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SUMMARY

1. The properties of twin and single cones in the retina of the walleye (Stizostedion
vitreum vitreum) were studied by intracellular recording, dye injection and micro-
spectrophotometry.

2. Twin cones generate hyperpolarizing responses to central illumination, can
receive depolarizing influences (feed-back) from the receptive field surround, and
show no detectable dye coupling when injected with Procion yellow. In seventeen of
eighteen dye-injected cones, fluorescence was intense in the inner segment and
undetectable or weak in the cone pedicle.

3. Both members of the twin cone contain the same photopigment in their outer
segments. It absorbs maximally at about 605 nm.

4. A 533 nm green-sensitive photopigment was found in single cones. No blue-
sensitive cones have been found.

5. With the exception of a modest discrepancy in the violet, the absorptance
spectrum of the 605 nm photopigment of twin cones agrees closely with the action
spectrum measured by intracellular recording.

6. The spectral properties established by the twin cone's photopigment are not
detectably altered by the hyperpolarizing influences arising from nearby cones or
by the depolarizing influences arising from the receptive field surround.

7. The twin cones of the walleye retina are thus 'identical twins', both photo-
chemically and physiologically, and seem designed to function as long-wave, spec-
trally univariant receptor units for colour vision.

8. The available evidence suggests that identical twin cones differ functionally
from double cones and non-identical twin cones.

9. Although they outnumber single cones by about three to one in adults, identifi-
able twin cones were rarely observed in the cone population of retinas examined
3-5 days after birth. If walleye twin cones develop by fusion of single cones this
process apparently occurs only for cones containing the 605 nm photopigment.
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INTRODUCTION

Cone photoreceptors are found in virtually all vertebrate retinas and it is well
established that they are the primary receptors for daylight vision. Since the turn
of the century, three anatomical classes of cones have been recognized (Walls, 1942;
Cohen, 1972). (1) Single cones which appear relatively isolated from their neighbours
are found in all vertebrate classes. (2) Unequal double cones, consisting of two mor-
phologically disparate cones in contact, are found in all vertebrate groups except
placental mammals. (3) Twin cones, first observed and named Zwillingszapfen by
Heinrich Miller in his remarkable anatomical work of 1857 (Midler, 1857), consist of
two morphologically identical cones with apposed inner segments; they are wide-
spread in teleost fish and often coexist with a population of single cones.
Over the years there have been various suggestions that these three anatomical

classes of cones might differ in function but the physiological evidence is still frag-
mentary and largely indirect. In this paper we report some direct measurements in
the walleye (Stizostedion vitreum vitreum), a freshwater teleost with exceptionally
large twin cones. We have used intracellular recording and dye injection to provide
the first unequivocal identification and description of the light-evoked responses of
twin cones and have analysed the cone photopigments by microspectrophotometry.
The two sets of independent measurements are in good agreement. They indicate
that the twin cones in the walleye are 'identical twins' which contain the same 605
nm photopigment in both members. A green-sensitive photopigment was found
in the walleye's single cones. From these and other findings, we consider the function
of twin cones in colour vision, the development of twin cones, and possible functional
differences between the anatomical classes of vertebrate cones.

METHODS

Intracellular recording and dye injection

Intracellular recordings were obtained by standard methods (Burkhardt, 1977) from fish
(20-24 in long) which were netted in Minnesota lakes and rivers. The eye was removed, cut in
half, and the posterior portion placed in a cooled, oxygenated chamber. For dye injection work,
recordings were made with micropipettes filled with 7 % M4RAN Procion yellow dye (electrode
resistance: 600-900 M!Q). After recording the cell's response to precisely controlled light flashes,
sinusoidal currents (3 Hz, 2 nA peak-to-peak) were applied for 4-10 min. The retina remained in
the chamber for 1-2 h. It was then fixed in Bouin's solution overnight, dehydrated, and embedded
in Spurr's medium. Sections were cut at 14 gtm and inspected with a fluorescence microscope.
For further details, see Hassin (1979).
To measure the action spectrum of cones, all recordings were made with micropippetes filled

