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22 ABSTRACT

23

24 Proper orientation of the apical cytoskeleton in auditory and vestibular hair 

25 cells is essential for their sensory function. A recently identified regulator of 

26 hair cell orientation is the G protein-coupled receptor GPR156, which signals 

27 through inhibitory heterotrimeric G proteins. In hair cells expressing the 

28 transcription factor EMX2, GPR156 is apically enriched and polarized at cell 

29 junctions. There, GPR156 signaling reverses the interpretation of tissue-level 

30 core planar cell polarity cues, effectively reversing the orientation of Emx2-

31 positive compared to Emx2-negative hair cells. This mechanism establishes 

32 key anatomical features, such as the correct alignment of auditory outer hair 

33 cells and the line of polarity reversal in the otolith organs of the vestibular 

34 system. Null mice with constitutive Gpr156 inactivation exhibit severe 

35 hearing loss, mirroring congenital hearing impairment in human patients 

36 with homozygous GPR156 variants. These null mutants also display impaired 

37 swimming and vestibulo-ocular reflexes, although the nature of these 

38 vestibular deficits differs from those reported in Emx2 mutants. Here, to 

39 determine the extent to which functional deficits arise from hair cell 

40 misorientation, we conditionally inactivated Gpr156 in postmitotic hair cells 

41 in the inner ear. This targeted deletion approach recapitulated the 

42 misorientation phenotype observed in null mutants. Notably, 30-40% of 

43 cochlear and utricular hair cells affected in the null background retained 

44 normal orientation in conditional mutants, likely due to the later timing of 

45 Gpr156 inactivation. Despite reduced efficiency, conditional mutants 

46 exhibited similar, albeit predictably milder, auditory and vestibular 

47 dysfunction. As hair cells can carry out mechano-electrical transduction 

48 without GPR156, we conclude that sensory deficits mainly result from its 

49 essential role in hair cell orientation.

50

51
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53 INTRODUCTION

54

55 GPR156 is an orphan class C GPCR most closely related to GABA 

56 metabotropic receptors. Early studies ruled out the possibility that GPR156 is 

57 an alternative GABA receptor, leaving its physiological function unknown [1, 

58 2]. A first functional role was later identified in the inner ear, where GPR156 

59 is required for the correct orientation of a subset of hair cells [3]. Hair cells 

60 are directional sensors for sound in the cochlea and for head movement in 

61 the vestibular organs. Each hair cell develops a highly asymmetric apical 

62 cytoskeleton that includes the hair bundle, a graded array of 

63 mechanosensitive, actin-based protrusions [4]. While each hair bundle is 

64 inherently directional [5], the accuracy of mechanosensory responses also 

65 depends on the precise orientation adopted by hair cells during development 

66 [6].

67

68 In the otolith vestibular organs that detect linear acceleration and gravity, 

69 macular hair cells are organized into two populations with opposite 

70 orientations across a virtual line of polarity reversal (Figure 1A, right). This 

71 anatomical divide is established by the selective expression of the 

72 transcription factor EMX2 in one population only [7, 8]. EMX2 represses 

73 transcription of the kinase Stk32a, which normally prevents apical 

74 enrichment and planar polarization of GPR156 at the apical junction [9]. As a 

75 result, in Emx2-positive (Emx2+) hair cells, apical GPR156 can signal through 

76 inhibitory G proteins [10], reversing how these cells interpret asymmetric 

77 core planar cell polarity cues at apical cell-cell junctions during symmetry 

78 breaking. In constitutive Gpr156 mutants, the Emx2+ population fails to 

79 reverse and instead adopts the same range of orientations as the Emx2-

80 negative (Emx2-) population, effectively abrogating the line of polarity 

81 reversal. These patterning defects are accompanied by functional 

82 impairments in swimming and vestibulo-ocular reflexes that specifically 

83 engage the otolith organs [11, 12]. 
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84 The auditory epithelium is entirely derived from the Emx2 lineage [13], and 

85 accordingly, GPR156 is expressed and planar-polarized in all auditory hair 

86 cells (Figure 1A, left). However, in constitutive Gpr156 mutants, only outer 

87 hair cells (OHC) in rows 1 and 2 adopt an inverted orientation, while inner 

88 hair cells (IHCs) and OHCs in row 3 are less affected [3]. This correlates with 

89 severe hearing deficits, specifically markedly elevated auditory brainstem 

90 response (ABR) thresholds at 8, 16 and 32 KHz. In addition, thresholds for 

91 distortion product otoacoustic emissions (DPOAEs) are also elevated, 

92 indicating impaired OHC function [3]. These phenotypes illuminate the 

93 etiology of congenital hearing loss reported in multiple families with 

94 homozygous GPR156 variants [14-16]

95

96 Constitutive Gpr156 and Emx2 mutants exhibit similar anatomical defects in 

97 otolith organs, consistent with their epistatic relationship [3, 7]. Gpr156 

98 expression is limited to hair cells within the sensory epithelium whereas 

99 Emx2 is more broadly expressed, including in supporting cells [3, 17]. 

100 Nevertheless, conditional inactivation of Emx2 in hair cells using the Gfi1-Cre 

101 driver recapitulates failed reversal in orientation observed in the constitutive 

102 null Emx2 allele [7]. In contrast to Emx2 null mutants, which do not survive 

103 past birth and thus preclude behavioral testing, conditional Emx2 mutants 

104 survive and show mild vestibular deficits that appear somewhat distinct from 

105 those observed in Gpr156 mutants [17]. Notably, in swimming tests, Emx2 

106 mutants exhibit a frantic behavior distinct from the more severe tumbling 

107 and drowning phenotypes observed in Gpr156 null mutants. This behavioral 

108 distinction may suggest that GPR156 has additional roles outside the inner 

109 ear sensory epithelia that further impact vestibular function. This possibility 

110 has been difficult to resolve due to limitations in comparative testing. For 

111 instance, vestibulo-ocular reflexes were assessed in Gpr156 null but not in 

112 Emx2 mutants [11], whereas vestibular sensory evoked potentials (VsEPs) 

113 were evaluated in Emx2 but not Gpr156 mutants [17]. Additional 

114 confounding factors also exist. Orientation-selective afferent innervation is 
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115 disrupted in otolith organs when Emx2 is inactivated in hair cells, whereas 

116 constitutive Gpr156 inactivation does not impact afferent patterning [11, 17]. 

