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Preface 

How different cell types are generated from a group of equipotent 

cells is a central question in developmental biology. Both inductive and 

negative mechanisms have been shown to be involved in this process. 

They have been extensively studied using the developing eye of an 

excellent model organism, Drosophila melanogaster. Cell to cell 

interactions appear to direct cell fate decisions in the developing eye. 

To understand the mechanisms for the regulation of cellular 

differentiation, I have undertaken the study of argos gene, which has been 

identified in a screening for mutants displaying rough eye phenotype. In 

the chapter l, I describe molecular cloning of the argos gene and 

phenotypic analyses of the loss-of-function mutants. In the chapter 2, I 

report the effect of ectopic overexpression of the argos gene on eye and 

wing development. In the chapter 3, I focus on the function of argos in 
projection of photoreceptor axons during optic lobe development. In the 

chapter 4, I analyze the genetic interactions between argos and 

components in the Ras/MAP kinase cascade. Results obtained from these 

studies suggest that argos is a diffusible inhibitor of signal transduction in 
the MAP kinase cascade for cell determination . 
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Chapter 1 
Identification and characterization of the Drosophila argos 

locus 

Abstract 
The technique of transposon P-element enhancer trapping was used to 

identify new genes important in Drosophila eye development. Drosophila 
argos was isolated as a novel visual system mutant displaying rough eye 

phenotype. Analyses of mutant phenotypes and the expression pattern of 
the gene suggested that the argos gene has pleiotropic functions. 
Mutations in the argos gene affect eye development, leading to irregular 
spacing of ommatidia, an increase in the number of photoreceptor cells, 
and abnormal axonal projection and disrupted structure of optic lobes in 
the adult fly. In addition to affecting the visual system, they cause 
abnormal head involution, an increased number of sensilla in the antenno
maxill ary complex in the embryonic stage, and abnormal morphogenesis 
of labial palps and the wings in later stages. I examined the expression of 
the argos gene during development in terms of LacZ expression from 
enhancer trap e lements inserted within the argos gene. During 
embryogenesis, expression of LacZ showed a segmental pattern in the 
ectoderm and in the nervous system. In the eye imaginal discs, LacZ 
began to be expressed in photoreceptor cells, a few rows posterior to the 
morphogenetic furrow. It was also expressed in the wing disc. In the 
adult, it was expressed in retinula cells and the lamina. We cloned the 
argos gene by P-element tagging. On the basis of the phenotype on loss 
of its function, its expression pattern, and the predicted structure of its 
product, a secreted peptide with a putative epidern1al growth factor 
(EGF) motif, I propose that argos encodes a diffusible protein with 
pleiotropic functions acting as a signal involved in lateral inhibition 
within the developing nervous system and also as a factor involved in 

axonal guidance. 

1-1. Introduction 
There is increas ing interest in analysis of the molecu lar and cellular 

mechani sms involved in determination of cell fate within the developing 
nervous system of both vertebrates and invertebrates . In general , cell fate 

is believed to be determined by cell lineage and also through the 
interactions, inc luding cell-cell interactions, of a pluripotent cell with its 
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environment. The development of the compound eye of Drosophila is an 

excellent model for study of the molecular mechanisms involved in cell 

fate determination and cell-cell interaction during neuronal development 

for several reasons. First, Drosophila can be examined by both molecular 

and classical genetic methods. Mutations in the eye can easily be 

generated and identified on the basis of morphological phenotypes. 

Cloned genes can be efficiently reintroduced into the Drosophila genome 

to allow their normal expression by the P-element mediated germ line 

transformation technique (Rubin and Spradling, 1982; Spradling and 

Rubin, 1982). Second, the structure of the compound eye of Drosophila is 

highly organized, thereby providing a convenient system for studying the 

mechanism of cell assembly. The compound eye of Drosophila is 
composed of 750 simple units named "ommatidia". Each of these units 

consists of 22 cells including eight photoreceptor cells (Rl-8). Their 

topological arrangement within the ommatidium and synaptic connection 

are highly organized. The plasma membrane of the photoreceptor cells 

has multiply folded microvilli , forming a structure, the rhabdomere, 

which is a functional counterpart of the outer segment of vertebrate 

photoreceptor cells. These structures are arranged in a stereotypic 
trapezoidal pattern. Third, the gross features of cellular determination in 

vertebrates are similar to those in the Drosophila compound eye in many 

respects. Several lines of evidence suggest that determination of cell fate 

in the Drosophila retina is a consequence of cell-cell interactions (Ready 
et al., 1976). In the compound eye, a sheet of pluripotent cells is rapidly 
transformed into an array of identical neural units in a lineage
independent manner during pupal development. This independence 
from cell lineage restrictions is analogous to the regulation of 

differentiation of neural crest cells by local environmental cues (Le 
Douarin, 1980) and the determination of neuronal and/or glial cell types 

by nonclonal mechanisms in the vertebrate nervous system (Holt et al., 

1988; Luskin et al, 1988; Vassein et al., 1987). 

During the course of neural development, cells that become neural 

cells appear to inhibit their neighbors from adopting a neural fate by a 

process known as "lateral inhibition" (Doe and Goodman, 1985). 

Recently, proteins similar to growth factors and their receptors or 

secreted proteins have been found to be involved in lateral inhibition 

during development of the Drosophila nervous system (Kidd et al., 1986; 

Vassein et al., 1987; Kopczynsi et al., 1988; Mlodzik et al. , 1990; Baker 

et al., 1990; Wharton et al., 1985). 



The argos mutation was identified on screening Drosophila vi sual 

mutations generated by P-element insertion mutagenesis (Okano et al. , 
1992). Mutations in argos cause severe rough-eye phenotype, the 

production of supernumerary photoreceptor cells and irregular 
development of the array of ommatidia in the eye (Freeman et al., 1992; 

Kretzschmar et al. , 1992; Okano et al. , 1992). Molecular characterization 
of the argos locus revealed that it encodes a putative secreted protein with 

an EGF motif, the sequence of which is identical to the gene products 
reported recently (Freeman et al., 1992; Kretzschmar et al. , 1992). Taken 

together, these findings suggest that argos encodes an inhibitory signal 
that regulates neuronal differentiation in eye imaginal discs. The argos 

gene is also required for normal development of cephalic regions and the 
wings, and for axonal guidance in the optic lobe. Thus, I concluded that 
the argos gene has pleiotropic functions in the normal development of 
neuronal and other systems. 

1-2. Materials and Methods 

Genetics 
Fly culture and crosses were conducted according to standard 

procedures described previously (Roberts, 1986). The argos51Y1 mutant 
was isolated as a mutant line exhibiting a severe rough eye phenotype (see 
Text). We also obtained another line argos5'Y2 with a P-element (P[lacW]) 

(Bier et al. , 1989) insertion at the 73A locus (a gift from Dr. M. Scott). 
The argos51Y2 line also displayed a rough eye phenotype that was slightly 
less severe than that of argos51Y1• The argos51Y1•20 and argos2<' lines 

showing the rough eye phenotype were obtained by excising the P
element from argos5'Y 1 and argos5'Y2 lines, respectively. Lethal stocks 
[l(3)73Aa and l(3)73Ab] and a series of lines with deficiencies 
surrounding the 73A locus [Df(3L)st-e4 , Df(3L)st-fl3, Df(3L)st-j7, 

Df(3L)st-kl0, Df(3L)st4, Df(3L)g24 and Df(3L)TRDS] (Belote et al., 

1990) (gifts from Dr. B. Baker) were examined to determine whether 
they complemented argos51Y2. 

Chromosomal in situ hybridization 
Salivary gland polytene chromosomes from late third instar larvae of 

argos51Y1 heterozygotes were prepared and hybridized with a probe as 

described by Zuker et al. (1985). The probe was prepared by labeling P
element DNA with digoxygenin-dUTP, and hybridization of the probe 
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was detected using an anti-digoxygenin monoclonal antibody coupled to 
alkaline phosphatase (Boehringer Mannheim, Mannheim, Germany). 

Preparation and analysis of embryonic cuticle 
Preparation and analysis of embryonic cuticle were performed as 

described previously (Wiechaus and Nusslein-Vol hard, 1986). 

Histochemistry 
The location of ~-galactosidase protein was determined by X-gal 

staining and immunohistochemical methods with an anti-~-galactosidase 
monoclonal antibody [dilution I :200 (Promega, Madison, USA)] as 
described previously (Fortini and Rubin, 1990; Ingham et al. , 1985). 
Immunohistochemical analysis using antibodies against ubiquitous 
neuronal antigens Mab 22CIO (Fujita et al., 1982) and 44Cll (Bier et al. , 
1988) were also performed in the same way. 

Electron microscopic analysis 
Histological analysis was performed on the argos51Y2 fly. Samples were 

prepared for transmission electron microscopy as follows. Tissues were 
prefixed for 3 hours with 2% paraformaldehyde and 2% glutaraldehyde 
in 0.1 M cacodylate buffer pH 7.2, washed with the same buffer and 
dehydrated in a graded ethanol series. Then they were embedded in LR 
White (London Resin Co., Basingstoke, Hampshire, England), and 
polymerized at 50° C for 24 hours. Sections of 100 nm thickness were 
cut on a Sorval MT-2B ultramicrotome and were collected on copper 
grids. They were stained with uranyl acetate and/or lead citrate and 
examined with a JEM-1 OOCX electron microscope (JEOL, Tokyo, Japan). 
Samples of argos"Y2 and wild-type flies were analyzed by scanning electron 
microscopy as follows. Flies were gradually dehydrated in an ethanol 
series (25 %, 50%, 75%, 100%, I 00%) followed by a freon series (25%, 
50%, 75%, 100%, 100% Freonll3 in ethanol) and dried in vacuo. 
Mounted flies were spatter coated with platinum and examined with an lSI 
DS-130 microscope. 

Cloning of the argos locus 
The plasmid rescue technique was used to recover DNA sequences 

flanking the P-element insertion according to the method described 
previously (Bier et al., 1989; Mlodzik et al., 1990). Subsequently, 
A.EMBL3 (a gift from Drs. J. Tamukun and M. Scott) and Charon4A 
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genomic libraries of Drosophila (a gift from Dr. T. Maniatis) were 
screened with the rescued plasmids as probes according to the standard 
method (Sam brook et al. , 1989). A 0.7 kb eDNA clone (cStb-1) was 
isolated by screening a A.gtl 0 embryonic eDNA library made by Drs. J. 
Tamkun and M. Scott using the 5.8 kb Sacii fragment including the P
element insertion site in argos51Y2 line as a probe. Subsequently, the 
eDNA fragment in cStb- I was used as a probe to screen a A.ZAP 
embryonic eDNA library made in Dr. Y. Jan's laboratory (a gift from 
Dr. T. Uemura) and 10 eDNA clones were obtained. The cStb-b3-3 clone 
had the longest insert (2.0 kb). 

Northern blot analysis 
Total RNA was isolated from total flies , fly heads, bodies and staged 

embryos (5-9 or 8-22 hours) by the acid phenol method described 
previously (Puissant and Houdebine, 1990), and poly(A)+ RNA was 
prepared by oligo(dT)-cellulose affinity chromatography (Sambrook et 
al., J 989). The probe was prepared by labeling 1.2 kb and 0.7 kb EcoRI 
eDNA fragments from cStb-b3-3 with 32P-dCTP using a random primed 
DNA labeling kit (Boehringer Mannheim, Mannheim, Germany). 
Subsequent Northern blot analysis was performed according to standard 
protocol described by Furuichi et al.(l989). 

DNA sequencing 
The DNA sequence was determined by the chain termination method 

(Sanger et al., 1977) using Sequenase (United States Biochemical , 
Cleveland, USA). DNA from the eDNA clones Stb b3-3 was sequenced 
completely on both strands by use of Bluescript (Stratagene, La Jolla, 
USA) vectors containing restriction fragments from eDNA as templates. 
We used T3 (5' ATTAACCCTCACTAAAG 3') and T7 (5' 
AATACGACTCACTATAG 3') primers, and various oligonucleotides as 
sequencing primers. Genomic sequences immediately 5' to the P insertion 
site were determined by use of the rescued plasmid as a template and the 
22-mer oligonucleotide (5' CTCAACAAGCAAACGTGCACTG 3') at the 
5' end of the P e lement as a primer. Conceptual translation of the 
nucleotide sequence and analysis of the hydropathy profile based on the 
method of Kyte and Doolittle (1982) were performed using the 
Mac Vector 3.5 (IBI-A Kodak, New Haven, USA) program. 



1-3. Results and Discussion 

Identification and genetic analysis of the argos locus 
We performed P-element insertion mutagenesis to detect as yet 

unidentified genes that are important in eye development. In such 

mutagenesis, a ?-transposable element is randomly integrated into the 

genome and often disrupts or reduces gene activity (Cooley et al., 1988; 

O'Kane and Gehring, 1987). P-element insertion mutagenesis was 

performed by the method of Cooley et al. (Cooley et al., 1988). The 

3639 mutations (3639' 'Y1 and 3639' 'Y2) were identified by P-element 

(Bier et al., 1989; Mlodzik and Hiromi, 1992) mutagenesis screening as 

mutations that produced a severe rough eye phenotype. In addition to 

inducing the rough eye phenotype, these mutations greatly reduced 
viability. However, surviving adult flies were fertile. The 3639''Y1 and 

3639' 'Y2 genomes each had a single P-element insert, as shown by 

Southern blot analysis (data not shown). The transposon in 3639''Y1 was 

mobilized by mating to flies carrying a stable source of transposase 

activity (Robertson et al., 1988). We established 24 lines that had lost the 

ry+ marker gene carried in the PZ element. In 75 % of these lines, the 

mutant eye phenotype had reverted to the wild type, indicating that the 

phenotype is due solely to the insertion of the P-element. Of the excision 
lines, 8% still showed recessive eye phenotypes. The 3639"Y1• 20 is a line 

displaying a slightly rough eye phenotype. All these excision lines with 

the rough eye phenotype were semilethal and 16 % showed a completely 
lethal phenotype (Table 1). The P-lacw+ in 3639''Y2 was also excised 
similarly and 27 excision lines were established. In 52 % of these lines, 
the mutant phenotype had reverted to the wild type and 30 % of the 

excision lines showed eye phenotypes raging in severity from "slightly 
rough" to "very rough". The 36392el is a line displaying a slightly rough 

eye phenotype. Of the excision lines, 18% showed a completely lethal 
phenotype (Table I). 

The cytogenetic position of the 3639 locus was determined to be 

73A l-2 on the third chromosome by the polytene chromosome in situ 

hybridization technique using P-element DNA as a probe (Fig. I a). 

There is a known visual system mutation at this locus, argos (Freeman et 

al., 1992; synonim: giant lens, Kretzschmar et al., 1992), suggesting that 

3639 is allelic to argos. Sequence of the cloned 3639 eDNA clearly 

showed that 3639 is identical to argos (see below). Therefore, 3639 is 
called argos in the rest of this article. To define the argos locus 
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genetically, flies bearing two argos alleles [argos5'Y1 and argos5'Y2 (see 
Materials and methods)] were mated to two lines (l(3 )73Aa and l(3 )73Ab) 

and a series of lines with deficiencies surrounding the 73A locus 
(Df(3l)st-e4, Df(3L)st-f13, Dj(3L)st-j7, Df(3L)st-kl0, Df(3L)st4 , 

Df(3L)g24 and Df(3L)TRDS) (Fig. I b). Two of the lethal mutations 
included in Dj(3L)st-f13 [l(3)73Aa and l(3)73Ab] complemented 
argos5'Y 2 . The argos5'Y2 resembled argos5'Y2 in trans to a deficiency 

[Df(3l)sr -e4, Df(3L)st-fl3 , Df(3L)st-j7, Df(3L)st-kl0 , Df(3L)st4 or 

Df(3L)g24; Fig. lb] with respect to the eye phenotype and lethality, 

suggesting that these phenotypes reflect a loss of function. Df(3L)TRDS, 

however, did complement the argos mutation. These deficiency mapping 
data placed argos to the right of the centromere distal breakpoint of the 
Df(3L)st-j7 at 73Al-2 , and left of the centromere proximal breakpoint 
of Df(3L)st-fl 3 at 73A3-4. This position is consistent with the results 
obtained by polytene chromosome in situ hybridization. The rough eye 
phenotype of argos5'Y2 was enhanced by a deficiency placed in trans , 

suggesting that the phenotype i the result of reduced argos function. 

argos embryonic mutant phenotype 
The argos5'Y 1 and argos5'Y2 homozygotes exhibited severely reduced 

viability and most of them died during embryogenesis, suggesting that 
argos has another role besides that in the visual system. We characterized 
the LacZ expression pattern of the argos enhancer trap line (Fig. 2) and 
its mutant phenotype (Fig. 3). To characterize the expression of the argos 

gene, I took advantage of the fact that argos5'Y 1 and argos5'Y2 mutations 
were induced by insertion of a P-element vector containing the LacZ gene 
(PZ- and P-lacW-elements, respectively). If these P-element vectors are 
inserted near a genomic transcriptional enhancer, the pattern of ~
galactosidase expression from the weak P-element promoter is known in 

most cases, to reflect the pattern of expression of the genes normally 
regulated by the enhancer (Bellen et al., 1989; Bier et al., 1989; O'Kane 
and Gehring, 1987). Both the PZ- and P-lac W -elements encode P

transposase-b-galactosidase fusion proteins which are localized in the 
nuclei of cells where the gene is expressed. 

Here I describe b-galactosidase expression in argos5'Y2 embryos only, 

because I found that argos5'Y 1 embryos also showed an essentially similar 
pattern of expression. Fig.2 shows ~-galactosidase expression in argos5'Y2 

heterozygous embryos at the end of germ band retraction. The 
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expression of ~-galactosidase in the gnathal segment was detected in 
prominent structures in mandibular and maxillary segments which 
probably would give ri se to the antenna-maxillary complex. The 
expression of ~-galactosidase was also detected in abdominal segments, 
especially at segment boundaries, and it was much lower in thoracic 
segments. 

