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Abstract 28 

Normal brain function requires proper targeting of synaptic-vesicle (SV) and active-zone (AZ) 29 

components for presynaptic assembly and function. Whether and how synaptogenic signals (e.g. 30 

adhesion) at axo-dendritic contact sites promote axonal transport of presynaptic components for 31 

synapse formation, however, remain unclear. In this study, we show that Borderless (Bdl), a 32 

member of the conserved IgSF9-family trans-synaptic cell adhesion molecules, plays a novel and 33 

specific role in regulating axonal transport of SV components. Loss of bdl disrupts axonal 34 

transport of SV components in photoreceptor R8 axons, but does not affect the transport of 35 

mitochondria. Genetic mosaic analysis, transgene rescue and cell-type-specific knockdown 36 

indicate that Bdl is required both pre- and postsynaptically for delivering SV components in R8 37 

axons. Consistent with a role for Bdl in R8 axons, loss of bdl causes a failure of R8-dependent 38 

phototaxis response to green light. bdl interacts genetically with imac encoding for a member of 39 

the UNC-104/Imac/KIF1A-family motor proteins, and is required for proper localization of Imac 40 

in R8 presynaptic terminals. Our results support a model in which Bdl mediates specific axo-41 

dendritic interactions in a homophilic manner, which up-regulates the Imac motor in promoting 42 

axonal transport of SV components for R8 presynaptic assembly and function. 43 

 44 

 45 

  46 
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Significance Statement 47 

Whether and how synaptogenic adhesion at axo-dendritic contact sites regulates axonal transport 48 

of presynaptic components remain unknown. Here we show for the first time that a trans-49 

synaptic adhesion molecule mediates specific interactions at axo-dendritic contact sites, which is 50 

required for up-regulating the UNC-104/Imac/KIF1A motor in promoting axonal transport of 51 

synaptic-vesicle components for presynaptic assembly and function. 52 

 53 

 54 

  55 
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Introduction 56 

After initial axon-dendrite contact, cellular morphogenetic events occur at both sides of the 57 

contact, which eventually leads to the formation of chemical synapses. Each synapse consists of 58 

specialized presynaptic and postsynaptic structures that allow proper neuronal communications. 59 

The assembly and function of presynaptic structures requires proper delivery of active-zone (AZ) 60 

and synaptic-vesicle (SV) components from soma to nerve terminals. For instance, axonal 61 

transport of Piccolo-bassoon Transport Vesicles (PTVs) and Synaptic Vesicle Precursors (SVPs) 62 

is required for the assembly of AZs and the accumulation of SVs for synapse formation and 63 

maintenance (Goldstein et al., 2008; Maeder et al., 2014). Whereas axonal transport of 64 

mitochondria is crucial for meeting energy demands at presynaptic terminals (Goldstein et al., 65 

2008; Maeder et al., 2014). 66 

 Synapse formation involves rapid recruitment of SV and AZ components at the sites of 67 

axo-dendritic contact (Chia et al., 2013; McAllister, 2007). Accumulated evidence supports a key 68 

role for the kinesin-3 family motor Unc-104/Imac/KIF1A in regulating axonal transport of SVPs 69 

and PTVs (Barkus et al., 2008; Hall and Hedgecock, 1991; Niwa et al., 2008; Okada et al., 1995; 70 

Otsuka et al., 1991; Pack-Chung et al., 2007; Zhao et al., 2001). In the absence of Unc-71 

104/Imac/KIF1A, most SVPs are unable to move from soma into axons. Recent studies also 72 

show that Unc-104/Imac/KIF1A is activated by the SVP-localized small arf-like GTPase ARL-8 73 

(Klassen et al., 2010; Niwa et al., 2017), and can also be modulated by the JNK MAP kinase 74 

pathway (Byrd et al., 2001; Wu et al., 2013). While it is clear that synaptogenic signals such as 75 

trans-synaptic adhesion modulate local recruitments of SV components at the presynaptic 76 

terminals for the control of synaptic plasticity (Bury and Sabo, 2016), a recent in vitro study 77 

shows that neuroligin-neurexin-mediated trans-synaptic adhesion does not significantly affect 78 
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axonal transport of SV components in cultured cortical neurons (Bury and Sabo, 2014). It 79 

remains unknown whether and how synaptogenic adhesion at axo-dendritic contact sites 80 

regulates axonal transport of SV components to sites of presynaptic assembly in vivo. 81 

In this study, we investigate the role of Borderless (Bdl) in the Drosophila visual system, 82 

which is an excellent model to study the mechanisms controlling neuronal circuit development 83 

and function (Neriec and Desplan, 2016; Sanes and Zipursky, 2010). Bdl belongs to the 84 

conserved IgSF9 subfamily of Ig superfamily (Hansen and Walmod, 2013). In our previous 85 

studies (Cameron et al., 2013; Chen et al., 2017), we show that Bdl functions as a cell adhesion 86 

molecule, and is capable of mediating both homophilic and heterophilic binding.  Recent studies 87 

on IgSF9A and IgSF9B, homologs of Bdl in mammals, show that IgSF9A and IgSF9B function 88 

as trans-synaptic adhesion molecules by mediating homophilic binding (Hansen and Walmod, 89 

2013; Woo et al., 2013). In Drosophila, Bdl is exclusively expressed in wrapping glia and is 90 

required for mediating axon-glia recognition at third-instar larval stage (Cameron et al., 2016). 91 

Whereas at later stages, Bdl is expressed in R-cell axons, and negative regulation of Bdl by 92 

another Ig transmembrane protein Turtle (Tutl) is required for the tiling of R7 axonal terminals 93 

(Cameron et al., 2013). The role of Bdl in R-cell axons, however, remains unknown. 94 

Our present study shows that loss of bdl disrupted axonal transport of SV components in 95 

R8 axons, and caused the accumulation of the AZ protein Bruchpilot (Brp) in R8 soma. In 96 

contrast, axonal transport of the mitochondria remained normal in bdl mutants. Cell-type specific 97 

knockdown and transgene rescue support that Bdl is required both pre- and postsynaptically. Bdl 98 

interacts genetically with the Unc-104/Imac/KIF1A motor, and removing Bdl significantly 99 

decreased the levels of Imac in R8 axonal terminals. To our knowledge, our study shows for the 100 

first time that a trans-synaptic cell adhesion molecule plays a specific role in regulating axonal 101 
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transport of presynaptic components, and presents an excellent starting point for dissecting the 102 

signalling events that link synaptogenic adhesion and axonal transport of SV components for 103 

presynaptic assembly and function. 104 

  105 
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Materials and Methods       106 

Genetics 107 

imac170, FRT42D flies were provided by T. Schwarz. UAS-imac-RFP flies were provided by F. 108 

