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Abstract

In the past, vast differences in ocular structure, development, and physiology throughout the

animal kingdom led to the widely accepted notion that eyes are polyphyletic, that is, they have

independently arisen multiple times during evolution. Despite the dissimilarity between vertebrate

and invertebrate eyes, it is becoming increasingly evident that the development of the eye in both

groups shares more similarity at the genetic level than was previously assumed, forcing a
reexamination of eye evolution. Understanding the molecular underpinnings of cell type
specification during Drosophila eye development has been a focus of research for many labs over
the past 25 years, and many of these findings are nicely reviewed in Chapters 1 and 4. A somewhat
less explored area of research, however, considers how these cells, once specified, develop into
functional ocular structures. This review aims to summarize the current knowledge related to the
terminal differentiation events of the retina, corneal lens, and pigmented epithelia in the fly eye. In
addition, we discuss emerging evidence that the different functional components of the fly eye
share developmental pathways and functions with the vertebrate eye.

1. Overview

The adult compound eye of the fruit fly, Drosophila melanogaster, is composed of a repeated
array of ~800 individual unit eye, called ommatidia. Each adult ommatidium consists of
approximately 20 cells (Fig. 5.1). Eight of these cells are photoreceptor (PR) neurons,
photosensitive cells that project directly to the brain to transmit visual input. Immediately
atop the PRs are six nonneuronal cells—four cone cells (CCs) and two primary pigment
cells (PPCs)—that together secrete the corneal lens and an underlying crystalline structure
known as the pseudocone. Approximately six secondary pigment cells (SPCs) and tertiary
pigment cells (TPCs), also called interommatidial cells (I10Cs), are then shared to form a
boundary between ommatidia to limit light scattering. Finally, a mechanosensory bristle
(interommatidial bristle, IOB) is present at every other apex of each ommatidium (Cagan
and Ready, 1989a).

Drosophila undergoes a series of metamorphic processes before eclosing as an adult fly, 10
days after hatching. During each developmental stage, the eye undergoes discreet molecular
and cellular changes. As an embryo, the organism sets aside small sets of cells that
eventually produce adult external structures, such as the eye, wings, and legs. The cells
specified to become ocular tissue are reserved in the larvae as part of the eye-antennal
imaginal disc (see Fig. 5.2A and Chapter 1), a flat epithelial sheet that proliferates while the
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organism feeds and grows via three larval stages. At the end of the third and last larval stage,
an epithelia-to-neuronal transition occurs at the anterior portion of the disc, marked by a
physical change in the structure of the eye disc known as the morphogenetic furrow (MF).
The MF migrates posterior to anterior through the eye disc, leaving behind cell clusters that
ultimately mature into the highly regular lattice of ommatidia that forms the adult compound
eye (Fig. 5.2A and B; Cagan and Ready, 1989a; Tomlinson and Ready, 1987b; Wolff and
Ready, 1993).

Neuronal specification is the initial step of ommatidia formation and involves a stereotypical
recruitment of the eight PR cells, R1-R8, through the reiterative use of EGF and Notch
signaling (Brennan and Moses, 2000; Doroquez and Rebay, 2006; also see Chapter 4). The
R8 cell arises first, followed by pairwise recruitment of R2/5, R3/4, and R1/6, and ending
with R7 recruitment. Next, four nonneuronal CCs (also known as Semper cells) are
recruited, and these cells are the last to be added during larval development. During early
pupation, two PPCs then join each ommatidial cluster and fully enwrap the CCs (Fig. 5.2C-
F). The light-isolating pigmented 10Cs and the 10B are also recruited at this time and adopt
a highly regular organization at the apical surface of the pupal retina (Fig. 5.2C and E-H;
Cagan and Ready, 1989a; Ready et a/., 1976; Waddington and Perry, 1960; Wolff and Ready,
1993).

All of the initial specification and patterning of the PRs, CCs, PPCs, 10Cs, and 10Bs occurs
within a flat epithelial sheet and is complete within the first half of pupation. It is only
during the last half of pupation that this flat retinal surface reshapes into the complex three-
dimensional adult eye (Fig 5.2). During this latter half of development, the PRs extend their
light-gathering apical surface, establish appropriate connections in the brain, and express the
necessary proteins for phototransduction. In addition, the pseudocone and corneal lens are
secreted, and pigmentation is established. Below, we highlight some of the molecular events
that are known to drive these terminal differentiation steps. As will become obvious from
this discussion, PR differentiation has been well studied, whereas studies on corneal lens and
pigmented epithelia development remain considerably less explored.

2. The Retina: Drosophila PR Differentiation

2.1. General overview of fly PR subtypes

Historically, two classes of PRs have been defined in the fly eye, called outer photoreceptors
(OPRs) and inner photoreceptors (IPRs). Functionally, these classes largely correspond to
vertebrate rod and cone PRs, respectively. As such, OPRs and IPRs differ in several respects,
including their position within the ommatidium, cell shape, rhodopsin gene expression,
axonal projections, and physiological function.

Similar to the ciliary-based outer segments of vertebrate PRs, an expanded apical membrane
compartment, known as a rhabdomere, houses the light-sensitive Rhodopsin proteins and the
phototransduction machinery in fly PRs. In the fly, however, this compartment is not ciliary
based, but instead, is comprised of organized microvilli that form a long cylindrical
structure.
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Six of the eight PRs found within an ommatidium, the R1 through R6 cells, represent the
rod-like OPRs, and each of these cells develops a large rhabdomere that spans the depth of
the retina. Together, their rhabdomeres form an asymmetric trapezoid whose chirality is
determined by the planar cell polarity pathway active within the R3 and R4 cells (Adler,
2002; Mlodzik, 1999; Strutt, 2008). At the equator of the eye, the chirality of the trapezoid
changes, allowing mirror symmetry of the eye (Fig. 5.2B). OPRs are highly sensitive to a
broad spectrum of wavelengths of light and are important for motion detection and vision
under dim light conditions (Hardie, 1985; Meinertzhagen and Hanson, 1993). The remaining
two PRs, R7 and R8, represent the cone-like IPRs. The rhabdomeres of these cells are
shorter and more slender than OPRs, and function under bright light conditions for color
discrimination, R7 cells detecting UV wavelengths (345-375 nm), and the majority of R8
cells being sensitive to blue (437 nm) or green (508 nm) wavelengths (Fig. 5.2J; Feiler et al,,
1992; Hardie, 1985; Salcedo et al., 1999; Yamaguchi et a/., 2010). An exceptional subset of
one to two rows of ommatidia is present in the dorsal half of the eye in which the IPRs are
not involved in color discrimination, but instead are involved in detecting the vector of
polarized light important for navigation (Fig. 5.21; Hardie, 1985; Labhart and Meyer, 1999;
Wernet et al., 2003). These ommatidia are referred to as Dorsal Rim Area (DRA) ommatidia
(see Fig 5.2).

2.2. Terminal differentiation of fly PRs

Fly PR development occurs in two major steps: PR cell specification and terminal
differentiation (Mollereau et al., 2001). PR cell specification occurs during the latest stages
of larval development, and has been a topic of extensive study (for a review, see Chapter 4).
PR terminal differentiation occurs during pupal development when PRs form their
rhabdomeres, establish proper axonal projections into the brain, and begin expressing the
rhodopsin genes that will in part determine their adult function (see Fig. 5.2 timeline).
Below, we briefly review some of these events and several of the molecular players that
promote these processes.

2.2.1. Rhabdomere development—The rhabdomere is an elongated apical structure of
tightly packed and highly organized microvilli which is supported by a stalk membrane and
zonula adherens (Fig. 5.3; 1zaddoost et al., 2002; Longley and Ready, 1995; Pellikka et al.,
2002). Although the rhabdomere is the apical surface of the PR, it extends perpendicular to
the cell body. This orientation results from the CCs rising above the PRs during early
pupation, causing the PR apical membranes to turn 90° and appose one another (Cagan and
Ready, 1989a; Longley and Ready, 1995). At ~55% pupation, microvillus projections begin
to emerge and delineate the apical membrane surface into two functional units—the
rhabdomere and the stalk (Cagan and Ready, 1989a; Longley and Ready, 1995).
Simultaneously, an extracellular matrix forms in the interrhabdomeric space that surrounds
each developing rhabdomere and contributes to the exact spacing and positioning of each
rhabdomere within an ommatidium (Husain et al., 2006; Zelhof et al., 2006). This process
continues rather rapidly, and by 78% pupation, the interrhabdomeric space is well
established, the microvilli have elongated, and the rhabdomeres have an elliptical cross
section that becomes progressively more round throughout development (Cagan and Ready,
1989a; Longley and Ready, 1995) see also see Supplemental Movie in Sang and Ready
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(2002). By adulthood, the OPR rhabdomeres have expanded from an initial length of ~1 ym
to occupy the full depth of the retina of ~100 gm. The R7 rhabdomeres only occupy the
distal two-thirds of the retina while the R8 rhabdomeres fill the proximal one-third (Hardie,
1985).

Rhodopsin contributes over 50% of a membrane proteins of the rhabdomere, and is required
for the building and maintenance of the rhabdomere structure (Kumar and Ready, 1995). In
fact, almost all proteins involved in the phototransduction pathway are similarly required to
maintain photoreceptor integrity (Wang and Montell, 2007), indicating that like vertebrate
PRs, form and function are tightly linked. Perhaps not surprisingly, transcription factors that
regulate the expression of different components of the phototransduction machinery are also
important for regulating rhabdomere morphogenesis. Two such factors are the homeodomain
transcription factors Orthodenticle (Otd) and Pph13/Hazy (Mishra et al., 2010; Ranade et al.,
2008; Tahayato et al., 2003; Vandendries et al., 1996; Zelhof et al., 2003). Interestingly, Otd
and Pph13 individually regulate subsets of rhodopsins and phototransduction-encoding
genes, and mutations in either factor cause rhabdomere defects; however, PRs lacking both
factors fail to form any rhabdomeric structure, providing evidence that these factors control
two independent PR morphogenetic pathways (Mishra et a/., 2010). How these pathways are
integrated, however, remains to be determined.