We next examined cuticle preparations of wild type and argos mutant 
embryos (Fig. 3). Several alleles and combinations of them were studied, 
among which , argos2el fDj(3L)st4 embryos showed the most severe 

phenotype and are described here. The most prominent defect was failure 
of head involution. In addition, the majority of severely affected 
embryos failed to retract a germ band (Fig. 3e,f). We also noticed that 
ventral denticle belts were expanded laterally, however, their patterns 
were similar to those of wild type larvae. Close examination of the 
antenna-maxillary complex, a prominent sense organ in the head, 
revealed that mutant embryos had an increased number of sensilla. The 
antenna-maxillary complex is composed of several sensilla. The dome 
shaped antenna! sense organ (aso) is derived from the procephalon. The 
max illary part is composed of two large sensilla (dorso-lateral and dorsa
medial papilla; dip and dmp) and seven small sensilla. Jiirgen et al. 
( 1986). showed that these regions have separate origins, aso and dmp 
from the procephalic lobe, dip from the mandibular segment and the rest 
of them from the maxillary segment. In the argos mutant embryo, there 
were one or two additional large and small sensilla. In some cases, aso 
was duplicated. But in spite of these abnormalities, the arrangement of 
sensilla was essentially normal, suggesting that the process of head 
segment fusion of this part took place relatively normally. These results 
suggests that one function of argos is to maintain the correct number of 
larval sense organs. 

The mutant phenotype and LacZ expression in adult visual 
systems 

Analysis of adult eyes showed that mutations in the argos gene 
affected eye development, leading to irregular spacing of ommatidia, an 
increase in the number of photoreceptor cells within each ommatidium, 
lens fusion and axonal guidance misrouting in the optic lobes (Fig. 5). 

The fine structure of adult compound eyes were analyzed in detail 
by electron microscopy. Transmission electronmicroscopic analysis of a 
section through the eye of a young argos' 1Y2 fly revealed that the extra 
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neural cells observed in the eye disc developed into supernumerary 

photoreceptors (Fig. 7a,b). The organization of rhabdomeres was 

severely disrupted in argos mutant eyes. The diameter of all the 

rhabdomeres seemed to be expanded and the extraretinula space was 

narrower than in wild-type flies. Although the rhabdomeres in each 

ommatidium were arranged in a trapezoid manner in argos mutants , the 

axis was not fixed and often oriented abnormally. The arrangement of 

R I to R6 cells was not fixed , their order being clockwise in some and 

anti-clockwise in other cases. Additional outer rhabdomeres were 

sometimes seen. 

The scanning electron microscopic analysis revealed a roughening 

of the external surface of the eye in argos' 1Y2 flies . Several lenses fused 

with each other and the number and spacing of bristles were also affected 

(Fig. 6 b,c). The sockets and mechanosensory bristles on the compound 

eye were occasionally duplicated. In the compound eye of Drosophila, 
each bristle group is formed by four cells, which are known to be derived 

from a single precursor cell (Cagan and Ready, 1989). Two rounds of 

cell divisions result in four cells: the tormogen which secretes the socket; 

the trichogen which secretes the bristle; and a sensory neuron and its 
supporting glial cell, the thecogen. The trichogen and tormogen appear 

first, followed by the neuron and thecogen. Our present observations 

indicated that extra precursor cells may be formed in the mutants in 

which argos has lost its function. Alternatively, an additional trichogen 
may be recruited from an uncommitted precursor cell. 

Interestingly, I also found that the projection pattern of photoreceptor 

cell axons and laminar structures of the optic lobe were severely 

disorganized in the adult head of the argos'1Y2 mutant judging from the 

staining pattern with monoclonal antibody 22C10 (Fujita et al., 1982), 

which recognizes ubiquitous Drosophila neural antigen (Fig. 6g,h). 

Despite the severe defect in morphology of the photoreceptor cells, 

mutant flies showed a normal profile of response in an electroretinogram 

to light timuli (data not shown). The on and off transient component did 

not differ from that of wild-type flies. This result indicates that the 

machinery for visual excitation in the retinula cells was not impaired in 

the mutants. 

Next, I characterized the LacZ expression pattern in adult visual 

systems of the argos heterozygotes (argos51Y1f+ or argos51Y2f+ ). The 

argos'1Y1 and argos51Y2 mutations were recessive for the mutant phenotypes 

described above and heterozygotes were nearly wild type (data not 



shown). In the adult, X-gal stainings were observed in the nuclei of cell 
clusters near the surface of compound eyes and lamina (Fig. 5e). For 

determination of the positions of photoreceptor nuclei , sections of adult 
head, that had been stained by the X-gal were stained again with 

monoclonal antibodies against a ubiquitous neuronal antigen 44C I 1 (Bier 
eta!. , I 988). The 44C II epitope is encoded by the embryonic Lethal 
abnormal visual system (elav) gene and is present in the nuclei of all 
neurons (Bier et al. , 1988; Bier et a!. , I 989). As the nuclei that stained 

"blue" were located more apically than the nuclei of photoreceptor cells 
marked by 44Cll, the cells expressing the argos in the adult retina are 
not photoreceptor cells (data not shown). 

The mutant phenotype and LacZ expression in developing 
visual systems 

To obtain information on the argos adult phenotypes, I studied the 
development of imaginal tissues in third instar larvae. The wave of 
differentiation to form ommatidia is associated with the progression of 
the morphogenetic furrow, a dorso-ventral groove, anteriorly across the 
eye disc (Ready et al. , 1976). A monoclonal antibody, 22Cl 0 (Fujita et 
al., 1982), has been used to study the sequence of photoreceptor 
differentiation in developing ommatidia (Tomlinson and Ready, 1987). 
The study revealed that R8 is the first to differentiate, followed by the 
pairs R2/R5, R3/R4 and RI /R6, and finally by R7. Here I analyzed the 

eye phenotype of the argos mutant by immunolocalization of the 22C 10 

antigen (Fujita et al., 1982). Our analysis indicated that the initial stages 
of argos' 1Y2 ommatidia! development are indistinguishable from those of 
the wild type (Fig. 4). R8 showed neuronal differentiation first in both 
argos' 1Y2 and wild type eye imaginal discs. However, the developmental 

sequence following this point did not occur correctly. We detected extra 
neural cells in the ommatidia posterior to the third or fourth rows from 
the morphogenetic furrow of the argos eye disc (Fig. 4b). The argos' 1Y1 

homozygotes showed a more severely abnormal phenotype. In addition to 
the presence of extra neural cells, the argos' 1Y1 ommatidia were spaced 

irregular! y. 
We also characterized the LacZ expression pattern in developing eye 

discs of argos heterozygotes. The S-galactosidase protein was first 
detectable in some photoreceptor cells located 2-3 rows behind the 
morphogenetic furrow (Fig. 5a,b,c). In the larval brain, the argos gene 
expression was detected in the developing optic lobes (Fig. 5g), implying 
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that argos gene expression within the optic lobe may be necessary for the 
normal laminar formation in addition to the axonal innervation from the 
photoreceptor cells . 

The mutant phenotype and LacZ expression outside of the 
visual systems 

In addition to the visual system, I noticed that the mutations in the 
argos gene caused abnormal developments of the labial pulp and wings 
(Fig. 6 d, e,f), although these penetrances are varied among argos alleles. 
In nearly all argosstyic20 flies, the pattern of the wing vein network was 

abnormal. We found that sensilla formation as well as the gross 
morphology of the labial pulps were abnormal, as shown in Fig. 6e. We 
also analyzed the LacZ expression pattern outside of the visual system. In 
the larval central nervous system, X-gal staining was detected in the 
midline cells of the ventral ganglion. In the wing discs (Fig. Sc), b
galactosidase protein was detected in four spots near the marginal zone, 
which may account for the wing phenotype in the mutant to some extent. 
We also found that X-gal staining in the third instar antenna disc (Fig. Sa) 
and the putative John-stone body, where the sensory neurons of mechano
sensory systems are localized, in the antenna-region of the adult flies 
(Fig. Sf). The effects of argos mutation on olfactory and mechano
sensory systems have still to be examined. 

Cloning of the argos locus 
DNA sequences flanking the P-element insertion site in the argos51Y1 

and argos51Y2 lines were recovered by the plasmid rescue technique and 
subsequent screenings of the Drosophila genomic library (Fig. 8). The 
genomic DNA fragment surrounding the P-element insertion site in 
argos51Y2 was used as a probe to screen embryonic eDNA libraries (See 
Methods). We isolated and characterized two eDNA clones (Stb b3-3 and 
cStb-1) belonging to a transcription unit close to the P-element insertion 
site. These cDNAs were found to hybridize to genomic DNA spanning 
the insertion site in argos51Y2 line, indicating that the P-element was 
inserted within the transcription unit (Fig. 8a,b) . To determine the site of 
insertion relative to the open reading frame (ORF), I sequenced the 
genomic region surrounding the P-insertion site. 

I determined the complete nucleotide sequence of the 2.0 kb eDNA 
and found a long ORF of 1332 nucleotides capable of translating to a 444 
amino acid residue protein with a molecular weight of 50 kd (Fig. 8b). 
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The sequence had no significant homology to any known genes except the 
argos gene recently reported (Freeman et al., 1992; Kretzschmar et al., 
1992). Thus, it has been shown that these three genes encode identical 
protein . This protein has a possible NH2-Jinked glycosylation site at 

residue 333. The hydrophobicity profile (Fig. 8c) of the protein sequence 
showed the presence of only one long stretch of hydrophobic amino acids 
extending from amino acid 1 to 23 , which could represent signal peptides. 
Therefore, it is likely that argos encodes a secreted protein. I next 
examined the argos mRNA profile by Northern blot analysis. A sample 
of 4mg of poly(A)+ RNA prepared from 8-22-hour embryos and was 
fractionated on gel, transferred to a nylon filter [Hybond-N+ (Amersham, 
Buckinghamshire, England)] and probed with the 0.7 kb EcoRI fragment 
from the argos (stb b3-3) eDNA clone. One major RNA species of 2.8kb 
was detected (data not shown). 

Potential roles of argos gene products in the nervous 
system 

In the present study, I found that the numbers of sensilla in the 
antenna-maxillary complex, neural cells within each ommatidium in the 
developing eye discs , and mechanosensory bristles on the adult compound 
eyes were increased in mutants in which argos had lost its function (Figs. 
2, 4, 6). One interpretation of this phenotype is that a factor required to 
suppress the recruitment of additional neuronal cells is reduced in argos 
mutants. The nucleotide sequence data indicated that the argos gene 
encodes a secreted protein (Freeman et al., 1992; Kretzschmar et al. , 
1992; Okano et al., 1992). This protein could function as a diffusible 
inhibitory factor that prevents neighboring cells from adopting the 
neuronal developmental pathway. In fact, the mosaic analyses (Freeman 
et al. , 1992; Kretzschmar et al., 1992) and the later study with a cell 
culture system (Freeman, 1994) revealed that the argos protein is secreted 
by cells and acts in a nonautonomous fashion. The scabrous gene also 
encodes a putatively secreted protein, that is partly related to the B andy 
chains of fibrinogen (Baker et al. , 1990; M1odzik et al. , 1990). It is 
proposed that the scabrous (sea) gene product functions as a lateral 
inhibitor of R8 differentiation through interaction with the Notch gene 
product and Drosophila EGF-receptor homologue. Interestingly, as it 
was suggested that the argos gene product has an EGF-like motif 
(Freeman et al., 1992; Kretzschmar et al., 1992), the interaction of the 
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argos gene product with its putative receptor to exert the inhibitory 
function might be mediated through the EGF motifs. 

In addition to acting as a lateral inhibitor involved in cell fate 

decisions, the argos gene product has additional functions. We found that 

the arrangement of photoreceptor cells within the ommatidia were 

abnormal in argos mutants (Fig. 6k). Therefore, the argos gene product 

may be necessary for the normal spacing of photoreceptor cells within the 

ommatidia. The mechanism of this action is still to be determined. The 

argos gene product is also likely to be required in guidance of 

photoreceptor cell axons and optic lobe development judging from the 

mutant phenotype (Fig. 5). Two possible explanations for the impaired 

optic lobe development in the argos mutants may be considered. First, 

mutations of the argos may primarily affect the projection patterns of 

photoreceptor axons, which finally result in impaired laminar formation 

of the optic lobe (the innervation hypothesis). Photoreceptor cell 

innervation on lamina ganglion cells is reported to have an inductive 

effect in lamina development (Meyerowitz and Kankel, 1978). Second, 

during normal development, the argos protein may act directly on 

neuron in the optic lobe as an "inductive" diffusible factor (the autocrine 

ancl/or paracrine hypothesis). It is still to be determined by using a well

established cell marking system of Drosophila such as mosaic analysis and 
gyandromorphs (Lawrence et al., 1986) whether the argos gene activity is 

required in a cell-autonomous fashion for the development of the optic 
lobe. 

In order to clarify the mechanisms of pleiotropic function of the 

argos gene product, T am planning to characterize the molecular nature of 

its putative receptor(s) by a combination of genetic and biochemical 

method. 
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Fig. 1. The argos locus. (A) The cytological mapping of the argos 
locus determined by polytene chromosome in situ hybridization. A 
digoxygenin-dUTP-labeled P-element was used as a hybridization probe 
to determine the chromosomal location. A hybridization signal is 
indicated by the arrow at the 73A 1-2 site of the chromosome 3L; no 
other hybridization site was detected. (B) Genetics of the argos locus. 
The argos51Y2 (I previously called this allele styP2 in Okano et al., 1992) 
mutant was mated to two lethal stocks (l(3)73Aa and l(3)73Ab) and a 
series of lines with deficiencies surrounding the 73A locus (Df(3L)st-fl 3, 
Df(3L)st-j7, Df(3L)st-kl0, Df(3L)st4 and Df(3L)TRDS). Relative 
positions of lethal mutations and deficiency breakpoints are indicated. 
Results of complementation tests with argos51Y2 (styP2) are also shown. 
The viability of each heterozygote relative to that of each lethal or 
deficiency stock balanced with TM3 is indicated as a percentage. The 
presence ( +) or absence (-) of complementation is shown for each line. 
Some deficiencies (Df(3L)st-fl3, Df(3L)st-j7, Df(3L)st-kl0 or 
Dj(3L)st4) failed to complement the argos51Y2 mutation. All the viable 
heterozygotes from these lines showed rough eye phenotypes. From these 
data, the cytological position of the argos gene was assigned to 73Al-4. 
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Fig. 2. Spatial expression of B-galactosidase in the argos heterozygous 
embryos. The B-galactosidase protein immunolocalized in argosstyZ 
heterozygote embryos at stage 14 is shown. (A). A surface view. Strong 
B-galactosidase expression was detected in the putative antenna-maxillary 
complex precursor (arrows) and in the segmental boundary in the 
abdomen. (B). A sagittal section. B-galactosidase expression in the 
ventral ectoderm was detected. Bar 50J.Lm 
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Fig. 3. Mutant phenotype in embryos. (A,C,E) Cuticle patterns of 
wild-type (A) and argos2e ifDJ(3L)st4 (C, E) embryos. Various degrees 
of abnormal head involution were ob erved in the mutant embryos . (B, 
D, F) Nomarski views of the anntenno-maxillary complexes of wild type 
(B) and argos2eifDJ(3L)st4 (D,F) embryos are shown. The antenna] sense 
organ (aso), dorso-lateral and dorsomedial papilla (dop, dmp) are 
indicated. Note the increased number of maxillary sense organs in (D) 
and aso in (F). Bar is 50!lm in (A,C,E) and S11m in (B ,D,F). 
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Fig. 4. Mutant phenotype in a larval eye imaginal disc. 
Immunohistochemical staining with the 22Cl0 monoclonal antibody in 
eye discs from third instar larvae of the wild-type (A,C,F), argos51Y1 

(B,D,G) and argos51Y2 (E,H) homozygotes at lower (A,B), middle (C,D,E) 
and higher (F,G,H) magnification . The eye discs are oriented with the 
posterior to the right (A,B) and on the bottom (C-H). In the argos eye 
disc, presence of extra neural cells were observed in ommatidia 
preclusters (D,E,G,H). Note the presence of ectopic ommatidia! 
preclusters composed of a few neuronal cells (arrowheads; D,E,G,H) 
The spacing of the ommatidia was also impaired in argos 51Y1 (D,G). Note 
that the half moon shaped 22CIO staining pattern obseved in the wild-type 
optic lobe (A) was altered in argos51Y1 (B). Bar: lOOmm in (A,B), 30mm 
in (C,D,E) and J 5mm in (F,G,H). 
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Fig. 5. Expression pattern of argos-LacZ reporter. The argos gene 

expression was monitored by localizing B-galactosidase protein in 
argosstyi heterozygotes. (A,B,C) B-galactosidase expression in eye discs 

from third instar larvae of (A,B) and homozygotes (C) at lower (A) and 

higher magnifications. The eye discs were oriented with the posterior on 

the bottom. Note the number of B-galactosidase positive cells were 
increased in argossty i homozygotes. (D) adult eye. B-galactosidase 

expression was detected in the lamina (Ia) and retina. (E) Horizontal 

section of the antennae region in the adult head. B-galactosidase 

expression was detected in Johnston's organ U). (F) Wing disc from third 

instar larvae. (G) Optic lobe and ventral nerve cord from the third instar 
larva. The localization of B-galactosidase protein was determined 

immunohistochemically (A ,B,C,F) or by X-gal staining (D,E,G). 
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Fig. 6. Histological phenotype in the adult. (A) Scanning electron 
micrograph of a wild-type compound eye. (B,C) Scanning electron 
micrographs of a argos compound eye. A low magnification view of 
argos2e lfDf(3L)st4 eye (B). A high magnification view of argos' 1Y2 eye 
(C). Note the duplication of the mechanosensory bristles. (D) Wing 
phenotype of a argos' 1Y1e20 fly. The arrow indicates an ectopic vein. 
(E,F) Scanning electron micrographs of mouth parts from wild-type (E) 
and argos2e lfDj(3L)st4 (F) flies. The maxillally palp, normally located 
on the rostrum (E, arrow) was missing, or mislocated to prefrons in the 
argos mutant (F). (G) Ventral abdomen from a argos51Y1e20 fly. Note the 
extra rudimentary bristles on the sternite and at an ectopic position 
(arrow). (H,I) Immunohistochemical localization of a neuronal antigen 
(22Cl0) in wild-type (H) and argos' 1Y2 (I) flies. The regular laminar 
structure of neurons in the optic lobe of wild type flies is observed by 
22Cl0 staining (H). Note the disrupted laminar structure of the optic lobe 
in argos' 1Y2 homozygotes (1). 
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Fig. 7. Transmission electron micrograph of a argos compound eye. 
Low (A) and high (B) power electron micrographs of a tangential section 
through the dorsal hemisphere of a argos51Y2 eye at the R7 level. The 
upper side of the figure is dorsal , and the right is frontal. (A) Two 
ommatidia (arrows) containing seven rhabdomeres form asymmetric 
trapezoids in which Rl-3 are arranged in a vertical direction. In the 
indicated ommatidium (double arrow), the trapezoid pattern was rotated 
90 degrees. In another ommatidium (open arrow), the trapezoid pattern 
is rotated and mirror-imaged. Three ommatidia (arrowheads) had one 
extra rhabdomere and three ommatidia (curved arrows) have two extra 
rhabdomeres. (B) High magnification of an ommatidium with eight outer 
photoreceptor cells and a split or fused R7 cell. 
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Fig. 8 Sequence of the argos eDNA clone, cSty-2, together with the 

deduced amino ac id sequence. The putati ve signal sequence (1-23 a.a.) is 

underlined. There is a poss ible NH2- Iinked glycosy lati on site at res idues 

333 aa. The epiderm al growth factor (EGF)- Iikc moti f is indicated by a 

broken underline. The P-elemcnt inserti on sites in the argos gene were 

determined by sequencing the rescued pl asmids using sequences at the 5' 

(a rgos"Y 1) or 3' (a rgos"Y2 ) ends of the P-elements as primers. The 

pos ition of the P[lacW+] clement in the argos"Y2 line is indicated by the 

arrow. 
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Fig. 9. M olecular analys is of the argos locus. (a) Genomic 

organi zati on at the 0/"f!.OS locus. A restri cti on map of -20 kb of cloned 

DNA is shown. Two genomic phage clones (A.G I I and A. I l 73D) that 

encopass the argos locus. Restricti on sites are shown for Bam HI (B) , 

EcoRI (E), Hindi II (H ), Kpni (K) and Sac ! (S). The positions of the P

element insertions are indicated by the verti ca l lines. The two alleles 

argos"Y 1 and argos"Y2 were previously ca lled as sty PI and styP2, 

respecti ve ly (Okano et al. , 1992). The P-e lement are represented by 

tri angles and the arrows indicate the orientati ons of the P-e lements (5'-

3'). The longest eDNA clone, cSty-2 (2.0 kb), is indicated by the boxes. 

