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Abstract--Absolute visual thrrshold was measured in dark-adapted goldfish. using classical conditioning 
of heart and respiration rates. For threshold detection of a 13- 7’ diameter stimulus near the peak 
of the rod pigment’s sensitivit?. only 1 quantum was incident for every 2m rods. and 100-830 
p~otoisomerizations were needed for vision. Spectral sensitivity was also determined at absolute rhresh- 
old. using respiration rate conditioning. The shape of the function matches the electrophysiolo~calIy 
determined spectral sensitivity of goldfish retinal ganglion ceils, but both curves are relatively more 
sensitive in the long wavelengths than would be predicted on thr basis of the rod pigment alone. 
X dim 703 nm background depressed sensitivity to a 636 nm test light more than to a 531 nm test, 
proving that another class of photoreceptors is active at absolute threshold. If the other receptors 
were the red cones, as seems mosr likely. then only I quantum was incident per 220 red cones at 
their absoiute threshold. and photoisomerizations occurred in each oi 164 red cones at thrsshoid. 

Kt’! CCorA-goldfish; absolute threshold: spectral sensitivity: classical conditioning: retina: retinomotor 
movements 

INTRODUCTION 

Absolute visual threshold is the smallest amount of 
light that can be detected. but that amount varies 
with the detector’s location in the visual system. 
While 1 quantum of light is sufficient to excite a rod 
(Hecht, Shlaer and Pirenne, 1942; Fain, 1975) and 
perhaps a cone (Baylor and Hodgkin. 1973: Schwartz, 
1975), vision does not occur unless several receptors 
are excited (Hecht er ai., 1942). Electrophysjologjsts! 
(e.g. Fain. 1975) can gather direct evidence for thresh- 
olds of individual rods and cones. but they cannot 
tell at what intensity the signal is visible. Psychophy- 
sicists. on the other hand. can provide only indirect 
evidence about single receptor thresholds. but they 
are uniquely able to define the absolute threshold for 
seeing (e.g. Hecht er nl., 1942). This paper reports 
psychophysical measurements of the absolute thresh- 
old of rods and cones in the goldfish; preliminary 
reports have appeared eisewhere (Powers and Easter, 
1975a.b: Powers. 1976). 

The goldfish is particularly well suited for this 
study because its visual system has been studied so 
extensively. The photopigments in both rods (Sch- 
wanzara, 1967) and cones (Marks. 1965) are known, 
as are the spectral sensitivities of elements at neariy 
every level of visual processing (e.g. Wagner, MacNi- 
chef and Wolbarsht, 1960; Yager, 1967, 1968; 
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Kaneko, 1973). The absolute rod threshold has been 
estimated from the responses of retinal ganglion cells 
(Raynauld, 1969). and measurement of the absolute 
threshold of red-sensitive cones should be possible 
because their wavelength of peak sensitivity-625 nm 
(Marks, 1965; Liebman and Entine. 1964; Tomita. 
Kaneko. AMurakami and Pautler, 1967~is so much 
longer than that of rods-522 nm (Schwanzara. 
1947~that the two mechanisms overlap very little. 
Finally, the goldfish can easily be trained. using a 
classical conditioning paradigm, to slow its heart and 
respiration rates in response to a \+sual stimulus 
(Otis, Cerf and Thomas. 1957). 

METHODS 

The techniques for conditioning heart and respiration 
rate were modified from Hester (1968) and Northmore and 
Yager (1975). respectivelq. 

Subjecrs and surgery 

The goldfish (Carassius aurarus; Ozark Fisheries) were 
12-14cm long. tip-to-tip. Five fish were satisfactory heart 
rate subjects. They only participated in one experiment: 
absolute threshold at 538 nm. Seven different fish were res- 
piration rate subjects, and all of them participated in more 
than one experiment. Three untrained fish provided eyes 
for the histological examinations of retinomotor state. 

Electrocardiograms were recorded with chronically im- 
planted fine silver wire electrodes. They were inserted ven- 
trally in anesthetized fish to lie rostra1 and caudal to the 
heart. and were anchored to the abdominal skm with 
surgical silk. The exposed leads were glued together and 
attached to a piece of styrofoam so that they would float. 
out of the fish’s way. 
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Protector 

fig. 1. Classical conditioning apparatus S: source; L,: condenser lens; S1: microslide beamspfitter: 
H: heat filter; %I: ~icctroaior~y activated shutter; &: objective lens: A: aperture; F: neutral density 
and monochromatic filters; C: recombining cube; M: mirror. Images of the filament were focused 
on Sh. H (but only in the upper beam) and on the entry side of C. S and L, were parts of a Leitz 

Apparatus 

Pradolux projector. 

