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Abstract 61 
 62 

 Acoustic signals are relayed from the ear to the brain via spiral ganglion neurons (SGNs) 63 

that receive auditory information from the cochlear inner hair cells and transmit that information 64 

to the cochlear nucleus of the brainstem. Physiologically distinct classes of SGNs have been 65 

characterized by their spontaneous firing rate and responses to sound, and those physiological 66 

distinctions are thought to correspond to stereotyped synaptic positions on the inner hair cell 67 

(IHC).  More recently, single cell profiling has identified multiple groups of SGNs based on 68 

transcriptional profiling, however, correlations between any of these groups and distinct neuronal 69 

physiology has not been determined. 70 

 In this study, we show that expression of the POU transcription factor Pou4f1 in Type I 71 

SGNs in mice of both sexes correlates with a synaptic location on the modiolar side of IHCs.  72 

Conditional deletion of Pou4f1 in SGNs beginning in mice at embryonic day 13 rescues the early 73 

pathfinding and apoptotic phenotypes reported for germline deletion of Pou4f1, resulting in a 74 

phenotypically normal development of SGN patterning.  However, conditional deletion of 75 

Pou4f1 in SGNs alters the activation of Ca2+-channels in IHCs, primarily by increasing their 76 

voltage-sensitivity. Moreover, the modiolar to pillar gradient of active zone (AZ) Ca2+-influx 77 

strength is eliminated.  These results demonstrate that a subset of modiolar-targeted SGNs retain 78 

expression of Pou4f1 beyond the onset of hearing and suggest that this transcription factor plays 79 

an instructive role in presynaptic Ca2+ signaling in IHCs.   80 

 81 

 82 

 83 

  84 
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Significance:  85 

Physiologically distinct classes of Type I spiral ganglion neurons (SGNs) are necessary to 86 

encode sound intensities spanning the audible range.  While anatomical studies have 87 

demonstrated structural correlates for some physiologically-defined classes of Type I SGNs, an 88 

understanding of the molecular pathways that specify each type is only emerging.   Here, we 89 

demonstrate that expression of the transcription factor Pou4f1 corresponds to a distinct subgroup 90 

of Type I SGNs that synapse on the modiolar side of inner hair cells. The conditional deletion of 91 

Pou4f1 after SGN formation does not disrupt ganglion size or morphology, change the 92 

distribution of IHC synaptic locations, or impact the creation of synapses, but does influence the 93 

voltage-dependence and strength of Ca2+-influx at presynaptic AZs in IHCs.   94 
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 95 

Introduction 96 

 In mammals, cochlear inner hair cells (IHCs) convert pressure waves into electro-97 

chemical signals that are  relayed to the brain via Type I spiral ganglion neurons (SGNs). In 98 

order to encode a broad dynamic range of sounds, multiple categories of Type I SGNs, each with 99 

distinct physiological properties, innervate each IHC. While the full extent of SGN diversity is 100 

poorly understood, individual neurons can be classified based on their spontaneous firing rate, 101 

threshold of activation and more recently, transcriptional profile (Petitpre et al., 2018; Shrestha et 102 

al., 2018; Sun et al., 2018).  Based on physiological properties, three Type I SGNs, high-103 

spontaneous rate, medium spontaneous rate and low spontaneous rate, have been described in 104 

several species (Liberman, 1978; Winter et al., 1990; Taberner and Liberman, 2005). In addition, 105 

the firing properties of individual SGNs correlate with synaptic location on the base of each IHC. 106 

SGNs with low spontaneous rates and high thresholds are located on the medial (modiolar) sides 107 

of IHCs opposing active zones (AZs) with larger and, in some instances, multiple synaptic 108 

ribbons, and stronger maximal Ca2+ influx that operates in a more depolarized range.  In contrast, 109 

neurons with high spontaneous rates and low thresholds typically oppose smaller AZs with 110 

weaker but, more hyperpolarized operating Ca2+ influx, located on the lateral (pillar) sides of 111 

IHCs (Winter et al., 1990; Ohlemiller et al., 1991; Merchan-Perez and Liberman, 1996; Taberner 112 

and Liberman, 2005; Meyer et al., 2009; Ohn et al., 2016).  Hence, it was hypothesized that the 113 

IHC decomposes sound intensity information into these different neural channels via 114 

diversifying the operating range of the Ca2+ influx among the AZs (Ohn et al., 2016; Pangrsic et 115 

al., 2018). However, the mechanisms that specify differences in presynaptic AZs have not been 116 

determined and the proposed link to the physiological properties of individual SGNs requires 117 
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experimental confirmation. If postsynaptic SGNs are able to influence the physiology of 118 

presynaptic AZs, this would provide exciting insights regarding the mechanisms that establish 119 

intensity coding over the wide audible range within the auditory system.   120 

Recently, single cell RNAseq has identified at least three categories of Type I SGNs 121 

based on transcriptional expression profiles (Shrestha et al., 2018; Sun et al., 2018; Petitpre et al., 122 

2018).  While the molecular profiles for each of these groups are distinct, there is currently no 123 

data to confirm the postulated correspondence to any of the three functionally defined SGN 124 

groups.  Pou4f1, a member of the POU (Pit-Oct-Unc) family of transcription factors was shown 125 

to be more strongly expressed in a single class of Type I SGNs in each study.  POU transcription 126 

factors are largely neuro-specific molecules that are important for neurogenesis, differentiation 127 

and survival (Tantin, 2013; Malik et al., 2018). The three members of the POU4F subfamily are 128 

expressed in distinct but overlapping populations of neuronal and somatic cells in developing 129 

and adult tissues (Jehn et al., 1994; Sajgo et al., 2017). Previous studies have demonstrated that 130 

Pou4f1 is broadly expressed in all SGNs beginning as early as the onset of neurogenesis at E10 131 

(Huang et al., 2001; Deng et al., 2014). Germline deletion of Pou4f1 leads to significant 132 

pathfinding defects within the entire SGN population and ultimately to a loss of approximately 133 

30% of all SGNs (Huang et al., 2001).  However, transcriptomic and immunological analyses 134 

indicate that expression of Pou4f1 begins to be down-regulated in some SGNs as early at E16 135 

with only a limited population of SGNs maintaining expression of Pou4f1 beyond birth (Deng et 136 

al., 2014). Given the role of Pou4f1 in cell fate specification, we sought to characterize those 137 

SGNs that maintain expression of Pou4f1. Moreover, using morphological and functional 138 

analysis of AZ properties in the IHCs of mice with conditional deletion of Pou4f1, we examined 139 
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the hypothesis that Pou4f1-positive SGNs provide an instructive, trans-synaptic influence on 140 

their presynaptic inputs. 141 

 142 

Materials and Methods 143 

Animals 144 

All mice were maintained according to guidelines established by the joint 145 

NINDS/NIDCD IACUC at NIH. Handling of mice in Göttingen complied with national animal 146 

care guidelines.  Mice of either sex were used for all experiments.  Most mice were maintained 147 

as mixed strain of predominately CD1 and C57-B6 background. Both the Pou4f1flox and Pou4f1-148 

+- mice were obtained from Tudor Badea, NEI (Badea et al 2009, Xiang et al 1996).  Ngn1creErt2 149 

were obtained from Lisa Goodrich, Harvard Medical School (Koundakjian et al., 2007) and 150 

Pou4f1creErt2 were provided by Jian Zhong, Weill Cornell Medical College (O’Donovan et al., 151 

2014).  Atoh1cre, R26RtdTomato and Mapttm1(EGFP)/J lines were obtained from Jackson Laboratories.  152 

Plugs were assumed to occur at midnight, and so mid-day on the day that a plug was observed 153 

was considered to be E0.5. Embryos were collected in PBS from euthanized pregnant dams. 154 

Post-natal pups were euthanized with CO2 followed by decapitation. Cochleae were collected 155 

and fixed in 4% paraformaldehyde in PBS for 1 hour at room temperature. Tissue requiring a 156 

short fixation were exposed to 4% PFA in PBS for 20 minutes. P14 cochlea were decalcified in 157 

