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35 Abstract

36

37 Despite the importance of dendritic targeting in neural circuit assembly, the mechanisms by 

38 which it is controlled still remain incompletely understood. We previously showed that in the 

39 developing Drosophila antennal lobe, the Wnt5 protein forms a gradient that directs the ~45˚ 

40 rotation of a cluster of projection neuron (PN) dendrites, including the adjacent DA1 and VA1d 

41 dendrites. We report here that the Van Gogh (Vang) transmembrane planar cell polarity (PCP) 

42 protein is required for the rotation of the DA1/VA1d dendritic pair. Cell type-specific rescue and 

43 mosaic analyses showed that Vang functions in the olfactory receptor neurons (ORNs), 

44 suggesting a codependence of ORN axonal and PN dendritic targeting. Loss of Vang suppressed 

45 the repulsion of the VA1d dendrites by Wnt5, indicating that Wnt5 signals through Vang to 

46 direct the rotation of the DA1 and VA1d glomeruli. We observed that the Derailed (Drl)/Ryk 

47 atypical receptor tyrosine kinase is also required for the rotation of the DA1/VA1d dendritic pair. 

48 Antibody staining showed that Drl/Ryk is much more highly expressed by the DA1 dendrites 

49 than the adjacent VA1d dendrites. Mosaic and epistatic analyses showed that Drl/Ryk 

50 specifically functions in the DA1 dendrites in which it antagonizes the Wnt5-Vang repulsion and 

51 mediates the migration of the DA1 glomerulus towards Wnt5. Thus, the nascent DA1 and VA1d 

52 glomeruli appear to exhibit Drl/Ryk-dependent biphasic responses to Wnt5. Our work shows that 

53 the final patterning of the fly olfactory map is the result of an interplay between ORN axons and 

54 PN dendrites, wherein converging pre- and postsynaptic processes contribute key Wnt5 signaling 

55 components, allowing Wnt5 to orient the rotation of nascent synapses through a PCP 

56 mechanism. 

57
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60 Introduction
61

62 The prevailing view of neural circuit assembly is that axons and dendrites are separately guided 

63 by molecular gradients to their respective positions whereupon they form synapses with each 

64 other (1-4). However, careful observation of developing neural circuits reveals that the process 

65 may be more complex. For example, in the developing retina outer plexiform layer (OPL) the 

66 axon terminals of rods and cones, and dendrites of their respective postsynaptic cells, the rod and 

67 cone bipolar cells, are initially intermingled in the nascent OPL (5). Even as the rod and cone 

68 axons are connecting with their target dendrites, the terminals are segregating into rod- and cone-

69 specific sub-laminae, suggesting that the processes of targeting and synaptic partner matching 

70 may be coordinated. Whether the two processes are functionally linked and what mechanisms 

71 might be involved are unknown. 

72

73 The stereotyped neural circuit of the Drosophila olfactory map offers a unique opportunity to 

74 unravel the mechanisms of neural circuit development. Dendrites of 50 classes of uniglomerular 

75 projection neurons (PNs) form synapses with the axons of 50 classes of olfactory receptor 

76 neurons (ORNs) in the antennal lobe (AL) in unique glomeruli (6, 7). This precise glomerular 

77 map is thought to be established during the pupal stage by the targeting of PN dendrites (8-10). 

78 We previously reported that during the establishment of the fly olfactory map, two adjacent 

79 dendritic arbors located at the dorsolateral region of the AL, the DA1 and VA1d dendrites 

80 (hereafter referred to as the DA1/VA1d dendritic pair), undergo rotational migration of ~45˚ 

81 around each other to attain their final adult positions (11). This rearrangement (in the lateral/90˚ 

82  dorsal/0˚  medial/270˚  ventral/180˚ direction) occurs between 16 and 30 hour After 

83 Puparium Formation (hAPF), a period of major ORN axon ingrowth to the AL (8, 12, 13). We 
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84 showed that a Wnt5 signal guides this rotation by repelling the dendrites (11). Wnt5 is expressed 

85 by a set of AL-extrinsic cells and forms a dorsolateral-high to ventromedial-low (DL>VM) 

86 gradient in the AL neuropil which provides a directional cue to align the dendritic pattern 

87 relative to the axes of the brain. We also showed that the Derailed (Drl)/Ryk kinase-dead 

88 receptor tyrosine kinase, a Wnt5 receptor (14-17), is differentially expressed by the PN dendrites, 

89 thus providing cell-intrinsic information for their targeting in the Wnt5 gradient. Interestingly, 

90 drl opposes Wnt5 repulsive signaling so that dendrites expressing high levels of drl terminate in 

91 regions of high Wnt5 concentration and vice versa. To further unravel the mechanisms of PN 

92 dendritic targeting, we have screened for more mutations that disrupt the rotation of the 

93 DA1/VA1d dendritic pair. 

94

95 Here we report that mutations in the Van Gogh (Vang) gene disrupted the rotation of the 

96 DA1/VA1d dendritic pair, thus mimicking the Wnt5 mutant phenotype. Vang encodes a four-

97 pass transmembrane protein (18, 19) of the core Planar Cell Polarity (PCP) group, an 

98 evolutionarily conserved signaling module that imparts polarity to cells (20, 21). The loss of 

99 Vang suppressed the repulsion of the VA1d dendrites by Wnt5, indicating that Vang is a 

100 downstream component of Wnt5 signaling. Surprisingly, Vang acts in the ORNs, which suggests 

101 an obligatory codependence of ORN axon and PN dendritic migration. We also show that the drl 

102 gene is selectively expressed in the DA1 dendrites where it antagonizes Vang and appears to 

103 convert Wnt5 repulsion of the DA1 glomerulus into attraction. The opposing responses of the 

104 DA1 and VA1d glomeruli likely create the forces by which Wnt5 directs the rotation of the 

105 glomerular pair. Our work shows that converging pre- and postsynaptic processes contribute key 

106 signaling components of the Wnt5 pathway, allowing the processes to be co-guided by the Wnt5 
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107 signal. 

