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Abstract The eyes of the Japanese yellow swallowtail
butterfly, Papilio xuthus, contain six spectral classes of
photoreceptors, each sensitive either in the ultraviolet, vio-
let, blue, green, red or broadband wavelength regions. The
green-sensitive receptors can be divided into two subtypes,
distal and proximal. Previous behavioral and anatomical
studies have indicated that the distal subtype appears to be
involved in motion vision, while the proximal subtype is
important for color vision. Here, we studied the dynamic
properties of Papilio photoreceptors using light stimulation
with randomly modulated intensity and light pulses. Fre-
quency response (gain) of all photoreceptor classes shared a
general profile—a broad peak around 10 Hz with a declin-
ing slope towards higher frequency range. At 100 Hz, the
mean relative gain of the distal green receptors was signifi-
cantly larger than any other receptor classes, indicating that
they are the fastest. Photoreceptor activities under dim light
were higher in the ultraviolet and violet receptors, suggest-
ing higher transduction sensitivities. Responses to pulse
stimuli also distinguished the green receptors from others
by their shorter response latencies. We thus concluded that
the distal green receptors carry high frequency information
in the visual system of Papilio xuthus.
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Abbreviations

B blue

BB broadband

G green

dist-G  distal green
prox-G  proximal green
LED light-emitting diode
R red

uv ultraviolet

v violet
Introduction

Stationary and dynamic properties of sensory signals are
often processed by separate parallel sensory subsystems,
such as the parvocellular and magnocellular visual path-
ways of primates (Livingstone and Hubel 1988). Similar
segregation appears to be present also in insects. In flies,
different subsets of photoreceptor cells feed inputs to dis-
tinct pathways: a set of photoreceptors terminating in the
first visual neuropil, the lamina, have identical broadband
spectral sensitivity, while those projecting long axons
directly into the second visual neuropil, the medulla,
express variable narrow spectral sensitivities (Friedrich
et al. 2011). This suggests that at least in flies the primary
function of the lamina is to process achromatic informa-
tion, while the medulla is the region where chromatic pro-
cessing begins (Hardie 1985; Strausfeld and Lee 1991;
Wardill et al. 2012; but also see Schnaitmann et al. 2013).
Interestingly, the fly broadband photoreceptors with short
axons terminating in the lamina respond to light stimuli
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much faster than the spectral receptors with long axons
(Anderson and Laughlin 2000).

The photoreceptors with fast dynamics are likely to be
involved in motion vision, where this property is much more
of essence than, e.g., in color vision. In insects, motion
information is processed in the lobula plate, a subdivision
of the third visual neuropil. Motion-sensitive neurons in the
lobula plate are often achromatic, which corresponds to the
achromatic nature of motion-dependent behaviors such as
optomotor response (Kaiser 1975; Yamaguchi et al. 2008),
distance measurement during flight (Lehrer et al. 1989),
and visual scanning (Lehrer et al. 1985). These behaviors
of trichromatic bees (KV Frisch 1914; Dyer and Arikawa
2014) appear to be driven by photoreceptors whose spectral
sensitivity peaks in the green wavelength region (G recep-
tors). These cells in fact have faster dynamics than the ultra-
violet (UV) and blue-sensitive (B) receptors (Skorupski and
Chittka 2010; Vihikainu et al. 2013).

The bee eyes consist of ommatidia with nine photore-
ceptors, R1-9. Each ommatidium contains seven G recep-
tors and two short wavelength (i.e., UV and B) receptors
in one of three possible combinations, UV-B, UV-UYV, or
B-B. This makes the eyes a collection of three spectrally
heterogeneous ommatidia, which are randomly distributed
in the hexagonal array (Wakakuwa et al. 2005). The G
receptors are not merely having faster dynamics, compared
to the short-wavelength receptors, but are also embedded
in all ommatidia without making any gap in the hexagonal
lattice of ommatidia: G receptor system therefore provides
the highest possible spatial resolution, which must be ben-
eficial for motion as well as shape vision.

