
INTRODUCTION

The Ten M family is a new protein family that was
first discovered in Drosophila1and later also in many
other animals such as C. elegans2, chicken3, mouse4,
rat5, zebrafish3, and human6. Ten M proteins are about
2500–3000 amino acids in length. All members of the
Ten M family are putative dimeric type II
transmembrane proteins. In the type II proteins, the C-
terminus is the extracellular part and, in the Ten M
family, it consists of three specific domains, namely
tenascin-type EGF-like repeats, a cysteine rich domain
called CC-domain, and several repetitive motifs of
tyrosine and aspartic acid residues, called YD-repeats.
The intracellular N-terminal part contains about 150-
400 amino acids4,7. The sequences of Ten M proteins
show high homology to the extracellular matrix
molecule tenascin, a major vertebrate extracellular
matrix glycoprotein. Tenascins are expressed
prominently in vertebrate brains throughout life8.

Only two proteins of the Ten M family have been
discovered in Drosophila, namely Ten-a and Ten-m1,7,9.
The Ten-a protein is a dimeric receptor of about 500
kD. Ten-a is expressed during embryonic stages and is
detected in the central nervous system (CNS), in the
brain, in muscle attachment sites, in the gastric cecae,
and in four spots of the antennomaxillary complex10. In

the CNS, Ten-a is expressed only in the posterior
commissures at the beginning of commissure formation,
during late stage 12 and early stage 13. During later
stages, Ten-a becomes expressed in the entire CNS.
However, the expression of Ten-a in the posterior
commissures is stronger than its expression in the
anterior commissures10. In addition, ten-a transcripts
were detected in the compound eyes during pupal
stages1. The ten-a gene covers a genomic region of
about 110 kb in length and consists of 15 exons. The
gene is located on the X chromosome in the region
11A10-12 and was mapped to two sequence contigs,
AE 003488 and AE 00348910.

ten-a is one of a number of genes whose sequences
are known but whose functions are still unknown.
Moreover, no mutation in ten-a has been reported so
far. To determine the function of ten-a, we examined the
architecture of the CNS in embryos lacking the Ten-a
protein. Loss of Ten-a protein was obtained by the RNA
interference (RNAi) technique. We showed that loss of
Ten-a by RNAi causes commissure defects. We also
examined the role of ten-a in the compound eyes by
using the Gal4/UAS system to overexpress ten-a in this
tissue. Our observations of the eye phenotypes obtained
with this system led us to suppose that Ten-a is involved
in the development of the Drosophila compound eye.
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PBS.

Overexpression ExperimentsOverexpression ExperimentsOverexpression ExperimentsOverexpression ExperimentsOverexpression Experiments
The Gal4/UAS system14 was used to overexpress

ten-a in the compound eye. Experiments were carried
out by crossing each driver line to UAS-ten-a 1x, UAS-
ten-a 2x and w1118. The progeny were reared at 25oC. In
each cross, the compound eyes of adult progeny were
observed, and photographs were taken by an Olympus
stereomicroscope.

RESULTS

TTTTTen A Pren A Pren A Pren A Pren A Protein is Inhibited by ds-otein is Inhibited by ds-otein is Inhibited by ds-otein is Inhibited by ds-otein is Inhibited by ds-ten-aten-aten-aten-aten-a RNA RNA RNA RNA RNA
Ten-a protein has been reported to be mainly

expressed in the CNS of Drosophila embryos10. We
anticipated that ten-a might play a role in the
development of the CNS. In order to define the function
of ten-a during the development of the CNS, we
performed double-stranded RNAi experiments. The
dsRNAi method has been proven to be very powerful
to study gene function in many organisms such as C.
elegans15, Drosophila12, Trypanosoma16, mouse embryos17,
and Arabidopsis18. In this method, the target gene is still
expressed but its transcript is degraded by dsRNA with
corresponding sequence. Due to the absence of the
mRNA, the protein product of the target gene can not
be synthesized19. Since the absence of the protein
product is equivalent to disrupting the gene function,
the phenotype induced by dsRNAi is similar to that
obtained with loss-of-function mutations.

