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Establishment of synaptic connections in the neuropils of the developing nervous system requires the coordination of specific neurite–
neurite interactions (i.e., axon–axon, dendrite– dendrite and axon– dendrite interactions). The molecular mechanisms underlying co-
ordination of neurite–neurite interactions for circuit assembly are incompletely understood. In this report, we identify a novel Ig
superfamily transmembrane protein that we named Borderless (Bdl), as a novel regulator of neurite–neurite interactions in Drosophila.
Bdl induces homotypic cell– cell adhesion in vitro and mediates neurite–neurite interactions in the developing visual system. Bdl inter-
acts physically and genetically with the Ig transmembrane protein Turtle, a key regulator of axonal tiling. Our results also show that the
receptor tyrosine phosphatase leukocyte common antigen-related protein (LAR) negatively regulates Bdl to control synaptic-layer
selection. We propose that precise regulation of Bdl action coordinates neurite–neurite interactions for circuit formation in Drosophila.

Introduction
The presence of numerous axons and dendrites in the neuropils of
the developing CNS makes it a daunting task for establishing specific
synaptic connections. Studies over the last two decades have iden-
tified a number of cell-surface recognition molecules that me-
diate specific neurite–neurite interactions for circuit assembly
(Giagtzoglou et al., 2009). That many cell-surface recognition mol-
ecules are present broadly in developing neuropils throughout em-
bryonic development, however, raises the question how the action of
cell-surface recognition molecules is modulated temporally to en-
sure accuracy in circuit formation.

The assembly of visual circuits in Drosophila is an attractive
model for understanding the general mechanisms underlying
spatiotemporal control of neurite–neurite interactions (Had-
jieconomou et al., 2011; Melnattur and Lee, 2011). The Drosoph-
ila adult visual system is comprised of the compound eye and the
optic lobe (Meinertzhagen and Hanson, 1993). The compound
eye consists of �800 ommatidia, each containing six outer pho-
toreceptor neurons (R1–R6) for processing motion and two in-
ner photoreceptor neurons (R7 and R8) for processing color.
R1–R6 axons form synaptic connections in the superficial lamina
layer, and R7 and R8 axons project through the lamina into the
deeper medulla layer, where they are organized into �800 regu-

larly spaced columns. Each R7 and R8 axon from the same om-
matidium terminate in a topographic manner in two synaptic
layers within the same column. The R8 axon terminates within
the M3 layer, and the R7 axon terminates in the deeper M6 layer.

Visual circuit assembly in Drosophila involves complex neu-
rite–neurite interactions. Specific recognition between R-cell ax-
ons and their target layers in the optic lobe have been shown to be
required for synaptic-layer selection (Lee et al., 2001, 2003;
Maurel-Zaffran et al., 2001; Prakash et al., 2005; Shinza-Kameda
et al., 2006; Timofeev et al., 2012). Visual circuit assembly also
requires the interactions among R-cell axons. Selection of post-
synaptic targets by R1–R6 axons in the lamina requires specific
axon–axon interactions (Clandinin and Zipursky, 2000). The as-
sembly of medulla columns requires modulation of both hetero-
typic and homotypic axon–axon adhesion (Sanes and Zipursky,
2010). For instance, receptor tyrosine phosphatases LAR and
protein tyrosine phosphatase 69D (PTP69D) are reported to be
involved in negatively regulating the adhesion between R7 and R8
axons for facilitating R7 synaptic-layer selection (Newsome et al.,
2000; Maurel-Zaffran et al., 2001). And Ig-superfamily trans-
membrane proteins Dscam2 and Turtle (Tutl) prevent homo-
typic axon–axon terminal adhesion for tiling L1 (Millard et al.,
2007) and R7 axons (Ferguson et al., 2009), respectively. The
exact mechanisms by which those cell-surface recognition mole-
cules negatively regulate axon–axon adhesion, however, remain
unknown.

In the present study, we investigate the role of a novel
Ig-superfamily transmembrane protein Borderless (Bdl) in
Drosophila. Bdl is expressed in the developing visual system,
and functions as a cell-surface recognition molecule to mediate neu-
rite–neurite interactions. The receptor tyrosine phosphatase LAR
and the Ig-superfamily transmembrane protein Tutl are key regula-
tors of Bdl-mediated axon–axon interactions in controlling
synaptic-layer selection and axonal tiling, respectively. Our results
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shed new light on spatiotemporal control of
cell-surface recognition molecules for coor-
dinating circuit assembly.