Yu and T. Schwarz. Rh5/6-GAL; UAS-nSyb-GFP was provided by C. Lee. Rh6-lexA::p65 was 109 

provided by T. Suzuki. ey-FLP; GMR-myr-mRFP, FRT40A/Cyo (BDSC#7122), Rh3-GAL4 110 

(BDSC#7457), Rh4-GAL4 (BDSC#8689 and #8690), UAS-mito-GFP (BDSC#8443), UAS-111 

imac.GFP (BDSC#6926), UAS- Tub84B-GFP (BDSC#7373), Rh5-brp.mCherry,Rh6-112 

brp.mCherry (BDSC#57322), lexAop-nSyb-spGFP1-10 (BDSC#64315) and UAS-Syt-GFP 113 

(BDSC#8443) flies were obtained for the Bloomington Drosophila Stock Center (BDSC). The 114 

UAS-bdl-RNAi line (VDRC#4806) was obtained from Vienna Drosophila Resource Center 115 

(VDRC). For eye-specific mosaic analysis of Bdl in axonal transport of SV components, genetic 116 

crosses were performed to generate flies with the genotype ey3.5-FLP; bdlEX2, FRT40A/ GAL80, 117 

FRT40A; Rh5/Rh6-GAL4, UAS-nSyb-GFP/+. To selectively remove Bdl in R7 and R1/R6 axons, 118 

genetic crosses were performed to generate flies with the genotype GMR-FLP; GMR-myr-mRFP, 119 

FRT40A/bdlEX2, FRT40A; Rh5/Rh6-GAL4, UAS-nSyb-GFP/+. To examine the effects of 120 

removing bdl on SV localization in R7 axons, genetic crosses were performed to generate flies 121 

with the genotype bdlEX2/ bdlEX2; Rh3/Rh4-GAL4, UAS-nSyb-GFP/+. For rescue experiments, 122 

genetic crosses were performed to generate flies with the genotype bdlEX2/ bdlEX2; Rh5/Rh6-123 

GAL4, UAS-nSyb-GFP/GMR-bdl, or bdlEX2/ bdlEX2; Rh5/Rh6-GAL4, UAS-nSyb-GFP/HS-bdl. For 124 

detecting endogenous Brp-mCherry puncta in R8 axons, genetic crosses were performed to 125 

generate flies with the genotypes bdlEX2/bdlEX2; Rh5-brp.mCherry, Rh6-brp.mCherry /+. For 126 

examining SV localization in R8 axons in which bdl was knocked down in post-synaptic targets 127 

of R8, genetic crosses were performed to generate flies with the genotype ortC1-3-GAL4; lexAop-128 
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nSybspGFP1-10/Rh6-lexA::p65; UAS-bdl-RNAi/+. For overexpressing imac in R8 axons in bdl 129 

mutants, genetic crosses were performed to generate flies with the genotype bdlEX2/ bdlEX2; 130 

Rh5/Rh6-GAL4, UAS-nSyb-GFP/UAS-imac-RFP. Previous studies show that the UAS-imac-RFP 131 

transgene rescued the imac mutant phenotype (Pack-Chung et al., 2007; Zong et al., 2018).   132 

 133 

Histology 134 

Adult heads were dissected and fixed for 3 hours on ice in 3.2% paraformaldehyde (PFA) in 135 

phosphate buffer (PB) (pH 7.2). Cryostat sections of adult and pupal heads were cut on a Leica 136 

CM3050 S or Leica CM1950 microtome at a thickness of 10 μm and collected on Superfrost® 137 

Plus slides (Fisher scientific). Prior to the addition of primary antibodies, sections were blocked 138 

with 10% normal goat serum in PB with 0.5% Triton X-100 (PBT). Sections were then incubated 139 

with primary antibodies overnight at 4°C. After washed 3x with PBT, sections were incubated 140 

with secondary antibodies for 45 minutes. After washed 3x with PBT, 80μL of anti-fade gold 141 

was added to each slide, which was then covered with a glass coverslip and sealed with nail 142 

polish.  143 

Antibodies were used at following dilutions: MAb24B10 (1:100; Developmental Studies 144 

Hybridoma Bank or DSHB), rabbit polyclonal anti-GFP (1:1000; Molecular Probes), rabbit 145 

polyclonal anti-Bdl (1:1000), chicken polyclonal anti-GFP for detecting spGFP1-10 (1:1000; 146 

Abcam), and chicken polyclonal anti-GFP (1:1000; Molecular Probes). Secondary antibodies: 147 

anti-mouse alexafluor647, anti-chicken alexafluor488, anti-rabbit alexafluor488, and (Molecular 148 

Probes) were used at 1:750 dilution. Epifluorescent images were analyzed by confocal 149 

microscopy (Olympus fluoview FV1000 LSM). 150 

 151 
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Quantification of relative fluorescence intensity 152 

The Olympus Fluoview or ImageJ software was used to measure fluorescent intensities in the 153 

proximal portion of R8 axons in the lamina and the distal portion of R8 axons in the medulla. 154 

Relative intensity of SV components in each region was calculated by normalizing the intensity 155 

of nSyb-GFP staining to that of MAb24B10 staining within the same region. Similarly, relative 156 

intensity of Imac.GFP in R8 axonal terminals was quantified by normalizing the intensity of 157 

Imac.GFP staining to that of MAb24B10 staining within the same region. 158 

 159 

Molecular Biology 160 

For rescue experiments, the full-length bdl coding sequence was amplified by polymerase chain 161 

reaction (PCR) using the GH11322 EST clone as the template. 5’ primer 162 

CAATCGCGGCCGCATGCCAGCGAAACGCA and 3’ primer 163 

AGATCTGAGCAATCCTCAGGTGGAC were used. The resulting PCR products were 164 

subcloned into EcoRI and BglII sites of pGMR and pCaspeR-hs vectors. DNA constructs were 165 

verified by sequencing and used for generating transgenic lines. 166 

 167 

Quantification of Brp-GFP puncta in R8 soma  168 

Confocal microscopy was used to acquire 1.0 m stacks of the samples. Brp-mCherry puncta 169 

were quantified using the FIJI ImageJ software. Particle Analyzer Tool was used to determine 170 

the size of puncta in the proximal region of R8 soma. 171 

 172 

Phototactic T-Maze behavioral assay 173 



 
 

10 
 

The behavioral assay was modified from that described previously (Yamaguchi et al., 2010). 174 

Flies were reared with 12 hour light/dark cycles at constant humidity and temperature. Flies at 175 

the age of 7-10 days after eclosion were used in the experiments. For each genotype, about 5-10 176 

trials were performed, and ~50 flies were tested in each trial. Flies were transported to behavior 177 

room at least 24 hours before each experiment, and thus were able to habituate to the new 178 

environment.  179 

Two light sources were used, including UltraFire WF-501B 375NM UV Ultra Violet 180 