StitYWh 

Figures 1 and 2 show the apparatus. The fish was re- 
strained in a small plastic box suspended from the side 
of a water-filled aquarium, isofatcd from non-stimufus 
Ii@. The right eye faced a diffusing rear projection screen. 
During measurements of respiratiim fate, pieces of sponge 
were packed around the fish to minimize head and body 
movements. Packing with sponges was impractical during 
heart rate measurements because of the danger of disledg- 
ing the EKG leads presentation of the light was initiated 
by the experimenter. The lish was shocked (4-8 V a.c.) at 
the o&et of the light via two copper grid electrodes near 
its tail 

The EKG was preamplified (Tektronix 122) and either 
recorded oa paper (Techni-Rite TR722) or displayed on 
a storage oscilloscope (Tektronix 564B) where it could be : 
phot~aphed Typical QRS wave amplitudes were 
0.1-0.5 mV. 

Respiration rate wasmonitored by a thermistor (Ther- 
mometrics P6ODA202M) positioned anterior to the ani- 
mai’s mouth and operated in the self-heating mode in a 
voltage divider circuit. The pocket of warm water swr- 
rounding the tip of the thermistor was displaced by cooler 
water whenever the fish drew water into its mouth. The 
resulting voltage changes were rhythmic and generally 
about 20-50 mV-big enough to go directly to the record- 
ing device without preamplitication. 

EKG 
leads 

Rear - 
projection 

screen -_ 

Thermistor 

Fig. 2. Cutaway view of a fish in the restraining box. The 
right eye was always toward the screen. Thermistor and 
EKG ekctrodes are both shown but only oue was used 
in any given experiment. The lid covered the box during 
testing. Holes eased water circulation through the box, 
which was black and opaque except for the screen (a piece 
of bond paper glued to the outside). The shock grids were 

copper III&, and were heid away from the fish’s tail by 
pLastk inserts (not visibk). The fish was completely 

enclosed during testing 

The stimulus (lower channel in Fig. I.) was a circular 
field which subtended 132” visual angle: the background 
(upper channel in Fig. 1). when present, was shghtly Larger 
and approximately square. The stimulus screen was kss 
than I cm from the center of the fish’s lens and theref6re 
probably out of focus, because these fish have lenses of 
focal length approximately 7 miix (calculated from Easter, 
Johns and Baumann, 1977% 

The stated stimulus diameter was caiculated on the 
assumption that the eye was in one position throughout 
the experiments. &cause head movements were restricted 
by the sponges in the respiration rate studi& and because 
eye movements (Easter, 197 1) are small relative to the size 
of the visual field (Easter er al., 1977). this assumption is 
reasonable for those experiments. But side-to-side head 
movements could have changed the size of the retinal im- 
age by as much as 220” during the heart rate experiment. 
wherein head movements were less stringently~controJ!ed. 

It-radiance was measured for each wavelength with the 
screen in place, but with no water, using a.radiomctricaJly 
calibrated, spectrally Rat photodiode (United Dexector 
Technology PIN-IODF). The measured value varied +O,It 
log units [at 532 nm) during the course d the experiments. 
which spanned 28 months This amount of variation is 
smaller than we find between sub@ts (see belowf and 
could have been due to changes in absDlyte and/or spectral 
emission of the bulb (24V. l2OW qmtrts-halogen) over 
time, or to small digerences in the rttative positions of 
the source and screen. 

We measured the uniformity ol the stirnuhxs in two ways. 
In the first, the stimulus screen was traversed along two 
orthogonal axes with a photodiode masked by an aperture 
one-tenth the diameter of tkc stimulus. In the ~ecaad the 
stimulus screen was traversed by the same aperture, with 
the photodiode, in water. at the plane of the fish’s pupil. 
Both measurements showed that the euergy was nearly 
constant over the central 60” and deereased peripherally 
until. at the knit, it was about N?XoId lower than at the 
center. These measurements were used. to compute the 
ratio (intensity in the center/average intensity over the 
entire stimulus). which had a value of-about 2. 

Cumpuration of retinal stimulus 

The number of incident quanta per receptor in 1 SeC at 
threshold ‘I;, was caicuhtted according to the fuhowing 
formula: 

T _ i,Ad,F 

where : 
F,A,n 

I, = unattenuated stimulus irradiance at the piane of the 
pup& in q/set per cm’ 
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ri, = area of the entrance pupil. in cm’ 
I, = transmission of the ocular media (Burkhardt. 1966) 
p = proportion of retinal surface occupied by receptors 

f; = attenuation by neutral density filters at threshold 
d, = area of the stimulus on the retina, in em’ 
n = number of receptors in I cm’ of retina. . .- 

I, was calculated by diGding the most recent calibration 
value. in erg’sec per cm’. by the energy (in erg,‘q) in light 
of wavelength i.. 

