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1. Introduction 
 
A unique feature of butterfly eyes is their colorful eye shine (Exner, 1891; 
Miller and Bernard, 1968;Goldsmith and Bernard, 1974; Ribi, 1980). In the 
past decades, combined anatomical, optical and physiological studies have 
yielded considerable insight into the origin and optical mechanisms underlying 
this intriguing phenomenon. First, at the level of individual ommatidia, light is 
focussed by a lens on the rhabdom, a cylindrical structure consisting of 
microvilli contributed by 9 photoreceptor cells, which contain the visual 
pigment molecules. Light is travelling along this light guide so realizing a high 
chance of light absorption by the visual pigments. At the proximal end of the 
ommatidia, light which has not been absorbed is reflected at a multilayered 
structure, created by intricately folded tracheoles. After a second passage 
through the rhabdom, part of the light leaves the eye, giving rise to colorful 
reflections. The color of the eye shine is attributed to the integrated action of 
the interference filter properties of the tapetum and the selective spectral 
absorption by visual pigments (Stavenga, 2002a), in several occasions 
enhanced by colored screening pigments, which surround the rhabdom 
(Arikawa et al., 1999a; Qiu et al., 2002). An investigator, illuminating the eye 
of a dark-adapted butterfly in an epi-illumination microscope, sees a rapidly 
fading eye shine: pupillary pigments inside the photoreceptor cells migrate 
towards the rhabdom upon light adaptation (Stavenga et al., 1977), effectively 
decreasing the propagating light flux. 

Recent research, applying molecular biology and electrophysiology, 
has shown that butterfly ommatidia are heterogeneous in the composition of 
their cellular components, especially in the visual pigments, tapeta and 
screening pigments. It appears that the eyes contain a few classes of randomly 
distributed ommatidia, with often a marked dorso-ventral regionalization 
(Stavenga et al., 2001; Qiu et al., 2002;). The eye has usually specialized 
regions and the optical resolution of the eye is not uniform (Stavenga et al., 
2001; Rutowski and Warrant, 2002).  

The main challenge of the present research is to understand the basic 
principles of eye design evolved in lepidopterans in relation to their ecology 
(Bernard and Remington, 1991; Arikawa and Stavenga, 1997; Kelber, 1999a). 
This requires a description of the heterogeneity, together with a quantitative 
treatment of the individual ommatidial components and their integrated action. 
Powerful experimental approaches, applied so far to a restriced number of 
butterfly species, have been the recording of reflection spectra from individual 
facets (see Chapter 6) or from a group of ommatidia by micro-
spectrophotometry (Bernard and Remington, 1991) or with a digital camera 
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(Stavenga, 2002a,b; Chapter 5). The distinct advantage of non-invasively 
probing the living butterfly in vivo has urged us to extend the analysis of 
reflectance spectra in more quantitative detail. To explore the individual 
characteristics of the major ommatidial components the visual pigments and the 
tapetum, we have recorded reflection spectra with a high spectral (0.3 nm) and 
temporal resolution (10 ms integration time). In this chapter we explore a few 
procedures to determine the spectral properties of the visual pigments and the 
underlying tapetum. We have calculated absorbance difference spectra (see 
Chapter 3) from measured reflection spectra during photochemical conversions 
of the visual pigments, as well as during long-term dark processes, due to 
metarhodopsin degradation and rhodopsin regeneration.  

The present study on the comma, Polygonia c-album, is the first of a 
series of comparative studies performed on the eyes of different butterflies. The 
eye of Polygonia has been selected because of its homogeneous red-orange eye 
shine, extending far into the red (halfwidth cut-off value at 700 nm), indicating 
a strongly homogeneous population of ommatidia (Stavenga, 2002a).  
 
2. Methods 
 
2.1. Animal and preparation.  
 
The investigated butterfly, Polygonia c-album, was captured in Groningen, the 
Netherlands. The butterfly was mounted in a plastic tube and positioned on the 
goniometer of a microspectrophotometric set-up. The head and thorax were 
sealed to the plastic tube with wax, to avoid eye movements. The animal was 
fed with a sugar solution before the experiment.  