LED Flashlight and Ultrafire WF-501B CREE XR-E G2 150lm Green LED Flashlight. “UV vs. 181 

Green” choices were used to determine light preference. For each trial, flies were introduced into 182 

the T-Maze apparatus and allowed to habituate for 60 seconds. The lights were then turned on, 183 

and flies were introduced to the choice point for 20 seconds. Flies moved into either the Green or 184 

UV zone, or did not move out of the choice point (neutral). Flies were then anesthetized with 185 

CO2 and counted.  Light preference index (PI) was quantified as: 186 

. 187 

 Since fly behaviors are sensitive to variations in experimental conditions, this may cause 188 

behavioral variations even within the control groups from one experiment to another experiment. 189 

To minimize the effects of variations in experimental conditions in each experiment, control and 190 

experimental flies for behavioural comparison were generated and collected at same time period, 191 

and phototactic assays were performed on the same day.  192 

 193 

Statistical Analysis. For experiments involving the comparison of two groups, statistical 194 

analysis was performed using two-tailed t-tests. For experiments involving the comparison of 195 
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more than two groups, statistical analysis was performed using one-way ANOVA followed by 196 

post hoc Tukey’s test. The difference is considered as significant when a p value is <0.05. 197 

  198 
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Results 199 

Loss of bdl disrupted axonal transport of SV components in R8 axons 200 

In our previous study, we show that Bdl is expressed in both R7 and R8 axons, and is also 201 

present in the optic lobe (Cameron et al., 2013). However, R-cell axon guidance and layer-202 

specific target selection remained normal in bdl null mutants (Cameron et al., 2013). To test if 203 

Bdl plays a role in the regulation of R-cell presynaptic assembly and function, we used a SV-204 

specific marker neuronal synaptobrevin-GFP (nSyb-GFP) (Estes et al., 2000), to examine R7 and 205 

R8 presynaptic development. R8 photoreceptors express rhodopsin (Rh) Rh5 or Rh6, and show 206 

preference for blue and green light (Vasiliauskas et al., 2011). Whereas R7 photoreceptors 207 

express Rh3 or Rh4, and show preference for light in the UV spectrum (Vasiliauskas et al., 208 

2011). R7 and R8 axons from a single ommatidia project through the lamina into the deeper 209 

medulla. R8 axons form synapses specifically within M1-M3 sub-layers of the medulla. R7 210 

axons defasiculate from R8 axons at M3 and project deeper in the medulla, where they establish 211 

synapses in the M4-M6 sub-layers.  212 

SV components in R7 and R8 axons were labeled by expression of nSyb-GFP under 213 

control of R7-specific drivers Rh3-GAL4 and Rh4-GAL4 (i.e. Rh3/Rh4-GAL4) and R8-specific 214 

drivers Rh5-GAL4 and Rh6-GAL4 (i.e. Rh5/Rh6-GAL4) (Fig.1), respectively. In wild type, SV 215 

components in both R7 and R8 axons were predominantly targeted to the presynaptic terminals 216 

within the medulla (Fig. 1A, 1B, 1G). Surprisingly, we found that many SV components were 217 

mis-localized to the proximal portion of R8 axons within the lamina in bdl mutants (Fig. 1C, 1D, 218 

1E, 1F, 1I). In contrast, the localization of SV components remained normal in R7 axons in bdl 219 

mutants (Fig. 1H, 1J).  220 
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To further confirm the SV phenotype in R8 axons, we used a different SV marker 221 

synaptotagmin-GFP (Syt-GFP) (Zhang et al., 2002), to examine the targeting of SV components. 222 

Consistently, we found that many Syt-GFP-positive vesicles were abnormally localized to the 223 

proximal portion of R8 axons within the lamina in bdl mutants (Fig. 1M, 1N, 1P).  224 

 225 

bdl is required cell-autonomously in R8 axons for the targeting of SV components 226 

Above phenotypes in bdl mutants may reflect a cell-autonomous role for Bdl in R8 axons, or a 227 

non-cell-autonomous role in its postsynaptic targets. To distinguish between these possibilities, 228 

we performed genetic mosaic analysis. Homozygous bdl mutant R-cell clones were generated in 229 

the eye by performing eye-specific mitotic recombination. We found that specific removal of bdl 230 

in R-cell axons, but not in the optic lobe, caused a SV mistargeting phenotype identical to that in 231 

bdl mutants (Fig. 2A, 2B), indicating that bdl is required in R-cell axons for axonal transport of 232 

SV components. 233 

Since eye-specific mitotic recombination removed bdl in both R7 and R8 axons that 234 

associate with each other closely within the medulla, it remained possible that the SV phenotype 235 

in R8 axons was caused by loss of bdl in R7 axons. To address this possibility, mitotic 236 

recombination under control of the GMR-FLP was used to remove bdl in R7 but not in R8 axons. 237 

We found that the localization of SV components remained normal in wild-type R8 axons when 238 

bdl was removed in R7 axons within the same column (Fig. 2C, 2D).  This result argues against a 239 

non-cell-autonomous role for Bdl in R7 axons in regulating SV targeting in R8 axons within the 240 

same column. 241 

To further confirm that Bdl plays a cell-autonomous role in R8 axons, we performed R8-242 

specific knockdown experiments. A UAS-bdl-RNAi transgene that has been shown previously to 243 
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knock down bdl effectively (Cameron et al., 2016), was expressed specifically in R8 axons under 244 

control of the R8-specific driver Rh5/Rh6-GAL4. A similar SV phenotype was observed when 245 

bdl was specifically knocked down in R8 axons (Fig. 2G, 2H).  246 

In summary, above results from genetic mosaic analysis and R8-specific knockdown 247 

experiments suggest strongly that Bdl plays a cell-autonomous role in R8 axons for axonal 248 

transport of SV components. 249 

 250 

bdl is required both pre- and postsynaptically  251 

Above results support a necessary role for Bdl in R8 axons. To determine if the expression of 252 

Bdl in R8 axons is sufficient, we performed transgene rescue experiments. A transgene in which 253 

the complete bdl cDNA is located downstream of the eye-specific promoter GMR was 254 

introduced into bdl null mutants. However, we found that the SV phenotype in bdl mutants could 255 

not be rescued by restoring bdl expression in R-cell axons (Fig. 3A, 3B, 3E). This result raises 256 

the possibility that Bdl is required in both R8 axons and their targets in the medulla. 257 