‘4, was measured in several subjects. Its value varied 
very little; the mean. 0.096 cm’, was used throughout. 

,4, IS best represented. especially for large stimuli. as the 
partial area of a spherical surface, which the goldfish’s 
retina approximates (Charman and Tucker. 1973). Hence 

r6b 
‘4, = 

! 
2nr’ sin 0 dtl = 3.73r’ 

0 

where r is the radius of the sphere. The value of r was 
computed as follows: We know that the retina of the gold- 
fish subtends 185’ with respect to the center of the lens 
(Easter er al., 1977) and that the corresponding distance 
along the arc-the retinal length L-can be inferred from 
body length (Easter er a!.. 1977). Thus 

360” (L) 
r= lSj:i2n)’ 

A, was calculated using the average body length; the mean, 
0.12 cm’, was used throughout. 

For receptor surface densities (n), we used the following: 
rods. 1.44 x lO’/cm’ (Schellart, 1973); and red-sensitive 
cones. 5.0 x IOsjcm’ (calculated from Stell and Harosi, 
1976). The number of rods and red cones in the stimulus 
patch, then, was 6.0 x lo6 and 2.1 x 10J, respectively. The 
assumption of constant receptor densities is based on 
reports by Stell and Hirosi (1976) and Johns and Easter 
(1977). This uniformity is disputed by others (Hester. 1968; 
Schellart, 1973; Marc and Sperling. 1976). Even in the lat- 
ter reports. however, the range is small (on the order of 
2-3 fold). and we believe that our conclusions are not 
materiaily affected by utilization of an average number. 

We assume, on the basis of histological observations, 
that rod outer segments completely cover the retinal sur- 
face. i.e. p = I. 

To estimate p for red cones, we need to know the cap- 
ture area of one red cone. We have assumed that the lar- 
gest cross-sectional area of a cone’s outer segment, i.e. the 
area at its base, is its effective capture area. Averaging 
the four values listed by Stell and Hdrosi (1976) for the 
diameter of red cone outer segments at the base. and cor- 

recting for their estimate of shrinkage during histological 
preparation. we obtain a mean capture area per red cone 
of 3.0 x IO-‘cm’. When this is multiplied by the surface 
density. given above. it yields p = 0.15. 

q represents the ratio of incident quanta to receptors 
in I set at absolute threshold. There were many more 
quanta in the 5 or 10 set stimulus, but since the 6sh gener- 
ally responded within the first second of the stimulus (cf. 
Fig. 3). the number in 1 set is an upper estimate of the 
number of incident quanta that contributed to the re- 
sponse. 

The effective 7; is increased slightly by the tapetum luci- 
dum. If it reflected all of the incident light not absorbed 
on the first pass through the retina. then it would increase 
the effective ‘& by 50%. This follows from our assumption 
that half of the incident light is absorbed by the photopig- 
ment on the first pass (see Results). But the tapetum in 
goldfish is restricted to the dorsal hemiretina (cf. Stell and 
Harosi, 1976). and the stimulus covered roughly equal 
areas of dorsal and ventral hemiretinas. Therefore the over- 
all effect of the tapetum would be to increase the photon 
flux through the outer segment layer by only about 2%;. 
or approximately 0.1 log unit. We have ignored this small 
correction in our later analyses. 

Procedures 

The procedures used for heart rate conditioning will be 
presented first, followed by the ways in which respiration 
rate conditioning differed. 

Heart rare condirioning 

Fish were dark-adapted 0.5-5 hr in their home tanks, 
and at least IOmin in the test box. Each animal had at 
least one (usually two) 3Q-4Omin habituation sessions in 
the apparatus in the dark with no stimulus before its first 
training session. The conditioned stimulus was a spot of 
light which lasted 10 sec. During training, its intensity was 
3-j log units above absolute threshold. The unconditioned 
stimulus, delivered at the offset of the light, was tail shock 

of 0.1 see duration. Its amplitude was adjusted for each 
fish in each session so that the fish wiggled when shocked. 
The unconditioned response was a decrease in heart rate. 
With sufficient pairings of light and shock, heart rate dece- 
leration became a conditioned response to the light (Fig. 
3). 