108

109 Results

110

111 Vang promotes the rotation of DA1/VA1d dendrites

112

113 We have shown that during wild-type development the adjacent DA1 and VA1d dendrites rotate 

114 around each other, such that DA1 moves from its original position lateral to VA1d at 18 hAPF to 

115 its final position dorsolateral to VA1d in the adult, an ~45˚ rotation (11). We also showed that 

116 this rotation requires the Wnt5 gene, for in the null Wnt5400 mutant the rotation is abolished, 

117 resulting in an adult DA1/VA1d angle of 76.03˚ ± 3.6˚ (N=29, vs 29.32˚ ± 2.5˚, N=22 in the 

118 Wnt5400/+ heterozygous control, Student’s t test p<0.0001) (See Methods for quantification) (Fig 

119 1A-C). The DA1 and VA1d pair of dendrites were visualized by expressing UAS-mCD8::GFP 

120 under the control of Mz19-Gal4, which specifically labels the DA1, VA1d and DC3 dendrites 

121 (22, 23). To elucidate the molecular mechanisms by which Wnt5 controls the rotation of the PN 

122 dendrites, we screened a panel of signal transduction mutants for similar defects in DA1/VA1d 

123 rotation. We found that animal homozygous for Vang mutations exhibit a DA1/VA1d phenotype 

124 that mimicked that of the Wnt5400 mutant. For example, in the null Vang6 allele, the DA1/VA1d 

125 angle was 54.72˚ ± 2.8˚ (N=24, vs 27.78˚ ± 4.6˚, N=18 in the Vang6/+ heterozygous control, t-

126 test p<0.0001) (Fig 1D-F) suggesting that Vang might function in the Wnt5 pathway. Since the 

127 Vang6 allele, which encodes a truncated 128 amino acid product (19), displayed a highly 

128 penetrant phenotype, we examined this allele further. We therefore examined the positioning of 

129 glomeruli in different regions of the Vang6 AL by expressing UAS-mCD8::GFP under the 
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130 control of various Or-Gal4 drivers (6) (Fig 1G-O, see Methods for quantification). We observed 

131 that glomeruli in the lateral region of the AL, such as the VA1lm glomerulus (Fig 1G-I), showed 

132 the greatest displacement compared with glomeruli in other regions, suggesting that Vang 

133 primarily controls neurite targeting in the lateral AL. Since the Wnt5 protein is highly 

134 concentrated at the dorsolateral region of the AL (11), the Vang mutant defects are consistent 

135 with Vang playing a role in Wnt5 signaling. We hypothesized that Vang mediates Wnt5 signaling 

136 in the control of the DA1/VA1d dendritic rotation. 

137

138 Fig 1. The Vang6 mutant AL defects mimic that of the Wnt5400 mutant

139 Frontal views of the left ALs are shown (dorsal up and lateral to the right) in this and following 

140 figures. (A-F) Adult ALs from animals expressing UAS-mCD8::GFP under the control of Mz19-

141 Gal4 stained with antibodies against Bruchpilot (Brp, Magenta) to highlight the AL neuropil and 

142 CD8 (green) to highlight the DA1 and VA1d PN dendritic arbors in the Wnt5400/+ (A) and 

143 Vang6/+ (D) controls and Wnt5400 (B) and Vang6 (E) mutants. (C, F) Quantification of the 

144 DA1/VA1d angles in the Wnt5400 and Vang6 mutants respectively. The DA1 dendrites are located 

145 dorsal to the VA1d dendrites in the controls but lateral to the VA1d dendrites in the Wnt5400 and 

146 Vang6 mutants. (G-O) Left adult ALs from animals expressing UAS-mCD8::GFP under the 

147 control of Or47b-Gal4 (G, H), Or43b-Gal4 (J, K) and Or47a-Gal4 (M, N) to label lateral, 

148 medial and dorsal glomeruli respectively, in the Vang6/+ (G, J, M) controls and Vang6 mutants 

149 (H, K, N). (I, L, O) Quantification of the positions of the Or47b, Or43b and Or47a glomeruli 

150 respectively in the control vs Vang6 animals. The glomeruli appeared to be displaced in the 

151 clockwise direction in the Vang6 mutant, with VA1lm showing the greatest displacement. 
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152 Student’s t tests were used to compare the data of the mutants with those of their respective 

153 controls. Scale bars: 10 µm.

154

155 To obtain further evidence for Vang’s role in regulating the rotation of the DA1/VA1d dendritic 

156 pair, we stained ALs during a time of active glomerular rotation (24 hAPF) (11) with an antibody 

157 directed against the N-terminal 143 amino acids of Vang (24). We observed that the Vang 

158 staining has a punctate appearance and is highly concentrated in the dorsolateral region of the 

159 AL between 0-9 µm from the AL anterior surface (Fig 2A). Co-labeling of the DA1/VA1d 

160 dendrites with the Mz19-Gal4 driver showed that they reside between ~3-6 µm in this high Vang 

161 expression domain. Vang staining in the neuropil begins to decline at 10 µm but strongly 

162 highlighted the nerve fiber layer (arrow) and the antennal nerve at 8-12 µm (arrow and 

163 arrowheads in Fig 2A and B), as well as the antennal commissure at 22 µm depth. The antibody 

164 stained the Vang6 mutant ALs (Fig 2C), likely because the Vang6 allele encodes a truncated 

165 protein. Nonetheless, the strong reduction in staining intensity compared with wild-type ALs 

166 attested to the antibody’s specificity. We concluded that Vang is expressed in the AL during the 

167 period of active AL neuropil rotation, where it colocalized with the DA1 and VA1d dendrites. 

168 The Vang expression pattern is consistent with the hypothesis that Vang mediates Wnt5 control 

169 of the DA1/VA1d dendritic rotation.

170

171 Fig 2. The Vang and Drl expression domains overlap with the developing DA1 and VA1d 

172 dendrites 

173 Frontal views of a 24 hAPF ALs stained with Vang and Drl antibodies. (A, B) An AL from 

174 animals expressing UAS-mCD8::GFP under the control of Mz19-Gal4 stained with antibodies 
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175 against Vang (Magenta) and CD8 (green) to highlight the DA1 and VA1d PN dendritic arbors. 

176 Between 0-9 µm from the anterior AL surface Vang is found in puncta, which are highly 

177 concentrated in the AL dorsolateral region where the DA1 and VA1d dendrites are localized (A1, 

178 A2). In deeper sections (8-12 µm) Vang is observed in the nerve fiber layer (arrow) and the 

179 antennal nerve (arrowhead) (B). (C) An AL from Vang6 mutants stained with antibodies against 

180 Vang (Magenta) and Drl (green) (C1). The AL stained poorly for Vang (C2) but strongly for Drl 

181 (C3) attesting to the specificity of the Vang antibody. (D, E) An AL from animals expressing 

182 UAS-mCD8::GFP under the control of Mz19-Gal4 stained with antibodies against Drl (Magenta) 

183 and CD8 (green). From 0-5 µm the Drl protein is concentrated in the lateral AL where it co-

184 localizes with the DA1 dendrites (D1, D2). The VA1d dendrites are located medially and express 

185 a low level of the Drl protein. Deeper down (5-12 µm) the Drl protein is found in the dorsal and 

186 ventrolateral neuropil structures (E). (F) An AL from drl2 mutants stained with antibodies 

187 against Vang (Magenta) and Drl (green) (F1). The AL stained strongly for Vang (F2) but not at 

188 all for Drl (F3) attesting to the specificity of the Drl antibody. Scale bars: 10 µm.