10% EDTA (pH 7.4) in PBS for 48 hours. For cryo-sectioning, cochleae were cryoprotected 158 

through a gradient of sucrose (5%, 15%, 20%, 25%, 30%), and embedded and frozen in OCT 159 

embedding medium (Fisher). Sections 10 m-14 m thick were collected onto slides and 160 

allowed to dry at room temperature overnight before being frozen at -80 C.  161 

 162 
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Tamoxifen regime 163 

Pregnant dams were given a combined single dose of 0.2-0.5g/40g body weight 164 

tamoxifen (T5648; Sigma-Aldrich) and 2g progesterone diluted in sunflower and flax oil by oral 165 

gavage on one day between E9.5-E12.5.  166 

 167 

Immunolabeling of fixed tissue 168 

Both whole cochlea and cryo-sectioned tissue were permeabilized and blocked in 0.05% 169 

Triton X-100 in PBS with 10% normal serum (goat or horse, depending on the species the 170 

secondary was raised in) for 1 hour at room temperature. If the primary antibody was raised in 171 

mouse, the blocking solution would also include 0.5% Unconjugated AffiniPure FAB fragment 172 

goat Anti-mouse IgG (H+L) (Jackson ImmunoResearch Labs). Cochleae were washed 3 times 173 

for 5 minutes with PBS. Tissue was then incubated with the appropriate concentration of primary 174 

antibody in 0.05% Triton X-100 in PBS overnight at 4 C. Tissue was then washed 3 times for 10 175 

minutes to ensure primary antibody was thoroughly removed. Species-appropriate Alexa-176 

conjugated secondary antibodies (1:1000) were then incubated with the tissue for 1 hour at room 177 

temperature. When appropriate, DAPI (300 nM) was applied to whole cochleae for 5 minutes at 178 

room temperature. Tissue was washed 3 times for 10 minutes each. Whole cochlear tissue was 179 

divided into basal and apical pieces and then mounted in Fluoromount-G (SouthernBiotech). 180 

Sectioned tissue was mounted in DAPI Fluoromount-G or Fluoromount-G (SouthernBiotech).  181 

For sectioned tissue stained using the anti-brn3a (Pou4f1) antibody, antigen retrieval was 182 

performed prior to immunolabeling. Briefly, slides were placed on a platform above the boiling 183 

water in a commercially purchased rice cooker and covered with sodium citrate buffer (10mM 184 

sodium citrate, 0.05% tween, pH 6.0). Slides were steamed in the sodium citrate buffer for 10 185 
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minutes and then allowed to cool for 10 minutes. Slides were then washed in PBS 3 times and 186 

immunolabeling was performed as above. 187 

The following primary antibodies were used:  Anti-Pou4f1 (Millipore; MAB1585), Anti-188 

Myosin7a (Proteus Biosciences; 25-6790), Anti-CtBP2 (Santa Cruz Biotechnology; SC5967), 189 

anti-Beta-Tubulin 3 (Tuj1; Sigma-Aldrich; T2200), Anti-Neurofilament Heavy (Aves Labs; 190 

NFH), Anti-tdTomato (Kerafast; 16D7). 191 

 192 

RNAscope 193 

 Cochlear tissue was dissected, fixed, embedded and cryo-sectioned as described above.  194 

A probe against mouse Pou4f1 was ordered from Advanced Cell Diagnostics (ACD).  195 

Cryosections were hybridized with the Pou4f1 probe following the protocol provided by ACD.  196 

Sections were counter-stained with DAPI and imaged on a Zeiss LSM780. 197 

 198 

Single Cell RNAseq 199 

 Cochleae were dissected from P1 MaptEGFP pups.  The cochlear epithelium was removed 200 

leaving the surrounding mesenchyme and spiral ganglia intact.  Spiral ganglia from an entire 201 

litter were pooled and then dissociated in 0.05% Tyrpsin-EDTA for 14-17 minutes at 37°C with 202 

2-3 triturations using a P200.  Following Trypsin inactivation with FBS, dissociated cells were 203 

passed through a 40 m nylon filter and then centrifuged at 1400 rpm for 5 minutes.  Dissociated 204 

cells were then dissociated to a final concentration of 1-2 x 106 cells/ml.   205 

 Single EGFP+-neurons were isolated into single wells of a 96-well plate on a Sony 206 

SH800 FACS machine. Neurons were then lysed and reverse transcription and amplification 207 

were performed as described in Picelli et al., 2014.  Tagmentation and library preparation of the 208 
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resulting single cell cDNA was performed following the protocol described in Fluidigm Protocol 209 

(PN 100-6260).  RNAseq and data analysis were performed as described in Burns et al. (2015).  210 

Further details, including the complete data set, will be provided in a subsequent publication. 211 

 212 

Auditory Testing 213 

Auditory brainstem responses were obtained as described (Morozko et al., 2015) using a Tucker-214 

Davis system at 8, 16, 32 and 40 kHz.  Animals were tested at 1 month, 3 months and 5 months 215 

of age.  216 

 217 

Patch-clamp and live-confocal Ca2+-imaging 218 

The apical 2/3 turns of organs of Corti from P21-28 old mice were freshly dissected in HEPES 219 

Hank´s solution containing (in mM): 5.36 KCl, 141.7 NaCl, 10 HEPES, 0.5 MgSO4-7H2O, 1 MgCl2-220 

6H2O, 1 mg/ml D-glucose, and 0.5 mg/ml L-glutamine (pH 7.2, ~300 mOsm). The native morphologies 221 

and positions of the IHCs within the organ of Corti were maintained as much as possible, by exposing the 222 

modiolar face of the IHC and carefully removing the surrounding supporting cells with a suction pipette. 223 

All experiments were conducted at room temperature (20-25°C). The patch pipette solution contained (in 224 

mM): 111 Cs-glutamate, 1 MgCl2, 1 CaCl2, 10 EGTA, 13 TEA-Cl, 20 HEPES, 4 Mg-ATP, 0.3 Na-GTP 225 

and 1 L-Glutathione (pH 7.3, ~290 mOsm). To visualize the Ca2+-hotspots and the ribbons, the Ca2+-226 

indicator Fluo-4FF penta-K+ salt (0.8 mM, Life Techologies, Germany) and the TAMRA-conjugated 227 

CtBP2/RIBEYE-binding dimer peptide (10 μM, Biosynthan, Germany) were added to the intracellular 228 

solution just before experiment. The extracellular solution contained the following (in mM): 2.8 KCl, 102 229 

NaCl, 10 HEPES, 1 CsCl2, 1 MgCl2, 5 CaCl2, 35 TEA-Cl, and 2 mg/ml D-Glucose (pH 7.2, ~300 mOsm).  230 

An EPC-10 amplifier controlled by Patchmaster (HEKA Elektronik Germany) was used for the 231 

acquisition. IHCs were held at -87 mV. All voltages were corrected offline for liquid junction potential (-232 

17 mV) and voltage-drops across the series resistance (Rs). Recordings were discarded when exceeding a 233 
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leak current of -50 pA at -87 mV, a Rs of 15 MΩ within 4 min after break-in, or a Ca2+-current rundown 234 

of 25%.  The passive electrical properties of the patch-clamp recordings are detailed in Table 1. Ca2+-235 

imaging was performed with a spinning disk confocal scanner (CSU22, Yokogawa, Japan) mounted on an 236 

upright microscope (Axio Examiner, Zeiss, Germany) with 63x, 1.0 NA objective (W Plan-Apochromat, 237 

Zeiss).  Images were acquired by a scientific CMOS camera (Neo, Andor, Ireland). Ca2+-indicator F4FF 238 

and TAMRA-conjugated peptide were excited by diode-pumped solid-state lasers with 491 nm and 561 239 

nm wavelength, respectively (Cobolt AB, Sweden). The spinning disk was set to 2000 rpm to synchronize 240 

with the 100 Hz acquisition rate of the camera.  241 

Using a piezo positioner for the objective (Piezosystem, Jena, Germany), a scan of the entire cell 242 

was performed 4 min after breaking into the cell, taking sections each 0.5 μm at an exposure time of 0.5 s 243 

in the red (TAMRA-peptide) channel from the bottom to the top of the cell. In order to study the voltage-244 

dependence of Ca2+-indicator fluorescence increments at the synapses, the confocal scans were acquired 245 

every 0.5 μm from the bottom-most to the top-most ribbon. Ca2+-currents were evoked by applying a 246 

voltage ramp stimulus from -87 to +63 mV during 150 ms (1 mV/ms) in each focal plane. 247 