The spectral organization of the eye is more complex in
several groups of butterflies (Wakakuwa et al. 2007). The
Japanese yellow swallowtail, Papilio xuthus, uses sophis-
ticated color vision when searching for flowers (Kinoshita
and Arikawa 2014), and their eyes are furnished with at least
6 classes of spectral receptors, which are of the ultraviolet
(UV), violet (V), blue (B), green (G), red (R) and broadband
(BB) classes. These receptors are embedded in the omma-
tidia in three fixed combinations (Arikawa 2003). Here
again, all ommatidia contain at least two G receptors. A sub-
set of the G receptors contributes to form the distal tier of
the rhabdom and they are called distal green (dist-G) recep-
tors. The dist-G receptors send axons to the lamina and ter-
minate there. Unlike all other photoreceptors whose axons
bear fine processes in the lamina and are mutually connected
via synapse-like structures, the axons of dist-G receptors
are thicker and smoother, and without any connections with
other photoreceptors, suggesting that they could constitute
an independent system that may be adequate for fast signal-
ing (Takemura et al. 2005; Takemura and Arikawa 20006).

On the other hand, wavelength discrimination of forag-
ing Papilio xuthus has indicated that their color vision is
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tetrachromatic based on UV, B, G and R receptors (Koshi-
taka et al. 2008). We assume that another subset of G recep-
tors, the proximal R5-8 green (prox-G) receptors that form
the proximal tier of the rhabdom in one of the ommatidial
types, contributes to the color vision system (Kinoshita
et al. 2006). If the prox-G receptors were in fact involved
in color vision, one would assume that the dynamics of the
prox-G receptors might be slower than that of the dist-G
receptors.

Here, we recorded voltage responses of photoreceptors
to light with randomly modulated intensity, as well as to
light pulses. We compared the dynamic properties between
the photoreceptor classes, and found that the dist-G recep-
tors indeed have faster dynamics than any other classes of
spectral receptors.

Materials and methods
Animals

We used newly emerged adults of both sexes of the Japa-
nese yellow swallowtail butterfly, Papilio xuthus. They
were taken from a laboratory culture, which was derived
from eggs laid by females captured in the field around
Sokendai. The hatched larvae were fed on fresh citrus
leaves at 25 °C under a light regime of 10 h light: 14 h
dark, which induces pupal diapause. The diapausing pupae
were kept at 4 °C for at least 3 months, and allowed to
emerge at 25 °C. The emerged adults were fed daily with
5 % sucrose solution and used from 2 to 5 days after
emergence.

Electrophysiology

A butterfly was mounted dorsal side up on a plastic stage
with bees wax. A small opening (~300 iwm) was made on
the dorsal region of the eye, through which a glass capil-
lary electrode filled with 1 M KCl was inserted vertically.
The location of the opening was adjusted from preparation
to preparation to acquire recordings from both the distal
and proximal tiers of the ommatidia in the fronto-lateral
looking region of the eye. Photoreceptor potentials in
response to light flashes were recorded using an amplifier
(Nihonkoden MEZ-8301) and an analog-to-digital converter
(National Instruments PCI-6218, sampling frequency set at
2 kHz). The quality of intracellular recording was controlled
by the following criteria: (1) resting potential was deeper
than —40 mV, (2) drift of resting potential before and after
the recording session was less than 10 mV, (3) magnitude
of response to the brightest stimulus intensity was greater
than 30 mV, (4) the spectral sensitivity class estimate was
identical before and after the recording session, and (5) the
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magnitude of hyperpolarizing responses to a light pulse did
not exceed 5 mV.

Light stimulus and frequency responses
The light source consisted of packed LEDs of ultravio-

let, violet, blue, green and red (UV, V, B, G, R in Fig. 1)
whose emission peaks are, respectively, at 369, 396, 463,

523, and 612 nm (half-maximum widths of the emis-
sion spectra are 14, 14, 20, 33, and 16 nm, respectively),
which match the spectral sensitivity maxima (360, 400,
460, 520, and 600 nm) of photoreceptors of Papilio xuthus
(Arikawa et al. 1987). A selected type of LED was driven
by a custom-made voltage-controlled constant-current cir-
cuit that in turn was driven by a digital-to-analog converter
at the conversion frequency of 2 kHz. LED emission was
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Fig. 1 A case of a representative photoreceptor (prox-G class) is
given for illustration of recording and analysis methods. a 20 super-
imposed membrane potential responses (fop) to incremental light
pulses (bottom) from five types of LEDs. b Intensity—voltage curves
derived from the responses in a. Y-axis indicates membrane poten-
tial relative to that before stimulation. ¢ Inverse values of intensities
necessary to evoke 10 mV of responses from the spectral sensitivity
curve in b were normalized to the maximum showing spectral sen-

