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Motion vision is independent of color in Drosophila
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Whether motion vision uses color contrast is a controversial issue
that has been investigated in several species, from insects to
humans. We used Drosophila to answer this question, monitoring
the optomotor response to moving color stimuli in WT and genetic
variants. In the fly eye, a motion channel (outer photoreceptors
R1-R6) and a color channel (inner photoreceptors R7 and R8) have
been distinguished. With moving bars of alternating colors and
high color contrast, a brightness ratio of the two colors can be
found, at which the optomotor response is largely missing (point
of equiluminance). Under these conditions, mutant flies lacking
functional rhodopsin in R1-R6 cells do not respond at all. Further-
more, genetically eliminating the function of photoreceptors R7
and R8 neither alters the strength of the optomotor response nor
shifts the point of equiluminance. We conclude that the color
channel (R7/R8) does not contribute to motion detection as mon-
itored by the optomotor response.

apparent motion | equiluminance | motion detection |
opsin mutants | R7/R8 system

he role of color vision in motion detection is still a matter of

debate (for reviews, see refs. 1-3). In human vision, it was
widely believed that color and motion are processed by parallel
pathways (4). More recently, however, the complete segregation
of motion detection and color vision came into question (for a
review, see ref. 2), because motion of the patterns of two
equiluminant colors could still be detected. Thus, either the
color vision system contributes to motion detection, or a residual
difference in luminance could not have been eliminated exper-
imentally (for a review, see ref. 1).

In insects, it was first shown for the fleshfly Phormia that motion
vision as monitored by the optomotor response depends on lumi-
nance contrast (5). Also in the honey bee, for which color vision is
well established (6), the optomotor response has been shown to be
largely insensitive to color contrast (7). The same was found for the
landing response (8). Similar results were reported in vertebrate
systems. In goldfish, which have a tetrachromatic color vision
system (9), only L-cones (red) contribute to the optomotor response
(10). In zebrafish larvae, both M- and L-cones seem to mediate
motion responses, although only luminance information appears to
be used (11). These studies clearly show that luminance contrast
plays a major role in motion detection, as it does in humans.
However, at the point of equiluminance, residual responses are
frequently observed (5, 10), leaving the possibility that moving color
contrast can, after all, elicit motion responses. So far, it was not
possible to selectively switch off the color channel. Here, we used
genetic intervention and the detailed knowledge of the Drosophila
retina to address whether the color vision system contributes to
motion detection.

Drosophila has been shown to possess color vision (12, 13). As
a prerequisite for this quality, an animal needs at least two types
of photoreceptors differing in spectral sensitivity (for a review,
see ref. 14). The Drosophila compound eyes are equipped with
photoreceptors with at least five different spectral sensitivities.
Each eye consists of ~700 ommatidia (15). Like in other Diptera,
each ommatidium contains eight photoreceptors (R1-R8) (for a
review, see ref. 15). The outer photoreceptors (R1-R6) express
a rhodopsin (Rh1) that shows a broad spectral sensitivity peak-
ing in the blue as well as in the UV due to the presence of a
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sensitizing pigment (16). These cells project to the lamina, the
first neuropil of the optic lobe. R7 photoreceptors express one
of two UV-sensitive opsins, Rh3 or Rh4, whereas R8 photore-
ceptors express either the blue-sensitive opsin Rh5 or the
green-sensitive opsin Rh6 (for a review, see ref. 17). Only two
types of ommatidia exist in the main part of the retina. In one
type, referred to as pale (p), Rh3 is always combined with Rh5
(short wavelength pair). In the other type, referred to as yellow
(y), Rh4 is always combined with Rh6 (long wavelength pairs).
Approximately 70% of the ommatidia are of the “yellow” type.
All R7 and RS cells bypass the lamina and project directly to the
second neuropil of the optic lobe, the medulla.