Simultaneously, fluorescence measurements were made in the green channel (Fluo-4FF) with a frame rate 248 

of 100 Hz. In order to overcome the limitations of the frame rate and increase the voltage resolution of the 249 

fluorescent signal acquired, the voltage ramp protocol was applied twice, once shifted by 5 ms such that 250 

for any given frame during the second ramp the voltage was shifted by 5 mV compared to the first 251 

stimulus. Alternating planes were acquired to avoid photobleaching encountered with the consecutive 252 

plane acquisitions.  253 

 254 
  255 
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Data analysis  256 

Live-Ca2+ imaging and IHC-patch-clamp data  257 

The data were analyzed using custom programs in Igor Pro 6.3 (Wavemetrics, Portland, 258 

OR, USA). For analysis of IV-curves, the evoked Ca2+-currents were averaged from 5 to 10 ms 259 

after the start of the depolarization. ΔF images were created by subtracting the fluorescence 260 

intensities inside the cell at resting state (F0, average of 10 frames) from the ones at the 261 

depolarized state (average of 6 frames during voltage ramp protocol). ΔF for each hotspot was 262 

calculated as the average of a 9 pixel square placed in the region exhibiting the greatest intensity 263 

increase within the fluorescent hotspot. The fluorescence-voltage relationship (FV) was sorted by 264 

the corresponding voltage of each fluorescence intensity value. Maximal ΔF (ΔFmax) was the 265 

average of 5 ΔF values obtained during the voltage ramp protocol (at the peak of Ca2+ influx). 266 

Only fluorescent increments presenting a ΔFmax greater than the average of the fluorescence 267 

intensity plus 2 standard deviations at rest were defined as synaptic Ca2+ signals and considered 268 

for further analysis. Due to their variance, analysis of their voltage dependence was performed 269 

on fits to the raw FV traces using the following function: 270 

 

where  stands for the voltage command. The fitting parameters were determined by Igor Pro 271 

automatically, and their initial guess resulted from the estimations of F0, the signal at rest,  for 272 

the voltage value of half-maximal activation and  for the voltage sensitivity obtained from a 273 

sigmoid fitting. The slope factor  was obtained by linear fitting of the FV-trace in the range of 274 

3 to 23 mV, where the decrease of fluorescence at positive voltages results from the declining 275 

driving force despite full activation of the Ca2+ channels. The resulting fitting trace was forced to 276 
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reach the reversal potential , obtained from the corresponding whole-cell Ca2+-currents. The 277 

FV fit was then divided by the  line extended to all the corresponding voltages, to estimate the 278 

assumed fluorescence intensity of every voltage in the full activation condition, giving the 279 

fractional activation curves. The fractional activation curves were then fitted by the Boltzmann 280 

function to obtain the voltage for half activation (Vh) and slope-factor (k). 281 

 282 

Live-TAMRA peptide imaging and 3D reconstruction of IHC 283 

The fluorescence intensity of the synaptic ribbon (visualized with the TAMRA-284 

conjugated CtBP2/RIBEYE-binding dimer peptide) was estimated by measuring the ratio of the 285 

strongest fluorescence pixel intensity to that of the pixels nearby the ribbon (8-9 pixels away 286 

from the ribbon inside the cell) (Fribbon/Fnearby). In order to combine live-imaging data from 287 

multiple cells, we reconstructed the morphology of individual IHCs and the positions of their 288 

synapses based on the fluorescence of the TAMRA-conjugated RIBEYE-binding peptide and 289 

then transformed the Cartesian coordinates into cell-aligned cylindrical coordinates (for more 290 

details see Ohn et al., 2016). In brief, for each cell we identified the plane of symmetry 291 

orthogonal to the tonotopic axis. Then we sectioned the IHC orthogonally to a straight line fitting 292 

the pillar edge of the cell in the plane of symmetry. We calculated the center of mass for each 293 

section and connected those of the bottom-most and of the largest section to define the central 294 

axis for our cylindrical coordinate system. We projected the AZ coordinates of multiple cells 295 

along their central axis for the polar charts, with the 4 sides annotated as modiolar or pillar 296 

(facing toward or away from the ganglion), and apical or basal (toward the cochlear tonotopic 297 

apex or base). 298 

  299 
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Analysis of confocal immunofluorescence imaging data  300 

To analyze the immunofluorescence intensity and position of ribbons in confocal images 301 

of fixed and immunolabeled whole-mount organs of Corti, a customized algorithm was 302 

developed as a program in MATLAB software and used as a plug-in in Imaris software. The 303 

locations of the ribbons were defined as the centers of mass of CtBP2-immunofluorescent spots 304 

by fitting Gaussian functions in three dimensions. The spots were selected by a subjective 305 

criterion of the quality of the fitting.  Immunofluorescence intensities were measured as the sum 306 

of the voxel values within a defined region (3 voxels in X, Y, and 2 in Z) with the center of mass 307 

of the spot as origin. The cytosolic staining allowed us to assign each ribbon to an IHC. After 308 

marking the center of each IHC nucleus, a vector passing by this point and defining the central 309 

axis of the cylindrical model of the cell was placed by being adjusted to the relative orientation 310 

of each IHC cell in the XY and YZ axis. The Cartesian coordinates of the ribbons were 311 

transformed to cell-centric cylindrical coordinates in order to adjust differences in cellular 312 

orientation relative to the XYZ axes of the microscope. Intensities of CtBP2 puncta as a function 313 

of their positions could be analyzed for multiple cells by overlaying their central axes with 314 

alignment to the center of each nucleus (for more details see Ohn et al., 2016). 315 

 316 

Statistical analysis 317 

The data were analyzed using Matlab (Mathworks), Excel, Igor Pro 6 (Wavemetrics). 318 

Averages were expressed as mean ± standard error of the mean (S.E.M.). For every dataset the 319 

standard deviation (S.D.), number of replicates (n) and animals (N) were indicated. In order to 320 

compare two samples, data sets were tested for normal distribution (Jarque-Bera test) and 321 

equality of variances (F-test) followed by two-tailed unpaired Student’s t-test, or, when data 322 
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were not normally distributed and/or variance was unequal between samples, the unpaired two-323 

tailed Mann-Whitney-Wilcoxon test was used. The non-significant difference between samples 324 

is reported as n.s., significant differences are reported as * p < 0.05, ** p < 0.01, *** p < 0.001, 325 

**** p < 0.0001. 326 

  327 
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 328 
Results 329 

Expression of POU4F1 is restricted to a subset of SGNs beginning at E16 330 

Previous studies have suggested that nearly 90% of all SGNs are positive for Pou4f1 at 331 

P0 (Huang et al., 2001).  To determine if a similar pattern of expression was true at the protein 332 

level, anti-POU4F1 immunolabeling was performed on sectioned inner ears from E10.5, E14.5, 333 

E16.5, P0, and P14.  As previously reported, at E10.5 and E14.5, all, or nearly all, neurons 334 

within the cochleovestibular ganglion (CVG) and developing vestibular and spiral ganglia were 335 

positive for POU4F1 (Fig. 1).  In addition, POU4F1 was also expressed by a few neurons in the 336 

closely associated facial ganglion (Fig. 1).   337 

In contrast, at E16.5, there was a notable reduction in the number of POU4F1+-neurons in 338 

the base of the cochlea (38 12% of total, n = 3), while all SGNs in the apex were still positive 339 

for POU4F1 (100 %, n = 3) (Fig. 2).  The number of POU4F1+-neurons in the middle turn 340 

was intermediate (51 12%, n = 3) between basal and apical values, suggesting a development 341 

down-regulation of POU4F1.  At P1, the number of POU4F1+-SGNs was decreased somewhat in 342 

the base, dropping to 31  4%, (n = 8). Decreases to similar numbers were observed in the 343 

middle turn (30 1.2%, n = 8) and in the apex which decreased to 35  3% (n = 8). Finally, at 344 