sitivity in relative term. d Time-series plot of a section of the light
stimulus with random noise intensity modulation (fop) and the cor-
responding membrane potential response (bottom). e The frequency
response function between the stimulus and responses shown in d.
f 20 traces of membrane potential responses to incremental pulses
(gray) and their average (black). g 20 traces of membrane potential
responses to decrement pulses (gray) and their average (black)
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collected by a series of lenses and focused on a light guide
(5 mm diameter) whose other end was mounted on a perim-
eter device 11 cm away from the eye surface, yielding a
stimulus of 2.6° in size. The maximal light intensity, inte-
grated over the wavelength range from 300 to 700 nm, was
7.6 x 103 photons - cm~2 - sec™! at the eye surface. The
stimulus intensity ranged from log(I) = —4 (minimum) to
log(I) = 0 (maximum).

Two temporal types of light stimuli, noise and pulse,
were employed. The noise stimulus was a 60-s-long con-
tinuous light whose intensity was modulated at random.
The random noise had a mean at the half-max intensity that
evoked 50 % of maximum response of the 0 log stimulus
when given as a 30-ms-long pulse in the dark-adapted case.
The random modulation had a standard deviation of 0.5 log
and bandwidth from DC to 200 Hz. The frequency response
functions (the gain) were computed—via the cross-power
spectra divided by input power spectra (Bendat and Piersol
1971; Juusola et al. 1994) with Welch’s method, with 50 %
overlap and 1024 point FFT window, between a noise
stimulus and a membrane potential with a custom-made
program package written in MATLAB (Mathworks, MA,
USA). Cross-correlation functions were also computed
between the noise stimulus and membrane potential as a
measure of linearity. The pulse stimuli consisted of a train
of 30-ms-long pulses (n = 20 at 500 ms interval) given
either from dark or from the half-max level. For the latter
case, light pulses were either incremental or decremental in
intensity. Dynamic properties of responses were examined
in the averaged responses (n = 20, Fig. 1). While the noise
analysis describes photoreceptor’s input—output properties
as a linear system, the pulse analyses are capable of detect-
ing non-linear components such as differences between
increment and decrement responses. Spontaneous activities
of photoreceptors (‘dark noise’) were recorded under a no-
stimulus condition (<—35 log units) for 60 s. Power density
spectra of the dark noise were also calculated with Welch’s
method as above.

Statistical testing

Statistical testing was done with OriginPro (Micro-
cal, USA) using one-way ANOVA followed by multiple
comparisons.

Recording sessions and classification of photoreceptors

After establishing intracellular penetration, the light guide
emitting light pulses scanned over the visual field to find
the optical axis of the receptor. All five types of LEDs
simultaneously flashed during this search phase of the
experiment. Then, a series of light pulses with increasing
intensities (—4 log to 0 log with 0.2 log-unit steps) was
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given every 500 ms to measure the intensity—voltage func-
tion (V-logl curve) using ultraviolet LEDs. The curve con-
struction was then repeated using violet, blue, green and
red LEDs. These procedures caused a moderately light-
adapted state. Spectral sensitivity of the photoreceptor was
computed as an inverse of interpolated stimulus intensity
necessary to evoke 10 mV of depolarization for each LED
type (Fig. 1a—c). The photoreceptors were then categorized
into UV, V, B, G, R, and BB classes according to their spec-
tral sensitivity. The UV, V, B, G, and R receptors showed
their spectral peak to the peak emission wavelength of
respective LED types. The BB receptors showed responses
to blue, green and red LEDs that were all within 60 % of
the maximum sensitivity (regardless of where the highest
sensitivity was located), but less than 20 % sensitivity of
the maximum to the UV stimulation (Arikawa et al. 2003).
The G receptors were sub-divided into proximal green
(prox-G) and distal green (dist-G) receptors (Kinoshita
et al. 2006). The prox-G receptors were recognized when
photoreceptor was more sensitive to red than to violet and
blue LEDs (in contrast to dist-G receptors that show high
short-wavelength sensitivity), and it was encountered in the
same recording track where R or BB receptors were
recorded. The rest of photoreceptors with the sensitivity
peak at green wavelength were categorized into dist-G.
Thus, we compared dynamic properties of seven photore-
ceptor classes, UV, V, B, prox-G, dist-G, R, and BB.!