Besides the phototransduction machinery, a number of actin-binding proteins are critical for
building the microvilli-rich rhabdomeric membrane, including Amphiphysin, WASp, Rac1,
Moesin, Myo-I1, Myolll, and MyoV (Baumann, 2004; Chang and Ready, 2000; Deretic ef
al., 2004; Hicks et al., 1996; Li et al., 2007; Zelhof and Hardy, 2004; Zelhof et al., 2001).
Moreover, molecules present in the stalk region, the zonula adherens, and the
interrhabdomeric space play critical roles in rhabdomere elongation and maintenance. The
stalk region expresses apical complex proteins such as Crumbs, Dpatj, and Par-6, and
mutations in these factors lead to shortened and/or bifurcated rhabdomeres (Bachmann et al.,
2008; Izaddoost et al., 2002; Nam and Choi, 2003, 2006; Nam et a/., 2007; Pellikka et al.,
2002; Richard et al., 2006a). The zonula adherens also recruit members of the Par protein
complex (e.g., Par3), and mutations in these factors disturb distal, but not proximal,
rhabdomere formation (Pinal et a/., 2006). In contrast, components of the interrhabdomere
space, including spacemaker (also known as eyes shut), prominin, and chaoptin, are
important for maintaining distinct rhabdomeres between PRs, with mutations leading to the
coalescence of rhabdomeres, a phenotype reminiscent of the fused rhabdoms commonly
found in other invertebrate compound eyes (Husain et al., 2006; Van Vactor et al., 1988;
Zelhof et al., 2006). Finally, factors associated with microtubule-based vesicle transport are
critical for rhabdomere formation, including the small GTPases Rabl, Rab6, and Rab11
(Satoh et al., 1997, 2005; Shetty et al., 1998) as well as the Dynein/Dynactin complex (Fan,
2004; Fan and Ready, 1997; Tai et al., 1999), likely by transporting membrane-associated
proteins such as Rhodopsin and TRP channels to the rhabdomeres, as well as regulating the
endocytic recycling of these factors. As will be discussed later, many of these same proteins
are also important for the formation and maintenance of vertebrate PRs, suggesting that
studies of fly PR morphogenesis will be an important resource for understanding events
related to retinal degeneration in vertebrates.
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Because of the large rhabdomeres of OPRs and their preponderance in an ommatidium,
much of what is understood about rhabdomere morphogenesis derives from studies of R1-
R6 cells. While many of the same factors are also important in IPR morphogenesis, IPRs do
exhibit differences that raise questions as to whether these cells require distinct regulatory
pathways for their differentiation. For example, how is the smaller diameter of IPR
rhabdomeres achieved, how is the length of their shorter elongation controlled, and how is
the R7 rhabdomere positioned distally to the R8 rhabdomere? Similarly, how do the IPRs in
DRA ommatidia (see below) acquire the same diameter as OPRs, and how do these cells
form the distinct untwisted organization of their microvilli required for light polarization
sensitivity, in contrast to all other rhabdomeres? Several factors involved in OPR
morphogenesis are different in IPRs. For instance, Myo-II is critical for OPR rhabdomere
formation, yet its expression in IPRs is weaker (Baumann, 2004)—could this account for the
smaller size of their rhabdomere? In addition, several transcription factors originally
identified for their ability to regulate IPR rhodopsin gene expression also control distinct
aspects of IPR-specific morphogenetic processes. The zinc finger transcription factor,
Senseless (Sens), and the homeodomain protein Otd, for example, are important to preserve
the proximal position of the R8 cell (Tahayato et a/., 2003; Xie et al., 2007), while the TALE
homeodomain transcription factor Homothorax is critical for mediating all aspects of DRA
ommatidia development, including their unique rhabdomere structure (Wernet et a/., 2003).
The target genes that these factors regulate to control these events are entirely unexplored,
but should be useful for uncovering additional pathways that are important during PR
morphogenesis.

2.2.2. Nuclear position—During specification, PR nuclei show a stereotypical basal-to-
apical position as they are recruited: the nuclei from previously recruited cells are forced
basally, so that eventually, the latest “born™ cell nuclei are most apically position, and the
oldest “born” cells have more basally located nuclei (Fig 5.7). One exception to this rule
occurs with the R3/R4 nuclei, which maintain apical contacts even after the R1/R6 cells
have been recruited (Tomlinson and Ready, 1987b); however, the functional consequence of
this difference is currently unknown.

In the adult eye, the PR nuclei also occupy characteristic positions: the OPR nuclei are
positioned most distally, the R7 nucleus lies slightly below these, and the R8 nucleus
occupies the most proximal portion of the retina. This means that the rhabdomeres of R1-R7
project proximally from their nuclei, whereas the rhabdomere of the R8 projects distally
from its nucleus, suggesting this cell adopts a distinct cell polarity. Consistent with cell
polarity being involved in proper nucleus localization, microtubule- and actin-associated
proteins such as Glued/Dynactin and Klarischt/Marbles/Laminin A affect nuclear position of
most PRs, even in the imaginal disc (Fan and Ready, 1997; Fischer-Vize and Mosley, 1994;
Whited et al., 2004). PR-specific factors also can control nuclear position. Prospero (Pros),
for instance, is expressed in the R7 cell, and Pros mutants develop IPRs whose rhabdomeres
still retain their distal R7 position, but whose nuclei are proximally located, a characteristic
unique to R8s (Cook et al., 2003). Likewise, overexpressing the R8-specific transcription
factor Sens in R7 cells fails to change the position of the R7 rhabdomere, but does lead to a
proximally positioned nucleus (Xie et al., 2007). Since Pros and Sens also influence other
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aspects of R7 versus R8 cell fates (see below), these data suggest that the nuclear position
differences between the R7 and R8 are intimately linked to their cell fate choice. Why this is
the case is currently not understood, but studies aimed at this question are likely to uncover
additional developmental differences between these two related cell types.

2.2.3. PR projections—Axons from OPRs and IPRs project to two distinct optic ganglia
beneath the retina: OPRs project to the first optic ganglion, the lamina, whereas R7 and R8
IPRs segregate to distinct layers in the second optic ganglion, the medulla (Fig. 5.4). Similar
to other aspects of retinogenesis, PR axonal projection patterning occurs through two
distinct processes and is distinct for OPRs versus IPRs. This topic has been extensively and
elegantly reviewed recently, and thus will only be briefly summarized here (for reviews see
Chiba, 2001; Mast et al., 2006; Matthews ef a/., 2008; Sanes and Zipursky, 2010; Tayler and
Garrity, 2003).

PRs begin projecting their axons immediately after their specification in the eye imaginal
disc. As the R8 is the first cell to be recruited during eye development, it initiates PR axonal
projections into the developing optic lobes, to the top layer of the medulla, the M1 layer. As
the R8 passes through the lamina, it activates the proliferation and differentiation of lamina
neurons, which then recruit additional glia (Dearborn and Kunes, 2004; Perez and Steller,
1996; Winberg et al., 1992). The OPRs follow the R8 axon fascicles into the lamina, where
they encounter two rows of glia, called the lamina plexus, that prevent OPRs from projecting
beyond this point (Poeck et al., 2001). The R7 cell then projects its axon through the lamina
and terminates in a layer slightly below the R8 projection. Interestingly, projections to the
medulla appear to be a default choice, because many factors important for R1-R6
projections cause misprojections into this optic neuropil, and play permissive rather than
instructive roles (Cafferty et al., 2004; Garrity et al., 1996; Hing et al., 1999; Kaminker et
al., 2002; Newsome et al., 2000; Ruan et al., 2002; Suh et al., 2002).

These initial axonal projections are maintained until approximately 30% pupation, and
afterward, undergo further refinement. At this time, the OPR axons from individual
ommatidia begin to establish lateral contacts with other ommatidia in a process known as
neural superposition (for reviews see Hardie, 1985; Meinertzhagen, 1975). This is an
important process in Drosophila, because the rhabdomeres of different OPRs within a single
ommatidium point to different directions whereas OPRs from adjacent ommatidia do
converge on the same point, due to the curvature of the eye. Thus, to integrate the visual
input from photoreceptors in separate ommatidia that converge on the same point, OPR
axons twist 180° and project outward into six different “lamina cartridges,” maintaining a
spatial pattern that replicates their position within the ommatidia (Fig. 5.4). For instance, the
R1 PR axon projects to an R1 position within one cartridge, while the R2 projects to the R2
position in different cartridge. This convergence of visual information across six ommatidia
leads to increased sensitivity and providing input important for motion detection.
Interestingly, just like during the establishment of rhabdomere polarity in the retina, the
R3/R4 PRs also determine the orientation of projections during neural superposition
(Clandinin and Zipursky, 2000). Moreover, the atypical cadherin molecule Flamingo that
controls the Frizzled-dependent asymmetric localization of the R3/R4 rhabdomeres is also
critical for directing OPR axon growth cones to the correct cartridges (Lee et al., 2003; Usui
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et al., 1999). These data highlight the coordinated use of the same factors to establish proper
positioning and function for PRs during fly retinogenesis.