We generated 624 bp long ds-ten-a RNAs in vitro.
The sequence of ds-ten-a RNAs corresponded to the
coding sequence immediately after the first methionine.
The ds-ten-a RNAs were injected into wild type embryos
and the embryos were allowed to develop until stage
16 before staining them with anti-Ten-a antibody
against Ten-a protein. In wild-type stage 16, embryos,
anti-Ten-a stained prominently the entire CNS1,10. We
found that ds-ten-a RNA injected embryos did not stain
with the anti-Ten-a (data not shown). By contrast, the
CNS of buffer injected embryos showed an identical
staining pattern to that of wild type embryos (Fig. 1A).
The ds-ten-a RNA injected embryos and the buffer
injected embryos were also stained with monoclonal
antibody BP102 (Fig. 2), a specific antibody staining all
axons of the Drosophila embryonic CNS20.

The result of our dsRNAi experiments showed that
Ten-a protein could not be produced in embryos
injected with ds-ten-a RNA. If the Ten-a protein could
be produced, the embryos would show staining with
the anti-Ten-a, whereas embryos lacking Ten-a protein
would be negative to the staining. The CNS of ds-ten-a
RNA injected embryos could be stained with mAb BP102
because the protein substrate of this antibody was not

MATERIALS AND METHODS

Drosophila StrainsDrosophila StrainsDrosophila StrainsDrosophila StrainsDrosophila Strains
A wild type strain, Oregon R, was used for all dsRNAi

experiments. The Gal4 lines used to drive expression
specifically in the eye were sev-Gal4, GMR-Gal4, and ey-
Gal4 from the Bloomington stock center. UAS-ten-a 1x
and UAS-ten-a 2x lines were generated by cloning the
cDNA of ten-a into pUAST. Then, the construct was
introduced into the genome of w1118 flies by P-mediated
germline transformation11. w1118 was used as wild type
control in overexpression experiment.

Double-Stranded RNA Interference ( dsRNAi)Double-Stranded RNA Interference ( dsRNAi)Double-Stranded RNA Interference ( dsRNAi)Double-Stranded RNA Interference ( dsRNAi)Double-Stranded RNA Interference ( dsRNAi)
dsRNAi was performed as described in Kennerdell

and Carthew12. Briefly, the templates for synthesis of
ds-ten-a RNA were obtained by amplifying the ten-a
cDNA nucleotides 208-778 with the primers
TGAAATCGATGAAGTACTCCG and GTTGGTGCT
GTCCATGTTGGG. The 5’ end of each primer was linked
to the T7 promoter sequence. dsRNAs were synthesized
in 50 ul of reaction solution (1 µg DNA template, 1mM
of each rNTP, 10X buffer, 40 unit of T7 RNA polymerase,
20 unit of RNase inhibitor and distilled water). After
incubation at 37 0C for 2 hours, the reaction was stopped
by heating at 60 oC for 10 mins. The DNA templates
were removed by adding 50 units RNase-free DNase.
The dsRNAs were extracted with phenol/chloroform,
precipitated with ethanol and dissolved in RNase-free
injection buffer. The dsRNAs were injected into 0-2
hour old wild type embryos by using a microinjector.
Injected embryos were allowed to develop at 18 oC
until stage 16 and then they were stained with
antibodies. Injection with buffer alone was used as a
negative control.

Antibody StainingAntibody StainingAntibody StainingAntibody StainingAntibody Staining
Primary antibodies used for staining the CNS were

anti-Ten-a (1:50), mAb BP102 (1:200) and mAb Fasciclin
II (1:5). The secondary antibodies were anti-mouse IgG
and anti-rabbit IgG conjugated to horseradish
peroxidase (Sigma). The staining procedure was
modified from Patel13. Briefly, stage 16 injected embryos
were washed with PBS + 0.01% Triton-X to remove the
injection oil. Then, embryos were removed from
coverslides and fixed in 4% formaldehyde for 30 mins.
The embryos were devitellinised by hand and incubated
overnight with the primary antibody. Then, the embryos
were washed to remove the excess antibody and
incubated with the secondary antibody for 3 hours.
After washing with PBS to remove the excess secondary
antibody, the embryos were colored by adding 1 ml of
DAB solution (750 µl of 0.3% diaminobenzidine,         250
µl PBS, 2 µl of 0.3% hydrogen peroxide), the color was
monitored and the reaction was stopped by adding
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knocked-down. Therefore, the ds-ten-a RNA specifically
degraded ten-a mRNA and only the Ten-a protein was
knocked-down.