The mean interbeat interval was calculated from three 
randomly selected vaiues (measured from QRS wave to 
QRS wave) from every intertrial interval. The time between 
the QRS wave closest fo light onset and the next QRS 
wave was recorded. When that interval was at least 2 stan- 
dard deviations longer than the mean, a response was 
scored. 

EKG m 
0 T-- 

c-- : I set 

Respirotron 

Light 1 

Shock n 

Fig. 3. Sample EKG and respiration records from conditioned fish. Recordings from two different 
conditioned fish are shown, with indications of the duration of light and shock below. Note that 

interbeat and interbreath intervals are longer folfowing light onset. 
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Training sessions were either IO or 20 t&&s. The mter- 
triai interval averaged Ljmin. Shock occurred on every 
trial. Fish were always trained during daylight hours, and 
Often more than once per day. They were trained unui 
they responded to at least 80% of the stimulus presen- 
tations for two consecutive sessions. 

We used the following procedure to find threshold in 
the trained animals. The initial intensity for a test was 
the same as the training intensity. ff the animal responded, 
the intensity was decreased for the next trial: if not, it 
~-as increased. The intensity steps well above [fireshold 
were a.2 and 0.3 log units; they were 0.1 log units close 
to threshoid. Tests were always 20 trials. with one or two 
additional randomly inserted catch trials. On catch trials 
the stimulus beam was blocked before the recombining 
cube and the fish were not shocked: all other conditions 
remained the same. 

Subjects were tested until the stimulus intensity os& 
lated around the same value for two sessions. Psychomettic 
functions were drawn for each fish, and threshold was 
defined as the intensity that produced a response 5t~y of 
the times it was presented. Unless one of the inte&es 
tested happened to be at threshold, the value was obtained 
by graphically interpolating between the two iog intensities 
that bracketed 50% response. In ODC case (see Fig. 4) the 
freq~en~~of-being curve crossed the SO”/, line mote than 
once. The lowest vaiue was the one used. 

Rrspiration rate conditioning 

The procedure was the same as described for heart rate 
conditioning with the following exceptions: (1) light 
duration was 5 set; (2) the response was a decrease in res- 
piration rate (Fig 3); (3) intensity steps in the staircase 
were always 0.2 or 0.3 log units; and (4) the criterion for 
response was that the number of breaths in the CS-US 
interval had to be half (or less) of the ongoing rate. The 
ongoing rate was defined as the mean number of breaths 
in six randomfy selected 5 set nonstimulus intervals; it was 
recalculated before each trial. Statistical analysis of the 
results showed that this was approximately as demanding 
a response criterion as the one used in heart rate condi- 
tioning. 

Rerinaf histology 

Untrained fish, exposed to background and test stimuli 
comparable to those encountered by trained subjects, were 
enucieated as rapidly as possible following the exposure. 
and their eyes fixed in AFA (ethyl aicohoi, fotmaiii and 
glacial acetic acid) The eyes were later embedded in paraf- 
fin, cut at 10~. mounted on microscope slides and 
stained with hematoxyiin and eosin. 

RESULTS 

The at&t& who became reliable subjects showed 
some conditioning of heart of respiration rate by the 
second training session. Onfy 10% of the EKG fish 
became good subjects (53 were implanted with elec- 
trodes); most of the failures were due to poor im- 
plants or to ill health following surgery. In contrast. 
we had about 70% success in conditioning respiration 
rate. A few trained fish from both paradigms did not 
perform during threshold testing and were dropped 
from the experiments at that point. 

Rod threshold 
Absolute thresholds were determined with mterfer- 

ena: filters of peak ~~s~ssion (532nm, 538 nm) 
close to the ir,, of goldfish porphyrop~~ (522nm 
gchwanxara, 1967). This spectral proximity, the 
reunomotor state (see below). and the very low 

139 incbdent quonto 2er rod 

Fig. 4. Absolute visual threshold by heart rate conditiori- 
ing. Psychometric functions for individual fish are shown, 
with the interpolated threshold indicated for each by a 
dotted line. Ordinate: percent of trials on which heart rate 
was a? ieast 2 standard deviations slower than the non- 
stimulated rate. See Methods for explanation of me 

abscissa. 

thresholds about to be described lead us to believe 
that the rods were the photoreceptors that mediated 
the threshold response. 

The psychometric functions for the heart rate arti- 
mals are plotted in Fig 4. The range of values is 
about 1 log unit. and the mean log threshold is -3.25 
log qisec per rod incident; that is. only 1 quantum 
was incident per set per 1800 rods. on the average. 
at threshold This corresponds to about 37,000 q/set 
per cm2 at the cornea. 