P14, around the onset of hearing, POU4F1 expression is only present in a total of 28  9% (n = 345 

5) of SGNs however, a slight gradient still appears to persist with more POU4F1+-cells located in 346 

the apical turn. These results are consistent with single cell RNAseq analyses suggesting that 347 

approximately 1/3 of SGNs maintain expression of Pou4f1 at adult stages (Shrestha et al., 2018; 348 

Sun et al., 2018; Petitpre et al., 2018). 349 

  350 
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 351 

Peripheral axons from POU4F1+-SGNs terminate on the modiolar side of IHCs 352 

 To determine whether POU4F1+-SGNs share any phenotypic characteristics, transgenic 353 

Pou4f1creErt2 mice (O'Donovan et al., 2014) were combined with either R26Rzsgreen or R26RtdTomato 354 

reporter mice.  Induction of creErt2 activity was achieved by daily subcutaneous injections of 355 

tamoxifen for 3-7 days beginning on P5 (see methods). Results indicated reporter expression in 356 

over 60% of SGNs, both Type I and Type II (not shown). This result was surprising given the 357 

consistent labeling of approximately 32% of SGNs using antibodies at the same age and the 358 

comparable results obtained by single RNAseq (Shrestha et al., 2018; Sun et al., 2018; Petitpre et 359 

al., 2018).  Specificity of the antibody used has been confirmed in several previous publications 360 

(Blanchard et al., 2015; Hua et al., 2015) and our results indicate a complete loss of antibody 361 

labeling in SGNs from Pouf41 mutant mice (see below). To confirm that SGNs expressing the 362 

reporter were also positive for POU4F1, induced cochleae were sectioned and counter-stained 363 

for POU4F1 (Fig. 3). A relatively limited number of tdTomato+-neurons were also positive for 364 

nuclear POU4F1 (Fig. 3). To determine whether the mismatch between reporter activity and 365 

POU4F1 expression could be a result of a down regulation of POU4F1 between the time of 366 

induction and fixation, P0 embryos were induced for three consecutive days and then fixed on 367 

the fourth day.  Tissue sections indicated a similar mismatch between reporter activity and 368 

antibody labeling (not shown).  A specific explanation for this discrepancy is unclear but may be 369 

related to the method by which the Pou4f1creErt2 line was created.  The creErt2 sequence was 370 

linked to an 11 kb Pou4f1 upstream promoter and then delivered by pronuclear injection 371 

(O’Donovan et al 2014).  Subsequent analysis of reporter expression in the spinal cord appeared 372 

to correspond with the known expression pattern of POU4F1, but similar examination of reporter 373 
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expression in the SGN was not determined.  Therefore, it is possible that the 11 kb upstream 374 

regulatory sequence lacks regulatory elements that are crucial for accurate SGN expression.  375 

Based on the results described above, we decided to examine the phenotype of Pou4f1+ 376 

SGNs by combining antibody-labeling with genetic sparse labeling of SGNs using a 377 

Ngn1CreERt2;R26RTdTomato mouse line (Koundakjian et al., 2007; Coate et al., 2015). The 378 

Ngn1CreERt2;R26RTdTomato labeling strategy results in expression of tdTomato throughout  the 379 

entire length of individual SGNs.  Cochleae were dissected at P3, immuno-labeled with anti-380 

POU4F1 antibodies and then prepared as whole mounts.  SGN cell bodies that were positive for 381 

POU4F1 and tdTomato were identified and the peripheral projections of those cells were traced 382 

to their targets in the organ of Corti (Fig.4). SGNs that were strongly positive for POU4F1 and 383 

tdTomato were found to terminate preferentially on the modiolar side of IHCs (Fig 4.). This 384 

distribution significantly differed from the distribution of all sparsely-labeled fibers only half of 385 

which terminated on the modiolar sides of IHCs (Fig. 4). The modiolar localization of synaptic 386 

contacts is consistent with the category of Type 1 SGNs that have been described as having a 387 

low spontaneous firing rate in the cat (Liberman, 1982; Merchan-Perez and Liberman, 1996).  It 388 

should be noted that while the peripheral axons from nearly all POU4F1+-SGNs terminate on the 389 

modiolar sides of IHCs, it is not the case that every modiolar synapse was formed with a cell that 390 

was positive for POU4F1.  This suggests that POU4F1 defines a subgroup within the larger 391 

population of low spontaneous rate fibers. 392 

 393 
Tissue specific deletion of Pou4f1 using ectopic Atoh1cre expression  394 

 To examine the role of Pou4f1 in the subset of low spontaneous rate fibers, we wanted to 395 

delay deletion of the gene until after the early period of broad expression in nearly all SGNs 396 

(Huang et al., 2001).  Initial attempts using Ngn1creErt2 yielded either a recapitulation of the 397 
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phenotype observed in germ line deleted animals, including death of the animal on P0 or no 398 

deletion of Pou4f1, depending on the dose of tamoxifen used.  As discussed above, our results 399 

indicated that recombination using the Pou4f1creErt2 line did not reflect the endogenous pattern of 400 

Pou4f1 expression and, as a result, this line could not be used to reliably delete Pou4f1.  401 

Therefore, we decided to take advantage of the known ectopic cre expression in the SG in one of 402 

the early Atoh1cre lines (Matei et al., 2005).  This line was generated by placing the Atoh1 3’ 403 

enhancer upstream of cre (Lumpkin et al., 2003).  The resulting transgenic mice show ectopic 404 

expression in a number of tissues, including the SG, that are negative for Atoh1/ATOH1 based 405 

on in situ hybridization, immunolabeling or RNA-seq profiling.  Initial transgene expression in 406 

the SG begins on E14.5 (data not shown).   Atoh1cre mice were crossed with Pou4f1flox/- mice 407 

(Xiang et al., 1996; Badea et al., 2009a; Badea et al., 2009b) to yield Atoh1cre;Pou4f1flox/- mice. 408 

Analysis of the SG in Atoh1cre;Pou4f1flox/- mice at  E17.5 indicated a nearly complete absence of 409 

POU4F1 expression as compared to controls (Fig. 5). By P1, virtually no expression of POU4F1 410 

was observed in the nuclei of Atoh1cre;Pou4f1flox/-mice. 411 

 412 

Pou4f1 is not expressed in hair cells or supporting cells. 413 

 While use of the Atoh1cre line was effective in deleting Pou4f1 in the spiral ganglion, the 414 

expression of Atoh1cre in hair cells meant that Pou4f1 was deleted in this cell population as well.  415 

Previous results had reported no expression of Pou4f1/POU4F1 in hair cells or the organ of Corti 416 

(Huang et al., 2001; Badea et al., 2012; Deng et al., 2014), however we wanted to confirm the 417 

absence of Pou4f1/POU4F1 expression in hair cells.  As a first step, we repeated 418 

immunolocalization of POU4F1 in cross-sections of the cochlear duct at 5 different time points 419 

between E16 and P7 (Fig. 6A).  No expression of POU4F1 was observed in the either hair cells 420 
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or supporting cells between E16 and P5 (Fig. 6A).  However, while hair cells were negative at 421 

P7, some possible labeling was observed in supporting cells at this time point.  Our previous 422 

results had suggested an increase in non-specific labeling with the POU4F1 antibody beginning 423 

after the first post-natal week (Fig. 2).  Therefore, to discriminate between these possibilities, we 424 

performed mRNA in situ hybridization of cochlear sections using RNAscope (see methods) at P1 425 

and P7.  Fluorescent puncta indicative of Pou4f1 mRNA molecules were present in the nuclei of 426 

SGNs at both time points (Fig. 6B,C).  In contrast, no puncta were observed hair cells or 427 

supporting cells at either time point.  Next, we queried four recently published RNAseq data sets 428 

(Cai et al., 2015; Elkon et al., 2015; Li et al., 2018; Wiwatpanit et al., 2018) in which hair cells 429 

had been isolated at P0 or from adults using fluorescence activated cell sorting (FACS) or visual 430 

collection.  For comparison, the expression levels of three known hair cell specific genes 431 

