

We report here that exposure to a brief 
light pulse evokes a rapid increase in the 
temperature of the dark-adapted squid 
retina and that the amount of heat gener- 
ated is far greater than that associated 

with the stimulating pulse itself. We also 
present evidence in support of the view 
(3) that the process of energy transduc- 
tion in the retina is dependent on the 
oxidation of sugar. 

To detect heat production we used a 
pyroelectric detector constructed with 
poly(viny1idene fluoride) (PVDF) film 
(Kureha Chemical). PVDF is a synthetic 
polymer that becomes highly pyroelec- 
tric when heated and stretched in the 
presence of a high electrical field (4). The 
film we used was about 9 ym thick and 
had a 10-nm layer of aluminum deposited 
on each surface; a 1°C change in the 
temperature of this film produces a 
change of about 5 x c/cm2 in the 
electrical charge on the aluminum layer. 

Radiant heat of about 1 psec in duration 
has been detected by PVDF film (5). We 
have measured the heat generated by the 
crab nerve during excitation with a time 
resolution of about 1 msec (6). 

A piece of PVDF film about 0.4 by 1 
cm2 in area was glued to a thin (25-ym) 
platinum plate and was attached to a 4- 
ym-thick sheet of Mylar; it was connect- 
ed to an operational amplifier (Analog 
Devices model 515) with a high (2 X lo9 
ohm) load resistance and a small (about 
3 x 10-l2 farad) capacitor (Fig. 1). The 
output of the operational amplifier was 
led to a signal averager (Nicolet Instru- 
ment model 1072) through an a-c-cou- 
pled amplifier with a gain of 200. 

The magnitude of the signal recorded 
under these conditions is proportional to 
the rate of change of the temperature of 
the film (7). When the heat capacity of 
the sample under study is far larger than 
that of the temperature-sensitive portion 
of the detector, the rate of increase in the 
temperature of the sample is given by V/  
apR), where V is voltage at the output of 
the operational amplifier, a is the area of 
the PVDF film (in square centimeters), p 
is the pyroelectric coefficient of the 
PVDF film (in coulombs per square cen- 
timeter per degree Celsius), and R is the 
load resistance (in ohms). The validity of 
the relation was substantiated by mea- 
suring the heat generated by pulses of 
green light of known intensities absorbed 
by a slice of 2 percent gelatin gel that was 
stained with a mixture of chlorphenol red 
and phenol red and that absorbed 95 
percent of the transmitted light. The time 
resolution of the detector, determined 
primarily by the time constant of the 
operational amplifier, was approximate- 
ly 6 msec. 

- 
200 rnsec 

Fig. 1 (left). Schematic diagram of the experimental setup used for measuring the rate of increase in the temperature of the retina caused by 
stimulating light pulses. L represents a bundle of optical fibers for guiding light from an incandescent lamp; Pt, a thin platinum plate; and PVDF, a 
sheet of poly(viny1idene fluoride). The potential difference across PVDF film was recorded with an operational amplifier. Platinum was inserted 
to ensure a spatially uniform increase in the temperature of the PVDF film and to prevent possible mechanical changes in the retina from affecting 
the PVDF film. Fig. 2 (right). Records showing the temperature increase (expressed in degrees centigrade per second) of the dark-adapted 
squid retina evoked by light pulses (indicated by traces 4). The light used was 500 nm in wavelength, 25 p,Wicm2 in intensity, and 50 msec in dura- 
tion. Trace 2 in (A) was taken 10 minutes after switching oxygen to nitrogen; trace 3 , 7  minutes after the resumption of oxygen flow. Trace 2 in (B) 
was taken 40 minutes after immersion of the retina in artificial seawater free of D-glucose; trace 3, 10 minutes after addition of D-glucose (2 mM) 
to the medium. Trace 2 in (C) was obtained 18 minutes after application of 1 mM sodium azide; trace 3, 12 minutes after removal of azide. All the 
records were taken after averaging the signals over 16 trials repeated at 9-second intervals at 20°C. 