with 4 M-postassium acetate (electrode resistance: 200-400 MCI) since these electrodes routinely
yielded recordings whose signal/noise ratio and stability were much better than those obtained
with Procion-filled pipettes. The action spectrum is the reciprocal of the relative number of
photons required to evoke a criterion responses from the cone, using 0 5 sec flashes of 100 ,um
diameter centered in the receptive field. The criterion response amplitude was about one half of
the cone's maximum response (8-15 mV, depending on the cone). Spectral lights were obtained
from a grating monchromator (6.6 nm half-bandpass), and at each wave-length setting the in-
tensity of the test flash was set at several levels to evoke responses whose amplitudes bracketed
the criterion response. The criterion response amplitude was defined as that evoked by a 610 nm
standard flash whose intensity remained fixed throughout the measurements. The standard flash
was presented before and after obtaining the response series at each wave-length (see Fig. 4).
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Thus, it was possible to allow for small shifts in the cell's absolute amplitude of response and
to terminate measurements if marked changes occurred in the response to the standard
flash. Responses were recorded on magnetic tape and written out later with an X-Y plotter
or penwriter. Spectral energy calibrations were made at the plane of the retina with a photo-
multiplier whose spectral sensitivity had been precisely determined with a thermopile. These
measurements were checked with a calibrated photodiode (United Detector Technology, Model
122). The two sets of calibration measurements were virtually identical (± 3%). The actual
density of all 'neutral' wedges and filters in the optical system was calibrated at each wave-

length setting.

Microspectrophotometry
Microspectrophotometric measurements were obtained using the Photon Counting Micro-

spectrophotometer at the Marine Biological Laboratory (MacNichol, 1977, 1978). Eye-
cups were prepared and placed in low Ca2+ saline for 1 hr to facilitate dissociation. Small
pieces of retina were placed in a drop of saline on a large cover slip, teased apart with forceps
and a small quantity of material transferred to another cover-slip, ringed with silicone oil to
prevent evaporation, and covered with an identical cover-slip (MacNichol, Kunz, Levine, HArosi
& Collins, 1978). Preparations of this type contain a large number of cones suitable for measure-
ment which either protrude from the edge of small pieces of retina, or detach completely for
microspectrophotometric measurements. All operations were carried out in total darkness using
an infra-red image converter. The preparation was then placed between microscope objective
lenses to project a small rectangular spot of monochromatic light of varying wave-length within
the outer segment of a cone for viewing with infra-red T.V. and recording. All measurements
were made transversely to the long axis of the receptors with light polarized perpendicular to
this axis.
The spectrophotometer scanned the spectrum repetitively at 1 sec intervals, summing photo-

electron counts from a photomultiplier (S20 surface) at corresponding wave-lengths in a computer
memory. Usually fifty scans were made through a clear area of the specimen followed by ten to
twenty scans through a receptor. A computer programme calculated the optical density, as
O.D. = Log10 (average blank counts - average dark counts)/(average sample counts - average

dark counts).

Hi8tology and extracelular recording in walleye fry
Walleye fry (3-5 days old) were obtained from the St Paul Hatchery of the Minnesota De-

partment of Natural Resources. Walleye fry survive only a few days in captivity. The fry studied
were about 8mm in total body length. The eyes were about 1 mm in diameter. For histology,
the cornea was punctured and the whole eye was then fixed, dehydrated and embedded as
described above. Tangential sections were cut at 6Jum and stained with methylene blue. To
record the corneal electroretinogram, the fish was placed on moist paper in a cooled, oxygenated
chamber. The retina was diffusely illuminated. A Ringer-soaked wick electrode was placed on
the cornea and an Ag/AgCl indifferent electrode was placed near the tail. Because of base-line
drift and the small amplitude of the responses (20-70 1sV), all quantitative measurements were

obtained with a 0-1-100 Hz recording bandpass.

RESULTS

Identification and analysis of responses of twin cones by dye injection
Intracellular recordings from cones were initially identified by physiological

criteria of relative electrode depth and the finding that the receptive field centre was
small: about 100,m in diameter when mapped with a 100,m spot (Burkhardt,
1977, Fig. 2). To allow enough time for subsequent dye injection, it was necessary to
assess quickly the spatial and spectral organization by simple tests. Thus, after
centering the test spot, the spatial organization was further assessed by comparing
the responses evoked by test flashes of 0-25 and 2-2 mm diameter of constant illumin-
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ance. Fig. 1 A shows the response of a cone to flashes of 2-2 and 0-25 mm. The early
parts of both responses are similar but the response to the 2*2 mm stimulus then falls
to a considerably lower level for the remainder of the flash. Hence, the receptive
field of this cone has an antagonistic centre-surround organization: illumination in
the surround induces a delayed depolarizing influence which antagonizes the hyper-
polarizing effect of light in the centre of the receptive field. The depolarization due

