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Microscopy of multiple visual receptor typesin Drosophila

William S. Stark,* Charles F. Thomas?

Department of Biology, Saint Louis University, St. Louis, K@boratory for Optical and Computational Instrumentation, Uni-
versity of Wisconsin, Madison, WI

Purpose: To take advantage of specialized microscopic methods and transgenic stocks, to understand the properties of
each rhodopsin now thBirosophilds six rhodopsins (Rh1-Rh6) have been isolated.

Methods: The visual pigment containing organelles, the rhabdomeres, were imaged in live flies with the pseudopupil in
standard and confocal microscopes. Five transd@oisophilastrains in which Rh2-Rh6 replaced the native Rh1 in R1-

6 receptors were compared with normal controls (Rh1 in R1-6) for two lines of work: (1) autofluorescence of rhodopsin;
and (2) imaging rhodopsin. Other transgediosophilain which the Rh1, Rh3, and Rh4 promoters drive the green
fluorescent protein (GFP) reporter were used for other purposes, especially distinguishing the R7/8 types.

Results: We show, for the first time, that visual pigment appears pink in white light, especially for Rh1 and Rh6. While
showing that rhodopsin-metarhodopsin conversions were understood by their respective wavelengths, we discovered that,
for Rh6, rhodopsin and metarhodopsin could not be spectrally separated. Relative fluorescent emission,
Rh1=Rh5>Rh6>Rh2>Rh4>Rh3, was of little value in explaining differences between bright and dim autofluorescence in
R7. Rather, analysis of GFP driven by Rh3 and Rh4 promoters show that the rhabdomeres with bright autofluorescence
are the ones that contain Rh4.

Conclusions: Careful imaging provides a useful approach to analy2iegophilarhodopsins. Amid a considerable body

of microscopic data, we identify the sources of bright and dim R7 rhabdomeres, and we demonstrate the unique properties
of Rh6.

The fly, with its two compound eyes and three simplecodes for rhodopsin in R8 rhabdomeres that are proximal to
eyes (ocelli), has remained a model to investigate multipl&h4 containing R7 rhabdomeres [18].
spectral receptor types for decades. Each ommatidium in the The confirmation inDrosophila of bright and dim R7
compound eye has 8 photoreceptor cells of 3 anatomical typesitofluorescence emissions, made possible by confocal mi-
On the basis of genetic dissectionDrosophila R1-6 (R1- croscopy [19], led us to this more thorough investigation us-
R6) were shown to be sensitive to blue and ultraviolet (UV)ng various microscopic techniques. R1-6 predominates in
light, while R7 is a UV receptor and R8 is a blue-green recepnany assays of the visual system. Rh2-Rh6, by contrast, are
tor [1]. Multiplicity beyond this level for R7 and R8 was first relatively minor and more difficult to analyze. For this rea-
shown by fluorescence microscopy and electrophysiologicaon, we took advantage of the availability of transgenic flies
data in the houseflylusca Some R7 rhabdomeres fluoresce with each minor opsin (Rh2-Rh6) replacing the predominant
yellow (R7y), while others are pale (R7p) [2]. Two R8 typesopsin (Rh1) in R1-6. Also, we obtained flies in which the pro-
were also found. moters of Rh1, Rh3 and Rh4 drive green fluorescent protein

