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Normal brain function requires proper targeting of synaptic-vesicle (SV) and active-zone components for presynaptic assembly and
function. Whether and how synaptogenic signals (e.g., adhesion) at axo-dendritic contact sites promote axonal transport of presynaptic
components for synapse formation, however, remain unclear. In this study, we show that Borderless (Bdl), a member of the conserved
IgSF9-family trans-synaptic cell adhesion molecules, plays a novel and specific role in regulating axonal transport of SV components.
Loss of bdl disrupts axonal transport of SV components in photoreceptor R8 axons, but does not affect the transport of mitochondria.
Genetic mosaic analysis, transgene rescue and cell-type-specific knockdown indicate that Bdl is required both presynaptically and
postsynaptically for delivering SV components in R8 axons. Consistent with a role for Bdl in R8 axons, loss of bdl causes a failure of
R8-dependent phototaxis response to green light. bdl interacts genetically with imac encoding for a member of the UNC-104/Imac/KIF1A-
family motor proteins, and is required for proper localization of Imac in R8 presynaptic terminals. Our results support a model in which
Bdl mediates specific axo-dendritic interactions in a homophilic manner, which upregulates the Imac motor in promoting axonal
transport of SV components for R8 presynaptic assembly and function.
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Introduction
After initial axon-dendrite contact, cellular morphogenetic
events occur at both sides of the contact, which eventually leads to
the formation of chemical synapses. Each synapse consists of spe-
cialized presynaptic and postsynaptic structures that allow

proper neuronal communications. The assembly and function of
presynaptic structures requires proper delivery of active-zone
(AZ) and synaptic-vesicle (SV) components from soma to nerve
terminals. For instance, axonal transport of piccolo-bassoon
transport vesicles (PTVs) and synaptic vesicle precursors (SVPs)
is required for the assembly of AZs and the accumulation of SVs
for synapse formation and maintenance (Goldstein et al., 2008;
Maeder et al., 2014). Whereas axonal transport of mitochondria
is crucial for meeting energy demands at presynaptic terminals
(Goldstein et al., 2008; Maeder et al., 2014).

Synapse formation involves rapid recruitment of SV and AZ
components at the sites of axo-dendritic contact (McAllister,
2007; Chia et al., 2013). Accumulated evidence supports a key
role for the kinesin-3 family motor Unc-104/Imac/KIF1A in reg-
ulating axonal transport of SVPs and PTVs (Hall and Hedgecock,
1991; Otsuka et al., 1991; Okada et al., 1995; Zhao et al., 2001;
Pack-Chung et al., 2007; Barkus et al., 2008; Niwa et al., 2008). In
the absence of Unc-104/Imac/KIF1A, most SVPs are unable to
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Significance Statement

Whether and how synaptogenic adhesion at axo-dendritic contact sites regulates axonal transport of presynaptic components
remain unknown. Here we show for the first time that a trans-synaptic adhesion molecule mediates specific interactions at
axo-dendritic contact sites, which is required for upregulating the UNC-104/Imac/KIF1A motor in promoting axonal transport of
synaptic-vesicle components for presynaptic assembly and function.
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move from soma into axons. Recent stud-
ies also show that Unc-104/Imac/KIF1A is
activated by the SVP-localized small arf-
like GTPase ARL-8 (Klassen et al., 2010;
Niwa et al., 2017), and can also be modu-
lated by the JNK MAP kinase pathway
(Byrd et al., 2001; Wu et al., 2013). Al-
though it is clear that synaptogenic signals
such as trans-synaptic adhesion modulate
local recruitments of SV components at
the presynaptic terminals for the control of
synaptic plasticity (Bury and Sabo, 2016), a
recent in vitro study shows that neuroligin-
neurexin-mediated trans-synaptic adhesion
does not significantly affect axonal transport
of SV components in cultured cortical neu-
rons (Bury and Sabo, 2014). It remains un-
known whether and how synaptogenic
adhesion at axo-dendritic contact sites reg-
ulates axonal transport of SV components
to sites of presynaptic assembly in vivo.

In this study, we investigate the role of
Borderless (Bdl) in the Drosophila visual
system, which is an excellent model to
study the mechanisms controlling neuro-
nal circuit development and function
(Sanes and Zipursky, 2010; Nériec and
Desplan, 2016). Bdl belongs to the con-
served IgSF9 subfamily of Ig superfamily
(Hansen and Walmod, 2013). In our pre-
vious studies (Cameron et al., 2013; Chen
et al., 2017), we show that Bdl functions as
a cell adhesion molecule, and is capable of
mediating both homophilic and hetero-
philic binding. Recent studies on IgSF9A
and IgSF9B, homologs of Bdl in mam-
mals, show that IgSF9A and IgSF9B func-
tion as trans-synaptic adhesion molecules
by mediating homophilic binding (Han-
sen and Walmod, 2013; Woo et al., 2013).
In Drosophila, Bdl is exclusively expressed
in wrapping glia and is required for medi-
ating axon-glia recognition at third-instar
larval stage (Cameron et al., 2016).
Whereas at later stages, Bdl is expressed in
R-cell axons, and negative regulation of
Bdl by another Ig transmembrane protein
Turtle is required for the tiling of R7 ax-
onal terminals (Cameron et al., 2013).
The role of Bdl in R-cell axons, however,
remains unknown.