The set-up, described in the next section, is a modified epi-illumination 
microscope which allows observation of the eye shine of butterfly eyes. When 
a dark-adapted eye is observed with the microscope focused at the level of the 
eye’s cornea, i.e. the facet lenses, one sees a bright shine in those ommatidia 
which have a visual field within the aperture of the microscope, due to the 
reflecting tapetum (Fig. 4.1A). The number of shining facets thus depends on 
the numerical aperture of the microscope objective. The assembly of shining 
facets is called the luminous corneal pseudopupil (Franceschini and Kirschfeld, 
1971; Stavenga, 1979). The eye shine merges into a single bright spot when the 
microscope is focused at the level of the center of curvature of the eye (Fig. 
4.1B). This spot is called the luminous deep pseudopupil (see Chapter 1, Fig. 
1.3). 

The eye shine vanishes within a few seconds of illumination, because 
pigment granules existing in the somas of the photoreceptors migrate 
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 Fig. 4.1: A. Magnified image of the cornea obtained 
with the epi-illumination set-up of Fig. 4.2. The eye 
shine, being light reflected from the tapeta in the 
individual ommatidia, has a nearly homogeneous 
orange-yellow color. Black dots are bad reflecting 
facets (or dust pieces). Nearly 400 facets, with an 
average diameter of 25 µm, contribute to the eye shine 
at the corneal level. It is also called the luminous 
corneal pseudopupil (Stavenga, 1979). As the 
objective acceptance angle is 35o and the cross-section 
of the corneal pseudopupil is made up of 23 
ommatidia, the interommatidial angle is ca 1.5o. B. 
Focusing the photomicroscope at the level of the 
center of curvature of the eye yields the luminous deep 
pseudopupil (DPP). Its shape is slightly oval, due to 
the somewhat ellipsoidal shape of the eye. The tip of 
the optical fiber of the spectrophotometer (solid circle) 
is positioned in the magnified image of the DPP (see 
Fig. 4.2, D2) in the microspectrophotometrical 
experiments.  

 
towards the rhabdom and there absorb the light flux propagated in the 
boundary wave. Obviously, this pupil mechanism can strongly disturb the 
study of the visual pigments, the theme of this chapter. This disturbance can be 
largely avoided by an appropriate protocol, which allows enough time to 
temporarily retract the pigment granules from the lightguide. 
The photochemical measurements of the present chapter were performed at the 
level of the deep pseudopupil. Our improved time-resolution allows us to 
measure in vivo instantaneous photochemical conversions of the green visual 
pigment of butterflies. 
 
2.2. Optical set-up. 
 
Reflection spectra were recorded with the optical set-up described by Stavenga 
(2002b), which was slightly modified for the present experiments (Fig. 4.2).
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Fig. 4.2: The optical set-up used to record reflectance spectra (adapted from Stavenga, 2002). Central to the 
set-up is the spectrometer (Avantes, SD2000), which can be triggered to start data-acquisition by a signal 
from the 1401 DAC (Cambridge Electronics Design). Data-acquisition and opening of the shutters (Sh) in the 
light path are triggered simultaneously by TTL pulses of DAC’s of the CED 1401 under control of Signal2 
software (Cambridge Electronic Design) on a Pentium computer (PC). Signals from the DAC and flow of 
spectral information to the PC are indicated with solid arrows. A half-mirror placed at 45o transmits light 
from both the test (TL) and adapting light (AL) source. Density filters or interference filters (F) may be 
placed in the light beam. A parallel beam enters the microscope objective (L0, Zeiss, 10x, NA 0.3) and is 
focused on the deep pseudopupil image (DPP), which can be seen in the center of the eye. The telescopic lens 
pair of objective and L3 images the DPP on the secondary focal plane of L3, where the tip of an optical fiber 
is positioned. Light entering the fiber is guided to the spectrometer, which has a 2048 element photodiode 
array spanning a spectral range of 178 nm to 890 nm. In an alternative arrangement, a photomicroscope (Phot 
mic), equipped with a Photar lens and a digital camera (Kodak, DC120) is used to photographing either the 
the DPP image or the eye’s corneal facet lenses (see Fig. 4.1). Stray light is minimized by diaphragms D1 and 
D2. 
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A 50 W halogen lamp and a 100 W mercury lamp were used as a test and 
adapting light source, respectively. Interference (Schott, DAL, bandwidth ca 15  
nm) and long-pass filters (Schott, OG570) in the light beams provided selective 
spectral irradiation. The halogen light beam was equipped with an additional 
slightly blue-colored filter (Wratten, Kodak) to enhance the light flux in the 
blue, where the eye shine generally is weak (Fig. 4.3A). Light was projected on 
the eye’s deep pseudopupil (DPP, Fig. 4.1) by a Zeiss 10x objective (NA 0.3). 
The microscope images the DPP in the secondary focal plane of lens L3. The 
reflected light there is captured by a glass fiber (diameter 600 µm) connected to 
a spectrophotometer (SD2000, Avantes). Its monochromator projects the light 
on a linear diode array, with high spectral resolution, i.e. 0.3 nm, extending 
over a wide spectral range (178 to 890 nm). 