The results of the corre~n~ng respiration rate 
expe+ent are .&own in Fig 5, The absolute thre&- 
old using this paradigm was -3.58 log q/se= per rod 
i&dent, or 1 quantum incident per 3800rods in I sec. 

-4.5 -4.0 -3.5 -3:o -2.5 

tog Incident auente per rod 

Fig 5. Absolute visual threshold by respiration rate condi- 
tioning. Psychometric functions for four individual animals 
and their interpolated thresholds are shown, as in Fig. 4. 
Data for the other subjects are omined. for ciarity, but 
they fell within the range of the plotted functions. 
Ordinate: Percent of trials on which respiration rate was 
half the nonst~muiuted rate or less. See Methods for 

explanation of abscissa. 
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Table 1. Absolute visual threshold’ 

Experimental 
paradigm 

Heart rate 
Respiration 

rate 

Rods per Rods receiving 
incident Rods per at least 1 Rods receiving 
quantum effective effective 2 effective 

iv &%,,, (Ii-Q quantum quantum quanta 

S 538 1800 7200 830 0.12 
7 532 3800 l%OO 400 0.03 

* r\ll values refer to the tirst second of stimulus. 

Because the porphyropsin exists in finite density 
in the outer segments, the probability that an incident 
quantum at i,,, will be absorbed is only about 0.25 
(rudd: Denton, Muntz and Northmore, 1971) to 0.5 
(trout: Crouzy and Ali. 1965). In addition, only about 
0.S of the absorbed quanta isomerize a molecule of 
visual pigment (Kropf, 1967). These two factors com- 
bine to limit the number of effective quanta to 1 in 
every 4-8 incident. Assuming, for purposes of discus- 
sion, that 1 in 4 incident quanta is effective, we 
calculate that 40@-830 porphyropsin molecules were 
photoisomerized in the first second, at threshold. This 
corresponds to a quantum/rod ratio of 1/72W 
1~15000, and indicates that the vast majority of rods 
received no quanta, and that a very small fraction 
received 1 or more. We can compute the number of 
rods that received two effective hits by squaring the 
probability of one hit and multipIying that by the 
number of rods in the stimulated area. This number 
turns out to be 0.03-0.12; that is, on most trials, there 
were no double hits. These numbers are summarized 
in Table I. 

Our threshold measurements are remarkably con- 
sistent in several respects. First, two different tech- 
niques gave threshoids that differed by only a factor 
of 2. Second, even though different subjects were used 
in the heart rate and respiration rate experiments, the 
variability between subjects in either paradigm was 
larger than the differences in mean threshold between 
the paradigms. Third the heart and respiration rate 
experiments were separated by 7 months and still 

0 November 1975 
e January 1976 

100 oFebruorv 1976 

A-532nm 

-4.5 -9.0 -3.5 -3.0 - 2.5 -2.0 
log lncfdent quanta per rod 

Fig. 6. Reliabiiity of thresholds for one respiration rate 
conditioning fish. Psychometric functions for one subject 

(No. ZR), repeated over time. Axes same as in Fig. 5. 

gave similar results. Fourth, the seven subjects in the 
respiration rate experiment were actually tested in 
two groups (-N = 4 and N = 3), separated by 5 
months; but the mean thresholds of the two groups 
differed by only 0.01 log units (Powers. 1977). Finally. 
the variability within subjects was very low, even over 
long periods of time. Figure 6 shows that threshold 
for one subject varied only 0.15 log units in four tests 
over 245 days. a difference that could be due to 
changes in the source alone (see Methods). Two other 
fish gave similarly reliable thresholds in two tests over 
91 days. 

Spectral sensirioir): ar absolute rhres~ld 

Thhe spectral sensitivity at absolute threshold is 
shown in Fig. 7. The smooth curves are those of a 
porphyropsin of i,,, = S22nm in low and high den- 
sity (Bridges, 1967). Neither one fits the data; if the 
curves are shifted so the short wave ends coincide, 
the long wave ends do not. and vice sersa. This 
suggests that more than one receptor mechanism 
operates at threshold. We did a chromatic adaptation 
experiment next. to test that possibility. 