189

190 Vang is required in the ORNs for DA1-VA1d dendritic rotation

191

192 Since the Vang antibody strongly stained the AL nerve fiber layer, the antennal nerve and the 

193 antennal commissure, we hypothesized that Vang is expressed by ORNs and carried by axons to 

194 the developing AL. To identify the cell type in which Vang functions, we first used transgenic 

195 techniques to modulate Vang activity in specific cell types and examined the effect on the 

196 DA1/VA1d dendritic rotation. When we expressed the UAS-Vang transgene with the Elav-Gal4 

197 pan-neuronal driver (25) in the Vang6 mutant, the DA1/VA1d dendritic angles became smaller 
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198 (32.88˚ ± 2.19˚, N=24) compared with that of the mutant control (51.40˚ ± 3.39˚, N=20, t-test 

199 p<0.0001), indicating that Vang functions in neurons to promote dendritic rotation (Fig 3A-C, 

200 M). When we expressed UAS-Vang using the ORN-specific drivers, peb-Gal4 and SG18.1-Gal4, 

201 the DA1/VA1d dendritic angles were also reduced (29.18˚ ± 1.6˚, N=37 and 32.12˚ ± 2.12˚, 

202 N=58 respectively) compared with that of the Vang6 mutant (60.82˚ ± 2.52˚, N=17, peb rescue 

203 vs. Vang6, p<0.0001; SG18.1 rescue vs. Vang6, p<0.0001; peb rescue vs SG18.1 rescue, 

204 p=0.8283; one-way ANOVA with post hoc Tukey test), indicating that Vang acts in the ORNs 

205 (Fig 3D-I, M). In contrast, expression of UAS-Vang using a PN-specific driver, GH146-Gal4, did 

206 not significantly alter the DA1/VA1d rotational angles of the Vang6 mutant (47.87˚ ± 2.21˚, 

207 N=39, t-test p=0.3894; Fig 3M). In further support of Vang acting in the ORNs, when we drove 

208 the UAS-VangRNAi transgene (26) in the Vang6/+ heterozygote with peb-Gal4, the rotation of the 

209 DA1/VA1d dendritic angle increased slightly compared with that of the Vang6/+ heterozygote, 

210 indicating that Vang is required in the ORNs for DA1/VA1d dendritic rotation (36.40˚ ± 2.93˚, 

211 N=24 compared with 30.09˚ ± 1.01˚, N=22, t-test p=0.0518) (Fig 3J-L, N). 

212

213 Fig 3. Vang functions in the ORNs to regulate glomerular migration

214 Adult Vang6 ALs expressing Mz19-mCD8::GFP and different Vang transgenes were stained 

215 with antibodies against Brp (Magenta) and CD8 (green) to visualize the glomerular pattern. (A, 

216 B) Expression of UAS-Vang under the control of the pan-neuronal driver Elav-Gal4 in the Vang6 

217 mutant (A) caused DA1 to migrate dorsally relative to the VA1d glomerulus (B). (C) 

218 Quantification of the DA1/VA1d glomerular angles in A and B. (D, E, G, H) Expression of 

219 UAS-Vang under the control of the ORN-specific drivers, peb-Gal4 (D, E) and SG18.1-Gal4 (G, 

220 H), also rescued DA1 dorsal migration. (F, I) Quantification of the DA1VA1d glomerular angles 
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221 in D, E, G, and H. (J, K) Expression of UAS-VangRNAi under the control of the peb-Gal4 in the 

222 Vang6/+ mutant (J) slightly disrupted DA1 dorsal migration (K). (L) Quantification of the 

223 DA1VA1d glomerular angles in J and K. (M) Graph summarizing the glomerular angles in the 

224 rescue experiments. ANOVAs were used to simultaneously compare the Vang6 control and the 

225 rescued conditions. (N) Graph summarizing the glomerular angles in the VangRNAi knockdown 

226 experiment. With the exception of M, Student’s t tests were used to compare the data of the 

227 mutants with those of their respective controls. Scale bars: 10 µm.

228

229 To confirm the above findings, we used mosaic techniques to induce ORNs or PNs lacking the 

230 Vang gene and examined the effects on the DA1/VA1d dendritic rotation. Induction of either 

231 Vangf04290 or Vang6 mutant ORN axons using the ey-FLP/FRT technique, which induces large 

232 clones in the antenna (27), resulted in the DA1/VA1d dendritic pair exhibiting larger angles 

233 (54.73˚ ± 3.26˚, N=30 and 51.03˚ ± 2.62˚, N=28 respectively) compared with animals innervated 

234 by wild-type ORN axons (20.24˚ ± 2.51˚, N=20, wild type vs. Vangf04290, p<0.0001; wild type vs. 

235 Vang6, p<0.0001; Vang6 vs Vangf04290, p=0.7297; one-way ANOVA with post hoc Tukey test) 

236 (Fig 4A-C, G, H), confirming that Vang is required in the ORNs for DA1/VA1d dendritic 

237 rotation. Next, we induced Vang6 mutant PN clones using the MARCM system (28) with 

238 GH146-Gal4 as the PN marker. We observed that Vang6 mutant PN neuroblast and single-cell 

239 clones extended their dendrites into AL and innervated the glomeruli normally (Fig 4D-F). 

240 Importantly, ALs innervated by large vang6 PN clones exhibited normal dendritic pattern, as 

241 judged by the angles of the DA1/VA1d dendrites (27.50˚ ± 4.89˚, N=12) compared with those of 

242 the control (23.29˚ ± 5.27˚, N=7, t-test p=0.56) (Fig 4E, G, H). Thus, our transgenic rescue and 
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243 mosaic experiments showed that Vang functions in the ORNs to non-autonomously promote the 

244 rotation of the DA1/VA1d dendritic pair. 

245

246 Fig 4. Vang functions selectively in ORNs but not the PNs to regulate glomerular migration

247 Vang6 and control mosaic ALs were stained with antibodies against Brp (Magenta) to visualize 

248 the glomerular pattern and CD8 (green) to visualize PN dendritic arborization. (A) In ALs 

249 innervated by wild-type ORN axon clones induced by the ey-FLP/FRT technique the DA1 

250 glomerulus migrated normally relative to the VA1d glomerulus. (B) In ALs innervated by Vang6 

251 mutant axon clones induced by the ey-FLP/FRT technique the DA1 glomerulus failed to migrate 

252 dorsally relative to the VA1d glomerulus. (C) Quantification of the glomerular angles in A and 

253 B. ANOVAs were used to simultaneously compare the control and the Vang6 and Vangf04290 

254 conditions. (D) In ALs innervated by large clones of wild-type PN dendrites, induced by the 

255 MARCM technique the DA1 glomerulus migrated normally relative to the VA1d glomerulus. (E, 

256 F) In ALs innervated by neuroblast (E) and single-cell (F) clones of Vang6 PN dendrites induced 

257 by the MARCM technique, the mutant dendrites innervated the AL normally and the DA1 

258 glomerulus migrated normally relative to the VA1d glomerulus. (G) Quantification of the 

259 glomerular angles in D, E and F. Student’s t test was used to compare the data of the mutant 

260 clones with that of the controls. (H) Graph summarizing the glomerular angles in the mosaic 

261 control and Vang6 ALs. Scale bars: 10 µm.