The irradiance at the level of the focal plane of the microscope 
objective was measured for each filter with a calibrated photometer (Graseby).  
Photometer readings at 17 monochromatic wavelengths were transformed in 
irradiance units: photons s-1 nm-1 cm-2 (Fig. 4.3A). 

The data-acquisition, operating in the Labview 6.0 environment (HSD 
drivers, Avantes), can be externally triggered in combination with the shutters 
in the light path, which were driven by TTL pulses of DAC’s of a CED 1401 
interface under control of Signal2 software (Cambridge Electronic Design). 
Time series of spectra were recorded with a minimum integration time of 10 ms 
for a single spectrum. The spectra were analyzed off-line in MATLAB5.3.  
Single facet reflection spectra were measured with the SD2000 
spectrophotometer connected to a conventional epi-illumination microscope 
(Leitz Ortholux) equipped with a 4x, 0.1 objective and a 100 W xenon arc lamp 
(Spindler and Hoyer); see also Qiu et al. (2002). The microscope was focused 
at the level of the cornea, and a circular diaphragm, selecting the reflection 
from a single facet lens, was positioned at the microscope’s image plane. 
 
2.3. Experimental protocol: 3 variations on a photochemical theme 
 
Based on the present knowledge, that (1) intense illumination rapidly creates a 
photo-steady state, with a rhodopsin-metarhodopsin ratio depending on the 
spectral content of the illumination (see Methods), (2) metarhodopsin is rather 
rapidly degraded, in a time course of several minutes at room temperature 
(Bernard, 1983), and (3) rhodopsin is more slowly reconstituted, i.e. within a 
few hours (Bernard, 1983), we have applied 3 photochemical protocols to 
investigate photochemical equilibria, metarhodopsin bleaching, and visual 
pigment regeneration, respectively.  
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1. We can change the rhodopsin-metarhodopsin photo-equilibrium by 
selective illumination. When studying the green rhodopsin we used unfiltered 
broad-band white light from the halogen lamp. In the case of the UV opsin, we 
either adapted with red light, by spectrally filtering the mercury lamp with a 
long pass (LP) filter, OG570, (which has a high transmittance above 570 nm), 
or the eye was illuminated with monochromatic light in the spectral range 364 
nm to 390 nm for a period, sufficient to reach the photosteady state.  

2. Intense, long-wavelength light results in a virtually total conversion 
of the green rhodopsin in its blue-absorbing metarhodopsin state. Because 
metarhodopsin is degraded, continuous red light therefore should result in a 
steady, gradual depletion of the green visual pigment. However, continuous 
light causes closure of the pupil, i.e. the accumulation of pupillary granules 
near the rhabdom, which not only strongly reduces the converting-light flux, 
but also obstructs measurement of the state of the visual pigment composition. 
To circumvent the pupil mechanism, an intense red light flash of 2 s, sufficient 
to create a photo-steady state, was applied every 5 min during a total period of 
well over 3.5 hour, and a test beam was applied shortly before the red flash to 
measure the reflection.  

3. While metarhodopsin is selectively degraded rather fast, rhodopsin is 
regenerated more slowly. To probe this process we used a weak test light (grey 
filter of density 0.9) from the halogen lamp (Fig. 4.2) lasting 70 ms. Although 
with an integration time of 10 ms this yields 7 spectra, due to the long rise time 
and slow closure of the shutter, effectively no more than 4 spectra were usable 
for averaging. Alternatively, we probed rhodopsin regeneration with a weaker 
test light (grey filter density 2.5); recording in that case 6 spectra with an 
integration time of 50 ms. 