The R1-R6 photoreceptor channel mediates motion detection
in visual course control and landing, as well as phototaxis and
tropotaxis (18, 19). With only one spectral type of photoreceptor,
the R1-R6 channel is achromatic. The R7 and R8 photoreceptor
channel mediates basic orientation responses (e.g., turning to-
ward large objects) but does not mediate responses to moving
luminance contrast (18, 19). This channel is, however, thought to
be crucial for color vision and the detection of e-vector orien-
tation (for reviews, see refs. 15 and 20). Little is known about the
interaction of the two channels. In previous studies, it could not
be excluded that R7/R8 might contribute color contrast sensi-
tivity to the intact motion detection system because equilumi-
nant color contrast was not tested; secondly, R8 photoreceptors
could not be manipulated. Here, we show that, in Drosophila,
motion detection as monitored by the optomotor response is
indeed fully separated from color vision.

Results

Impairment of the R1-R6 System Causes Motion Blindness. Like other
animals, Drosophila uses visual motion to stabilize its gaze and
orientation in space (for a review, see ref. 20). To quantitatively
assess motion vision, we recorded the optomotor response,
measured as the fly’s yaw torque during stationary flight in
response to rotatory large-field motion (Fig. 14) (20, 21). The
optomotor response belongs to a system of control mechanisms
counteracting involuntary changes of flight direction caused, for
instance, by air turbulences or the different efficiency of the two
wings. To measure the optomotor response, tethered individual
flies were attached to a torque meter, and two liquid crystal
display computer screens were placed frontolaterally at an angle
of +45° with respect to the fly’s longitudinal body axis (Fig. 14).
Computer-generated patterns of vertical stripes were moved
from front to back on one screen and at the same time from back
to front on the other (and vice versa), thus simulating rotary
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Fig. 1. Motion vision is insensitive to color contrast. (A) Experimental setup.
Moving stripes are presented to the fly on two identical screens that are placed
in frontal-lateral position. The optomotor response (OR) is measured by
recording the fly’s yaw torque during stationary flight. (B) Blue/green exper-
iments. OR of WT flies to moving striped patterns where green intensity was
kept constant (“‘constant green,” 3.2 X 10'2 quanta cm~2s~"), whereas blue
intensity varied from 0 (black) to the same intensity as the green (1). Relative
ORis normalized to the maximal response in each individual fly. Error bars are
SEMs. (Top) WT flies (n = 23). (Middle) Single fly’s OR goes to zero near the
POE. A total of 20 flies exhibited this behavior. (Bottom) Single fly OR in which
the response was positive at all points measured. A total of 10 flies behaved
similarly. The dotted lines indicate the standard intensity-response function
(template). (C) Green/green experiments. OR of WT flies to moving stripes of
asingle color. Fixed intensity is as in Fig. 1B (3.2 X 10'2 quanta cm~2s~1), and
the x axis shows the intensity ratio of the other stripes. (Top) Average OR of
13 flies. (Middle) Representative example of a single fly. (Bottom) Another
example of a single fly with the template (dotted line) overlaid. (D) POEs
estimated for single flies in blue/green experiments. The template was fitted
to the data from individual flies to estimate the POE in each fly. Error bars are
SDs. WT (n = 16); R7/R8 LOF mutants (sev Y3,rh52,rh6’ and sal, n = 26); WT in
apparent motion paradigm (n = 12). (E) POEs for green/green experiments (13
WT flies), estimated from template fitting. Error bars are SDs.

motion around the fly. The fly’s intended turns followed the
movement.

As mentioned above, the R1-R6 system mediates optomotor
responses under achromatic stimulus conditions (19). We con-
firmed the previous report testing ninaE’7 flies (22, 23) in our
setup with black and white stripes [supporting information (SI)
Fig. 5]. In this mutant allele of the ri1 opsin gene, rhl expression
is lost and the rhabdomeres of R1-R6 degenerate (24), whereas
expression of opsins Rh3-Rh6 in R7/R8 is unaffected (S.Y. and
C.D., unpublished results). The optomotor response is zero,
whereas orientation to brightness differences and large land-
marks is retained (25). We confirmed that phototaxis was
retained in ninaE'” flies (data not shown). The R7/R8 channel
alone does not provide any motion sensitivity in the optomotor
response.