Our present study shows that loss of
bdl disrupted axonal transport of SV com-
ponents in R8 axons, and caused the accu-
mulation of the AZ protein Bruchpilot

Figure 1. Many SV components were mislocalized to the proximal portion of R8 axon in bdl mutants. A–D, Frozen sections of
adult heads expressing the SV marker nSyb-GFP under control of the R8-specific driver Rh5/6-GAL4 (i.e., Rh5/6�nSyb-GFP), were
stained with anti-GFP (green) and MAb24B10 (magenta). MAb24B10 recognizes the cell adhesion molecule Chaoptin expressed in
all R-cell axons (Van Vactor et al., 1988). A, In wild-type animals (100%, n � 7), nSyb-GFP staining was predominantly localized
to R8 axonal terminals in the medulla region. B, The section in A was visualized with nSyb-GFP staining only. C, In the majority of
bdl EX2 homozygous mutant flies examined (6 of 7 animals), strong n-Syb staining was also observed in the proximal portion of R8
axons in the lamina. D, The section in C was visualized with nSyb-GFP staining only. Arrowheads indicate proximal portions of R8
axons with mislocalized nSyb-GFP. E, In all bdl EX1bdl EX2 transheterozygotes examined (n � 6 animals), strong n-Syb staining was
observed in the proximal portion of R8 axons in the lamina. F, The section in E was visualized with nSyb-GFP staining only. G, H,
Frozen sections of adult heads expressing nSyb-GFP under control of the R7-specific driver Rh3/4-GAL4 (i.e., Rh3/4�nSyb-GFP),
were stained with anti-GFP. G, In wild-type (100%, n � 5 animals), n-Syb staining was predominantly localized to R7 axonal
terminals in the medulla region. H, In all bdl EX2 homozygous flies examined (100%, n � 5), n-Syb staining was still predominantly
localized to R7 axonal terminals in the medulla region. I, J, Schematic illustrations showing the distribution of SV components in R7
and R8 axons in wild-type (I ) and bdl mutants (J ). K–N, Frozen sections of adult heads expressing another SV marker Syt-GFP
under control of the R8-specific driver Rh5/6-GAL4 (i.e., Rh5/6�Syt-GFP), were stained with anti-GFP (green) and MAb24B10
(magenta). K, In bdl EX2/� heterozygotes (100%, n � 5), Syt-GFP staining was predominantly localized to R8 axonal terminals in
the medulla region. L, The section in K was visualized with Syt-GFP staining only. M, In most bdl EX2 homozygous mutants (11 of 13
animals), strong Syt-GFP staining was also observed in the proximal portion of R8 axons in the lamina. N, The section in K was
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visualized with Syt-GFP staining only. Arrowheads indicate
proximal portions of R8 axons with mislocalized Syt-GFP. O, P,
Schematic illustrations showing the distribution of SV compo-
nents in R8 axons labeled with Syt-GFP in heterozygotes (O)
and bdl homozygous mutants (P). Scale bar, 20 �m.
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(Brp) in R8 soma. In contrast, axonal transport of the mitochon-
dria remained normal in bdl mutants. Cell-type-specific knock-
down and transgene rescue support that Bdl is required both
presynaptically and postsynaptically. Bdl interacts genetically
with the Unc-104/Imac/KIF1A motor, and removing Bdl signif-
icantly decreased the levels of Imac in R8 axonal terminals. To
our knowledge, our study shows for the first time that a trans-
synaptic cell adhesion molecule plays a specific role in regulating
axonal transport of presynaptic components, and presents an
excellent starting point for dissecting the signaling events that
link synaptogenic adhesion and axonal transport of SV compo-
nents for presynaptic assembly and function.

Materials and Methods
Genetics. imac 170, FRT42D flies were provided by T. Schwarz at Harvard.
UAS-imac-RFP flies were provided by F. Yu at National University of
Singapore and T. Schwarz. Rh5/6-GAL; UAS-nSyb-GFP was provided by
C. Lee at NIH. Rh6-lexA::p65 was provided by T. Suzuki at Tokyo Insti-
tute of Technology. ey-FLP; GMR-myr-mRFP, FRT40A/Cyo
(BDSC#7122), Rh3-GAL4 (BDSC#7457), Rh4-GAL4 (BDSC#8689 and
#8690), UAS-mito-GFP (BDSC#8443), UAS-imac.GFP (BDSC#6926),
UAS-�Tub84B-GFP (BDSC#7373), Rh5-brp.mCherry,Rh6-brp.mCherry
(BDSC#57322), lexAop-nSyb-spGFP1–10 (BDSC#64315), and UAS-Syt-
GFP (BDSC#8443) flies were obtained for the Bloomington Drosophila
Stock Center (BDSC). The UAS-bdl-RNAi line (VDRC#4806) was ob-
tained from Vienna Drosophila Resource Center (VDRC). For eye-
specific mosaic analysis of Bdl in axonal transport of SV components,
genetic crosses were performed to generate flies with the genotype ey3.5-
FLP; bdl EX2, FRT40A/ GAL80, FRT40A; Rh5/Rh6-GAL4, UAS-nSyb-
GFP/�. To selectively remove Bdl in R7 and R1/R6 axons, genetic crosses
were performed to generate flies with the genotype GMR-FLP; GMR-
myr-mRFP, FRT40A/bdl EX2, FRT40A; Rh5/Rh6-GAL4, UAS-nSyb-
GFP/�. To examine the effects of removing bdl on SV localization in R7
axons, genetic crosses were performed to generate flies with the genotype
bdl EX2/ bdl EX2; Rh3/Rh4-GAL4, UAS-nSyb-GFP/�. For rescue experi-
ments, genetic crosses were performed to generate flies with the genotype
bdl EX2/ bdl EX2; Rh5/Rh6-GAL4, UAS-nSyb-GFP/GMR-bdl, or bdlEX2/
bdlEX2; Rh5/Rh6-GAL4, UAS-nSyb-GFP/HS-bdl. For detecting endoge-
nous Brp-mCherry puncta in R8 axons, genetic crosses were performed
to generate flies with the genotypes bdl EX2/bdl EX2; Rh5-brp.mCherry,
Rh6-brp.mCherry /�. For examining SV localization in R8 axons in
which bdl was knocked down in postsynaptic targets of R8, genetic
crosses were performed to generate flies with the genotype ort C1–3-GAL4;
lexAop-nSybspGFP1–10/Rh6-lexA::p65; UAS-bdl-RNAi/�. For overex-
pressing imac in R8 axons in bdl mutants, genetic crosses were performed
to generate flies with the genotype bdl EX2/ bdl EX2; Rh5/Rh6-GAL4, UAS-
nSyb-GFP/UAS-imac-RFP. Previous studies show that the UAS-imac-
RFP transgene rescued the imac mutant phenotype (Pack-Chung et al.,
2007; Zong et al., 2018).