117

118 We developed a conditional mouse model to inactivate Gpr156 in a cell- and 

119 time-specific manner. Using this new resource, our objective was to limit 

120 inactivation to post-mitotic hair cells and provide proof-of-concept evidence 

121 that the anatomical and functional defects observed in the constitutive null 

122 are recapitulated. Since this is indeed the case, and  given that  mechano-

123 electrical transduction in hair cells does not depend on GPR156 [3, 11], our 

124 findings support the conclusion that deafness and vestibular deficits in 

125 Gpr156 mutants primarily stem from hair cell misorientation.

126

127

128 RESULTS

129

130 Dual reporter / conditional knock-out Gpr156 mouse model 

131

132 Using CRIPSR/Cas9 and a plasmid-based donor vector, we generated a new 

133 mouse strain where two HA tags were inserted in phase N-terminal to the 

134 Gpr156 coding sequenced in exon 2. The resulting protein should present 

135 two HA epitopes on the extracellular side of the plasma membrane (Figure 

136 1B). Exons 2 and 3 were also flanked by loxP sites, allowing Cre-based 

137 recombination to both remove HA signals and inactivate Gpr156. We named 

138 this allele Gpr1562HA-flox. We harvested Gpr1562HA-flox/+ neonatal cochleae and 

139 immunolabeled the auditory epithelium with an HA antibody. As expected, 

140 HA signals formed a medial crescent at the apical hair cell junction (Figure 

141 1C), as observed with GPR156 antibodies [3]. This pattern was not observed 

142 in wild-type littermates (Figure 1C). We also verified that HA immunolabeling 

143 recapitulated GPR156 distribution in utricular HCs in the lateral extrastriolar 

144 region (Figure 1D). Next, to verify that Gpr156 loss-of-function is achieved 

145 upon Cre recombination, we labeled F-actin and HA at the hair cell surface in 
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146 homozygous cochleae (Gpr1562HA-flox/2HA-flox). As expected, OHC1-2 

147 misorientation characteristic of the Gpr156 null allele [3] and loss of HA 

148 signals were only observed in Cre-positive, but not Cre-negative 

149 homozygotes (Figure 1E). This verifies that the HA and loxP insertions do not 

150 severely disrupt gene function. In conclusion, Gpr1562HA-flox is suitable to 

151 serve as a knock-in reporter to visualize or purify GPR156 with HA antibodies, 

152 as well as a conditional allele for tissue- and time-specific Gpr156 

153 inactivation.

154

155 Gpr156 inactivation in the inner ear using Foxg1Cre

156

157 Next, we crossed the Gpr1562HA-flox allele and the null allele (Gpr156del ; see 

158 Methods for details) [3] to increase gene deletion efficiency by limiting 

159 recombination to one parental locus (Gpr1562HA-flox/del). We bred in the well-

160 characterized Foxg1Cre driver expressing Cre in the otic vesicle for early 

161 inactivation in the developing inner ear [18]. In the cochlea, Foxg1Cre; 

162 Gpr1562HA-flox/del conditional mutants mimicked the null allele, showing 

163 inverted OHC1 and OHC2 based on the V-shape of the hair bundle and the 

164 position of the fonticulus, the region devoid of F-actin around the basal body 

165 (Figure 2A) [3]. As expected, all mutant hair cells also lacked the HA medial 

166 crescent observed in littermate controls. Quantification of OHC1-2 

167 orientation confirmed consistent inversion compared to control littermates, 

168 with a very low proportion of "escapers" defined as HCs adopting a generally 

169 lateral orientation (OHC1: 0% escapers; OHC2: 4.8% escapers; lateral: 0-

170 180� in a reference system where 0� is towards the cochlear base and 90� is 

171 lateral). Of note, constitutive Gpr156 mutants also show OHC2 escapers [3].

172

173 In the utricle, hair cells expressing Emx2 in the lateral extrastriolar region 

174 usually point medially towards the line of polarity reversal based on the off-

175 center position of the basal body labeled by pericentrin (PCNT) (Figure 3A). 

176 In Foxg1Cre conditional mutants, lateral extrastriolar hair cells were 
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177 consistently inverted, pointing laterally (Figure 3B; 0% escapers). These 

178 results show that early Gpr156 inactivation in the otic vesicle recapitulates 

179 hair cell misorientation reported in the constitutive null allele. In both cases, 

180 GPR156 is absent when hair cells break central symmetry, and consequently, 

181 the normal reversal in orientation characteristic of Emx2-positive hair cells 

182 does not occur [3]. 

183

184 Gpr156 inactivation in cochlear and vestibular hair cells using 

185 Atoh1-Cre

186

187 To limit Gpr156 inactivation in the inner ear to hair cells, we next bred 

188 Gpr1562HA-flox/del with an Atoh1-Cre driver [19]. Atoh1 is first expressed in 

189 post-mitotic prosensory cells that will differentiate into hair cells, although 

190 some early expressing cells also adopt a supporting cell fate [20, 21]. In 

191 contrast to early Foxg1Cre, later Atoh1-Cre inactivation resulted in more 

192 variable outcomes. Most cochlear OHC1-2 were inverted as in the null and 

193 Foxg1Cre models (Figure 4A, cyan arrowhead), but some OHC1-2 showed a 

194 normal lateral orientation. Based on HA immunolabeling, these escapers 

195 represented two distinct populations: HA-positive hair cells where the 

196 GPR156 protein was still present (Figure 4A, red arrowhead), or HA-negative 

197 hair cells that lacked detectable GPR156 signals at postnatal day 4 (P4), the 

198 stage harvested (Figure 4A, yellow arrowhead). Considering all OHC1-2 cells, 

199 conditional mutants showed a biphasic distribution where cells were either 

200 inverted (~270�) compared to control littermates, or normally oriented 

201 laterally (90�; escapers: ~39% of OHC1-2) (Figure 4B). When we excluded 

202 HA-positive cells that retained GPR156 function, the proportion of escapers 

203 was reduced to 30.9% (OHC1) and 29.4% (OHC2). We conclude that the 

204 Atoh1-Cre transgene achieves a timely inactivation of GPR156 in about 61% 

205 of OHC1-2. In about 30% of OHC1-2, however, Gpr156 inactivation probably 

206 occurs past the stage where hair cells break symmetry to adopt a lateral 

207 orientation (E17.5 at the cochlear mid-apex; see Supplementary figure 5 in 
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208 [3]). In these cells, GPR156 is still able to reverse the orientation of the basal 

209 body migration from medial to lateral as it normally does, likely explaining 

210 why some escapers adopted a normal lateral orientation but eventually lost 

211 GPR156 a week later at P4 (Figure 4A; yellow arrowheads). Finally, in about 

212 9% of OHC1-2, Atoh1-Cre did not achieve recombination at the Gpr156 locus 

213 by P4. 