Materials and Methods
Genetics. KG06404 was obtained from the
Bloomington Stock Center. bdlEX1 and bdlEX2

deletion alleles were generated by imprecise exci-
sion of KG06404. In the bdlEX1 allele, the se-
quence encoding amino acids 539–719 was
deleted. In the bdlEX2 allele, the sequence encod-
ing amino acids 317–719 was deleted. pBac[WH]
[f03313] and pBac[WH]CG16857[f02225] were
used to generate bdl and tutl double mutants by
using the FLP/FRT-based strategy described pre-
viously (Parks et al., 2004). The entire tutl gene
and most of the bdl gene encoding the amino acid
sequence 1–542 of Bdl polypeptide were deleted
in double mutants. Deletion was confirmed by
complementation test, PCR, and DNA sequenc-
ing analysis.

Genetic experiments were performed with an-
imals of either sex. Large clones (�90% of retina)
of homozygous tutl01085 single-mutant or tutl/
bdl double-mutant tissues were generated in an
otherwise heterozygous or wild-type eye by eye-
specific mitotic recombination using the eyFLP/
FRT system (Newsome et al., 2000). To reduce
the dosage of bdl by 50% in tutl mutants, genetic
crosses were performed to generate flies with the
genotype tutl, bdl (i.e., double mutant)/tutl23, �.
To specifically label R7 axons in flies overex-
pressing bdl, genetic crosses were performed to
generate Rh4-GFP/GMR-GAL4; UAS-bdl-Flag
progeny. To examine genetic interactions
between LAR and bdl, flies with the genotype
LAR c12, bdlEX2/LAR2127 were generated. To
overexpress LAR in flies with mild Bdl overex-
pression, flies with the genotype GMR-GAL4, UAS-bdl-Flag (mild)/UAS-
HA-LAR were generated. To examine potential genetic interactions between
PTP69D and bdl, flies with the genotype eyFLP; bdlEX2/�; PTP69Dd1689,
FRT80B/M(3)RpS174 P[w�] FRT80B or eyFLP; bdl EX2/bdl EX2;
PTP69Dd1689, FRT80B/M(3)RpS174 P[ w�] FRT80B were generated.

Molecular biology. The complete bdl coding sequence was amplified by
PCR using the GH11322 EST clone as the template. The resulting PCR
product was directionally subcloned into pENTR/D-TOPO (Invitrogen)
and subsequently subcloned into the pUAST expression vector using LR
clonase (for addition of either C-terminal Venus, monomeric RFP, or
FLAG tags) (provided by Drosophila Genomics Resource Center). To
generate LAR-�cyto construct, DNA sequence encoding amino-acid se-
quence from N-terminal to 1412 was amplified by PCR using UAS-HA-
LAR as the template, and then subcloned into the pUAST expression
vector similarly as above using the Drosophila Gateway system (Invit-
rogen). Bdl deletion constructs were generated from the pENTR-Bdl
construct. An AvrII restriction site was placed into PCR primers for
generating different domain deletions, which were then subcloned
into the pUAST expression vector by using the Drosophila Gateway
system. Resulting domain-deletion constructs include �Ig1 (Asn27 to
Ser128), �Ig2 (Ser128 to Ile233), �Ig1–2 (Asn42 to Ile233), �Ig3– 4
(Tyr259 to Ala415), and �FN1–2 (Ala434 to Ser636). For domain
swapping, the DNA fragment encoding the two Ig domains of
PTP69D (Ser29 to Thr230) was subcloned into the bdl expression
construct to replace the region encoding Ig1 and Ig2 domains (Asn42
to Ile233) of Bdl. Expression of Bdl domain-deletion proteins in
transfected cells was confirmed by both immunostaining and West-
ern blot analysis. To create a Bdl-Fc fusion construct, the sequence
encoding for the entire extracellular region of Bdl was amplified by
PCR and then subcloned into the pIB/Fc expression vector for pro-

ducing the Bdl-Fc fusion protein in S2 cells. The Bdl-Fc fusion protein
was purified using a Protein A-conjugated Sepharose column, and
used to raise anti-Bdl antibody in rabbits.

Histology. Cryostat sections of pupal and adult heads were stained as
described previously (Ferguson et al., 2009). Antibodies were used at the
following dilutions: MAb24B10, 1:100 (Developmental Studies Hybrid-
oma Bank); rabbit polyclonal anti-GFP, 1:750 (Invitrogen); rabbit poly-
clonal anti-Bdl, 1:1000. Secondary antibodies (Invitrogen) were used at a
1:500 dilution.

Cell aggregation. Drosophila S2 cells were grown in EX-Cell 420 Serum-
Free Medium for Insect Cells (Sigma) at 25°C. Cells (1 � 10 7/10 ml) were
transfected with 2 �g of total plasmid DNA (0.2 �g actin-GAL4 and 1.8
�g UAS construct) with Effectene (Qiagen). At 96 h after transfection,
cells were prepared as single-cell suspension at a concentration of 2.25 �
10 6/ml and agitated at 150 rpm for 1 h (aggregation) or 3 h (coaggrega-
tion) at room temperature. One hundred and fifty microliters of cell
mixture were then transferred onto glass slides (Fisher Scientific). Total
GFP- or RFP-positive transfected cells in 10 randomly selected fields
were counted. The number of GFP- or RFP-positive transfected cells
forming large cell aggregates (�20 cells) in each field were also counted
to determine the percentage of transfected cells that formed large cell
aggregates. In coaggregation experiments, a cell coaggregate is defined as
a cell aggregate (�20 cells) in which the percentage of each cell popula-
tion (i.e., GFP- or RFP-positive cells) should be at least 15%.