Drosophilahas contributed uniquely to this research. R1{GFP) reporter into their respective retinula cells. Utilizing
6 express one blue sensitive opsin, Rh1 [3,4]. The gene forthese strains, we could compare R1-6 in the pseudopupil, an
second opsin, Rh2, was isolated [5] and shown to be expressethge of the photoreceptors [1], to examine rhodopsin spe-
in ocelli [6,7]. Two R7 opsin genes have been isolatBulaso-  cific fluorescence and rhodopsin conversions. Experiments
phila melanogasterRh3 [8] and Rh4 [9]. These genes arewith Drosophilareared on different diets demonstrate the fa-
expressed in non-overlapping subsets of R7 cells [10]. Inility of pseudopupil analysis in live fly eyes; this should ex-
Drosophilg both are UV rhodopsins [11]. Homologous op- pedite promoter-reporter analyses of the transcriptional con-
sins were found in related species including the blo®@#l+  trol of opsin by retinoids. Microscopic techniques applied to
liphora[12], Drosophila virilis[13], andDrosophila simulans  the eyes of live flies are useful, and the results are presented
pseudoobscuravirilis, andmercatorun14]. When the gene in the context of an overall functional anatomy.
for Rh5 was isloated [15,16], it was found to code for rhodop-
sin in those R8 rhabdomeres that are proximal to R7 rhab- METHODS
domeres that contain Rh3; likewise, the gene for Rh6 [17Animals: White eyed otherwise wild type fliew/(the posi-
tive control) had been maintained in this laboratory for de-
cades. Two negative controls are deficient in R1-6 opsin:
Correspondence to: William S. Stark, Department of Biology, Saint;ninaE™ [20] (maintained in this laboratory since the work
Louis University, 3507 Laclede Avenue, St. Louis, MO, 63103-20100f Harris et al. [1]v;ninaBP*"[3] (obtained from Justin Kumar
Phone: (314) 977-7151; FAX: (314) 977-3658; email:then in Prof. Donald Ready’s laboratory at Purdue University,
StarkWS@slu.edu West Lafayette, IN).
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For convenience we refer to the white eyed transgeniretinoid deprivation [19,25]. For some studies, a yeast-glu-
stocks with short nicknamesy;Rh(1+2), w;Rh(1+3), cose food was used because, though it lacks chromophore pre-
w;Rh(1+4) w;Rh(1+5) andw;Rh(1+6) (1) Feiler et al. [21] cursors, it does activate the rhodopsin gene [25]. Flies were
generated transgenirosophilaexpressing Rh2 in R1-6; (2) rearedin a 12 h light/12 h dark cycle of fluorescent lighting at
Feiler et al. [11] made flies with Rh3 and Rh4 in R1-6; (3)room temperatureMuscalarvae were reared on a recipe of
Chou et al. [15] made flies with Rh5 in R1-6; and (4) Britt340 g fly larvae medium (formerly CMSA medium; PMI
[22] made flies with Rh6 in R1-6. White eyed constructs weré-eeds, St. Louis, MO), 5 g active (live) dry yeast, and 10 cc of
on a background dfinaP'?’, a deletion of the gene for the 50% sucrose in 750 ml of liquid; to ensure carotenoid suffi-
native R1-6 opsin, Rh1 [3]. The Rh1l promoter was fused tciency, the liquid was 50% carrot juice. Adults were main-
each of the Rh2, Rh3, Rh4, Rh5, and Rh6 coding sequencegdained on water, milk, carrot juice, and sugar.
drive the ectopic expression into R1-6. Three transgenic fly  Pseudopupil preparationHeads of living flies were at-
stocks were obtained from Dr. Robert Hardy in the laboratoryached to the glass microscope slide to expose the dorsal re-
of Prof. Charles S. Zuker, University of California-San Di-gion with clear nail polish (L'Oreal Top Coat, Cosmair, Inc.,
ego: (1) w!'BRh(1+2)#24sr ninaP'’ €5 (2) New York, NY); their bodies were stabilized using dental wax
w;Rh(1+3)#1ry**ninaP"’; and (3W™ERh(1+4)#1ninaP'’  (ESPE Protemp Bis-Acryl composite resin, Norristown, PA;
€. TheninaEopsin gene is on third chromosome; The P-eleFigure 1). Because of the regularity of receptor structure in
ments with the Rh1 promoter fused to the Rh2, Rh3, and Rleach ommatidium and of the angle between ommatidia, there
coding sequences are on the second chromosome. From Pisfa magnified virtual image about gén in diameter of the
Steven Britt, University of Colorado HSC Denver, we obtainedhabdomere tips superimposed from all the ommatidia sampled
three stocks (called 153D, 14C, and 64AY of;;srninaP''’  (typically 25, depending on the numerical aperture of the mi-
with an Rh(1+5) P-element marked wjthin three different  croscope objective) about 150n behind the surface of the
locations and five such stocks (17A, 78A, 87A, 107A, 151Agye; this is the deep pseudopupil (Figure 2). Deep pseudopupils
and 159A) for Rh(1+6) [15]. The differem;Rh(1+5)and in Drosophilawere viewed with a 10x 0.25 NA or a 16x 0.25
w;Rh(1+6) strains gave very similar results. Whitg) (s on ~ NA achromat objective by illuminating the back of the head
the first (X) chromosomeg, ry, y, andsr are markers. with a narrow beam of light [26].