The open reading frame is shown by the filled boxes. The orientati on of 

the transcripti on is indicated by the hori zontal arrow above the res triction 

map. (b) Hydrophili city plot of the argos cod ing region. The plot was 

computed according to Kyte and Doolittle ( 19); the window size is 17. 
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Table I. Mobilization of P-element inserted on the argos locus 

argos'1Y1 argos'1Y2 

no. of lines 24 27 
lethal lines 4 5 
rough eye (semilethal) 2 8 
wild-type revertant 18 14 



Chapter 2 
Ectopic overexpression of argos inhibits cell differentiation 

during Drosophila eye and wing vein development 

Abstract 
The Drosophila argos gene, which encodes a secreted protein with an 

EGF motif, is involved in several developmental processes regulating 
cell-cell interactions such as eye morphogenesis. Loss-of-function 
mutations in the argos gene causes the increase of the number of 
photoreceptor cells and cone cells, impaired retinal projections to the 
optic lobe, and the formation of extra veins. I show here that ubiquitously 
expressed argos product restored all these loss-of-function phenotypes. 
Overexpression of argos in the wild-type background resulted in the 
reduced number of photoreceptor cells, cone cells and pigment cells, 
which are opposite phenotypes to those of the loss-of-function mutants. 
The argos gene is expressed in developing wing veins. Ubiquitous argos 
expression caused loss of veins in a dosage-dependent manner. This 
phenotype was enhanced by the loss-of-function rhomboid mutation, 
implying the possibility that argos and rhomboid play key roles in a 
common pathway for the normal wing vein formation. I propose that the 
argos acts as an inhibitory signal for cellular differentiation in the 
developing eye and wing. 

2-1. Introduction 
Communication among cells is important for the generation of 

different cell types during development of multicellular organisms. Many 
problems remain unsolved about the molecular mechanism by which 
signals from neighboring cells regulate cell fates. Drosophila eye 
development is an excellent model for studying the molecular mechanisms 
underlying cell-cell interactions. The structure of the compound eye of 
Drosophila is stereotypically organized, providing a convenient system 
for studying the mechanism of cell assembly (Ready, 1989). The 
compound eye is composed of about 800 ommatidia, each containing eight 
photoreceptor cells (R 1-8), cone cells and pigment cells. Determination of 
cell fates in the Drosophila retina is known to be a consequence of cell
cell interactions rather than cell lineage (Lawrence and Green, 1979; 
Ready et al., 1976). Neuronal differentiation in the compound eyes starts 
during the third instar larval stage in a specialized retinal epithelium, the 
eye imaginal disc. The morphogenetic furrow, a dorso-ventral 
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indentation, sweeps from the posterior part of the disc anteriorly . In the 
posterior part of the furrow, cells begin to differentiate and assemble into 
pre-ommatidia! clusters and express neuron-specific antigens (Tomlinson 
and Ready, 1987). Intensive analyses have been carried out by taking 
advantage of this system and many genes have been identified that are 
involved in regulating the specification of cell fates. An example of well
characterized inductive events mediated by an interaction between 
adjacent cells is the differentiation of the photoreceptor cell R7. The R7 
precursor requires a signal from the adjacent R8 cell for neuronal 
differentiation. This event is mediated by a receptor kinase, sevenless , 
expressed in R7 (Hafen et al. , 1987; Bowtell et al. , 1988; Basler and 
Hafen , J 988; Simon et al., 1989) and the ligand, bride of sevenless, 
expressed in R8 (Hart et al.,l990; Kramer et al. , 1991). 

Communication between cells can also be mediated by inhibitory 
signals from the neighboring cells. scabrous (sea) encodes a diffusible 
protein regulating the cell-cell interactions over a long distance during 
eye development (Miodzik eta!. , 1990; Baker eta!. , 1990). sea encodes a 
secreted protein with homology to fibrinogen whose function is essential 
for regulating the evenly spaced ommatidia. The sea product is a signal 
molecule secreted by R8 that laterally inhibits neighbors from becoming 
R8. The argos gene encodes a new type of diffusible molecule that 
regul ates cell differentiation and gross assembly of ommatidia 
(Kretzschmar et al., 1992; Okano et al , 1992; Freeman et a!., 1992a). 
Loss-of-function argos mutations cause a severe rough-eye phenotype, 
characterized by the production of supernumerary photoreceptor cells, 
cone cells, pigment cells and mechanosensory bristles and irregular 
development of the ommatidja] array (Freeman et al., 1992a; 
Kretzschmar et al. , 1992; Okano et al. , 1992). argos is also required for 
axonal guidance in the optic lobe (Kretzschmar et al., 1992; Okano et al. , 
1992). Clonal analyses indicate that the gene product acts 
nonautonomously to regulate cell fate decisions in the Drosophila eye 
(Freeman et al., 1992a; Kretzschmar et al. , 1992). Sequence analyses of 
argos have shown that it encodes a putative secreted protein with an EGF 
motif (Freeman et al., 1992a; Kretzschmar et al., 1992; Okano et al. , 
1992). The EGF motif has been found in many proteins that interact with 
other proteins localized in the interface of contacting cells (Wharton et 
al., 1985; Davis et al., 1990). Furthermore, Freeman (1994) obtained a 
direct evidence showing that argos is secreted from the cells. These 
findings suggest that argos encodes an lateral inhibitor that regulates the 
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cell fate decisions in ommatidia. "Lateral inhibition" is known as a 

mechanism cells that become neural cell s appear to inhibit their neighbors 
from also adopting a neural fate during the course of neural development 
(Wigglesworth, 1940; Doe and Goodman, 1985). Genes required for eye 

development are sometimes known to function in the development of 

other organs. These include Notch (N), Epidermal growth factor receptor 
homologue (Egfr), and rhomboid (rho), which play essential roles in 
pattern formation of wing veins (Diaz-Benjumera and Garcia-Bellido, 

1990; Rebay et al., 1993; Sturtevant et al., 1993). Previously I have 
shown that argos is expressed in the wing imaginal disc and noted extra 
veins in the mutant (Okano et al., 1992). 

To investigate the role of argos in the eye and wing development, 

ectopic expression of argos under the control of the hsp70 promoter was 
performed in wild-type and loss-of-function argos genetic backgrounds 
(Freeman, 1994; Sawamoto et al., 1994). If argos functions as a lateral 
inhibitor, excess argos protein is then expected to cause a loss of 
differentiated cells, provided the receptor for argos is expressed in these 
cells. The results clearly support the view that argos functions to regulate 
cell fate decisions as a negative signal in the developing eye and wing 
discs. I will also describe the genetic interaction of argos with rho. 

2-2. Materials and Methods 

Fly strains and culture 
Drosophila melanogaster stocks were maintained and crossed on 

standard yeast-cornmeal-agar-glucose medium at 25°C unless otherwise 
noted. The wild-type stock was Canton-Special. All genes and allele 
designations are as described in Lindsley and Zinun (1992). Dr/TMS, Sb 

P[ry+, 62-3] was obtained from the Indiana Stock Center. rhove was from 

the Bowling Green Stock Center. For heat shock experiments, second 
instar larvae were collected in a glass vial with medium and repeatedly 
heat-shocked at 36°C for l hr with an interval of 25°C for 5 hr using a 

temperature-programmable incubator. A single heat pulse was applied 

using a standard water bath at 37°C for 1 hr. 

Plasmid construction and P-element-mediated germline 
transformation 

The 2 kb EcoRI fragment of the argos eDNA including the entire 
coding region (Okano et al., 1992) was inserted into an appropriate site of 
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pCaSpeRhs (Thummel and Pirrotta, 1991 ), pHT4 (Schneuwly et al. , 1987) 

or pKB255 (K. Basler and E. Hafen, unpublished). These vectors 

contained a hsp70 promoter. Since pKB255 also contains the sev enhancer 

element, preferential expression of the transgene in the sev-expressing 

cells is expected. The constructs were injected into embryos at I mg/ml 

and a helper plasmid prc25.7wc at 0.1 mg/ml as described (Karess and 

Rubin , 1984). For rescue experiments of loss-of-function argos 
phenotypes, 1 used argos''Y1e20/TM3 as a host strain. For overexpression 

experiments in the wild-type genetic background, Dr/TMS, Sb P[ry+ , .6.2-

3] embryos were injected without the helper plasmid. Dr was removed 

by free recombination when the insertion occurred onto the Dr third 

chromosome. 

Histology 
Antibody stainings of eye imaginal discs were performed essentially 

as described (Tomlinson and Ready, 1987), except that discs were fixed in 
4% paraformaldehyde in PBS. Monoclonal antibody Mab22CIO was kind 

gift from Dr. Shinobu C. Fujita (Fujita et al., 1982). Cobalt sulfide 

staining of pupal eyes at 50 hr after puparium formation (APF) was 
can·ied out using the method of Wolff and Ready (1991). Acridine orange 

staining was carried out as described by Wolff and Ready ( 1991). X-gal 

staining of wing discs and adult wings were performed as described 
previously (Okano et al, 1992). 

For plastic sections, adult heads were fixed in 2% glutaraldehyde/2% 

paraformaldehyde in 0 .1 M sodium cacodylate buffer (pH 7.2) at 4°C 

overnight. After washing in 0 .1 M sodium cacodylate buffer (pH 7.2) at 
4°C overnight, heads were post-fixed in I% Os04 in the buffer for 1.5 hr 

at 4°C and then dehydrated in a graded ethanol series. After clearing in 

propylene oxide, heads were embedded in Araldite and sectioned with an 

ultramicrotome. One J.lm horizontal sections were stained with Azurll. 

Adu lt wings were dissected out in 1-butanol, cleared in xylene and 

mounted with Permount (Fisher). Photographs were taken with a Zeiss 

Axio-Photo microscope. 

datacomp electron microscopy 
Adult flies were dehydrated in a graded acetone series and dried at 

60°C for 1 hr. Mounted flies were sputter coated with platinum and 

observed with a Hitachi S-1 00 scanning electron microscope. 
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2-3. Results 

Rescue of argos phenotypes with wild-type eDNA 
In order to verify the biological activity of the argos gene product 

expressed from the transgene, the hs-argos construct using pHT4 vector 
was introduced into the argosstyleZO/TM3 mutant, which was called sty"l eZO 

previously (Okano et al., 1992). Three independent transformant lines 
were obtained showing similar rescuing phenotypes. All data presented in 
this paper are from a single strain. 

The argos'1Y1020 mutation is a semilethal allele which was generated by 
imprecise excision of the enhancer trap P-element vector from the 
argos'1Y1 line (Okano et al., 1992). The homozygous argosstyleZO mutant 

flies show a roughened eye appearance (Fig. I B), contrasting with the 
regular array of ommatidia in the wild-type eye (Fig. lA). 
Transformants carrying two copies of hs-argos were repeatedly heat
shocked from the second ins tar to the pupal stage and phenotypes of the 
eclosed flies were examined. Heat pulses delivered at these stages to 
argosstyleZO homozygotes with no transgene had no phenotypic 

consequence in the adult eye. argosstyleZO homozygotes with two copies of 

hs-argos revealed typical mutant phenotypes if they were not heat 
shocked (data not shown). In contrast, heat pulses delivered in the 
argosstyleZO homozygotes with two copies of hs-argos resulted in almost 

normal external morphology (Fig. lC). Interestingly, when heat pulses 
were delivered after the wandering larval stage, only the anterior half of 
the compound eye showed normal morphology (data not shown). 
Tangential sections through the eyes of the argosstylezo homozygous adult 

flies revealed supernumerary photoreceptor cells and abnormal spacing 
pattern of ommatidia (Fig. I E). However, the sections of heat shocked hs
argos ; argosstyleZO flies were morphologically indistinguishable from 

those of the wild-type (Fig. lD,F). 
Fig.2 represents cobalt sulfide staining of pupal retinae at 50 hr APF. 

In the wild-type, four cone cells are surrounded by two primary pigment 
cells (Fig. 2A). In argosstylcZO flies, supernumerary cone cells (average 

number: 7) and primary pigment cells (average number: 4) were 
observed (Fig. 2B). hs-argos/hs-argos; argosstyleZO/argosstyleZO flies 

showed the similar phenotype to argosstyleZO flies without heat shock. 

However, a single heat pulse (for I hr at 38°C) to hs-argoslhs-argos; 
argosstyl eZO/argosstylcZO third instar larva generated a rescued region 
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where most of the ommatidia contained four cone cells (Fig. 2C) unlike 

typical argos51
Y

1020 ommatidia with extra cone cells. In this region, some 

ommatidi a contained even fewer cone cells than wild-type, probably due 

to the over-dosage of argos. The number of extra cone cells gradual ly 

increased as the di stance from the rescued region increased (Fig. 2D). A 

single heat pulse induced an elevation of the amount of the argos product 

in a entire disc. Then ce ll s on ly at a particular developmental stage are 

thought to be capable to respond to the argos product. Since the induced 

argos product would degrade, the gradual change of the cone cells also 

indicate argos may regu late the recruitment of cone cells in a dosage

dependent manner. 

Express ion of hs-argos produced various effects outside the visual 

system. The argos51Y1020 homozygotes have very low viability due to the 

embryonic letha lity. Transformant flies with two copies of hs-argos had 

almost normal viability even without heat-shock. Other phenotypes of the 

argos51Y1c20 mutant fli es, such as abnormal morphogenesis of the maxillary 

palp (data not shown) and wing veins (Fig.5B ,C), were also rescued by 
heat pulses to argos51Y1e20 homozygotes with two copies of hs-argos. 

An excess of argos activity inhibits the differentiation of 
retinular cells 

To test the hypothesis that argos negatively regulates cell 

differentiation in the developing eye disc as a diffusible factor, I 
examined the effect of ectopic overexpression of the argos gene product 

in the wild-type background. I placed a full-length argos eDNA under the 

control of a heat-inducible promoter using two kinds of transformati on 

vectors. The sev en hancer element contained in pKB255 induces gene 

expression in all ommatidia! cells including non-neuronal cells except for 

R8, R2 and R5. By app lying heat pulses to the transformants, especially 

high level of argos expression in these cell s and a lower level in all other 

cells is expected. Ten independent sev-hs-argos transformants carrying 

the pKB255 construct and 9 hs-argos lines carrying pCaSpeRhs construct 

were obtained. Upon heat shock, all these lines showed a range of the 

rough eye phenotypes and wing phenotypes. The gain-of-function 
phenotypes in the eye and wing were enhanced by increasing the copy 

number of inserts or the number of heat pulses. The eyes of sev-hs-argos 
flies were often slightly roughened even without heat shock, probably 

reflecting constitutive expression of the argos eDNA due to the sev 
enhancer (Fig.3A). Administration of heat shock to sev-hs-argos flies 
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resulted in the similar eye and wing phenotypes as heat-shocked hs-argos 
flies described below (data not shown) . One of the hs-argos lines (hs
argos#4) showed a rough eye phenotype when raised at 25°C, and others 
had almost normal eyes (data not shown). The hs-argos#4 fly had hs
argos inserts on both the second and the third chromosomes. Later 
studies revealed that the inserts on the second chromosome were sufficient 

to cause the rough eye phenotype even without heat shock, suggesting 
that hs-argos was inserted close enough to an enhancer element on the 

second chromosomes that constitutively promotes transcription of the 
argos. hs-argos#1 and hs-argos#4 were used for further studies. Raising 
at 30°C throughout larval and pupal stages, almost all flies died at the 
pupal stage. Unless otherwise noted, I applied 1 hr heat pulses at 36°C 
with intervals of 5 hr at 25°C from second instar to the end of the pupal 
stage. Higher temperature pulses or pulses with shorter intervals caused 
reduced viability, which is ascribable to pupal lethality. I examined the 
amount of the argos protein in the hs-argos larva after heat shock. 
lmmuno blot analysis showed that level of argos is dramatically elevated 
within one hour after heat shock and decrease to the normal level five 
hour after heat pulse. 

The hs-argos#4 transformants heat-shocked at the second instar larvae 
and later stages showed severe roughening of the eye surface (Fig.3B). 
They often had eyes reduced in size (Fig.3C), indicating that ommatidia! 
development was suppressed by overexpression of the argos gene. 
Disruption in bristle pattern was also observed and lenses were 
occasionally fused with each other (Fig.3D). 