Histology. Adult heads were dissected and fixed for 3 h on ice in 3.2%
paraformaldehyde in phosphate buffer (PB), pH 7.2. Cryostat sections of
adult and pupal heads were cut on a Leica CM3050 S or Leica CM1950
microtome at a thickness of 10 �m and collected on Superfrost Plus slides
(Fisher Scientific). Before the addition of primary antibodies, sections
were blocked with 10% normal goat serum in PB with 0.5% Triton X-100
(PBT). Sections were then incubated with primary antibodies overnight
at 4°C. After washed 3� with PBT, sections were incubated with second-
ary antibodies for 45 min. After washed 3� with PBT, 80 �l of anti-fade
gold was added to each slide, which was then covered with a glass cover-
slip and sealed with nail polish.

Antibodies were used at following dilutions: MAb24B10 (1:100; De-
velopmental Studies Hybridoma Bank), rabbit polyclonal anti-GFP
(1:1000; Invitrogen), rabbit polyclonal anti-Bdl (1:1000), chicken poly-
clonal anti-GFP for detecting spGFP1–10 (1:1000; Abcam), and chicken
polyclonal anti-GFP (1:1000; Invitrogen). Secondary antibodies: anti-
mouse AlexaFluor 647, anti-chicken AlexaFluor 488, anti-rabbit Alex-
aFluor 488, and (Invitrogen) were used at 1:750 dilution. Epifluorescent

images were analyzed by confocal microscopy (Olympus, FluoView
FV1000 LSM).

Quantification of relative fluorescence intensity. The Olympus FluoView
or ImageJ software was used to measure fluorescent intensities in the
proximal portion of R8 axons in the lamina and the distal portion of R8
axons in the medulla. Relative intensity of SV components in each region
was calculated by normalizing the intensity of nSyb-GFP staining to that
of MAb24B10 staining within the same region. Similarly, relative inten-
sity of Imac.GFP in R8 axonal terminals was quantified by normalizing
the intensity of Imac.GFP staining to that of MAb24B10 staining within
the same region.

Molecular biology. For rescue experiments, the full-length bdl coding
sequence was amplified by PCR using the GH11322 EST clone as the
template. 5� primer CAATCGCGGCCGCATGCCAGCGAAACGCA
and 3� primer AGATCTGAGCAATCCTCAGGTGGAC were used. The
resulting PCR products were subcloned into EcoRI and BglII sites of
pGMR and pCaspeR-hs vectors. DNA constructs were verified by se-
quencing and used for generating transgenic lines.

Quantification of brp-GFP puncta in R8 soma. Confocal microscopy was
used to acquire 1.0 �m stacks of the samples. Brp-mCherry puncta were
quantified using the FIJI ImageJ software. Particle Analyzer Tool was used to
determine the size of puncta in the proximal region of R8 soma.

Phototactic T-maze behavioral assay. The behavioral assay was modi-
fied from that described previously (Yamaguchi et al., 2010). Flies were
reared with 12 h light/dark cycles at constant humidity and temperature.
Flies at the age of 7–10 d after eclosion were used in the experiments.
For each genotype, �5–10 trials were performed, and �50 flies were
tested in each trial. Flies were transported to behavior room at least
24 h before each experiment, and thus were able to habituate to the
new environment.

Two light sources were used, including UltraFire WF-501B 375NM
UV Ultra Violet LED Flashlight and Ultrafire WF-501B CREE XR-E G2
150lm Green LED Flashlight. “UV vs Green” choices were used to deter-
mine light preference. For each trial, flies were introduced into the
T-Maze apparatus and allowed to habituate for 60 s. The lights were then
turned on, and flies were introduced to the choice point for 20 s. Flies
moved into either the Green or UV zone, or did not move out of the
choice point (neutral). Flies were then anesthetized with CO2 and
counted. Light preference index (PI) was quantified as follows:

��number of flies in blue or green zone � Number of flies in UV zone

number of flies in blue or green zone � Number of flies in UV zone�
� �1 �

number of flies in neutral zone

number of total flies ��.

Because fly behaviors are sensitive to variations in experimental condi-
tions, this may cause behavioral variations even within the control
groups from one experiment to another experiment. To minimize the
effects of variations in experimental conditions in each experiment, con-
trol and experimental flies for behavioral comparison were generated
and collected at same time period, and phototactic assays were per-
formed on the same day.

Statistical analysis. For experiments involving the comparison of two
groups, statistical analysis was performed using two-tailed t tests. For exper-
iments involving the comparison of more than two groups, statistical anal-
ysis was performed using one-way ANOVA followed by post hoc Tukey’s test.
The difference is considered as significant when a p value is � 0.05.

Results
Loss of bdl disrupted axonal transport of SV components in
R8 axons
In our previous study, we show that Bdl is expressed in both R7
and R8 axons, and is also present in the optic lobe (Cameron et
al., 2013). However, R-cell axon guidance and layer-specific tar-
get selection remained normal in bdl-null mutants (Cameron et
al., 2013). To test whether Bdl plays a role in the regulation of
R-cell presynaptic assembly and function, we used a SV-specific
marker neuronal synaptobrevin-GFP (nSyb-GFP; Estes et al.,
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2000), to examine R7 and R8 presynaptic
development. R8 photoreceptors express
rhodopsin (Rh) Rh5 or Rh6, and show
preference for blue and green light (Vasil-
iauskas et al., 2011). Whereas R7 photore-
ceptors express Rh3 or Rh4, and show
preference for light in the UV spectrum
(Vasiliauskas et al., 2011). R7 and R8 ax-
ons from a single ommatidia project
through the lamina into the deeper me-
dulla. R8 axons form synapses specifically
within M1–M3 sublayers of the medulla.
R7 axons defasciculate from R8 axons at
M3 and project deeper in the medulla,
where they establish synapses in the
M4 –M6 sublayers.