Stocks with the green fluorescent protein (GFP) reporter  Msualizing rhodopsin and rhodopsin-metarhodopsin con-
driven by rhodopsin promoters were obtained from Dr. Franckersions: For rhodopsin-metarhodopsin conversions, actinic
Pichaud (now at University College London, London, Unitedight was applied through the fluorescence epi-illuminator of
Kingdom) and Prof. Claude Desplan (New York University,a Leitz Dialux microscope (now Leica, Inc., Deerfield, IL).
New York, NY). For Rh1, the UAS (upstream activating se-The fluorescence epi-illuminator and a 100 W Mercury arc
guence) Gal4 system was used. The F1 from a cross betwegare used with either the A cube, to provide UV excitation
wiw; SPCyO, Rh1Gal4 p(17Rh1Gal4 p(17§Rh1 promoter  and full visible spectrum viewing, or the H cube, for blue ex-
driving Gal4 in a rosy plasmid homozygous on the third chroeitation, and green and red viewing. Corion (Holliston, MA)
mosome) andr/w; UAS GFP/UAS GFRJAS GFP/UAS GFP  or Edmunds (Barrington, NJ) interference filters in the trans-
(homozygous for UAS GFP on second and third chromosomes)itted beam and in the incident illuminator were used. Neu-
worked well. For Rh3, we usedv/w; Rh3GFH tral density filters in the excitation beam controlled intensity
CyO;MRRSTM2 (here a minimal Rh3 promoter, starting at - so that maximum conversion occurred in 1 to 10 s. The rhodop-
243, drove Rh3 fused to GFP [23]) and for Rh4, we used twsin-metarhodopsin conversion was withessed as a darkening
stocksw/w;SPCyO,Rh4GFPp(w)/TM2 (where a minimal of the deep pseudopupil [26] viewed with transmitted light
Rh4 promoter, -373 to +85, drove GFP, and with different lowhen the actinic beam was turned on. If the actinic beam was
cations of Rh4GFP on the third chromosome for the two stockso bright, fluorescent emission added to the intensity; fortu-
[23]) where the Rh3GFP and “Rh4GFP terminology is  nately, when the actinic beam was dimmed sufficiently with
meant to designate the Rh3 promoter or the Rh4 promoteeutral density filters, the darkening was not diminished. An
driving GFP. Optronics (TEC-470, Goleta, CA) camera was very useful

In addition to examinind>rosophila melanogasteive  because the integration time could be set to see images that
made comparisons with another specia®gophila virilis),  were too dim for the naked eye. We needed special refine-
and another genudl(isca domestigaWhite eyedMluscawere ~ ments to see the color of rhodopsin directly. Even when the
obtained from Michael Zimmerman in Prof. Joseph O'Tousa’€amera was carefully white balanced, and the A cube was in
laboratory at the University of Notre Dame, South Bend, INuse, fly eyes looked a dingy yellow, so a broad band blue filter
We obtained white and red ey&tosophila virilisfrom the  was selected to whiten the beam. The camera fed into a Sony
Mid-America Drosophila Stock Center (Bowling Green, OH).Color Video Printer (UP-5200MD) that fed, in turn, into a Sony
Curiously, the white eyed stock lacked R7 [24], so a cross wasonitor (Trinitron model PVM-1343MD). Images were digi-
performed to construct a white eyed stock that did have Rifized with a Coreco Oculus TCX/MX frame grabber (St.
using the deep pseudopupil to screen for R7. Laurent, Quebec, Canada) in a personal computer using Im-

Drosophilawere raised on a standard medium with enouglage Pro Plus 3.0 software (Media Cybernetics, Silver Spring,
carotenoids for fully developed visual function; for compari-MD).
son,Drosophilawere reared on Sang’s medium for thorough ~ Confocal microscopyN. Franceschini showed one of us
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(WSS) his technique to visualize fluorescence of individual ~ Calibration: Fluorescence microscopy utilizes extremely
Muscarhabdomeres with a standard fluorescence microscoprtense beams. For white eyi2rbsophila fluorescence would