Fig. 3E represents a tangential section of an eye of a heat shocked hs
argos#l fly, which expressed the moderate gain-of-function phenotype of 
argos. The primary defect found in the hs-argos#l eye is a reduction in 
the number of photoreceptor cells. The ommatidia containing only 4-6 
photoreceptor cells were occasionally observed (Fig.3E arrows). Any cell 
types are affected by ectopic overexpression of argos. Some ommatidia 
lacked outer-photoreceptor cells (R 1-6), some lacked inner-photoreceptor 

cells (R7,R8), and others lost both of them, judging from the size and 
position in ommatidia. This is in contrast to the phenotype of loss-of

function argos mutants, in which most ommatid ia have extra outer
photoreceptor cells (Freeman et al., J 992a; Kretzschmar et al., 1992; 

Okano et al. , 1992). 
The irregular spacing of ommatidia, the fusion of ommatidia due to 

the loss of secondary or tertiary pigment cells and the rotation of 
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trapezoidal pattern of rhabdomeres were also observed in hs-argos#l 
flies. In the eye section of the heat-shocked hs-argos#4, there were many 
ommatidia containing two small inner-rhabdomeres (Fig.3F). Since the 

two rhabdomeres project to a same direction and always smaller than the 
wild type cells in all the cases I observed, these are judged to be split 
rhabdomeres rather than two distinct cells. A similar defect was also 

found in the loss-of-function argos and tramtrack mutants (Okano et. al., 
1992; Xiong and Montell, 1993). Although I have no explanation for the 

defect, the proper dosage of argos may be required for the development 
of the rhabdomere of the central cells. 

The arrangement of cone cells and primary pigment cells of pupal 

retina was examined by cobalt sulfide staining (Fig.3G). Administration 
of a single heat pulse to wandering larvae of hs-argos#4 fly occasionally 
caused a reduction in the number of cone cells (indicated by arrows in 
Fig. 30). The number of primary pigment cells surrounding the cone 
cells were not affected, due to the fact that the differentiation of the 
primary pigment cells occurs at a later stage. 

In the developing eye imaginal disc of hs-argos#4 larvae, I have no 
evidence that the number of 22Cl 0-positive cells is decreased by applying 
heat-shock at the larval stage. The level of cell death appeared not to be 
accelerated in the eye imaginal discs at the wandering larval stage as 
estimated by acridine orange staining (data not shown). 

argos is expressed in developing wing veins 
To analyze argos functions in wing development, I determined 

expression pattern of argos by X-gal staining of argos51Y1/TM6 wing discs. 
argos expression in the wing pouch region of the larval disc begins at the 
late third instar. At this stage, a perpendicularly crossing double array of 
stained cells is observed in the position where the margin of the wing and 
longitudinal wing veins L3 and L4 will be formed (Campuzano and 
Modolell,l992) (Fig.4A). At 30 hr APF, argos is expressed in the wing 
margin and putative L3, 4, and 5 wing veins (Fig.4B). At 72 hr APF, 

argos is strongly expressed in the wing margin and all wing veins; L2-L5, 
the anterior cross vein, and the posterior cross vein can be unequivocally 

identified (Fig.4C). In the adu lt wing, stained cells were located on all 

veins and the wing margin (Fig.4D). 
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Proper dosage of argos is required for the pattern 
formation of wing veins 

In the argos'1
Y

1020 wing, small deltas and extra veins were observed 
(Fig.5B). Administration of heat pulses to hs-argoslhs-argos; 

argosstylc20!argos'1Y1020 flies from the second instar to pupal stages 

perfectly rescued the extra vein phenotype (Fig.5C). Heat pulsing during 
the larval stages only resulted in an incomplete rescue (data not shown). 

The hs-argos#4 flies heat pulsed from the second instar to pupal stages 
have wings in which L2, L4 and L5 veins were strikingly shortened and 
cross veins were absent (Fig.5D). L3 was not affected in most cases. 

argos interacts with rhomboid 

rhomboid (rho), encoding a transmembrane protein, is known to 
mediate the pattern formation of wing veins (Sturtevant et al., 1993). 
Flies homozygous for the loss-of-function allele rhove have wings with 
shortened longitudinal veins. The L2 - L5 veins do not reach the wing 
margin , but the cross veins are normal (Fig.6A). The third chromosomes 
of the hs-argos#4 line were replaced with the chromosomes carrying the 
rhove mutation. Even without heat shock, the wings of hs-argos/hs-argos; 

rhovefrhove flies had stronger phenotypes than rhovefrhove (data not 

shown). When heat pulses were applied to these flies from the second
third instar to pupal stages, most of the L2-L4 veins and the entire L5 
vein were eliminated (Fig.6C). Campaniform sensila on L3 were usually 
remained intact. Such a striking defect was not observed in either hs

argos/hs-argos (Fig. 6B) or rhovcfrhovc. Therefore, argos and rho may 
function in a common pathway during wing vein development. 

2-4. Discussion 

Lateral inhibition is thought to play key roles in regulating the 
spacing pattern and differentiation of the proper number of cells during 

development. In the Drosophila eye, sea and argos have been identified as 
candidates for genes encoding diffusible factors that negatively regulate 
cellular differentiation during ommatidia! assembly (Baker et al., 1990; 

Mlodzik et al., 1990; Freeman et al., 1992a; Kretzschmar et al., 1992; 
Okano et al., 1992). I utilized gain-of-function mutants, in which ectopic 

overexpression of argos could be induced under the control of hsp70 
promoter, and presented evidence that the argos product has inhibitory 
effects on cellular differentiation in eye and wing development (Fig. 7) 



(Sawamoto et al., 1994). Similar results were published by Freeman 
( 1994) and Brunner et al ( 1994) later. 

Rescue of argos mutation by ubiquitous argos+ expression 
I showed that both the rough eye and extra wing vein phenotypes of 

argos mutants were rescued by heat-induced argos protein in the 

transformants with the argos wild-type eDNA. This fact indicates that the 
argos mutant phenotypes are indeed due to the loss-of-function of the 
argos product as expected by the molecular analyses of the argos 
mutation. The lethality of the argos51Y1c20 homozygote was also 

considerably rescued, probably due to the rescue of embryonic 
phenotypes such as abnormal head involution (Freeman et al., 1992a; 
Okano et al., 1992). Since the rescue occurred without heat shock, lower 
dosage of argos seems to be required for the embryonic development than 
for the post-embryonic morphogenesis. Alternatively, it is possible that 
the hsp70 promoter fragment is leakier in the embryo than later. 

In the eye imaginal disc, argos is expressed in photoreceptor cells, 
primary pigment cells and cone cells during the ommatidia( development 
(Freeman et al., l992a). Mystery cells are thought to be recruited as extra 
photoreceptor cells in the eye disc of the argos mutant (Freeman et al., 
1992a). It is also proposed that additional cells including primary pigment 
cells and cone cells are recruited from uncommitted cells that exist in the 
developing eye discs of loss-of-function argos mutants (Freeman et al., 
1992a). Therefore, argos is thought to play a key role in the regulation of 
the recruitment of these cells. The argos eye phenotypes are characterized 
by abnormally spaced ommatidia, improper rotation of ommatidia, and 
existence of supernumerary photoreceptor cells, cone cells and pigment 
cells. All of these defects were completely rescued by ubiquitous argos 
expression. Therefore, the spatiotemporally restricted localization of 
argos is not necessary for normal eye development, suggesting that the 
availability of the potential receptor for the argos is restricted spatially 
and/or temporally. Alternatively, it is also possible that some other 
component(s) of the signal , which might include sea, are spatially 
limiting, thus providing spatial specificity. Therefore, the signal 
transduction through argos can be spatially limited even if both the argos 

and its potential receptor are generally distributed. However, I can not 
completely rule out the possibility that the argos activity is still 
significantly higher in the cells in which argos is expressed, even after the 
heat shock, since argos51Y1c20 is not a complete null allele. 
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Role of argos in ommatidia! development 
To examine argos function in more detail , I overexpressed the hs

argos gene in the wild-type genetic background. The comparative study of 

gain-of-function phenotypes with loss-of-function phenotypes provided 

further evidence that argos functions as a lateral inhibitor. Ectopic 

overexpression of argos decreased photoreceptor cells and cone cells in 

ommatidia. Although I have not identified positively the subtypes of 

photoreceptor cells lost in the hs-argos flies , it is likely that any of the 

photoreceptor cells can be eliminated by argos overexpression , judging 

from the gain-of-function phenotype (see Fig.3E). Furthermore, some of 

the secondary pigment cells, tertiary pigment cells and mechanosensory 

bristles are also lost in hs-argos adult eyes. These are opposite to the loss

of-function phenotypes (Okano et al., 1992), supporting the notion that 

argos functions as a negative signal of cell differentiation of almost all the 
cell types indicated above. It is possible that the receptor molecule for 

argos is expressed in these cells during the development. 
Overexpression of argos also affected the trapezoidal pattern of 

photoreceptor cells in ommatidia and normal spacing of ommatidia. 

Because the loss-of-function argos mutants display practically the same 
phenotypes , it is suggested that the proper dosage of argos is essential for 

achieving normal pattern formation in the eye. I suppose that argos plays 
a role in the cell fate decisions and assembly of all cell types in the 
ommatidium. 

The eye imaginal discs from the hs-argos#4 larva had no discernible 
defect sufficient to explain the adult phenotypes when stained with 
Mab22Cl 0 or acridine orange. Some of the Mab22Cl0 positive cells 
appeared in the hs-argos#4 larval eye discs may not complete 
differentiation as photoreceptor cell and result in cell death in the pupal 
stage. The cell death induced by an insufficient cellular differentiation is 

also true in the glass mutant, where developing photoreceptor cells in the 
eye imaginal discs express the early neuron specific antigen recognized by 

Mab22C I 0, however, they can not express the photoreceptor cell specific 

antigen and die at -60 hr APF (Ready et al., 1986; Moses et al., 1989). 

Roles of argos in wing vein development 
The argos mutation has been shown to cause morphological defects 

not only in the compound eye, but also in other organs such as wings and 

maxillary palps (Okano et al., 1992). However, the function of argos 
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outside the eye was not clear. The argos gene is expressed exc lusively in 

wing vein primordia during wing development, suggesting that argos 

plays an important role in wing vein formation. Forced expression of hs

argos in the argos loss-of-function mutant inhibited the formation of the 

extra veins. The fact that localized expression of argos is not needed for 

the normal pattern formation of wing veins implies that any other 

molecules including the potential receptor for argos or other components 

of the signal are expressed in a localized pattern. Overexpression of hs

argos in the wild-type background resulted in the partial loss of wing 

veins, depending on the dosage of the argos product. These results suggest 
that argos also plays a key role as an inhibitory signal in the 

differentiation of the cells forming wing veins. The rho gene is expressed 

in a localized pattern corresponding to wing vein primordia and 

mutations in this gene impair wing vein development (Sturtevant et al. , 

1993). rhove, a loss-of-function allele of rho, eliminates some veins, as in 

the case of heat-shocked hs-argos flies. Conversely, ubiquitous expression 
of rho leads to the formation of extra veins, the phenotype similar to that 

of loss-of-function alleles of argos (Sturtevant et al., 1993). Moreover, 
ectopic expression of rho causes formation of extra photoreceptor cells 

(Freeman et al. , 1992b), as loss-of-function alleles of argos do. I showed 
that overexpression of argos enhanced the wing vein phenotype of rhove. 

Therefore, it seems that argos and rho have an opposing function in a 

common pathway during both eye and wing vein development. rho is a 
member of the spitz group (Mayer and Nusslein-Volhard 1988) and 

interacts genetically with components of the Egfr signaling pathway 
(Sturtevant et al., 1993). Further experiments are required to clarify the 
relationships between argos and members of the spitz group and the Egfr 

signaling pathway. In addition, genetic screening for modifiers of the 
gain-of-function argos phenotypes should lead to the identification of 

novel genes involved in a signal transduction pathway mediated by argos. 



Fig. 1. Heat induced expression of the hs-argos gene restores defects 
in the visual system of argos51Y1e20. (A-C) Scanning electron micrographs 
of the compound eyes. (A) The wild-type eye shows regular arrays of 
ommatidia. (B) In the argos51Y1"20/argos51Y1e20 eye, the regular arrays of 
ommatidia are disrupted. (C) The normal external morphology was 
restored in the of hs-argos/hs-argos ; argosstyle20/argos51Y1e20 eye by heat

shock induction of argos. (D-F) Tangential sections of adult eyes. 
Photoreceptor cells are recognized by their rhabdomeres seen as dark 
spots. (D) In the wild-type, each ommatidium has eight photoreceptor 
cells, seven of which can be observed in one tangential section. (E) In the 
argosstyl e20!argos51Y1020 eye, ommatidia often contain extra outer

photoreceptor cells (arrows). The orientation of ommatidia is not 
uniform. (F) The hs-argoslhs-argos; argosstyie20/argos51Y1e20 eye shows a 

wild-type ommatidia! pattern. 
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Fig. 2. Heat induced expression of hs-argos restores the number of 
cone cells in the argos mutant. (A-C) Cobalt sulfide staining of pupal eyes 
(at 40-50 hr APF). (A) Wild-type ommatidia have four cone cells (c) 
surrounded by two primary pigment cells (p). (B) argosstyJeZO/argosstyJeZO 

ommatidia have many extra cone cells and pigment cells. (C) The 
posterior edge of a pupal eye of hs-argos /hs-argos; 
argosstyJe20/argosstyJ eZO fly that were heat pulsed at third instar larval 

stage. In the posterior region, most of the ommatidia contain four cone 
cells. In anterior region, most of the ommatidia show the argos 
phenotype and have extra cone cells. Anterior to the left. (D) The mean 
number of extra cone cells in ommatidia! columns of flies at 50 hr APF. 
The transformants were heat-pulsed once (37°C lhr) in the wandering 
larval stage. The analysis for a single eye is shown here. I examined ten 
different flies and obtained similar results. 
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Fig. 3. Phenotypes in the visual system of heat-shocked hs-argos flies. 
(A) A scanning electron micrograph of a compound eye of sev-hs-argos 
raised at 25°C. Note the slightly roughened array of ommatidia. (B-F) 
Scanning electron micrographs of compound eyes of heat-shocked hs
argos#4 flies. When heat pulses are delivered from second instar larval 
stage, the entire region of the eye becomes very rough (B) and sometimes 
smaller than wild-type (C). In addition, fusion of lenses and disturbed 
bristle pattern are observed (D). (E) A tangential section of the 
compound eye of a heat-shocked hs-argos#l fly. Note the ommatidia with 
the decreased number of photoreceptor cells (arrows) and loss of 
pigmented lattices which are composed of secondary pigment cells and 
tertiary pigment cells. (F) A tangential section of the compound eye of a 
heat-shocked hs-argos#4 fly. Note extra small rhabdomeres (arrows). 
Otherwise it is similar to hs-argos#l shown in (E). (G) Cobalt sulfide 
staining of a retina from 50 hr APF pupa of hs-argos#4. Note the 
ommatidia containing only two or three cone cells (arrows). 
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Fig. 4. Expression pattern of argos in the developing wing vein. argos 
expression pattern monitored by X-gal staining of the argos5'Y1 

heterozygotes. (A) In the late third instar larval stage, two 
perpendicularly crossing double arrays of cells are stained. The staining 
is observed along the future wing margin (WM), L3 (3) and L4 (4). (B) 

At 30 hr APF, stained cells are seen in the wing margin and developing 
presumptive longitudinal veins L3, L4 and L5. (C) At 72 hr APF, B
galactosidase expression is detected in the wing margin, all longitudinal 
veins (L2-L5), the anterior cross vein and the posterior cross vein. (D) A 
high power view of an adult wing. B-galactosidase expression is detected 
in the wing margin and in the wing vein. 
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Fig. 5. Wing phenotypes of the argos loss-of-function and gain-of
function mutants. Light microscope photographs of adult wings. (A) 
Wild-type. The marginal vein (Ll), the longitudinal veins (L2-L5), the 
anterior cross vein and the posterior cross vein are shown. (B) A wing of 
a argos51Y 1

•
20!argos51Y1

•
20 fly . L2 and L3 end in prominent deltas. Extra 

vein materials are often seen between L3 and L4, between L4 and L5 
crossing posterior cross vein , and outside the L2 and L5 (arrows). (C) A 
wing of hs-argoslhs-argos; argos51

Y
1
•
20!argos51

Y
1
•
20• hs-argos completely 

suppresses the extra vein phenotype of argos. (D) A wing of hs-argos#4. 
All longitudinal veins are shortened. Cross veins are lost. L3 is relatively 
intact in most cases. 
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Fig. 6. argos genetically interacts with rho in developing wing veins. 
(A) A wing of rhovefrhove. Longitudinal veins are shortened. L4 and LS 
are most affected, but are not drawn back behind the posterior crossvein. 
L2 and cross veins are not affected. (B) A wing of heat shocked hs

argos/hs-argos. L4 and LS are shortened. L3 is not affected. (C) A wing 
of a heat-shocked hs-argos/hs-argos ; rhovejrhove fly. L2-L4 are strikingly 
shortened and LS and the posterior cross vein disappeared completely. 
Neither hs-argos/hs-argos nor rhovejrhove alone cause the severe 
elimination of veins like this. 
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loss-of-function wild type 

Fig. 7. The argos gene product acts as a lateral inhibitor. The gain
of-function and loss-of-function phenotypes of argos indicate that the 
argos protein acts on neighboring, undifferentiated cells by inhibiting 
their cellular differentiation. Such function is reffered as lateral 
inhibition. Upon the loss-of-function mutation, such an inhibitory signal 
is removed. Consequently, the number of photoreceptor cells increases. 
When this inhibitory signal is too strong, the number of photoreceptor 
cells increases. 
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Chapter 3 
The function of argo s in projection of photoreceptor axons 

during optic lobe development in Drosophila 

Abstract 
The Drosophila argos gene encodes a secreted protein with an EGF 

motif, which acts as an inhi bitor of cell recruitment in the developing eye 

and wing. Here, I have analyzed the role of argos during optic lobe 
deve lopment. argos ex press ion was observed in the optic lobes 
throughout the developmental stages. In argos mutants, neuropiles fa iled 
to develop normally during embryoni c and larval stages, and 

photoreceptor axons did not project properl y into the lamina. Ubiquitous 
express ion of argos, under control of the hsp70 promoter, rescued the 
defects in optic lobes. I have found that g li al cell s fa iled to differen ti ate 
in the larval optic lobes of argos mutants. Correspondingly, in the loss
of-function repo mutants, whose gli al cell s also fa il to diffe rentiate, 
photoreceptor axons showed the impaired projection pattern similar to the 
argos phenotype. These results suggest that gli al cells pl ay a role fo r 
guidance of photoreceptor axons. The loss-of- fun ction Star mutation 
(StarXl55) dominantly suppressed the defects in the argos optic lobes, 
suggesti ng that these two genes act in an antagonistic fas hion during optic 
lobe development. 