Results

Intracellular recording was made from 223 light-adapted
photoreceptors, 72 of which met the inclusion criteria
(see Methods). They are categorized into UV (n = 8), V
(n=29), B (n=13), dist-G (n = 13), prox-G (n = 7), R
(n =16), and BB (n = 6).

Responses to noise stimuli

The photoreceptors were stimulated by light with randomly
modulated intensity as shown in Fig. 1d. Analysis of the
response with the stimulus yielded the photoreceptor gain
(Fig. le). Mean gains from all photoreceptor classes com-
monly showed a broad peak around 10 Hz with a continu-
ous decay towards higher frequencies with half maximum
frequencies between 40 and 60 Hz (Fig. 2a). We compared

I Note that the abbreviation, dist-G, contains both ‘double-peaked
green (dG)’ and ‘single-peaked green (sG)’ spectral classes in the
distal tier in our previous publications (Arikawa et al. 1999). The B
class in the current study contains both narrow-B and broad-B recep-
tor subclasses described in Kinoshita et al. (2006).
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Fig. 2 Comparison of frequency spectra between photoreceptor
types. a Mean spectra for different photoreceptor types normalized
at the maximum. b Magnified view of the broken-squared area of a.
Ovals indicate 3 dB frequency (top two) and gain at 100 Hz (right

the gain values at the 3 dB or corner frequency for each
receptor class (horizontal dotted line in Fig. 2a) and at
100 Hz (vertical dotted line in Fig. 2a) between gain func-
tions normalized at their maximum (6-10 Hz). Figure 2b
shows an expanded version of the region in Fig. 2a as indi-
cated by the broken-line square. At corner frequencies, gain
values are different, the dist-G receptors having the greatest
3 dB values (Fig. 2c). At the frequency of 100 Hz, the dif-
ference becomes prominent: the gain value of dist-G recep-
tors is significantly larger than that of any other receptor
classes, followed by prox-G, B, and BB; the R, UV and V
tended to be the slowest by that measure (Fig. 2d).

Responses to pulse stimuli

Spectral density functions presented above describe only
the linear components of the system’s response. Convolv-
ing the stimulus noise with the cross-correlation function
resulted in less than 50 % of actual responses as esti-
mated with root mean square, which means that significant
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way ANOVA follow by multiple comparisons)

non-linear components are present in the photoreceptor
responses. Incremental and decremental pulses from a
steady level (Fig. 3a) and pulses from dark (Fig. 3b) were
used to further explore response dynamics of the photo-
receptors, because these stimuli efficiently evoke non-
linearities (Marmarelis and Marmarelis 1978). The time
required for the membrane potential to reach 50 % of the
peak response was used as a measure of response latency.
In response to incremental pulses given from half-max-
imum steady background, the dist-G and prox-G recep-
tors showed shorter latency than the UV, V, and R recep-
tors (Fig. 3c). For decrement pulses again, the latencies for
the dist-G and prox-G receptors were shorter than those
of the UV, V, and R receptors (Fig. 3d). When the pulses
(+'2 max) were given from dark, dist-G showed signifi-
cantly shorter latencies than UV, V, and R, while prox-G’s
latency was shorter than only UV (Fig. 3e). Response mag-
nitudes of depolarization responses were consistently larger
(~50 %) than those of hyperpolarizing responses in all pho-
toreceptor classes (Fig. 3a). Also, latencies for depolarizing
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Fig. 3 Responses to the pulse stimulus. a Depolarizing (top half)
and hyperpolarizing (bottom half) responses to incremental and
decremental light pulses (£0.5 log) with an initial intensity level
that evoked a half maximum response in a given photoreceptor cell.
Twenty 30 ms pulses were repeated and the average response was
calculated. Each line shows a group average for each photoreceptor
class. b Responses to light pulses from dark. Same format as in a.

responses to incremental pulses were consistently shorter
(~30 %) than hyperpolarizing responses to decremental
pulses in all photoreceptor classes (Fig. 3a). The faster
responses in dist-G and prox-G, and the differences in
latency and in response magnitudes for incremental and
decremental pulses were also consistently observed when
steady background levels that evoked 1/4 and 3/4 maxi-
mum responses were used (data not shown).