Loss of Function of Loss of Function of Loss of Function of Loss of Function of Loss of Function of ten-aten-aten-aten-aten-a Causes Defects in Causes Defects in Causes Defects in Causes Defects in Causes Defects in
CommissuresCommissuresCommissuresCommissuresCommissures

The primary aim of this work was to examine the
defects in the CNS when ten-a function was disrupted.
The Drosophila CNS has a ladder-like structure. Two
longitudinal connectives run on each side of the midline
along the antero-posterior axis of the embryo. Each
segment has two commissures, namely the anterior
and posterior commissures, connecting the two
longitudinal connectives. Each commissure consists of
a bundle of axons crossing the midline to the opposite
side 21.

In the ds-ten-a RNA injected embryos, staining with
monoclonal antibody BP102 revealed obvious defects
in the commissures, particularly in the posterior
commissures. Such commissures were fuzzy, partially
fused or completely fused (Fig.2 C,D). The defective
commissures were present in 63% of all scored
segments. Moreover, we observed that in each embryo,
the number of affected segments ranged between five
to nine segments (Table 1). Commissures of control
embryos injected with buffer had a wild-type
appearance (Fig. 2 A,B). The posterior commissures
were more disrupted then the anterior commissures.
Often posterior commissures where thinner than
normal and, in the most extreme cases, they did not
form. It has been reported that during early stages of
embryonic CNS development, Ten-a protein is mainly
expressed on the axons extending across the midline
via the posterior commissures10. The commissural
defects caused by ds-ten-a RNAi might have been due
to the fact that axons crossing the posterior commissure
lacked Ten-a protein to guide them properly and to
allow them to form a bundle. These axons might be
unable to distinguish their route and cross the midline
in a disorganized fashion. Therefore, we would like to
suggest that Ten-a might be a labeling molecule
necessary for axons to distinguish between the anterior
and posterior commissures during the beginning of
their formation (see Discussion).

Table 1. The number of detective commissures induced by ds-ten-a RNA.

Number of counted segmentsNumber of counted segmentsNumber of counted segmentsNumber of counted segmentsNumber of counted segments     Number of detective larvae    Number of detective larvae    Number of detective larvae    Number of detective larvae    Number of detective larvae        %       %       %       %       %
Number of segmentsNumber of segmentsNumber of segmentsNumber of segmentsNumber of segments 55555 66666 77777 88888 99999

ds RNA 456 2 7 14 13 2 63.5
Buffer 420 0 0 0 0 0 0

Fig 1.     The wild-type CNS pattern revealed by staining with
anti-Ten-a. (A) The wild type CNS pattern is revealed
by anti-Ten-a. (B) Higher magnification view.  Arrow-
head points to the anterior commissures and arrow
points to the posterior commissures.

Fig 2.     Defects of CNS pattern caused by ds-ten-a RNA re-
vealed by mAb BP102. (A and B) The CNS architecture
of a buffer-injected embryo stained. (C and D) The CNS
architecture of embryos injected with ds-ten-a RNA.
Arrowhead points to the anterior commissures and ar-
row points to the posterior commissures.
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Table 2. The number of unhatched larvae.