in 1978 (placing a small iris in the trinocular head of the mitypically be observed upon excitation with abou€ ffdanta/
croscope in the optical path between the fly head and the caen¥/s of blue light [27]. Intense short wavelength light not
era). That method did not work @mosophiladespite numer- only excites a vitamin A dependent fluorescence in the deep
ous attempts. That was the reason we first applied confocpseudopupil of white eyeDrosophilg but also induces the
microscopy to the pseudopupil@fosophila The laser scan- formation of a fluorescent product of the vitamin A based vi-
ning confocal microscope at the Laboratory for Optical andual pigments [28]. If the amount of blue light (product of
Computational Instrumentation (LOCI) was used for this andntensity and time) is sufficient, about?1Quanta/cry there
earlier [19] research. A Bio-Rad (Hercules, CA) MRC-600is a 50% decrease in visual pigment and a 50% increase in this
confocal microscope was fitted with a Kr/Ar laser on a Nikonfluorescent product [29], and an eventual photoreceptor de-
Optiphot. The deep pseudopupil was viewed with a 10x Plageneration [30]. By visual inspection, the beam of the confo-
apo dry objective, NA=0.45. Rhabdomere tips were viewedal microscope seemed about as intense as that of the stan-
directly using “optical neutralization of the cornea” with im- dard fluorescence microscope used in earlier work. It was
mersion oil and an oil immersion 60x Plan apo objectivehypothesized that this impression was based on a much more
NA=1.4. Excitation at 488 nm was provided by optics intendedhtense but much smaller spot of light rapidly rastering in the
for fluorescein. Earlier [19] it was shown that, in the MRC-confocal microscope. With a model 268R head feeding into a
600 confocal microscope, R1-6 plus R7 were visible with fluomodel S370 optometer (United Detector Technology,
rescein optics, while only R1-6 fluoresced with rhodamineHawthorne, CA), the intensity of the excitation beam of the
optics. Since we were interested in R7 properties, we useambnfocal microscope was determined. The fluorescein excita-
only fluorescein optics in this study. Image acquisition wagion cube uses a 488 nm filter. For the 10x objective, the in-
operated using Bio-Rad’s COMOS software. Images were aldensity is approximately 5.95xEyuanta/criis. This value
analyzed using NIH Image, version 1.61, running on Macintostakes into account a calculation of the diameter of the actinic
OS 8.6 and above. One of our most useful techniques, andaam [31]. In summary, the intensity of the small beam in the
special capability of the confocal microscope, was to colleatonfocal microscope was several orders of magnitude greater
about 10-30 optical sections through a z focus series of up than the intensity needed to excite fluorescence and create fluo-
100um and convert this into an animation. During the courseescent products in earlier work on the deep pseudopupil of
of this research, the computer analysis developed considerhite eyedDrosophila utilizing the standard fluorescence
ably. A program developed by CFT at LOCI, 4D Turnaroundmicroscope.

(version 3.24) for the Macintosh, converted stacks to

Quicktime movies that were analyzed with NIH Image. For RESULTS

the PC, Confocal Assistant assisted in image analysis. Background and controlsOptical sectioning, the confocal

Figure 1.Drosophilaprepared for
pseudopupil. White eyddrosophila
fixed to a microscope slide. This pho-
tograph was made with the help of Mr.
H. Leertouwer in 1978 when WSS
was on a research fellowship at
Rijksuniversiteit Groningen, the
Netherlands. The fly on the left was
reared on the vitamin A replete diet,
while the one on the right was vita-
min A deprived. Note a slight off
white coloring of the eye of the vita-
min A replete fly, presumably due to
visual pigments and possibly related
with the pink seen in Figure 9. Flies
need not be fixed to a slide; this is
covered in the “Rhodopsin-
metarhodopsin conversions” of the
Discussion.
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microscope’s hallmark, optimizes obtaining a focus series (zepleteDrosophilabut dark in deprived flies (Figure 4). Only
series). Franceschini and Kirschfeld [32], in introducing theR7/8 fluoresce in Rh1 mutamsninaBP*” andw;ninalB (Fig-
Drosophilapseudopupil, photographed several focus planeare 5). This is an important control because Rh1 is blocked in
from cornea to deep pseudopupil. Figure 3 extends this afhe transgenics usinginak so that only the ectopic opsins
proach with an animation. At the start, the eye surface is briglfiRh2-Rh6) are expressed in R1-6.
in an area the diameter of the deep pseudopupil, seen at the Comparing bright and dim R7 tips observed in the confo-
end of the series. That distal brightness looks fuzzy with theal microscope: Figure 6 is confocal microscopy showing
10x air objective. However, if it were viewed at higher powerbright and dim R7s in the house fMscg and the fruit fly
with immersion oil, that image would resolve into the indi-(Drosophild), replicating and extending the findings of
vidual rhabdomere tips seen with optical neutralization of th&ranceschini et al. [2], using standard fluorescence micros-
cornea. copy. Because of the low radius curvature offin@sophila
Visual pigments in R1-6 plus R7/8 show vitamin A de-eye, and the notable “optical sectioning” (low depth of focus)
pendent fluorescence. R1-6 and R7 are bright in vitamin Af the confocal microscope, only a narrow band of ommatidia