 
2.4. Spectrophotometric analysis.  
 
Spectra were analyzed off-line on a Pentium PC. The standard analysis 
comprises five steps. First, spectral data from the spectrophotometer were 
stored on the PC as raw reflection spectra. Second, overlapping reflection 
spectra were averaged and/or smoothed with a Savitzky-Golay polynomial 
smoothing filter with polynomial order 2 and frame size less than 25 nm (75 
data points). Third, the recorded spectral data were converted into relative 
reflectance spectra by dividing the spectra with a spectrum measured from a 
white reference reflector (MgO). We normalized the spectra by dividing the 
relative reflectance spectra by the value of maximal (relative) reflectance. The 
absolute amplitude of the reflectance was not determined, because the reference 
is a strong light diffuser and the angular dependence of the diffusion was not 
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Fig. 4.3: A. Irradiance of the halogen lamp at the DPP. The irradiance (number of photons/s cm2 nm) was 
derived from photometer readings at 17 monochromatic interference filters within the spectral range 390 to 
668 nm. B. During 2 seconds white light illumination, reflection spectra were recorded with an integration 
time of 10 ms. Here 10 reflectance spectra, normalized to the peak value of the last spectrum, are plotted with 
a time interval of 0.15 s, including the first spectrum after dark regeneration (dashed line). Spectra are 
averages over 30 ms, i.e. of 3 successive spectra, except for the first spectrum, which was the average over 
the first 20 ms. 
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calibrated. Fourth, difference spectra were calculated as the decadic logarithm 
of a certain selected spectrum, taken at a fixed time-point, divided by 
reflectance spectra, taken at specified time-intervals. Usually, the reference 
spectrum was that obtained after dark regeneration, where one may assume to 
have a condition with 100% rhodopsin. Fifth, the time course of the absorbance 
changes was calculated. Mean values of the normalized spectra then indicated 
the relative fractional concentration change in time (see Chapter 3). 
 
3. Results 
 
3.1. Photochemical conversion of the green rhodopsin. 
 
A comma, Polygonia c-album, was dark adapted for a prolonged time, and then 
reflection spectra were recorded during 2 seconds white light illumination, 
using an integration time of 10 ms (Fig. 4.3B). The illumination causes a 
reflection increase in the long-wavelength region, above 525 nm, and a 
reflection decrease below that wavelength. The light-induced changes are more 
clearly seen in the logarithm of the reflection spectra (Fig. 4.4A). Fig. 4.4B 
shows the absorbance difference spectra, where the first spectrum after dark 
regeneration (dashed in Fig. 4.4A) was taken as a reference. The spectral 
changes accompanying the conversion can be readily interpreted by assuming 
that the visual pigment, from the initial 100% rhodopsin fraction, is partly 
shifted to a photo-equilibrium where a considerable fraction of the visual 
pigment is in the metarhodopsin state. The rhodopsin and metarhodopsin 
absorb predominantly in the green and blue, respectively, resulting in a light- 
induced absorption decrease at wavelengths above 525 nm, i.e., the isosbestic 
point, and an absorption increase between 400 and 525 nm. The time course of 
the conversion is well approximated by a first order exponential with a time 
constant of 413 ms and 507 ms depending on the spectral interval of averaging, 
respectively 440-500 nm and 540-600 nm (Fig. 4.5). The average time constant 
is 460 ms. 
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Fig. 4.4: A. The logarithm of the 
reflectance spectra of Fig. 4.3B show 
the direction of the reflection changes 
in time when metarhodopsin is 
created. B. Difference spectra in time 
with the first dark spectrum used as a 
reference (dashed line, t = 0 s). 
During white illumination, green 
visual pigment, initially 100% 
rhodopsin, is partly converted to 
metarhodopsin. Therefore the 
absorption increases between 400 and 
525 nm, the isosbestic point. C. 
Absorbance difference ratio of the 
spectra given in B divided by the last 
spectrum (t = 1.35 s). The spectra 
become noisy below 420 nm and 
above 620 nm due to the small 
absorbance differences and therefore 
were omitted from Fig. 4.4C. 
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Fig. 4.5: Conversion of 100% 
rhodopsin (R) to a new 
equilibrium fraction of 
metarhodopsin (M). In an 
infinitesimal layer with 
bidirectional R-M conversion, the 
absorbance difference is 
proportional to the fraction of 
metarhodopsin created over time 
(see Chapter 3, Eq. 19). The 
proportionality constant, the mean 
of the absorbance difference ratio 
(see Fig. 4.4C), is plotted for every 
difference spectrum (dots, ∆t = 10 
ms) over the spectral interval 440-
500 nm (●, ∆t = 150ms) and 540-
600 nm (■, ∆t = 150ms) i.e. below 
and above the isobestic 
wavelength, 525 nm. The 
conversion can be approximated 
with a first order exponential time 
course with a time constant of 413 
(●) and 507 ms (■), respectively.   