To test this, we examined the effects of restoring bdl in both R-cell axons and the optic 258 

lobe on the SV phenotype by introducing a bdl transgene containing the bdl coding sequence 259 

downstream of a heat-inducible promoter into bdl mutants. Interestingly, we found that 260 

expression of bdl in both R-cell axons and the target region completely rescued the SV 261 

phenotype in bdl mutants (Fig. 3C, 3D, 3E).  262 

Taken together, our results suggest that Bdl is required both pre- and postsynaptically for 263 

axonal transport of SV components.  264 

 265 
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Loss of bdl caused the accumulation of the AZ protein Brp in the proximal region of R8 266 

soma 267 

In addition to axonal transport of SV components, presynaptic assembly and function also 268 

requires the recruitment of AZ components and mitochondria. To test if Bdl also plays a role in 269 

axonal transport of AZ components, we examined the potential effects of bdl mutations on the 270 

targeting of the AZ protein Bruchpilot (Brp). Brp is a homologous to human AZ protein 271 

ELKS/CAST, and is essential for the establishment and maintenance of active zones for synapse 272 

formation and function in Drosophila (Wagh et al., 2006).   273 

The distribution of Brp in R8 was visualized using the R8-specific AZ marker Rh5/Rh6-274 

Brp-mCherry, which labels AZs in R8 axonal terminals and PTVs that transport AZ components 275 

in R8 (Ting et al., 2014). In wild type (Fig. 4A and 4B), Brp-mCherry punta were predominantly 276 

localized to R8 axonal terminals in the medulla region, where R8 axons form synaptic 277 

connections with their target neurons. Interestingly, we found that in all bdl homozygous mutants 278 

examined (n=10) (Fig. 4C, 4D, 4E), abnormal large Brp-mCherry particles were accumulated at 279 

the proximal region of R8 soma in the retina, which is close to the axonal initial segment. This 280 

phenotype was never observed in wild-type animals (n=6) (Compare Fig. 4B to 4D). This result 281 

suggests that Bdl may also be required for the transport of Brp from R8 soma into the axon. 282 

 283 

Loss of bdl did not affect axonal transport of mitochondria 284 

We then examined if loss of bdl affects axonal transport of mitochondria. The distribution of 285 

mitochondria in R8 axons was visualized using the mitochondria marker UAS-Mito-GFP under 286 

control of the R8-specific driver Rh5/Rh6-GAL4. However, no obvious difference in the 287 
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localization of mitochondria in R8 axons between wild-type and bdl mutants was observed 288 

(Compare Fig. 4H and 4I to 4F and 4G). 289 

 290 

Loss of bdl disrupted R8-dependent phototaxis response  291 

We then performed differential phototaxis experiments to examine if loss of bdl affects R8 292 

function. Among photoreceptors, R7 expresses Rh3/Rh3 and is UV-sensitive. About 70% of R8 293 

(i.e. R8y) express Rh6 and are green-sensitive, while ~30% of R8 (i.e. R8p) express Rh5 and are 294 

blue-sensitive. Previous studies show that manipulating the functions of R7 or R8 could switch 295 

fly light preference (Yamaguchi et al., 2010). 296 

A T-maze apparatus was used to examine the ability of flies to distinguish lights at 297 

different wavelength similarly as described previously (Yamaguchi et al., 2010). Flies were 298 

given “UV vs. green” choice to test their light preference.  When given “UV vs. green” choice, 299 

wild-type flies did not show a significant difference in their preference for different lights (Fig. 300 

5A). However, we found that in the absence of bdl, flies largely ignored green light source, and 301 

were predominantly attracted towards UV light source (Fig. 5A).  302 

We then performed cell-type-specific knockdown experiments to determine if Bdl is 303 

required cell-autonomously for R8 function. bdl was knocked down by expressing a UAS-bdl-304 

RNAi transgene under control of pan-neuronal driver C155-GAL4 (Fig. 5B), eye-specific driver 305 

ey3.5-GAL4 (Fig. 5C), or green-sensitive-R8-specific driver Rh6-GAL4 (Fig. 5D). Compared to 306 

control flies carrying GAL4 driver or UAS-bdl-RNAi only, flies carrying both GAL4 driver and 307 

UAS-bdl-RNAi showed a significant decrease in the preference for green light source (Fig. 5B-308 

5D). 309 
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Taken together, above results support an essential and cell-autonomous role for Bdl in the 310 

control of R8 function.  311 

 312 

Knocking down bdl in post-synaptic target neurons in the optic lobe caused the mis-313 

localization of SVs in R8 axons  314 

The results from transgene rescue (Fig. 3) raise the interesting possibility that Bdl is required in 315 

both R8 and its post-synaptic target neuron for the transport of SV components in R8 axons. To 316 

further address this, we examined if reducing Bdl in post-synaptic target neurons in the optic 317 

lobe affects the localization of SV components in R8 axons. 318 

To knock down bdl in post-synaptic targets of R8, ortC1-3-GAL4 (Gao et al., 2008) was 319 

used to drive the expression of UAS-bdl-RNAi. The lexA/lexAop system was used to label SV 320 

components in bdl knockdown flies; the SV marker lexAop-nSyb-spGFP1-10 (Macpherson et al., 321 

2015), was expressed under control of the green-sensitive-R8-specific driver Rh6-lexA::p65 322 

(Berger-Muller et al., 2013). We found that knocking down bdl in post-synaptic targets of R8 323 

caused a similar SV mis-localization phenotype in all individuals examined (100%, n=4 animals) 324 

(Fig.6C and 6D).  325 

 326 

Knocking down bdl in post-synaptic target neurons in the optic lobe disrupted R8-327 

dependent phototaxis response. 328 

We then examined if knocking down bdl in post-synaptic target neurons affects R8-dependent 329 

phototaxis response. bdl was knocked down in post-synaptic targets of R8 by expressing UAS-330 

bdl-RNAi under control of the ortC1-3-GAL4 driver. Flies were then given “UV vs. green” choice 331 

to examine their light preference. Compared to control flies carrying ortC1-3-GAL4 or UAS-bdl-332 
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RNAi only, bdl knockdown flies showed a significant decrease in the preference for green light 333 

source (Fig. 6E). 334 

 335 

bdl interacted genetically with imac  336 

To further understand the action of Bdl in regulating axonal transport of SV components, we 337 

examined the potential effects of bdl mutations on the organization of microtubules in R8 axons. 338 

Microtubules were labeled with the marker UAS-GFP- Tub84B under control of the R8-specific 339 

driver Rh6-GAL4. Similarly as described previously (Sugie et al., 2015), we quantified the 340 

percentage of organized microtubule threads in each R8 axonal terminal. However, no obvious 341 

defect was observed (data not shown).  342 

Previous studies show that the fly Imac motor protein and its orthologs Unc-104 in C. 343 

elegans and KIF1A in mammals play an essential role in regulating axonal transport of SV 344 

components (Barkus et al., 2008; Hall and Hedgecock, 1991; Niwa et al., 2008; Okada et al., 345 