214

215 We conducted a similar analysis in the lateral extrastriolar region of the 

216 utricle in Atoh1-Cre conditional mutants, and essentially observed the same 

217 outcome. While hair cells in littermate controls pointed medially, most hair 

218 cells were inverted and abnormally pointed laterally in mutants (Figure 5A-

219 B). However, 35.8% of mutant hair cells were escapers, adopting a normal 

220 medial orientation similar to control littermates (Figure 5A-B). In the utricle, 

221 low signal intensity (Figure 1D) prevented us from reliably determining 

222 whether each hair cell was HA-positive or HA-negative, precluding a 

223 breakdown comparable to that shown for the cochlea (Figure 4B). In 

224 summary, Atoh1-Cre allows to largely limit Gpr156 inactivation to hair cells, 

225 with the caveat that the late loss-of-function produces a partial phenotype- a 

226 classic example of incomplete penetrance.

227

228 We reasoned that incomplete penetrance might still result in functional 

229 deficits, albeit milder in nature compared to those observed in the null allele. 

230 We thus next conducted auditory and vestibular assessments in Atoh1-Cre; 

231 Gpr1562HA-flox/del conditional mutants.

232

233 Auditory dysfunction in Gpr156 conditional mutants using Atoh1-Cre

234

235 We recorded auditory brainstem response (ABR) in Atoh1-Cre conditional 

236 mutants and control littermates at ~8 weeks of age using pure tone stimuli 

237 at 8, 16, 32 and 40 kHz. ABR measures the neural activity evoked by sound 

238 stimuli in the auditory nerve and brainstem. Compared to controls lacking 
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239 Cre expression (Gpr1562HA-flox/+ or Gpr1562HA-flox/del) or Cre controls (Atoh1-

240 Cre; Gpr1562HA-flox/+), conditional mutants showed significantly elevated ABR 

241 thresholds at all frequencies tested, and complete deafness at 32 and 40 kHz 

242 (Figure 6A). This profile is reminiscent of ABR thresholds previously published 

243 in the constitutive Gpr156 mutants at ~4 weeks of age at the same 

244 frequencies, where complete deafness was also limited to higher frequencies 

245 [3] (original data presented in Figure 6B). At 8 and 16 kHz, thresholds were 

246 less elevated in the conditional compared to constitutive mutant, consistent 

247 with a milder auditory defect. To confirm auditory defects in conditional 

248 mutants, we measured and graphed ABR wave I amplitude and latency at 16 

249 kHz (Figure 6C-D). Amplitudes were significantly reduced in conditional 

250 mutants compared to littermate controls at all sound pressure levels (SPL) 

251 while latency was not significantly affected (Figure 6D). 

252

253 We reached a similar conclusion when examining more specifically OHC 

254 response by recording distortion product otoacoustic emissions (DPOAEs). 

255 DPOAEs are sound emitted by the inner ear in response to two pure tones 

256 presented simultaneously, and this response largely depends on OHC 

257 integrity. At stimulus frequencies of 12, 16 and 24 kHz, DPOAEs thresholds 

258 appeared elevated in the Atoh1-Cre conditional mutant (Figure 6E), but 

259 significance was reduced compared to values reported previously in the null 

260 mutant (Figure 6F) [3]. To confirm DPOAE defects in conditional mutants, we 

261 measured and graphed the distortion product across different sound 

262 pressure levels by stimulus frequency. The distortion product trended as 

263 lower in conditional mutants compared to controls at all frequencies tested, 

264 with significant reduction at 16 kHz (Figure 6G). Together, these results 

265 suggest that incompletely penetrant OHC1-2 anatomical defects in the 

266 Atoh1-Cre conditional mutant cochlea are sufficient to produce a hearing loss 

267 profile similar, if less pronounced, to constitutive Gpr156 mutants.

268
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269 Vestibular behavior defects in Gpr156 conditional mutants using 

270 Atoh1-Cre

271

272 We next tested whether Atoh1-Cre conditional mutant mice displayed 

273 impairments in vestibulomotor function. Previous work showed that 

274 constitutive Gpr156 knockout mice exhibit marked deficits in swimming and 

275 off-vertical axis rotation (OVAR), consistent with otolith-specific functional 

276 disruption [11, 12]. We therefore asked whether similar deficits would be 

277 observed in Atoh1-Cre conditional mutants. In the scored swim test, control 

278 mice maintained upright posture and swam continuously throughout the trial 

279 without intervention. In contrast, Atoh1-Cre conditional mutants exhibited 

280 mild but consistent impairments (Figure 7A), remaining upright but 

281 displaying intermittent freezing and general hypoactivity with minimal need 

282 for human rescue (Figure7A, red symbols). These impairments differed from 

283 those observed in constitutive Gpr156 mutant mice, which frequently 

284 tumbled and lost postural control. We next used a validated instrumented 

285 swim test (Hughes et al., 2024) to further assess postural dynamics during 

286 swim. Notably, inertial measurement unit (IMU) recordings revealed that 

287 Atoh1-Cre conditional mutants maintained an upright head orientation but 

288 exhibited greater variability in their orientation over time (Figure 7C) 

289 compared to controls (Figure 7B). This increased variability is consistent with 

290 the intermittent floating and reduced propulsive motion observed during the 

291 swim trials. Further, power spectral analysis revealed a general reduction in 

292 movement dynamics in conditional mutants, particularly in mid-high 

293 frequency ranges in translational acceleration (Figure 7D-F) and rotational 

294 velocity (Figure 7G-I). Together, these results show that Atoh1-Cre 

295 conditional mutants exhibit subtle but measurable swimming deficits, 

296 contrasting with the severe postural instability seen in constitutive mutants 

297 (Hughes et al., 2024).