Dark noise

Power density spectra of the dark noise demonstrate large
variance in the low frequency range (Fig. 4a). However,
by integration of the power density in the frequency range
0-20 Hz, the noise power was found to be clearly higher in
the short-wavelength UV and V receptors (Fig. 4b). Sharp
peaks at 50 Hz originated from the AC power supply that
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¢ Latency to the time point where the membrane potential reaches
50 % of maximum depolarization in a. d Latency to the time point
where the membrane potential reaches 50 % of the deepest hyper-
polarization in a. e Latency to the time point where the membrane
potential reaches 50 % of the maximum depolarization in b. Square
pulse stimuli started at time zero and terminated at 30 ms in a and b

necessarily stays visible in the spectra during recordings of
the small-amplitude noise.

Discussion

The present study examined the photoreceptors of Papilio
xuthus for their capability of encoding high frequency sig-
nals (10-100 Hz) in the temporal domain. The investigation
of linear dynamic properties used white-noise modulated
light input, instead of recently common “naturalistic” stim-
ulation (Juusola and de Polavieja 2003; Frolov et al. 2012;
Heimonen et al. 2012; Song et al. 2012). White noise stimu-
lation is particularly amenable for pinpointing the response
dynamics of the cells (Marmarelis and Marmarelis 1978),
whereas the “naturalistic” stimulation is clearly superior
when information transmission capabilities are of interest.
When supplemented with steady-state and step-response
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analysis, we are confident that we have captured the essen-
tial properties of the different spectral classes of photore-
ceptors. Our main finding was that among the seven spec-
tral classes of photoreceptors in Papilio, the dist-G class
was here demonstrated to have the fastest dynamics as
determined by high frequency gain functions in white-noise
analyses and by response latencies to step changes of light
intensity. The temporal response properties of the prox-G,
B, BB and R receptors are intermediate. The UV and V
classes were found to be slowest dynamically. The speed
of all Papilio xuthus photoreceptors including the dist-G
in the current study is comparable to that of the photore-
ceptors in Bombus terrestris (Vihdkainu et al. 2013) and
that of the R1-6 photoreceptors of flies, which are much
faster than their R7/8 photoreceptors for color and polari-
zation vision (Juusola et al. 1994; Anderson and Laughlin
2000). The photoreceptor speed of Papilio xuthus overall is
also faster than R7/8 photoreceptors of Drosophila mela-
nogaster and the green-sensitive receptors of Periplaneta
americana (Heimonen et al. 2012).

Photoreceptor cells of Papilio are classified into nine
morphological types, R1-R9, according to the location of
their rhabdomeres in the ommatidium and the morphology
of their visual fibers (projection axons) and axon collater-
als in the lamina (Takemura et al. 2005; Takemura and Ari-
kawa 2006). The fastest spectral class, dist-G, in this study
is found in exclusively the R3—4 morphological type that
has no clear axon collaterals in the lamina where they ter-
minate. All other spectral classes, including prox-G, belong
to the R1-2 or R5-8 morphological types that have axon
collaterals of various numbers and lengths in the lamina
(the properties of R9 are not well characterized). The thick
axon and the lack of clear collaterals in the dist-G class
may contribute to shorter time constant of the passive
membrane thus to faster dynamics. In flies, Drosophila and