262

263 Vang is not required for ORN axon growth or correct ORN-PN pairing

264
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265 A possible explanation for the Vang mutant phenotype is that Vang is required for ORN axon 

266 growth to the AL, the failure of which indirectly disrupted glomerular patterning. Mutations in 

267 Vang have been shown to result in abnormal projection of mushroom body axons (29). To 

268 determine if ORN axons entered the AL in the Vang6 mutant, we labeled eight different ORN 

269 axon terminals in the AL using Or-Gal4 drivers. We found that Vang6 mutant axons entered the 

270 AL normally, although their terminals were shifted in the AL neuropil (Fig 1 and data not 

271 shown). To investigate if the Vang mutation disrupted the proper matching of the ORN axons 

272 and PN dendrites, we simultaneously labeled pre- and postsynaptic partners of glomeruli for 

273 which specific markers were available. We achieved this by labeling the DA1, VA1d and DM1 

274 dendrites with Mz19-Gal4 driving UAS-mCD8::GFP and simultaneously the ORN axons 

275 targeting the VA1d and VA1lm glomeruli with the Or88a-CD2 and Or47b-CD2 transgenes 

276 respectively. We observed that Or88a axons were strictly paired with VA1d PN dendrites in the 

277 Vang6 mutant as in the wild type (Fig 5A, B). Likewise, the Or47b axons strictly innervated the 

278 VA1lm glomerulus, and never strayed into the VA1d territory in the Vang6 mutant (Fig 5C). 

279 Thus, Vang is not required for ORN axon projection into the AL or their correct pairing with 

280 their postsynaptic partners. We propose that Vang functions in the context of paired axons and 

281 dendrites allowing the neurites to coordinately respond to the Wnt5 signal. This idea is consistent 

282 with our observation that PN dendritic rotation occurs between 16 and 30 hAPF (11), the period 

283 of major ORN axon invasion into the AL (8, 12).

284

285 Fig 5. Vang does not function in ORN axon projection or pairing with cognate PN dendritic 

286 partners
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287 (A, B) Adult brains from animals expressing Or88a-CD2 and UAS-mCD8::GFP under the 

288 control of Mz19-Gal4 were stained with anti-CD2 (magenta) and anti-CD8 (green) to visualize 

289 the pre- and postsynaptic processes of the VA1d and VA1lm glomeruli. In the wild-type control, 

290 Or88a axons are faithfully paired with the VA1d dendrites (A). Collaterals form a fascicle, 

291 which innervates the contralateral AL. In the Vang6 mutant, Or88a axons are also faithfully 

292 paired with the VA1d dendrites (B). Vang mutant axons fail to sprout collaterals as previously 

293 reported (Shimizu). (C) Frontal views of adult ALs from Vang6 mutants expressing Or47b-CD2 

294 and UAS-mCD8::GFP under the control of Mz19-Gal4 stained with anti-CD2 (magenta) and 

295 anti-CD8 (green). In the mutant, Or47b axons targeted the adjacent VA1lm glomerulus without 

296 straying into the VA1d glomerular territory. Scale bar: 10 µm.

297

298 Vang acts downstream of Wnt5 to repel the VA1d glomerulus

299

300 The close resemblance of the Vang and Wnt5 mutant phenotypes raised the questions of whether 

301 and how Vang might function in the Wnt5 signaling pathway to regulate the rotation of the DA1 

302 and VA1d glomeruli. To address these questions, we asked if loss of Vang would block Wnt5 

303 signaling. We previously showed that overexpression of Wnt5 in the DA1 and VA1d dendrites 

304 with the Mz19-Gal4 driver split the VA1d dendrites into two smaller arbors probably due to 

305 repulsion between the dendrites (Fig 6A, B) (11). Interestingly, Wnt5 overexpression had no 

306 effect on the DA1 dendrites, indicating that the DA1 and VA1d dendrites respond differentially 

307 to the Wnt5 signal. The VA1d defect provided an opportunity to assess if Vang is needed for the 

308 Wnt5 gain-of-function phenotype. Whereas only 9.37% (3/32) of the VA1d dendrites in the 

309 Mz19>Wnt5 animals were intact, this fraction rose to 45.65% (21/46) in the Mz19>Wnt5; 
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310 Vang6/Vang6 animals (Fig 6C, F). Moreover, the distances between the split VA1d arbors in the 

311 Mz19>Wnt5; Vang6/Vang6 animals were smaller than those in the Mz19>Wnt5 animals (11.83 

312 µm ± 0.61 µm, N=25, vs 21.06 µm ± 0.96 µm, N=29, t-test p<0.0001) (Figs. 6B, C, G). Despite 

313 severe distortion, the VA1d dendrites were faithfully paired with their Or88a axon partners, 

314 reinforcing the idea that Wnt5 signaling does not play a role in ORN-PN matching (Fig 6D-E). 

315 We conclude that Wnt5 signals through Vang to repel the VA1d glomerulus.

316

317 Fig 6. Vang functions downstream of Wnt5 to cell non-autonomously repel the VA1d 

318 dendrites

319  (A-C) Adult ALs from animals expressing UAS-mCD8::GFP under the control of Mz19-Gal4 

320 were stained with antibodies against Brp (magenta) to visualize the glomerular pattern and CD8 

321 to visualize the DA1/VA1d dendrites (green). (A) In the wild-type control, the DA1 dendrites are 

322 located dorsal to the VA1d dendrites, which form a single compact arbor. (B) In animals 

323 expressing UAS-Wnt5 under the control of Mz19-Gal4, the VA1d dendrites split into two 

324 separated arbors, probably due to repulsion between the two dendritic branches. (C) Removing 

325 Vang functions in animals expressing UAS-Wnt5 under the control of Mz19-Gal4 return the 

326 VA1d dendrites to its compact morphology in the right AL. In the left AL, the two separated 

327 branches are closer together. (D, E) Adult ALs from animals expressing Or88a-CD2 and UAS-

328 mCD8::GFP under the control of Mz19-Gal4 were stained with anti-CD2 (magenta) and anti-

329 CD8 (green) to visualize the pre- and postsynaptic processes of the VA1d glomerulus. In the 

330 wild-type control, Or88a axons are faithfully paired with the VA1d dendrites (D). In animals 

331 expressing UAS-Wnt5 under the control of Mz19-Gal4 the Or88a axons were still correctly 

332 paired with the VA1d dendrites despite their splitting into two separated arbors (E). (F) Graph 
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333 summarizing the percentage of intact VA1d glomeruli in wild-type and Vang6 animals 

334 overexpressing Wnt5 in the VA1d glomeruli. (G) Graph summarizing the distance between the 

335 split VA1d arbors in wild-type and Vang6 animals overexpressing Wnt5 in the VA1d glomeruli. 