Unlike the OPRs, the R7 and R8 within an ommatidium share the same light path, and since
their axons pass directly through the lamina layer into the medulla, they provide a perfect
retinotopic map of the eye. Immediately after reaching the medulla, R7 projects slightly
deeper than R8. At ~17% pupation, the medulla begins to laminate, which allows further
separation of the R7 and R8 axonal terminals. By 35% pupation, R7 has reached the M3
layer in the medulla while R8 remains in the M1 layer. At approximately 50% pupation,
both the R7 and R8 axons project deeper into the medulla, with R7 reaching its final
destination in the M6 layer and R8 terminating at the M3 layer (Fig. 5.4). similar to
Flamingo functioning redundantly to control OPR patterning and axonal projections, factors
important for controlling several aspects of R7 versus R8 PR patterning in the retina are also
important for their proper targeting in the medulla. For instance, the transcription factor Sens
not only regulates R8 specification, R8 cell position, and rhodopsin expression, but it is
critical for M6-specific targeting of the R8 axon (Frankfort ef al., 2001; Morey et al., 2008;
Xie et al.,, 2007). Likewise, the homeodomain protein Pros, involved in R7-specific
rhodopsin expression and nuclear position, is partly responsible for the targeting of R7 cells
to the M3 layer (Cook et al., 2003; Kauffmann et al., 1996; Morey et al., 2008).
Interestingly, mutation of either Sens or Pros lead to a reciprocal switch in R7 vs R8
projections—that is, sens mutants project to the R7 layer, while pros mutants project to the
R8 layer (Morey et al., 2008), arguing that IPRs share factors that mediate medulla
projections, with Sens and Pros further refining this projection pattern to distinct layers. To
date, such a molecule has not yet been identified, but interesting candidates for this are Runt
and Spalt, two transcription factors whose expression is restricted to the R7 and R8 shortly
after their neural specification in the eye imaginal disc. Indeed, misexpressing Runt in OPRs
does lead to mistargeting to the medulla. However, both Runt and Spalt loss of function IPRs
maintain their appropriate targeting in the medulla, suggesting that other factors must also be
involved or that these factors function redundantly (Kaminker et al., 2002; Mollereau et al.,
2001).

2.2.4. Rhodopsin gene expression—OPRs are important for motion detection,
whereas IPRs are important for color discrimination under bright light conditions (Bicker
and Reichert, 1978; Hardie and Kirschfeld (1983); Hardie (1979); Hu and Stark, 1980;
Menne and Spatz, 1977; Yamaguchi et al.,, 2010). In order to capture as much light
information as possible, all OPRs express the same broad wavelength-sensitive Rhodopsin,
Rhodopsin 1 (Rh1; O’Tousa et al., 1985; Stark et al., 1976; Zuker et al., 1985). In contrast,
IPRs express a complex pattern of Rhodopsin-encoding genes in order to maximize the
range of wavelengths they detect—R7 cells express UV-sensitive opsins, Rh3 and/or Rh4,
while R8 cells can express Rh3, the blue-sensitive Rh5, or the green-sensitive Rh6 (Chou et
al., 1996, 1999; Fortini and Rubin, 1990; Fryxell and Meyerowitz, 1987; Huber et al., 1997,
Mazzoni et al., 2008; Mismer and Rubin, 1989; Montell et a/., 1987; Zuker et al., 1987; Fig.
5.6). Rh gene expression begins during late (79-84%) pupation, with OPR-specific Rh1
being expressed first, and IPR-specific Rhs 3-6 being expressed shortly thereafter (Earl and
Britt, 2006). Here, we will discuss the genetic pathways relevant for establishing the cell-

Curr Top Dev Biol. Author manuscript; available in PMC 2017 July 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Charlton-Perkins and Cook Page 8

specific expression of the Rhodopsin-encoding genes, as these have helped elucidate a better
understanding of the genetic relationships among different color-sensitive photoreceptors.

2.2.4.1. Rhodopsin promoters are multipartite: The expression of each Rhodopsin protein
can be properly recapitulated by <250 bp of regulatory sequence upstream of the TATA box
(Fortini and Rubin, 1990; Papatsenko et al., 2001; Tahayato et a/., 2003). Sequence analysis
of these promoters revealed a Rhodopsin Conserved Sequence | (RCSI) that is shared by all
six Drosophila Rhodopsin promoters (Fig. 5.5). This sequence is an inverted repeat of a
homeodomain-binding site separated by 3 nucleotides, and matches the P3 site previously
identified as a perfect recognition sequence for a subset of paired-related homeodomain-
containing proteins that include Pax6, the “master control gene” for eye development
(Czerny and Busslinger, 1995; Sheng et al., 1997; Wilson et al., 1993; also see Chapter 1).
Consistent with the possibility that Pax6 may regulate rhodopsin gene expression through
this site, multimerization of the RCSI (3XP3) is sufficient to drive PR-specific gene
expression in a wide range of animals, suggesting that the RCSI is recognized by an
evolutionarily conserved paired-like transcription factor present in PRs like Pax6
(Berghammer et al., 1999; Gonzalez-Estevez et al., 2003; Sheng et al., 1997). However,
whether Pax6 is the only factor responsible for this function currently remains unclear since
recent studies indicate that another homeodomain factor, Hazy/Pph13, may also be critical
for regulating RCSI-dependent /4 gene expression (Mishra et al., 2010; Punzo et al., 2001).

Outside the RCSI, each R/ promoter contains unique upstream sequences (Rhodopsin
Unique Sequences, RUS) that show strong homology across multiple Drosophila species
(Fig. 5.5), suggesting that these elements are responsible for directing gene-specific
regulation (Fortini and Rubin, 1990; Papatsenko et a/., 2001; Tahayato et al., 2003). This led
to the model that Rhodopsin promoters are bipartite, with the RCSI providing generic PR
specificity, and RUS elements providing subtype specificity (Fortini and Rubin, 1990).
However, additional sequences have since been identified that are shared between different
“classes” of rhodopsin promoters: for instance, both R7-specific rhodopsin promoters
contain a conserved R8 repression element (S box, Fig. 5.5), and both R8 rhodopsin
promoters share a conserved R7 repression element (seq56, Fig. 5.5; Cook et al., 2003;
Tahayato et al., 2003; Xie et al., 2007). This suggests that a more complex combinatorial
regulation leads to the diverse patterns of IPR rhodopsin gene expression. While the factors
that recognize these shared sequences have largely been identified, and are discussed in
more detail below, the factors that recognize the RUS sequences remain surprisingly elusive.

2.2.4.2. OPR versus | PR decisions: 7he Spalt (Sal) genes define IPR cell fate. Based on the
fact that PR specification begins with the R8 and culminates with the R7, mature R7 and R8
cells were believed to arise from genetically distinct cell types. However, using a genetic
screen for PR-restricted enhancer traps in the adult eye, Mollereau et a/. (2000, 2001)
identified a zinc finger transcription factor complex (spa/t genes SalM and SalR), that is
specifically enriched in R7 and R8 PRs, suggesting for the first time that these cells may
share genetic components. Consistent with the possibility that Spalt regulates the fate of both
cells, when the sa/complex is genetically removed, ommatidia develop eight to nine OPRs
and no IPRs, while overexpressing SalM in OPRs is sufficient to convert all PRs into IPRs
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(Domingos et al., 2004; Mollereau et al., 2001) These findings led to the discovery that PRs
in the eye imaginal disc are bipotential, requiring Sal expression in the R7 and R8 to define
IPR versus OPR cell fates. These studies also revealed that PR development occurs in at
least two developmental steps: recruitment in the imaginal disc, and IPR versus OPR cell
fate choices later during development. Currently, the mechanisms by which the sa/genes
achieve their function remain unclear.

2.2.4.3. R7 versus R8 cell fate decisions: Pros and Sens coor dinate Rhodopsin
expression, axonal targeting, and cell morphology: Mature R7 and R8 IPRs differ in
numerous respects, including rhabdomere position, nucleus location, axonal targeting, and
opsin gene expression. Thus, the finding that Sal controlled IPR versus OPR decisions led to
questions of how the R7 and R8 cell then later distinguish themselves from a common IPR
precursor. Many answers to this question came from studies focused on understanding how
the IPR Rhodopsin genes themselves are regulated. Pros, for instance, was identified in a
yeast one-hybrid screen for its ability to bind to a conserved sequence in the Rh5 and Rh6
promoters, and was subsequently shown to be expressed in R7 cells to specifically repress
the expression of these R8-specific opsins, as well as prevent R8-specific nuclear position
and axonal projections (Cook et al., 2003; Kauffmann et al., 1996; Morey et al., 2008). In
contrast, the transcription factor Sens is expressed in R8 cells, binds to and represses R7-
specific opsin promoters through a common S-box sequence, and prevents R7-specific
rhabdomere position and axon targeting (Cook et al., 2003; Morey et al., 2008; Xie et al.,
2007). Sens also contributes to positively activating both R8-specific opsins, likely as a non-
DNA-binding coactivator (Xie et al.,, 2007). Together, these data suggest that Sal specifies a
“generic” or default IPR that can express all IPR opsins, has an R8-like nuclear position, and
has an R7-like rhabdomere position. Subsequently, Pros in the R7 and Sens in the R8 then
repress the characteristics that are incompatible with their proper function in the adult eye.
While their ability to regulate Rhodopsin gene targets is clear, how Pros and Sens control
other aspects of R7 versus R8 cell fates, and whether other factors also participate in refining
IPR differences remains an open question.