Statistical analysis. Two-tailed t tests were used for statistical analysis.
The difference is considered significant when the p value is �0.05.

Results
Bdl mediates homotypic cell– cell adhesion in vitro
In a search for cell-surface recognition molecules regulating circuit
development, we characterized the novel transmembrane protein

Figure 1. Bdl mediates homotypic cell– cell adhesion. A, Domain structure of Bdl. FN, Fibronectin type-III repeat; PM, plasma
membrane. B, S2 cells transfected with a GFP construct. C, S2 cells transfected with an N-cadherin construct formed large aggre-
gates (arrow). D, S2 cells expressing Bdl-GFP formed large aggregates (arrow) that excluded untransfected cells. E, Among total
transfected cells, the percentage of transfected cells that formed large aggregates (�20 cells) was quantified. The bars for cells
transfected with GFP or Bdl �Ig1–2 or Swap Ig1–2 constructs are not visible, as no large aggregate (�20 cells) was observed. In
the Swap Ig1–2 construct, Ig1 and Ig2 domains (Asn42 to Ile233) of Bdl were replaced with the two Ig domains of PTP69D (Ser29
to Thr230). Three independent experiments were performed. Scale bar, 40 �m. Error bars indicate SEM.
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encoded by CG16857. CG16857 consists of
an extracellular region containing four Ig-
like domains and two fibronectin-type-III
repeats, a single transmembrane region,
and a cytoplasmic domain (Fig. 1A). The
extracellular region of CG16857 displays
significant homology to Ig-superfamily
members such as Tutl/Dasm1/IgSF9
(�31.6% identity), Frazzled/DCC/UNC-40
(�23.7% identity), Robo (�25.9% iden-
tity), and Dscam2 (�24.6% identity). We
name the CG16857 gene borderless (bdl ),
based on the phenotypes caused by Bdl
misregulation.

To test whether Bdl plays a role in
mediating cell-surface recognition, we
performed cell culture studies. Bdl was ex-
pressed in the Drosophila Schneider-2
cells (S2 cell). Untransfected cells or cells
transfected with the GFP expression con-
struct did not induce the formation of
large cell aggregates (�20 cells; Fig. 1B).
Bdl, like N-cadherin (Fig. 1C), induced
the formation of large cell aggregates
(�20 cells; Fig. 1D,E). Each large cell ag-
gregate consisted predominantly of cells
expressing Bdl (�85% of cells in each ag-
gregate), indicating that Bdl-expressing
cells selectively aggregated with each other,
but not with untransfected cells (Fig. 1D).
This result suggests that Bdl possesses ho-
mophilic binding activity. To determine do-
main requirements, we performed deletion
analysis. Deletion of Ig1 and Ig2 domains of
Bdl or swapping Ig1 and Ig2 of Bdl with the

Figure 2. Bdl is expressed in the Drosophila visual system. A, B, Frozen sections of adult heads were stained with anti-Bdl antibody. A, In wild type, Bdl was detected in lamina and
medulla. Within the medulla, strong staining at the R7 terminal layer was detected (arrowhead). B, Bdl staining was absent in bdl deletion mutants (i.e., bdl EX2). C, Consistent with the
predicted size of Bdl, anti-Bdl detected an �80 kDa band in wild-type and Bdl-overexpression (i.e., GMR-bdl ) head lysates, which was absent in lyastes made from bdl EX1 and bdl EX2

mutant flies. The same blot was probed with anti-Actin antibody as a loading control. D–F, Frozen sections of wild-type fly heads at the 50% pupal stage were double-stained with
anti-Bdl (red) and MAb 24B10 (green). The arrows in E indicate R7 and R8 terminals. Scale bar, 20 �m.