A B

220 220 S

025 _ 0-25

5 mV

A

Fig. 1. A. responses ofa cone evoked by circular test flashes of 2-2 and 0-25 mm diameter.
The flashes were centred in the cone's receptive field, 0 50 sec in duration, 630 nm in
wave-length, and of constant irradiance (equivalent to about 5 x 10' photons/um2 . sec
at the plane of the retina). Hyperpolarization is down. B, light-evoked responses of
another cone to test flashes of 2-2 and 0-25 mm diameter. Other stimulus conditions as
in A. Stimulus records are shown below. The voltage calibration applies to all responses.

to the surround has been studied previously in detail (Burkhardt, 1977), is in all
major respects similar to that reported for turtle cones (Baylor, Fuortes & O'Bryan,
1970), and is believed to be due to feed-back from horizontal cells (Baylor et al. 1970;
Cervetto & MacNichol, 1972; O'Bryan, 1973; Burkhardt, 1977). In both species,
some cones fail to show the effect. In the walleye, it has been detected in about half
of some 170 cones studied to date.

After injecting dye and processing the retina as described in Methods, the cell
giving the responses of Fig. 1 A was identified from the radial section reproduced in
P1. 1 A. The inner segment of a cone shows strong fluorescence due to accumulation
of dye. Dye is also visible in the distal part of the thin process which connects the
inner segment to the cone pedicle. Dye is not apparent in the pedicle nor in the outer
segment, although the latter is partially occluded by the surrounding pigment
epithelium cells whose proximal tips contain discrete accumulations of black pigment

P1. 1 B shows the regular mosaic pattern of cones in the walleye retina. This is a
tangential section at the level of the cone inner segments. Four twin cones surround
each of the less numerous single cones. The straight region of apposition between the
inner segments of the individual members of the twin cones is clearly demonstrated.

Fig. 1 B shows responses from a cell which lacks a detectable depolarizing sur-
round since the responses to flashes of 2-2 and 0-25 mm are similar. The origin of
this recording was identified by the tangential section shown in P1. 1C. One member
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of a twin cone is clearly filled with dye. P1. 1D and E show two more examples of
dye-injected twin cones in tangential section. The cone in E and five other dye-
injected twin cones showed depolarizing influences due to illumination of the recep-
tive field surround.

Because the inner segments of individual members of twin cones are significantly
larger than those of single cones (P1. 1 B), dye-injected twin cones could be unequivo-
cally identified in either radial or tangential sections. Of a total of twenty-five
dye-injected cones, eighteen were recovered. All were unequivocally identified as
twin cones. In each case, only one member contained detectable dye. The reproduc-
tions in PI. 1 are necessarily inferior to the appearance of this material when directly
viewed in the microscope with the attendant advantages of colour contrast and
increased definition of borders. When so viewed, none of our material showed detect-
able spread of yellow dye between twin cone members. In seventeen of the eighteen
recovered twin cones, strong fluorescence was seen in the inner segment whereas the
pedicle showed undetectable or weak fluorescence. In contrast, one recovered cone
showed strong fluorescence in the pedicle and much weaker fluorescence in the inner
segment. Depolarizing influences from the surround were not detectable in this
recording.

Before dye injection, each cone recording was screened for spectral sensitivity by
determining the relative sensitivity to red (630 nm) and green (530 nm) test flashes.
As reported previously (Burkhardt & Hassin, 1978), the resulting 630/530 nm sen-
sitiviy ratio clearly distinguishes the orange-sensitive cones from green-sensitive
cones. The former have a 630/530 nm sensitivity ratio of about 1-62, and the latter
about 0-16. In the present work, all the recovered dye-injected cones had sensitivity
ratios significantly greater than one (mean: 1-69 + 0-22 S.D.). Thus, these results
indicate that all the seventeen recovered twin cones were the orange-sensitive type.

Microspectrophotometry
The results of the dye injection work suggest that both members of the twin cone

contain the same orange-sensitive photopigment. A direct test of this proposition
was obtained by microspectrophotometry by directly measuring the photopigment
within each member of twin cones. Our measurements considerably extend those
previously reported for a sample of three walleye cones (Ali, Ryder & Anctil, 1977).