298
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299 To further assess vestibulomotor function, we next tested whether otolith-

300 mediated vestibulo-ocular reflex (VOR) behaviors were impaired in Atoh1-Cre 

301 conditional mutant mice, as previously observed in constitutive Gpr156 

302 knockouts (Ono et al., 2024). During the off-vertical axis rotation (OVAR) 

303 task, mice were tilted 17° from vertical and rotated at a constant velocity 

304 (50°/s for 72 seconds). This stimulus evokes an initial canal-mediated eye 

305 velocity response that decays exponentially over ~10–15 seconds, followed 

306 by a steady-state sinusoidal response driven by the otolith organs (Figure 

307 8A). We found that Atoh1-Cre conditional mutants exhibited a significant 

308 reduction in the amplitude of the sinusoidal component of the eye movement 

309 response (Figure 8B), consistent with a weaker otolith-driven compensatory 

310 eye movement. In contrast, the initial exponential amplitude (Figure 8C) and 

311 time constant (Figure 8D) did not differ significantly between groups. While 

312 mutants exhibited slightly reduced values and variability was greater (n = 4), 

313 these results suggest that canal-mediated velocity storage is largely 

314 preserved, although we cannot exclude subtle deficits given the limited 

315 sample size. The frequency of the sinusoidal component was comparable 

316 between mutants and controls (Figure 8E), as expected given that the 

317 velocity of rotation was matched across groups—this frequency reflects the 

318 periodic repositioning of the head relative to gravity. Together, these 

319 findings indicate that GPR156 function is specifically required in hair cells for 

320 normal otolith-mediated VOR performance.

321

322

323 DISCUSSION

324

325 In this study, we restricted Gpr156 inactivation to hair cells and a subset of 

326 hair cells precursors that can also generate supporting cells using a new 

327 Gpr156 conditional allele and an Atoh1-Cre driver [19, 20]. We demonstrated 

328 that this targeted approach recapitulates both the hair cell orientation 

329 defects and the sensory deficits previously reported in constitutive Gpr156 
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330 mutants [3, 11]. The incomplete penetrance of the misorientation phenotype 

331 in hair cell-targeted mutants plausibly explains why physiological 

332 assessments revealed similar auditory and vestibular organ impairments as 

333 in constitutive mutants, albeit with milder severity. These findings indicate 

334 that the absence of GPR156 in hair cells alone could account in large part for 

335 both hearing loss as well as deficits in swimming behavior and vestibulo-

336 ocular reflexes observed in null mutants. Moreover, as we previously showed 

337 that GPR156-deficient hair cells retain apparently normal 

338 mechanotransduction when stimulated along their intrinsic directionality [3, 

339 11], our results suggest that hair cell misorientation is the primary cause of 

340 the observed functional impairments. However, we cannot entirely rule out 

341 the possibility that loss of GPR156 in other cell type(s) may exacerbate 

342 physiological defects resulting from hair cell misorientation.  ABR deficits are 

343 particularly severe at high frequencies (32, 40 kHz) in both Atoh1-Cre 

344 conditional and constitutive inactivation (Figure 6A-B). As OHC1-2 

345 misorientation is consistent along the cochlear duct [3], we speculate that 

346 this defect more severely impacts the cochlear amplifier at the cochlear base 

347 (higher frequencies) due to well-described higher stiffness and dampened 

348 vibrations in this region [22]. 

349

350 The transgenic Atoh1-Cre strain used in this study [19] is known to leave a 

351 few sporadic hair cells unrecombined with different flox alleles [10, 23]. This 

352 can account for the normally oriented auditory escaper cells that retain 

353 GPR156 protein at the medial junction (Figure 4A-B; red arrowhead). 

354 Additionally, the presence of escapers lacking detectable GPR156 at the time 

355 of analysis (P4) can be explained by the timing of Gpr156 inactivation. 

356 Specifically, if recombination or GPR156 depletion occurs after the critical 

357 window during which OHC1-2 break central symmetry and adopt a lateral 

358 orientation under the influence of GPR156 (E17.5 at the cochlear mid-apex 

359 [3]), some cells could maintain a lateral orientation despite eventually losing 

360 GPR156. 
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361

362 Emx2 expression is required to activate GPR156 signaling [3]. Notably, 

363 constitutive Emx2 inactivation abrogates OHC fate, preventing analysis of 

364 OHC orientation [8]. A targeted inactivation of  Emx2 in hair cells has been 

365 studied in the vestibular system, but not in the cochlea [7, 17]. Based on 

366 results in this study, we expect that a specific inactivation of Emx2 in 

367 auditory hair cells would not occur in time to silence GPR156 activity, leading 

368 to largely normal hair cell orientation. Here, by targeting GPR156, a 

369 downstream EMX2 effector, we achieved inactivation that overlaps with the 

370 period when hair cells break symmetry and adopt their normal orientation, 

371 thereby enabling a misorientation phenotype with partial penetrance.

372

373 A recent study proposed that loss of GPR156 in adult hair cells leads to their 

374 degeneration and subsequent deafness, suggesting a maintenance role for 

375 GPR156 in auditory function [24]. These conclusions were based on viral 

376 delivery of shRNAs aimed at silencing Gpr156 expression, although the 

377 shRNAs only partially suppressed Gpr156 in cell culture assays. It remains 

378 unclear why virally transduced hair cells would degenerate, especially given 

379 that no hair cell loss was observed in constitutive Gpr156 mutants at young 

380 adult stages [3]. Moreover, the proposed GPR156 maintenance mechanism is 

381 difficult to reconcile with the observation that mature hair cells transduced 

382 with the shRNAs appear normally oriented, whereas constitutive mutants 

383 retain their misorientation pattern as adults [3]. The Gpr1562HA-Flox strain 

384 developed in this study provides a valuable tool for conditional inactivation 

385 experiments, and will enable precise, genetically-based Gpr156 inactivation 

386 in mature hair cells and other cell types. 

387
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422 METHODS

423

424 Mouse strains and husbandry

425 The Gpr156del strain (C56BL/6N-Gpr156tm1.1(KOMP)Vlcg/J; MGI:5608696) was 

426 obtained from the Knockout Mouse Project (KOMP) and studied previously in 

427 [3]. To generate the Gpr1562HA-flox strain in the C57BL/6J background, we 

428 cloned a plasmid-based donor vector to add two HA tags at the  Gpr156 start 

429 codon (N-terminal) and flank exons 2 and 3 with loxP sites. This construct was 

430 assembled with the Gibson method and consisted in a synthesized loxP-2HA-

431 exon2-3 genomic region-loxP fragment flanked by two ~2 kb PCR-based 

432 homology arms. The coding region was modified by introducing silent 

433 mutations to limit recombination between the loxP positions. The following 

434 guide RNAs were used: upstream: AACAACCTTTCACTTCTACT downstream: 

435 ACTGCAAAGCTAGTGACCAT. Streptococcus pyogenes Cas9 (SpCas9) V3 

436 protein and gRNAs were purchased as part of the Alt-R CRISPR-Cas9 system 

437 using the crRNA:tracrRNA duplex format as the gRNA species (IDT, USA). Alt-

438 R CRISPR-Cas9 crRNAs (#1072532) were synthesized using the gRNA 

439 sequences and hybridized with the Alt-R tracrRNA (#1072534) as per 

440 manufacturer’s instructions. Guide RNAs and CRISPR-Cas9 reagents were 

441 delivered in mouse zygotes via microinjection. To prepare the gene editing 

442 reagent for microinjection, SpCas9:gRNA Ribonucleoprotein (RNP) complexes 

443 were formed by incubating AltR-SpCas9 V3 (#1081059) and gRNA duplexes 

444 for 20 minutes at room temperature in embryo-tested TE buffer (pH 7.5). The 

445 SpCas9 protein and gRNA duplex were at 833 ng/µl and 389 ng/µl, 

446 respectively, during complex formation. Post RNP formation, the donor 

447 plasmid was added, and the mixture spun at 14K RPM in a microcentrifuge. 