Figure 3. Overexpression of Bdl disrupted R7 axonal tiling and synaptic-layer selection. A–C, The projection pattern of all R-cell
axons in frozen sections of adult heads were visualized either with R-cell-specific MAb 24B10 (A, B) or with anti-FLAG that stains all
R-cells axons in flies carrying GMR-GAL4 and UAS-bdl-Flag (C). A, In wild type, the frequencies of R7 tiling (i.e., abnormal R7
terminal adhesion) and R7 targeting errors in wild-type flies are only �2– 4% of R7 axons and �1% of R7 axons, respectively. n
� 400. Arrows indicate R7 and R8 terminals. B, In flies with mild bdl overexpression in R-cell axons, abnormal adhesion (arrow)
between neighboring R7 terminals and mistargeting of R7 axons into the R8 terminal layer (arrowhead) were observed. The level
of low versus high Bdl expression was based on Bdl immunostaining (data not shown). C, Flies with strong Bdl overexpression. Only
one R7 axon (arrow) terminated correctly in this section. D–F, R7 axons in adult heads were labeled by the R7-specific marker
Rh4-GFP. D, Wild type. E, In a fly overexpressing bdl, two adjacent R7 terminals stick with each other (arrow). F, In a fly overex-
pressing bdl, many R7 axons mistargeted to the R8 terminal layer (arrowheads). G, Schematic summary of the Bdl overexpression
phenotype. Scale bars: (in C) A–C, 20 �m; (in F ) D–F, 5 �m.

Cameron et al. • Tuning of Bdl in Visual Circuit Assembly J. Neurosci., October 30, 2013 • 33(44):17413–17421 • 17415



Ig domains of PTP69D completely abol-
ished adhesive activity (Fig. 1E) without af-
fecting the expression level or cell-surface
presence of mutant Bdl proteins (data not
shown). These results indicate that both Ig1
and Ig2 domains are required for mediating
cell–cell aggregation.

Bdl is expressed in the developing
Drosophila visual system
To determine the role of Bdl, we examined
the expression pattern of Bdl in the Dro-
sophila visual system. We performed
immunostaining using an anti-Bdl anti-
body raised against a Bdl-Fc fusion protein,
which contains the entire extracellular re-
gion (see Materials and Methods). In wild-
type adult flies, Bdl staining was detected in
lamina, medulla, and inner optic lobe (Fig.
2A). The specificity of this antibody was
supported by the absence of staining in bdl
mutants (Fig. 2B) and also by Western blot
analysis (C). Strong Bdl staining was also
detected in the developing lamina, medulla,
and inner optic lobe at 50% pupal stage (Fig.
2D,F). Within the medulla, Bdl was de-
tected in R7 and R8 axonal terminals, and
other neuronal processes (Fig. 2D,F). Thus,
Bdl is present in the developing optic lobe
during the establishment of R-cell connec-
tion pattern.

Overexpression of Bdl disrupted R7 synaptic-layer selection
and axonal tiling
To determine the potential role of Bdl in mediating neurite–neurite
interactions, Bdl was overexpressed in R-cell axons under control of
the eye-specific driver GMR-GAL4. In wild type, R7 and R8 axons
form a regularly spaced columnar projection pattern and terminate
in two separate synaptic layers, M6 and M3, respectively (Fig. 3A). In
flies overexpressing bdl, R7 axonal terminals frequently stick with R7
terminals in neighboring columns (Fig. 3B,E,G), and many R7 ax-
ons terminated abnormally at the R8 terminal layer (Fig. 3B,C,F,G).
The severity of the phenotypes varied among UAS-bdl transgenic
lines. Transgenic flies with mild Bdl overexpression showed both R7
tiling (i.e., abnormal R7–R7 terminal adhesion) and R7 mistargeting
phenotypes (�10–30% of R7 axons; n�400; Fig. 3B,E,F). Whereas
transgenic flies with strong Bdl overexpression displayed only the R7
mistargeting phenotype with high penetrance (�80–95% of R7 ax-
ons; n � 400; Fig. 3C). The R7 tiling phenotype caused by Bdl over-
expression (Fig. 3B,E), together with Bdl-induced homotypic
adhesion in cultured cells (Fig. 1D,E), indicates that Bdl increased
the adhesion between R7 axonal terminals in adjacent columns.
Similarly, overexpression of Bdl also increased adhesion between R7
and R8 axons within the same column. An increase in R7-to-R8
adhesion could interfere with the separation of R7 axon from the R8
axon, a process necessary for proper targeting of R7 axons (New-
some et al., 2000; Maurel-Zaffran et al., 2001). We conclude that Bdl
is capable of promoting neurite–neurite interactions.

Loss of bdl did not affect R-cell axonal tiling and synaptic-
layer selection
To determine the in vivo function of Bdl, we performed loss-of-
function analysis. bdl deletion alleles were generated by imprecise

excision of a P-element sequence inserted into the region imme-
diately downstream of the bdl gene (see Materials and Methods).
Two deletion alleles appear to be protein null alleles, as no Bdl
protein could be detected in mutants by Western blot or immu-
nostaining analysis (Fig. 2B,C). We performed phenotypic anal-
ysis to examine the effects of bdl mutations on R-cell connection
pattern. Cell-type-specific markers were used to examine the pro-
jection pattern of R1–R6, R7, and R8. Neither synaptic-layer se-
lection of R1–R6, R7, and R8 axons, nor tiling of R7 and R8
axons, was affected in bdl mutants (Fig. 4; Table 1). We conclude
that Bdl is not absolutely required for R7 and R8 axonal tiling and
synaptic-layer selection.