\1i

Figure 2. Diagram of deep
pseudopupil. This diagram is
redrawn from one used in the
laboratory of Dr. Doekele G.
Stavenga where WSS was a
research fellow in 1978. The
original was drawn by Jan
Witpaard, a former student of
Dr. Stavenga. This drawing
helps to demonstrate the optics
of the deep pseudopupil as
characterized by Franceschini
and Kirschfeld [32,47].
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is in focus. Thus, we were concerned that R7’s that were ap- Visualizing rhodopsin-metarhodopsin conversiofh1l
parently dim might be slightly out of focus. For this reason(R480) does not bleach, and its photoconversion with its stable
we obtained z series; focusing through the optimum plane, waetarhodopsin (M570) is easily seen in the deep pseudopupil
repeatedly verified that dim R7s are not an artifact of poof26]. Except for Rh6 (see below), we can visualize the rhodop-
focus. sin-metarhodopsin conversions for all the rhodopsins. In Fig-
Quantifying bright and dim R7’s is hampered since fewure 9, Rh1 shows bright R1-6 with 579 nm light transmitted
ommatidia are in one focal plane. Stepping through a z-serig¢isrough the deep pseudopupil but dim R1-6 when 460 nm light
a few microns per step solved this limitation. Pooling from
many z-series (fromv, w;Rh(1+2) w;Rh(1+3) w;Rh(1+4)
w;Rh(1+5), Drosophila virilis (white eyed),ninaP'*’, and
ninaB?), a 2.42/1 ratio was determined (of 3037, 1765 wer
bright, 730 were dim, and 542 could not be scored).
Autofluorescence of opsins Rh1 to Rh6 in normal an
transgenicDrosophila
Figure 7 compares the fluorescent deep pseudopupils
w controls with the five transgenics. The order of fluoresce
emissions is Rh1=Rh5>Rh6>Rh2>Rh4>Rh3. Although wq
present typical micrographs, we have repeated these obser
tions many times.
Ocelli: Since R1-6 inv;Rh(1+2)transgenics fluoresce,
we sought fluorescence from ocelli directly. Because ocel
have no deep pseudopupil, we neutralized the ocellar lens a
found spots of fluorescence in a narrow band of focus. A z-

series revealed the fluorescence across the entire ocellus. Figgure 3. Focus from rhabdomere tips to deep pseudopupil. Arepre-

ure 8 shows an average through a z series. These punctﬁ?@tat've frame from a confocal animation of a z-series of a “nor-
I” Drosophila (white eyed, with Rh1 in R1-6) reared on vitamin A

emissions were probably ocellar rhabdomeres based on A

K . b d distributi f lar rhabd replete food. Note that there is a quicktime movie of this figure in the
nown size, number and distribution or ocellar rhabdomereg, inq yersion at the following URL.: http://www.molvis.org/molvis/

[33]. v10/a113/stark-fig3.html.

Figure 4. Deep pseudopupil and vitamin A. Confocal micrographs of the deep pseudopupil of white eyed normal (left) aAdlejaiveal
(right) Drosophila
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converts 480 nm rhodopsin to 570 nm metarhodopsi
w;Rh(1+2) flies show bright R1-6 with 520 nm light trans-
mitted through the deep pseudopupil but dim R1-6 when 43
nm light converts 420 nm rhodopsin to 520 nm metarhodopsi
w;Rh(1+3) flies show bright R1-6 with 480 nm light trans-
mitted through the deep pseudopupil but dim R1-6 when 35
nm light converts 345 nm rhodopsin to 460-465 n
metarhodopsinw;Rh(1+4)flies show bright R1-6 with 480
nm light transmitted through the deep pseudopupil but di
R1-6 when 376 nm light converts 375 nm rhodopsin to 460
465 nm metarhodopsiw;Rh(1+5)flies show bright R1-6 with
505 nm transmitted through the deep pseudopupil but dim R
6 when 405 nm light converts 437 nm rhodopsin to 494 n
metarhodopsin.
The situation for Rh6 is strikingly different from that of
Rh1-Rh5. Interestingly, R1-6 remained continuously dar
when transilluminated with 514 nm light (no additional adap#;
tation, Figure 9, bottom right). Rh6 is the only one of six vi
sual pigments with a shorter wavelength metarhodopsin (4€
nm) than its rhodopsin (508 nm) according to Salcedo et &
[22]. The optical stimulator for viewing and converting visual
pigment took advantage of fluorescence microscope optic
hiding the short wavelength actinic beam while viewing with®
a longer wavelength. Thus;Rh(1+6)were the only flies we §
viewed at a wavelength near rhodopsin’s maximum.
Visualizing rhodopsinTransilluminated with white light,
Rh1 looks pink, while R7 looks relatively white. This pink
appearance was also striking for Rh6; it was less for Rh5, thefigure 6. Rhabdomere tips. Confocal microscopy of optically neu-
Rh2, and undetectable for Rh3 and Rh4 flies. The preferentighlized cornea of white eyddusca domesticéiop) andDrosophila
transmission of long wavelengths is explained by a selectiveelanogaste(bottom). Note the bright versus dim R7s.