3-1. Introduction 
The Drosophila visual system, consisting of the compound eyes and 

the optic gangli a, offers an excellent opportunity to study the molecul ar 
and ce llular mechani sms regul ating the various processes of the neural 
development such as pattern form ation, cell differentiation and axon 
guidance. The compound eye is compri sed of approximately 800 repeat 
units called ommatidia. Each ommatidium has e ight photoreceptor cells 

(RI -R8) and several accessory cell s. Photoreceptor axons (R-axons) must 
extend a long distance and make a large number of spec ific choices fo r 

prec ise targeting during the third instar larval period . R-axons project 
through an epitheli al tube, the optic talk, into the deve loping optic lobes 

(Meinertzhagen, 1973). The Rl -R6 axons enter into the developing 
lamina. The R7 and R8 axons penetrate these layers and tern1inate in a 

medull a neuropile. 
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There are several studies carried out to elucidate the mechanism of 

retinal axon guidance (reviewed by Kunes and Steller, 1993; 
Meinertzhagen , I 993). Bolwig's nerve, composed of axons of the larval 

photoreceptor organ, extends into the optic lobe before the innervation of 

R-axons (Meinertzhagen, 1973). R-axons fail to project into the proper 

target cell s in the mutants which have defects in the development of 

Bolwig's nerve (Bo lwig, 1946; Steller et al., 1987). These observations 

suggest a role of Bolwig's nerve as a pioneer in retinal axon guidance. 

However, it ha been shown that R-axons do not need the Bolwig's nerve 

as a pioneer axon for their precise pattern of projection (Kunes and 

Steller, I 991; Kunes et al. , 1993). Given the highly ordered spatia

temporal innervation of R-axons, it was possible that interactions between 

the neighboring R-axons play an important role in retinal axon gu idance 

(Trujio-Cenoz and Melamed, 1973; Ready et al., 1978). However, the R

axons in sine oculis (so) and Ellipse (Elp) mutant project to proper 

dorsoventral positions in spite of the absence of the usual neighboring R

axons (Kunes et al., 1993), indicating that an R-axon can make 

pathfinding independently of other R-axons. Thus, there are likely other 
cues in developing optic lobe which regulate the R-axon projection 

pattern. 

The optic lobes of the adult brain originate from a population of cells 

located in the embryonic brain (Green et al., 1993). These ce lls then 

invagi nate from the ectoderm and attach to the surface of the developing 
brain hemispheres during tages 12 and 13. During the larval stage, the 

optic lobe primordia are organized into two parts, the inner optic anlagen 
and outer optic an lagen (White and Kankel, 1978; Hofbauer and Campos

Ortega, 1990). The outer optic an lage gives rise to the target neuropiles 

for the R-axons, lamina and medulla. The inner optic anlagen generates 

the remaining neuropiles, lobula and lobula plates. Several genes have 

been reported to be expressed in the developing optic lobes and some of 

them are essential for the norn1a l development. These include neura/ized 

(neu) (Boulianne et al. , I 99 1 ), Notch (N) (Markopoulou and Artavanis

Tsakonas, 1989; Green et al., I 993), asense (Gonzalez et al, 1989), 
l( 1 )ogre (Watanabe and Kankel, 1992), 1( 1 )optomoter blind (Pfl ugfe lder 

et al, 1992), argos (Freeman et al., I 992; synonyms: strawberry, Okano 

et al., I 992, and giant lens (gil), Kretzschmar et al., I 992), anachronism 

(ana) (Ebens et a l. , 1993), Star (S) (Heberlein et al., 1993; Kolodkin et 

al., 1994) and sine oculis (so) (Cheyette et al., 1994; Serikaku et al., 

1994). 
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argos, which encodes a putative secreted prote in with an EGF motif, 

is one of the locus regulating optic lobe development (Kretzschmar et al., 

1992; Okano et al., 1992; Brunner et al., 1994). One of the functions of 

argos is to negatively regulate cell differentiation during the development 

of eye (Freeman et al. , 1992; Kretzschmar et al., 1992; Okano et al., 

1992; Brunner et al., 1994; Freeman, 1994; Sawamoto et al. , 1994) and 

wing vein (Okano et al., 1992; Sawamoto et al., 1994). argos was also 

suggested to regulate R-axon guidance and optic lobe development. 

Previous studies have shown that the argos mutations result in the 

impaired projection of R-axons in third instar larvae and the 

disorganization of optic lobe neuropiles in adult brains (Kretzschmar et 

al., 1992; Okano et al., 1992). argos was shown to be expressed in the 

optic lobes as well as in photoreceptor cel ls, and argos loss-of-function 

mutations cause an aberrant projection pattern of R-axons (Kretzschmar 

et al., 1992; Okano et al., 1992; Brunner et al., 1994). Recent mosaic 

analysis has shown that argos expression is not required in photoreceptor 
cells for proper axon guidance (Brunner et al., 1994). This result 

suggests argos may be required in the developing optic lobes for guidance 
of R-axons. 

In the present study, I describe the expression and the mutant 

phenotype of argos in the developing optic lobes during the embryonic 

and larval stages (Sawamoto et al., 1996). I analyzed the role of glia in 

R-axon guidance using mutants of repo, which encodes a glial specific 
homeodomain protein required for g li al differentiation (Campbell et al., 

1994; Xiong et al., 1994; Halter et al., 1995). These results of argos and 

repo suggest that the glia l cells in lamina are required for proper R-axon 

gu idance. I will also describe the genetic interaction of argos with Sin 

optic lobes. 

3-2. Materials and Methods 

Fly strains and culture 
Canton-S or whitei JJ S were used as the wild-type strains. Flies were 

grown on standard cornmeal medium at 25°C unless otherwise specified. 

argos51Y1, argos257, hs-argos#4, repol and repo2 were previously described 

(Okano et al., 1992; Sawamoto et al., 1994; Xiong et al. , 1994). SXI55 was 

obtained from G.M. Rubin . SI was obtained from U. Banerjee. 3-109 
was a g ift of C.S. Goodman. argos257 is a null-type allele generated by 
imprecise excision of the ?-element from the original argos51Y2 stock. For 
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heat shock experiment, first instar larvae collected in a glass vial with 
medium were repeatedly heat-shocked at 36°C for 1 hour with an interval 

of 25°C for 5 hours by the appropriate stages for examinations using a 
temperature-programmable incubator. 

In situ hybridization 
Whole mount in situ hybridization was done by use of RNA 

digoxigenin-labeled probes as described by Tautz and Pfeifle (1989). The 
RNA probe was prepared from the longest argos eDNA clone, cSty-2 
(Okano et al. , 1992). Strand-specific RNA digoxygenin probe was 

generated by in vitro transcription using a standard procedure for a 
digoxygenin RNA-labeling (Boehringer Mannheim). 

Immunohistochemistry 
mAb24B I 0 was a kind gift of S.C.Fujita (Fujita et al., 1982). rk2-5 ' 

was obtained from A. Tomlimson (Campbell et. al. , 1994). Anti crumbs 
(crb) antibody was gifted by E. Knust (Tepass et al., 1990). 

Embryos were collected, dechorionated, and fixed for 1 0 min in a 
mixture of 3.7% formaldehyde in PEMS (O.IM PIPES, 2mM MgS04 , 

1 mM EGTA, pH7.0) with heptane. Subsequently, they were 
devitellinized in methanol. After several washes in PBS containing 0.1 % 
Triton X-100 and 0.2% BSA (PBT), embryos were incubated for 30 
minutes in PBS containing 5% goat serum and 0.1 % Triton X-100 
(PBT +N). Embryos were then incubated with anti-crb antibody 
overnight at 4°C. After several washes in PBT, embryos were incubated 

at room temperature for 2 hours in a HRP conjugated goat anti-mouse 
IgG (Jackson Tmmunoresearch) used at 1:500 dilution in PBT+N. 

Preparations were washed several times in PBT, then incubated in 0.2 
mg/ml diaminobenzidine (Sigma) solution and 0.0003% H20 2 in PBT. 

The reaction was stopped after 15-20 minutes by diluting the substrate 
with PBT. 

Antibody staining of larval brains were essentially performed as 
described previously (Tomlinson and Ready, 1987), except that brains 

were fixed in 4% paraformaldehyde (PFA) in PBS instead of PLP. 

X-gal Staining 
X-gal staining was carried out as described by Okano et al.(l992). 

For double staining with antibodies and X-gal, brains were fixed with 2% 
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paraformaldehyde at 4°C for I 0 minutes, stained according to the method 

of Okano et al. ( 1992) and then incubated with antibodies. 

Adult head sections 
Adult fly heads were dissected out and fixed in Camoy's fixative for 

30 minutes, washed in PBS, dehydrated in an ethanol series, and 

embedded in paraffin . Horizontal sections of 8 J.lm were stained with 

hematoxylin and eosin. Silver staining of the sections were carried out as 

previously described (Meyerowitz and Kankel , 1978). 

BrdU labeling of larval brains in vitro 
Larval nervous systems with imaginal discs were dissected out in cold 

PBS and cultured in Drosophila Ringer solution containing 500 11M BrdU 

(Sigma) for I hour at 25°C. Brains were fixed in 4% PFA in PBS for I 
hour at 25°C, washed in PBS, treated with 2N-HC1 in PBT, washed in 

PBT, and then incubated in anti-BrdU antibody (Becton Dickinson) at I : 
I 000 dilution. The primary antibody was detected using a ABC kit 
(Vector Lab. ). 

3-3. Results 

argos is expressed in the developing optic lobes 
To investigate the role of argos in optic lobe development before 

retinal innervation, I characterized the expression pattern of argos in 

embryos and larvae. Adult optic lobes originate from the optic lobe 
primordia in the developing brain of embryo. Therefore, I examined the 
expression of argos transcripts in embryos by in situ hybridization. argos 
mRNA was detected in several cells of presumptive optic lobe primordia 

in the brain hemisphere of stage 12 embryos (data not shown). The 

argos-expressing cells increased in number as the embryos developed 

(Fig. I). A similar expression pattern was observed by anti 13-
galactosidase antibody staining of embryos heterozygous for the argos51Y1 

or argos''Y2 P[LacZ] enhancer trap element (data not shown). 

In the early first-instar larva, the argos-LacZ reporter was expressed 

in a small number of cells in the optic lobe of argos51Y1 heterozygote (Fig. 

2A). The LacZ expression continued in the developing optic lobes 

through the first and second instar of larval development (Fig. 2B). 
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In the early third-instar larva, the LacZ began to be expressed at the 
area of lamina where the axons of photoreceptor cells innervate (Fig. 
2C). The argos-LacZ expressing cells, consisting of both neurons and 
glia (Brunner et. al., 1994), were strikingly decreased in number in the 
lamina of late-third-instar larvae homozygous for argos51Y2 (Fig.2E). 
These argos-positive cells were observed only in the area innervated by 
R-axons stained with mAb24B I 0 (Fig. 2E). 

argos is essential for the development of optic lobes before 
the innervation of R-axons 

To examine the effects of the loss of argos function on the 
development of optic lobes, the target region of retinal axons, developing 
optic lobes of the argos embryo and larva, were compared to the wild
type using several cell-type specific markers expressed in the optic lobes. 
The optic lobe primordia invaginates during stages 12 and 13 from the 
head ectoderm of the embryo. The invagination forms a flattened vesicle, 
that are attached to the ventrolateral surface of the brain (Green et al., 
1993; Cheyette et al. , 1994). The lining of its lumen can be visualized 
with anti-crb antibody (Tepass et al., 1990). The anti-crb antibody 
stained circles located at the ventrolateral surface of the wild-type stage 
16 brain (Fig. 3A, C). Various defects were observed in optic lobe 
primordia of argos homozygous embryos. In argos257 embryos, the optic 
lobe primordia often failed to form the complete circles and/or were mis
located at the dorsal surface of the brains (Fig. 3B,D), suggesting that 
argos is required for the early developmental processes of optic lobes. 

To explore defects in the optic anlagen in argos larvae, I stained 
whole mounts with the anti-Fasii antibody. Fasii was expressed in a 
subset of cells in the outer optic anlagen in an arc-shape during the second 
instar (Kaphingst and Kunes, 1994; Fig. 4A). In argos, the morphology 
of outer optic anlagen was disorganized (Fig. 4B). The argos brain
hemispheres were sometimes larger than that of the wild-type (Fig. 4G) 
and fused together (Fig. 4C), suggesting that argos regulates the brain 
morphogenesis. The pair of optic lobes was also fused at the dorsal 
surface of the brains in individuals with severe defects in the brain 
morphogenesis (Fig. 4C). To determine whether cell proliferation is 
affected in the argos larval brain , I analyzed the pattern of BrdU 
incorporation. Fig. 4D shows the pattern of BrdU incorporation for a 
wild-type third instar larva. There are three domains of mitotic active 
cells: outer proliferation center (OPC), inner proliferation center (IPC) 
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and lamina precursor cells (LPCs). It has been shown that OPC produces 

the neurons of medulla, whereas neurons of lobla complex and inner 

medulla derives from IPC (White and Kankel , 1978; Hofbauer and 

Campos-Ortega, 1990) . LPCs, which generate the neurons of lamina, 

show a narrow stripe between OPC and IPC (Selleck and Ste ller, 1991 ). 

In argos third in tar larvae, the mitotic LPCs remarkably decreased in 

number, while the pattern of mitosis in the OPC appears normal. 

Interesti ngly, proliferating ce lls in the IPC also decreased in number in 

the argos mutant. Thu , argos is like ly to be essential for the 

development of target neuropiles of retinal axons during embryon ic and 

larval stages. 

Transformation rescue of the aberrant axon projection 
To demonstrate that the loss of argos function is respon sible for the 

aberrant projection of R-axons and the disorganized adu lt optic lobes, I 

introduced the hs-argos transgene (Sawamoto et al. , 1994) into the 
argos5'Y2 mutant fly (Okano et al., 1992). The projection pattern of R

axons were labeled with mAb24B I 0 which recognizes the photoreceptor 

ce ll specific antigen , Chaoptin (Fujita et al. , 1982; Zipursky et al. , 1984). 

The projection pattern in the wild-type brain at the third instar is shown 
in Fig. SA. The R-axons extend through the optic stalk and grow into the 

brain, and spread in a ha lf-moon shaped fashion, outlining the area of the 

developing lam ina (Meinertzhagen, 1973; Trujillo-Cenoz and Melamed, 
1973). Although the axons of the flies homozygous for argos5'Y2 reached 

the surface of the brain , they failed to spread in a half-moon shape (Fig. 

5B). However, adm ini stration of heat-pul ses to hs-argos; argos5'Y2 

through the larval stages restored the projection pattern of R-axons (Fig. 

5C). Such a rescue of the mutant phenotype was not observed by the 

applicati on of heat pulses only during the embryonic, first instar or late

third instar larval stage (data not shown). This uggest that argos is 

required to be expressed at multiple stages for normal development. 

A section of a wild-type adult head is shown in Fig. 5E. The optic 

lobe contains four neuropil es with a columnar structure: lamina, medull a, 

lobu la and lobula plate (Strausfeld , 1976; Fischbach and Dittrich, 1989; 

Fig. 5E). argos5'Y
2 flies show an impaired optic lobe structure (Okano et 

al. , 1992; Fig. 5F) similar to other argos alleles previously described 

(Kretzschmar et al. , 1992; Brunner et al., 1994). The hs-argos; argos5'Y2 

flies which received heat-pul ses during the larval and pupal stages showed 

optic lobes with normal structure (Fig. 5G). These results indicated that 
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the optic lobe phenotype described above is a result of the loss of argos 
function. 

Ubiquitous overexpression of argos 
To test the possibility that argos directly functions as a positional 

signaling molecul e in retinal axon navigation , the innervation pattern of 
R-axons was characterized in the hs-argos; argos+ transgenic flies 

(Sawamoto et al., 1994). If argos has any attrac tive or repulsive activity 
regul ating the interaction between axons and target neurons, ubiquitous 
overexpression of argos wou ld be expected to result in a disturbed 
projecti on pattern of R-axons. However, R-axons of heat-shocked hs
argos#4 larva innervated normall y in a half-moon shape (Fig. 5D), 
implying that the ectopic overexpressed argos did not impair the retinal 
innervation. The adults also showed normally organized neuropiles (Fig. 
5H), which confirms that ectopically expressed argos does not affect the 
development of the optic lobe. Silver staining of the hs-argos#4 adult 
head sections revealed that projection pattern of axons in the optic lobes 
was also normal (data not shown). 

Glial development in the optic lobes 
In the previous studies, argos was shown to be involved in cell 

determinations during eye and wing development (Freeman et al., 1992; 
Kretzschmar et al. , 1992; Okano et al. , 1992; Brunner et al., 1994; 
Freeman, 1994; Sawamoto et al. , 1994). Therefore, argos may be 
required for deve lopment of certain types of cell s which play roles in the 
axon guidance in the optic lobes. Glial cells are good candidates for a 
guidance cue for R-axons, because lamina glia (L-glia) are generated 
before the retinal innervation (Winberg et al., 1992). To investigate the 
role of argos in the development of gli al cells in the lamina, the 

deve loping L-g li a were labeled with a monoclonal antibody rk2-5' , 
recognizing a g lial-specific homeodomain prote in repo (Xiong et al. , 
1994; Campbell et al., 1994; Halter et al., 1995). The expression of the 

repo protein was detected in a group of g lial cells in the optic lobes of 
third instar larva (Fig. 6C). In the argos mutant, the number of L-glial 
cells stained with thi s glial marker decreased and neuropiles in optic lobes 

showed a very irregular morphology (Fig.6D), although the penetrance 
of thi s phenotype was variable. This result indicate that argos is required 
for the optic lobe development and glial differentiation. The pattern of 
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repo-positive glial cells elsewhere in the brain and eye discs was 

indistinguishable from the wild-type (Fig. 6A,B). 

To investigate the possibility that the loss of L-glia in argos is 

responsible for the aberrant R-axon projection, I examined the pattern of 

retinal innervation in repo mutants, where glial cells fail to differentiate 

properly (Xiong et a!., 1994; Campbell eta!., 1994; Halter et a!., 1995). 

In the developing brain of larvae homozygous for repol , a viable allele, 

the projection pattern of R-axons is strikingly disordered in a similar way 

as argos in -20% of mutants examined . The morphology of the lamina 

neuropile, however, appeared normal in repol (Fig. 7B). In addition, 

fascicu lation of R-axons in the optic stalk was disordered in -10% of the 
repol mutants examined (Fig. 7A). Similar defects were observed in the 

repol /repo2 (a lethal allele) larvae (data not shown). 