SV components in R7 and R8 axons
were labeled by expression of nSyb-GFP
under control of R7-specific drivers Rh3-
GAL4 and Rh4-GAL4 (i.e., Rh3/Rh4-
GAL4) and R8-specific drivers Rh5-GAL4
and Rh6-GAL4 (i.e., Rh5/Rh6-GAL4; Fig.
1), respectively. In wild-type, SV compo-
nents in both R7 and R8 axons were pre-
dominantly targeted to the presynaptic
terminals within the medulla (Fig. 1A,
B,G). Surprisingly, we found that many
SV components were mislocalized to the
proximal portion of R8 axons within the
lamina in bdl mutants (Fig. 1C–F, I). In
contrast, the localization of SV compo-
nents remained normal in R7 axons in bdl
mutants (Fig. 1H, J).

To further confirm the SV phenotype
in R8 axons, we used a different SV
marker synaptotagmin-GFP (Syt-GFP;
Zhang et al., 2002), to examine the target-
ing of SV components. Consistently, we
found that many Syt-GFP-positive vesi-
cles were abnormally localized to the
proximal portion of R8 axons within the
lamina in bdl mutants (Fig. 1M,N,P).

bdl is required cell-autonomously in R8
axons for the targeting of
SV components
Above phenotypes in bdl mutants may re-
flect a cell-autonomous role for Bdl in R8
axons, or a non-cell-autonomous role in
its postsynaptic targets. To distinguish be-
tween these possibilities, we performed
genetic mosaic analysis. Homozygous bdl
mutant R-cell clones were generated in
the eye by performing eye-specific mitotic
recombination. We found that specific re-
moval of bdl in R-cell axons, but not in the
optic lobe, caused a SV mistargeting phe-
notype identical to that in bdl mutants
(Fig. 2A,B), indicating that bdl is required
in R-cell axons for axonal transport of SV
components.

Because eye-specific mitotic recombi-
nation removed bdl in both R7 and R8

Figure 2. bdl is required cell-autonomously in R8 axons. A, B, Frozen sections of adult heads were stained with anti-GFP (green)
and MAb24B10 (magenta). A, In all eye-specific bdl mosaic animals examined (100%, n � 6 animals), strong nSyb-GFP staining
was observed in the proximal portion of bdl mutant R8 axons. B, The section in A was visualized with nSyb-GFP staining only.
Arrowheads indicate proximal portions of R8 axons with mislocalized nSyb-GFP. C, D, Frozen sections of adult heads were stained
with anti-GFP (green) and anti-RFP (magenta). Homozygous bdl mutant R7 axons were generated by GMR-FLP-induced mitotic
recombination. C, In all GMR-FLP-induced bdl mosaic animals examined (100%, n � 6 animals), nSyb-GFP staining (green) was
still predominantly localized to R8 axonal terminals in the medulla. Wild-type or heterozygous R-cell axons were labeled with
GMR-myr-mRFP (magenta). Mosaic columns were identified by the absence of RFP staining in bdl mutant R7 axons (arrows). D, The
section in C was visualized with nSyb-GFP staining only. E, In wild-type double-stained with anti-GFP (green) and MAb24B10
(magenta), nSyb-GFP staining was predominantly localized to R8 axonal terminals in the medulla (100%, n � 5 animals). F, The
section in E was visualized with nSyb-GFP staining only. G, In flies expressing a UAS-bdl-RNAi transgene under control of the
R8-specific driver Rh5/6-GAL4, strong nSyb-GFP staining was also observed in the proximal portion of R8 axons in the lamina (5 of
6 animals). H, The section in G was visualized with nSyb-GFP staining only. Arrowheads indicate proximal portions of R8 axons with
mislocalized nSyb-GFP. Scale bar, 20 �m.
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axons that associate with each other closely within the medulla, it
remained possible that the SV phenotype in R8 axons was caused
by loss of bdl in R7 axons. To address this possibility, mitotic
recombination under control of the GMR-FLP was used to re-

move bdl in R7 but not in R8 axons. We
found that the localization of SV compo-
nents remained normal in wild-type R8
axons when bdl was removed in R7 axons
within the same column (Fig. 2C,D). This
result argues against a non-cell-auto-
nomous role for Bdl in R7 axons in regu-
lating SV targeting in R8 axons within the
same column.

To further confirm that Bdl plays a
cell-autonomous role in R8 axons, we per-
formed R8-specific knockdown experi-
ments. A UAS-bdl-RNAi transgene that
has been shown previously to knock down
bdl effectively (Cameron et al., 2016), was
expressed specifically in R8 axons under
control of the R8-specific driver Rh5/Rh6-
GAL4. A similar SV phenotype was ob-
served when bdl was specifically knocked
down in R8 axons (Fig. 2G,H).

In summary, above results from ge-
netic mosaic analysis and R8-specific
knockdown experiments suggest strongly
that Bdl plays a cell-autonomous role in
R8 axons for axonal transport of SV
components.

bdl is required both presynaptically
and postsynaptically
Above results support a necessary role for
Bdl in R8 axons. To determine whether
the expression of Bdl in R8 axons is suffi-
cient, we performed transgene rescue ex-
periments. A transgene in which the
complete bdl cDNA is located down-
stream of the eye-specific promoter GMR
was introduced into bdl-null mutants.
However, we found that the SV pheno-
type in bdl mutants could not be rescued
by restoring bdl expression in R-cell axons
(Fig. 3A,B,E). This result raises the possi-
bility that Bdl is required in both R8 axons
and their targets in the medulla.

To test this, we examined the effects
of restoring bdl in both R-cell axons and
the optic lobe on the SV phenotype by
introducing a bdl transgene containing
the bdl coding sequence downstream of
a heat-inducible promoter into bdl mu-
tants. Interestingly, we found that ex-
pression of bdl in both R-cell axons and
the target region completely rescued
the SV phenotype in bdl mutants (Fig.
3C–E).

Together, our results suggest that Bdl
is required both presynaptically and
postsynaptically for axonal transport of
SV components.