 
 
3.2. Bleaching green metarhodopsin 
 

Following the adaptation to bright white light (Figs. 4.3B, 4.4), the 
green visual pigment was depleted from the rhabdom. We used a bleaching 
protocol slightly modified from that described by Bernard (1983). During a 
total period of 215 min, we applied each 5 min a 2 s red flash. Before applying 
the red flash the reflection was measured with a short test light pulse (see 
Materials and methods, section 2.3, protocol 3). Absorbance difference spectra 
were calculated by using the spectrum resulting after the 215 min measurement 
period as the reference spectrum (Fig. 4.6A). The spectra reveal that the red 
flashes converted the green-absorbing rhodopsin into the blue-absorbing 
metarhodopsin, which then gradually vanished. The metarhodopsin absorbs 
maximally at 492 ± 1 nm (Fig. 4.6A). When we neglect an initial period of 
15 min after the first red light pulse, the time course of the bleaching process 
can be well approximated by an exponential function with a time constant of 
56 min (Fig. 4.6B). The deviation of the initial part indicates a very rapid 
reconstitution of rhodopsin during the first 15 min. Reconstitution clearly 
cannot keep up with degeneration, as the metarhodopsin degenerates at a more 
rapid pace. However the bleaching was not complete, as the reflection still 
increased very slowly after the 3.5 hour measurement period.  
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Fig. 4.6: Bleaching green visual 
pigment. The bleaching protocol 
was started after the eye was 
regenerated in the dark overnight. 
After the eye was white-light 
adapted, causing partial conversion 
of the green rhodopsin to 
metarhodopin (cf. Fig. 4.3-4), each 
5 min during 210 min a 2 s red 
adapting flash light was delivered 
A. Difference spectra calculated 
from the reflectance spectra. The 
reflectance spectrum measured 
after 210 minutes ‘bleaching’ 
(dashed line) is taken as the 
reference spectrum, because of the 
higher signal to noise ratio, and 
therefore higher accuracy. The 
difference spectra show intrinsic 
bleaching of the green rhodopsin’s 
photoproduct, metarhodopsin, 
which absorbs maximally at 
492 ± 1 nm. Time labels are placed 
at the peak values. B. The time 
course of bleaching is 
approximated by calculating the 
absorbance difference ratio, 
dividing every difference spectrum 
over the whole spectral range by 
the difference spectrum taken 5 
min after the first red flash. At 
times indicated in B the mean of 
the absorbance difference ratio 
over the spectral interval 440-500 
nm is plotted (■) together with 
intermediate time points (+, ∆t = 5 
min). The time course of the 
bleaching protocol can be 
approximated with a first order 
exponential, with a time constant 
of 56 min. Only recordings 15 min 
after the first red light pulse, were 
incorporated in the exponential fit. 
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Fig. 4.7: Kinetics of dark regeneration of green visual pigment. After white conversion metarhodopsin is 
degraded. Every 5 min a spectrum was recorded.  
A. Difference spectra with the last dark-adapted spectrum (t = 240 min) as a reference. Here we show 19 
spectra, the first hour every 10 min; after 1 hour regeneration in the dark only every 15 min a spectrum is 
plotted. The peaks of the difference spectra dominated by the regeneration process are centered around 
532 ± 2 nm (dotted line). B. The time course of regeneration and degradation is approximated by calculating 
the absorbance difference from corresponding spectra shown in A, as the mean of the absorbance difference 
over the spectral interval 580-600 nm (■), together with intermediate time points (□, ∆t = 5 min). From this 
data the time course of regeneration is approximated with a single exponential function with a time constant 
of 59 min (solid line fit). The absorbance difference over the spectral interval 460-480 nm for spectra shown 
in A(●) and the intermediate spectra (○, ∆t = 5 min) is approximated with two exponential functions, one for 
regeneration (time constant of 59 min, dashed line) and one for degradation (time constant of 15 min; see the 
Appendix). 
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3.3. Regeneration of the green rhodopsin 
 