Calliphora, R1-6 photoreceptors are dynamically faster
than R7-8, and have a spectral peak at green and UV wave-
lengths (Anderson and Hardie 1996). Also in bumblebees,
G receptors are the fastest (Skorupski and Chittka 2010).
The temporal dynamics of photoreceptor responses depend
on both passive and active (voltage-dependent) conduct-
ances in these insect groups (Skorupski and Chittka 2011;
Vihikainu et al. 2013). The response latency to incremen-
tal step signals is shorter than that to decremental stimuli
(Fig. 3). This indicates that active conductances possibly
enhance response dynamics also in Papilio. Photoreceptor
cells of Papilio extend the visual fibers of various lengths
into the lamina and medulla. The visual fibers attenu-
ate high-frequency signal transfer to presynaptic endings,
according to their cable properties (Hodgkin and Rushton
1946; Koch 1998) in flies (Van Hateren and Laughlin
1990). The variation of dynamics across different spectral
types of photoreceptors in Papilio—when recorded in the
retina—was found in this study to correlate only loosely
with the length of the visual fibers that project to the lamina
and the medulla (Takemura et al. 2005). A strong correla-
tion was found in the fastest dist-G class that possesses a
thick and short visual fiber terminating at 80 % depth of the
lamina, and in the slowest UV and V classes, which have
thin and long visual fibers terminating deep in the medulla.
B, prox-G, R and BB classes, which were found to have
intermediate dynamics, however, still possess short visual
fibers that terminate at ~80 % depth in the lamina as in the
fastest dist-G class.

UV and V receptors exhibited significantly larger dark
noise than others (Fig. 4). Taken together with their rela-
tively slow dynamics, the large dark noise implies large
gain in terms of mV/photon. This probably has its origin
in the electrical structure of the cells, i.e., in processes after
the transduction mechanisms, analogously as in the R7/R8
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photoreceptors in flies (Anderson and Laughlin 2000). This
could be verified by recording single photon responses, but
those are, unfortunately, too small to be observed in intra-
cellular recording in Papilio.

The fast dynamics found in the dist-G receptors in
Papilio may serve motion vision, which requires high tem-
poral acuity. According to Land (1999), complete motion
blur occurs when image velocity exceeds twice the accept-
ance angle per response time gate. The acceptance angle
of a single ommatidium in Papilio ranges between 1.5°
and 2.0° (Horridge et al. 1983). If we assume 20 ms for
the time gate of dist-G receptors in Papilio (equivalent to
the 3 dB frequency), Land’s formula yields 175°s for com-
plete blur, and 87.5%s for 50 % blur. Although no behavio-
ral data are available for rotational speeds in flying Papilio,
these values are reasonable estimates of upper limit. Fast
flying insects tend to have faster photoreceptors as obvious
adaptation for processing fast image motion (Laughlin and
Weckstrom 1993; Weckstrom and Laughlin 1995; Skorup-
ski and Chittka 2011).

The lack of axon collaterals in the dist-G receptors of
Papilio suggests involvement of this class of photorecep-
tors in achromatic visual processes. While photoreceptors
of other spectral classes contact each other across lamina
cartridges through axon collaterals possibly contributing to
the chromatic process (or color vision), dist-G receptors’
thick and singular axons terminate onto the large monopo-
lar cells within the lamina cartridge without ramification
(Takemura et al. 2005). Green-sensitive photoreceptors
of various insect species have been shown to drive achro-
matic motion-induced behaviors (Kaiser 1975; Heisenberg
and Buchner 1977; Srinivasan and Lehrer 1984; Yamagu-
chi et al. 2008). Optomotor responses in butterflies are also
achromatic and their action spectrum is close to the spec-
tral sensitivity of the dist-G receptors in Papilio (Horridge
et al. 1984). We have recorded from directional-selective
motion-sensitive neurons in the optic lobe of Papilio and
observed that they ceased responding to a moving chro-
matic grating when it loses luminosity contrast while the
chromatic contrast remained (unpublished observations).
The achromatic visual system is faster than the chromatic
one also in mammals (Kaiser and Boynton 1995; He
and MacLeod 1997). The prox-G receptors consistently
showed slower dynamics than the dist-G receptors (Figs. 2,
3). The prox-G receptors (R5-8) have extensive axon col-
laterals across lamina cartridges, which implies interac-
tion with other spectral classes for chromaticity process-
ing. We hypothesize that dist-G and prox-G receptors are
mainly involved in motion and color vision, respectively,
despite similar spectral sensitivities. The difference in
their dynamics is probably due to the differences in mem-
brane conductances, rather than transduction mechanisms
or morphology of passive membrane, as shown in other
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insect species (Anderson and Hardie 1996; Anderson and
Laughlin 2000; Skorupski and Chittka 2010; Véhdkainu
et al. 2013).

This study showed that a lepidopteran insect, Papilio
xuthus, invests metabolically costly high-frequency pro-
cesses in the dist-G receptors as other insect groups do so
for their motion vision (Laughlin et al. 1998).
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