336 Student’s t test was used to compare the data of the wild-type and Vang6 animals overexpressing 

337 Wnt5. Scale bars: 10 µm.

338

339 To further probe the relationship between Wnt5 and Vang, we examined the DA1/VA1d rotation 

340 in animals lacking both genes. We observed that the rotation in the Wnt5400; Vang6 double 

341 mutant (92.20˚ ± 4.1˚, N=41) is more severely disrupted than that in either single mutant (76.03˚ 

342 ± 3.62˚ in Wnt5400, n=29, t-test p=0.0031 and 54.12˚ ± 2.8˚ in Vang6, n=34, t-test p<0.0001) (Fig 

343 7). The enhanced phenotype of the Wnt5400; Vang6 mutant suggested that Wnt5 and Vang could 

344 function independently to promote DA1/VA1d rotation (Fig 7F). We currently do not know how 

345 Vang acts independently of Wnt5. However, it interesting that Wnt5 directs the rotation of the 

346 DA1/VA1d glomeruli through both Vang-dependent and Vang-independent pathways. Since 

347 Wnt5 acts through Vang in the VA1d glomerulus, we posited that Wnt5 acts through a Vang-

348 independent mechanism in the DA1 glomerulus. 

349

350 Fig 7. Wnt5 and Vang could function independently to regulate DA1/VA1d glomerular 

351 rotation

352  (A-C) Frontal views of adult ALs from animals expressing UAS-mCD8::GFP under the control 

353 of Mz19-Gal4 stained with antibodies against Brp (magenta) and CD8 (green) to visualize the 

354 glomerular pattern and the DA1/VA1d dendrites respectively, in the Vang6 (A), Wnt5400 (B) and 

355 Wnt5400; Vang6 (C) mutants. (D) Quantification of the DA1/VA1d angles in panels A and C 
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356 showing that the rotational defect is stronger in the Wnt5400; Vang6 mutant than in the Vang6 

357 mutant. (E) Quantification of the DA1/VA1d angles in B and C showing that the rotational 

358 defect is stronger in the Wnt5400; Vang6 mutant than in the Wnt5400 mutant. (F). Graph 

359 summarizing the DA1/VA1d angles in the Vang6 and Wnt5400 single mutants and Wnt5400; Vang6 

360 double mutant. Student’s t tests were used to compare the angles of the various mutants. Scale 

361 bars: 10 µm.

362

363 drl promotes the rotation of DA1-VA1d glomeruli

364

365 The Drl atypical receptor tyrosine kinase has been shown to bind Wnt5 and mediates its 

366 signaling in the migration of a number of cell types (14-17). We previously demonstrated that 

367 Drl is differentially expressed by PN dendrites wherein it antagonizes Wnt5’s repulsion of the 

368 dendrites (11). To delineate the AL region where drl functions, we examined the positioning of 

369 several glomeruli in the null drl2 mutant by expressing UAS-mCD8::GFP under the control of 

370 various Or-Gal4 drivers (Fig 8A-I). We observed that, as in the Vang mutant, the lateral 

371 glomeruli showed the strongest displacements in positions compared with the control indicating 

372 that drl primarily regulates neurite targeting in the lateral AL (Fig 8A-C). To better characterize 

373 the neuropil defect in this region we employed the Crispr/Cas9 technique (30) to create the null 

374 drlJS allele on the Mz19-Gal4 chromosome (Materials and Methods), which allowed us to assess 

375 the DA1/VA1d dendritic arrangement in the drl mutant. To our surprise, we observed that the 

376 DA1/VA1d dendritic pair in the drlJS/drl2 null mutant showed strong deficits in DA1/VA1d 

377 rotation, resembling the Wnt5400 null phenotype (Fig 8J-L). Indeed, measurement of the 

378 DA1/VA1d angle of the drlJS/drl2 mutant (76.55˚ ± 3.75˚, N=31) showed that it was even slightly 
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379 larger than that of the Wnt5400 mutant (69.22˚ ± 5.03˚, N=32, t-test p=0.2493) (Fig 10G). The 

380 similarity of the drl and Wnt5 mutant phenotypes indicates that drl cooperates with Wnt5 in 

381 promoting the rotation of the DA1/VA1d glomeruli.

382

383 Fig 8. The drl2 mutant AL defects resemble that of the wnt5400 mutant

384  (A-I) Left adult ALs from wild-type (A, B, G) and drl2 (B, E, H) animals expressing UAS-

385 mCD8::GFP under the control of Or47b-Gal4 (A, B), Or43b-Gal4 (D, E) and Or47a-Gal4 (G, 

386 H) were stained with antibodies against Brp (Magenta) to highlight the AL neuropil and CD8 

387 (green) to label lateral, medial and dorsal glomeruli respectively. (C, F, I) Quantification of the 

388 positions of the Or47b, Or43b and Or47a glomeruli respectively in the wild-type vs drl2 animals. 

389 The glomeruli appeared to be displaced in the counterclockwise direction in the drl2 mutant with 

390 VA1lm showing the greatest displacement. (J, K) ALs from adult drlJS/+ control (J) and 

391 drlJS/drl2 animals (K) expressing UAS-mCD8::GFP under the control of Mz19-Gal4 were stained 

392 with antibodies against Brp (Magenta) and CD8 (green) to highlight the AL neuropil and the 

393 DA1/VA1d PN dendritic arbors respectively. (L) Quantification of the DA1/VA1d angles in the 

394 drlJS/drl2 mutant. The DA1 dendrites are located lateral to the VA1d dendrites in the drlJS/drl2 

395 mutant reflecting a severe impairment in DA1/VA1d dendritic rotation. This phenotype 

396 resembles that of the Wnt5400 mutant. Student’s t tests were used to compare the data of the drl 

397 mutants with those of the controls. Scale bars: 10 µm.