Loss of bdl caused the accumulation of the AZ protein Brp in
the proximal region of R8 soma
In addition to axonal transport of SV components, presynaptic
assembly and function also requires the recruitment of AZ com-

Figure 3. Expression of bdl in R-cell axons was not sufficient for rescuing the SV phenotype in bdl mutants. A–D, Frozen sections
of adult heads expressing nSyb-GFP under control of the R8-specific driver Rh5/6-GAL4, were stained with anti-GFP (green) and
MAb24B10 (magenta). A, Restoring bdl expression in all R-cell axons under control of the eye-specific GMR promoter did not rescue
the SV phenotype, as many SV components were still mislocalized to the proximal portion of R8 axons in the lamina. Genotype:
bdl EX2; GMR-bdl/ Rh5/6-GAL4, UAS-nSyb-GFP. Two independent GMR-bdl transgenic lines were used in the experiments. Eight
individuals were examined in each experiment. B, The section in A was visualized with nSyb-GFP staining only. C, Restoring bdl
expression in both R-cell axons and the optic lobe under control of the heat-inducible promoter completely rescued the SV
phenotype. Genotype: bdl EX2; HS-bdl/ Rh5/6-GAL4, UAS-nSyb-GFP. Two independent HS-bdl transgenic lines were used in the
experiments. At least five individuals were examined in each experiment. D, The section in C was visualized with nSyb-GFP staining
only. E, The ratio of medulla versus lamina relative nSyb-GFP staining intensities was quantified. One-way ANOVA followed by post
hoc Tukey’s test. **p � 0.01, ***p � 0.001; ns, p � 0.05. Error bars indicate SEM. Scale bar, 20 �m.
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ponents and mitochondria. To test
whether Bdl also plays a role in axonal
transport of AZ components, we exam-
ined the potential effects of bdl mutations
on the targeting of the AZ protein Brp.
Brp is a homologous to human AZ protein
ELKS/CAST, and is essential for the estab-
lishment and maintenance of active zones
for synapse formation and function in
Drosophila (Wagh et al., 2006).

The distribution of Brp in R8 was visu-
alized using the R8-specific AZ marker
Rh5/Rh6-Brp-mCherry, which labels AZs
in R8 axonal terminals and PTVs that
transport AZ components in R8 (Ting et
al., 2014). In wild-type (Fig. 4A,B), Brp-
mCherry punta were predominantly lo-
calized to R8 axonal terminals in the
medulla region, where R8 axons form
synaptic connections with their target
neurons. Interestingly, we found that in
all bdl homozygous mutants examined
(n � 10; Fig. 4C–E), abnormal large Brp-
mCherry particles were accumulated at
the proximal region of R8 soma in the ret-
ina, which is close to the axonal initial seg-
ment. This phenotype was never observed
in wild-type animals (n � 6; Fig. 4, com-
pare B, D). This result suggests that Bdl
may also be required for the transport of
Brp from R8 soma into the axon.

Loss of bdl did not affect axonal
transport of mitochondria
We then examined whether loss of bdl af-
fects axonal transport of mitochondria.
The distribution of mitochondria in R8 ax-
ons was visualized using the mitochondria
marker UAS-Mito-GFP under control of
the R8-specific driver Rh5/Rh6-GAL4.
However, no obvious difference in the local-

Figure 4. Loss of bdl affected the transport of the AZ protein Brp but not the transport of mitochondria in R8 axons. A–D, Frozen
sections of adult heads carrying Rh5/6-Brp-mCherry were double-stained with anti-GFP (green) and MAb24B10 (magenta). A, In
wild-type animals (100%, n � 6), Brp-mCherry puncta was predominantly localized to R8 axonal terminals in the medulla region.

4

B, The section in A was visualized with Brp-mCherry staining
only. C, In bdl EX2 homozygous mutants (100%, n � 10), ab-
normal large Brp-mCherry particles were accumulated at the
proximal region (arrows) of R8 soma in the retina. D, The sec-
tion in C was visualized with Brp-mCherry staining only. Ar-
rowheads indicate abnormal large Brp-mCherry particles. E,
The size of Brp-mCherry puncta in the proximal region of R8
soma was quantified. Compared with that in wild-type, the
size of Brp puncta in the proximal region of R8 soma in bdl
mutants showed a significant increase. Student’s t test,
***p � 4.5e	07. Error Bars indicate SEM. F–I, Frozen sec-
tions of adult heads expressing UAS-mito-GFP under control of
the R8-specific driver Rh6-GAL4, were stained with anti-GFP
(green) and MAb24B10 (magenta). F, In wild-type (100%,
n � 7 animals), mitochondria were detected in both proximal
portions of R8 axons in the lamina and R8 axonal terminals in
the medulla. G, The section in F was visualized with mito-GFP
staining only. H, In bdl EX2 mutants (100%, n �6 animals), the
pattern of mitochondria distribution was similar to that in
wild-type. I, The section in H was visualized with mito-GFP
staining only. Scale bar, 20 �m.
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ization of mitochondria in R8 axons between wild-type and bdl mu-
tants was observed (Fig. 4, compare H, I to F, G).

Loss of bdl disrupted R8-dependent phototaxis response
We then performed differential phototaxis experiments to examine
whether loss of bdl affects R8 function. Among photoreceptors, R7
expresses Rh3/Rh3 and is UV-sensitive. Approximately 70% of R8
(i.e., R8y) express Rh6 and are green-sensitive, whereas �30% of R8
(i.e., R8p) express Rh5 and are blue-sensitive. Previous studies show
that manipulating the functions of R7 or R8 could switch fly light
preference (Yamaguchi et al., 2010).

A T-maze apparatus was used to examine the ability of flies to
distinguish lights at different wavelength similarly as described
previously (Yamaguchi et al., 2010). Flies were given the UV vs
green choice to test their light preference. When given UV vs

green choice, wild-type flies did not show
a significant difference in their preference
for different lights (Fig. 5A). However, we
found that in the absence of bdl, flies
largely ignored green light source, and
were predominantly attracted toward UV
light source (Fig. 5A).

We then performed cell-type-specific
knockdown experiments to determine
whether Bdl is required cell-autono-
mously for R8 function. bdl was knocked
down by expressing a UAS-bdl-RNAi
transgene under control of pan-neuronal
driver C155-GAL4 (Fig. 5B), eye-specific
driver ey3.5-GAL4 (Fig. 5C), or green-
sensitive-R8-specific driver Rh6-GAL4
(Fig. 5D). Compared with control flies
carrying GAL4 driver or UAS-bdl-RNAi
only, flies carrying both GAL4 driver and
UAS-bdl-RNAi showed a significant de-
crease in the preference for green light
source (Fig. 5B–D).