Tutl interacts with Bdl in controlling R7 axonal tiling
That overexpression of Bdl caused an R7 axonal tiling phenotype
(Fig. 3) raises the interesting possibility that R7 tiling involves
downregulation of Bdl-mediated adhesion between adjacent R7 ax-
onal terminals. In our previous studies, we showed that Tutl is re-
quired for R7 axonal tiling, but not required for synaptic-layer

Figure 4. Loss of bdl did not affect R-cell synaptic-layer selection and tiling. The R-cell axonal projection pattern in frozen
sections of adult fly heads was visualized with 24B10 (red) for labeling all R-cell axons and subtype-specific R-cell markers (green).
A, B, The R1–R6 projection pattern was visualized with R1–R6-specific expression of UAS-LacZ driven by Rh1-GAL4. A, In wild type,
all R1–R6 axons terminated in the lamina. B, In a bdl EX2 homozygous mutant, R1–R6 axons projected correctly into the lamina. C,
D, R8 projection pattern was visualized with R8-specific expression of UAS-GFP driven by Rh5, 6-GAL4. C, In wild type, R8 axons
select the M3 layer for synaptic connection. D, No obvious defect in R8 synaptic-layer selection was observed in bdl EX2 homozygous
mutants. E, F, R7 projection pattern was visualized with R7-specific expression of UAS-GFP driven by PanR7-GAL4. E, In wild type,
R7 axons select the M6 layer for synaptic connection. F, R7 axons correctly terminated at the M6 layer in bdl EX2 homozygous
mutants. The results are summarized in Table 1. Scale bar, 10 �m.

Table 1. R-cell axonal tiling and synaptic-layer selection remained normal in bdl
mutants

Genotype Markers
Animals
examined

Columns
examined

Mistargeted
axons

Abnormal terminal
adhesion

wt R1–R6 5 280 0 ND
bdlEX2 R1–R6 5 285 0 ND
wt R7 5 233 2 4
bdlEX2 R7 6 341 0 11
wt R8 8 311 10 0
bdlEX2 R8 7 386 9 3

wt, Wild type; ND, Not determined.
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selection of R7 axons (Ferguson et al., 2009). Tutl is the fly homolog
of Dasm1 in mice and IgSF9 in humans (Bodily et al., 2001; Doudney
et al., 2002; Shi et al., 2004; Cameron and Rao, 2010). In addition to
its role in axonal tiling, Tutl is also required for dendrite self-

avoidance in the peripheral nervous system
(Long et al., 2009). How Tutl negatively
regulates adhesion between adjacent
same-type neurites in tiling and self-
avoidance, however, remains unknown.
Since the R7 tiling phenotype caused by
Bdl overexpression resembles that of tutl
loss-of-function mutants, we speculate that
Tutl downregulates R7 axon–axon adhe-
sion by interacting with Bdl. To test this, we
examined potential physical and genetic in-
teractions between bdl and tutl.

Coimmunoprecipitation was performed
to examine whether Tutl associates with
Bdl. Tutl and Bdl-FLAG expression con-
structs were expressed in S2 cells. Anti-
FLAG antibody was used to precipitate Bdl
and its interacting proteins from transfected
cells. We found that anti-FLAG antibody
could pull down Tutl from lysates prepared
from S2 cells cotransfected with Tutl and
Bdl-FLAG expression constructs, but could
not pull down Tutl from lysates prepared
from S2 cells transfected with Tutl expres-
sion construct only (Fig. 5A). This result
suggests that Tutl forms a complex with Bdl
in cultured cells.

To determine the in vivo relevance of
the Tutl and Bdl association, we examined
potential genetic interactions between tutl
and bdl. We found that removing bdl sub-
stantially suppressed the tiling phenotype
in tutl null mutants (Fig. 5E,F). Reducing
the dosage of bdl by 50% also significantly
suppressed the tutl tiling phenotype (Fig.
5F). This effect appeared to be R-cell-
specific, as similar suppression was ob-
served when bdl was selectively removed
in homozygous tutl R cells by performing
eye-specific mosaic analysis (Fig. 5F).
Eye-specific expression of a UAS-bdl
transgene (i.e., GMR-bdl), but not a UAS-
bdl transgene lacking Ig1–2 domains (i.e.,
GMR-bdl �Ig1–2) or a UAS-tutl trans-
gene (i.e., GMR-tutl), in tutl and bdl
double-mutant R7 axons restored the til-
ing phenotype (Fig. 5F). Together, these
results suggest strongly that Tutl mediates
R7 axonal tiling by interacting with Bdl.