Interaction of Star and argos in the developing optic lobes 
I have shown that argos interacts with rhomboid (rho) in wing vein 

development (Sawamoto et a!., 1994). I analyzed the role of members of 

the spitz group including rho in the optic lobe development. Star (S), a 

member of the spitz group, encodes a putative transmembrane protein 

based on hydropathy profile which is required for embryogenesis and 
differentiation of photoreceptor cells, R8 , R2 and R5 (Heberlein and 

Rubin, 1991; Heberlein eta!., 1993; Kolodkin eta!. , 1994). Previous 

studies showed that S is expressed in the optic lobe primordia of the 

embryonic brain at stages 12-15 and developing optic lobes at third instar 
(Heberlein eta!., 1993; Kolodkin et a!., 1994), in a similar pattern to that 
of argos at these stages (Figs. 1, 2). 

The projection pattern of R-axons in the larva heterozygous for the 
loss-of-functionS mutations, SXI55 (Heberlein and Rubin, 1991) and Sl 

(Ko lodkin eta!. , 1994), were indistinguishable from the wild-type (data 
not shown). To analyze effect of S loss-of-fu nction mutations on the optic 
lobe phenotype of argos, I crossed SXI55 flies to argos257 flies. In argos257 

homozygous larva, the R-axons failed to innervate the lamina properly 

(Fig. 8A). Their phenotype was similar to but considerably severer than 

the argos51Y2 allele (Fig. 5B). However, nearly normal projection of 

axons was observed in SXI55/Cy0; argos257/argos257 larva (Fig.8B). 

Expression pattern of repo in L-glia and morphology of lamina 

neuropiles also appeared normal in SXI 55/Cy0; argos257!argos257 larva 

(data not shown). Thus , it is likely that S acts in optic lobe development 

in a common pathway with argos. 
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3-4. Discussion 
Projection pattern of R-axons is high ly disorganized in the adu lt 

visual system of argos (Kretzschmar et al. , 1992; Okano et al. , 1992). 
Since argos is ex pressed in both photoreceptor cells and optic lobes, three 

possibilities can be proposed as the mechanism of argos funct ion in retinal 
axon guidance. First, argos secreted from R-axons could serve as a signal 
for optic lobe development and proper targeting of R-axons to lamina 

neurons. However, mosaic analysis recently showed that argos expression 
is not required in photoreceptor cells for proper axon gu idance (Brunner 
et al., 1994). The second possibility is that the argos expressed in optic 
lobe could be an attractive molecule for incoming retinal axons and 
directly regul ate axona l pathfinding like vertebrate netrin-1 which attracts 
comm issure neurons (Serafini et al., 1 994). However, ubiquitous 
express ion of argos did not affect the axonal guidance and optic lobe 
development (Fig. 5). Therefore, argos is not an affinity molecule for R
axons in the lamina or its expression is not sufficient to act as an affinity 
cue. The third possibility is that argos plays a role in the development of 
optic lobes, which is the target region of R-axons and is expected to be 
important for axonal guidance. Here, I focused on the expression pattern 
and mutant phenotype of argos in the developing optic lobes during the 
embryon ic and larval stages to examine the role of argos required for 
retinal innervation (Sawamoto et al., 1996). 

In the embryo, argos transcripts were detected in the cell s forn1ing 
optic lobe primordia at stages 12 and 13, when the optic lobes primordia 
invaginate from the head ectoderm, form the closed vesicles and then 
attach to the ventro-lateral surface of brain hemispheres (Green et al. , 
1 993). I found that the argos mutation caused failure in the 
morphogenesis of optic lobes at this stages (Fig. 3). On the basis of the 
expression pattern and mutant phenotype, it is likely that argos plays a 

role early in the process of optic lobe development. Mutations in the 
neurogenic genes cause similar defects in optic lobe development at the 

embryonic stages (Hartenstein et al. , 1992; Green et al., 1993). Notch is 
strongly ex pressed in the optic lobes during the invagination and is 
necessary for the cells of optic lobe to remain as epithelium (Green et al., 

1993). Although the mechani sm of regulating optic lobe development in 
the embryo by argos remains unclear, it is poss ible that argos is also 
involved in the cell fate decis ions during the invagination. so, which 
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encodes a homeodomain protein, is known to play a role in the process of 

optic lobe invagination at the embryoni c stages. so is expressed in the 

optic lobe invagination and loss of function mutation cause a failure of the 

optic lobe invagination similar to argos (Cheyette et al., 1994; Serikaku et 

al., 1994). Therefore, so may control the expression of genes required 

for the cellular morphogenes is in the optic lobes such as neurogenic genes 

and argos. 

After hatching, neuroblasts in the optic lobes segregate into two 

separate populations, the outer and inner anlagen. The outer optic 

anlagen gives rise to the target neuropils for retinal axons, lamina and 

medulla. The argos LacZ reporter was expressed in the optic anlagen 

throughout the larval development. The argos mutation resulted in 

disorganized morphogenesis of optic lobes at this stage, as shown by the 
anti-Fasii immunostaining. I found that proliferation pattern in the 

brains were disordered in argos. Decrease of LPCs in argos could be due 
to the impaired R-axon projection , because the cell division to produce 

lamina neurons is known to depend on the innervation of R-axons (Selleck 

and Steller, 1991 ; Selleck et al., 1992). On the other hand, defective 

mitosis in the IPC explains the disorganization of lobula complex in the 

argos adults. Thus, argos is required during the larval stages for normal 
optic lobe proliferation and development. 

At larval stages, argos may be essential for the differentiation of cells 
in the optic lobes which are required for the guidance of R-axons. 
Candidates for the cells acting as a guidance cue are glial cells, because 

they are generated before the retinal innervation to be located in the route 

of the subsequent R-axonal projection (Winberg et al., 1992). In several 

systems of both vertebrate and invertebrate, glial cells are present before 

neuronal differentiation and act as a substrate required for axonal 

guidance and neuronal migration (Hutchins and Casagrande, 1988; Jacobs 
and Goodman , 1989). This view is supported by the present result that 

expression of repo in the lamina are impaired in the argos mutant. The 

expression of another glial marker, 3-109, in L-glia is known to depend 

on the R-axon innervation (Winberg et al., 1992). On the other hand, 

medulla glia and subretinal cells express 3-109 independently ofretinal 

innervation (Winberg et al., 1992). Therefore, one possible 

interpretation of these observations is that the altered expression of the 

markers in the argos L-glia could result from the impaired projection of 

R-axons. However, this possibility could not fully explain the following 
observation. The expression of repo and 3-109 were also weakened even 

56 



in the medulla glia and the innervated area of lamina in argos mutants 
(repo, Fig. 6D; 3-109, data not shown). Therefore, glial development 
was likely to be disturbed prior to the retinal innervation in the argos 
mutant. 

Importance of glial function in the retinal axon guidance was also 
indicated by the phenotype of the repo mutant, where glial cells fail to 

differentiate normally (Xiong et al. , 1994; Campbell et al., 1994; Halter 
et al. , 1995). Hypomorphic repo mutations resulted in aberrant 

projections of R-axons, a phenotype similar to argos. This result is 
consistent with the proposal that the misrouting of R-axons in the argos 
mutant is a consequence of failure in the glial development (Fig. 9). 
Strictly, I can not exclude the possibility that impaired development of 

cells other than glial cells are responsible for altered R-axon guidance in 
argos. 

I have described previously that rho, a member of the spitz group, 
interact genetically with argos in the wing development (Sawamoto et al., 
1994). The rho gene did not appear to function in the optic lobes because 
the rho LacZ reporter was not detected there (data not shown). 
Expression of S was observed in the developing optic lobes (Heberlein et 
al., 1993; Ko1odkin et al., 1994) as is argos. Furthermore the genetic 
interaction between argos and S indicates that Splays a role in retinal 
axon guidance andlor optic lobe development. The present observation 
that the loss-of-function S mutation acted as a dominant suppressor of the 
argos optic lobe phenotype suggests that argos and Shave opposing 
functions in a common pathway. It is unlikely that S negatively regulates 
the expression of argos, because the SXI55 mutation could suppress the 

phenotype in the null type allele of argos. It is possible that Sis required 
in the cells receiving the signal by the argos. Sand rho activate the signal 
transduction interacting with components of the Ras signaling cascade 
(Heberlein et al., 1993; Sturtevant et al. , 1993; Kolodkin et al., 1993). 
Our genetic data reveal that argos acts as an inhibitor of the signal 
transduction in the MAP kinase cascade (See Chapter 4). Therefore, 

argos and S may act on the Ras/MAP kinase cascade in an antagonistic 
fashion. Mosaic analysis would further clarify the function of Sin the 

optic lobe development. 
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Fig.l. Expression pattern of argos in the optic lobe primordia in the 
embryo. argos expression was detected by whole-mount in situ 
hybridization. Each photograph shows a lateral view of stages 13 (A, D), 
14 (B, E) and 16 (C, F) . D, E and F correspond to the higher 
magnification of the brain of embryos shown in A, B and C, respectively . 
Optic lobe primordia are marked with arrow heads in A, B and C. 
Anterior is to the left. Bar: S011m in (A,B,C) and 15 11m in (D,E,F). 
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Fig. 2. Expression of argos-LacZ in the larval optic lobes in the 
argos enhancer trap lines. Each photograph shows a lateral view of brain 
in the first instar (A), second instar (B) and early-third instar (C) larva. 
In the panel A, optic anlage is marked with an arrow head. (D, E) Brains 
of the third-instar larvae stained with both mAb24BlO (brown) and X-gal 
(blue) . (D) Wild-type. (E) In argos51Y2 homozygotes, there are small 
number of cells expressing argos (blue) in the area where R-axons 
(brown) innervate. Anterior is to the left. Abbreviations are as follows: 
lOA, inner optic anlage; L, lamina; os, optic stalk. Bar: 50J..Lm in (A-C) 
and l5J..Lm in (D,E). 
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Fig. 3. Impaired optic lobe development in the argos mutant embryo. 
Brains of stage 15 embryos were stained with anti-crb antibody. To 
distinguish homozygotes from heterozygotes, the expression of Ubx-LacZ 

on the TM6 chromosome was examined by anti-B-galactosidase staining. 
C and D correspond to the higher magnification of the brain of embryos 
shown in A and B, respectively. (A, C) Closed vesicle of optic lobe 
primordium is visualized at the ventro-lateral surface of the brain of 
argos257!TM6, P[Ubx-LacZ]. (B, D) Brains of embryo homozygous for 
argos257 stained with anti-crb. The optic lobe primordia fail to fom1 the 
complete circle (marked with arrows). Anterior is to the left. Bar: 
501J.m in (A,B) and lOIJ.m in (C,D). 
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Fig. 4. Impaired optic lobe development in the argos mutant larva. (A-C) Brains 
from the second-instar larva were stained with anti-Fasii antibody. (A) The optic lobe 
stained with anti-Fasll antibody at this stage shows a horseshoe-like shape in the wild-

type (marked with arrow). Bar, lOJ.tm. (B) In the argos"1Y2 larva, the morphology of 

optic lobes is disorganized (marked with arrow). Bar, lOJ.tm. (C) Dorsal view of optic 

lobes of argosstyZ larva with a severe phenotype. Note that the two optic lobes are fused 
at the dorsal surface of the fused brain. (D, E) Patterns of cell division in the brains of 
wild-type and argos third instar larvae. Mitotically active cells are labeled with BrdU and 
detected by immunohistochemistry. (D) In the wild-type, there are three domains of 
BrdU incorporated cells: OPC, fPC and LPCs (marked with arrows). (E) In the argos, 
proliferating cells in the fPC and LPCs decrease in number, while OPC is normal. (F,G) 
Low magnification views of eye-anntenal discs and central nervous systems. 
Photoreceptor cells are stained with mAb24B10. (F) Wild-type. (G) In the argosstyZ 
larva, brain hemisphere expands abnormally (arrow). In panels A, B, D, and E,anterior 
is to the left and dorsal is up. In panel C, F and G, anterior is up. Abbreviations are as 
follows: br, brain; ed, eye disc; ipc, inner proliferation center; ope, outer proliferation 
center; vnc, ventral nerve cord. 
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Fig. 5. Rescue of argos phenotype and ectopic expression with the hs
argos transgene. (A-D) Projection pattern of R-axons from the eye disc 
into the optic lobe labeled with mAb24B 10. The halfmoon-shaped 
projection pattern of R-axons seen in wild-type (A) is disrupted in 
argos51Y2 (B). (C) Projection pattern of axons is restored by applying heat 
pulses to hs-argos; argos51Y2 larva. (D) The projection pattern of R-axons 
is normal in the heat shocked hs-argos#4 larva. (E-H) Horizontal sections 
of adult optic lobes. (E) The wild-type optic lobe consists of a lamina, 
medulla, lobula and lobula plate. Note the columnar organization of 
neuropiles. (F) In the argos51Y2 brain, the regular organization of the 
neuropiles is disrupted. (G) The disorganization of the optic lobes is 
significantly improved in the hs-argos; argos51Y2 fly. (H) A section of 
optic lobe from a heat-shocked hs-argos#4 fly. The organization of 
neuropiles appears to be normal. Anterior is to the left. Abbreviations 
are as follows: bn, Bolwig's nerve; br, brain; ed, eye disc; Ia, lamina; lo, 
lobula; lp, lobula plate; me, medull a; os, optic stalk; re, retina. 
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Fig. 6. Expression of repo in the lamina of the wild-type (A, C) and 
argossty2 mutant (B, D) third instar larvae. (A, B) Surface views of 
brains. Pattern of repo-positive cells stained with rk2-5' antibody 
(Campbell et al. , 1994) in the optic stalk and on the brain surface of argos 
(B) is indistinguishable from the wild-type (A). (C, D) Sagittal optical 
planes at the level of lamina. Lamina are marked with arrows. (C) 
There are large number of glial cells in the wild-type lamina. (D) In the 
argossty2 lamina, glial cells stained with the rk2-5' dramatically decreased 
in number. Note that the morphology of lamina, which is normally 
crescent shaped, appears to be inegular in the argos mutants. Anterior is 
to the left. Abbreviations are as in Fig. 5. 
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Fig. 7. Projection pattern of R-axons in the repo mutant. Brains 
attached to eye imaginal discs were dissected from the repol third instar 
larva and stained with mAb24B10. (A) In the optic stalk, the 
fasciculation of R-axons is disordered. (B) Projection pattern of R-axons 
in the repo lamina is impaired, whereas morphology of the lamina 
neuropile appears normal (arrows). Anterior is to the left. 
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Fig. 8. Star acts as a dominant suppressor of argos in the developing 

optic lobes. R-axons were stained with mAb24B10. (A) R-axons reached 

the brain surface but did not project into the deep layer of optic lobes in 

argos257. (B) In SX155; argos257 brain, R-axons show a normal projection 

pattern. Anterior is to the left. 

65 



wild-type 
argos 
repo 

Fig. 9. Relationship between L-glia and R-axon innervation in the 

wild-type and mutants. In the wild-type, L-glia is generated before the 
R-axon ingrowth. In the lamina of argos and repo mutants, R-axons fail 

to project properly. Failure of glial development in the lamina is 
possibly responsible for the abenant projection pattern of R-axons in 

these mutants. Anterior is to the left. 
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Chapter 4. argos inhibits signal transduction in the MAP 
kinase cascade 

Abstract 
The Drosophila argos gene encodes a secreted protein which acts as an 

inhibitor for cellu lar differentiation in the multiple developmental 

processes. To better understand the role of argos, I have analyzed genetic 
interactions of argos with other genes involved in the Ras/MAPK signal 

transduction. Hypomorphic mutation in Star acted as a dominant 
suppressor of the argos null phenotype. Effect of over expression of 
argos by the hs-argos transgene was enhanced by the loss-of-function Star 

mutations. Gain-of-function mutation in the MAPKK gene (Dsorls" 1
) 

caused a overproduction of photoreceptor R7 and wing veins. DsorJSul 

suppressed the phenotype by the hs-argos expression. Loss-of-function 
argos mutation enhanced the gain-of-funtion phenotype of Dsorl and Sos. 
Gain-of-function mutations of rolled, a MAP kinase gene, suppressed the 
defects caused by the hs-argos. The phenotype caused by the loss-of
function argos mutation was suppressed by halving the dose of Rasl, D

raf or Dsor 1. These results provide evidences that argos negatively 
regulate the signal transduction in the MAPK cascade. 

4-1. Introduction 
Cell-to-cell signalings are important for nom1al cellular proliferation 

and differentiation during development of muticellular organisms. 
Elucidating both inductive and suppressive mechanisms required for 
control of these signals is one of the central goal of developmental 
biologists. Cell specifications in the several developmental processes are 
known to be induced by the signa l transduction activated by a family of 
receptor tyrosine kinases which respond to extracellular signa ls. In 
Drosophila, the receptor tyrosine kinase encoded by torso controls the 
development of terminal structures in the embryo (Klingler et al., 1988; 

Sprenger er al., 1989) and the receptor tyrosine kinase encoded by 
sevenless (sev) is required for the specification of the R7 photoreceptor 

cell fate in the developing eye (Tomlinson and Ready, 1986; Hafen et al., 
1987; Bastler et al., 1988; Bowtell et al. , 1988). Compared to these 
receptor tyrosine kinases involved in the spec ific phenomena, the 

Drosophila homologue of the EGF receptor (DER) is required for 
multiple developmental processes such as eye (Baker and Rubin, 1989, 
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!992; Xu and Rubin, 1993), wing vein (Diaz-Benjumea and Garcia

Bellido, 1990; Diaz-Benjumea and Hafen, 1994) and dorsoventral 
patterning of the follicular cells in the embryo (Schupbach, 1987). 