In the dark, metarhodopsin is degraded and rhodopsin is reconstituted. From 
the measurements of the previous sections the visual pigment absorbance 
spectra and the kinetics of regeneration and degradation cannot be derived 
straightforwardly (cf. discussion). We therefore studied these processes, 
especially rhodopsin regeneration, after adapting the eye with bright white light 
(section 3.1) and after bleaching with red light (section 3.2). After adapting the 
eye with white light (Fig. 4.3A), the eye shine was probed during 4 hours, by 
taking every 5 minutes a reflection spectrum. Absorbance difference spectra 
were calculated from the measured reflection spectra, with the spectrum 
measured after 240 min in the dark as the reference spectrum (Fig. 4.7A). The 
difference spectra can then be used to derive the relative fraction of rhodopsin 
built in. From the absorbance difference ratio we approximated degradation and 
regeneration with first order exponentials (see Appendix). The time constant of 
degradation is 15 min. Regeneration has a time constant of 59 min (Fig. 4.7B).  
 
3.4. Photochemical conversion of a UV rhodopsin 
 
After bleaching the green visual pigment (black lines) we investigated whether 
a blue and/or a UV visual pigment was present. We therefore illuminated the 
eye with various monochromatic lights in the blue to green wavelength range, 
but we could not find convincing proof for a photoconvertible blue visual 
pigment. Subsequently, we applied intense monochromatic 364 nm light for 5 
seconds. Because this strongly activated the pupil, we allowed for a three 
minutes dark-adaptation period, and then recorded reflection spectra during 2 s 
(integration time 10 ms). The spectra are corrected for the pupil, which is 
triggered immediately, i.e. pupillary granules migrate to the rhabdom and 
effectively absorb the boundary waves. White illumination after actinic red 
light (LP570) does not alter the photochemistry of the UV pigment, and the 
pupil contribution can be directly measured from these series. After pupil 
correction, the initial spectra show a distinctly decreased reflection in the blue, 
between 400 and 500 nm. Illumination with the white test light results in a 
reflection increase. The 364 nm light apparently had created a blue-absorbing 
metarhodopsin, which the test light reconverted back into its UV-absorbing 
rhodopsin (Fig. 4.8A). The reflection spectra measured during the latter 
conversion process yielded the difference spectra of Fig. 4.8B; the first 
spectrum was the reference. 
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Fig. 4.8: Photochemical conversion of 
UV metarhodopsin after bleaching the 
green visual pigment. A. The eye is 
adapted to monochromatic 364 nm 
flashes. After a dark period of 3 min, 
necessary for pupil withdrawal, the eye 
was illuminated for 2 s with white light 
illumination. Reflection spectra were 
recorded with an integration time of 10 
ms. Here 10 reflectance spectra, 
normalized to the peak value of the last 
spectrum, are plotted with a time 
interval of 200 ms, including the first 
spectrum after dark regeneration. The 
white light illumination converts the 
metarhodopsin form to rhodopsin. 
Therefore the reflection increases 
between 400 and 500nm. B. The 
corresponding difference spectra in time 
where calculated with the final spectrum 
(t = 1.8 s) as a reference. One clearly 
sees absorption decreases due to UV 
metarhodopsin conversion. The 
difference spectra are nearly 
proportional, peaking at 467 ± 2 nm 
(dotted line). C. The time course of 
metarhodopsin conversion is 
approximated by calculating the 
absorbance difference ratio, dividing 
every difference spectrum over the 
whole spectral range by the first 
spectrum (t = 0 s, peak absorbance 
difference 0.27). The mean absorbance 
difference ratio is calculated from 
corresponding spectra shown in B, as 
the mean of the absorbance difference 
ratio over the spectral interval 440-500 
nm. The time course is approximated 
with a first order exponential with a time 
constant of 499 s. 
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Fig. 4.9: Dark spectra after UV adaptation. A. First spectra after 3 minutes dark adaptation following 3 UV 
actinic monochromatic light flashes, i.e. at 364 nm, 374 nm and 390 nm. The spectra are compared with the 
spectrum after bleaching with a long pass 570 nm filter (>570). B. The corresponding difference spectra are 
shown. The bleached spectrum after red adaptation is taken as a reference. The peak of the UV difference 
spectra is 467 ± 2 nm.  
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Clearly, the reflectance increase, i.e. absorption decrease, in the blue results 
from conversion of a blue-absorbing metarhodopsin, with wavelength peak at 
467 ± 2 nm. Actinic illuminations with monochromatic light flashes with 
wavelengths 374 nm and 390 nm, respectively, yielded reflection changes 
similar to that induced by 364 nm light (Fig. 4.9A). The amplitudes of the 
difference spectra were progressively smaller, however, in accord with 
conversions of a UV-absorbing metarhodopsin (Fig. 4.9B).   
 