(Pou4f3, Gfi1, Myo7a) were compared with Pou4f1.  For each data set, the expression of Pou4f1 432 

was approximately two orders of magnitude lower by comparison with the known hair cell 433 

markers (Fig. 6D).  Finally, the expression of Pou4f1 was examined in two recently published 434 

single cell RNAseq data sets (Burns et al., 2015; McInturff et al., 2018).  To be sure that 435 

expression of Pou4f1 can be detected in single cells, we queried a P1 single SGN data set that we 436 

have generated in our laboratory (full data set to be published in the future).  Consistent with the 437 

immunolocalization and in situ hybridization data, Pou4f1 is detected in a subset of P0 SGNs 438 

(Fig. 6E).  In contrast, no expression of Pou4f3 was observed in SGNs.  Examination of 439 

expression of Pou4f1 in single cells isolated from the cochlea at P1 indicates no expression in 440 

either hair cells or supporting cells.  Similarly, no detection of Pou4f1 was observed in a data set 441 

of utricular hair cells that includes cells isolated at P1, P12 and P100.  Therefore, while it is not 442 

possible to say with 100% certainty that Pou4f1 is never expressed at any level in hair cells, the 443 
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presented results are consistent with previous publications which indicate that Pou4f1 is not 444 

expressed in hair cells.    445 

 446 

Cochlear morphology and auditory brainstem responses are preserved in 447 

Atoh1cre;Pou4f1flox/- mice  448 

 Analysis of cochlear whole mounts from P1 Atoh1cre;Pou4f1flox/- and control littermates 449 

(Atoh1Cre;Pou4f1-/+) indicated no differences in the length, size or anatomy of the cochlea (not 450 

shown). Cell counts of SGNs in control or Atoh1cre;Pou4f1flox/-  cochleae showed no overall 451 

change in cell number (control: 83.8 ± 5.2 cells/section (n = 18) vs Atoh1cre;Pou4f1flox/-: 79.1 ± 452 

4.5 cells/section (n=14); p = 0.59, Paired T-test) or density in the ganglion (control: 43 ± 6 453 

cells/100 m3 vs Atoh1cre;Pou4f1flox/- :46 ± 6 cells/100 m3 vs; p = 0.52, Paired T-test).  454 

Consistent with these results, there was no evidence of increased cell death in the SG of 455 

Atoh1cre;Pou4f1flox/- animals based on a TUNEL assay at P1 (data not shown).  Finally, the 456 

innervation of the organ of Corti appeared largely normal with no evidence of the neural 457 

overgrowth that was observed in germline Pou4f1 mutants (Huang et al., 2001).  These results 458 

suggest that both the cell death and neuronal guidance phenotypes seen in the germline Pou4f1-/- 459 

mutants were avoided by using ectopic expression of Atoh1cre to drive deletion of Pou4f1 460 

beginning at E14.5. 461 

 To determine whether deletion of Pou4f1 has an overt effect on auditory function, 462 

auditory brainstem responses (ABRs) were recorded for control and  Atoh1cre;Pou4f1flox/-  mice at 463 

approximately one month, 3 months and 5 months of age.  Both ears were tested for three control 464 

and three Atoh1cre;Pou4f1flox/-  mice at each time point.  Results indicated no significant threshold 465 

shift at any of the tested frequencies at any of the tested ages (Fig. 7). 466 
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 467 

A normal pattern of afferent innervation is present in IHCs from Atoh1cre;Pou4f1flox/- mice 468 

To determine whether deletion of Pou4f1 caused a change in the distribution or 469 

morphology of SGN synapses, the position and immunofluorescence intensity (a proxy of 470 

“ribbon size”, Wong et al., 2014, Ohn et al., 2016) of the synaptic ribbons in apical hair cells at 471 

P14 were analyzed and mapped onto the surfaces of IHCs as previously described (Fig. 8A,B, 472 

see Ohn et al., 2016). Confocal mapping of synaptic locations using immunostainings against 473 

CtBP2 indicated no changes in the proportion of modiolar synapses in Atoh1cre;Pou4f1flox/- 474 

cochleae (366/720 (51%)  for 46 IHCs in Atoh1cre;Pou4f1flox/- mice  vs. 350/726 (48%) synapses 475 

for 48 IHCs in control mice). However, a decrease in the mean intensity of CtBP2 476 

immunofluorescence in the synaptic ribbons was observed (Pillar side: Control: FCtBP2: 1.87 ± 477 

0.03 a.u., S.D = 0.54 a.u. vs. Atoh1cre;Pou4f1flox/-: FCtBP2: 1.60 ± 0.03 a.u., S.D. = 0.57 a.u.,   478 

Modiolar side: Control: FCtBP2:  1.44 ± 0.03 a.u., S.D. =  0.52 a.u. vs.  Atoh1cre;Pou4f1flox/-: FCtBP2:   479 

1.18  ±  0.02 a.u., S.D. = 0.48 a.u. , p < 0.0001, Fig. 8B,C).  Interestingly, in contrast to our 480 

previous report which examined P14-18 C57bl6/J mice (Ohn et al., 2016), CtBP2 481 

immunofluorescence intensity, on average, was greater for pillar synapses (Fig. 8C). This 482 

difference could be related to different mouse strains (mix of C57bl6/J and CD1 in this study) 483 

and/or to developmental stage analyzed as a similar spatial gradient to the one observed here was 484 

reported for CBA mice in the third postnatal week (Liberman and Liberman, 2016). In summary, 485 

the data indicate a decreased “ribbon size” in IHCs of the Atoh1cre;Pou4f1flox/- cochleae, while the 486 

gradient of “ribbon size” was comparable to IHCs of the WT littermates.  487 

 488 
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Atoh1cre;Pou4f1flox/- mice exhibit an increased voltage-sensitivity of the activation of Ca2+-489 

influx at the whole-cell and single synapse levels 490 

Next, since the immunofluorescence intensity but not the position of the presynaptic 491 

ribbons was affected by the lack of Pou4f1 expression in type I SGNs, we examined a possible 492 

instructive trans-synaptic influence of this SGN subpopulation on the presynaptic Ca2+-influx in 493 

IHCs. We performed whole-cell patch-clamp recordings of presynaptic voltage-gated Ca2+-influx 494 

in IHCs (more than 90% of which is mediated by CaV1.3 Ca2+-channels (Brandt et al., 2003; Dou 495 

et al., 2004; Platzer et al., 2000)) from Atoh1cre;Pou4f1flox/- and control littermates 496 

(Atoh1cre;Pou4f1-/+) mice at 3-weeks of age (P21-28). Using voltage step-depolarizations in 497 

conditions isolating the Ca2+-influx (see methods); we probed its amplitude and voltage-498 

dependence (Fig. 9A). The amplitude of Ca2+-influx (Fig. 9Ai) was unaltered in 499 

Atoh1cre;Pou4f1flox/- mice (-173 ± 6 pA, S.D. = 38 pA, n = 44 IHCs, N = 14 in 500 

Atoh1cre;Pou4f1flox/- vs. -161 ± 7 pA, S.D. = 49 pA, n = 44 IHCs, N = 16 in Atoh1cre;Pou4f1-/+ ; p 501 

= 0.20, Student T-test). We then analyzed the voltage-dependence of Ca2+-channel activation 502 

(Fig. 9B), and found a small but significant hyperpolarizing shift of the potential of half-maximal 503 

Ca2+-channel activation, Vh (Fig. 9Bi; -24.95 ± 0.47 mV, S.D. = 3.11 mV, n = 44 IHCs, N = 14 504 

in Atoh1cre;Pou4f1flox/- mice vs. -23.30 ± 0.60 mV, S.D. = 3.96 mV, n = 44 IHCs, N = 16 in 505 

Atoh1cre;Pou4f1-/+ mice; p = 0.032, Student T-test). This shift was primarily caused by an 506 

increased voltage-sensitivity of Ca2+-channel activation (reflected by a decrease of the slope 507 

factor k) in Atoh1cre;Pou4f1flox/- IHCs (7.63 ± 0.07 mV, S.D. = 0.45 mV, n = 44 IHCs, N = 14 in 508 

the experimental vs. 7.97 ± 0.10 mV, S.D. = 0.65 mV, n = 44 IHCs, N = 16 in the control, p = 509 