This finding, however, does not exclude that, with a properly
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operating motion channel, the R7/R8 channel would contribute
to motion vision. With the R1-R6 system operating, color
contrast might add to or enhance luminance contrast. Moreover,
photoreceptors R7/R8 could modify the R1-R6 system inde-
pendently of color vision, resulting in a change of spectral
sensitivity of the R1-R6 system. Therefore, we directly measured
the optomotor response to color contrast.

No Optomotor Response to Color Contrast. To investigate whether
an optomotor response could be elicited not only by luminance
contrast but also by color contrast, we recorded the flies’
optomotor responses to patterns of alternating blue and green
stripes of varied luminance contrast (Fig. 1.4). We first measured
the spectral profile of each color from the monitor that displayed
the moving stripes. The peak wavelength of the green stimulus
produced by the monitor was 544 nm, whereas the blue stimulus
had a relatively broad profile peaking at 437 nm (SI Fig. 6). We
fixed the intensity of one of the stimuli (e.g., green) to an
arbitrary value (3.2 X 10'2 quanta cm~2s~1). The value was
chosen such that even 1% of this intensity was sufficient to elicit
a full-sized optomotor response in this setup. We monitored the
optomotor response while varying the intensity of the other color
(Fig. 1B; blue/green experiment). The curve representing the
strength of the optomotor response as a function of intensity of
the blue stripes had the shape of a trough: At a certain point, the
response was minimal (blue intensity = 1.3 X 10'2 quanta
cm~2s~1). At this point of equiluminance (POE), flies acted as
if there were hardly any motion, although the moving stimuli
exhibited strong color contrast to the human eye. Taking into
account the Drosophila color vision system (13) and the spectral
composition and intensity of the two colors, the moving bars
should have exhibited strong color contrast for the fly as well.
This indicates that the optomotor response was mostly depen-
dent on luminance contrast (Fig. 1B Top), whereas color contrast
contributed only little if anything at all.

We determined the POEs for the blue and green stimuli in
reciprocal experiments. If the intensity of blue was kept constant
at the average POE measured in the previous experiment and
that of green varied instead (green/blue experiment), we ob-
tained a similar intensity-response curve, and the POE occurred
at the green intensity corresponding to the reference in the first
experiment (constant blue: 1.3 X 10'2 quanta em~2s~1; green:
3.2 X 10'? quanta cm~ s~ 1) (SI Fig. 7). At the POE for WT flies,
the intensity of the blue stimulus was ~40% of the green
intensity. Moreover, we determined the POE for the same
blue/green colors but with different intensities. A similar ratio
was obtained (blue, 3.0 X 10'2 quanta cm~%s~1; green, 7.4 X 1012
quanta cm~2s~%; blue/green ratio = 40%: blue, 2.7 X 10U
quanta cm~2>s~1; green, 6.9 X 10'! quanta cm~2 s~ 1; blue/green
ratio = 39%).

Next, we tested whether the experimentally obtained POE was
in agreement with a “theoretical POE” quantitatively estimated
from the spectral sensitivity of photoreceptors R1-R6. Taking
the spectral emission profiles of each color, we multiplied the
intensity at each spectral wavelength with the relative sensitivity
of Rhl (sensitivity values according to R. Hardie, personal
communication; and refs. 15, 26, and 27) and integrated the
values for the entire wavelength range. At the mean POE, we
calculated a blue/green ratio of r = 0.96 = 0.10, indicating that
the blue and green stimuli provided approximately the same
stimulation for the R1-R6 system. This result is consistent with
Rh1 providing the bulk of the pattern contrast discrimination
between the green and blue stripes.

The average curve of WT flies indicates a small but significant
response at the average POE (Fig. 1B Top, “residual response”),
which could represent some contribution of color contrast to
motion detection. To address this possibility, we investigated
individual flies and narrowed down the POE by performing a
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more detailed analysis in the close vicinity of the trough. The
individual POEs were slightly different from fly to fly. Moreover,
at the individual POEs, residual responses went down to zero in
20 of the 30 flies tested. An example of a single fly is shown in
Fig. 1B Middle. This strongly suggested that color contrast did
not contribute to the optomotor response in these flies. More
likely, each fly was indeed motion blind at its POE, but in 10 of
the flies none of the predetermined intensity ratios exactly
matched the individual POE (Fig. 1B Bottom).