Density spectra suitable for detailed analysis were obtained from both members of
twenty-seven pairs of twin cones. All twenty-seven pairs showed maximum density
around 605 nm. (Similar spectra were obtained from twelve other twin cones but
were excluded from further consideration either because only one member of a pair
was measured or because the records exhibited unsatisfactory signal/noise ratios.)
The spectra for individual members of a given twin cone did not differ significantly
from each other. The filled circles in Fig. 2 show the mean spectrophotometric
density spectrum of the twin cone photopigment, based on ten cones giving the best
signal/noise ratios. The small circles show the standard deviations. The average
maximum absorbance (optical density) of the 605 nm photopigment was about 0-05
(Fig. 2). This corresponds to an absorptance (fraction of light absorbed) of 0-11.
The average diameter of the portion of the outer segment measured was about 5 Am
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Fig. 2. Mean density spectrum of the photopigment found in the twin cones (filled
circles) based on measurements from ten cones. The small circles show the standard
deviations. The squares show the mean action spectrum based on intracellular recording
from six orange-sensitive cones. The horizontal lines show the standard deviation. The
action spectrum is plotted on a linear scale of relative quantum sensitivity (right
ordinate).
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Fig. 3. Mean density spectrum of the photopigment found in single cones (filled circles)
based on measurements from eight cones. The small circles show the standard devia-
tions. The squares show the action spectrum (ordinate at right) obtained by intracellular
recording from one green-sensitive cone.
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which gives a specific absorbance of 0-010 per gtm. This compares with the specific
absorbances of 0*0136, 0*0132, and 0-0154 for the blue, green, and red absorbing
cones of the goldfish (Harosi, 1976).

Satisfactory microspectrophotometric measurements were also made on fourteen
single cones. All these cones were green-sensitive, absorbing maximally at about 533
nm. The filled circles in Fig. 3 show the mean density spectrum, based on eight
cones giving the best signal/noise ratios. The small circles show the standard de-
viations. Over the wave-length ranges of 450-630 and 500-675 nm, respectively, the
533 and 605 nm spectra of Figs. 3 and 2 agree very closely with the spectra predicted
by the photopigment nomogram of Ebrey & Honig (1977). The nomogram spectra
do not extend to shorter wave-lengths. At longer wave-lengths, the microspectro-
photometric measurements are somewhat higher than the nomogram predictions.

Action spectra of walleye cones
The density spectrum of the 605 nm photopigment (Fig. 2) corresponds rather

closely with the action spectrum previously reported for the orange-sensitive cones
(Burkhardt & Hassin, 1978). To determine the degree of the correspondence more
fully, we have used a refined method to measure the action spectrum for a new sample
of cones and extended the measurements below 450 nm. It was essential to obtain
relatively low noise recordings which were stable for 15-20 min. It therefore proved
necessary to use micropipettes filled with potassium acetate rather than Procion
yellow (see Methods). In four of the six cones sampled, it was possible to get two.
independent sensitivity determinations at all wave-lengths. Fig. 4 shows the sort of
data from which the action spectra were derived. At the top of Fig. 4, amplitude-
intensity series at 450 and 650 nm are shown interspersed between responses evoked
by a standard, constant-intensity flash. Here and for the other five cones, centred
stimuli of 0*10 mm diameter were used. With such stimulation, the hyperpolarizing
response due to direct illumination is modestly enhanced by hyperpolarizing influ-
ences due to illumination of neighbouring cones (Witkovsky, Burkhardt & Nagy,
1979). The responses showed no apparent departures from the principle of univari-
ance (Naka & Rushton, 1966). The mean amplitude of the standard responses pre-
ceding and following each amplitude-intensity series was taken as the criterion res-
ponse for that series (see Methods). The data were then plotted as in the bottom of
Fig. 4 and the relative number of photons required to evoke the criterion response
was obtained by interpolation.
The open squares in Fig. 2 show the mean action spectra for the six cones sampled.