Together, above results support an es-
sential and cell-autonomous role for Bdl
in the control of R8 function.

Knocking down bdl in postsynaptic
target neurons in the optic lobe caused
the mislocalization of SVs in R8 axons
The results from transgene rescue (Fig. 3)
raise the interesting possibility that Bdl is
required in both R8 and its postsynaptic
target neuron for the transport of SV
components in R8 axons. To further ad-
dress this, we examined whether reducing
Bdl in postsynaptic target neurons in the
optic lobe affects the localization of SV
components in R8 axons.

To knock down bdl in postsynaptic tar-
gets of R8, ortC1–3-GAL4 (Gao et al., 2008)
was used to drive the expression of UAS-bdl-
RNAi. The lexA/lexAop system was used to
label SV components in bdl knockdown
flies; the SV marker lexAop-nSyb-
spGFP1–10 (Macpherson et al., 2015), was
expressed under control of the green-
sensitive-R8-specific driver Rh6-lexA::p65
(Berger-Müller et al., 2013). We found that

knocking down bdl in postsynaptic targets of R8 caused a similar SV
mislocalization phenotype in all individuals examined (100%, n � 4
animals; (Fig. 6C,D).

Knocking down bdl in postsynaptic target neurons in the
optic lobe disrupted R8-dependent phototaxis response
We then examined whether knocking down bdl in postsynaptic
target neurons affects R8-dependent phototaxis response. bdl was
knocked down in postsynaptic targets of R8 by expressing UAS-
bdl-RNAi under control of the ort C1–3-GAL4 driver. Flies were
then given UV vs green choice to examine their light preference.
Compared with control flies carrying ort C1–3-GAL4 or UAS-bdl-
RNAi only, bdl knockdown flies showed a significant decrease in
the preference for green light source (Fig. 6E).

Figure 5. R8-dependent phototaxis response was disrupted in bdl mutants. Flies were given UV vs green choice. Light PI was
calculated as described in Materials and Methods. A, Canton-S wild-type and w 1118 flies could be attracted to both UV and green
light sources. However, both bdl EX1 and bdl EX2 homozygous mutant flies were predominantly attracted toward UV light source. B,
bdl was knocked down in flies carrying a pan-neuronal-specific driver C155-GAL4 and a UAS-bdl-RNAi transgene. Compared with
control flies that carried C155-GAL4 or UAS-bdl-RNAi only, flies carrying both C155-GAL4 and UAS-bdl-RNAi showed a much greater
preference for UV light. C, Eye-specific knockdown of bdl was performed by expressing UAS-bdl-RNAi under control of the eye-
specific driver ey 3.5-GAL4. Reducing bdl in the eye significantly decreased the preference for green light. D, bdl was specifically
knocked down in green-sensitive R8 photoreceptors (i.e., R8y) by expressing UAS-bdl-RNAi under control of the R8y-specific driver
Rh6-GAL4. Knocking down bdl in green-sensitive R8 decreased the preference for green light. For each genotype, �5–10 trials
were performed, and �50 flies were tested in each trial. One-way ANOVA followed by post hoc Tukey’s test. *p � 0.05, **p �
0.01, ***p � 0.001. Error bars indicate SEM.
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bdl interacted genetically with imac
To further understand the action of Bdl in regulating axonal
transport of SV components, we examined the potential effects of
bdl mutations on the organization of microtubules in R8 axons.
Microtubules were labeled with the marker UAS-GFP-�Tub84B un-
der control of the R8-specific driver Rh6-GAL4. Similarly as de-
scribed previously (Sugie et al., 2015), we quantified the percentage
of organized microtubule threads in each R8 axonal terminal. How-
ever, no obvious defect was observed (data not shown).

Previous studies show that the fly Imac motor protein and its
orthologs Unc-104 in Caenorhabditis elegans and KIF1A in mam-
mals play an essential role in regulating axonal transport of SV
components (Hall and Hedgecock, 1991; Otsuka et al., 1991;
Okada et al., 1995; Zhao et al., 2001; Pack-Chung et al., 2007;
Barkus et al., 2008; Niwa et al., 2008). Consistently with previous
reports (Pack-Chung et al., 2007), we showed that the removal of
Imac in R-cell axons severely disrupted axonal transport of SV com-
ponents, as the majority of SV components were localized abnor-
mally in R8 cell bodies in the retina when imac was removed in R cells
by eye-specific mitotic recombination (Fig. 7C–E).

To test the potential genetic interaction between bdl and imac,
we performed epistasis analysis. Most bdl/� heterozygotes
(�93%, n � 15; Fig. 7F, I) and imac/� heterozygotes (�87%,
n � 16; Fig. 7G,J) displayed normal SV localization pattern in R8
axons. Interestingly, when flies were transheterozygous for bdl
and imac (i.e., bdl/imac), most individuals showed a bdl-like SV
mislocalization phenotype (�80%, n � 15; Fig. 7H,K). This
synergistic phenotype suggests that Bdl may regulate axonal
transport of SV components by modulating Imac.

The levels of the Imac motor were significantly reduced in R8
presynaptic terminals
To further understand the action of Bdl in the regulation of Imac,
we examined whether reducing bdl affects the levels and distribu-
tion of Imac. The distribution of Imac in R8 axons was visualized
with the Imac.GFP marker, which has been shown previously to
recapitulate the localization of endogenous Imac (Barkus et al.,
2008). Rh6-GAL4 was used to drive the expression of UAS-
imac.GFP in green-sensitive R8 axons of y-type ommatidia
(Tahayato et al., 2003). In wild-type, �80% R8 axons were
stained with imac.GFP (Fig. 8A–C,G), consistent with that Rh6 is
only expressed in green-sensitive R8y photoreceptor cells (Sal-
cedo et al., 1999; Yamaguchi et al., 2010). We then performed
cell-type-specific knockdown to reduce the level of Bdl in R8
axons. Interestingly, we found that compared with that of control
flies carrying Rh6-GAL4 and UAS-imac.GFP (Fig. 8A–C) or con-
trol flies carrying Rh6-GAL4, UAS-imac.GFP and UAS-CD2.HRP
(Fig. 8G), bdl knockdown in flies carrying Rh6-GAL4, UAS-
imac.GFP and UAS-bdl-RNAi significantly decreased the per-
centage of R8 axons in which Imac.GFP was localized to R8
terminals (Fig. 8D–G). We also quantified relative levels of
Imac.GFP in R8 axonal terminals. When bdl was knocked down,
the levels of Imac.GFP staining in Imac.GFP-positive R8 presyn-
aptic terminals were also significantly reduced (Fig. 8D–F,H).