398

399 drl acts in the DA1 dendrites to promote glomerular attraction to Wnt5

400

.CC-BY 4.0 International licensecertified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (which was notthis version posted October 22, 2019. . https://doi.org/10.1101/813246doi: bioRxiv preprint 

https://doi.org/10.1101/813246
http://creativecommons.org/licenses/by/4.0/


19

401 How does drl mediate Wnt5 function in glomerular rotation? We hypothesized that drl functions 

402 in the DA1 dendrites, to regulate migration of the DA1 glomerulus towards the Wnt5 source. In 

403 support of this idea, antibody staining of the Drl protein showed that it is highly expressed by the 

404 DA1 dendrites but not the VA1d dendrites (Fig 2D, E) (11). The domain of high Drl expression 

405 occupies the anterior dorsolateral domain of the 24 hAPF ALs (0-8 µm from anterior), a region 

406 in which Wnt5 is also highly expressed (11). The hypothesis predicts that ablation of drl in DA1 

407 alone would disrupt the rotation of the DA1/VA1d glomeruli. To test this hypothesis, we used 

408 MARCM to induce drlJS homozygosity in either DA1 or VA1d dendrites and assessed the effects 

409 on DA1/VA1d glomerular rotation. We observed that drlJS mutant VA1d dendrites were 

410 associated with glomerular pairs with small angles (17.13˚ ± 3.68˚, N=16), that is, with the DA1 

411 glomerulus closely associated with the dorsolateral AL (Fig 9C-F). In contrast, drlJS mutant DA1 

412 dendrites are associated with glomeruli with wide variations in angles (58.43˚ ± 8.33˚, N=14, t-

413 test p=0.0003), that is, with the DA1 glomerulus not closely associated with the dorsolateral AL 

414 (Fig 9A, B, E, F). Thus, drl appears to act in the DA1 dendrites to confer directionality of the 

415 DA1 glomerulus towards the Wnt5 source. 

416

417 Fig 9. drl functions in the DA1 dendrites but not VA1d dendrites to promote DA1/VA1d 

418 glomerular rotation

419 Mosaic control and drlJS ALs generated by the MARCM technique were stained with antibodies 

420 against Brp (Magenta) to visualize the glomerular pattern and CD8 (green) to visualize the clonal 

421 PN dendrites. (A) Control DA1 dendrites are often observed in DA1/VA1d glomerular pair with 

422 small rotational angles. (B) In contrast, drlJS mutant DA1 dendrites are frequently observed in 

423 DA1/VA1d glomeruli with large rotational angles indicating impaired glomerular rotation. (C) 
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424 Control VA1d dendrites are often observed in DA1/VA1d glomerular pair with small rotational 

425 angles. (D) Likewise, drlJS mutant VA1d dendrites are frequently observed in DA1/VA1d 

426 glomerular pair with small rotational angles indicating normal glomerular rotation. (E) 

427 Quantification of the glomerular angles of the DA1 and VA1d clones. (F) Graph summarizing 

428 the drlJS DA1 vs VA1d clonal data. Student’s t test was used to compare the data of the drl DA1 

429 vs VA1d mutant clones. Scale bars: 10 µm.

430

431 drl likely converts Wnt5 repulsion of the DA1 glomerulus into attraction

432

433 How does drl, which antagonizes Wnt5 signaling (11), promote the migration of the DA1 

434 glomerulus towards Wnt5? We propose two models by which drl could accomplish this task. In 

435 the first model, drl acts as a positive effector of Wnt5 attractive signaling. In the second model, 

436 drl neutralizes Wnt5 repulsive signaling and/or converts the repulsive signaling into an attractive 

437 one. Careful examination of the DA1/VA1d targeting defects in drlJS/drl2 null mutant revealed 

438 differences with that of the Wnt5400 mutant, inconsistent with the idea that drl acts as a positive 

439 effector of Wnt5 signaling. First, the DA1 glomerulus is often displaced medially from the AL 

440 lateral border (6.26 µm ± 1.85 µm from border, N=28) (Fig 10H), a defect not seen in the 

441 Wnt5400 mutant. This resulted in the frequent reversal in the positions of the DA1 and VA1d 

442 glomeruli (Fig 10B), or displacement of both glomeruli medially from the AL lateral border (Fig 

443 10A). Second, the mean DA1/VA1d angle in the drlJS/drl2 null mutant is slightly but not 

444 significantly larger than that of Wnt5400 null mutant (Fig 10E, G). Instead the defects are more 

445 consistent with the second model, which predicts increased Wnt5 repulsion of the DA1 

446 glomerulus in the drl mutant, thus driving the glomerulus ventromedially. To test this hypothesis, 
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447 we simultaneously removed both drl and Wnt5 functions and examined the displacement of the 

448 DA1/VA1d glomeruli. We observed that the DA1 glomerulus is restored to AL lateral border in 

449 the Wnt5400; drlJS/drl2 double mutant, as it is in the Wnt5 homozygote (0.00 µm from edge, N=30 

450 and N=25 respectively) (Fig 10C, H). We also observed that the DA1/VA1d angle in the Wnt5; 

451 drl double mutant (70.66˚ ± 4.39˚, N=29) is more similar to that of the Wnt5 mutant (69.22˚ ± 

452 5.03˚, N=32, t-test p=0.83) than that of the drl mutant (76.55˚ ± 3.75˚, N=31, t-test p=0.3102) 

453 (Fig 10E, G). We conclude that Wnt5 repels the DA1 glomerulus ventromedially and that drl 

454 antagonizes the Wnt5 repulsive activity. Since we showed above that drl promotes the migration 

455 of DA1 towards Wnt5, we conclude that drl acts in the DA1 glomerulus to convert Wnt5 

456 repulsion of the DA1 glomerulus into attraction. Taken together, our results suggest that Wnt5 

457 orients the rotation of the VA1d/DA1 glomeruli by attracting the DA1 glomerulus through Wnt5-

458 drl signaling and repelling the VA1d glomerulus through Wnt5-Vang signaling. 

459

460 Fig 10. Wnt5 repels the DA1 glomerulus through Vang, a function that drl antagonizes 

461 Left adult ALs of animals expressing UAS-mCD8::GFP under the control of Mz19-Gal4 were 

462 stained with nc82 (magenta) and anti-CD8 (green) to visualize the neuropil and the DA1/VA1d 

463 dendrites respectively. (A, B) In the drl mutant, the DA1 glomerulus was often displaced from 

464 the AL lateral border, resulting in the medial shift of the DA1/VA1d glomerular pair (A) or a 

465 reversal in the positions of the two glomeruli (B). (C) The loss of the wnt5 gene suppressed the 

466 DA1 medial displacement, restoring the DA1 glomerulus to the AL lateral border, indicating that 

467 drl antagonizes Wnt5 repulsion of the DA1 glomerulus. (D) The DA1 medial displacement is 

468 also suppressed by the loss of the Vang gene, suggesting that Vang functions in Wnt5 repulsion 

469 of the DA1 glomerulus. In addition, the DA1/VA1d glomerular angle of the drl mutant is large. 
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470 (E) Quantification of the DA1/VA1d glomerular angles in the drl and Wnt5 single mutants and 

471 Wnt5; drl double mutant. (F) Quantification of the DA1/VA1d glomerular angles in the drl and 

472 Vang single mutants and Vang drl double mutant. (G) Graph summarizing the DA1/VA1d 

473 glomerular angles in the drl, Wnt5, and Vang mutants. (H) Graph summarizing the distance of 

474 the DA1 glomerulus from the AL lateral border in the drl, Wnt5, and Vang mutants. Student’s t 

475 tests were used to compare the data of the double mutants with the single mutants. Scale bars: 10 

476 µm.