4. Discussion 
 
4.1. White light-induced conversion of a green-absorbing rhodopsin 
 
The classical method of studying visual pigments is via extraction of the visual 
pigment(s) from the retinal tissue. This approach has been successfully used in 
the case of moth eyes (Schwemer and Paulsen, 1973). Microspectrophotometry 
of eye cup preparations provided the possibility to study small samples in situ 
(Schwemer, 1984). Microspectrophotometry of visual pigments in the eyes of 
completely intact, living animals is possible in butterflies due to the unique 
presence of tapeta proximally of the rhabdoms (Stavenga, 1975; Bernard, 
1979a,b, 1982). Difference spectra derived from reflection spectra measured in 
vivo then allow the estimation of the spectral characteristics of the rhodopsin 
and metarhodopsin state.  

Here we performed spectrophotometric recordings in a novel 
telemicroscopic set-up (Stavenga, 2002b). Due to the improved temporal 
resolution we were able to follow in real time the rhodopsin-metarhodopsin 
conversions induced by broad-band white light, especially the conversion of the 
predominant green rhodopsin after a prolonged regeneration time in the dark 
(Fig. 4.3).   
 
4.2. Regeneration and degradation of the green visual pigment 
 
The regeneration experiments in the comma, Polygonia c-album, show that the 
majority of the visual pigment in the rhabdoms, i.e., ca 75%, is a green-
absorbing rhodopsin. It thus confirms the expression pattern of the green 
pigments, identified in species with a more simple three pigment sytem, e.g. 
72% in Vanessa cardui (Briscoe et al., 2003) and 71.4% in Manduca sexta 
(White et al., 2003). The kinetics of the regeneration process also corroborates 
the general picture, as outlined by Bernard (1983). The fast metarhodopsin 
degradation with a time constant of kd = 15 min at  ca 21 oC is comparable to a 
metarhodopsin decay with kd = 18 min measured by Bernard (1983) at 23 oC in 
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Vanessa cardui. Like reported by Bernard (1983), rhodopsin regeneration is 
much slower, with a time constant of kr = 60 min. Compared to the fly, the 
kinetics is fast, as there kd = 3.3 h and kr = 200 h (Schwemer, 1984).  

The molecular mechanism behind the selective metarhodopsin 
degradation remains to be elucidated. Cytosolic protein degradation is known 
to occur in lysosomes or in proteolytic complexes called proteasomes after 
covalent attachment of a chain of ubiquitins on the target proteins. Degradation 
of metarhodopsin -a membrane protein- may occur by recognition of a specific 
exposed amino-acid sequence by specialized proteins which may trigger 
endocytosis and subsequent lysosomal degradation. Arrestins are good 
candidates, as they specifically bind phosphorylated metarhodopsin. Arrestins 
can also participate in signalling to downstream effectors (Lefkowitz et al., 
1998). A sub-class of arrestins, has been shown to be involved in receptor-
mediated endocytosis because of their ability to act as adaptors to facilitate 
clathrin-mediated endocytosis (Goodman et al., 1996).  

The molecular pathways for regeneration in butterflies and their 
relative importance are unknown. Photoregeneration by conversion of 
metarhodopsin is favoured by its higher absorption coefficient and the 
abundance of blue light from the sky. Rhodopsin renewal must also occur to 
catch up with metarhodopsin degradation. The mechanism likely resembles the 
regulation in flies. Studies on blowflies have established an important role for 
the chromophore 11-cis retinol, which activates opsin biosynthesis (Schwemer, 
1984). As the chromophore is recycled after degradation, isomerization of the 
all-trans retinal to the cis-state by a (photo-)isomerase and subsequent 
redirection of the chromophore to the photoreceptor cells may constitute a 
positive feed-back mechanism (Chapter 1, Fig. 1.4). In flies, blue light is 
necessary to activate the photo-isomerase in the primary pigment cells. In 
butterflies the precise action remains to be elucidated. Likely transport of newly 
synthesized opsins may occur with motor proteins like Kinesin II or Myosin 
VIIa, carrying their opsin cargo along the microtubuli and actin filaments with 
a speed of ~0.2 µm/s (Williams, 2002). The close spatial interaction with the 
endoplasmatic reticular system at the base of the microvilli may allow fast 
recovery. Constitutive membrane turn-over provides an additional pathway for 
pigment renewal. 
 