Discussion
Our present study identifies for the first time a cell adhesion
molecule that plays a novel and specific role in promoting axonal
transport of SV components for presynaptic assembly and func-
tion. Loss of bdl selectively disrupted axonal transport of SV com-
ponents in R8 axons, and also caused the accumulation of the AZ
protein Brp in the proximal region of R8 soma. In contrast, bdl
mutations did not affect axonal transport of mitochondria. Ge-

netic mosaic analysis, transgene rescue and cell-type-specific
knockdown indicate that Bdl is required both presynaptically and
postsynaptically. Removing bdl also disrupted R8-dependent
phototaxis response, consistent with a role for Bdl in the control
of R8 function. We also show that bdl interacted genetically with
imac, and bdl knockdown significantly decreased the levels of the
Imac motor in R8 axonal terminals. Our results support a model

Figure 6. Knockdown of bdl in postsynaptic target neurons in the optic lobe disrupted the
transport of SVs in R8 axons and R8-dependent phototaxis response. A–D, Frozen sections of
adult heads expressing the SV marker lexAop-nSyb-spGFP1–10 under control of the green-
sensitive-R8-specific driver Rh6-lexA::p65, were stained with anti-GFP (green) and MAb24B10
(magenta). A, In most control animals carrying ort C1–3-GAL4 only (6 of 7 animals), SVs labeled
with nSyb-spGFP1–10 were predominantly localized to R8 axonal terminals in the medulla
region. B, The section in A was visualized with nSyb-spGFP1–10 staining only. C, When bdl was
knocked down in postsynaptic target neurons in the optic lobe by expressing UAS-bdl-RNAi
under control of the ort C1–3-GAL4 driver, strong nSyb-spGFP1–10 staining was also observed in
the proximal portion of R8 axons in the lamina (100%, n � 4 animals). D, The section in C was
visualized with nSyb-spGFP1–10 staining only. Arrowheads indicate proximal portions of R8
axons with mislocalized nSyb-spGFP1–10. E, Flies were given UV vs green choice. Knocking
down bdl in postsynaptic targets of R8 by expressing UAS-bdl-RNAi under control of ort C1–3-
GAL4, significantly decreased the preference for green light. For each genotype, �10 –13 trials
were performed, and �50 flies were tested in each trial. One-way ANOVA followed by post hoc
Tukey’s test. *p � 0.05, ***p � 0.001. Error bars indicate SEM. Scale bar, 20 �m.
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in which Bdl-Bdl homophilic binding mediates specific interac-
tions at axo-dendritic contact sites in promoting the activity
and/or localization of Imac, and thus facilities axonal transport of
presynaptic components in R8 axons (Fig. 8I).

Unlike several other well characterized cell adhesion mole-
cules that control the development and function of the fly visual
system (Clandinin et al., 2001; Lee et al., 2001, 2003; Shinza-
Kameda et al., 2006), Bdl is neither required for R-cell axon guid-
ance nor layer-specific R-cell axonal target selection (Fig. 1;
Cameron et al., 2013). In bdl-null mutants, both R7 and R8 axons
projected through the lamina into their correct target layers in the
medulla, where R7 and R8 axonal terminals are organized in
regularly spaced columns (Cameron et al., 2013). By comparison,
loss of either N-Cadherin or Lar causes R7 axons to project aber-
rantly into the R8 target layer (Clandinin et al., 2001; Lee et al.,

2001), whereas mutations in the gene ca-
pricious encoding for a R8-specific cell ad-
hesion molecule causes R8 targeting
errors (Shinza-Kameda et al., 2006).
Those studies indicate that Bdl is not in-
volved in mediating the initial formation
and/or maintenance of the contact be-
tween R8 axons and their targets in the
medulla. Instead, Bdl may mediate spe-
cific interactions at axo-dendrite contact
sites in the medulla, which is required for
axonal transport of SV components in R8
axons.

How does Bdl function? In our previ-
ous studies (Cameron et al., 2013; Chen et
al., 2017), we show that Bdl is capable of
mediating both homophilic and hetero-
philic binding. Bdl on R8 axonal terminal
may bind to Bdl on the target in a homo-
philic manner, thus mediates the interac-
tions at axo-dendritic contact sites.
Alternatively, an unknown cell-surface re-
ceptor on the target may bind to Bdl on
the R8 presynaptic terminal in promoting
axonal transport of SV components in R8
axons. Based on the results from trans-
gene rescue and cell-type-specific knock-
down experiments, we favor the first
model in which Bdl mediates specific in-
teractions at axo-dendritic contact sites
via a homophilic binding mechanism
(Fig. 8I).

That Bdl interacts genetically with
Imac, together with that the levels of the
Imac motor was significantly reduced in
R8 presynaptic terminals, suggest strongly
that Bdl functions directly or indirectly in
regulating Imac. Bdl may regulate the
function of Imac in several ways. First, Bdl
may promote axonal localization of Imac.
Unc-104/Imac/ KIF1A-family motor pro-
teins exist in axons as either inactive state
due to autoinhibition, or active state upon
cargo binding (Hammond et al., 2009;
Huo et al., 2012; Yue et al., 2013; Niwa et
al., 2016). Whereas inactive KIF1A mo-
tors can diffuse on microtubules in the ab-
sence of cargo, active KIF1A motors

undergo ATP-dependent processive motility in the presence of
cargo (Hammond et al., 2009). Thus, the Bdl-dependent pathway
may promote diffusion of inactive Imac on microtubules along
R8 axons, which makes the motors available locally to respond to
activating signals for delivering SV components to the presynap-
tic terminal (Fig. 8I). Second, the Bdl-dependent pathway may
not only promote axonal localization of Imac, but also stimulate
its activity. Consistent with this possibility, we found that over-
expression of Imac in R8 axons was not sufficient for rescuing
the SV phenotype in bdl mutants (data not shown). A number
of studies show that motor proteins can be activated by reliev-
ing the autoinhibition with cargo binding and phosphoryla-
tion (Espeut et al., 2008; Hammond et al., 2009; Niwa et al.,
2016). Similarly, we speculate that Bdl may activate down-
stream signaling events, which may unlock the autoinhibition