The horizontal bars show the standard deviations. The action spectrum agrees
closely with the photopigment density spectrum. The standard deviations of the two
sets of measurements overlap throughout the spectrum with the exception of a slight
but apparently systematic discrepancy in the violet.
The action spectrum of Fig. 2 should be exclusively due to the cone's central

hyperpolarizing mechanism since the stimuli were too small to activate the surround
mechanism of walleye cones (Burkhardt, 1977) and the particular cones of Fig. 2
displayed either very weak or undetectable depolarizing influences even when
stimulated with 2-2 mm spots. Further spectral tests were performed on orange-
sensitive cones which displayed clear depolarizing influences. These tests showed
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that disparate spectral stimuli which were set at irradiances to evoke equivalent
responses for small spots (0 10 mm) also yielded equivalent responses when the spots
were enlarged to 2-2 mm to activate the depolarizing surround. Fig. 5 shows an
example of such results. Since the spectral equivalence for small centred spots also
holds closely for large spots, the surround mechanism must be primarily driven by
cones which contain the 605 nm photopigment.
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Fig. 4. A, responses of a walleye cone to flashes of 610, 450 and 650 nm. A standard,
constant-intensity flash of 610 nm is presented at S. Between these flashes, amplitude-
intensity series at 450 or 650 nm are generated by increasing the test flash in approxi-
mately 0-5 log unit steps. B, a plot of peak amplitude of the cone response V8. flash
intensity. The numbers by each curve indicate the stimulus wave-length. The short
horizontal lines show the criterion response based on the average ofthe responses evoked
by the standard flash immediately before and after each series (see text). The intersec-
tion of these lines with the appropriate curve defines the photon levels necessary to
evoke the criterion response. The curves marked 450A and 650A are based on the rec-
ords shown above in A. About 7 min later, the response to the standard flash was
slightly larger and a second series was taken at 450 and 650 nm. These data, shown by
the curves marked 450 and 650, yield sensitivity measurements within 0-04 log unit
of those obtained from the earlier series. The criterion response is about half of the
cone's maximum response (12 mV).

It has been very difficult to get stable intracellular recordings from green-sensitive
cones (Burkhardt & Hassin, 1978), probably because these cones are considerably
smaller and less numerous than the orange-sensitive cones. However, we have recently
obtained one unusually stable recording. The resulting action spectrum measure-
ments (squares, Fig. 3) agree relatively well with the 533 nm photopigment spectrum.
Depolarizing influences were undetectable in this cone. Due to limitations in other
recordings the spectral properties of the surround mechanism of green-sensitive

222



cones are as yet uncertain. In the microspectrophotometric sample and extensive
electrophysiological recordings at all levels of the walleye retina, no evidence for
blue-sensitive cones has been found. Thus, the walleye retina seems functionally
dichromatic.

A 010 mm B 2-20 mm
530

AP 530~

630 630

V

5 mV

A

Fig. 5. Spectral equivalence of responses of an orange-sensitive cone for 530 and 630 nm
flashes of 0.10 nm (A) and 2-2 mm diameter (B). In A the intensity levels of the 530
and 630 nm flashes were set at approximately 8.2 x 104 and 4-6 x 104 photons/ctm2 . sec,
respectively, to evoke equivalent responses from the cone. In B, the intensities were
unchanged. Although the delayed depolarizing influence of the surround is now clearly
evident, the responses to 530 and 630 nm remain equivalent. The maximum response
of this cone was about 9 mV. Spectral equivalence also held for responses of smaller
amplitude when the 530 and 630 nm stimuli were reduced by equal amounts. The
bottom records show the timing and duration (0.5 see) of the flashes.

Anatomical and physiological observations on walleye fry
The receptor mosaic was examined in ten walleye fry (3-5 days old). In radial

sections, all the receptors observed had an inner and outer segment morphology which
was clearly characteristic of cones. Rods were not evident. Rods evidently appear
somewhat later than cones, as has been reported for other teleosts. Fig. 6 shows
camera lucida drawings of representative sections at the level of the cone inner
segments. The orderly array of the adult mosaic is not evident. Neighbouring inner
segments are separated. The cones appear relatively uniform in both size and shape.
However, some cones have semicircular profiles and a few of these are oriented with
their straight regions facing each other (arrowheads, Fig. 6). These elements, although
rare and not yet in contact, may be precursors of adult twin cones.
The corneal electroretinogram was recorded in an attempt to assess the spectral

properties of the receptors. The light-evoked response consisted of an initial negative
wave followed by a positive wave. The amplitude from the negative to positive peak
was measured. The responses were small (.< 70 #V), relatively noisy and insensitive,
so it was only feasible to use relatively intense lights from interference filters to
estimate the 630/530 nm sensitivity ratio. The data from five fry yielded a mean
630/530 nm sensitivity ratio of 0 79 (range: 0-48-1-02). This value lies about
halfway between the characteristic values for orange- and green-sensitive cones
(see above), so these results suggest that both orange- and green-sensitive cones
are present in the fry retina.
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Fig. 6. Camera lucida drawings of the cone mosaic observed in walleye fry, 3-5 days old.
A and B show tangential sections at the level of the inner segments for two fish.
The insert in the middle shows a typical radial view of the distal part of fry cones.
The dashed line indicates the approximate level of the sections shown in A and B. The
arrowheads point to presumed precursors of twin cones (see text).