bdl is negatively regulated by LAR in
controlling synaptic-layer selection of
R7 axons
In addition to R7 tiling defects, overex-
pression of Bdl also caused mistargeting of
many R7 axons into the M3 layer, where
R8 axons normally terminate (Fig. 3). The
frequencies of R7 targeting errors varied
from �15% of R7 axons in transgenic

lines with mild Bdl overexpression to �80% of R7 axons in trans-
genic lines with strong Bdl overexpression (Fig. 3). Severe R7
targeting errors were also observed in Bdl overexpression flies at
early developmental stages (i.e., 35 and 50% pupal stages; data

Figure 5. Tutl interacts physically and genetically with Bdl. A, Tutl associates with Bdl in cultured cells. Anti-GFP antibody
detected Tutl-GFP in anti-FLAG precipitates from cell lysates coexpressing Tutl-GFP and Bdl-FLAG. No Tutl-GFP was detected in
anti-FLAG precipitates from cell lysates expressing Tutl-GFP only. No LAR-HA was detected by anti-HA antibody in anti-FLAG
precipitates from cell lysates coexpressing LAR-HA and Bdl-FLAG. B–E, R-cell axonal projections in adult heads were visualized
with MAb 24B10 staining. B, Wild type. C, In homozygous tutl 23 mutants, many R7 terminals stick with neighboring R7 terminals
(arrowheads). D, R7 tiling pattern was normal in bdl null mutants (i.e., bdl EX2). E, R7 tiling pattern in homozygous tutl and bdl
double mutants was normal. F, Quantitation of the R7 tiling phenotype in flies with different genotypes. The number of animals
examined in each genotype is as follows: wild type (wt), 11; tutl23, 5; tutl, bdl, 5; tutl, bdl; longGMR-bdl, 6; tutl, bdl; longGMR-
bdl�Ig1–2, 6; tutl, bdl; longGMR-tutl, 6; bdl EX2, 11; tutl, bdl/tutl23, 6; tutl 1085 eye mosaic, 5; tutl, bdl eye mosaic, 4. *p �0.01. Scale
bar: 5 �m. Error bars indicate SEM.
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not shown). That overexpression of Bdl in
both R7 and R8 axons caused a stronger
R7 mistargeting phenotype than that of
Bdl overexpression in R7 or R8 only (data
not shown) is consistent with downregu-
lation of R7-to-R8 adhesion facilitating
synaptic-layer selection of R7 axons
(Newsome et al., 2000; Maurel-Zaffran et
al., 2001).

A similar R7 mistargeting phenotype
was observed by removing the receptor ty-
rosine phosphatase LAR (Clandinin et al.,
2001; Maurel-Zaffran et al., 2001). In ad-
dition to its role in stabilizing R7 axon–
target interactions (Clandinin et al., 2001;
Maurel-Zaffran et al., 2001), LAR is also
suggested to negatively regulate an un-
known cell adhesion molecule to decrease
R7-to-R8 adhesion for R7 synaptic-layer
selection (Maurel-Zaffran et al., 2001). To
test whether LAR acts by negatively regu-
lating Bdl, we examined potential genetic
interaction between LAR and bdl. Indeed,
we found that reducing the dosage of bdl
substantially suppressed the R7 mistarget-
ing phenotype in LAR mutants (Fig. 6B,C).
Conversely, overexpression of LAR also sig-
nificantly suppressed the R7 mistargeting
phenotype in transgenic flies with mild Bdl
overexpression (Fig. 6D). In contrast, no
such interaction was observed between bdl
and PTP69D (data not shown). These re-
sults suggest strongly that LAR controls R7
synaptic-layer selection at least in part by
negatively regulating Bdl.

LAR inhibits Bdl-mediated cell– cell adhesion independently
of the tyrosine phosphatase activity and its binding to Liprin
To further investigate the action of LAR, we examined the effect
of LAR on Bdl-mediated cell– cell aggregation. Coexpression of
LAR with Bdl inhibited Bdl-mediated cell aggregation (Fig.
7C,G), but did not affect the expression level or cell-surface pres-
ence of Bdl (data not shown). No such inhibitory effect was ob-
served when Bdl was coexpressed with control constructs (e.g.,
UAS-RFP; Fig. 7G). Similar inhibition was also observed when
Bdl was coexpressed with a LAR mutant lacking the cytoplasmic
sequence (i.e., LAR�cyto; Fig. 7G). This result indicates that in-
hibition of Bdl by LAR is independent of its tyrosine phosphatase
activity or its binding to Liprin.

We then performed coaggregation experiments to examine
whether coexpression of Bdl with LAR on one cell affects its ad-
hesion to another cell expressing Bdl only. Cells coexpressing Bdl
and LAR, or Bdl and LAR�cyto, were less likely to coaggregate
with cells expressing Bdl only (Fig. 7F,H). That coexpression of
Bdl with LAR only in half of transfected cells did not completely
prevent the formation of coaggregates (Fig. 7H), however, sug-
gests that effective inhibition of Bdl-mediated cell– cell adhesion
requires the presence of LAR on both cells.