Preliminary experiments had shown that a back- 
ground of 703 nm did not influence threshold for a 
532nm test unless the intensity of the background 
was more than 1.5log units above its own absolute 

Wovelength, nm 
409 441 472 505 532 573tjo7SG7I 703 

I ’ / I/ ,, 

z / 
2.3 I 2.3 2.1 1.9 1.7 I. 5 

Wove number, per :: 

Fig. 7. Spectral sensitivity at absolute threshold, expressed 
in terms of retinal illu~nation. The points represent mean 
log threshold for three fish; the bars are + I S.E.M. The 
smooth curve is a porphyropsin extinction spectrum with 
peak sensitivity at i = 522nm, and the dashed curve is 
the absorption spectrum of the same porphyropsin at den- 
sity 0.99. The curves were calculated from Bridges (1967). 
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threshold (Powers, 1977). We therefore measured in- 
crement thresholds for both 532 nm and 636 nm tests 
on such a background (703 nm, 1.5 log units above 
its threshold). We found that although the threshold 
for the midspectral wavelength light was unaffected, 
that for the long wavelength light was increased an 
average of 0.56 log units. Figure 8 shows the relation 
between the results of this experiment and spectral 
sensitivity at absolute threshold. 

There are two possibie explanations for the result 
in Fig. 8. One is that there were two (or more) recep- 
tor mechanisms operating at absolute threshold. The 
other is that the imposition of the red back~ound 
changed some characteristic of light transmission 
through the retina. If retinomotor movements, which 
are common in fish, occurred as a result of the pres- 
ence of the background, the latter explanation 
is not unlikely. For example, the granules in the 
pigment epithelium might have moved vitreally to 
shield the rods. thus changing their apparent spectral 
sensitivity. Or the rod outer segments might have 
migrated sclerally, thus lengthening the myoid and 
changing its spectral properties as a light guide 
(Miller and Snyder, 1972). 

We carried out two experiments to test for the pres- 
ence of such retinomotur phenomena. The first was 
behavioral. Threshold was tracked foilowing removal 
of the 703 nm background used in the previous ex- 
periment to see how long it would take to return 
to its absolute value. For all three subjects. threshold 
returned to absolute values within I2 min after the 
background was turned off (Powers. 1977). This time- 
course of recovery is 3-5 times shorter than retinomo- 
tot dark adaptation (Ah. 1975). It is therefore unlikely 
that the chromatic adaptation of the last experiment 

Wovelengt73, nm 

409 441 472 505 532 5736076366717D3 
I ’ I I L, fI!If 

Wave number, per j.i 

Fig. 8. The two points show mean increment thresholds 
for 532 nm and 636 nm tests on a 703 nm background for 
three fish. The bars indicate the range of values obtained. 
The dashed line, from Fig. 7. repreacnts mean spectral sen- 
sitivity at absolute threshold: the bar at 636 nm indicates 
the range of absolute -threshold values ob‘tained at that 
waveiength. The smooth curve is the same porphyropsin 
extinction spectrum with &,_ = 522nm that appears in 

Fig. 7. 

was accompanied by large skanges :~i rhs rslatiw pob- 
Itions of the receptors. 

The second experiment was kisto!ogical. Three dif- 
ferent fish were exposed following several hours of 
dark adaptation, to the 703nm tight I. 2 or 3 log 

units above absolute threshold. The fish were placed 
in the box where behavioral tests were conducred (m 
Fig. 2). and their right eyes were exposed for 
32-34min. Figure 9 shows that the retina was photo.. 
mechanically dark adapted until the background was 
3 Iog units above absolute threshaid. confirming the 
lack of photom~hanica1 effect oi ihe background 
used in the chromatic ~ptation experiment. Ail the 
left eyes were photome~~icalIy dark adapted. 

Both these tests support the inference thai a second 
mechanism, apart from the rods. mediated absolute 
threshold in the long wavelengths. This must be the 
red-sensitive cones. with L,,, at 615 nm. 

Red cone rhresho/d 

At 636nm, three of the subjects bad ne+Iy the 
same threshold. and that of the fourth was about 0.2 
log units lower. This difference is within the usuai 
range of variability (compare with Fig. 5, for 
example). The psychomet~c functions at 636 nm are 
shown in Fig IO. The mean log thrsshofd, in- terms 
of quanta incident per second pt~ red CORC*. was 
-2.35, or 1 quantum incident per 7Llf red canes. 

In order to estimate the number oi =ffective quanta1 
absorptions by the red-sensitive cones. we must take 
into account four factors. The first txo also applied 
to the rods. (I) Not all quanta are caught ; we assume 
only 507; are caught by the red cones at 636 nm. (2) 
The quanta caught are not al1 effscrive: we assume 
a quantum efficiency of 0.5. (3) In the dark-adapt&I 
retina. the cone outer segments are enveloped by pig- 
ment epithet&m. which has been estimated in the frog 
to reduce the light received by the outer segmenrs 
to 0.7 of the value when the pigment is absent {B&k, 
Dormer and Reuter, 1965). We assume this same 
value for the goldfish. (4) In the dark-adapted -retina, 
the outer segments of the cones are scierad to those 

I 
4 

OJ 
! -_.. 