448 The supernatant was transferred to a clean tube and stored on ice until use in 

449 the embryo microinjection procedure. The final concentration of the gRNA, 

450 SpCas9 and donor components in the microinjection mixture was 50ng/µl, 100 

451 ng/µl and 10 ng/µl, respectively. Founder animals were tested for donor 

452 integration using PCR amplification with genomic primers outside of the 
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453 homology arms. 5' product: 5'ext_F ATTTGGCACATACTGGGCAC and HA_R 

454 GAACATCGTATGGGTATCCAGC. 3' product: modif_ex3_F 

455 TTTCCTCGCCTTTACCATCC and 3'ext_R TTGGTTGTTATCTGTGGGCC. In order to 

456 segregate away potential non-specific mutations, positive founders were bred 

457 for two generations with C57BL/6J animals to generate a N2 heterozygote 

458 stock. The established stock was then genotyped using a 3-primer PCR 

459 strategy (Gpr156_F AACCTGCGTGTGCATGTTTG, HA_R 

460 GAACATCGTATGGGTATCCAGC, Gpr156_R TCTACCACTACCACCATCAC; wild-

461 type product 575bp, 2HA-flox product 486bp). The two Cre strains used in this 

462 work are Atoh1-Cre (Tg(Atoh1-cre)1Bfri; MGI: 3775845) [19] and Foxg1-Cre 

463 (Foxg1tm1(cre)Skm; MGI: 1932522) [18] and were obtained at The Jackson 

464 Laboratory. Animals were maintained under standard housing conditions (14h 

465 light / 10h dark cycle, ambient temperature and normal humidity). This study 

466 was conducted in accordance with ARRIVE guidelines. All animal procedures 

467 were reviewed for compliance and approved by the Animal Care and Use 

468 Committee of The Jackson Laboratory and the Johns Hopkins University School 

469 of Medicine. These include euthanasia methods: decapitation for neonates (up 

470 to P8), cervical dislocation (from P17, >~7.5 g body weight) or CO2 inhalation 

471 (from P9) for adults. No anesthesia was performed prior to euthanasia. These 

472 organizations meet the voluntary accreditation and assessment guidelines of 

473 the American Association for Accreditation of Laboratory Animal Care 

474 International, AAALAC, a private, nonprofit organization that promotes the 

475 humane treatment of animals in science.

476

477 Immunofluorescence and antibodies

478 The inner ears of postnatal animals were extracted and immediately fixed in 

479 paraformaldehyde (PFA 4%; Electron Microscopy Sciences; 15710) for 1h at 

480 4�C. After fixation, inner ears were dissected to isolate the cochlea and the 

481 vestibular utricle before exposing the sensory epithelium of both organs. 

482 Samples were then permeabilized and blocked in PBS with 0.5% Triton-X100 

483 and bovine serum albumin (1%) for at least at 1 hour at room temperature. 
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484 Primary and secondary antibodies were incubated overnight at 4°C in PBS with 

485 0.025% sodium azide. Fluorescent dye-conjugated phalloidin was added to 

486 secondary antibodies. Samples were washed 3 times in PBS + 0.05% Triton-

487 X100 after each antibody incubation, and post-fixed in PFA 4% for at least 1 

488 hour at room temperature. Samples were then mounted flat on microscopy 

489 slides using Mowiol as mounting medium (Calbiochem/MilliporeSigma 

490 4759041), directly under a 18x18mm #1.5 coverglass (VWR 48366-045). 

491 Mowiol (10% w/v) was prepared in 25% (w/v) glycerol and 0.1M Tris-Cl pH8.5. 

492

493 Primary antibodies used were: 

494 Rabbit anti-HA (Cell Signaling Tech; 3724S)

495 Rat anti-ZO1 (Developmental Studies Hybridoma Bank, R26.4C) 

496 Rabbit anti-Pericentrin/PCNT (Biolegend/Covance, PRB-432C)

497 Mouse anti- �II-spectrin (SPNB2) (BD Transduction, 612563)

498 Mouse anti-acetylated alpha tubulin (Santa Cruz Biotechnology scbt-23950)

499

500 Secondary antibodies from ThermoFisher Scientific were raised in donkey and 

501 conjugated to Alexa Fluor (AF) 488, 555, or 647 (donkey anti-rat AF488 (A-

502 21208), donkey anti-rabbit AF555 (A-31572), donkey anti-mouse AF647 (A-

503 31571). Fluorescent conjugated phalloidins used to label F-actin were from 

504 ThermoFisher Scientific (AF488, A12379) and Biotium (CF405, 89138-126).

505

506 Microscopy: sample cohorts, image acquisition and analysis

507 All quantifications include at least three animals per genotype, except for the 

508 controls in Fig. 4B (2 animals). The animal cohort size (N) and the number of 

509 hair cell (n) analyzed are indicated in all graphs or their legends. When an 

510 experimental outcome was not quantified, at least 3 mutant and control 

511 littermates across two or more litters were analyzed. Figure panels illustrate 

512 the representative outcome observed in all samples of similar genotypes. 

513
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514 Confocal images were captured with a LSM800 line scanning confocal 

515 microscope, a 63x NA1.4 oil objective, the Airyscan detector in confocal mode 

516 and the Zen 2.3 or Zen 2.6 software (Carl Zeiss AG). To quantify hair cell 

517 orientation (Figs. 2B, 3B, 4B, 5B), images were captured with a Leica DM5500B 

518 widefield microscope, a 63x oil objective, a Hamamatsu ORCA-Flash4.0 sCMOS 

519 camera and the Leica Application Suite (LasX) software (Leica Microsystems). 