Discussion
In this study, we identify Bdl as a novel regulator of neurite–
neurite interactions in Drosophila. Our results show that precise
control of Bdl action is required for the establishment of R7 ax-

onal connection pattern in the Drosophila visual system. During
synaptic-layer selection, LAR negatively regulates Bdl to facilitate
R7 target selection. At the R7 synaptic layer, Tutl interacts with
Bdl to downregulate adhesion between adjacent R7 axonal termi-
nals, which is necessary for the establishment of tiling pattern.

Tutl interacts with Bdl in modulating homotypic axon–axon
interactions for R7 axonal tiling
Tiling and self-avoidance, two cellular mechanisms discovered in
the early 1980s (Wassle et al., 1981; Kramer and Stent, 1985), are
important for patterning neuronal circuitry (Cameron and Rao,
2010; Grueber and Sagasti, 2010). Previous studies have identi-
fied several cell-surface recognition molecules, such as Dscam,
Tutl, Protocadherins, MEGF10, and MEGF11, that mediate ho-
motypic neurite–neurite interactions in tiling and self-avoidance
(Hughes et al., 2007; Matthews et al., 2007; Millard et al., 2007;
Soba et al., 2007; Fuerst et al., 2008, 2009; Ferguson et al., 2009;
Long et al., 2009; Kay et al., 2012; Lefebvre et al., 2012). These
cell-surface recognition molecules may act by mediating homotypic
repulsion or de-adhesion between adjacent same-type neurites. For
instance, molecular and genetic analyses of fly Dscam1 support a role
for Dscam1 in mediating homotypic repulsion in dendritic self-
avoidance (Hughes et al., 2007; Matthews et al., 2007; Soba et al.,
2007), whereas mammalian Dscams appear to mediate de-adhesion
by interfering with some unknown cell-type-specific cell adhesion
molecules (Fuerst et al., 2009). The exact mechanisms by which these
cell-surface recognition molecules mediate homotypic repulsion or
de-adhesion, however, remains elusive.

Figure 6. Bdl is negatively regulated by LAR for synaptic-layer selection of R7 axons. A, B, R-cell axonal projections in adult
heads were visualized with MAb 24B10 staining. A, In an LAR c12/LAR 2127 fly, many R7 axons were mistargeted into the M3 layer
(n � 11 animals). B, In an LAR c12/LAR 2127 fly in which the dosage of bdl was reduced by 50% (bdl EX2/�), the number of correctly
targeted R7 axons was significantly increased (n � 9 animals). C, The percentage of correctly targeted R7 axons was quantified.
*p � 3.48E-06. D, The percentage of mistargeted R7 axons in flies with mild Bdl overexpression (n � 17 animals) was compared
to that of same transgenic flies that also overexpressed UAS-LAR (n � 26 animals). *p � 1.68E-08. Error bars indicate SEM. Scale
bar, 10 �m.
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Several lines of evidence implicate Bdl as a target of Tutl in
regulating R7 axonal tiling. First, overexpression of Bdl induced
an R7 tiling phenotype similar to that in tutl mutants. Second,
Tutl associates with Bdl in cultured cells. And third, loss of bdl
rescued the tiling phenotype in tutl mutants. We propose that
Tutl-mediated surface recognition counteracts the affinity be-
tween adjacent R7 axonal terminals by interacting with Bdl. The
association of Tutl with Bdl may downregulate the level and/or
adhesive activity of Bdl, thus allowing the separation of adjacent
R7 axonal terminals. Since co-overexpression of Tutl and Bdl did
not affect Bdl-mediated cell– cell aggregation in culture (Fig. 7G)
nor the Bdl-overexpression-induced tiling phenotype in flies
(data not shown), we speculate that the regulation of Bdl by Tutl
requires the involvement of additional regulatory molecules. Fu-
ture studies are needed to determine the exact mechanism by
which Tutl downregulates the function of Bdl. It will also be of
interest to determine whether other cell-surface recognition mol-

ecules implicated in tiling and self-avoidance (e.g., Dscam and
Protocadherins), function similarly to modulate certain cell ad-
hesion molecules.