0.017, Mann-Whitney-Wilcoxon test, Fig. 9Bii). To measure the Ca2+-influx at single presynaptic 510 

AZs (Frank et al., 2009) we loaded the IHCs with a low-affinity Ca2+-indicator dye (800 μM 511 
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Fluo-4FF) and used a spinning-disk confocal microscope that allows fast registering and 512 

recording of the majority of the IHC synapses (Ohn et al., 2016). We chose experimental 513 

conditions (addition of 10 mM of the synthetic Ca2+ chelator EGTA) in which the Ca2+-indicator 514 

fluorescence is a proxy for the Ca2+-influx (Frank et al., 2009; Ohn et al., 2016; Jean et al., 515 

2018). Prior to analysis of Ca2+-influx, we imaged fluorescently-conjugated CtBP2-binding 516 

peptide (Zenisek et al., 2004), which allowed us to identify the ribbon-type AZs. We then 517 

employed ramp-depolarizations to assess amplitude and voltage-dependence of Ca2+-influx from 518 

the bottom-most to top-most ribbon (from basal to nuclear level of the IHC; see methods). For 519 

simplicity, we refer to “synaptic Ca2+-influx” when describing observations based on hotspots of 520 

Ca2+-indicator fluorescence co-localizing with a marked ribbon at the basolateral IHC 521 

membrane. We found comparable maximal amplitudes of the background-normalized maximal 522 

fluorescence increase between AZs of control and Atoh1cre;Pou4f1flox/- IHCs (ΔF/Fmax; 0.86 ± 523 

0.03, S.D. = 0.44, n = 203 AZs in 20 IHCs, N = 10 in Atoh1cre;Pou4f1flox/- vs. 0.88 ± 0.03, S.D. = 524 

0.45, n = 155 AZs in 17 IHCs, N = 9  in controls, p = 0.46, Mann-Whitney-Wilcoxon test; Fig.  525 

9Ci). This indicates an unchanged number of synaptic Ca2+-channels at IHC AZs in 526 

Atoh1cre;Pou4f1flox/- animals and agrees with the observation of unchanged whole-cell Ca2+-527 

current amplitudes.  528 

Next, we analyzed the voltage-dependence of activation for the synaptic Ca2+-influx as 529 

previously described (Ohn et al., 2016; Jean et al., 2018). Analysis of fractional activation 530 

revealed a slight tendency for the Vh to be shifted towards more hyperpolarized potentials in 531 

Atoh1cre;Pou4f1flox/- IHCs that did not  reach significance (-25.54 ± 0.45 mV, S.D. = 5.80 mV, n 532 

= 168 AZs in 20 IHCs, N = 10 in the Atoh1cre;Pou4f1flox/- vs. -24.11 ± 0.61 mV, S.D. = 7.20 mV, 533 

n = 139 AZs in 17 IHCs, N = 9 in the control, p = 0.13, Mann-Whitney-Wilcoxon test; Figure 534 
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9Di). As for the whole-cell Ca2+-influx, the voltage sensitivity was subtly, but significantly 535 

increased on the single AZ level (6.66 ± 0.12 mV, S.D. = 1.58 mV, n = 168 AZs in 20 IHCs, N = 536 

10 in the Atoh1cre;Pou4f1flox/- vs. 7.05 ± 0.16 mV , S.D. =  1.92 mV, n = 139 AZs in 17 IHCs, N 537 

= 9 in the control, p = 0.045, Mann-Whitney-Wilcoxon test; Figure 9Dii). 538 

 539 

Changes in the position-dependence of AZ properties in Atoh1cre;Pou4f1flox/- IHCs  540 

Since Pou4f1 is expressed only in a subset of modiolar-targeted SGNs, likely 541 

representing low spontaneous rate, high threshold SGNs, we assessed whether the changes in 542 

presynaptic Ca2+-influx, observed upon postsynaptic Pou4f1 disruption, depend on position 543 

along the modiolar-pillar axis. In order to study the position-dependent properties of the AZs of 544 

multiple IHCs, we reconstructed the IHCs in cylindrical coordinates and identified the positions 545 

of their synapses (for more details see methods and Ohn et al., 2016). It has been previously 546 

shown that the synapses located on the modiolar side present stronger Ca2+ influx (Meyer et al., 547 

2009; Ohn et al., 2016), stronger ribbons and more depolarized activation of the CaV1.3 channels 548 

as compared to synapses on the pillar side which show opposite properties (Ohn et al., 2016). 549 

Consistent with the above immunolabeling result (Fig. 8), live imaging of the AZs presented 550 

weaker fluorescence of the CtBP2-binding peptide for AZs on the modiolar side than the pillar 551 

side AZs in both genotypes (Atoh1cre;Pou4f1flox/-: modiolar: 2.67 ± 0.09, S.D. = 1.02, n = 137 552 

AZs vs pillar: 3.26 ± 0.14, S.D. = 1.22, n = 76 AZs, N = 10 ; p = 0.00007; Control: modiolar: 553 

2.28 ± 0.07., S.D.= 0.72, n =  119 AZs vs. pillar: 2.78 ± 0.13., S.D. =  0.93, n = 52 AZs in 17 554 

IHCs, N = 9; p = 0.00006, Mann-Whitney-Wilcoxon test for both conditions; Fig. 10).  In 555 

contrast to the immunofluorescence analysis, we found that, on average, CtBP2-binding peptide 556 

labeling of ribbons was significantly stronger in IHCs in Atoh1cre;Pou4f1flox/-  by comparison 557 
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with  control (Control: 2.43 ± 0.06, n = 171 AZs) vs. Atoh1cre;Pou4f1flox/-: 2.88 ± 0.08, n = 213 558 

AZs, p = 0.00002, Mann-Whitney-Wilcoxon test) (Fig. 10A) in contrast with CtBP2 559 

immunostaining data where Atoh1cre;Pou4f1flox/- IHCs presented significantly weaker ribbons at 560 

P14 (see Fig. 8). In both, Atoh1cre;Pou4f1flox/- and control IHCs (Atoh1cre;Pou4f1-/+) the AZs of 561 

the modiolar side exhibited a slightly more depolarized activation of Ca2+-channels when 562 

compared to the pillar side (Atoh1cre;Pou4f1flox/-, modiolar : -24.61 ± 0.54 mV, S.D. = 5.62 mV, 563 

n =  108 AZs vs pillar: -27.21 ± 0.74 mV, S.D. = 5.78 mV, n =  60 AZs in 20 IHCs, N = 10 ; p = 564 

0.011; Control: modiolar: -23.05 ± 0.71 mV, S.D.= 6.95 mV, n = 96 AZs vs. pillar: -26.47 ± 1.12 565 

mV, S.D.= 7.32 mV, n =  43 AZs, N = 9 ; p = 0.0056, Mann-Whitney-Wilcoxon test for both 566 

conditions, Fig. 10B).  567 

 Finally, in agreement with our previous studies (Meyer et al., 2009; Ohn et al., 2016), we 568 

found that the AZs on the modiolar side of each IHC show a stronger ΔF/F0 (ΔFmax/F0 , mean of 5 569 

values at the peak)  by comparison with  AZs on the pillar side in control IHCs (modiolar: 0.92 ± 570 

0.05, S.D. = 0.47, n = 106 AZs vs. pillar: 0.79 ± 0.06, S.D. = 0.39, n = 49 AZs in 17 IHCs , N = 571 

9, p = 0.049, Mann-Whitney-Wilcoxon test; Fig 11A,B).  In contrast, there was no significant 572 

difference in ΔFmax/F0 along the modiolar-pillar axis in the Atoh1cre;Pou4f1flox/- IHCs (modiolar:  573 

0.88 ± 0.04., S.D. = 0.46, n =  130 AZs vs. pillar: 0.80 ± 0.07, S.D. = 0.40, n =  73 AZs in 20 574 

IHCs, N = 10, p = 0.38, Mann-Whitney-Wilcoxon test; Fig. 11A,B).  575 

The AZ with the strongest ΔFmax/F0 for a given cell, nicknamed “winner” (highlighted in 576 

blue in Fig. 11A), strongly contributes to the observed difference in ΔFmax/F0 between modiolar 577 

and pillar AZs in control IHCs. Consistent with this, the vast majority of winner synapses were 578 

located on the modiolar side for both control and Atoh1cre;Pou4f1flox/- animals (15 IHCs out of 17 579 