1995; Otsuka et al., 1991; Pack-Chung et al., 2007; Zhao et al., 2001). Consistently with 346 

previous reports (Pack-Chung et al., 2007), we showed that the removal of Imac in R-cell axons 347 

severely disrupted axonal transport of SV components, as the majority of SV components were 348 

localized abnormally in R8 cell bodies in the retina when imac was removed in R cells by eye-349 

specific mitotic recombination (Fig. 7C, 7D, 7E).  350 

To test the potential genetic interaction between bdl and imac, we performed epistasis 351 

analysis. Most bdl/+ heterozygotes (~93%, n=15) (Fig. 7F and 7I) and imac/+ heterozygotes 352 

(~87%, n=16) (Fig. 7G and 7J) displayed normal SV localization pattern in R8 axons. 353 

Interestingly, when flies were transheterozygous for bdl and imac (i.e. bdl/imac), most 354 

individuals showed a bdl-like SV mis-localization phenotype (~80%, n=15) (Fig. 7H and 7K). 355 
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This synergistic phenotype suggests that Bdl may regulate axonal transport of SV components by 356 

modulating Imac. 357 

 358 

The levels of the Imac motor were significantly reduced in R8 presynaptic terminals 359 

To further understand the action of Bdl in the regulation of Imac, we examined if reducing bdl 360 

affects the levels and distribution of Imac. The distribution of Imac in R8 axons was visualized 361 

with the Imac.GFP marker, which has been shown previously to recapitulate the localization of 362 

endogenous Imac (Barkus et al., 2008). Rh6-GAL4 was used to drive the expression of UAS-363 

imac.GFP in green-sensitive R8 axons of y-type ommatidia (Tahayato et al., 2003). In wild type, 364 

~80% R8 axons were stained with imac.GFP (Fig. 8A-8C, 8G), consistent with that Rh6 is only 365 

expressed in green-sensitive R8y photoreceptor cells (Salcedo et al., 1999; Yamaguchi et al., 366 

2010). We then performed cell-type-specific knockdown to reduce the level of Bdl in R8 axons. 367 

Interestingly, we found that compared to that of control flies carrying Rh6-GAL4 and UAS-368 

imac.GFP (Fig. 8A-8C) or control flies carrying Rh6-GAL4, UAS-imac.GFP and UAS-CD2.HRP 369 

(Fig. 8G), bdl knockdown in flies carrying Rh6-GAL4, UAS-imac.GFP and UAS-bdl-RNAi 370 

significantly decreased the percentage of R8 axons in which Imac.GFP was localized to R8 371 

terminals (Fig. 8D-8G). We also quantified relative levels of Imac.GFP in R8 axonal terminals. 372 

When bdl was knocked down, the levels of Imac.GFP staining in Imac.GFP-positive R8 373 

presynaptic terminals were also significantly reduced (Fig. 8D-8F, 8H).  374 
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Discussion 375 

Our present study identifies for the first time a cell adhesion molecule that plays a novel and 376 

specific role in promoting axonal transport of SV components for presynaptic assembly and 377 

function. Loss of bdl selectively disrupted axonal transport of SV components in R8 axons, and 378 

also caused the accumulation of the AZ protein Brp in the proximal region of R8 soma. In 379 

contrast, bdl mutations did not affect axonal transport of mitochondria. Genetic mosaic analysis, 380 

transgene rescue and cell-type specific knockdown indicate that Bdl is required both pre- and 381 

postsynaptically. Removing bdl also disrupted R8-dependent phototaxis response, consistent 382 

with a role for Bdl in the control of R8 function. We also show that bdl interacted genetically 383 

with imac, and bdl knockdown significantly decreased the levels of the Imac motor in R8 axonal 384 

terminals. Our results support a model in which Bdl-Bdl homophilic binding mediates specific 385 

interactions at axo-dendritic contact sites in promoting the activity and/or localization of Imac, 386 

and thus facilities axonal transport of presyanptic components in R8 axons (Fig. 8I). 387 

 Unlike several other well-characterized cell adhesion molecules that control the 388 

development and function of the fly visual system (e.g. (Clandinin et al., 2001; Lee et al., 2001; 389 

Lee et al., 2003; Shinza-Kameda et al., 2006)), Bdl is neither required for R-cell axon guidance 390 

nor layer-specific R-cell axonal target selection (Fig. 1)(Cameron et al., 2013). In bdl null 391 

mutants, both R7 and R8 axons projected through the lamina into their correct target layers in the 392 

medulla, where R7 and R8 axonal terminals are organized in regularly spaced columns (Cameron 393 

et al., 2013). By comparison, loss of either N-Cadherin or Lar causes R7 axons to project 394 

aberrantly into the R8 target layer (Clandinin et al., 2001; Lee et al., 2001), while mutations in 395 

the gene capricious encoding for a R8-specific cell adhesion molecule causes R8 targeting errors 396 

(Shinza-Kameda et al., 2006). Those studies indicate that Bdl is not involved in mediating the 397 
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initial formation and/or maintenance of the contact between R8 axons and their targets in the 398 

medulla. Instead, Bdl may mediate specific interactions at axo-dendrite contact sites in the 399 

medulla, which is required for axonal transport of SV components in R8 axons. 400 

 How does Bdl function? In our previous studies (Cameron et al., 2013; Chen et al., 2017), 401 

we show that Bdl is capable of mediating both homophilic and heterophilic binding. Bdl on R8 402 

axonal terminal may bind to Bdl on the target in a homophilic manner, thus mediates the 403 

interactions at axo-dendritic contact sites. Alternatively, an unknown cell-surface receptor on the 404 

target may bind to Bdl on the R8 presynaptic terminal in promoting axonal transport of SV 405 

components in R8 axons. Based on the results from transgene rescue and cell-type-specific 406 

knockdown experiments, we favour the first model in which Bdl mediates specific interactions at 407 

axo-dendritic contact sites via a homophilic binding mechanism (Fig. 8I).  408 

That Bdl interacts genetically with Imac, together with that the levels of the Imac motor 409 

was significantly reduced in R8 presynaptic terminals, suggest strongly that Bdl functions 410 

directly or indirectly in regulating Imac. Bdl may regulate the function of Imac in several ways. 411 

First, Bdl may promote axonal localization of Imac. Unc-104/Imac/ KIF1A-family motor 412 

proteins exist in axons as either inactive state due to autoinhibition, or active state upon cargo 413 

binding (Hammond et al., 2009; Huo et al., 2012; Niwa et al., 2016; Yue et al., 2013). While 414 

inactive KIF1A motors can diffuse on microtubules in the absence of cargo, active KIF1A 415 

motors undergo ATP-dependent processive motility in the presence of cargo (Hammond et al., 416 