4.3. Bleaching green visual pigment 
 
In his bleaching protocol for green visual pigments, Bernard (1979a, 1983) 
used a red flash or a series of red flashes, followed by long dark periods (60 to 
90 minutes) where a few sample spectra were taken. In our experiments the 
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prolonged dark periods lead to substantial incorporation of new rhodopsin, 
however. In the experiments with the repeated red flashes, any newly created 
rhodopsin was promptly converted to the metarhodopsin form, which then 
degraded in the dark, yielding a better spectral separation of the metarhodopsin. 
The λmax values estimated in the bleaching and regeneration experiments, 
respectively 492 nm for M and 532 nm for R, are similar to the values of the 
green pigment of the related nymphalid Vanessa cardui (Briscoe et al., 2003). 
 
4.4. Derivation of the UV and blue visual pigments 
 
After bleaching the green visual pigment, we were able to isolate a UV-
absorbing pigment. In our set-up, substantial conversion of the UV 
metarhodopsin, peaking at ca 367 nm, required illumination periods of several 
seconds because activation of the pupil effectively diminished the 
photochemical conversion. The optical density of the UV-pigment (see Fig. 
4.9B) matches known expression levels in the literature. In Vanessa cardui the 
UV pigment makes up 15% of the total visual pigment content (Briscoe et al., 
2003). Histological studies of the UV-opsin in the moth retina of Manduca 
sexta (White et al., 2003) yield similar values (14.3%). 

In the latter studies one found that the blue pigment is also scarcely 
expressed, e.g. Vanessa cardui (12%) and the moth Manduca sexta (14.3%). In 
our experiments we could not see clear photochemical conversion in the blue, 
even after bleaching green visual pigment (see Fig. 4.8). However, the analysis 
of the difference spectra, demonstrating predominant conversion of green 
rhodopsin during white light illumination (see Fig. 4.3-6) shows slight 
anomalous phenomena around the isosbestic point in the normalized difference 
spectra (data not shown). In the previous chapter we showed that a three 
pigment model, including a blue rhodopsin, could account for this 
phenomenon, suggesting the presence of blue rhodopsins in Polygonia. Also in 
a related Polygonia species blue spectral receptors were found (Kinoshita, 
1997). The peaks of the blue rhodopsin/metarhodopsin are probably very close. 
In the moth Deilephila elpenor the absorbance peak of rhodopsin and 
metarhodopsin were estimated P440 and M490 respectively (Schwemer and 
Paulsen, 1973). Therefore, due to the small expression levels of blue visual 
pigment, and the fast regeneration of green visual pigments, the blue pigment 
escaped isolation in the photochemical experiments.  
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Appendix: Derivation of time-constant of rhodopsin regeneration and 
metarhodopsin degeneration  
 

 
 

Fig. 4.10: Fractional rhodopsin and metarhodopsin concentrations during dark regeneration and degradation. 
Here the two processes are described by exponential functions with time constants of 60 and 15 min, 
respectively. The summed fractional concentration is not constant (dashed line). 
 
 
The steady state absorbance after t min dark regeneration is (Eq. 14): 
 
  (20) MLt.tA log)(870)( −= κ
 
with κ + . )()()( MMRR tCtCt αα=
The difference spectra at times t with respect to time T are given by 
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Assuming dark regeneration is complete at time T, i.e., fR(T) = 1 and 
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The processes of rhodopsin regeneration and metarhodopsin degradation can be 
described by first order exponentials, with time constants τr and τd (Fig. 1):  
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The total concentration of visual pigment, the sum of the fractional 
concentrations fR and fM (dashed line, Fig. 4.10) times C0, is not constant 
because of the difference in the time constants. The time course of the 
difference spectra is finally described by: 
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