Genetic screening for dominant modifiers of the sev mutations have 

identified the components in the signal transduction cascade (Simon eta!., 
1991 ). They include Drk (Simon eta!., 1993; Olivier et a!., 1993), an 

SH3-SH2-SH3 adapter protein, Sos (Rogge eta!., 1991 ), a putative 

guanine-nucleotide releasing factor and Rasl (Simonet a!., 1991 ). Drk, 
Sos and Rasl also functions downstream of torso and DER (Simonet a!., 

1992; Doyle and Bishop, 1993). Gap I acts as a negative regulator of 
signaling by receptor tyrosine kinases by down-regulating the activity of 
the Rasl protein (Gaul eta!., 1992). Activated Rasl causes the activation 
of D-raf (Ambrosio eta!., 1989; Dickson eta!., 1992), which result in 

phosphorylation of MAP kinase kinase (MAPKK) encoded by Dsorl 

(Tsuda eta!., 1993) and MAP kinase (MAPK) encoded by rolled (r[) 

(Biggs eta!., 1994; Brunner eta!., 1994). In addition, spitz (spi), 
rhomboid (rho) and Star (S), members of the spitz group gene, interact 
with components of the Ras signaling cascades in the developing eye and 
wing vein (Sturtevant eta!., 1993; Heberlein eta!., 1993; Freeman, 1994; 
Kolodkin eta!., 1994). Thus, a number of components in the cascades 
have been identified, however, the extracellular mechanism to regulate 
negatively the signal transduction for normal development is still 
unknown. 

argos, a secreted protein with an EGF motif, acts as an inhibitor of 
cell recruitment in the developing eye and wing (Freeman eta!., 1992; 
Kretzschmar et a!., 1992; Okano et a!., 1992; Freeman, 1994; Brunner et 
a!., 1994; Sawamoto eta!., 1994; reviewed by Okano, 1995). argos is 

also required for projection of photoreceptor axons during optic lobe 
development (Brunner et a!., 1994; Sawamoto et a!., 1995). Our previous 

study suggested that argos plays an opposite function in the common 
pathway with rho (Sawamoto eta!., 1994) and S (Sawamoto eta!., 1995). 

Recently , it has been suggested that argos inhibits activation of the EGF 
receptor by spitz, a Drosophila TGF-a homologue (Schweitzer et a!., 

1995). In this work, I have analyzed genetic interactions of argos with 

components of the signal transduction cascade in detail. We also describe 
the dominant phenotype of DsorJSul in the eye and wing vein 

development. The present results indicates that argos functions as a 
diffusible antagonist in the MAPK pathway to regulate the signal 

transduction required for cellular differentiation. 
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4-2. Materials and Methods 

Fly stocks 
Canton-Special was used as the wild-type strain. argos95, argos 152, 

argosl62 and argos257 were generated by imprec ise excision of the P[lac
W] element of the enhancer trap line, argos51Y2. hs-argos (Sawamoto et 
al., 1994) and Dsor/SuJ (Tsuda et al., 1993) were previously described. 
SXJSS (Heberlein et al., 1993) was obtained from G.M. Rubin . 5218 was 

from Yasushi Hiromi. rls" 14 and rl5"23 are the gain-of-function alleles 
generated by Lim, Y.-M. et al. (manuscript in preparation). Molecular 
analysis of the genomic DNA from the mutant flies have revealed that 
rls"23 is the same mutation as r[SEM (Brunner et al., 1994). 

Genetics 
Fly culture and crosses were performed according to standard 

procedures. For heat-shock experiment, second instar larva were 
repeatedly heat-shocked at 36°C for I hour with an interval of 25°C for 5 
hour using a temperature-programmable incubator. 

Immunohistochemistry 
anti-Eiav antibody was obtained from Developmental Studies 

Hybridoma Bank. Cy3-conjugated anti mouse IgG antibody was 
purchased from Chemicon. Eye imaginal discs were fixed in 4% 
paraformaldehyde in PBS for 30 min. After rinsing in PBNT (I 0% 
normal goat serum, 0.3% TritonX-1 00 in PBS), discs were incubated in 
anti-Eiav antibody (1:100 dilution in PBNT) at 4°C overnight. After 
rinsing in PBNT, discs were incubated in Cy3-conjugated anti mouse IgG 
( 1:500 dilution in PBNT) for I hr at room temperature. After washing 
in PBS, discs were cleared in 80 % glycerol in PBS and analyzed with a 

Zeiss Axio-Scope microscope. 

Scaning electron microscopy 
Adult flies were dehydrated in a grated acetone series and dried at 

60°C for I hr. Mounted flies were sputter coated with platinum and 

observed with a Hitachi S-1 00 scanning electron microscope. 



Wing preparation 
Adult wings were dissected out in 1-butanol. The wings were cleared 

in Xylene and mounted with Permount (Fisher). Photographs were taken 

with a Zeiss Axio-Scope microscope. 

Plastic sections of adult heads 
Adult heads were fixed in 2% glutaraldehyde/2% paraformaldehyde 

in O.lM phosphate buffer (pH 7.2) at 4°C overnight. After washing in 

0.1 M phosphate buffer (pH 7.2), heads were postfixed in I% Os04 in the 

buffer for 2 hr at 4°C and then dehydrated in a graded ethanol series. 

After clearing in propylene ox ide, heads were embedded in Poly Bed 218 

secti oned with an ultramicrotome. One micrometer sections were stained 
with Toluisine Blue. 

Cuticle preparation 
Preparation and analysis of embryonic cuticle were performed as 

described previously (Tsuda et a l. , 1993). 

Acridine orange staining 
Staining eye discs with acridine orange was performed as described 

(Spreij , I 971 ). Briefly, eye discs from third instar larva were dissected 
out in 1.6X I Q-6M acridine orange (Sigma) in Ringer's and examined 

immediately using fluorescein. 

4-3. Results 

argos interacts with Star 
In order to identify modifiers of argos phenotypes, various mutants 

showing eye or wing phenotype were examined whether they show 

genetic interaction between loss-of-function or gain-of-function of argos. 
For example, there are no obvious interactions between argos and mutants 

of the genes involved in the Notch pathway such as Notch , De lta and 

Serrate (data not shown). 

The hs-argos transgenic flies have a severe rough eye phenotype 

(Sawamoto et al. , 1994; Fig. I B) contrasting with the regular array of 

ommatidia in the wild-type eye (Fig. lA) caused by decrease of the 

photoreceptor cells (Fig. 1 A). This gain-of-function phenotype of argos 
was enhanced by S mutations: weakly by SXI55 (a weak allele, Heberlein et 

al. , 1993), and more strongly by S2 18 (a null a lle le, Kolodkin e t al., 
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1994). The 52 18; hs-argos flies had rough and narrower eyes (Fig. ! C) 
compared to the hs-argos (Fig.! B). Examing tangential sections of the 

5218; hs-argos eyes showed that photoreceptor cells were decreased in 
number in most of the ommatidia. To analyze thi s severe phenotype 

more in detail , 1 stained eye imaginal discs from 5218f+; argos251!argos251 

with anti Elav antibody (staining neuronal nuclei) and acrydine orange 

(staining nuclei of the apoptotic cells). The Elav positive neuronal nuclei 
were decreased in number in the 5218/+; argos251!argos251 discs (Fig. I L), 

indicating that photoreceptor cells could not differentiate normally. The 
level of cell death did not appear to be accelerated in the 5218/+; 

argos251!argos251 eye imaginal di scs at the wandering larval stage as 
estimated by acridine orange staining (data not shown). In addition, the 

effect of ectopic overexpression of argos was suppressed by one copy of 
sE-hs-S transgene (data not shown). 

Flies homozygous for the argos251 mutation (a null-type allele) had 
severely roughened eyes. Fusion of the lenses were often observed at the 
posterior region of the compound eyes (Fig. 1D). Examing tangential 
sections showed that photoreceptor cells increased in number and spacing 
pattern among the ommatidia were remarkably disorganized in argos251 

eyes (Fig. I I). Eyes of the flies heterozygous for the SXI55 mutation (a 

weak loss-of-function allele) show almost normal external morphology 
and internal structure (data not shown). In the SXI55f+; argos251!argos251 

flies, the rough eye phenotype of argos was restored (Fig. 1E). Number 
and organization of photoreceptor cells in the ommatidia also appeared 
normal in the SXI55 f+; argos251!argos251 retina (Fig. 11). 

Similar interactions between argos and S as in the eye were 
observed in the wing development (Fig. I M-0). Adult flies heterozygous 
for SXISS and Slhave normal wings. Heat-shocked hs-argos adults have 

wings where wing veins are partially lost (Sawamoto et al., 1994; Fig. 
IN). This phenotype was enhanced by SXI55 (data not shown) and 5218 

(Fig. I 0). In addition, the effect of ectopic overexpression of argos was 
suppressed by one copy of sE-hs-S transgene (data not shown). Thus, S 
interacts with not only the loss-of-function allele of argos but also its 

gain-of-function allele. These results indicate that argos functions in the 
common pathway with S in an antagonistic fashion . The interaction of 

argos with the spitz group genes such as rho (Sawamoto et al., 1994) and 
S (Sawamoto et al., 1995; this work) suggests that argos funct ions on the 

Ras/MAPK cascade as the spitz group genes do. Therefore, I have 
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analyzed the interaction among argos and the components in the cascade 

including Sos, Rasl , D-raf, Dsorl and rl (see blow). 

Gain-of-function mutation in Dsorl causes formation of 
multiple R7 cells and extra wing veins 

The previous work by Tsuda et al. ( 1993) showed that Dsorl , also 

known as D-mek (Hsu and Perrim on, 1994), is required fo r development 

of tetminal structure in the embryonic development and acts downstream 

of D-raf in the torso pathway . A temperature sensiti ve mutation, D
mekts, causes phenotypes similar to those of loss-of-functi on mutations in 

sev and DER (Hsu and Perrimon, 1994), suggesting that Dsorl/MEK 
functions downstream of sev and DER as well as Torso. To analyze the 

effect of hyperacti vation of MAPKK on the other developmental 
processes, the eyes and wings of DsorJ Sul mutants were examined. The 

ex ternal morphology of the DsorJ 5" 1 eye is ind istinguishable from the 

wild-type (data not shown). Analyses of sections through the compound 
eye of DsorJ Sui adults revealed that supernumerary R7 ce lls were 

developed in about 2% (N=566) ommatidi a (Fig. 2A), while other cell 

types were not affected. T hi s indicates that hyperactivation of MAPKK 
causes an over-induction of R7 cell fate. Furthermore, the DsorJ Sui 
mutation caused R7 induction in the sevE• mutatnt eyes (Fig. 2B), 

suggesting that act ivati on of MAPKK can compensate for a partial loss of 

sev function. Moreover, a ga in-of-functi on mutation of Sos, SosJc2
, 

remarkably enhanced the R7 formation in the sevE4 DsorJ Sui genetic 

background (Fig. 2D). These results indicates that Dsorl act for 
determinati on of the R7 cell fa te in the sev cascade. 

DsorJ Sui also affected wing vein deve lopment. Extra ve ins were 

observed in the 5% (N=I06) of DsorJ Sui wings (Fig. 2E), indicating the 

requirement of MAPKK in wing ve in formation. This phenotype was 
similar to those of mutants in which the DER signaling was 

hyperactivated , e.g ., Ellipse, the gain-of-function DER mutation (Baker 
and Rubin, 1989), loss-of-function Gapl mutations (Gaul et al., 1992) and 

gain-of-function mutations of rl (Brunner et al. , 1994; Lim, Y.-M. et al. , 
paper in preparation). The similarity of the phenotypes impl y Dsorl 
functions downstream of DER as demonstrated by Hsu and Perrimon 

( 1994). 
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argos enhances the R7 formation in DsorJ 5" 1and SosJc2 
mutants 

To exam ine the effect of argos on the DsorJ SuJ eye phenotype, a 

weak argos alle le was crossed to the DsorJSuJ mutant. If argos acts as 

negative regulator in the common cascade, argos is then expected to 
enhance the phenotype caused by DsorJSuJ. Compound eyes of argos 152 

homozygotes showed slightl y rough morphology (data not shown). 
Analyses of section through the argos 152 eyes revealed that about 15 % 

(N=476) of ommatidia contain extra outer (R 1-6) photoreceptor cell s 
(marked with arrows) , while R7 was not affected (Fig. 3A). DsorJ 5"1; 
argos 152 fli es have eyes with a little more severe roughness than that of 
either DsorJSuJ or argos 152 (data not shown). Sections of the eyes showed 
25% (N=286) of ommatidia contained extra R7 like cells (arrow heads) in 

the DsorJ5"1; argos 152 (Fig. 3B). In addition, argos 152 had the enhancing 
effect on the eye phenotype of SosJCZ similar to on Dsor 1 Sui. SosJc2 does 

not cause any visible abnormality on the eye development (Rogge et al. , 
1991 ). However, some of ommatidia contain extra R7 like cells (arrows) 
in the SosJC2 ; argos 152 flies (Fig. 3C). These results suggest argos acts as 
negative regul ator for R7 formation in the common cascade with Sos and 
Dsorl. 

Gain-of-function mutations of Dsorl and rolled suppress 
hs-argos phenotype 

To determine if argos func ti ons through the MAPK cascade, the hs
argos transgenic flies were crossed to gain-of-function alleles of Dsorl 
and rolled. DsorJSuJ is known to suppress the phenotypes of the mutants 
of several genes acting upstream of D-raf The hs-argos phenotype in eye 
and wing were suppressed by DsorJSuJ. Overexpress ion of argos from 

the hs-argos transgene (Sawamoto et al., 1994) causes a severe rough eye 
phenotype (Fig. 4A) due to the reduction of retinular cells (Fig. 4E, 
marked with arrow heads) and a partial loss of wing veins (Fig. 41). The 
hs-argos phenotype was remarkably suppressed by Dsorl s" 1in a dosage 

dependent manner. The rough eye phenotype of hs-argos was almost 
completely suppressed in the males carrying the DsorJ SuJ X chromosome 
(Fig. 4C) , whereas the females carrying one copy of the DsorJ SuJ 
mutations showed a weak rough eye phenotype (Fig. 4B). Number and 
organization of the photoreceptor cells in the Dsorl s" 1/Y ; hs-argos was 

also indistingui shable form the wild-type (Fig. 4F). The wing phenotype 
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of hs-argos was completely suppressed by one copy of the DsorJSul 
mutations (Fig. 4J). 

The phenotype caused by overexpress ion of argos was also suppressed 

by hyperac ti ve MAPK acti vity. rls" 14 and rls"23 are novel gain-of

fun ction mutati ons in the Drosophila MAPK gene, rl (Lim, Y.-M. et al. , 

paper in preparati on). These mutants show similar phenotypes on eye and 

wing deve lopment. Supernumerary R7 cell s and extra wing veins are 
observed in r lSul 4 and rls"23 fli es, although the phenotype of rls"23 is 

more severe than that of rls" 14 (Lim , Y. -M . et al. , paper in preparation). 

Molecular analysis of the genomic DNA revea led that rlsEM (Brunner et 

al. , 1994) is the same mutati on as rls"23 (Lim, Y.-M. et al. , paper in 

preparation). The hs-argos phenotype was suppressed by these gain-of

function mutations of rl . The rls"23 ; hs-argos fli es had eyes with a less 

severe roughness than those of hs-argos or rls"23(Fig. 4D). Formation of 

the extra R7 cell s generated by rls"23 (Fig. 40 ) was suppressed by hs
argos (Fig. 4H), suggesting that overexpressed argos could inhibit the 

MAPK hyperacti vation by rls"23 . The wing phenotype of hs-argos was 

also suppressed by rls"23 (Fig. 4K). rls" 14 had suppressed the hs-argos 
phenotype in a similar as to rls"23 (data not shown). 

Interaction between Dsor1 5" 1 and argos mutants on the 
embryonic phenotype 

Strong argos alleles ex hibit severe ly reduced viabil ity. The lethality 
is likely to be due to the defecti ve head invo lution during embryogenesis 
(Freeman et al. , 1992; Okano et al. , 1992). On the other hand , the 
weaker alleles such as argos l62 and argos95 did not affect the viability of 

larva (Table 1). To examine the effect of DsorJ Sul on the embryonic 

phenotype of argos, a reciprocal crossing between DsorJ Sul and weak 
argos mutants (argos l62 or argos95) was performed (Table 1). DsorJ Sul 
did not affec t the embryonic development (data not shown). When 

DsorJ Su l ; argos females were crossed to DsorJ+ ; argos males, the ratio 

of embryos hatched was dramatically decreased. To investigate the 
embryonic phenotype enhanced by Dsor J Su l, cuticle preparation of the 
embryos was examined. The dead embryos from DsorJ Sul ; argos 
females showed abnormal head involution (data not shown). Thi s is a 

similar phenotype to those of more severe alleles of argos (Freeman et 

al. , 1992; Okano et a l. , 1992). Embryos homozygous for argos from 
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crossing between Dsorf+; argos females and DsorJSul ; argos males 
showed normal development. 

The lethality of the argos257 mutant flies was also rescued by 

decreasing the doses of Star and Ras I. argos257 is a null type allele 
showing severely reduced viability. On the other hand , SXJ55/Cy0; 

argos257!argos257 and RasJ e2F ;argos257!argos257 flies showed viability 
similar to the argos257 heterozygotes (data not shown). 

Decreases in Rasl, D-raf and Dsorl activities suppress the 
argos eye phenotype 

To determine the epistasis between argos and components in the 
MAPK cascade, I crossed null type alleles of Rasl , D-rafand Dsorl to 
argos. If argos functions upstream of Rasl , D-raf and Dsorl , halving the 
dose of these genes is expected to suppress the argos phenotype. The eyes 
of the flies heterozygous for RasJ e2F, D-rafl and Dsor ]GAP I 58 were 

indistinguishable from the wild-type eye (data not shown). In the argos257 

mutant eye, the regular array of ommatidia is disrupted and the posterior 
region shows characteristic blistering (Fig. 6A). However, halving the 
dose of RasJc2F, D-rajl and Dsor ] GAP I 58 resulted in the con iderable 

recover of this phenotype. That is, the fusion of lenses were seldom 
observed on the eyes of Rasf e2F argos257/argos257 (Fig. 6B), D-ra/IFM7 
argos257!argos257 (Fig. 6C) and DsorJGAPI58fFM7 ; argos257!argos257 

(Fig. 6D). To ana lyze the interaction between argos and Rasl , D-raf or 
Dsor 1 more in detail , tangential sections of the compound eyes were 
examined. Formation of the extra outer photoreceptor-cells by the 
argos257 mutation (Fig. 6E) was considerably suppressed by halving the 
dose of RasJ c2F (Fig. 6F), D-rajl (Fig. 6G) and DsorJGAPI58 (Fig. 6H). 