    Number of    Number of    Number of    Number of    Number of     Number of    Number of    Number of    Number of    Number of      Number of     Number of     Number of     Number of     Number of    %   %   %   %   %
                         countedcountedcountedcountedcounted      hatched     hatched     hatched     hatched     hatched      unhatched     unhatched     unhatched     unhatched     unhatched

larvaelarvaelarvaelarvaelarvae larvaelarvaelarvaelarvaelarvae larvaelarvaelarvaelarvaelarvae

dsRNA       266 157 109         41
Buffer 248 225   23  9.7

Some Injected Larvae could not MoveSome Injected Larvae could not MoveSome Injected Larvae could not MoveSome Injected Larvae could not MoveSome Injected Larvae could not Move
In addition to the phenotypes mentioned above, we

also observed that some embryos injected with ds-ten-
a RNA had defective muscles or motor control. We
found that 40% of the injected embryos that were
allowed to develop to larval stage could not move or did
not move enough to hatch from the vitelline membrane
(Table 2). As described above, Ten-a is also expressed
in muscle attachments and ds-ten-a RNA can completely
inhibit Ten-a production. The absence of Ten-a in muscle
attachments may be the cause of larval immobilization.
Moreover, aberrant crossing of the midline might cause
motorneurons to project erroneously to muscles. In
the wild-type embryo, each motorneuron exits the CNS
and innervates a specific muscle of the body wall. To
investigate this, we stained the injected embryos with
a monoclonal antibody against Fasciclin II, a specific
antibody for motorneuron projections22. However, the
Fasciclin II staining pattern of ds-ten-a RNA injected
embryos was indistinguishable from that of wild-type
embryos (data not shown). Therefore, it is likely that
immobile larvae resulted from the loss of Ten-a in
muscles attachments. However, since 60% of dsRNA
injected embryos that fully developed could hatch from
the vitelline membrane, and some of the unhatched
larvae could slightly move, the level of immobilization
might vary according to the number of muscles that fail
to attach.

ten-aten-aten-aten-aten-a is Involved in the Development of the is Involved in the Development of the is Involved in the Development of the is Involved in the Development of the is Involved in the Development of the
Compound EyesCompound EyesCompound EyesCompound EyesCompound Eyes

In addition to expression in the CNS, ten-a expression
has also been reported in the eye of pupae1. We
therefore presumed that ten-a might have a role during
eye development. To study the role of ten-a during eye
development, we employed the Gal4/UAS system. With
this system it is possible to overexpress ten-a only in the
developing eye14. To do this, we cloned a full-length ten-
a cDNA into the pUAST vector and established
transgenic lines using germline transformation. Two
UAS-ten-a lines were generated: UAS-ten-a 1x carrying
one copy of the ten-a transgene, and UAS-ten-a 2x
harboring two copies of the transgene. The line w1118,
which had no transgene, was used as a negative control
line. The Gal4 driver lines used in this experiment were
sev-Gal4, GMR-Gal4 and ey-Gal4. Each driver line was

crossed to both UAS lines and to the w1118 line. Then,
the compound eyes of the progeny were examined. We
found that these compound eyes showed different
defects depending on the driver line, whereas no defects
were found in the compound eyes of the progeny from
the crosses between all drivers and w1118 (Fig. 3A, D, G).

The sev-Gal4 line uses the sevenless promoter to
drive expression of Gal4 in differentiating
photoreceptors (R3, R4, R1, R6 and R7) and cone cells
of the eye discs23,24. The progeny from sev-Gal4 X w1118

showed normal eyes. Conversely, ectopic expression
of ten-a induced by sev-Gal4 caused the presence of
black dots in the eyes. The progeny from sev-Gal4 x
UAS-ten-a 1x showed a slightly lower number of black
dots than that from sev-Gal4 x UAS-ten-a 2x (Fig 3B,C).
These black dots indicated death of ommatidia25. Other
features of the eye, such as the size and composition
of the ommatidia, were relatively normal. The
compound eye is derived from an epithelium monolayer
called an eye imaginal disc that, during the third larval
stage, begins differentiating into an eye specific tissue.
The cells of the eye disc epithelium differentiate as a
wave, called the morphogenetic furrow, which sweeps
across the disc from the posterior margin to the anterior
end of the disc. Anterior to the morphogenetic furrow,
cells still proliferate actively and do not differentiate.
In the morphogenetic furrow cells stop proliferating
and begin to differentiate. Posterior to the furrow, all
cellular components are recruited and assembled into
the ommatidia. Each ommatidium consists of 20 cells
including eight photoreceptor cells, four cone cells
and pigment cells. The normal compound eye of
Drosophila is composed of approximately 750
ommatidia that are arranged in a regular hexagonal
pattern. Since R3, R4, R1, R6, R7 and cone cells are
recruited behind the morphogenetic furrow, where
active proliferation has ceased26, extra amounts of Ten-
a in these cells should not cause defects in eye size.
Instead, the presence of black ommatidia is consistent
with cell death occurring later in eye development,
once ommatidial cells have fully differentiated.