LAR negatively regulates Bdl-mediated heterotypic axon–
axon interactions in controlling synaptic-layer selection of R7
axons
The receptor tyrosine phosphatase LAR and its mammalian ho-
mologs have been shown to play important roles in axon guid-
ance, neuronal target selection, and presynaptic development
(Chagnon et al., 2004; Stryker and Johnson, 2007). In the devel-
oping Drosophila visual system, LAR is required for target selec-
tion of R1–R6 axons in the lamina, and synaptic-layer selection of
R7 axons in the medulla (Clandinin et al., 2001; Maurel-Zaffran
et al., 2001). The action of LAR in R7 synaptic-layer selection
reportedly involves both stabilization of axon–target interactions
and down–regulation of adhesion between R7 and R8 axons

Figure 7. LAR inhibited Bdl-mediated cell– cell adhesion in cultured cells. A, S2 cells transfected with GFP vector. B, S2 cells expressing Bdl-GFP formed large cell aggregates (�20 cells). C, LAR
inhibited Bdl-induced cell aggregation. LAR was tagged with the HA epitope. D, GFP-transfected cells did not coaggregate with Bdl-RFP-transfected cells. E, Coaggregation of Bdl-GFP- and
Bdl-RFP-transfected cells. F, The formation of coaggregates was reduced when LAR was coexpressed with Bdl-GFP in half of cell populations. G, Quantification of cell– cell aggregation data.
Coexpression of UAS-Bdl-GFP with UAS-LAR (*p � 0.0009) or UAS-LAR-�cyto (*p � 0.0016) inhibited Bdl-mediated cell– cell aggregation, whereas no inhibition was observed when UAS-bdl-GFP
was coexpressed with a UAS-RFP or a UAS-tutl construct ( p � 0.05). Three independent experiments were performed. H, Quantification of coaggregation data. The percentage of Bdl-GFP and
Bdl-RFP coaggregates was decreased significantly if half of the cell population in the mixture coexpressed Bdl and LAR (*p � 0.005) or Bdl and LAR-�cyto (*p � 0.03). Three independent
experiments were performed. Error bars indicate SEM.
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(Clandinin et al., 2001; Maurel-Zaffran et al., 2001). LAR-
mediated axon–target interactions may involve the binding be-
tween LAR on R7 axons and an unknown ligand in the target
layer, which in turn modulates the interaction between LAR and
its cytoplasmic domain-binding partner Liprin to stabilize axon–
target interactions (Hofmeyer et al., 2006). It is also reported
that LAR negatively regulates an unknown cell adhesion mol-
ecule to decrease adhesion between R7 and R8 axons for facil-
itating synaptic-layer selection of R7 axons (Maurel-Zaffran et
al., 2001).

Our results suggest strongly that LAR downregulates adhesion
between R7 and R8 axons by negatively regulating Bdl. That LAR
inhibited Bdl-mediated cell– cell adhesion without affecting the
level of Bdl (Fig. 7; data not shown) suggests that LAR inhibits
adhesive activity of Bdl. Although the role of LAR in mediating
axon–target interactions requires its binding to Liprin via the
cytoplasmic domain (Hofmeyer et al., 2006; Prakash et al., 2009),
negative regulation of Bdl by LAR appears to involve a Liprin-
independent mechanism. This is supported by our in vitro anal-
ysis showing that a LAR mutant lacking the cytoplasmic domain
also inhibited Bdl-mediated adhesion. Consistently, a previous
study showed that R8-specific expression of a truncated LAR
mutant lacking the cytoplasmic domain in LAR mutants could
partially rescue the R7 mistargeting phenotype (Maurel-Zaffran
et al., 2001). LAR may directly modulate Bdl to downregulate
R7–R8 adhesion, or act indirectly by interacting with other
proteins. Future studies are needed to distinguish between
these possibilities.

The role of Bdl-mediated neurite–neurite interactions in
visual circuit development
Although negative regulation of Bdl-mediated axon–axon inter-
actions is necessary for R7 synaptic-layer selection and tiling, it
remains unclear how the presence of Bdl contributes to the for-
mation of the R-cell axonal projection pattern in the fly visual
system. Cell adhesion molecules, such as NCAM/FasII and L1-
CAM/Neuroglian, have been shown to mediate selective fascicu-
lation in axonal pathfinding (Thanos et al., 1984; Keilhauer et al.,
1985; Tomasiewicz et al., 1993). Similarly, Bdl-mediated axon–
axon interactions may facilitate the projections of R7 and/or
R1–R6 axons along the pioneer R8 axon. That the R-cell projec-
tion pattern remained normal in bdl mutants may be due to the
presence of redundant genes. Functional redundancy among dif-
ferent cell adhesion molecules seems to be common in the devel-
oping nervous system (Giagtzoglou et al., 2009), which may
account for no or subtle phenotypes in mutants defective in a
number of cell adhesion molecules (Tomasiewicz et al., 1993;
Varoqueaux et al., 2006).

In conclusion, our present study identifies Bdl as a novel and
important regulator of neurite–neurite interactions in the devel-
oping visual system. Tuning of Bdl-mediated axon–axon interac-
tions in axonal tiling and synaptic-layer selection presents an
excellent example for modulating the action of cell adhesion mol-
ecules in ensuring accuracy in circuit assembly. It is highly likely
that similar mechanisms are employed for circuit assembly in
mammalian nervous systems.
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