IHCs for the control, 17 IHCs out of 20 IHCs for the Atoh1cre;Pou4f1flox/-). The ratio mean 580 
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ΔFmax/F0 of winner/mean ΔFmax/F0 of the rest of the AZs (for a given cell) tended to be more 581 

pronounced in Atoh1cre;Pou4f1flox/- by comparison with control (2.07 ± 0.13 in 582 

Atoh1cre;Pou4f1flox/- vs. 1.79 ± 0.14 in the control, p = 0.07, Student T-test). Interestingly, when 583 

we compared ΔFmax/F0 of modiolar and pillar AZs without the winners, there was still a tendency 584 

for stronger ΔFmax/F0 of AZs at the modiolar side of control IHCs (modiolar: 0.83 ± 0.03 , n = 91 585 

AZs vs. pillar: 0.78 ± 0.05, 47 AZs in 17 IHCs, p = 0.20) whereas no such trend remained in 586 

Atoh1cre;Pou4f1flox/- animals (modiolar: 0.78 ± 0.03, n = 113 AZs) vs. pillar: 0.79 ± 0.05, n = 70 587 

AZs in 20 IHCs, p = 0.98, Figure 11A,B).  588 

 589 

  590 
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Discussion  591 

  592 

In this study, we identified Pou4f1 as a marker for a subpopulation of Type I SGNs.  593 

These findings are consistent with the results of three recent studies which used single cell 594 

mRNA profiling to examine cell types in the spiral ganglion of young adult mice.   By tracing 595 

individual Pou4f1 expressing neurons using a combination of immunolabeling for Pou4f1 and 596 

sparse reporter labeling using the Ngn1creErt2;R26Rtdtomato mouse, we found that these cells 597 

overwhelmingly (96%,  CI = 88%-100%, n = 24 cells, p = 1.43x10-6, binomial test) synapse on 598 

the modiolar side of the inner hair cell at P3, a result that is consistent with the findings reported 599 

in Petitpre et al. (2018) at more mature time points.  These results suggest that Pou4f1 expression 600 

corresponds with a group of low spontaneous rate fibers.  Combining Pou4f1 disruption with 601 

physiological and morphological analysis of IHC AZs we propose Pou4f1-positive SGNs 602 

instruct presynaptic properties.  603 

 604 

Deletion of Pou4f1 causes changes in presynaptic AZ properties 605 

 Deletion of Pou4f1 using the ectopic Atoh1cre mouse line, shortly after SGNs become 606 

postmitotic leads to two interesting physiological changes at IHCs: first, there was a subtle but 607 

significant increase in voltage sensitivity of the Ca2+-channel activation (on both whole-cell and 608 

single synapse levels), inducing a small hyperpolarizing shift of the voltage potential of half-609 

maximal Ca2+-channel activation (Vh, significant on the level of whole-cell Ca2+-influx). Since it 610 

was shown in the cat that the modiolar IHC side is associated with low spontaneous rate, high 611 

threshold SGNs (Liberman et al., 1982; Merchan-Perez and Liberman, 1996), we speculate that 612 

Pou4f1 expression in SGNs might contribute to this phenotype through several possible 613 
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mechanisms including a trans-synaptic lowering of the voltage-sensitivity of Ca2+ channel 614 

activation at the presynaptic IHC AZ. Clearly, the shift in voltage-sensitivity is subtle and might 615 

not fully account for the physiological phenotype of low spontaneous rate SGNs, which is likely 616 

to require additional regulators (Ohn et al., 2016; Jean et al., 2018). In these previous studies, 617 

shifts in the voltage-dependence of presynaptic Ca2+ influx of only few mVs correlated  with 618 

changes in the distribution of the spontaneous rate in SGNs, which was not investigated here.  619 

However, it is important to consider that Pou4f1 is only expressed in 30% of all Type I SGNs 620 

and not all modiolar-targeted SGNs. Therefore 70% of the synapses on any given IHC in a 621 

Atoh1cre;Pou4f1flox/- cochlea may be phenotypically normal.  Moreover, the argument relies on 622 

the assumption that these SGNs, in mice too, insert on the modiolar side of the IHC. 623 

Additionally, while Pou4f1 disruption leads to an overall hyperpolarized Ca2+-channel activation, 624 

the spatial gradient of the voltage-dependence of Ca2+-channel activation was maintained.  625 

Therefore, more work, including recordings from single SGNs in Atoh1cre;Pou4f1flox/- mice, 626 

remains to be done to comprehend the effects of the mutation and the molecular mechanisms 627 

determining SGN physiology. 628 

Interestingly, the modiolar-pillar gradient in maximal synaptic Ca2+-influx (“AZ 629 

strength”) present in control IHCs was abolished in Atoh1cre;Pou4f1flox/-mice, especially when the 630 

AZ with the strongest Ca2+-influx (the “Winner”) was removed from the analysis. This suggests 631 

that Pou4f1 is not important in the formation of the AZ with the greatest Ca2+ channel 632 

complement, the “winner”. One interesting possibility is that the winner AZ is the first synaptic 633 

SGN contact engaged by an IHC independent of Pou4f1 expression and attracts the largest 634 

number of Ca2+-channels. However, Pou4f1 seems important in either establishing or 635 

maintaining the larger number of Ca2+ channels at the other modiolar AZs as compared to those 636 
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on the pillar side which are not associated with Pou4f1 expressing SGNs. This instructive 637 

influence would set the maximal strength of the presynaptic release and might involve the 638 

differential recruitment of presynaptic scaffolds, Ca2+ channel subunits, and proteins interacting 639 

with the Ca2+ channels potentially modulating the voltage dependence. Future studies will be 640 

required to test this hypothesis. A surprising finding was that of an inverted gradient of our 641 

proxies of ribbon size, where the stronger ribbons are found in the pillar side in both control and 642 

Atoh1cre;Pou4f1flox/-mice  (mix of CD1 and C57bl6/J strains). Both CtBP2 immunofluorescence 643 

and Ctbp2-binding peptide fluorescence intensity exhibited stronger signals, indicating larger 644 

ribbons, for pillar AZs in IHCs of both control and Atoh1cre;Pou4f1flox/- mice. The finding seems 645 

to be robust as it was made by two different methods (immunofluorescence and live-imaging) 646 

and at two developmental stages (third and fourth postnatal weeks, respectively). Interestingly, a 647 

similar observation was made in the third postnatal week of CBA mice (Liberman and Liberman, 648 

2016) with a gradient for larger synaptic ribbons on the pillar side, in contrast with our previous 649 

report at the same ages (Ohn et al., 2016, C57bl6/J). Nonetheless future studies, ideally involving 650 

electron microscopy, should follow-up this observation over several developmental stages 651 

(Liberman and Liberman, 2016) and address the issue also in comparison to previous studies on 652 

mouse cochleae from different mouse strains (Liberman et al., 2011; Liberman and Liberman, 653 

2016; Ohn et al., 2016). 654 

  655 

Potential roles of Pou4f1 for postnatal SGN function 656 

Despite the morphological data, deletion of Pou4f1 using the ectopic Atoh1cre mouse did not 657 

have any effect on number of SGNs, overall SG development or synaptic distribution. This result 658 

is not particularly surprising in light of a recent paper exploring the role of Pou4f1 in the retina 659 
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(Huang et al., 2014) in which a tamoxifen inducible Cre was used to knockout Pou4f1 after 660 

specification of retinal ganglion cells. The results from that study reported no change in ganglion 661 

cell number or morphology even six months after tamoxifen application. Furthermore, the 662 

conditional knockout mice still showed expression of Vglut2, which shows correlated expression 663 

with Pou4f1 in both retina and cochlea (Sherrill and Kelley, unpublished) suggesting that Pou4f1 664 

may not be the sole or primary driver of cell identity in either retinal or spiral ganglion neurons. 665 

Finally, while many studies have shown that synaptic location strongly correlates with 666 

spontaneous rate, as yet there is no data proving how the two features are linked mechanistically.  667 