2.2.4.4. Ommatidial subtype specification: Hth, IroC, Otd, Ss, Melt, and Wts: Four
distinct subtypes of ommatidia, called pale (p), yellow (y), dorsal yellow (dy), and dorsal
rim area (DRA) ommatidia, are present in the adult eye and are defined based on which
rhodopsins are expressed the R7 and R8 cells (Fig. 5.6B). DRA ommatidia are the least
abundant of the subtypes, and these are restricted to one to two rows of ommatidia along the
dorsal half of the eye. Unlike the other three subtypes, DRA ommatidia are not involved in
color discrimination, but instead are involved in discerning the vector of polarized light to
aid during navigation (Hardie, 1985; Labhart and Meyer, 1999; Wernet et al., 2003;
Wunderer and Smola, 1982). This is facilitated by the fact that both IPRs express the same
UV Rhodopsin, Rhodopsin 3, and because the membranes of the two IPR rhabdomeres form
two crossed-over polarizing filters (Labhart and Meyer, 1999; Wernet et a/., 2003; Wunderer
and Smola, 1982). The TALE homeoprotein, Homothorax (Hth), is necessary and sufficient
to induce all known DRA characteristics (Wernet et a/., 2003); however, the responsible
mechanisms and the target genes utilized by Hth to accomplish this function remains
unexplored.
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Distinction of p and y ommatidia was originally observed by the presence of the random
distribution of a screening pigment in ~70% of ommatidia that appeared yellow under white
light illumination versus the pale appearance in the remaining 30% of ommatidia
(Kirschfeld et al., 1978). Later molecular analysis of Rh gene expression in Drosophila
noted that the 30:70 ratio corresponded to the ratio of R7 cells expressing Rh3 and Rh4,
(Fortini and Rubin, 1990) and R8 cells expressing Rh5 and Rh6, respectively (Chou et al.,
1996; Papatsenko et al., 1997). Indeed, ~30% of ommatidia (“pale” ommatidia) express
coupled Rh3:Rh5 expression in the R7 and R8, respectively, while the remaining ~70% of
ommatidia (“yellow” ommatidia) express coupled Rh4:Rh6 in the R7 and R8 together with
an additional screening pigment that gives the yellow color under white illumination (Chou
et al., 1996, 1999; Mazzoni et al., 2008; Papatsenko et al., 1997; Stark and Thomas, 2004;
Fig. 5.6A-C). Interestingly, Mazzoni et al. (2008) recently noted that a subset of “yellow”
ommatidia that are restricted to the dorsal third of the eye coexpress Rh3 and Rh4 in the R7,
but still express Rh6 in the underlying R8. Thus, these dorsal-restricted ommatidia are
referred to as dorsal yellow (dy) ommatidia. These are a particularly curious subset of
ommatidia, as they do not adhere to the normal “one sensory receptor per sensory cell”
paradigm commonly adopted in sensory systems to avoid overlapping signals (Mazzoni et
al., 2004), and are not distributed throughout the eye, but instead are regionally localized.
Molecularly, the Iroquois complex of transcription factors (Iro-C) specify the dy ommatidia,
consistent with the fact that Iro-C factors are repeatedly used during other dorsal-ventral
patterning events in the fly eye (Cavodeassi ef a/., 2000; Mazzoni et al., 2008; Singh and
Choi, 2003). Functionally, these ommatidia are likely to recognize a broader spectrum of
wavelengths in the UV (Feiler et al., 1992), and are positioned to a region of the eye that is
most commonly found facing the sky. Behaviorally, how the fly takes advantage of this
subtype, however awaits exploration although it has been proposed that it serves to detect the
solar orientation. Yamaguchi et al. (2010) recently established a useful method for testing
the contribution of different IPRs to wavelength discrimination in Drosophila, which could
be applied to address this exciting question in the near future.

Over the past few years, several factors have been identified that are necessary for creating
the Drosophila retinal mosaic (summarized in Fig. 5.6D). These studies indicate that the p
versus y decision is first made in R7 cells, and requires the stochastic activation of the
transcription factor Spineless in yR7s (Ss; Wernet et a/., 2006). Spineless is necessary and
sufficient to activate Rh4 if expressed in IPRs or OPRs, and Ss-negative R7s (pR7s) express
Rh3 by default (Wernet et a/., 2006). However, mutation of a potential binding site for Ss in
the Rh4 promoter does not affect reporter expression /7 vivo, and Ss is not able to regulate
Rh4 promoter activity /n vitro (T. Cook, unpublished results), indicating that Ss is likely to
activate another factor to directly control Rh4 expression. Once the p versus y decision in
R7s is made, pR7s sends an inductive signal to the underlying R8 (pR8s) to activate Rh5. In
the absence of this signal, such as in eyes lacking all R7 cells, R8 cells express Rh6 by
default (Chou et al., 1999). Therefore, although the pale fate in R7s is the default decision,
the default decision in R8 cells is the yellow fate. Currently, the “pale” signaling molecule in
pR7s remains unknown, but what is clear is that the activation of both pale opsins, Rh3 and
Rh5, is directly controlled through K50 homeodomain binding sites by the transcription

Curr Top Dev Biol. Author manuscript; available in PMC 2017 July 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Charlton-Perkins and Cook Page 11

factor Otd (Fig. 5.5; Tahayato et a/., 2003). Since Otd is expressed in all PRs, this suggests
that a pale-specific coactivator is critical for this function.

Although the R7-dependent pale signaling pathway is not known, some of the signaling
molecules that are required for mediating Rh5 versus Rh6 expression in the receiving R8
cell have been identified. These include the membrane-associated pleckstrin homology-
containing protein Melted and the serine/threonine cytoplasmic kinase Warts (Wts, a.k.a.
Lats; Mikeladze-Dvali ef al., 2005). Melt expression is necessary and sufficient to induce
Rh5 expression and to repress Wts expression in pR8s, whereas Wts is necessary and
sufficient to induce Rh6 expression and repress Melt expression in yR8s. The bistable
repression loop between Melt and Wts thereby ensures the mutually exclusive expression of
Rh5 and Rh6 in different R8 subtypes. Consistent with Rh6 being the default R8 opsin,
however, Wts appears to mediate the final output of the loop, while Melt is primarily
involved in preventing Wts expression in pR8s. Since neither Melt nor Wts are DNA-
binding factors, current work is focused on identifying the transcriptional mediators of the
Melt/Wts pathway. This is a particularly interesting question, because Melt and Wts are
most recognized for their roles in two independent growth regulatory pathways—the TOR
and Hippo pathways, respectively (Harvey and Tapon, 2007; Hergovich and Hemmings,
2009; Reis and Hariharan, 2005; Teleman et a/., 2005; Yin and Pan, 2007). Thus, further
clarification of the role of these proteins in fly PR specification may have far-reaching
implications in other fields of biology. Other questions that remain unanswered relate to how
the initial stochastic decision for p versus y cell fate is made in the R7 layer, and what
signaling pathway transmits this decision to the underlying R8 cell.

3. The Corneal Lens

In comparison with PR differentiation, much less is known regarding corneal lens formation
in the Drosophila eye. This is somewhat surprising, because the lens is the most obvious
structure in the fly eye for anatomical observation (Fig. 5.8A). The fly dioptic system
comprises two distinct components: the corneal lens, a convex lamellated structure
containing electron-dense microfibrils, and the underlying pseudocone, a fluid filled cavity
seen by TEM cross section (Fig. 5.7D; Tomlinson, 1988; Youssef and Gardner, 1975). Early
studies demonstrated that the corneal lens has a refractive index of 1.49, which determines a
focal length that closely matches the distance from the corneal surface to the tip of the
rhabdomeres (Youssef and Gardner, 1975). The pseudocone, however, has a lower refractive
index of 1.3, suggesting that it may only have limited focusing power. Indeed, whether the
pseudocone serves to focus light, similar to a lens, or merely creates the necessary distance
between the cornea and the PRs remains unclear. Regardless, these data indicate that, like
many land-dwelling animals, the Drosophila corneal surface is likely to be largely
responsible for focusing light on the retina.

3.1. Cone and PPC recruitment and patterning

The CCs are the first nonneuronal cells to be recruited in the eye imaginal disc, and this
occurs immediately after PR specification is complete (Fig. 5.7A). In fact, CCs are derived
from a common precursor pool of 5 cells, known as the R7 equivalence group, which gives
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rise to both the R7 PR and the four CCs (Dickson et al,, 1992; Tomlinson et al., 1987). Cells
within the R7 equivalence group express the Sevenless tyrosine kinase receptor, the EGF
receptor, and the Notch receptor (Cagan and Ready, 1989b; Fortini ef al,, 1993; Jennings et
al., 1994; Rebay et al.,, 1993; Tomlinson and Struhl, 2001; Tomlinson et a/., 1987). Each of
these cells require EGF and Notch signaling to form. However, only one of these cells
differentiates into the R7 neuron due to the fact that only a single cell comes in direct
contact with the Sevenless ligand, membrane-bound Boss, which is expressed on the
previously specified R8 precursor. Since the Sevenless receptor signals through the same
Ras/MAPK pathway as the EGF receptor, this Boss-receiving cell receives higher Ras
signaling, and becomes specified as a neuron, while the remaining 4 cells adopt the default
fate, that of cone (or Semper) cell (Cagan et al., 1992; Hart et al., 1990; Kramer et al., 1991;
Reinke and Zipursky, 1988; Van Vactor ef a/., 1991). Over-activating Sevenless receptor
signaling or overexpressing activated Ras in CC precursors can transform them into ectopic
R7 PRs, and removing Sev signaling from the eye causes a failure in R7 differentiation but
maintains the normal complement of four CCs (Basler ef a/., 1991; Dickson et al., 1992;
Tomlinson and Ready, 1986). Together, these data led to the model that cells within the R7
equivalence group are all similarly capable of becoming R7 or CCs, and that this fate choice
merely requires Sev-activated signaling. While these findings have been critical for defining
the components of the Ras signaling pathway, the molecular mechanisms that mediate the
dose-dependent neural (R7) versus nonneural (CC) fate decision remain unclear.
Interestingly, however, not all cells within the R7 equivalence group respond the same to
different mutants affecting R7/CC fate decisions instead, only one to two cells are generally
affected (Basler et al.,, 1991; Bhattacharya and Baker, 2009; Dickson et al., 1992; Flores et
al., 2000; Hayashi et a/., 1998; Lai and Rubin, 1992; Matsuo et a/., 1997; Tsuda et al., 2002).
These data suggest that cells within the R7 equivalence group are actually not equivalent and
that some bias toward R7 or CC fate exists in among these cells. Consistent with this idea,
we have recently found that differential expression of two transcription factors, Pros and
dPax2, in different CC precursors are important for establishing this bias (Fig. 5.7B), and
that concurrent regulation of these factors is necessary to completely convert cells within the
R7 equivalence group into R7 or CC fates (Charlton-Perkins and Cook, submitted).