Comparing the POE of Individual Flies. If only luminance contrast
was effective and all flies had a POE at exactly the same intensity
ratio, then the intensity-response curve to a blue/green grating
should match that obtained by using a striped pattern without
color contrast. To obtain such an intensity-response curve, a
stripe pattern consisting of only one color (green with the peak
wavelength at 544 nm) but at two differently controlled inten-
sities was used (green/green experiment). The same intensity of
green as in Fig. 1B was chosen as the fixed intensity (3.2 X 1012
quanta cm~ s~ !). As expected, we obtained a mean intensity—
response curve with a trough where the varied intensity exactly
matched the reference intensity (Fig. 1C Top); that is, when there
was no motion [luminance contrast m = 0; m = (I, — L)/,
where Iy and I, are intensities and /; > I,], the optomotor
response was zero. A pattern contrast of m = 0.025 was sufficient
to elicit ~15% of the maximal response, whereas a contrast
difference of m = 0.2 elicited ~50% of the maximal response
(Fig. 1C Top), indicating that motion could already be detected
by the fly at very low luminance contrast.

To test the hypothesis that in the blue/green experiment (Fig.
1B Top) the optomotor response at the mean POE was not zero
because each fly had a slightly different POE, we estimated
POE:s of individual flies as best as possible. We first derived the
mean intensity-response function of the green/green experiment
in the vicinity of the trough, which we refer to as “template” (Fig.
1C Bottom, dotted line). This function could then be used to
estimate the POE for a particular fly, even if no measured data
point resulted in a zero response for that fly. We fitted the above
template to the data points of individual flies of the blue/green
experiment by shifting it along the intensity axis. As a control,
the template was also fitted to the data of individual flies in the
green/green experiment (Fig. 1E). The average of the estimated
POEs was very close to the mean POE in the respective
experiment (Fig. 1 D and E). As would be expected if individual
flies indeed differed in their POEs, the scatter of individual
POEs was distinctly larger in the blue/green experiments (SD =
+3.3%) (Fig. 1D) compared with the green/green experiments
(SD = *£1.4%) (Fig. 1E).

Taking into account this scatter, we estimated how much each
fly would respond at the intensity of the mean POE according
to the standard intensity-response function (template; see pre-
vious paragraph). The mean response at the mean POE calcu-
lated from individual flies was very similar to the residual
response actually measured at the mean POE (see Fig. 3C),
suggesting that the residual response likely results from the
scatter of individual POEs.

Measuring the POE Without Interference by Color Contrast. If the
residual response at the mean POE were due to color contrast,
it should be eliminated if the POE could be measured under
conditions when no response should be elicited by color contrast
alone. Therefore, we applied a special “apparent-motion para-
digm” to Drosophila that had originally been developed to
determine the POE in human vision (28). The stimulus consists
of loops of four frames that are shown sequentially at 250-ms
intervals (Fig. 24): The first one (Fig. 2A4a) displays green and
blue stripes (similar to the previous experiment). Then, bright
and dark gray stripes are shown (Fig. 24b). They are displaced

4912 | www.pnas.org/cgi/doi/10.1073/pnas.0711484105

A | —
INREI IR

‘EENEN EEEE
‘EEEN EEREERN
B 1 Constant green C 1
i s 44 $ ¢
4 .6
g'g = n°:.4 ¢ '
-'i 2 4, 6 8 1 5 s 'y
2 % i . %z 4 & & 1
:1 Blue/Green intensity ratio

Fig.2. Colorcontrast does not contribute to motion detection. (A) Apparent
motion paradigm. Sequential presentation of blue/green striped patterns (a
and ¢) and bright/dark striped patterns (b and d) produce an impression of
motion (indicated by arrows between the patterns). (B) OR of WT flies (n = 14)
measured in the apparent motion paradigm. As in Fig. 1B, green intensity was
kept constant (constant green, 3.2 X 10'2 quanta cm~2s~'), and the intensity
of blue was varied. (C) For the response of each individual fly in B, the absolute
values of the OR were calculated. Note that the averaged curve of the (n = 14)
absolute profiles does not go to zero. Error bars are SEMs.

by half a stripe width (quarter period) compared with Fig. 2A4a.
The third (Fig. 2A4c) and fourth (Fig. 24d) frames are the same
patterns as Fig. 2. 4a and Ab, respectively, but again displaced in
the same direction as before by half a stripe width. The loop is
closed, and a new loop starts with the first frame (Fig. 2A4a).