DISCUSSION

Dye injection, coupling and depolarizing influences in conles
We have repeatedly found strong fluorescence in the inner segment of one member

of the twin cone but no detectable fluorescence in the apposed member. Thus, if
twin cones are electrically coupled at the opposed inner segments, the coupling
channels must be too small to allow effective passage of Procion yellow molecules
(Simpson, Rose & Lowenstein, 1977). In contrast, Procion yellow seems to pass
easily between the members of double cones (Richter & Simon, 1974). In addition to
possible coupling at the inner segment, the paired members of the twin cone could
be functionally coupled with each other and with neighbouring cones via the gap
functions observed between pedicles and their basal processes in the walleye retina
(Witkovsky et al. 1979).
The generality and functional consequences of depolarizing influences (feed-back)

in vertebrate cones are, as yet, unsettled (Burkhardt, 1977; Burkhardt & Hassin,
1978). To date, such influences have only been clearly demonstrated in turtle, tiger
salamander (J. Skrzypek & F. S. Werblin, unpublished) and walleye, and even in
these retinas, not all cones show the effect. Thus, if the depolarizing surround is to be
accepted as a general property of vertebrate cones, it seems necessary to assume that
experimental limitations account for the reported failures to detect the effect in
various species. One possibility is that the depolarizing potential generated in the
pedicle could be drastically attenuated and hence, undetectable at the level of the
inner segment (Byzov, 1979). On anatomical grounds, the walleye twin cone seems a
prime candidate for such attenuation since the process connecting the inner segment
is very long (about 30rm) and slender (about 1kam in diameter). Our dye-injection
results indicate that the majority of intracellular recordings from walleye cones are
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obtained from the inner segment and that depolarizing potentials are detectable in
such recordings. Hence, the reported absence of depolarizing potentials (feed-back)
in cones seems more likely due to (1) selective deterioration or (2) a true absence of
the feed-back mechanism. There is evidence for the first possibility (for summary, see
Burkhardt, 1977) but until feed-back connexions can be independently identified
by morphological or neurochemical criteria, the second possibility cannot be excluded.

Correspondence between cone photopigments and cone action spectra
To the best of our knowledge, the agreement between photopigment and action

spectra in Fig. 2 is the closest yet reported for vertebrate cones. These data therefore
merit further scrutiny. For rigorous comparison of physiological and photopigment
spectra, the photon-based action spectrum must be compared to the absorptance
spectrum of the photopigment and the latter must be based on the optical density
pertinent to the physiological measurements (Darnall, 1962). The microspectro-
photometric measurements of Fig. 2 were made transversely across outer segments
which measured about 5sum in diameter and show a maximum density (absorbance)

of 0 05, so the specific absorbance of the photopigment is 0.01/flm. Since the action
spectrum was measured with light passing axially through outer segments about
14jsm long, the total absorbance of the cone would be 014. Thus, for comparison
with the physiological measurements, the measured density spectrum of Fig. 2
should be scaled up to have a maximum density of0-14 and the values then trans-
formed to absorptance (fraction of light absorbed). When this was done, the resulting
absorptance spectrum was a little broader than the density spectrum, but the differ-
ences were very small. For example, the filled circles plotted in Fig. 2 at 400, 566 and
740 nm fall, respectively, at 46, 83 and8x4 % of the 605 nm peak. The corresponding
values for the absorptance spectrum were 50, 85 and 9-5 % of the 605 nm peak. Thus,
the close agreement evident in Fig. 2 is not materially altered when the photopigment
data are adjusted for the physiologically pertinent optical density and expressed
as absorptance.
At short wave-lengths, comparisons of physiological and microspectrophotometric

spectra are susceptible to secondary distortions due to pre-receptor media, scatter,
photoproducts, focusing and residual calibration errors. We can neither eliminate or
confirm the possibility that one or some combination of these factors may underlie the
modest discrepancy found in Fig. 2 below 450 nm, in the region of the photopigment's
cis-band. In sum, throughout the main band of the photopigment, our results clearly
support the hypothesis that the photopigment absorptance fully accounts for the

cone's action spectrum. Whether this correspondence extends to the cis-band is still
uncertain and a question of some consequence for colour discrimination in the violet.