More severe defects in the eye were observed when
overexpression of ten-a was induced using the GMR-
Gal4 driver line. In the GMR-Gal4 line, the GMR enhancer
drives expression of the Gal4 protein in cells of the
developing eye including all cells within the
morphogenetic furrow and posterior to it27. To
overexpress ten-a posterior to the morphogenetic
furrow, the GMR-Gal4 driver line was crossed to the
UAS-ten-a lines. We found that the progeny from GMR-
Gal4 x UAS-ten-a 1x showed dramatic defects in the
compound eyes (Fig. 3E). Such defects included a
disappearance of the hexagonal array of ommatidia, a
large black patch in the eye, a lack of the eye color in
the internal region of the eye surface and a slight
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reduction in size.
The disappearance of the hexagonal array and eye

color indicated that the differentiation of cone cells
and pigment cells was disturbed. The black patch in the
eye indicated the occurrence of cell death. Moreover,
larvae from GMR-Gal4 x UAS-ten-a 2x were very small
and could not develop to the pupa stage. However, if
the larvae were reared at 18 oC instead of 25 oC, they
could survive and developed into adults with defects
in the eyes. The defect was similar to those of the GMR-
Gal4 x UAS-ten-a 1x cross (Fig. 3F). Since GMR-Gal4
induced ten-a overexpression in all cells of the
morphogenetic furrow and posterior to it, it was likely
that too much Ten-a product during this stage of eye
development could disturb differentiation of
ommatidial cells. However, eye defects do not affect
viability of the fly28. Therefore, the death of larvae from
the GMR-Gal4 x UAS-ten-a 2x cross might be due to Ten-
a protein produced enormously. The excess protein
might expand to other important cells or tissues and
disturb some cell-cell interactions, leading to premature
lethality.

Another driver line, ey-Gal4, was used to drive ten-
a over-expression in the eye. In this driver, the promoter
of the eyeless (ey) gene drives Gal4 expression in the
embryonic eye primordium and, once the
morphogenetic furrow starts sweeping across the disc,
expression is restricted to all cells ahead of the furrow29.
Using this driver, ectopic ten-a expression caused
obvious defects in the compound eyes, which appeared
small and rough. However, the hexagonal pattern was
relatively normal. The eyes of the progeny from ey-
Gal4 x UAS-ten-a 2x were smaller than those from ey-
Gal4 x USA-ten-a 1x (Fig. 3H, I). It seems likely that an
excess of Ten-a can interfere with cell proliferation
resulting in the small eyes. Moreover, the more Ten-a
protein is produced during this early stage of eye
development, the smaller is the size of the eye.

DISCUSSION

ten-aten-aten-aten-aten-a is Required for Commissure Formation is Required for Commissure Formation is Required for Commissure Formation is Required for Commissure Formation is Required for Commissure Formation
We have shown that Ten-a is a transmembrane

protein required for commissure formation. dsRNAi
experiments suggested that Ten-a is required during
early phases of commissure formation for axons to
cross the midline through the proper commissure.
Indeed, impairing the function of ten-a caused significant
axon misrouting, leading to the fuzzy or fused
appearance of commissures observed with mAb BP
102 staining. Many molecules regulating axon crossing
of the midline have been reported and shown to be
essential for commissure formation. Among such
molecules, the best studied are the Netrins30 and Slit 31,
both expressed at the midline, as well as  their respective

receptors Frazzled32 and the Robos 21. However these
receptors are expressed in both commissures, and
mutations in the corresponding genes affect their
formation to the same extent 33. So far, only Derailed
has been reported to be a molecule specifically required
in the anterior commissure 34. It has been shown that
Derailed is a receptor for Wnt5, a member of the
Drosophila Wnt family35. While Netrins and Wnt5 are
diffusible molecules acting at long range, other axon
guidance molecules are membrane-associated and
function in a cell contact mediated fashion36.
Presumably Ten-a belongs to this second category of
axon guidance molecules, and we presume that it is
necessary during the initial phases of commissure
formation. Ten-a might label the posterior commissure,
allowing axons to distinguish between the two