2009). Thus, the Bdl-dependent pathway may promote diffusion of inactive Imac on 417 

microtubules along R8 axons, which makes the motors available locally to respond to activating 418 

signals for delivering SV components to the presynaptic terminal (Fig. 8I). And second, the Bdl-419 

dependent pathway may not only promote axonal localization of Imac, but also stimulate its 420 
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activity. Consistent with this possibility, we found that overexpression of Imac in R8 axons was 421 

not sufficient for rescuing the SV phenotype in bdl mutants (data not shown). A number of 422 

studies show that motor proteins can be activated by relieving the autoinhibition with cargo 423 

binding and phosphorylation (Espeut et al., 2008; Hammond et al., 2009; Niwa et al., 2016). 424 

Similarly, we speculate that Bdl may activate downstream signalling events, which may unlock 425 

the autoinhibition of Imac and thus promote the delivery of SV components to presynaptic 426 

terminals (Fig. 8I).  427 

Our results also suggest a role for Bdl in regulating axonal transport of the AZ protein 428 

Brp.  AZ components are transported in PTVs, which like SVPs, also rely on the kinesin-3 429 

family motor Unc-104/Imac/KIF1A for axonal transport (Barkus et al., 2008; Hall and 430 

Hedgecock, 1991; Niwa et al., 2008; Okada et al., 1995; Otsuka et al., 1991; Pack-Chung et al., 431 

2007; Zhao et al., 2001). Consistently, we show that loss of bdl also affected the trafficking of 432 

Brp in R8 axons. In bdl mutants, while many SV components were mis-localized to the proximal 433 

regions of R8 axons (Fig. 1), large Brp-positive aggregates accumulated abnormally in R8 soma 434 

close to the axonal initial segment (Fig. 4). That loss of bdl affected the trafficking of SVs and 435 

Brp differently may be due to cargo difference. PTVs carrying AZ components have cargo size 436 

at ~80 nm in diameter (Tao-Cheng, 2007; Zhai et al., 2001), while STVs are heterogeneous in 437 

size (Ahmari et al., 2000; Kraszewski et al., 1995). The difference in cargo size and/or surface 438 

properties of cargo may lead to different responses to altered motor function in bdl mutants.  439 

While loss of bdl affected the trafficking of SV and AZ components, axonal transport of 440 

mitochondria remained normal in bdl mutants (Fig. 4). One likely explanation is that the 441 

transport of mitochondria in R8 axons utilizes a different motor system. It is reported that 442 

removal of the adapter protein Milton disrupts the transport of mitochondria, but not SVs, in 443 
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Drosophila photoreceptor axons (Stowers et al., 2002).  Milton directly interacts with the 444 

mitochondrial Rho-like GTPase Miro to recruit mitochondria to the kinesin-1 motor protein 445 

(Glater et al., 2006).  Thus, it appears highly possible that unlike Imac-mediated transport of 446 

SVs, kinesin-1-mediated transport of mitochondria is regulated by a Bdl-independent signalling 447 

pathway.     448 

Bdl is highly homologous to IgSF9A and IgSF9B in mammals (Hansen and Walmod, 449 

2013). Interestingly, a recent in vitro study shows that IgSF9B forms a cis-complex with 450 

Neuroligin-2 (Nlg-2) on the postsynaptic membrane, and facilitates the trans-synaptic 451 

interactions between Nlg-2 and Neurexin in mediating inhibitory synaptogenesis (Woo et al., 452 

2013). IgSF9A knockout study shows that loss of IgSF9A causes a reduction in the number of 453 

inhibitory synapses in the hippocampus (Mishra et al., 2014). In the future, it would be of interest 454 

to determine if mammalian IgSF9 family proteins are also required for promoting axonal 455 

transport of SV components. Further molecular and genetic dissection of the Bdl-dependent 456 

pathway will provide novel and important insights into the general mechanisms underlying 457 

axonal transport of SV components for presynaptic assembly and function. 458 

  459 
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Figure Legends 460 

Figure 1. Many SV components were mis-localized to the proximal portion of R8 axon in bdl 461 

mutants. (A-D) Frozen sections of adult heads expressing the SV marker UAS-n-Synaptobrevin-462 

GFP (nSyb-GFP) under control of the R8-specific driver Rh5/6-GAL4 (i.e. Rh5/6>nSyb-GFP), 463 

were stained with anti-GFP (green) and MAb24B10 (magenta). MAb24B10 recognizes the cell 464 

adhesion molecule Chaoptin expressed in all R-cell axons (Van Vactor et al., 1988). (A) In wild-465 

type animals (100%, n=7), nSyb-GFP staining was predominantly localized to R8 axonal 466 

terminals in the medulla region. (B) The section in A was visualized with nSyb-GFP staining 467 

only. (C) In the majority of bdlEX2 homozygous mutant flies examined (6 out of 7 animals), 468 

strong n-Syb staining was also observed in the proximal portion of R8 axons in the lamina. (D) 469 

The section in C was visualized with nSyb-GFP staining only. Arrowheads indicate proximal 470 

portions of R8 axons with mis-localized nSyb-GFP. (E) In all bdlEX1bdlEX2 transheterozygotes 471 

examined (n= 6 animals), strong n-Syb staining was observed in the proximal portion of R8 472 

axons in the lamina. (F) The section in E was visualized with nSyb-GFP staining only. (G and H) 473 

Frozen sections of adult heads expressing nSyb-GFP under control of the R7-specific driver 474 

Rh3/4-GAL4 (i.e. Rh3/4>nSyb-GFP), were stained with anti-GFP. (G) In wild type (100%, n=5 475 

animals), n-Syb staining was predominantly localized to R7 axonal terminals in the medulla 476 

region. (H) In all bdlEX2 homozygous flies examined (100%, n=5), n-Syb staining was still 477 

predominantly localized to R7 axonal terminals in the medulla region. (I and J) Schematic 478 

illustrations showing the distribution of SV components in R7 and R8 axons in wild-type (I) and 479 

bdl mutants (J). (K-N) Frozen sections of adult heads expressing another SV marker 480 

Synaptotagmin-GFP (Syt-GFP) under control of the R8-specific driver Rh5/6-GAL4 (i.e. 481 

Rh5/6>Syt-GFP), were stained with anti-GFP (green) and MAb24B10 (magenta). (K) In 482 
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bdlEX2/+ heterozygotes (100%, n=5), Syt-GFP staining was predominantly localized to R8 axonal 483 

terminals in the medulla region. (L) The section in K was visualized with Syt-GFP staining only. 484 