3.0 ?A 4.0 415 5.0 5.5 

log quanta inciden? , q/cm- per sot 
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Table 2. Absolute threshold at 636nm’ 

Log quanta Receptors per 
incident per incident Receptors per 

receptor quantum effective 
Receptor (log T) (l/T;) quantum 

Rods -2.90 794 45.000 
Red cones - 2.35 224 1280 

l ~11 vaiues refer to the first second of stimulus. 

Receptors 
receiving at 

least I 
effective 
quantum 

133 
164 

of the rods, so any light that gets to the cones must 
first pass through, and be attenuated by, the rods. 
This attenuation is very small at 636 nm (cf. Ebrey 
and Honig, i977), and can therefore be ignored. With 
these assumptions, we calculate that the number of 
effective isomer~ations was 164. This corresponds to 
a quantum/red cone ratio of i/1280; that is, most 
red cones received no quanta, and relatively few 
received I or more. The probability of a double hit 
is 0.13, or about one double hit in every eight trials. 
These figures are listed in Table 2, along with an esti- 
mate of the effective quantum-to-rod ratio at 636 nm. 
We have already shown that the rod mechanism 
requires 40@-830 photoisomerizations for threshold 
detection near the peak of its spectral sensitivity. 
Because only 133 rods are stimulated at 636nm our 
contention that another mechanism determines 
threshold in the long wavelengths is strengthened. 

DISCUSSION 

Classical conditioning of heart or respiration rate 
is a simple behavioral method for assessing vision in 
fish. The technique has been used in several different 
laboratories (Otis et al., 1957; McCleary and Bern- 
stein, 1959; Hester, 1968; Schwassmann and Gag, 
1970; Northmore and Yager, 1975; Powers and Eas- 
ter, 1975a; Yager and Sharma, 1975; Shefner and 
Levine, 1976; Beauchamp and Rowe, 1977; Scott, 
1977; Springer, Easter and Agranoff, 1977), but the 
results presented here are the first to be reported in 
sufficient detail to allow assessment of the method 
itself. We have shown that the method is very reliable, 
yielding very similar results in different fish and’in 
the same fish tested over long periods of time. In 
fact. the variability between fish is no greater than 
that between human subjects (e.g. Hecht and Mandel- 
baum, 1939), and although the slope of the fish 
psychometric functions is not as steep as that of 
healthy humans, it is almost the same as that of sub- 
ject MHP when about to become ill with influenza 
(see Fig. 4 in Denton and Pirenne, 1954). 

Absolute visual threshold 

Our values may be compared directly with work 
by others on fish and humans. 

Raynauld (1969) determined absotute threshold of 
single ganglion cells in the isolated goldfish retina to 
light of 525 nm. On-center cells, which were about 
0.7 log units more sensitive than off-center cells, 
required 1 incident quantumlsec per 1.5 rods for a 
just-detectable difference in firing rate. Although this 
value for threshold is more than 2 log units higher 
than OUTS, the combination of a smaller stimulus (22” 

diameter) and the isolated retina preparation could 
account for the difference. 

Tavolga (1977) used a shock avoidance paradigm 
to determine absolute threshold to broad-band stimu- 
lation in behaving goldfish. Because the stimulus was 
not mon~hro~tic and the fish was not restrained, 
quantitative comparisons of our thresholds with his 
are not possible. 

Northmore (1977) has studied spatial summation 
at absolute threshold in goldfish, using a respiration 
conditioning technique similar to ours. He found that 
small stimuli required higher intensities than large 
ones, and that Ricc6’s law was obeyed up to 30” 
stimulus diameter. However, some reduced area/ 
intensity trade-off was observed even beyond the 30” 
critical diameter. Our results tend to support this 
observation because our threshold for a 132” stimulus 
is lower than the threshold he reports for 30” stimuli, 
and is very similar to his for a large (greater than 
100” diameter) stimulus (D. P. M. Northmore, per- 
sonal communication). 