Even though CCs are specified from the same precursor pool, they are recruited pairwise:
first, the anterior and posterior CCs (aCC and pCC), followed, one or two ommatidial rows
later, by the equatorial and polar CCs (eqCC and pICC; Tomlinson, 1988; Tomlinson and
Ready, 1987a; Wolff and Ready, 1993). These two sets of CCs have also been referred to as
primary and accessory CCs, respectively (Tomlinson and Ready, 1987a). Once recruited, the
apical surfaces of the a/p CC contact each other, pushing aside the eq/pl CC surfaces. Soon
after pupation, however, the apical contacts switch to the eq/pl CCs, as these cells rise
apically above the a/p CCs. At ~18% pupation, the CCs then recruit two PPCs via Notch
signaling, which ascend along the a/p CCs surfaces, wrap around the CC cluster, and meet in
the middle of the pl/eq CCs. The PPCs remain anchored to the retinal floor until the retina
begins to elongate, at which time they detach and fully wrap the CC bodies. Thus, the PPCs
are the only cells in the retina that are not attached to the retinal floor (Cagan and Ready,
1989a). After the CCs and PPCs are recruited, both cell types provide EGF and Notch
signals that are required for proper patterning of the remaining IOCs (Cagan and Ready;,
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1989b; Flores et al., 2000; Freeman, 1996; Miller and Cagan, 1998; Nagaraj and Banerjee,
2007; Voas and Rebay, 2004; Wech and Nagel, 2005; Yu et al., 2002; also see Chapter 4).

3.2. Lens terminal differentiation

The events that ultimately form a functional corneal lens can be separated into two
developmental stages: one at ~50% pupation during which a “wispy lens material” is
secreted that will later comprise the outermost corneal lens structure, and a later stage at
~75% pupation during which a gelatinous substance is secreted into the pseudocone (Cagan
and Ready, 1989a). Together, the PPCs and CCs secrete the majority of the corneal lens, but
SPCs also appear to contribute a darker material that is present at the tapered ends of the
cornea between ommatidia. CCs, however, seem to solely contribute to the pseudocone
(Cagan and Ready, 1989a; Waddington and Perry, 1960). Thus, it is likely that CCs switch
developmental processes to contribute to the corneal lens versus the pseudocone. Because
the corneal lens is a hard structure that is continuous with the cuticle of the fly head, as the
CCs secrete the pseudocone, the CC cell bodies are compressed into a thin layer against the
apical surfaces of the PRs. The PPCs, in contrast, surround the walls of the pseudocone (Fig.
5.7D).

The contents of the corneal lens and pseudocone remain largely unknown. Indeed, the only
protein identified to date, named Drosocrystallin, was purified from a large-scale extraction
of isolated corneal lens almost two decades ago (Komori et al., 1992). Biochemical analysis
of Drosocrystallin revealed that it is calcium-binding glycoprotein, and sequence analysis
suggests that it may be a member of a large class of cuticular proteins in insects (Janssens
and Gehring, 1999; Komori et al., 1992). More recent immunohistochemistry analysis has
demonstrated that Drosocrystallin is also present in mechanosensory organs, including the
I0OB (Dziedzic et al., 2009). Thus, like other developmental systems, Drosophila may have
coopted a gene product involved in other cellular processes to be expressed in the lens
simply because of its ability to form a clear crystalline material when expressed at high
concentrations (Piatigorsky, 2003). Figure 5.7C shows that Drosocrystallin is almost
exclusively synthesized in CCs at 50% pupation, and is secreted into the corneal lens
structure at ~75% pupation. Drosocrystallin expression is also observed in the OB lineage
by this time (Fig. 5.7C, arrows). In the mature cornea, this protein distributes into fine lines
that correspond to the striations that are observed in the structure by TEM (Fig. 5.7D;
Komori et al., 1992). Two other abundant calcium-binding proteins were isolated at the same
time as Drosocrystallin, but their identity remains unspecified.

With regard to proteins present in the pseudocone, even less is known. Two antibodies that
specifically recognize this structure have been described (Edwards and Meyer, 1990; Fujita
et al., 1982), but neither reagent remains available and the protein products recognized by
these antibodies were not determined. However, one of these antibodies, 3G6, was originally
identified as a glial cell marker in grasshoppers, and was only later shown to recognize
crystalline cones from a variety of insects (Edwards and Meyer, 1990). Curiously, this
observation supports a hypothesis that has been suggested several times by other
investigators: that CCs may exhibit some glial-like features. This conjecture is partially
based on the fact that CCs express Cut, dPax2, and Pros, transcription factors that are
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regularly associated with glia in other parts of the fly nervous system. In addition, PR
morphology is severely disrupted in mutants that affect CC development (Banerjee et al.,
2008; Daga et al., 1996; Fu and Noll, 1997; Siddall et al., 2003; Yan et al., 2003). Consistent
with CCs serving as potential glia for PRs, CCs do fully enwrap the PRs in the retina:
distally, the CCs form a “rhabdomere cap” that holds the most apical portion of the cell,
interretinular fibers intercalate along the length of the PRs, and a bulbous cluster of the CC
end feet wrap the basal portion of the rhabdomeres and cell body (Banerjee et al., 2008;
Cagan and Ready, 1989a) (Figs. 5.1, 5.3). Thus, although it remains to be shown definitively,
it is possible that CCs not only contribute to lens formation but may also function to
maintain retinal integrity.

Many questions remain regarding the developmental regulation of CC and PPC
differentiation and what the functional consequences of their development may be. Some
insight into this has come from the analysis of homeodomain-containing transcription
factors that are expressed in these cell types: BarH1/2, dPax2, Pros, and Cut (Blochlinger et
al., 1993; Fu and Noll, 1997; Higashijima et a/., 1992; Kauffmann ef a/., 1996). BarH1/2 is
restricted to PPCs and the bristle lineage in the pupal eye, and loss of Bar function leads to
fusion of some ommatidia and the appearance of a hole in the center of the corneal lens,
previously described as a “blueberry” phenotype (Higashijima et al., 1992; Fig. 5.8F). A
somewhat similar phenotype is observed in the most affected regions of spa”?/ mutants, an
eye-specific allele of dPax2, named for its sparkling (spa), polished (pol) appearance by light
microscopy (Rickenbacher, 1954; Fig. 5.8B and G). dPax2 is expressed in both CCs and
PPCs, but its primary phenotype appears to be loss of BarH1-positive PPCs (Fu and Noll,
1997). Recent studies, however, also suggest that dPax2 regulates Drosocrystallin expression
(Dziedzic et al., 2009), which is largely synthesized in CCs (see above). Since lenses still
form in spa?°/ mutants, these data indicate that Drosocrystallin is not required for the
formation of the crystallin lens structure per se.

Both Pros and dPax2 are transcriptional targets of the same pathways required for CC
development (Flores et al., 2000; Hayashi et al., 2008; Xu et al., 2000). However, Pros is
only expressed in CC nuclei during early CC recruitment, is turned off during mid-pupation,
and its expression is then reinitiated in the CC cytoplasm at ~70% pupation (Charlton-
Perkins and Cook, submitted; Cook et a/., 2003; Kauffmann et al., 1996). Interestingly,
because Pros expression is reinitiated at the same time that pseudocone formation begins in
CCs, further understanding pros gene regulation in the eye may provide insight into the
genetic pathways involved in this latter stage of lens development. Similarly to dPax2
mutants, removal of Pros during CC development causes relatively subtle changes in lens
formation (Charlton-Perkins and Cook, submitted; also see Fig. 5.8B, C, G, and H). In
contrast, removing both Pros and dPax2 causes a complete loss in lens formation and no
CCs form (Fig. 5.8D and I) and (Charlton-Perkins and Cook, submitted). Thus, Pros and
dPax2 combinatorially participate in CC formation. Surprisingly, despite the fact that Cut is
expressed in all CCs from early specification through adulthood, little is known regarding its
role in CC specification (Daga et al., 1996), and no role for Cut in lens genesis has been
reported. However, its expression correlates strongly with properly specified CCs,
suggesting that it will play an important role in CC function. Collectively, these data suggest
that Pros and dPax2 regulate CC-specific targets and contribute to pseudocone and corneal
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lens formation, while dPax2 controls BarH1 expression in PPCs and that these cells
contribute to maintaining separate ommatidia and aids in completing the formation of the
corneal lens (Fig. 5.8J).

4. SPCs and TPCs: The Fly Retinal Pigment Epithelia?

Besides the PPCs, two additional nonneuronal pigmented cell types are present in the adult
fly eye, known as SPCs and TPCs. These are also often referred to as 10Cs, as they are
shared between ommatidia, and arise from the same pool of interommatidial precursor cells
(IPCs). Morphologically, SPCs and TPCs differ by the number of cell contacts they establish
in the mature retina: SPCs contact two cells, whereas TPCs contact three. In addition, SPCs
are involved in the secretion of at least a portion of the corneal lens, while TPCs (but not
SPCs) must establish alternating positions at the vertices of each ommatidia with the bristle
cell lineage (Cagan and Ready, 1989a), suggesting that the development of these two cell
types may be somewhat different. It is also intriguing that SPCs and TPCs may be the
default state of cells within the eye imaginal disc, since in eyeless mutants, the few cells that
do survive differentiate into I0Cs, and in ommatidia localized to the eye margin, all PRs,
CCs, and PPCs are induced to die, yet SPC/TPCs are retained (Lim and Tomlinson, 2006).