Figure 5. Mutants lacking rhodopsin in R1-6. Confocal image of deep pseudopupil of whitereyftl’ (left) andninalP" (right). R7 but
not R1-6 show fluorescent emission in these mutants that lack Rh1 in R1-6 (the negative control for transgenics witrodofmgitsrh

expressed in R1-6).
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absorption of short and middle visible wavelengths which
would be expected to be highest for Rh1 and Rh6.

Green fluorescent proteinFigure 10 shows green emis-
sion from GFP in R1-6 to 480 nm excitation (top left). White
eyed flies allowed imaging of rhodopsin-metarhodopsin con-
versions. Note that the fluorescent image (left) is “fuzzy” (big
or blurred) relative to the rhabdomere imaged with transmit-
ted light (center). This implies that GFP is in cell bodies and
in rhabdomeres. This is expected since GFP is not a mem-
brane protein and since there is no mechanism to specifically
target GFP to the membrane.

Figure 10 (second row) shows the same experiment on
vitamin A deprivedrosophila There is little or no GFP fluo-

©2004 Molecular Vision

metarhodopsin conversion. GFP emission is variable in th
negative controls and in the positive controls (top row); how-

multiple “sections” in a z-series.

réeutralized cornea of an ocellus (simple eye) of white eyed other-
wise wild typeDrosophila virilis. The image was averaged from
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Figure 7. Confocal images of
autofluorescence of normal and
transgenid®rosophila. Fluores-
cent deep pseudopupil of vitamin
Areplete white eyeBrosophila
melanogaste(fluorescein op-
tics, BioRad 600). White eyed
otherwise wild typew, top left).
These flies, in which the native
Rh1 resides in R1-6, are com-
pared with flies where the Rh1l
promoter drives Rh2 to Rh6 into
R1-6 (for ectopic expressiony.
Rh(1+2)(top right).w Rh(1+3)
(middle left).w Rh(1+4)(middle
right). w Rh(1+5)(bottom left).
w Rh(1+6)(bottom right).
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ever, the fluorescence is strikingly decreased in deprived fliesn a yeast food. This food has nutrients that were found to
consistent with evidence that retinoids activate gene expreactivate opsin gene expression but no precursors for chro-
sion at the level of the opsin promoter [25,34]. Figure 10 (botmophore necessary for rhodopsin function [25]. The fluores-
tom row) shows this same experiment for a typical fly rearedence (left) and lack of darkening (compare middle and right)

Figure 9. Imaging of visual pig-
ment and rhodopsin-
metarhodopsin conversions. The
deep pseudopupil was used to im-
age visual pigment and rhodopsin-
metarhodopsin conversions in
normal flies (v, row 1) and
transgenic flies with Rh2 to Rh6
replacing Rh1 in R1-6 (rows 2 to
6), respectively. Native Rh1 in R1-
6 viewed with white light4), 579
nm light B), and 579 nm light
darkened with 460 nm lightC).
Transgenic with Rh2 in R1-6,
viewed with white light D), 520
nm light E), and 520 nm light
darkened with 436 nm ligh#].
Transgenic with Rh3 viewed with
white light G), 480 nm lightid),
and 480 nm light darkened with
350 nm light. Transgenic with Rh4
viewed with white light J), 480
nm light K), and 480 nm light
darkened with 376 nm light{.
Transgenic with Rh5 viewed with
white light M), 505 nm light ),
and 505 nm light darkened with
405 nm Q). Transgenic with Rh6
viewed with white light P), and
with 524 nm light Q).
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are consistent with this information. tiple serial planes gives counts of 426 positives, 782 nega-
Figure 11 presents confocal images from typical whitdives, 256 unknowns, and 183 questionable positives.
eyed flies with GFP expression in R1-6. On the topis the deep Figure 13 shows GFP driven by the Rh3 promoter and
pseudopupil, while, on the bottom, individual rhabdomeresargeted to the rhabdomere by attachment to Rh3. In contrast
are imaged using optical neutralization of the cornea. Whewith the situation for Rh4, fluorescence is restricted to the
compared with the corresponding images for autofluorescenchabdomere as expected. Analysis of Rh3-Rh3-GFP is equivo-
(Figure 7, deep pseudopupil in top, left; Figure 6, optical neucal: most R7’s fluoresce (330 positive to 177 negative), but
tralization of the cornea at bottom), the images show less clapnly a small percentage (about 30%) were strikingly positive.
ity. This is a confirmation of the finding presented above (in
the context of Figure 10) that GFP fills cell bodies and rhab- DISCUSSION
domeres. TransgenicDrosophilawith ectopic rhodopsindrosophila
Figure 12 shows GFP driven by the Rh4 promoter. In thetocks with Rh2-Rh6 replacing Rh1 are extremely useful. An
deep pseudopupil (top) and in both views of individual rhabinteresting use of the Rh(1+4) stock was in studies of calcium’s
domere tips after optically neutralizing the cornea (bottom)role in phototransduction. Green light (543.5 nm) was used to
the R7 rhabdomere and the cell body fluoresce. Some rhabxcite C&"-orange, a calcium indicator for monitoring. UV
domeres are bright, presumably expressing Rh4, while othestimulation of UV “replaced” R1-6 receptors insured suffi-
(the rhabdomeres that have Rh3) are dim. Analysis of mukient wavelength separation so that rhodopsin activation and