In this paradigm, chromatic (blue and green) stripes and
achromatic (bright and dark) stripes are shown alternately,
giving a sensation of motion (Fig. 24). If blue appears darker to
the fly than green, apparent motion is clockwise, and the fly
responds with a clockwise yaw torque response (Fig. 24 Left). If
blue appears brighter than green, apparent motion is counter-
clockwise, and the fly responds with counterclockwise yaw
torque (Fig. 24 Right). Unlike in the first paradigm, the pattern
with color contrast does not itself move, as it is the luminance
contrast of two colors that gives the observers the sensation of
motion. Therefore, the response depends only on the luminance
difference of blue and green, and any contribution from color
contrast is excluded. The optomotor response crosses zero and
reverses its direction after passing through the POE, instead of
decreasing and increasing, as in the previous experiments.
Importantly, the POE measured in the apparent-motion para-
digm was identical to the one obtained by the previous procedure
(compare Fig. 1B Top and Fig. 2B; at the POE, blue/green
ratio = 0.40).

The curves of the individual flies constituting the mean curve
of Fig. 2B crossed zero at slightly different intensities (data not
shown), indicating the different individual POEs. Plotting the
responses in absolute values generated a mean curve (Fig. 2C)
similar to that obtained in the first paradigm (Fig. 1B Top). We
calculated the average of the absolute values of the individual
responses at the intensity of the mean POE. This residual
response was distinctly different from zero and about as large as
that in the previous experiment (Figs. 2C and 3C). The mean
response at the mean POE was zero in Fig. 2B, because some
flies had not passed their POE (giving positive value) and some
already had (negative value). Consistently, the average of the
estimated POEs and the scatter of individual POEs in the
apparent motion paradigm were very close to those in the first
paradigm (Fig. 1D). Because these results were obtained without
a possible contribution of color contrast, they further support the
hypothesis that, also in the first paradigm, the residual response
at the mean POE derived from individual differences in POEs,
rather than from color contrast.

Yamaguchi et al.
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Fig. 3. R7/R8 system does not contribute to motion detection. (A) Color
contrast does not elicit a response in ninaE mutant flies (n = 17) compared
with WT (n = 17). Conditions are identical to those in Fig. 1B. OR was
normalized to the averaged WT response. In the pictograms, opsins (1-6 refer
to rh1-rhé, respectively) expressed in ommatidia of each genotype are shown.
(B) OR of sevtY3,rh52,rh6" (n = 20) and sal mutant flies (n = 18). The pictograms
for each genotype are shown. (C) The residual response observed at the
“trough’ for WT (n = 24), sal (n = 17), and sevt¥3,rh52,rh6" (n = 20) in the
blue/green experiments and for WT flies in the absolute values (see Fig. 2C, n =
10) in the apparent motion paradigm are shown. Additionally, theoretical
response for WT flies (n = 16) is shown (see Results). Error bars are SEMs. (D)
Absence of Rh5 staining in rh5? mutant was confirmed. Cryosections of WT
(Upper) and rh52 mutant (Lower) adult heads were costained with anti-Rh5
(red) and anti-Rh6 (green) antibodies.

No Response to Color Contrast in the R1-R6 Mutant. To see whether
color contrast could elicit a response in mutant flies lacking
R1-R6 function, we tested ninaE!” flies. No response could be
detected when green and blue stripes were presented (green,
3.2 X 10'? quanta cm~2s~; blue, 2.8 X 10'? quanta cm™2s™!)
(Fig. 34). This finding suggests that, in the absence of the motion
channel, color contrast does not serve motion vision, but it does
not rule out the possibility that, in the presence of the intact
R1-R6 system, photoreceptors R7/R8 might still contribute to a
small degree.