Both the initial recruitment and patterning of SPCs and TPCs is well documented and nicely
reviewed in Chapter 4. Briefly, after PPC recruitment, any remaining unspecified cells in the
eye begin vying for contacts between PPCs. Approximately 70% of these cells will form
SPC/TPCs, while the remaining 30% (~2,000 cells/eye) will be eliminated by programmed
cell death. The oblique SPCs are established first, based on contacts with two PPCs,
followed by formation of the TPCs and horizontal SPCs, which contact three and four PPCs,
respectively (Cagan and Ready, 1989a). By ~37% pupation, IOC recruitment and patterning
is largely complete, although at least some cell death continues until ~62% pupation (Cagan
and Ready, 1989a).

After recruitment, the apical surfaces of the SPCs/TPCs gradually tighten via a process
involving the transcription factor Escargot, a member of the Snail-related family of zinc
finger transcription factors (Lim and Tomlinson, 2006). In contrast, the basal surfaces of the
SPC/TPCs expand to form a nice petal shaped lattice, or spokes of a wheel (Fig. 5.2H), that
ultimately forms the fenestrated membrane of the retina. This membrane may functionally
represent the blood—-retina barrier, and is rich in stress fibers and septate junctions (Banerjee
et al., 2008; Longley and Ready, 1995). The molecular regulators of these complex
morphogenetic changes, however fascinating, remain unexplored.

By ~62.5% pupation, the 10Cs begin to generate two major types of pigmented granules.
Type | granules are large and filled with the brown-colored pigment xanthommatin, also
referred to as ommachrome. These granules are present in SPCs/TPCs, PPCs, PRs, and CC
feet (Cagan and Ready, 1989a; Shoup, 1966; Wolff and Ready, 1993). Type Il granules are
small and contain xanthommatin and drosopterin, a red pigment also known as pteridine,
and these are predominantly found in SPCs/TPCs. Over 85 different eye color mutants have
been identified in the past 100 years, and these have not only leant insight into how these
pigment granules are formed, but have also led to a better understanding of a wide range of
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protein sorting processes (Lloyd et al., 1998). These eye color mutants have been
categorized into three functional subclasses: (1) the granule group, (2) the pigmentation
synthesis group, and (3) the ABC transporter group. The “granule group” primarily encodes
factors involved in protein sorting/biogenesis, and includes members of the AP3 adaptor
complex, the VPS sorting complex, and several members of the Rab family of small
GTPases (Kretzschmar et al., 2000; Ma et al., 2004; Mullins et al., 1999; Ooi et al., 1997,
Simpson et al., 1997; Warner et al., 1998). The “pigment synthesis group” encodes enzymes
that are involved in the processing of intracellular tryptophan required for the formation of
xanthommatin and drosopterin (Summers et al., 1982). Finally, the “ABC transporter group”
includes complexes associated with transmembrane transport (Jones and George, 2004).
Members of this group are White, Brown, and Scarlet, all part of the ABC-G subfamily of
ABC transporters. They represent “halves” of a complete ABC transporter and become
active by heterodimerization. White/Brown dimers transport drosopterin pigments, while
White/Scarlet dimers transport xanthommatin pigments (Dreesen et al., 1988; Ewart et al.,
1994; Pepling and Mount, 1990). Originally, these transporters were thought to be localized
to the 10C cell membranes, but later studies suggest that White and Scarlet transport
xanthommatin precursors directly into the pigment granules, thus using a mechanism
analogous to that used for melanin transport into melanosomes (Mackenzie et al., 2000;
Tearle et al., 1989).

Functionally, eye pigmentation is important for limiting light scattering between ommatidia.
However, it is also important for maintaining PR integrity, protecting them from light-
induced damage. For instance, mutations in the White gene, and other mutations that lead to
white-eyed flies, causes severe rhabdomere degeneration when flies are exposed to constant
light for 10 days, whereas wild-type, red-eyed flies are unaffected under identical conditions
(Lee and Montell, 2004). This evidence is compelling in light of the neuroprotective
function assigned to eye pigmentation in humans and vertebrate models, which show retinal
degeneration acceleration in situations of retinal hypopigmentation.

Another critical role of SPC/TPCs is in the formation of the Rhodopsin chromophore 11-c/s-
retinal (Wang and Montell, 2005, 2007; Wang et a/., 2007). This important function of the
SPC/TPCs was only recently discovered, with the majority of the vitamin A processing
pathway in the fly being expressed outside the retina. NINA-B (neither inactivation nor
after-potential B), the functional ortholog of RPE-65 in Drosophila (Oberhauser et al.,
2008), for instance, is expressed in neurons within the brain, while NINA-D, a scavenger
receptor required for dietary B-carotene absorption, is expressed in the midgut (Gu et al.,
2004; Wang et al., 2007). Montell and coworkers reasoned, however, that since Drosophila
Rhodopsin maturation requires chromophore binding, screening for mutants that disrupted
specific aspects of Rhodopsin function may lead to the identification of additional proteins
involved in the Vitamin A processing pathways. Indeed, from such a screen, the retinoid
binding protein PINTA (prolonged depolarization after-potential is not apparent) was
identified. PINTA is specifically expressed in 10Cs, placing these cells for the first time into
the phototransduction pathway, and establishing that IOCs are more similar to the vertebrate
retinal pigment epithelia (RPE) than previously thought. While PINTA remains the only
protein involved in chromophore production that has currently been localized to 10Cs, the
oxidoreductase NINA-G functions downstream of PINTA (Ahmad ef a/., 2006; Sarfare et al.,
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2005), making it likely this factor, as well as other factors involved in chromophore
production, are also expressed in these cells.

5. Comparison of the Drosophila Eye with the Vertebrate Eye

One of the first breakthroughs into the idea of a common origin of eye development came
from studies on the shared function of Pax6 in regulating eye formation (Glaser et al., 1992;
Halder et al., 1995; Quiring et al., 1994). Since then, the majority of genes in the retinal
determination cascade originally identified in Drosophila have been shown to have
homologs in vertebrates that are comparably critical during early eye specification. These
include the transcription factors Pax6, Dac, Eya, and So/Six3/Six6 (Gehring and Ikeo, 1999;
Treisman, 1999; Wawersik and Maas, 2000; Wawersik et al., 2000; also see Chapter 1).
Patterning factors are also conserved among different eye types: Hedgehog in flies and Sonic
hedgehog in vertebrates, for instance, each provides a moving wave of morphogenesis
during early retinogenesis (Jarman, 2000; Wallace, 2008). In addition, proteins such as Ato/
Ath5 and Pros/Prox1 have been shown to play evolutionarily conserved roles in generating
different neuronal cell types during fly/vertebrate retinogenesis (Brown et al., 2001; Cook,
2003; Cook et al., 2003; Dyer, 2003; Dyer et al., 2003; Wang et al., 2001; White and Jarman,
2000). Determining what other similarities exist among visual systems across separate phyla
will be an ongoing enterprise and is nicely covered in several recent reviews (Arendt, 2003;
Cook and Zelhof, 2008; Gehring, 2005; Jonasova and Kozmik, 2008; Sanes and Zipursky,
2010; Vopalensky and Kozmik, 2009). In the following section, we highlight some of the
accumulating evidence suggesting that PR differentiation between vertebrates and flies share
many developmental features.

5.1. The neural retina

Initially, the idea that vertebrate and invertebrate PRs are developmentally related was highly
debated because of the many obvious differences between these cell types. For instance,
light stimulation produces opposite electric potentials in these two PR cell types—in
vertebrates they hyperpolarize via a phosphodiesterase cascade, while invertebrate PRs
depolarize, using a phospholipase C cascade. The expanded PR apical surfaces used to
concentrate light absorption also use different strategies—vertebrates have microtubule-
based ciliary outer segments while Drosophila has actin-rich rhadomeric membranes.
Vertebrate PR cells indirectly transfer visual information to the brain via retinal interneurons
and ganglion cells, whereas Drosophila PRs are the only retina-specific cell types and
project to functionally equivalent interneurons located in the underlying optic lobes (Sanes
and Zipursky, 2010). Despite these marked anatomical and physiological differences, fly and
vertebrate PR share striking similarities in the factors required for their morphogenesis.
These include Otd/Crx (Furukawa et al.,, 1997; Ranade et a/., 2008; Rivolta et al., 2001;
Swaroop et al., 1999; Tahayato et al., 2003; Vandendries et al., 1996), Crumbs/CRB1
(I1zaddoost et al., 2002; Kowalczyk and Moses, 2002; Mehalow et al., 2003; Pellikka et al.,
2002; Richard et al., 2006b), Arrestin (Chen et al., 1999; Lee and Montell, 2004; Nakazawa
et al., 1998), Prominin (Maw et al., 2000; Yang et al., 2008; Zelhof et al., 2006),
Spacemaker (Eyes Shut)/RP25 (Abd El-Aziz et al., 2008; Collin et al., 2008; Husain et al.,
2006; Osorio, 2007; Zelhof et al., 2006), Myolll (Hicks et al., 1996; Porter and Montell,
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1993; Redowicz, 2002; Walsh et al., 2002), and Rab proteins (Deretic, 1998; Deretic et al.,
1995; Kwok et al., 2008; Li et al., 2007; Marzesco et al., 2001; Moritz et al., 2001; Shetty et
al., 1998). Moreover, the majority of these factors are associated with retinal degenerative
diseases, further emphasizing the evolutionary importance of these factors for maintaining
an intact adult visual system.