(M) In most bdlEX2 homozygous mutants (11 out of 13 animals), strong Syt-GFP staining was 485 

also observed in the proximal portion of R8 axons in the lamina. (N) The section in K was 486 

visualized with Syt-GFP staining only. Arrowheads indicate proximal portions of R8 axons with 487 

mis-localized Syt-GFP. (O and P) Schematic illustrations showing the distribution of SV 488 

components in R8 axons labeled with Syt-GFP in heterozygotes (O) and bdl homozygous 489 

mutants (P). Scale bar: 20 m. 490 

 491 

Figure 2. bdl is required cell-autonomously in R8 axons. (A and B) Frozen sections of adult 492 

heads were stained with anti-GFP (green) and MAb24B10 (magenta). (A) In all eye-specific bdl 493 

mosaic animals examined (100%, n=6 animals), strong nSyb-GFP staining was observed in the 494 

proximal portion of bdl mutant R8 axons. (B) The section in A was visualized with nSyb-GFP 495 

staining only. Arrowheads indicate proximal portions of R8 axons with mis-localized nSyb-GFP. 496 

(C and D) Frozen sections of adult heads were stained with anti-GFP (green) and anti-RFP 497 

(magenta). Homozygous bdl mutant R7 axons were generated by GMR-FLP-induced mitotic 498 

recombination. (C) In all GMR-FLP-induced bdl mosaic animals examined (100%, n=6 animals), 499 

nSyb-GFP staining (green) was still predominantly localized to R8 axonal terminals in the 500 

medulla. Wild-type or heterozygous R-cell axons were labeled with GMR-myr-mRFP (magenta).  501 

Mosaic columns were identified by the absence of RFP staining in bdl mutant R7 axons (arrows). 502 

(D) The section in C was visualized with nSyb-GFP staining only. (E) In wild type double-503 

stained with anti-GFP (green) and MAb24B10 (magenta), nSyb-GFP staining was predominantly 504 

localized to R8 axonal terminals in the medulla (100%, n=5 animals). (F) The section in E was 505 
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visualized with nSyb-GFP staining only. (G) In flies expressing a UAS-bdl-RNAi transgene under 506 

control of the R8-specific driver Rh5/6-GAL4, strong nSyb-GFP staining was also observed in 507 

the proximal portion of R8 axons in the lamina (5 out of 6 animals). (H) The section in G was 508 

visualized with nSyb-GFP staining only. Arrowheads indicate proximal portions of R8 axons 509 

with mis-localized nSyb-GFP. Scale bar: 20 m.  510 

 511 

Figure 3. Expression of bdl in R-cell axons was not sufficient for rescuing the SV phenotype in 512 

bdl mutants. (A-D) Frozen sections of adult heads expressing nSyb-GFP under control of the R8-513 

specific driver Rh5/6-GAL4, were stained with anti-GFP (green) and MAb24B10 (magenta). (A) 514 

Restoring bdl expression in all R-cell axons under control of the eye-specific GMR promoter did 515 

not rescue the SV phenotype, as many SV components were still mis-localized to the proximal 516 

portion of R8 axons in the lamina. Genotype: bdlEX2; GMR-bdl/ Rh5/6-GAL4, UAS-nSyb-GFP. 517 

Two independent GMR-bdl transgenic lines were used in the experiments. Eight individuals were 518 

examined in each experiment. (B) The section in A was visualized with nSyb-GFP staining only. 519 

(C) Restoring bdl expression in both R-cell axons and the optic lobe under control of the heat-520 

inducible promoter completely rescued the SV phenotype. Genotype: bdlEX2; HS-bdl/ Rh5/6-521 

GAL4, UAS-nSyb-GFP. Two independent HS-bdl transgenic lines were used in the experiments. 522 

At least five individuals were examined in each experiment. (D) The section in C was visualized 523 

with nSyb-GFP staining only. (E) The ratio of medulla vs lamina relative nSyb-GFP staining 524 

intensities was quantified. One-way ANOVA followed by post hoc Tukey’s test, **P<0.01; *** 525 

P<0.001; ns, P>0.05. Error Bars indicate SEM. Scale bar: 20 m. 526 

 527 
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Figure 4. Loss of bdl affected the transport of the AZ protein Brp but not the transport of 528 

mitochondria in R8 axons. (A-D) Frozen sections of adult heads carrying Rh5/6-Brp-mCherry 529 

were double-stained with anti-GFP (green) and MAb24B10 (magenta). (A) In wild-type animals 530 

(100%, n=6), Brp-mCherry punta was predominantly localized to R8 axonal terminals in the 531 

medulla region. (B) The section in A was visualized with Brp-mCherry staining only. (C) In 532 

bdlEX2 homozygous mutants (100%, n=10), abnormal large Brp-mCherry particles were 533 

accumulated at the proximal region (arrows) of R8 soma in the retina. (D) The section in C was 534 

visualized with Brp-mCherry staining only. Arrowheads indicate abnormal large Brp-mCherry 535 

particles.  (E) The size of Brp-mCherry puncta in the proximal region of R8 soma was 536 

quantified. Compared to that in wild type, the size of Brp puncta in the proximal region of R8 537 

soma in bdl mutants showed a significant increase. Student’s t-test, ***p=4.5E-07. Error Bars 538 

indicate SEM. (F-I) Frozen sections of adult heads expressing UAS-mito-GFP under control of 539 

the R8-specific driver Rh6-GAL4, were stained with anti-GFP (green) and MAb24B10 540 

(magenta). (F) In wild type (100%, n=7 animals), mitochondria were detected in both proximal 541 

portions of R8 axons in the lamina and R8 axonal terminals in the medulla. (G) The section in F 542 

was visualized with mito-GFP staining only. (H) In bdlEX2 mutants (100%, n=6 animals), the 543 

pattern of mitochondria distribution was similar to that in wild type. (I) The section in H was 544 

visualized with mito-GFP staining only. Scale bars: 20 m. 545 

 546 

Figure 5. R8-dependent phototaxis response was disrupted in bdl mutants. Flies were given “UV 547 

vs. green” choice. Light preference index (PI) was calculated as described in Materials and 548 

Methods. (A) Canton-S wild-type and w1118 flies could be attracted to both UV and green light 549 

sources. However, both bdlEX1 and bdlEX2 homozygous mutant flies were predominantly attracted 550 
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towards UV light source. (B) bdl was knocked down in flies carrying a pan-neuronal-specific 551 

driver C155-GAL4 and a UAS-bdl-RNAi transgene. Compared to control flies that carried C155-552 

GAL4 or UAS-bdl-RNAi only, flies carrying both C155-GAL4 and UAS-bdl-RNAi showed a 553 

much greater preference for UV light. (C) Eye-specific knockdown of bdl was performed by 554 

expressing UAS-bdl-RNAi under control of the eye-specific driver ey3.5-GAL4. Reducing bdl in 555 

the eye significantly decreased the preference for green light. (D) bdl was specifically knocked 556 

down in green-sensitive R8 photoreceptors (i.e. R8y) by expressing UAS-bdl-RNAi under control 557 

of the R8y-specific driver Rh6-GAL4. Knocking down bdl in green-sensitive R8 decreased the 558 

preference for green light. For each genotype, about 5-10 trials were performed, and ~50 flies 559 

were tested in each trial. One-way ANOVA followed by post hoc Tukey’s test, *P<0.05; 560 