No Contribution of Color Contrast by the R7/R8 System. If the residual
response at the POE were due to color contrast, it should vanish
in flies lacking color vision. We therefore genetically manipu-
lated the R7/R8 system. We generated flies expressing rhodopsin
Rh1 in all photoreceptors of the compound eyes, including
photoreceptors R7/R8. The spalt (sal) gene complex encodes two
transcription factors that are required for inner photoreceptor
differentiation. In sal mutant eyes, all eight photoreceptors
express Rh1 (Fig. 3B Right) (29). Because loss of function (LOF)
of the sal complex leads to early lethality (30), we used the
EGUF/hid system (31) to make whole mutant eyes in otherwise
phenotypically WT animals. We used the same setup as de-
scribed in Fig. 1 4 and B to measure the intensity-response curve
of flies with a sal mutant retina in blue/green experiments. These
flies were indistinguishable from WT (Fig. 3B).

Next, we investigated the optomotor response at the mean
POE of flies lacking the function of both R7 and R8 photore-
ceptors. To impair R7 function, we used the mutant sevenless’Y3
(sevtY3) lacking R7 photoreceptors (32). To block R8 function,
we generated a mutant of the v45 opsin gene that is expressed in
R8 photoreceptors of p ommatidia. The mutant (rh5%) was
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Fig.4. Shifting the POE. (A) Relative intensity for blue and green at the POE
in each genotype: WT, R7/8 LOF (sev LY3,rh52,rh6’ and sal) and ninaE17
P[Rh1+3]. (B) Expression of rh3 in R1-R6 rescues the optomotor response of
ninaE mutant but shifts the POE toward the left. NinaE17 P[Rh1+ 3] flies (n =
13) were tested in the apparent motion paradigm, as in Fig. 2 A. The results of
WT flies from Fig. 2B were overlaid as controls. Error bars are SEMs.

generated by P-element excision, and loss of r45 expression was
confirmed by the sequence and immunostaining (Fig. 3D). The
rh5? mutant was then combined with the sevY3 mutant and the
rh6! mutant, a functional null allele of the rh6 opsin gene
expressed in the R8 photoreceptors of the y ommatidia (33). The
sevEY3, rh52, rh6! triple-mutant flies have no R7 cells and express
no functional R8 opsins (Fig. 3B Right); therefore, color vision
should be completely abolished. It should be noted that R8 cells
still express 743 in the dorsal margin area, but this part of the eye
is not involved in color vision (for a review, see ref. 34). We
measured the intensity—response curve of the seviY 1152 rh6!
triple-mutant flies. Their behavior was again indistinguishable
from that of WT (Fig. 3B). At every point tested, the response
was not significantly different from WT flies. In particular, the
response at the mean POE of these flies was still positive (Fig.
3 Band C). Thus, the residual average optomotor response at the
mean POE in the experiment of Fig. 1B cannot be attributed to
the R7/R8 system.

No Modulatory Effect of R7/R8 on POE. Besides potentially providing
color contrast, R7 and/or R8 might modulate the R1-R6 chan-
nel. For instance, the signal of R8 cells might attenuate or
amplify the signal of R1-R6. The resulting action spectrum of
the motion channel then would be different from both R1-R6
and R8 spectral sensitivities, and therefore the R8 photorecep-
tors would shift the POE to an intensity different from that of
R1-R6 alone. Our genetic intervention in the R7/R8 system did
not reveal any such effect. The mean POEs in WT and in the
R7/R8 LOF mutants (sev'-Y3 rh5°,rh6! and sal) are essentially the
same (Fig. 3B). We estimated the POE for individual mutant
flies (Fig. 1D, R7/R8 LOF), just as we did for WT flies (Fig. 1D),
and again there was no significant difference between WT and
mutant flies.