Not only does PR morphogenesis in fly and vertebrate share similar factors, but other
differentiation events also make use of common regulators. For example, many of the same
factors that are critical for PR axon guidance in flies are also used for patterning neuronal
connections in the vertebrate retina, raising the exciting possibility that the fly eye will
provide an effective paradigm for deciphering the relatively intricate axonal patterning
present in the vertebrate visual system (for a more complete review of this topic, see Sanes
and Zipursky, 2010). In addition, PR-specific gene regulation also involves conserved factors
between vertebrates and invertebrates. Drosophila Otd and its vertebrate orthologs Otx2 and
Crx, for instance, are essential for regulating many common PR-specific target genes (Chen
et al., 1997; Furukawa et al., 1997; Hsiau et al., 2007; Koike et al., 2007; Livesey et al.,
2000; Nishida et al., 2003; Peng and Chen, 2005; Ranade ef a/., 2008; Tahayato et al., 2003).
Combined, compelling evidence is beginning to emerge that suggest that similar genetic
pathways are involved in building and/or maintaining multiple PR cell types. Thus, as has
been postulated (Arendt, 2003; Cook and Zelhof, 2008; Erclik et al., 2009; Gehring, 2005;
Vopalensky and Kozmik, 2009), eyes in Urbilateria (Bilateria’s last common ancestor) may
have had PR cells that already expressed a number of interacting factors that have been
maintained in the PR cell types found today, while structural and functional aspects have
specialized to meet particular life conditions.

5.2. The cornea and lens

To date, few studies have addressed whether the genetic pathways involved in lens
morphogenesis are conserved between vertebrates and invertebrates. However, like
vertebrates, flies have a corneal structure that is largely responsible for focusing, and a
crystalline region interposed between the cornea and the retina (the pseudocone in flies and
the lens in mammals) that is likely to also contribute to the focusing power. Because a
crystalline structure is necessary for a functional dioptic system, identifying proteins that
regulate crystallin expression is a useful avenue for exploring conservation in lens
development. Indeed, although many crystallins are recruited from ancestral proteins with
distinct functions from their refractive function in the eye, their transcriptional regulation is
relatively conserved (Cvekl and Duncan, 2007; Kozmik et al., 2003; Piatigorsky, 2003,
2006; Tomarev and Piatigorsky, 1996)

An impressive demonstration of this conservation came from studies that revealed that the
chicken &1-crystallin enhancer can direct expression specifically in the lens-secreting cells
in Drosophila (Blanco et al., 2005). In vertebrates, this enhancer relies on binding sites for
Sox2 and Pax6; similarly, Blanco and collaborators demonstrated that fly SoxN and dPax2
perform these same functions in Drosophila. The observation that dPax2 and Pax6 are

functional homologs in this context is exciting, because both factors arise from a common
ancestral factor known as PaxB (Kozmik ef al., 2003). Thus, these data suggests that upon
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the divergence of PaxB into two separate factors, Pax2 “claimed” lens function in
invertebrates whereas Pax6 claimed this function in vertebrates. Besides Pax and Sox factors
sharing functions during crystallin regulation, our recent findings that Pros is important
during the differentiation of lens-secreting cells in Drosophila (Charlton-Perkins and Cook,
submitted) parallels findings that vertebrate Pros, Prox1, is important for fiber cell
elongation (Wigle et al., 1999) and lends further support for genetic pathways being shared
to form highly diverse lens structures.

In addition to transcription factors that may be functionally conserved, a number of signaling
pathways may also serve overlapping functions during vertebrate and invertebrate lens
genesis. For instance, high levels of FGF signaling are critical for many aspects of vertebrate
lens development, and strong redundancy in this system appears to have been maintained to
ensure correct signaling (Robinson, 2006; Zhao et al., 2008). Similarly, as discussed earlier,
proper levels of EGF signaling are essential for multiple aspects of Drosophila CC and PPC
differentiation, and only slight variations in these levels have dramatic effects on lens
development (Flores et al., 2000; Fortini et al., 1992; Freeman, 1996; Hayashi et a/., 2008;
Miller and Cagan, 1998; Nagaraj and Banerjee, 2007; Tsuda et al., 2002; Voas and Rebay,
2004; Wech and Nagel, 2005). Since both pathways mediate their functions through the Ras/
MAPK pathway, it is possible that vertebrate lenses adopted the FGF receptor whereas the
fly adopted the EGF receptor to mediate the same events, much like the diverged functions
of Pax6 and dPax2 described above. Interestingly, while Notch signaling has long been
known to be critical for lens morphogenesis in flies, only recently has Notch signaling only
recently been recognized for its contribution to vertebrate lens development (Cagan and
Ready, 1989b; Jia et al., 2007; Le et al., 2009; Miller and Cagan, 1998; Rowan et a/., 2008;
Saravanamuthu et al., 2009). Fortunately, in flies, only one EGF receptor and one Notch
receptor are present, whereas in the mouse, knocking out three of the four FGF receptors
was necessary to reveal the extent to which this signaling pathway contributes to lens
formation (Zhao et al., 2008). Similarly, it is likely that multiple Notch receptors and Notch
ligands are going to participate in vertebrate lens formation (Bao and Cepko, 1997; Le et al.,
2009; Saravanamuthu et al., 2009; Zecchin et al., 2005). Once more, the possibility of using
the fly as a genetic model for understanding lens formation and maintenance should be an
advantageous approach for addressing future questions related to normal and diseased states
affecting the eye anterior segment development.

5.3. The pigmented epithelia

Evidence for whether the Drosophila10Cs are the functional equivalent to the vertebrate
RPE remains particularly sparse. The vertebrate RPE accomplishes complex and diverse
functions that make it essential for visual function, including light absorption, water and
ionic balancing to guarantee PR excitability, maintenance of immune privilege, nutrient
uptake and delivery to PRs, cycling of retinal, and recycling of outer segments (Rosenthal et
al., 2005; Strauss, 2005). Moreover, malfunction of any one of these functions leads to
vision failure and/or retinopathies. Interestingly, at least a subset of these functions has now
been shown to be present in Drosgphila, including light absorption and the Rhodopsin
chromophore production. Likewise, both of these functions are necessary for retinal normal
function. Another similarity between vertebrate RPE cells and Drosophila 10Cs is the use

Curr Top Dev Biol. Author manuscript; available in PMC 2017 July 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Charlton-Perkins and Cook Page 20

ABC transporters to generate their pigmented granules. Although the vertebrate ABCRs are
members of the A subfamily of transporters, while the fly’s belong to the G subfamily, the
ABC-A and G groups share the strongest conservation among the other subgroups (Jones
and George, 2004; Jones et al., 2009). Interestingly, ABCA4 mutations are associated with
human retinal degenerative diseases, and albinos are recognized for their sensitivity to light-
induced retinal damage. This parallels nicely with the fact that flies lacking eye
pigmentation, either through specific mutations in ABC transporters or through other
depigmentation mutations, show drastic light-induced PR degeneration (Lee and Montell,
2004; Xu et al., 2004; TC, unpublished observations). Finally, the recent postulation that
Drosophila 10Cs may be essential for creating the fly blood-retina barrier (Banerjee et al.,
2008) harkens strongly to the role of the RPE providing the first line of protection from the
surrounding choroidal blood supply. Despite these parallels, it is fairly certain that not all
functions of the vertebrate and invertebrate RPE are conserved. For instance, in vertebrates,
the RPE is critical for phagocytosing the constantly growing PR outer segments, whereas in
Drosophila, no convincing evidence suggests that rhabdomeres shed their membranes into
the 10C compartment. Nevertheless future studies aimed at detecting other possible
similarities between the fly and vertebrate pigment epithelial cells are likely to gain a deeper
understanding of at least some aspects of RPE function.

6. Summary

This age of high throughput gene expression profiling is an exciting time in biology and has
led to a better appreciation of the striking degree to which developmental processes have
been conserved to create different body plans. The eye is no exception, and as we have
attempted to summarize here, a remarkable symmetry is found between vertebrate and fly
eyes. Based on the rapid progress we have recently made in this area, there is no doubt that
continuing such efforts, taking full advantage of the genetic tools now available in both
mouse and fly models, will identify additional shared developmental processes that generate
a diversity of cell types and visual structures.
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Abbreviations

CcC cone cell

10B interommatidial bristle
10C interommatidial cell
IPR inner photoreceptor
MF morphogenetic furrow
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OPR outer photoreceptor
PPC primary pigment cell
PR photoreceptor

Pros Prospero

Rh Rhodopsin

RPE retinal pigment epithelia
Sens Senseless

SPC secondary pigment cell
TPC tertiary pigment cell
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Figure5.1.
Structure of an adult Drosophila ommatidium. Schematic of different regions of an adult

ommatidium: the corneal lens region (top), the neural retina (middle), and the retinal floor
(bottom). Corresponding regions from toluidine blue-stained semi-thin sections of an
ommatidium are provided at the right. Color scheme is as follows: photoreceptor (PR) cell
bodies, beige; PR rhabdomeres, dark gray cylinders (outer PRs), dark magenta cylinder
(R7), or dark blue cylinder (R8); cone cells, green; primary pigment cells, yellow; secondary
pigment cells, gray; tertiary pigment cells, turquoise; mechanosensory interommatidial
bristle, purple hexagon; eye unit, longitudinal. The cone cells and primary pigment cells
secrete the corneal lens (translucent pink) and a gelatinous pseudocone (translucent white).
Each cone cell also extends an “interretinular fiber” between the photoreceptors, eventually
expanding just proximal to the rhabdomeres to create a CC feet “plate” at the base of the
retina. Based on the position within the ommatidia, the four cone cells are referred to as the
apical (a), posterior (p), polar (pl), and equatorial (eq) cone cells. Secondary and tertiary
pigment cells and the bristle form a characteristic hexagon around each ommatidia, with the
pigment granules easily observed in the toludine blue stainings as reddish-brown (pteridine-
containing) and black (xanthommatin-containing) vesicular-like structures. The apical
surfaces of the secondary and tertiary pigment cells are tightly restricted, but the basal
surfaces of these cells expand at the base of the retina to form a fenestrated membrane
through which the axons project into the brain. The six outer photoreceptor rhabdomeres
(gray from cells R1 through R6) form a trapezoid at the top of the eye and extend the length
of the retina, enwrapping the IPR rhabdomeres—the R7 rhabdomere (Magenta) extends
through the top two-thirds of the retina and the R8 rhabdomere (Blue) occupies the bottom
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third. In addition, the cell body of the R7 is positioned between the R1 and R6 cell, whereas
the R8 cell body is located between the R1 and R2 cell, seen by cross section (middle
diagrams and thin sections). The interhabdomeric space (white) that is important for
preventing rhabdomere fusion is also seen. The entire central portion of the ommatidia is
encapsulated by the cone cells—distally, with the rhabdomeres attached by
“hemidesmosome-like” contacts, and proximally, with the rhabdomeres attached to the cone
cell feet just below the end of the rhabdomere.
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Figure5.2.
Time course of Drosophila eye development. A summary of various developmental