Figure 7. bdl interacts genetically with imac in the control of SV transport in R8 axons. A–D, Loss of imac caused a failure of SV
components to transport from R8 cell bodies into axons. Frozen sections of adult heads expressing UAS-nSybGFP under control of
the green-sensitive-R8-specific driver Rh6-GAL4, were stained with anti-GFP (green) and MAb24B10 (magenta). A, In wild-type
(n � 6 animals), nSyb-GFP staining was predominantly localized to R8 axonal terminals in the medulla. B, The section in A was
visualized with nSyb-GFP staining only. C, In eye-specific large imac 170 homozygous clones (n �6 animals), the levels of nSyb-GFP
staining in R8 axons were greatly reduced. A large number of nSyb-GFP-positive large aggregates were observed in R8 cell bodies
in the retina. D, The section in C was visualized with nSyb-GFP staining only. E, The number of abnormal large nSyb-GFP-positive
aggregates in the retina was quantified. Loss of imac greatly increased the number of nSyb-GFP-positive aggregates in the retina.
Student’s t test, ***p � 0.0073. Error Bars indicate SEM. F–K, Frozen sections of adult heads expressing UAS-n-Syb-GFP under
control of the R8-specific driver Rh5/6-GAL4, were stained with anti-GFP (green) and MAb24B10 (magenta). In most bdl EX2/� (F,
I; 14 of 15 animals) or imac 170/� heterozygotes (G, J; 14 of 16 animals), nSyb-GFP staining was predominantly localized to R8
axonal terminals in the medulla region. In the majority of bdl EX2/imac 170 transheterozygotes (12 of 15 animals), however, strong
n-Syb-GFP staining was also observed in the proximal portion of R8 axons in the lamina. Arrows indicate proximal portions of R8
axons with mislocalized nSyb-GFP. Scale bar, 20 �m.
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Figure 8. The levels of the Imac motor protein in R8 axonal terminals were decreased in bdl mutants. A–F, Frozen sections of adult heads expressing UAS-imac.GFP under control of the
green-sensitive-R8-specific driver Rh6-GAL4, were stained with anti-GFP (green) and MAb24B10 (magenta). A, In control animals carrying Rh6-GAL4 and UAS-imac.GFP, Imac.GFP staining was
observed in proximal portions of R8 axons in the lamina and R8 axonal terminals in the medulla. B, The section in A was visualized with Imac.GFP staining only. C, The boxed area in A was enlarged.
D, In bdl knockdown flies carrying Rh6-GAL4, UAS-imac.GFP and UAS-bdl-RNAi, the number of R8 axonal terminals with Imac.GFP decreased. E, The section in D was (Figure legend continues.)
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of Imac and thus promote the delivery of SV components to
presynaptic terminals (Fig. 8I ).

Our results also suggest a role for Bdl in regulating axonal
transport of the AZ protein Brp. AZ components are transported
in PTVs, which like SVPs, also rely on the kinesin-3 family motor
Unc-104/Imac/KIF1A for axonal transport (Hall and Hedgecock,
1991; Otsuka et al., 1991; Okada et al., 1995; Zhao et al., 2001;
Pack-Chung et al., 2007; Barkus et al., 2008; Niwa et al., 2008).
Consistently, we show that loss of bdl also affected the trafficking
of Brp in R8 axons. In bdl mutants, although many SV compo-
nents were mislocalized to the proximal regions of R8 axons (Fig.
1), large Brp-positive aggregates accumulated abnormally in R8
soma close to the axonal initial segment (Fig. 4). That loss of bdl
affected the trafficking of SVs and Brp differently may be because
of cargo difference. PTVs carrying AZ components have cargo
size at �80 nm in diameter (Zhai et al., 2001; Tao-Cheng, 2007),
whereas STVs are heterogeneous in size (Kraszewski et al., 1995;
Ahmari et al., 2000). The difference in cargo size and/or surface
properties of cargo may lead to different responses to altered
motor function in bdl mutants.

Although loss of bdl affected the trafficking of SV and AZ
components, axonal transport of mitochondria remained nor-
mal in bdl mutants (Fig. 4). One likely explanation is that the
transport of mitochondria in R8 axons uses a different motor
system. It is reported that removal of the adapter protein Milton
disrupts the transport of mitochondria, but not SVs, in Drosoph-
ila photoreceptor axons (Stowers et al., 2002). Milton directly
interacts with the mitochondrial Rho-like GTPase Miro to recruit
mitochondria to the kinesin-1 motor protein (Glater et al., 2006).
Thus, it appears highly possible that unlike Imac-mediated trans-
port of SVs, kinesin-1-mediated transport of mitochondria is
regulated by a Bdl-independent signaling pathway.

Bdl is highly homologous to IgSF9A and IgSF9B in mammals
(Hansen and Walmod, 2013). Interestingly, a recent in vitro study
shows that IgSF9B forms a cis-complex with Neuroligin-2
(Nlg-2) on the postsynaptic membrane, and facilitates the trans-
synaptic interactions between Nlg-2 and Neurexin in mediating
inhibitory synaptogenesis (Woo et al., 2013). IgSF9A knock-out
study shows that loss of IgSF9A causes a reduction in the number
of inhibitory synapses in the hippocampus (Mishra et al., 2014).
In the future, it would be of interest to determine whether mam-
malian IgSF9 family proteins are also required for promoting
axonal transport of SV components. Further molecular and ge-
netic dissection of the Bdl-dependent pathway will provide novel
and important insights into the general mechanisms underlying

axonal transport of SV components for presynaptic assembly and
function.
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