**P<0.01; *** P<0.001. Error Bars indicate SEM.   561 

 562 

Figure 6. Knockdown of bdl in post-synaptic target neurons in the optic lobe disrupted the 563 

transport of SVs in R8 axons and R8-dependent phototaxis response. (A-D) Frozen sections of 564 

adult heads expressing the SV marker lexAop-nSyb-spGFP1-10 under control of the green-565 

sensitive-R8-specific driver Rh6-lexA::p65, were stained with anti-GFP (green) and MAb24B10 566 

(magenta). (A) In most control animals carrying ortC1-3-GAL4 only (6 out of 7 animals), SVs 567 

labeled with nSyb-spGFP1-10 were predominantly localized to R8 axonal terminals in the 568 

medulla region. (B) The section in A was visualized with nSyb-spGFP1-10 staining only. (C) 569 

When bdl was knocked down in post-synaptic target neurons in the optic lobe by expressing 570 

UAS-bdl-RNAi under control of the ortC1-3-GAL4 driver, strong nSyb-spGFP1-10 staining was 571 

also observed in the proximal portion of R8 axons in the lamina (100%, n=4 animals). (D) The 572 

section in C was visualized with nSyb-spGFP1-10 staining only. Arrowheads indicate proximal 573 
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portions of R8 axons with mis-localized nSyb-spGFP1-10. (E) Flies were given “UV vs. green” 574 

choice. Knocking down bdl in post-synaptic targets of R8 by expressing UAS-bdl-RNAi under 575 

control of ortC1-3-GAL4, significantly decreased the preference for green light. For each 576 

genotype, about 10-13 trials were performed, and ~50 flies were tested in each trial. One-way 577 

ANOVA followed by post hoc Tukey’s test, **P<0.01; *** P<0.001. Error Bars indicate SEM.   578 

 579 

Figure 7. bdl interacts genetically with imac in the control of SV transport in R8 axons. (A-D) 580 

Loss of imac caused a failure of SV components to transport from R8 cell bodies into axons. 581 

Frozen sections of adult heads expressing UAS-nSybGFP under control of the green-sensitive-582 

R8-specific driver Rh6-GAL4, were stained with anti-GFP (green) and MAb24B10 (magenta). 583 

(A) In wild type (n=6 animals), nSyb-GFP staining was predominantly localized to R8 axonal 584 

terminals in the medulla. (B) The section in A was visualized with nSyb-GFP staining only. (C) 585 

In eye-specific large imac170 homozygous clones (n=6 animals), the levels of nSyb-GFP staining 586 

in R8 axons were greatly reduced. A large number of nSyb-GFP-positive large aggregates were 587 

observed in R8 cell bodies in the retina. (D) The section in C was visualized with nSyb-GFP 588 

staining only. (E) The number of abnormal large nSyb-GFP-positive aggregates in the retina was 589 

quantified. Loss of imac greatly increased the number of nSyb-GFP-positive aggregates in the 590 

retina. Student’s t-test, ***p=0.0073. Error Bars indicate SEM.  (F-K) Frozen sections of adult 591 

heads expressing UAS-n-Syb-GFP under control of the R8-specific driver Rh5/6-GAL4, were 592 

stained with anti-GFP (green) and MAb24B10 (magenta). In most bdlEX2/+ (F and I) (14 out of 593 

15 animals) or imac170/+ heterozygotes (G and J) (14 out of 16 animals), nSyb-GFP staining was 594 

predominantly localized to R8 axonal terminals in the medulla region. In the majority of 595 

bdlEX2/imac170 transheterozygotes (12 out of 15 animals), however, strong n-Syb-GFP staining 596 
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was also observed in the proximal portion of R8 axons in the lamina. Arrows indicate proximal 597 

portions of R8 axons with mis-localized nSyb-GFP. Scale bars: 20 m. 598 

 599 

Figure 8. The levels of the Imac motor protein in R8 axonal terminals were decreased in bdl 600 

mutants. (A-F) Frozen sections of adult heads expressing UAS-imac.GFP under control of the 601 

green-sensitive-R8-specific driver Rh6-GAL4, were stained with anti-GFP (green) and 602 

MAb24B10 (magenta). (A) In control animals carrying Rh6-GAL4 and UAS-imac.GFP, 603 

Imac.GFP staining was observed in proximal portions of R8 axons in the lamina and R8 axonal 604 

terminals in the medulla. (B) The section in A was visualized with Imac.GFP staining only. (C) 605 

The boxed area in A was enlarged. (D) In bdl knockdown flies carrying Rh6-GAL4, UAS-606 

imac.GFP and UAS-bdl-RNAi, the number of R8 axonal terminals with Imac.GFP decreased. (E) 607 

The section in D was visualized with Imac-GFP staining only. (F) The boxed area in D was 608 

enlarged. Arrowheads indicate R8 axonal terminals in which Imac.GFP was absent. (G) The 609 

percentage of R8 axonal terminals with Imac.GFP staining was quantified. Compared to that in 610 

control animals carrying Rh6-GAL4 and UAS-imac.GFP (n=7 animals) or control flies carrying 611 

Rh6-GAL4, UAS-imac.GFP and UAS-CD2.HRP (n=10 animals), the percentage of R8 axonal 612 

terminals with Imac.GFP was significantly reduced in bdl knockdown flies carrying Rh6-GAL4, 613 

UAS-imac.GFP and UAS-bdl-RNAi (n=8 animals). One-way ANOVA followed by post hoc 614 

Tukey’s test, ***P<0.001; ns, P>0.05. (H) Relative intensity of Imac.GFP staining in Imac.GFP-615 

positive R8 axonal terminals was quantified. Compared to that in control animals carrying Rh6-616 

GAL4 and UAS-imac.GFP (101 Imac.GFP-positive R8 axons, n=6 animals) or control flies 617 

carrying Rh6-GAL4, UAS-imac.GFP and UAS-CD2.HRP (189 Imac.GFP-positive R8 axons, n=6 618 

animals), relative intensity of Imac.GFP staining was reduced in bdl knockdown R8 axonal 619 
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terminals (131 Imac.GFP-positive R8 axons, n=7 animals). One-way ANOVA followed by post 620 

hoc Tukey’s test, **P<0.01; ns, P>0.05. (I) Proposal models for the action of Bdl. Bdl-Bdl-621 

mediated interaction between R8 and its post-synaptic target neuron may trigger downstream 622 

signaling events that promote the diffusion of inactive Imac and/or stimulates the activity of 623 

Imac. Scale bars: A, B, D and E, 20 m; C and F, 10 m.  624 
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