In the argos257 mutant ommatidia, the mean number of the extra outer 
photoreceptor-cells is 1.3 (SD=0.9, N=403) (Fig. 7). On the other hand , 
the mean number of the extra photoreceptor cells decreased to 0.3 in 
Rasfe2F argos257/argos257 (SD=0.5, N=698), 0.3 in D-rajl /FM7 ; 
argos257/argos257 (SD=0.5, N=690) and DsorJGAPI5SfFM7 ; 
argos257!argos257 (SD=0.6, N=965) (Fig. 7). The differences in the mean 

number of the extra outer photoreceptor-cells are statistically significant 
between control and each of others in Fig. 7 (t-test, P<O.OO I). These 
results mean that argos acts as negative regulator for signal transduction 

upstream of Rasl. 
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4-4. Discussion 
Loss-of-function mutations in the argos gene cause an excessed 

cellular recruitment (Freeman et al., 1992; Kretzschmar et al., 1992; 
Okano et al., 1992), whereas ectopic overexpression of argos inhibits 

differentiation (Freeman, 1994; Brunner et al. , 1994; Sawamoto et al. , 
1994). These observations had suggested that argos regulates signal 

transduction for cellular differentiation as an antagonist. As argos is a 
secreted protein (Freeman, I 994) and its function is non-cell autonomous 

(Freeman et al. , 1992; Kretzschmar et al., I 992), argos can be referred as 
a lateral inhibitor. In order to elucidate the signal cascade of argos, 
genetic interaction between argos and mutants affecting eye and wing vein 
development were examined. As argos is a lateral inhibitor with an EGF 

motif, I have analyzed genetic interactions between argos and components 
involved in the Notch signaling pathway, e.g. , Notch and Delta, which 
are also involved in lateral inhibition and contain EGF like repeats (Fehon 
et al., 1990; Heitzler and Simpson, 1991; Rebay et al., 1991). However, I 
have not detected any significant interactions between them. Another 
candidate for the cascade in which argos functions is the MAPK cascade. 
It is known that determination of the photoreceptor cell fates and wing 
vein fom1ation are induced by the signal transductions through the MAPK 
cascade. In this work, I analyzed genetic interactions of argos with 
components of the MAPK cascade and obtained results confirming this 
idea. Therefore, argos is a lateral inhibitor which acts on the MAPK 
cascade rather than the Notch signaling pathway. 

We have described previously that argos interact with rho (Sawamoto 
et al., 1994) and S (Sawamoto et al., 1995). rho and S are members of 
the spitz group and interact with components of the EGF receptor 
signaling pathway (Sturtevant et al., 1993; Kolodkin et al., I 994). The 
present study showed that S suppressed the argos null-type mutation and 
enhanced the phenotype caused by ectopic overexpression of argos. Such 
strong interactions mean that argos and S have opposing functions in a 

common pathway. It is known that rho and S participate in both the 
sevenless and DER pathways (Sturtevant et al., 1993; Kolodkin et al., 
I 994). Schweitzer et al. ( 1995a) demonstrated that rho and S may 

facilitate processing of spitz, which is the TGF-a like ligand for DER. 
Since argos interacts with both rho (Sawamoto et al., 1994) and S 

(Sawamoto et al., I 995; this work), argos is likely to act on the DER 

pathway. 
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In this work, argos was clearly shown to interact with major 
components of the signa l pathway acting downstream of the receptor 

tyrosine kinases such as sev, DER and torso. The argos overexpression 
phenotype was suppressed by increased MAPKK (Dsorl) and MAPK (r[) 
functi on (Fig. 4). On the other hand, the phenotype by gain-of-function 

of Sos and Dsor 1 was enhanced by the loss-of-function of argos (Fig. 3). 

Furthermore, the phenotype caused by loss of argos function was 
up pressed by decreased function of Rasl , D-raf and Dsorl (Fig. 6,7). 

These results strongly support the idea that argos is a negati ve regu lator 
for signal transducti on in the MAPK cascade. 

I showed that argos enhanced the extra R7 fo rmation by DsorJ5" 1 

and SosJc2. In addition, the overexpressed argos suppressed the extra R7 
formation by hyperactivated MAPK. These results suggest argos also 
functions as a negative fac tor fo r the R7 differentiation. However, it is 
still unc lear whether argos functions in the Sev cascade, because R7 cells 
norm ally di ffe renti ate in the argos null mutant eyes . 

Schweitzer et al. (1995b) have clearly revealed that argos inhibits 
ac ti vati on of the EGF receptor by sp i by using a cell cu lture system. 
They also presented the genetic interaction between argos and DER. The 
resul ts indicate argos inhi bits EGF receptor signaling in vivo. We have 
also analyzed genetic interac tion between argos and spi orDER, but fa iled 
to obtain any c lear results showing significant interactions (data not 
shown). That may be due to the diffe rence in the temperature used for 
the heat-shock experiment ancl/or the mutant alle les tested . However, 
argos is like ly to be a diffusible antagoni st fo r the DER cascade judging 
from results from biochemistry (Schweitzer et al. , 1995b) and genetics 
(Schwe itzer et al. , 1995 b; thi s work). There can be two distinct 

mechanisms fo r the argos function in the inhibition of the signal 
transduction (Fig. 8) . Since argos encodes an EGF-like li gand , it is 
poss ible that argos directly binds to the EGF receptor competing with spi 
and inhibits the act ivation of the receptor. Alternative ly, argos can bind 

to another unknown receptor which blocks signal transduction in the 
MAPK cascade. In the latter case, the unknown receptor may ac tivate 
factors negati vely regul ating the signal transduction such as prote in 

phosphatases or GTPase acti vating prote ins (GAPs). It is poss ible that 
argos activates prote in kinase C, as PKC is known to block the signal 

transducti on by the EGF receptor in mammals. Recent study by Cullen et 
al. (1995) revealed that an Ins( I ,2,4,5)P4-binding protein has Ras GAP 
activity and its ac ti vity is spec ifica lly stimulated by Ins( I ,2,4,5)P4. 
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Consequently, argos may activate the inositol phosphate synthesis and then 

activated the Gap I, which blocks the Ras signaling. Genetic screening for 

modifiers of argos phenotype should identify unknown genes involved in 

the cascade required for the negative regulation of the inductive signals. 

balge and soba have been recently isolated as candidates for mutations of 

genes encoding the molecules involved in the signaling cascade for argos 
in a screening for modifiers of argos (Wemmer and Klambt, 1995). 

argos is the first example of the extracellular protein which inhibits 

signal transduction in the MAPK cascade. For the proper regulation of 

cellular differentiation, extracellular inhibitor proteins such as argos may 

be required for keeping the inductive signals from receptor tyrosine 

kinases in a proper level. Components of the EGF receptor signaling 

cascades are highly conserved evolutionally (Dickson and Hafen, 1994). 

Therefore, it is possible that there are mammalian homologues of argos. 
Potential argos homologues may play key roles in regulation of cellular 

differentiation and proliferation during mammalian development. 
Furthermore, if human homologue of argos exists, the inhibitory effect 

of argos on the Ras/MAPK cascade can be applied for the gene therapy of 

cancer. 



Fig. 1 Genetic interaction between argos and Star. (A-E) Scanning 
electron micrographs of adult compound eyes. (A) wild-type. The facets 
are in a uniform hexagonal array. (B) hs-argos. overexpression of argos 
causes a rough eye phenotype. (C) hs-argos ; sm. Removal of one copy 
of the S gene remarkably enhances the hs-argos phenotype. 
Overproduction of bristles are observed at the surface of the compound 
eye. (D) argos257 . The regular hexagonal an·ay of facets are disrupted. 
Occasionally, fusion of lenses are observed at the posterior region of the 
eye. (E) S218 ;argos257.The fusion of lenses is not observed. (F-J) Sections 
of adult eyes. (F) In the wild-type, each ommatidium has eight 
photoreceptor cells, seven of which can be observed in one tangential 
section. (G) hs-argos. There are many ommatidia with decreased number 
of photoreceptor cells (arrows). (H) hs-argos; S2I 8. The hs-argos 

phenotype is enhanced by halving the dose of the S gene. (I) In the 
argos257 /argos257 eye, almost all the ommatidia contain extra outer 
photoreceptor cells. (J) Removal of one copy of the S gene suppresses the 
argos phenotype. (K,L) Anti Elav immuno-staining of eye imaginal discs 
from third instar larva. (K) In the hs-argos, neuronal differentiation and 
ommatidia! assembly appears normal. (L) hs-argos ; S2I8. Many 
ommatidia lack one or more photoreceeptor cells. (M-0) adult wings. 
(M) wild-type. (N) hs-argos. Overexpression of argos causes a partial loss 
of the longitudinal wing veins. (0) hs-argos; S2 18. Decrease in the dose of 
the S gene enhances the wing phenotype of hs-argos. 
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Fig. 2 

Gain-of-function phenotype of Dsori 5" 1 in the eye and wing. (A-D) 
Sections of adult eyes. (A) Dsorl 5" 1• An ommatidium with two R7 cells 
are marked with an arrow. (B) In the sevE4 eye, all the ommatidia lack 
the R7 photoreceptor. (C) In the sevE4 Dsori 5" 1, there are some 
ommatidia with R7. (D) In the sevE4 Dsori 5" 1; SosJC2, increased number 
of omatidia contain R7. (E) An adult wing of Dsor 15" 1• Note the extra 
vein material between L4 and L5 crossing the posterior cross vein. 
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Fig. 3 
argos enhances the R7 formation in Dsorls" 1and SosJc2 mutants. (A

C) Sections of adult eyes. (A) argos 152!argos 152. The ommatidia with 
supernumerary outer photoreceptors are marked with arrows. R7 is not 
affected in this mutant. (B) DsorJSul ; argos 152!argos 152. About 25% of 
the ommatidia contain more than two R7 (arrows). (C) SosJC2 ; 

argos 152!argos 152. The ommatidia with extra R7 are marked with arrows . 
The R7 formation is never affected by the SosJC2 mutaion alone. 
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Fig. 4 The hs-argos phenotype is suppressed by gain-of-function 
mutations of Dsorl and rl. (A-D) SEMs of adult eyes. (A) hs-argos . 
Ovrexpression of argos causes a severe rough eye phenotype. (B) 
Dsorls" 1/X ; hs-argos. One copy of the gain-of-function Dsor 1 mutation 
considerably rescues the rough eye phenotype by hs-argos. (C) 

Dsorls" 1/Y; hs-argos. The external morphology of the eye is 
indistinguishable form the wild-type. (D) rls"23!hs-argos. One copy of 
the gain-of-function rl mutation also rescues the rough eye phenotype by 
hs-argos. (E-H) Sections of adult eyes. (E) hs-argos. The ommatidia 
lacking photoreceptor cells are marked with arrows. (F) In the 
Dsorl 5" 1/Y ;hs-argos, cellular organization in ommatidia appears normal. 
I observed lack of outer photoreceptors in Dsorl 5" 11+ ;hs-argos, although 
the phenotype was less severe than the hs-argos alone (data not shown). 
(G) rl5 " 23. Almost all the ommatidia contain extra R7 cells. (H) Over 
expression of argos from the hs-argos transgene eliminates most of the 
extra R7 cells formed by the rls"23 mutation. (I-K) Adult wings. (I) hs
argos. (J) Dsor]Sul ;hs-argos. (K) rls"23/hs-argos. Longitudinal wing 

veins are shortened by argos overexpression (I). This phenotype is 
completely suppressed by the gain-of-function mutations of Dsorl (J) and 
rl (K). 
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Fig. 5 

Rasl , D-raf and Dsor 1 act as dominat suppressors of the argos loss
of-funciton phenotype. (A-D) SEMs of adult eyes. (E-H) Sections of 
adult eyes. (A,E) argos257!argos257. (B,F) RasJe2Fargos251!argos257. (C,G) 
D-rajl /FM7 ;argos257!argos257. (D,H) DsorJGAPJ58fFM7 

;argos251!argos257. In the argos mutant eye, regular array of facets are 

disrupted and characteristic blistering are observed at the posterior 
region (A). Most of the ommatidia contain extra outer photoreceptor 

cells in the argos257!argos257 eye (E). These defects are considerably 
suppressed by removal of one copy of Rasl (B,F), Dsorl (C,G) and D-raf 
(D,H). RasJ e2F (Simonet al., 1991), D-rajl (Nishida et al., 1988) and 
DsorJGAPI5B (Tsuda et al., 1993) were used as null type alleles. 
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Fig. 6 

Effects of loss-o f- functi on mutati ons of Rasl. D-ra f, and Dsorl on 

the number of ex tra outer photoreceptor ce lls in the argos257 eyes. The 

average num ber of ex tra outer photoreceptor-ce lls (R-cell s) per 

ommatidium and the standard dev iati on were determined in tangenti al 

pl asti c secti ons of eyes of argos257!argos257 (control) animals or 

arf!.os 257!argos257 animals that arc heterozygous the indicated mutati ons. 

The mean number of ex tra outer photoreceptor cells in the contro l is 

distinct from those in Ras l , D-ra.f, and Dsorl with P<O.OOI as 

determined from a t-tesl. Ras Jc2!' (S imon et a!. , 199 1 ), D-rafl (N ishida et 

a!. , 1988) and Dsorf GA PI SS (Tsuda ct a!. , 1993) were used as null type 

alleles. 
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Fig. 7 Possible mechanisms for argos inhibition of the MAPK 

signaling. The signal transducntion for cellular differentiation is 

triggered by inte rtaction between the ligands (boss or spi) and the 

receptors (sev or DER). There are several genetic evidences for 

involvement of other intracellular components (Rasl, 0-raf, Dsorl and 

rolled) , which act downstream of the receptors in a liner manner 

(reviewed by Dickson and Hafen, 1993). As argos is secreted protein 

(Freeman , 1 994) and functions non cell-autonomously (Freeman et at., 

1 992; Ktetzchmar et at., 1992), argos is likely to function as a diffusible 

ligand . The results presented in this paper suggest argos inhibits the 

signal transduction of the MAPK cascade. The two major models for 

argos inhibition of the MAPK signaling cascade are as follows. (1) argos 

binds to DER and/or sev and inhibits the activation of the receptors by 

competing with th e ir ligands, spi and/or boss, respectively. (2) argos can 

bind to another unknown receptor which blocks signal tr<:~nsduction in the 

MAPK cascade. In this case, the unknown receptor may activate factors 

negatively regulating the signal transduction such as protein phosphatases 

or GTPase activating proteins (GAPs) . 
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Table l . 

Genetic interaction between Dsori5" 1 and argos mutants on the 
embryonic development 

Maternal Genotype Parcrnal Genotype % of embryo hatched 

+I+; argos
162

t+ +/Y ; argos 
162t+ 97.0 

Dsor/Sui !Dsorl Su 1 ; argos 162t+ Dsor/ Su\IY; argos 162t+ 72.2 

Dsori 5" 11FM7a: argos
162

1TM6B +IY: argos
162

1TM3 43.8 

+I+: argos 
162

tTM 3 Dsori
5

"
1
1Y: argos

162
tTM6B 92.4 

+I+; argos95t+ +/Y ; argm·95t+ 99.6 

Dsor/Su 1tDsor!Sul ; argos951+ Dsor/Su 1tY ; argos951+ 40.8 

Dsorl 5" 1tFM7a: argos95!T M6B +IY : argos951TM 3 48.5 

+I+ : argos95r rM 3 Dwrl Su 11Y , argos95!TM6B 97 .I 

+I+ ; argos95tTM 3 FM7a/Y : argos95/TM 6B 95.8 

N 

541 

338 

715 

t 71 

269 

120 

355 

344 

552 
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Conclusions 

T he Drosophila mutant, argos, was isolated as a novel visual system 

mutant di splay ing a rough eye phenotype. Mutations in the argos gene 

affect eye development, leading to irregul ar spacing of om mati dia and an 

increase in the num ber of photoreceptor ce lls. In additi on to affecting the 

visual system, they cause abnormal head involuti on, an increased number 

of sensill a in the antenna-max illary complex in the embryonic stage, and 

abnorm al morphogenes is of labi al pulps and the wings in later stages. I 

examined the express ion of the argos gene during development in terms 

of LacZ ex pression fro m enhancer trap elements inserted within the argos 
gene. Du ring embryogenes is, express ion of LacZ showed a segmental 

pattern in the ectoderm and in the nervous system. In the eye imaginal 

discs, LacZ began to be ex pressed in photoreceptor cell s, a few rows 

posterior to the morphogeneti c furrow. It was also expressed in the wi ng 

disc. I c loned the argos gene by P-element tagging. The sequence of the 
argos eDNA pred icted that its product is a secreted peptide with a putative 

epidermal growth factor (EGF) moti f. Ubiquitously expressed argos 
product restored all the loss-of-function phenotypes. Overex pression of 

argos in the wil d-type background resulted in the reduced number of 
photoreceptor cell s, cone cell s and pigment ce lls, which are opposi te 

phenotypes to those of the loss-of-function mutants. The argos gene is 

expressed in developi ng wing veins. Ubiquitous argos express ion caused 

loss of veins in a dosage-dependent manner. This phenotype was 
enhanced by the loss-of-functi on rhomboid mutati on, implying the 

poss ibility that argos and rhomboid play key roles in a common pathway 

for the norm al wi ng vein format ion. These results indicate that argos is a 

d iffusible factor negati vely regul ating the ce llular differenti ation in 

multiple developmental processes such as eye and wing morphogenes is. 

argos expression was also observed in the optic lobes throughout the 

developmental stages. In argos mutants, neuropiles fail ed to develop 

normall y during embryonic and larval stages, and photoreceptor axons 

did not project properl y into the lamina. U biquitous express ion of argos, 
under control of the hsp70 promoter, rescued the defects in optic lobes . I 

have found that g li al cells fa iled to differenti ate in the larval optic lobes 

of argos mutants. Correspondingly, in the loss-of-function repo mutants, 

whose g li al cell s also fa il to differentiate, photoreceptor axons showed the 

impaired projection pattern s imilar to the argos phenotype. These results 
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suggest that glial cells play a role for guidance of photoreceptor axons. 
The loss-of-function Star mutation (StarX155 ) dominantly suppressed the 

defects in the argos optic lobes, suggesting that these two genes act in an 
antagonistic fashion during optic lobe development. 

Finally, to better understand the role of argos, I have analyzed genetic 
interactions of argos with other genes involved in the Ras/MAPK signal 

transduction. Hypomorphic mutation in Star acted as a dominant 
suppressor of the argos null phenotype. Effect of expression of the hs
argos transgene was enhanced by the loss-of-function Star mutations. 
Gain-of-function mutation in the MAPKK gene (DsorJ 5" 1) caused a 
overproduction of photoreceptor R7 and wing veins. DsorJ 5" 1 

suppressed the phenotype caused by the hs-argos expression. Dsori 5" 1also 
enhanced the argos loss-of-funtion phenotype. Gain-of-function 
mutations of rolled, a MAP kinase gene, suppressed the defects caused by 
the hs-argos. These results provide evidences that argos negatively 
regulate the signal transduction in the MAPK cascade for regulation of 
cellular differentiation. 
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