As a control to show that the POE indeed reflects the spectral
sensitivity of photoreceptors R1-R6, flies carrying a different
opsin in these cells were tested. We used P[RhI +3],ninaE"” flies,
in which the UV-sensitive Rh3 opsin, which is normally ex-
pressed in a subset of R7 photoreceptors, is now expressed under
the control of the v2l promoter in a ninaE'” background, thus
replacing Rh1 with Rh3 (Fig. 4B) (35). In this situation, the mean
POE was drastically shifted such that, compared with WT flies
(Fig. 4B), much less blue light (5.4 X 10'© = 2 X 10'° quanta
cm~2s~1) was required to balance the standard green intensity
(3.2 X 10'> quanta cm~2s~ ') (Fig. 44), giving a blue/green ratio
of 0.017 compared with 0.40 for WT flies.

Discussion

In this study, we show that color contrast does not elicit an
optomotor response in Drosophila. Moving colored stimuli do
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not elicit any response in mutants impaired in the motion
channel (R1-R6 system). More significantly, by using new R7/R8
mutant flies we conclusively showed that photoreceptors R7/R8
do not contribute to the motion detection system, even in the
presence of a functional R1-R6 system. In principle, the R7/R8
system could contribute to motion vision in two ways: by
detecting color contrast of the moving patterns or by modulating
the sensitivity of the R1-R6 system. The first possibility would
give rise to a “residual response,” even if the two colors were
equiluminant for R1-R6, whereas the latter would shift the POE.
Both possibilities were rejected. Although we did find a residual
response, we concluded that this was due to scatter in the
individual POEs and not to color contrast. Two findings led to
this conclusion. First, by measuring the POE with a procedure
that was insensitive to color contrast, we observed a very similar
residual response. Second, genetic manipulation of the R7/R8
channel did not diminish the residual response. These manipu-
lations also excluded a significant modulatory influence of the
R7/R8 cells on R1-R6. No shift of the mean POE was observed
when these cells were eliminated, functionally impaired, or had
their opsins exchanged. By contrast, genetic manipulation of the
R1-R6 opsin did change the POE.

Theoretically, the spectral sensitivity of R1-R6 could vary
either between individual flies or within each fly (e.g., individual
R1-R6 photoreceptors having slightly different POEs). We
estimated the POEs of individual flies. The variance in the POEs
of the blue/green experiment was distinctly larger than in the
green/green experiment, as would be expected if there were
interindividual variability in the spectral sensitivity of R1-R6
photoreceptors. This does not, however, rule out the alternative
possibility of variability among the spectral sensitivities of
R1-R6 photoreceptors within a fly. Such a hypothesis has been
advanced in human vision: Perception of motion of equiluminant
color stimuli could be due to individual retinal neurons having
slightly different POEs. In this case, subjects would not be
motion blind at any intensity ratio, even without color contrast
being involved.

The finding that motion detection is independent of color
contrast is somewhat counterintuitive. Color is thought to increase
the salience of objects, such as red fruits in the green foliage of trees.
The discovery of “motion standstill,” the effect that a moving
heterochromatic pattern appeared to stand still if colors were
adjusted in luminance (4), therefore attracted much attention and
led to the idea that in humans, motion and color information are
processed independently (for a review, see ref. 1). It was suggested
that color blindness enhances sensitivity of motion detection (36).
Indeed, motion is processed largely by luminance mechanisms.
Recently, however, motion standstill has been reinvestigated more
systematically, and the complete separation of color and motion
processing has been questioned (37-39). Whether the new effects
are genuinely dependent on chromatic mechanisms or caused by
“luminance artifacts” (e.g., artifacts caused by wavelength-
dependent delays in the luminance pathway) remains to be inves-
tigated (40-42). Physiologic studies have identified V1 primary
cortical cells that respond more efficiently to moving stripes with
equiluminant color contrast than to ones with achromatic lumi-
nance contrast (43).

In lower vertebrates and insects, the motion channel depends
on only one type of photoreceptor: a blue receptor in Drosophila
(present work), a green receptor in honey bee (7), and L-cones
in goldfish (10) and adult zebrafish (44). By contrast, in photopic
human vision, cone cells serve both motion and color vision, but
the two visual qualities are segregated into separate pathways by
neural processing in the retina. In this case, the separation may
not be as complete as in the cases of insects and fish.