Figure 10. R1-6 GFP (standard
fluorescence microscope) and
rhodopsin conversions (light mi-
croscopy). Deep pseudopupils of
typical white eyed fly from the
cross that gives GFP expression in
R1-6. Regular (vitamin A replete)
food (top row). Vitamin A deprived
(middle row). Yeast food (bottom
row). Fluorescence excited by 480
nm light (left), transmission of 579
nm light (middle), and transmis-
sion of 579 nm light with 480 nm
actinic stimulation (right).
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calcium monitoring did not confound each other [35]. Ouringly positive. These 30% strikingly bright rhabdomeres cer-
use of these stocks pursues the strategy of their developéasnly express Rh3; we argue that the others are showing
[11,15,21,22], to utilize expression of minor rhodopsins in theutofluorescence and contain Rh4. Alternatively, the Rh3 pro-
fly’s predominant photoreceptor type, R1-6, to investigate remoter may not be completely selective [23], leading to the
ceptor spectral mechanisms. same conclusion. Previous work suggested that the ratio of

Confocal microscopy of opsin autofluorescence does nd®h4:Rh3 is 2:1 [11]. Based on our counts, we put the ratio at
distinguish bright from dim R7/8 autofluorescenc€onfo-  2.42:1.
cal microscopy [19,36] provides higher resolution than con-  GFP reports transcriptional control of opsin’s reporter
ventional fluorescence [29,37,38] especially for resolving difwithout interfering with receptor functionGFP serves as a
ferent R7 types [19]. Bright and dim R7/8 rhabdomere tipseporter for transcriptional control of the opsin promoter by
are not mediated by R7 opsins since neither Rh3 nor Rh4 fluoetinoids, as implied by our comparison of flies reared on vi-
resce (Figure 7). R8 makes up the proximal 1/3 of the R7/&min A replete and deficient diets. The fact that rhodopsin-
rhabdomere, with Rh5 paired with Rh3 and Rh6 paired with
Rh4 [15,16,22]. R8 opsins are also not responsible for brig
versus dim R7/8 rhabdomere tips since Rh5 is only slightl
brighter than Rh6. In summary, autofluorescence of Rh3, Rh
Rh5, and Rh6 did not answer which R7 has bright versus di
autofluorescence.

GFP analysis does distinguish bright from dim R7/8
autofluorescencesOur analyses using GFP suggest that th{
R7 cells expressing Rh4 are those that autofluorescen@ =
brightly. When Rh3's promoter drove Rh3-GFP, most R7s fluoff
resce, but only a small percentage (about 30%) were stri

Figure 12. Green fluorescent protein labeling for Rh4 promoter driven
Figure 11. R1-6 GFP (confocal microscopy). Deep pseudopupil (tof7s. Rh4-GFP (Rh4’s promoter driving GFP into R7). Deep
and optical neutralization of the cornea (bottom) of typical whitepseudopupil (top) and two samples of individual rhabdomere tips
eyed fly from the cross that gives GFP expression in R1-6. (optical neutralization of the cornea; bottom).
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metarhodopsin conversions can still be observed when R1gigments) were found in the brightly fluorescing R7/8 recep-
are flooded with GFP proves that GFP does not interfere wittors (R7y) in other genera [38]. Which of these four possible
the photochemistry of visual pigments. Further work (unpubsources determines the relative emissions of all 6 rhodopsins
lished) shows that GFP does not interfere with receptor fun¢gRh1=Rh5>Rh6>Rh2>Rh4>Rh3) is unclear:

tion as measured by the electroretinogram (ERG), even when (1) Rh2 to Rh6 and/or their corresponding

the flies are aged several weeks. Specifically, the ERG shows metarhodopsins may have less fluorescence than Rhl's
that (1) flies with GFP are fully sensitive; (2) waveformis not metarhodopsin.