520 All confocal images in the same experiment were acquired using the same 

521 laser intensity and gain and were then processed in Adobe Photoshop 

522 (CC2024) where the same image treatment was applied across conditions.

523 To determine cell orientation in the cochlea (Figs. 2B, 4B), the angle separating 

524 the longitudinal axis of the organ of Corti from a vector running from the center 

525 of mass of the hair cell to the fonticulus/base of the kinocilium was measured 

526 using the angle tool in Fiji. The fonticulus indicates the position of the basal 

527 body and was visualized as the region devoid of F-actin signals in the cuticular 

528 plate, and the kinocilium was labeled with acetylated tubulin. The acetylated 

529 tubulin channel was not displayed in figures for simplicity. In both right and 

530 left cochleae, angles were measured at the mid-cochlear position (~50%) so 

531 that 0° pointed towards the cochlear base and 90° towards the cochlear 

532 periphery (lateral). In the utricle lateral extrastriolar region (Figs. 3, 5), a 

533 rectangular 120 x 60 µm ROI was drawn from the lateral edge of the macula 

534 and every HC in the ROI was analyzed. Cell orientation was determined by 

535 measuring the angle separating the axis of the lateral edge of the macula and 

536 a vector running from the center of mass of the hair cell to the basal body 

537 stained with PCNT. Measurements were taken so that 90° pointed towards the 

538 lateral edge, and 270° pointed towards the line of polarity reversal. The mosaic 

539 distribution of hair cells and supporting cells in Fig. 3A and 5A was established 

540 using �II-spectrin and F-actin labeling (not shown).

541

542 Auditory tests: ABR and DPOAE 

543 All auditory tests were performed in a sound-attenuating chamber where a 

544 heating pad (FHC Inc.) maintained the body temperature of the anesthetized 
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545 animals at 37°C. All animals were anesthetized with a mix of ketamine and 

546 xylazine (1 mg and 0.8 mg per 10g of body weight, respectively). For Auditory 

547 Brainstem Response (ABR), mice were tested using the RZ6 Multi-I/O 

548 Processor System coupled to the RA4PA 4-channel Medusa Amplifier (Tucker-

549 Davis Technologies) and SigGen/BioSig software (Tucker-Davis Technologies). 

550 ABR were recorded after binaural stimulation in an open field using tone bursts 

551 at 8, 16, 32, and 40kHz and at 21 stimuli/second and a speaker located 5 cm 

552 away from the animal's ears. A waveform was then produced by averaging the 

553 response from 512 stimuli for each frequency/dB level. Subdermal needles 

554 were used as electrodes, the active electrode inserted at the cranial vertex, 

555 the reference electrode under the left ear and the ground electrode at the 

556 right thigh. ABR thresholds were obtained by reducing the sound pressure 

557 (SPL) by 5 dB steps from 90 to 20 dB to identify the lowest level at which an 

558 ABR waveform could be detected. A value of 100dB is attributed to animals 

559 that lack a response at 90 dB stimulation (profound deafness) (Fig. 6A-B). 

560 Waveforms were compared by simultaneously displaying 5 or more dB levels 

561 at the same time on the screen. To characterize wave I, we extracted trace 

562 data measurements from BioSig, and used an R script leveraging the 

563 tidyverse, Rmisc and ggpubr packages to annotate peaks and troughs on the 

564 ABR waveform, calculating the amplitude and measuring the latency of the 

565 peak.

566

567 For Distortion Product Otoacoustic Emissions (DPOAEs), mice were tested 

568 using the RZ6 Multi-I/O Processor and SigGen/BioSig software (Tucker-Davis 

569 Technologies) to generate and control the stimuli. Pure tone frequencies (f2/f1 

570 ratio = 1.2) at 8, 12, 16, 24 and 32 kHz and at equal levels of sound pressure 

571 (L1 = L2) were generated by the RZ6 processor and attenuated through PA5 

572 programmable attenuators. Separate drivers were used to route these 

573 attenuated signals to mix acoustically in the ear canal with the help of an 

574 earpiece. For each animal, sound pressures were tested in 512 readings from 

575 80 to 20 dB in 10 dB decrements. A value of 90dB is attributed to animals that 
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576 lack a response at 80 dB stimulation (Fig. 6E-F). SPLs originating from the ear 

577 canal were recorded with a low-noise prone microphone (ER-10B+ 

578 Microphone, Etymotic Research). The signal from the microphone was 

579 amplified 10 times and re-routed to the RZ6 processor. This acoustic signal 

580 was sampled at 100 kHz and Fast Fourier Transformations (FFTs) of the signal 

581 were averaged. This FFT waveform was utilized to measure the amplitudes of 

582 f1, f2, and the (2f1-f2) distortion product. Threshold for amplification was 

583 determined by comparing the distortion product to background levels: if the 

584 distortion product peak was higher in magnitude than any peak present in the 

585 background (noise floor), the acquired distortion product was recognized as a 

586 real signal. Readings were taken from 0 to 97.7 kHz and the noise floor was 

587 calculated by averaging all readings across this frequency window. An R script 

588 using the tidyverse package was used to determine the dB value of the 

589 distortion product peaks and to calculate the noise floor. ABR and DPOAE 

590 datasets for the constitutive mutant (Gpr156del) were published previously in 

591 Kindt et al. 2021 [3] and are shown for comparison only.

592

593 Angle and auditory test plotting and statistical analysis

594 The circular diagrams of HC orientation (Figs. 2B, 3B, 4B, 5B) were generated 

595 using R (4.2.2) and Rstudio (2022.12.2+353). The script used can be found in 

596 Jarysta et al. 2024 and on Github at: https://github.com/Tarchini-Lab/R-code-

597 for-circular-diagrams. The circular mean is indicated by the angle of the red 

598 line, and the length of the red arc indicates the mean circular deviation, both 

599 obtained using the colsats function of the R circular package. ABR and DPOAE 

600 thresholds were plotted in GraphPad Prism 9 and individual graphs show the 

601 mean value with standard deviation. ABR waveform (Fig. 6C), wave I 

602 amplitude and latency (Fig. 6D), and distortion products (Fig. 6G) were plotted 

603 in R (4.2.2) and Rstudio (2022.12.2+353) using the ggpubr package, and 

604 graphs show the mean value with standard error of the mean. The scripts used 

605 can be found on Github at: https://github.com/Tarchini-Lab/R-codes-ABR-and-

606 DPOAE-Analysis. Data distribution between genotypes was tested for 
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607 significance using 2-way ANOVA with Sidak’s multiple comparison post-hoc 

608 test for thresholds (Fig. 6A, B, E, F) and wave I amplitude and latency (Fig. 6C, 

609 D). For the distortion products (Fig. 6G), we used three-way ANOVA with a 

610 Tukey multiple comparison post-hoc test. p-values were summarized as 

611 follows: **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05, ns p>0.05 (not 

612 significant).