On the other hand, so far there is no report showing that a
photoreceptor type is not used in color vision. Also, in lower
vertebrates and insects, the photoreceptors of the achromatic
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motion channel might still be required for color vision. Green
photoreceptors of the honey bee and L-cones of fish are involved
in both motion and color vision (14, 45, 46). Whether these are
the same or different photoreceptor cells sharing the same
spectral properties, however, is unknown. In goldfish, D1-
dopamin receptor antagonists impaired red-green color dis-
crimination ability, presumably by eliminating the contribution
of the L-cones (47), whereas the D2-dopamin receptor antago-
nist impaired motion detection (48). In bees, photoreceptor
types were recently reinvestigated (49, 50), and eight (R1-R8) of
nine photoreceptors in each ommatidium were characterized. Of
these, six project to the lamina [short visual fibers (SVFs)] and
express a green opsin. The other two project to the medulla [long
visual fibers (LVFs)] and express either blue or UV opsin,
depending on the ommatidial subtype (49). This arrangement is
much more similar to that in Drosophila than had previously been
assumed, with honey bee SVFs sharing similarities with R1-R6,
and LVFs with R7/R8. Therefore, it would not be surprising if
R1-R6 photoreceptors were also involved in color vision.

Our results in the fly demonstrate that color is strictly excluded
from processing directional motion information, which suggests
two separate functional pathways. Whether, inversely, the mo-
tion detection system is involved in color vision in Drosophila
remains to be determined. The monopolar neuron L3 has been
proposed to integrate R1-R6 input into the color system (19, 51,
52), as it projects to the same layers as R8 in the medulla. The
powerful genetic tools that can be applied to the eye and optic
lobes have made Drosophila an ideal system to unravel the
functional organization of the peripheral visual system.

Materials and Methods

Fly Genetics. Fly stocks were raised according to standard procedures. Females
2-5days old were used. Genotypes of the flies used in this study are as follows:
WT Berlin, rh52 (this study), sevenless (sevt¥3), rh6’ (33), ninakE'’, and ninaE’’”
P[Rh1+3] (rh1 promoter driving expression of rh3) (35), a kind gift from C.
Zucker. The whole-eye mutant for sal complex was generated as described
previously (29). For details, see S/ Materials and Methods.

Generation of rh52 Mutant Flies. We generated rh5 mutants by excision of two
P-elements, rh5PST! (BG01539) and EP574, located ~1.2 kb upstream or down-
stream of the rh5 ORF, respectively. The two chromosomes with the P-element
insertions were crossed into the same flies, together with transposase (w-;rh5PGTY/
EP574;A2-3, Sb/+). Males from this cross were further crossed with yw; Sp/
CyO; Tm2/Tm6B virgin flies. The progeny were screened for loss of w* eye color.
Approximately 200 lines were established, and only homozygous viable flies were
screened for loss of rh5 ORF by PCR. Two alleles, rh5" and rh52, were identified.
Because rh5" mutant flies had wing defects, only rh5? flies were characterized
further. The sequencing confirmed the removal of the entire ORF of rh5 in the
rh52 mutant, without deletion of neighboring genes.

Immunostaining. Cryosections of adult heads were performed as previously
described (33). Primary antibodies used were as follows: anti-Rh5 mouse
monoclonal 1:100 (53), anti-Rh6 rabbit 1:1,000 (54). Secondary antibodies
used were as follows: Alexa Fluor 488 coupled made in goat anti-rabbit and
Cy5 coupled made in donkey anti-mouse (Jackson Immunochemicals).

Behavioral Assays. The torque meter and preparation of tethered flies have
been previously described (20, 21). Two identical screens (FlexScan L768; Eizo)
were placed symmetrically at a frontal-lateral position from the fly, as shown
in Fig. 1A. Yaw torque was recorded continuously while the pattern rotated
clockwise for 30 s and counterclockwise for 30 s, and this procedure was
repeated. The software programs were developed by Reinhard Wolf and
Andreas Eckart. For details, see S/ Materials and Methods.

Spectral Measurement of the Visual Stimuli. A spectroradiometer USB2000
(OceanOptics) was calibrated by a standard black body lamp (LS1-CAL; Ocean-
Optics). The results were acquired and analyzed by software OOllrad2beta
(OceanOptics) (S/ Materials and Method's).
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