altered (i.e., on-and-off transients and receptor potential are (2) Although Rh2 [21] and Rh5 [22] are coupled to
normal); and (3) a prolonged depolarizing afterpotential (PDA) R1-6's UV sensitizing retinoid when expressed in R1-

is elicited by blue light and repolarized by yellow light. The 6, the sensitization of Rh3, Rh4, and Rh6 is not known.
convenience of studying the pseudopupil in live flies and the This is an important consideration since bright R7 rhab-
demonstration that cells survive the presence of GFP, should domere tips are substantially brighter (Figure 6) than

facilitate further promoter-reporter analyses. expected from Rh4 plus Rh6. Accessory pigments are
The fluorophores responsible for rhabdomere important, especially in R7 [40].
autofluorescenceA complicated literature unfolded concern- (3) Fluorescence and confocal microscopy utilize

ing R1-6 fluorescence. Summarizing, (1) the metarhodopsin lot of light, enough to create M’, but we found that
from R1-6’s rhodopsin (Rh1) fluoresces [39]; (2) a retinoid  blue light increased emission only for Rh1 and Rh5
that sensitizes R1-6's blue rhodopsin (Rh1) to UV also con- [41]. Bright light products (M") may contribute to
tributes [28]; (3) a product of very intense UV and blue stimu-  autofluorescence, but only for Rh1 and Rh5 (the bright-
lation in R1-6 called M’ fluoresces [27,28,39]; and (4) acces- est ones).

sory pigments (a blue blocking carotenoid and UV sensitizing (4) If Drosophilahave the accessory pigments of

R7y and R8y [38], (and that is uncertain), it is not

known whether these R7y and R8y pigments are co-

expressed when Rh4 or Rh6, respectively, are
ectopically expressed in R1-6.

Visualizing rhodopsin:In 1942, G. L. Walls [42] wrote,
“With the very sloppiest of technique, we can mount the fresh
dark adapted retina of a frog or a goldfish on the microscope
and still see the rich wine of rhodopsin filling its rods” cited
by Liebman [43]. Here, we show, for the first time, the red
color of the “visual pigment” in the fly eye. By “visual pig-
ment,” we mean rhodopsin plus metarhodopsin plus any ac-
cessory (sensitizing and/or blocking) pigments. Rh1 and Rh6,
and, to a lesser extent, Rh5 look pink relative to R7/8 which
contain a combination of Rh3, Rh4, Rh5, and Rh6 in the deep
pseudopupil. This is explained by rhodopsin plus
metarhodopsin absorbing considerably at short and middle
visible wavelengths.

Rhodopsin-metarhodopsin conversions1978, Lo and
Pak [44] observed that blue light decreased the transmittance
through R1-6 rhabdomeres in the deep pseudopupil. Their in-
terpretation, namely that they were somehow visualizing the
state of depolarization of the receptors, created controversy,
especially since Stavenga and coworkers [45] had attributed
measured transmission differences to rhodopsin-
metarhodopsin conversions five years earlier. Stavenga was
eager to present a photograph dramatizing the visualization of
what he had measured quantitatively, and so he published a
photograph of this laboratory’s preliminary work [46], work
that was improved by the time this laboratory’s full paper was
published [26]. In the decades since then, quantifying and view-
ing rhodopsin-metarhodopsin conversions has been useful in
countless studies. The characterization of five other rhodop-

Figure 13. Green fluorescent protein labeling for Rh3 promoter driveR'nS inDrosophilaand the Conven'e_nce of dlglt{.:ll color pho-

R7s. Rh3-Rh3-GFP (Rh3's promoter driving GFP attached to opsifi09raphy, prompted us to re-examine conversions. For Rh1-

Rh3, into R7). Deep pseudopupil (top) and two samples of individudRh5, the findings were straightforward, explained in terms of

rhabdomere tips (optical neutralization of the cornea; bottom). ~ what was known about the respective wavelengths of the pig-
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