613

614 Swim Assessments

615 To assess swim performance in mouse mutants and controls, we employed 

616 both standard observational scoring and objective quantification using an 

617 instrumented swim assay. Scored swim assessments were performed in a 

618 cylindrical tank approximately 8 inches wide by 10 inches tall. Mice swam for 

619 1 minute and performance was scored as follows: 0 indicated completion of 

620 swim trial without intervention, 1 indicated intermittent periods of low or no 

621 activity in the animal, and 2 indicated failure to complete the trial. Statistical 

622 comparisons were performed using GraphPad Prism 10. 

623

624 For instrumented swim using an inertial measurement unit (IMU), an IMU was 

625 attached to the mouse’s head as previously described [12, 25]. Mice swam in 

626 a large tank approximately 21 x 16 x 12 in (L x W x H) for three 1-minute trials 

627 with a 1-minute inter-trial interval. IMU data were sampled at 500 Hz and up-

628 sampled to 1 kHz prior to analysis. Power spectral densities (PSDs) were 

629 computed for each axis using Welch’s method (MATLAB pwelch function; 

630 MathWorks) with a 4,096-point Hamming window (equivalent to 4.096 s) and 

631 nfft set to 4096. PSDs were calculated across all six movement dimensions. To 

632 assess statistical significance, a non-parametric permutation test was applied 

633 using a moving-frequency window approach. At each frequency bin within the 

634 0.1–30 Hz range, PSD values were averaged within the moving window, and 

635 significance was assessed using 1,000 permutations. This analysis was 

636 conducted independently for each sensor axis. Significant differences were 

637 visualized using color-coded shading with thresholds of p < 0.05 (*), 0.01 (**), 
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638 0.001 (***), and 0.0001 (****). Spherical representations of head position 

639 during a trial were plotted as described in Hughes et al. 2024. Analysis of 

640 instrumented swim was performed using Matlab (MathWorks). 

641  

642 Off-Vertical Axis Rotation 

643 Eye movement measurements during OVAR in alert mice were performed as 

644 previously described [26]. Briefly, mice were head-fixed on a rotating platform 

645 tilted 17° relative to the ground. The platform's speed was ramped from 0 to 

646 50°/s over 500 milliseconds and then maintained at constant velocity for 72 s 

647 (corresponding to 10 full rotations) before stopping. Eye movements were 

648 recorded using an infrared video system (ETL-200, ISCAN). Quick phases were 

649 identified as previously described [26] and excluded from further analysis. We 

650 then used a linear regression approach [27] to estimate the time constant of 

651 the slow-phase eye velocity decay during OVAR, as well as amplitude and 

652 frequency of its sinusoidal modulation. Statistical comparisons were 

653 performed using GraphPad Prism 10. 
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727

728 Figure 1. Dual reporter and conditional inactivation Gpr156 mouse 

729 model. A) Schematic of GPR156 enrichment (magenta), Emx2 expression 

730 (blue) and constitutive Gpr156 knock-out phenotypes in the cochlea (left) 

731 and utricle (right) based on previous studies. B) New mouse allele where the 

732 first Gpr156 coding exons (ex 2-3) are flanked by loxP sites and two HA tags 

733 are inserted in frame N-terminal. C-D) P2 cochlea (C) and utricle (D) 

734 immunolabeled for HA along with F-actin (phalloidin conjugate). HA signal 

735 recapitulates known GPR156 polarized enrichment in Gpr1562HA-flox, but not 

736 in wild-type littermate samples. Specifically, a medial junctional distribution 

737 in all cochlear HCs (C) and a lateral junctional distribution in utricular HCs in 

738 the lateral extratriolar region above the line of polarity reversal (D, red 

739 arrowheads). E) P4 cochleae labeled for F-actin. Note how OHC1-2 are only 
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740 aberrantly inverted in orientation upon Cre recombination in Gpr1562HA-flox 

741 homozygotes (yellow arrows). COC, cochlea; UTR, utricle; LPR, line of polarity 

742 reversal. Scale bars: 10µm.

743
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744

745

746 Figure 2. Hair cell orientation defects in conditional Gpr156 mutant 

747 cochlea using the early Foxg1Cre driver. A) P4 cochleae labeled with HA 

748 and F-actin. Conditional mutants (bottom) lack HA signals and show OHC1-2 

749 misorientation (yellow arrows). The fonticulus is indicated by an arrowhead. 

750 B) Circular diagram of OHC1-2 orientation as a frequency distribution. n and 

751 N respectively indicate the number of hair cells and animals analyzed. While 

752 control OHC1-2 point laterally,  conditional mutant OHC1-2 are inverted and 

753 point medially. Escapers are defined as HC pointing laterally (0-180� where 

754 0� is towards the cochlear base and 90� is lateral). In circular graphs, bin 

755 size is 10 degrees and the red arc position and span respectively indicate the 
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756 circular mean and circular standard deviation of the angle distribution. Scale 

757 bars: 10µm.

758
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759

760

761 Figure 3. Hair cell orientation defects in conditional Gpr156 mutant 

762 utricle using the early Foxg1Cre driver. A) P4 utricles labeled for 

763 pericentrin (PCNT) to reveal the basal body and ZO1 to reveal apical 

764 junctions. Conditional mutants show inverted hair cells that point laterally 

765 (up) throughout the lateral extrastriolar region compared to control hair cells 

766 that point medially (down) based on the position of the basal body. Black and 

767 white panels (bottom) indicate the position of hair cells (white) and 

768 supporting cells (black) based on F-actin and bII-spectrin labels (not shown). 

769 Insets are magnified to the right (B.1, B.2). Yellow arrows indicate orientation 

770 for select hair cells. B) Circular diagrams of hair cell orientation in the lateral 

771 extrastriolar region. All HCs in the mutant are inverted and generally point 

772 laterally. n and N respectively indicate the number of hair cells and animals 

773 analyzed. Escapers are defined as HC pointing medially (180-360� where 90� 

774 is lateral). As we could not reliably distinguish HA+ vs HA- cells, these may 

775 have either lost or retained GPR156. Bin size is 10 degrees and the red arc 
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776 position and span respectively indicate the circular mean and circular 

777 standard deviation of the angle distribution. Scale bars: 10µm.