Comparison with data from humans is necessariiy 
more difficult, because of differences in species and 
technique. The report by Denton and Pirenne (1954) 
is most directly comparable to ours because they 
measured absolute thresholds for a circular, 45”, 
monochromatic (510 nm) stimulus, 5 set in duration. 
We have calculated that their threshold was 
36,0GOq/cmz per set at the cornea-very close to our 
least sensitive value (37,000) obtained with condi- 
tioned heart rate. Pupillary areas differed about 
S-fold, so 18,000 quanta/set entered the human pupil, 
while only 3700 entered the smaller pupil of the gold- 
fish. Demon and Pirenne assumed that l/IO of the 
quanta that entered the eye were absorbed by the 
pigment, but they did not consider quantum effi- 
ciency. If we assume a value of 0.5, then for the 
human there are 900 effective photoisomerizations/sec 
at threshold. This is very close to the value 830 from 
our heart rate experiment, and about twice the value 
obtained with respiration rate conditioning (400). We 
conclude that for large stimuli of long duration, the 
fish is at least as sensitive as the human, measured 
either at the cornea or at the retina. 

2-quantum hypothesis 

We claim that double hits occurred in only 3-13x 
of the trials, a frequency much too low to account 
for detection on 50% of the trials. Although these 
numbers seem to argue strongly against the 2-quan- 
turn hypothesis (Bouman and van der Velden, 1948), 
the argument weakens if different assumptions are 
made about pigment density and quantum efficiency; 
with higher values than the ones we used the fre- 



quency of double hits increases. and the Z-quantum 
hypothesis remains possible. The spatial inhomo- 
geneit) of the beam. the slight spatial variations in 
receptor densities. and the effect ot the tapeturn luci- 
dum (see Methods) likewise weaken our claim. How- 
ever. Northmore’s results on spatial summation men- 
tioned earlier (Northmore. 1977) are not compatible 
with the Z-quantum hypothesis for the reasons given 
by 3rindley (1970). It therefore seems probable that 
the thresholds we report are consequences of single 
isomerizations in a number of individual photorecep- 
tors. 

The definition of the term “sensitivity’. determines 
which of’ the two receptor types appears to be more 
sensitive. When the number of isomerizations per 
receptor is considered, rods and red cones are equally 
sensitive: L quantum is sufficient for each. If we con- 
sider the retinal illumination necessary for vision. the 
rods are about five times more sensitive than the red 
cones (see Fig. 7). This difference in sensitivity to 
retinal illumination must be due, at least in part. to 
the fact that the rods occupy so much larger a pro- 
portion of the retinal surface than do the red cones 
(see Methods). It could also result from the higher 
intrinsic photosensitivity (i.e. voltage,/quantum) and 
greater interreceptor connectivity of rods (turtle: 
Baylor and Hodgkin. 1973: Copenhagen and Owen. 
1976; Schwartz. 1975. 1976: mudpuppy: Fain and 
Dowling. 1973). 

The number of effective photoisomerizations 
necessary for vision provides yet another indicator 
of sensitivity. and although the result seems counter- 
intuitive. we find that by this criterion the red cone 
system is at least twice as sensitive as the rod system: 
that is. the red cones require only 164 photoisomeri- 
zations. vs 400 for the rods. Perhaps the rod system 
is noisier than the red cone system. so that more rods 
need to be activated to provide a clear indicator of 
stimulus-evoked activity. 

Spectral sensitivity ar absolute threshold 

Every previous study of the dark-adapted spectral 
sensitivity of the goldfish, whether electrophysiologij- 
cal (Jacobson, 1964; Burkhardr. 1966; Raynauld. 
1969, 1972: .Thorpe, 1971. 1973; van den Berg and 
Spekreijse, 1976) or behavioral (Ames. 1968; Yager. 
1968) has shown sensitivity in the long wavelengths 
to be higher than predicted from the absorption spec- 
trum of goidfish rod porphyropsin. Our measurement. 
which matches the spectral sensitivity of single dark- 
adapted retinal ganglion cells (Raynauld. 1969. 1972) 
very well (see Fig. 1 in Powers. 1976). revealed the 
same heightened sensitivity in the long wavelengths. 
A similar deviation from a pure rod-mediated spectral 
sensitivity aiso occurs in the carp (Witkovsky. 1968) 
and lemon shark (Cohen. Gruber and Haxnasaki. 
1977). but not in the three species of marine fishes 
studied by Easter and Hamasaki (1973). 

ne results we have reported show that the gold- 
fish’s extra sensitivity in the long wavelength region 
is due to a second receptor m~hanism-probably the 
red cones-which is activated at intensities below 
threshold for rods. Apparentiy, elongation of the .*.. .z 
myoid and shielding by the pigment epitnelium OOeS 

not prevent the cones from catching quanta uhrn 
kery few are available. 

We conclude that the goldfish remains mesopic at 
absolute threshold. This inference is supported by the 
following paper. in which we show that they can dij- 
criminate wavelengths at intensities very close to 
absolute visual threshold iPowers and Easter, 1978). 
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