Function of identical twin cones
Recent measurements of photopigments in a variety of teleosts indicate that there

are actually two types of twin cones: 'non-identical twins' whose members contain
spectrally distinct photopigments and 'identical twins' whose members contain the
same photopigment (Loew & Lythgoe, 1978; Levine, MacNichol, Kraft & Collins,
1979). Our results show that the twin cones in the walleye are 'identical twins',
both photochemically and physiologically. The spectral sensitivity established by
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the photopigment is substantially preserved by subsequent events, including sum-
mative interactions with neighbouring cones and depolarizing influences from the
receptive field surround, which intervene between light absorption and the receptor
potential. Thus, these identical twin cones seem designed to function as orange-
sensitive, spectrally univariant receptor units. From the combined evidence of this
and previous work (Hassin, 1979; Witkovsky et al. 1979), it is now clear that the
output of twin cones is routed to both luminosity-type and chromatic-type horizontal
cells. In this way, walleye twin cones evidently contribute to both brightness and
colour discrimination.

Functional differences between twin cones and double cones
The spectral organization of identical twin cones revealed here contrasts with

evidence now available on the function of double cones. The double cones in turtle
seem to consist of functionally coupled red- and green-sensitive members whose
responses show strong departures from univariance (Richter & Simon, 1974; Baylor
& Fettiplace, 1975) and thus seem designed to promote chromatic interactions at the
receptor level. Such function may be characteristic of vertebrate double cones since
studies in goldfish, rudd, frog and birds all show that the associated members contain
spectrally dissimilar photopigments or photopigment-oil droplet combinations
(Marks, 1965; Hfrosi & MacNichol, 1974; Scholes, 1975; Stell & Harosi, 1976;
Bowmaker, 1977; Mariani & Leure-dePree, 1978). The members of non-identical
twin cones are, likewise, spectrally dissimilar (Loew & Lythgoe, 1978; Levine et al
1979). Thus, of the three cone types, double cones and non-identical twin cones seem
functionally analogous, while the identical twin cone, with its simple spectral organ-
ization, stands apart. Perhaps identical twin cones have complex or highly specialized
functions in other aspects of vision. For this, however, we can as yet offer no com-
pelling evidence from our measurements on twin cones and the comparable measure-
ments now available on cones in other vertebrates.

Development of twin cones and the cone mosaic
The development of twin cones in the walleye seems fundamentally like that

described for it's European counterpart, the pikeperch Lucioperca lucioperca, and
for the common perch (Percafluviatilis). In both these species, twin cones are abund-
ant in adults but only single cones seem evident in fry (Ahlbert, 1970, 1973). From these
findings and depth-dependent changes in rockfish, it has been suggested that twin
cones develop via fusion of single cones (Ahlbert, 1973; Boehlert, 1978). To form the
receptor mosaic reported here for the mature walleye, such fusion would have to be
restricted to the orange-sensitive cones. Furthermore, if the neonatal population of
single cones is composed of both green- and orange-sensitive members, the fusion
mechanism must be highly selective to promote the formation of orange-sensitive
twin cones while impeding the formation of green-green and orange-green combi-
nations.
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EXPLANATION OF PLATE 1

A. Radial section of the distal retina of the walleye. The inner segment of a twin cone is filled
with Procion yellow dye. The responses shown in Fig. 1A were recorded before dye was injected.
Dye is also seen in the initial part of the thin process which connects the inner segment to the
cone pedicle. Dye is not apparent in the cone's outer segment, although the latter is partially
occluded by the surrounding pigment epithelium cells whose proximal tips contain discrete
accumulations of black pigment. The pigment epithelium cells, cone inner segments and the
more proximal outer nuclear layer all show considerable autofluorescence. B, tangential section
at the level ofthe cone inner segments. The smaller and less numerous single cones are surrounded
by four twin cones. The straight region of apposition between the inner segments ofthe individual
members of the twin cones is clearly evident in this 14 ,sm section. C, tangential section shows
one member of a twin cone injected with dye. The responses in Fig. 1B were recorded from this
cone. D and E, two other examples of dye-injected twin cones in tangential section.
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