778
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779

780

781

782 Figure 4. Hair cell orientation defects in conditional Gpr156 mutant 

783 cochlea using the late Atoh1-Cre driver. A) P4 cochleae labeled with HA 

784 and F-actin. Note how OHC1-2 in conditional mutants (bottom) can be 
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785 misoriented and lack HA signals (cyan arrowhead), or be "escapers" with a 

786 normal orientation and either missing (yellow arrowhead) or retained 2HA-

787 GPR156 (red arrowhead; schematized in B). B) Circular diagram of OHC1-2 

788 orientation as a frequency distribution. n and N respectively indicate the 

789 number of hair cells and animals analyzed. While control OHC1-2 point 

790 laterally, a large proportion of conditional mutant OHC1-2 are inverted and 

791 point medially. Note how excluding hair cells where Gpr156 is not activated 

792 (HA-positive, red arrowheads) limits the proportion of escapers defined as 

793 OHC1-2 with a lateral orientation (0-180� where 0� is towards the cochlear 

794 base and 90� is lateral). In circular graphs, bin size is 10 degrees and the red 

795 arc position and span respectively indicate the circular mean and circular 

796 standard deviation of the angle distribution. Scale bars: 10µm.

797
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798  

799

800 Figure 5. Hair cell orientation defects in conditional Gpr156 mutant 

801 utricle using the late Atoh1-Cre driver. A) P4 utricles labeled for 

802 pericentrin (PCNT) to reveal the basal body and ZO1 to reveal apical 

803 junctions. Conditional mutants show a mixture of inverted hair cells that 

804 point laterally (up) and non-inverted hair cells that point medially (down) 

805 throughout the lateral extrastriolar region based on the position of the basal 

806 body. Black and white panels (bottom) indicate the position of hair cells 

807 (white) and supporting cells (black) based on F-actin and bII-spectrin labels 

808 (not shown). Insets are magnified to the right (A.1, A.2). Yellow arrows 

809 indicate orientation for select hair cells. B) Circular diagrams of hair cell 

810 orientation in the lateral extrastriolar region. n and N respectively indicate 

811 the number of hair cells and animals analyzed. Escapers are defined as HC 

812 pointing medially (180-360� where 90� is lateral). As we could not reliably 

813 distinguish HA+ vs HA- cells, these may have either lost or retained GPR156. 

814 Bin size is 10 degrees and the red arc position and span respectively indicate 
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815 the circular mean and circular standard deviation of the angle distribution. 

816 Scale bars: 10µm.

817
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819 Figure 6. Auditory brainstem response and distortion product 

820 measurements in conditional and constitutive Gpr156 mutants. A-B) 

821 ABR thresholds for the genotypes indicated in Atoh1-Cre conditional (A) and 

822 constitutive (B) Gpr156 mutants. C) Example ABR traces at 16kHz for one 

823 control (orange) and conditional mutant (red) for 90, 75, and 35 dB stimuli. 

824 D) Wave I amplitude and latency measured from individual ABR traces at 16 

825 kHz for 45 to 90 dB stimuli in the conditional Gpr156 mutants. E-F) Distortion 

826 product otoacoustic emission (DPOAE) thresholds for the genotypes 

827 indicated in Atoh1-Cre conditional (E) and constitutive (F) Gpr156 mutants. 

828 G) DPOAE graphs for conditional Atoh1-Cre mutants and control littermates. 

829 Conditional mutants where Gpr156 inactivation is limited to hair cells in the 

830 inner ear show auditory deficits similar, but less pronounced than in 

831 constitutive mutants (A-B, E-F). The constitutive mutant dataset was 

832 published in (Kindt et al., 2021) and is shown here for comparison only (B, F). 

833 N indicates the number of animals analyzed. Error bars are SD for A, B, E, F 

834 and SEM for D and G. For A and E-G, no Cre control genotypes are Gpr1562HA-

835 flox/+ and Gpr1562HA-flox/del. Two-way ANOVA with Sidak's multiple comparison 

836 except for G, where three-way ANOVA with Tukey's multiple comparison was 

837 applied. Blue and orange p values indicate significance of the mutant 

838 condition (red) compared to no Cre and Cre control genotypes, respectively. 

839 **** p<0.0001, ** p<0.01, * p<0.05, ns p>0.05 (not significant). SPL, sound 

840 pressure level; dB, decibel. 

841
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842  

843

844 Figure 7: Conditional Gpr156 mutants display hypoactivity during 

845 volitional swim. A) Scored swim assessment of Atoh1-Cre conditional 

846 mutants compared to controls. 0 indicates completion of swim trial without 

847 intervention, 1 indicates intermittent periods of low or no activity in the 

848 animal, and 2 indicates failure to complete the trial. N=8 controls, 10 

849 mutants. P=0.0039, Welch’s t test. B) Spherical representation of a control 

850 animal’s head orientation during instrumented swim. Blue represents 

851 forehead vector at a 45° pitch to be nominally aligned with gravity as 

852 described in [12]. Orange regions of the trace represent a 66°-90° deviation 

853 from upright, while red represents a deviation greater than 90°. C) Same as 

854 in B but for a conditional mutant animal. D-I) Head motion power spectra in 

855 the translational acceleration (D-F) and rotational velocity (G-I) domains 

856 during instrumented swim. N=5 controls (blue), 6 mutants (red). Blue bars 

857 indicate a higher motion power in controls during that frequency window. 
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858 **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05, ns p>0.05 (not 

859 significant). Mean ± shaded SEM.

860
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861

862

863 Figure 8: Altered otolith response during off-vertical axis rotation in 

864 conditional Gpr156 mutants. A) Average horizontal eye velocities (Mean 

865 ± shaded SEM) during a 72-second long off-vertical axis rotation for Atoh1-

866 Cre conditional mutants and control mice. Inset shows schematic of the 

867 OVAR stimulus. B) Sinusoidal amplitude of the slow phase eye velocity, 

868 showing a significant reduction in mutants (p=0.02). C) Exponential 

869 amplitude of the initial velocity decay, showing no significant difference 

870 between groups (p=0.69). D) Exponential time constant (τ) did not differ 

871 between groups (p=0.69). E) Modulation frequency of the sinusoidal eye 

872 velocity response was similar between groups (p=0.89). Mann-Whitney test, 

873 N= 4 mice per condition. 

874
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