477

478 To investigate the mechanism by which drl converts Wnt5 repulsion of the DA1 glomerulus into 

479 attraction, we examined the mechanism by which Wnt5 repels the DA1 glomerulus. A likely 

480 scenario is that Wnt5 repels the DA1 glomerulus through Vang. To test this idea, we 

481 simultaneously removed both drl and Vang functions and measured the displacement of the DA1 

482 glomerulus from the AL lateral border as well as the DA1/VA1d rotational angle. We found that 

483 in the Vang6 drlJS/Vang6 drl2 double mutant, the DA1 glomerulus is restored to the AL lateral 

484 border (0.156 µm ± 0.132 µm, N=28, t-test p=0.0017) (Fig 10D, H). We conclude that drl 

485 neutralizes the Wnt5-Vang repulsion of the DA1 glomerulus. Interestingly, measurement of the 

486 DA1/VA1d angles in the Vang drl double mutant showed that the rotation of the glomeruli is 

487 more severely impaired (93.41˚ ± 3.65˚ N=29) than that of either single mutants (76.55˚ ± 3.75˚ 

488 in drl2, N=31, t-test p=0.0021 and 54.57˚ ± 2.75˚ in Vang6, N=35, t-test p<0.0001) (Fig 10F, G). 

489 The enhanced phenotype of the Vang drl double mutant indicated that drl and Vang act in 

490 parallel pathways to promote DA1/VA1d rotation. The parallel functions are in accord with our 

491 model that drl acts in the DA1 glomerulus while Vang acts in the adjacent VA1d glomerulus to 
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492 promote DA1/VA1d rotation. Simultaneous loss of Vang and drl would be expected to 

493 exacerbate the DA1/VA1d rotational defect.

494

495 Discussion

496

497 Elucidating the mechanisms that shape dendritic arbors is key to understanding the principles of 

498 nervous system assembly. Genetic approaches have revealed both intrinsic and extrinsic cues 

499 that regulate the patterning of dendritic arbors (31, 32). In contrast, there are only a few reports 

500 on the roles of axons in shaping dendritic arborization (33, 34). In this paper we provide 

501 evidence that final patterning of the fly olfactory map is the result of an interplay between ORN 

502 axons, PN dendrites and the Wnt5 directional signal (Fig 11). We show that the Vang PCP 

503 protein (20, 21) is an axon-derived factor that mediates the Wnt5 repulsion of the VA1d 

504 dendrites. We also show that the Drl protein is specifically expressed by the DA1 dendrites 

505 where it antagonizes the Wnt5-Vang repulsion of the DA1 glomerulus and likely converts it into 

506 an attractive response. The differential responses of the DA1 and VA1d glomeruli to Wnt5 

507 would produce the forces by which Wnt5 effects the rotation of the glomerular pair. We present 

508 the following lines of evidence in support of this model of olfactory neural circuit development. 

509

510 Figure 11. Model for the Wnt5-directed rotation of developing glomeruli

511  (A) The targeting of two ORN axons (ORN1 and ORN2) on their respective PN dendritic 

512 partners (PN1 and PN2) in the Wnt5 gradient at three time points is depicted. At time t1, the pre- 

513 and postsynaptic processes have not paired up and the individual neurites do not respond to the 

514 Wnt5 signal. At time t2, the neurites are beginning to pair up, which allows the nascent synapses 
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515 to respond to the Wnt5 signal. (B) The ORN1:PN1 glomerulus is repelled by Wnt5 because the 

516 PN1 dendrite does not express Drl. On the other hand, the ORN2:PN2 glomerulus is attracted by 

517 Wnt5 because the PN2 dendrite expresses Drl, which converts Wnt5-Vang repulsion into 

518 attraction. Repulsion of the ORN1:PN1 glomerulus causes it to move down the Wnt5 gradient 

519 while the attraction of the ORN2:PN2 glomerulus causes it to move up the Wnt5 gradient. At 

520 time t3, the ORN axons and PN dendrites have fully condensed to form glomeruli. The opposing 

521 responses of the glomeruli to Wnt5 result in their rotation around each other. 

522

523 Immunostaining showed that Vang is expressed at the same time and place as Wnt5 and Drl, and 

524 concentrated in the dorsolateral AL where major dendritic reorganization occurs (11). Mutations 

525 in Vang strongly disrupted the pattern of glomeruli in the AL, mimicking the Wnt5 mutant 

526 phenotype. Notably, mutation of Vang suppressed the strong repulsion of the VA1d dendritic 

527 arbor caused by Wnt5 overexpression, indicating that Vang acts downstream of Wnt5 to repel the 

528 VA1d dendrites. Unexpectedly, using cell type-specific transgenic experiments and mosaic 

529 analyses we found that Vang functions specifically in the ORNs, indicating an obligatory 

530 codependence of ORN axon and PN dendritic targeting. Unlike the VA1d glomerulus, which 

531 expresses low levels of drl and is repelled by Wnt5, the adjacent DA1 glomerulus expresses high 

532 levels of drl. Mosaic analyses showed that drl acts specifically in the DA1 dendrites to confer 

533 directionality of the DA1 glomerulus towards Wnt5. Finally in the absence of drl, the DA1 

534 glomerulus is displaced away from the Wnt5 source, a defect that is suppressed by the removal of 

535 either Wnt5 or Vang. Taken together, we propose that drl likely converts Wnt5 repulsion of the 

536 DA1 glomerulus into attraction by inhibiting Wnt5-Vang repulsive signaling. 

537
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538 We envision that Vang and Drl act cell autonomously to regulate axonal and dendritic guidance 

539 respectively and cell non-autonomously to modulate each other’s functions. Both Vang and 

540 Drl/Ryk have well-documented cell autonomous functions in neurite guidance. For example, 

541 vertebrate Vangl2 was localized to the filopodia of growth cones (35, 36) and Drosophila Vang 

542 mediates the repulsion of mushroom body axon branches in respond to Wnt5 (29, 37). Similarly, 

543 Drl and Ryk mediate the functions of Wnt5 and Wnt5a respectively in the targeting of dendrites 

544 (16, 38) and axons (5, 14, 17, 39, 40). Both proteins also have well-documented cell non-

545 autonomous functions. Vertebrate Vangl2 acts as a ligand to steer migrating neurons (41, 42). 