Fig 3.     Defects in compound eyes caused by overexpression of
ten-a. Overexpression of ten-a in the compound eyes
induced by sev-Gal4 (A – C), by GMR-Gal4 (D – F) and
by ey-Gal4 (G – I). See text for detail. (A, D, G) no
defects in the compound eyes of the progeny from
crosses between each Gal4 line and the w1118 line were
observed. (B, E, H)  The compound eyes of flies from a
sev-Gal4 x UAS-ten-a 1x  cross (B) a GMR-Gal4 x UAS-
ten-a 1x  cross (E) or a ey-Gal4 x UAS-ten-a 1x cross
(H). (C, F, I) The compound eyes of flies from a cross
between sev-Gal4 (C), GMR-Gal4 (F) or ey-Gal4 (I)
and UAS-ten-a 2x.  All flies were reared at 25oC except
the flies carrying GMR-Gal4; UAS-ten-a 2x, that were
reared at 18oC.
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commissures as they form and to join the proper one.
The commissural defects caused by dsRNAi confirmed
such hypothesis since these defects could be explained
by the lack of a molecule guiding axons through the
correct commissure. Consequently axons crossed the
midline in a disorganized fashion, giving rise to the
fuzzy appearance of commissures observed with mAb
BP102 staining.

ten-aten-aten-aten-aten-a is a Novel Gene Required for Eye Development is a Novel Gene Required for Eye Development is a Novel Gene Required for Eye Development is a Novel Gene Required for Eye Development is a Novel Gene Required for Eye Development
We used the Gal4/UAS system to identify the

function of ten-a in the compound eye. The system has
been used successfully to investigate the function of
many genes 25,28,37,38. With this system, a wild-type ten-
a transgene was overexpressed in the eye by using
three different Gal4 driver lines. These driver lines
induced ten-a overexpression at different phases of
eye development. We show that extra amounts of Ten-
a protein can interfere with eye development during all
phases. During the early phase, ey-Gal4 was used to
overexpress ten-a anteriorly to the morphogenetic
furrow.

Cells in this region did not differentiate but kept
dividing to increase the cell number of the eye
primordium. The small and rough eyes induced by
overexpressing ten-a with ey-Gal4 indicated that Ten-
a protein might have disturbed proliferation or might
promote cell death, leading to a decrease in the eye
size. To overexpress ten-a during the differentiation
phase, we used GMR-Gal4 to induce ten-a
overexpression posterior to the morphogenetic furrow.
In this region, cells were differentiating to form
ommatidia. Flies with extra amounts of Ten-a protein
in this region exhibited eye defects such as no lens, no
eye color and ommatidial death. These defects were
the results of impairing the differentiation of ommatidial
cellular components. sev-Gal4 induced ten-a
overexpression in specific cells of the developing
ommatidia. With this driver line, we found black
ommatidia in the eye. These black ommatidia were
degenerated ommatidia. This indicated that extra Ten-
a amounts in specific cells of the developing ommatidia
also promoted ommatidial death.

From our above findings, we would like to propose
that ten-a is a novel gene required for normal eye
development and that the Ten-a protein might function
during several phases of eye development. Indeed, cell
death was likely to occur with all three Gal4 lines used
for this study although they induced Ten-a protein
activity above normal threshold levels during different
phases of eye development. During Drosophila eye
development, apoptosis is a normal event to remove
cells that have failed to adopt a proper fate within the
eye tissue. Many genes involved in the apoptotic process
have been identified, for example, reaper, Dronc, DmPpt1,

klumpfuss. Overexpression of these genes induced small
eyes and black ommatidia25,28,38,39. Therefore, we also
suggest that the Ten-a protein might be another protein
involved in the cell death mechanism of the eye.
However the specific nature of such defects and the
role played by Ten-a during the eye patterning events
still need to be elucidated.
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