processes that occur during Drosophila pupal eye development (0-100%). Prior to pupation,
in late third instar larva, the antennal/eye disc (A) is easily recognized by strong Cut
expression (green) in the antennal portion (anterior, left), and clusters of Elav-positive
photoreceptor clusters (blue) in the eye portion (posterior, right) corresponding to individual
ommatidial units. Cut-positive cells are also present in the eye-imaginal disc, which
represent subretinal glia and CCs precursors. Nonstained cells anterior to the morphogenetic
furrow (MF) are retinal progenitors that are still proliferating (see Chapters 1 and 4 for
further description). (B) The constricted apical surface of cells within the MF is obvious
with E-Cadherin staining (green). In addition, the boundary between the R3 and R4 cell,
marked by intense N-cadherin staining (purple), reveals the rotation of the ommatidia
relative to the equator that is important for establishing the chiral trapezoid of
photoreceptors observed in the adult retina. (C) E-cadherin staining (green) of a whole retina
isolated from pupa at ~50% pupation shows the highly regular organization of ommatidia.
Inset: A single ommatidium is circled. (D) Photoreceptor-driven Moesin::GFP at 50%
pupation shows outer PR axons projecting to the lamina and IPR axons projecting to the
medulla. (E) Cut (green) and BarH1(Magenta) specifically recognize the four CC and two
primary pigment cell (PPC) nuclei at 50% pupation. (F) Discs Large (Dlg, Purple) highlights
the apical contacts of the CCs, PPCs and interommatidial cells in 50% pupal retinas. (G) E-
cadherin (green) of the basal surface of the retina shows the petal-shaped distribution of the
IOC feet. (H) The bristle cell lineage is composed of four cells which express the
transcription factors Cut and Pros, and the neural factor Elav. These nuclei are present at the
base of the retina during their development, and eventually move more apically. (1) A
scanning electron micrograph of an adult eye pseudocolored to represent the distribution of
the pale (blue), yellow(green) and Dorsal Rim Area (DRA; magenta) ommatidia in the eye.
(J) Whole mounted adult retina immunostained with Rhodopsin 5 (blue) and Rhodopsin 6
(green) in R8 rhabdomeres. Note the enrichment of Rh6 in the dorsal portion of the retina,
corresponding to the dy ommatidia (see text for more detail).
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Figure5.3.
Rhabdomere morphogenesis. (A) Coronal TEMs showing the apical membrane elaborations

of photoreceptors R1 through R7 at different stages of development. The zonula adherens
are marked with blue, the stalk region is highlighted in red, and the interrhabdomeric space
(IRS) is the clear space between rhabdomeres that are obvious by 78% pupation (modified
from Longley and Ready, 1995, with permission from Elsevier). Some of the interretinular
fibers from cone cells, found directly adjacent to the zonula adherens are highlighted in
green. (B) Diagram of the 90° turn of the photoreceptor apical surfaces during early
pupation and elongation of the rhabdomeres (gray), the stalk region (red), and zonula
adherens (blue) at later stages of development. Only two cone cells (green) and two
photoreceptors are shown for clarity.
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Figure5.4.
Axonal targeting differences between outer and inner photoreceptors. Diagram representing

two ommatidia sharing lamina cartridges. The axons from the six outer PRs from each
ommatidium turn 180° and project to six different cartridges present in the lamina neuropil
present directly underneath the retina. R1-R6 positions within the lamina represent a mirror
image of the outer photoreceptor arrangement found in the retina. The R7 (magenta) and R8
(blue) axons bypass the lamina and project to layers M3 and M6 respectively in the adult
medulla.
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Figure5.5.
Regulatory sequences of the inner photoreceptor Rhodopsin-encoding genes. Schematic of

the minimal promoters for Rh3 through Rh6 that recapitulate expression of the endogenous
genes. Senseless binding sites (S) are green, Otd binding sites (K50) are light blue, Pax6/
RSCI sites (Rhodopsin Conserved Sequence 1) are pale pink and Pros sites (seq56) are dark
magenta. Rhodopsin Unique Sequences (RUS) 3, 4, 5, and 6 are represented by striped
boxes. The summary of the role of each transcription factor is highlighted to the right. Otd
activates Rh3 and Rh5, the two Rhodopsins expressed the pale ommatidia, and represses
Rh6 in outer photoreceptors (Tahayato et al., 2003). Pros represses the R8 Rhodopsins, Rh5
and Rh6, in R7 photoreceptors (Cook et al., 2003), while Sens represses the R7 Rhodopsins,
Rh3 and Rh4, in R8 photoreceptors (Xie et al., 2007). A transcription factor that is predicted
to be activated by Spineless in yellow R7 cells to activate Rh4 is indicated by a ? on the Rh4
promoter. In addition, Hazy has recently been shown to be necessary and sufficient for Rh6
expression and bind to the RCSI, making it possible that Hazy, and not Pax6, is responsible
for activating the Rh6 promoter in the fly eye (Mishra et al., 2010).
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Figure5.6.
Ommatidial subtypes express different inner photoreceptor Rhodopsins. (A) A whole-mount

staining of an adult retina stained with phalloidin (gray) shows the trapezoidal arrangement
of the actin-rich rhabdomeres of the six outer photoreceptors and the random distribution of
the pale and yellow ommatidia are revealed by immunostaining for Rh5 (blue) and Rh6
(green) that are expressed in the central R8 cells. (B) Diagram of the Dorsal Rim Area
(DRA), dorsal yellow, pale, and yellow subsets found in the Drosophila eye, defined by the
Rhodopsins expressed in the R7 and R8 inner photoreceptors. All outer photoreceptors
express the same Rhodopin, Rhodopsin 1. (C) Transverse sections of adult eyes, dorsal left,
stained with R7 Rhodopsins (left), Rh3 (cyan) and Rh4 (red), or R8 Rhodopsins (right), Rh5
(blue) and Rh6 (green). Note that two rows of ommatidia at the dorsal side of the eye
express Rh3 in the R7 and R8 layers, representing the DRA ommatidia. Rh3 and Rh4
expression in the dy ommatidia are weaker than in the remainder of the eye. (D) Schematic
representing the factors that direct inner photoreceptor identity, differentiation, and
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rhodopsin expression. The relative position of the nuclei that would be in the cell body for
the different cell types are also indicated. See text for detail.
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Figure5.7.
Events leading to Drosophila corneal lens formation. (A) A third instar imaginal disc,

stained with Elav (blue) to mark specified photoreceptors and the transcription factor
Prospero (green), to mark the R7 photoreceptor and the cone cell precursors. The side view
shows that the nuclei of cell move from a basal to apical position as they are recruited. (B) A
high magnification of the cone cell layer from a single ommatidium shows that distinct
subpopulations of cells that express different levels of Prospero (green), dPax2 (magenta),
and Cut (blue) exist. This also is represented diagrammatically, with high Pros expression in
equatorial (eq) and polar(pl) CCs, and high dPax2/Cut expression in anterior (a) and
posterior (p) CCs. (C) Drosocrystallin (magenta) begins to be made in CCs, marked with Cut
(green) at 50% pupation and is secreted from the cells by 75%. Drosocrystallin is also
expressed at lower levels in the interommatidial bristle lineage (arrows). (D) A transmission
electron micrograph of an adult ommatidium, pseudocolored to highlight the striated corneal
lens (magenta), the clear pseudocone (gray), the primary pigment cells (PPCs, yellow), the
cone cells (CCs, green), and the secondary/tertiary pigment cells (IOCs, purple). Note the
abundant, large pigment granules in the 10Cs, that the PPCs outline the CCs and
pseudocone, and that the CCs lie between the pseudocone and the tips of the photoreceptor
rhabdomeres. (E) Top and side view schemata of lens development, beginning from the
imaginal disc through different stages of pupation using the same color scheme as in Fig.
5.1. The apical surface contacts change between the a/pCCs and eq/pl CC during pupation,
patterning, and pruning of the I0OCs occur prior to 30% pupation, and the corneal lens is
secreted by ~75%. Afterward, the pseudocone is secreted and pushes the cone cells away
from corneal lens.
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Figure5.8.
Scanning electron micrographs of adult eyes from wild type (A,E, E’), dPax2 spa®/ mutants

(B,G, G"), whole eye prospero (pros) mutants (C,H), pros/spa®! double mutants, and BarH1
mutants (F,F"; modified from (Higashijima et a/., 1992), with permission from Genes and
Development). The spapol mutant is a dPax2 hypomorph that shows differences in lens
phenotypes between the anterior (G) and posterior (G”) portions of the eye. All images are
oriented with anterior to the left. A summary of the role for these various CC and PPC
expressed transcription factors is shown in J. See text for more detail.
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