546 We and others have shown that Drl could sequester Wnt5 using its extracellular Wnt Inhibitory 

547 Factor (WIF) motif (38, 43-45). Indeed, in this manner Drl may reduce Wnt5-Vang interaction, 

548 thus neutralizing Wnt5 repulsion of the glomeruli. How would Drl convert a glomerulus’s 

549 response to Wnt5 from repulsion to attraction? Increasing Ryk levels were proposed to titrate out 

550 Fz5 in chick retinal ganglion axons, thus converting growth cone response to Wnt3 from 

551 attraction to repulsion (46). Whether Drl function through a similar mechanism in the DA1 

552 dendrites will require further investigation. 

553

554 The opposing functions of Vang and Drl in a migrating glomerulus satisfies Geirer’s postulate 

555 for topographic mapping, which states that targeting neurites must detect two opposing forces in 

556 the target so that each neurite would come to rest at the point where the opposing forces cancel 

557 out (47). Thus, the relative levels of Drl and Vang activities in a glomerulus may determine its 

558 targeting position in the Wnt5 gradient (Fig 11). For the DA1/VA1d glomerular pair, the relative 

559 levels of Drl and Vang activities would result in the migration of DA1 up the gradient and VA1d 

560 down the gradient, that is, the rotation of the glomerular pair. The opposing effects of Wnt5 on 
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561 the targeting glomeruli could allow the single Wnt5 gradient to refine the pattern of the olfactory 

562 map.

563

564 The rotation of the DA1/VA1d glomeruli bears intriguing resemblance to the PCP-directed 

565 rotation of multicellular structures such as mouse hair follicles and fly ommatidia, whose 

566 mechanisms remain incompletely understood (48-50). Our demonstration of the push-pull effect 

567 of Wnt5 on the glomeruli suggests that similar mechanisms may be involved in other PCP-

568 directed rotations. Planar polarity signaling has emerged as an important mechanism in the 

569 morphogenesis of many tissues (20, 51, 52). However, apart from the molecules of the core PCP 

570 group (Vang, Prickle, Frizzled and Dishevelled) the identities of other signaling components are 

571 subjects of debate. A key question is the extracellular cue that aligns the core PCP proteins with 

572 the global tissue axes. Although Wnt ligands have been implicated, a definitive link between 

573 them and PCP signaling has been difficult to establish (20, 21, 53). Our work showing that Wnt5 

574 and Vang act together to direct the orientation of nascent glomeruli adds to two other reports (54, 

575 55) that Wnt proteins play instructive roles in PCP signaling. Another debate surrounds the role 

576 of Drl/Ryk role in PCP signaling. First identified as signal transducing receptors for a subset of 

577 Wnt ligands in Drosophila (17, 56), vertebrate Ryk was subsequently shown to act in PCP 

578 signaling (57, 58). These reports, combined with the lack of classical wing-hair PCP phenotypes 

579 in the drl mutant, led to the proposal that Ryk’s PCP function is a vertebrate innovation (59). Our 

580 demonstration of drl’s role in Wnt5-Vang signaling suggests, however, that the Drl/Ryk’s PCP 

581 function is likely to be evolutionarily ancient.

582

583 Materials and Methods
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584
585 Transgenic animals and Crispr/Cas9 knockout of the drl gene

586

587 All transgenic fly lines were obtained from the Bloomington Drosophila Stock Center except for 

588 UAS-Vang, which was a gift from B. A. Hassan. To generate a new drl null allele on the Mz19-

589 Gal4 chromosome, exons 2, 3 and 4 of the drl locus (encompassing ~90% of the drl open 

590 reading frame) were excised from the chromosome by Crispr/Cas9-mediated deletion using the 

591 sgRNAs GACAAGTGAAGGGGTGCTGT and GACACCTGTAGTGAGAGGTA following a 

592 published protocol (60). Ten individual offspring from Crispr/Cas9 fathers were crossed to 

593 Adv/CyO virgins to establish lines. The lines were screened by PCR using deletion-spanning 

594 primers to identify potential drl mutants. The PCR products were sequenced and one mutant, 

595 drlJS, with the expected precise deletion of the drl locus in the Mz19-Gal4 background was 

596 chosen for study. The drlJS mutation failed to complement the AL phenotype of the drl2 

597 mutation, consistent with drlJS being a null allele.

598

599 Clonal analyses

600

601 To induce Vang mutant ORNs, adults of the following genotype, ey-FLP/+; FRT42 w+ cl/Mz19-

602 Gal4 FRT42 Vang6 or (+), were obtained and dissected. To induce Vang and drl mutant PNs, the 

603 MARCM technique was employed (28). Third instar larvae of the following genotypes: hs-FLP 

604 UAS-mCD8::GFP/+; FRT42 tub-Gal80/FRT42 GH146-Gal4 Vang6 or (+) and hs-FLP UAS-

605 mCD8::GFP/+; FRT40 tub-Gal80/FRT40 Mz19-Gal4 drlJS or (+); UAS-mCD8::GFP/+ were 

606 heat-shocked at 37˚C for 40 minutes. Adult brains were dissected and processed as described 

607 below. 
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608

609 Immunohistochemistry

610

611 Dissection, fixing and staining of adult or pupal brains were performed as previously described 

612 (27, 61). Rabbit anti-DRL (1:1000) was a generous gift from J. M. Dura; rat anti-Vang (1:500) 

613 was a gift from D. Strutt; mAb nc82 (1:20; (62) was obtained from the Iowa Antibody Bank; rat 

614 anti-mCD8 mAb (1:100) was obtained from Caltag,. The secondary antibodies, FITC-conjugated 

615 goat anti-rabbit, Cy3-conjugated goat anti-mouse and FITC-conjugated goat anti-rat, were 

616 obtained from Jackson Laboratories and used at 1:100 dilutions. The stained brains were imaged 

617 using a Zeiss 710 confocal microscope

618

619 Quantification of glomerular rotation

620

621 Two different quantification strategies were employed. To quantify the displacements of single 

622 glomeruli labeled by the Or-Gal4 drivers (6), the angle subtended at the VA6 glomerulus (close 

623 to the center of the AL) by the dorsal pole and the labeled glomerulus (in the dorsal  lateral  

624 ventral  medial direction) was measured. To quantify the rotation of the DA1 and VA1d 

625 glomeruli (22) around each other, the angle subtended at the VA1d glomerulus by the dorsal pole 

626 and the DA1 glomerulus (in the dorsal  lateral  ventral  medial direction) was measured. 

627 Data were collected, analyzed and plotted using the Prism statistical software. For two-sample 

628 comparisons, unpaired Student’s t-tests were applied. For comparisons among more than two 

629 groups, one-way AVOVA tests were used followed by Tukey’s test. Rose diagrams were plotted 

630 using the Excel program.
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