Given the strong correlation between Pou4f1 expression and synaptic location, a next logical step 668 

would be to characterize possible changes in the physiological responses of Pou4f1-deleted 669 

SGNs themselves. One possible way to approach this would be to use the Pou4f1creErt2 line to 670 

simultaneously delete Pou4f1 and fluorescently-label the same neurons.  However, in contrast 671 

with the results reported in Petitpre et al. (2018), we observed limited overlap between SGNs 672 

that were labeled in response to sparse induction of Pou4f1creErt2 and immunolocalization of 673 

Pou4f1.  The differing results could be a function of the differences in timing of induction.  For 674 

our experiments induction occurred during the first post-natal week. In contrast, Petitpre et al. 675 

(2018) induced at approximately P25. Further, it has not been determined whether the 676 

Pou4f1creErt2 line faithfully recapitulates Pou4f1 expression in other regions of the CNS. The 677 

original transgenic construct used only the upstream 11 kb region of Pou4f1 which leaves open 678 

the possibility for non-specific activation as a result of the absence of more distant regulatory 679 

elements.  680 

In conclusion, following an initial period of broad expression in all developing SGNs, 681 

Pou4f1 is down-regulated in approximately 70% of SGNs during the first post-natal week.  The 682 
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30% of Type I SGNs that maintain expression of Pou4f1 into adulthood predominantly form 683 

synapses on the modiolar sides of IHCs. This result suggests that Pou4f1+ SGNs probably 684 

represent a sub-group of low-spontaneous rate, high threshold fibers. Deletion of Pou4f1 in 685 

SGNs leads to changes in the presynaptic AZs in IHCs, in particular causing a hyperpolarized 686 

activation range for their Ca2+ channels by increasing their voltage sensitivity. While these 687 

results indicate an instructive role for post-synaptic SGNs in the function of presynaptic sites, 688 

more work remains to be done to elucidate the genetic factors that influence specification of 689 

physiologically distinct SGNs. 690 
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 800 

Legends 801 

Table 1: Passive electrical properties of patch-clamp recording experiments 802 
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The table shows the mean ± (S.E.M.) of the passive electrical properties across all ruptured patch-clamp 803 

recording experiments in control and Atoh1cre;Pou4f1flox/- conditions. 804 

 805 

Figure 1. Pou4f1 is broadly expressed in developing CVG and SGNs at early time points 806 

A-B. Expression of Pou4f1 at E10.5.  Cross-sections through the dorsal (A) and ventral (B) portions of 807 

the otocyst indicate Pou4f1 (green) is initially expressed in most neurons (neurofilament in red) within the 808 

CVG (arrows in A,B, boxed in A’,B’). C-D. Mid-modiolar sections through the cochlea at E14.5.  Pou4f1 809 

is still broadly expressed in the cell bodies within the developing SG.  Panels labeled as in A.  Scale bars 810 

in B (same in A), C (same in D) =100 μm. 811 

 812 

Figure 2. Expression of Pou4f1 changes with development 813 

A-C. Mid-modiolar cross-sections through the cochlear duct at the indicated time points and cochlear 814 

positions.  SGNs are labeled with Tuj1 (red) and Pou4f1 (green).  For each panel the SG is circled.  Insets 815 

show expression of Pou4f1 alone in the SG.  By comparison with E14.5, the number of SGNs that express 816 

Pou4f1 has decreased by E16.5 although a clear basal to apical gradient is present with more Pou4f1+ 817 

SGNs in the apex.  The number of Pou4f1+ SGNs continues to decrease at both P1 and P14, but 32% of 818 

SGNs remain positive for Pou4f1 at P14 (arrows). CE= cochlear epithelium. Scale bar in B (same for all 819 

other panels) =100 μm.   820 

 821 

Figure 3. Pou4f1creErt2-mediated recombination occurs in cells that are not positive for 822 

Pou4f1 823 

A. Induction of Pou4f1creErt2 at P14 labeled SGNs that were not positive for Pou4f1 protein after 7 days 824 

(P21).  Arrows indicate Pou4f1+ SGNS while arrowheads indicate SGNs that express tdTomato as a result 825 

of recombination.  There is limited overlap between the two sets of SGNs. A’.  The same image as in A, 826 

but with Neurofilament-labeling removed to aid in visualization of tdTomato- and Pou4f1-labeling.  A’’. 827 
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The same image as in A, but only showing Pou4f1-labeling.  Arrows and arrowheads in A’ and A’’ are 828 

the same as in A.  CE= cochlear epithelium Scale bar = 50 μm. 829 

 830 

Figure 4. Pou4f1+ SGNs terminate on the modiolar sides of IHCs 831 

(A) Image of the basal turn from a sparsely-labeled Ngn1creErt2; R26Rtdtomato at P7.  A subset of the labeled 832 

SGN cells (red) are positive for Pou4f1 (green, arrows). (B-B’’) Images from another example of SGN 833 

sparse-labeling.  The large arrow at the bottom of the images indicates an SGN-cell body that is positive 834 

for Pou4f1 (green).  Small arrows in B trace the peripheral axon from that labeled cell body.  (C)  line 835 

drawing for the labeled SGN in B. (D) Composite 3-dimensional reconstruction of a single Pou4f1+ SGN 836 

(yellow) which terminates on the modiolar side of an IHC (indicated by green circle). (E) 3-dimensional 837 

reconstruction of sparsely-labeled SGN terminals.  IHC positions indicated by red circles.  Fibers that 838 

terminate on the modiolar (upper arrow) or the pillar (lower arrow) side of IHCs can be identified. (F) 839 

Quantification of terminal locations for all sparsely labeled SGN fibers and for Pou4f1+ fibers.  Slightly 840 

more than half (51%; 95% CI= 43%-59%, n=154 terminals) of all labeled fibers terminate on the 841 

modiolar side of IHCs.  In contrast 96% (95% CI = 88%-100%, n=24 cells, p=1.43x10-6, binomial test) of 842 

Pou4f1+ fibers terminate on the modiolar side of IHCs.  Scale bar in A, B’’ = 50 μm. 843 

 844 

Figure 5. Ectopic Atoh1cre expression in SGN successfully deletes Pou4f1 by E17.5 845 

(A-D) Mid-modiolar cross-sections through the apical turns of cochleae at the indicated ages.  SGNs are 846 

labeled with Tuj1.  In control (Atoh1cre;Pou4f1fl/+) multiple SGNs are positive for Pou4f1 at both E17.5 847 

and P1 (arrows).  In contrast, in cochleae from Atoh1cre;Pou4f1flox/- mice only weak (at E17.5) or no (at 848 

P1) expression of Pou4f1 is present in the SGN.  Insets show Pou4f1 expression in the SGN in gray scale. 849 

(E, F)  Whole mount views of the SG from the middle region of the cochlea at P1 labeled as in A.  Many 850 

SGN nuclei express Pou4f1 in the control, but no Pou4f1 expression is observed in the 851 
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Atoh1cre;Pou4f1flox/-. (E, F) Pou4f1 expression in gray scale.  Scale bar in A (same in B-D) = 50 μm.  852 

Scale bar in in F (same in E) = 100 μm.  853 

 854 

 855 

Figure 6.  Pou4f1/POU4F1 is not expressed in hair cells.   856 

A.  Cross-sections through the basal turn of the cochlea at the indicated ages immunostained with anti-857 

POU4F1 (green) and anti-NEUROFILAMENT (NF in red).  POU4F1+ nuclei are present in the spiral 858 

ganglion (SGN) at all ages.  In contrast, no expression of POU4F1 is present in any hair cell (HC) nuclei.  859 

A’.  The same images as in A, but with only POU4F1 expression illustrated.  The hair cell region in each 860 

section is boxed.  B.  Cross-section through the basal turn of the cochlea at P0.  Expression of Pou4f1 is 861 

detected using a fluorescent RNAscope probe (green puncta).  Cell nuclei are labeled in magenta.  Green 862 

Pou4f1+ puncta are present in the boxed SGN region but are not present in the boxed HC region.  B’.  863 

High magnification images of the boxed regions in B showing only the RNAscope signal.  Pou4f1+ 864 

puncta are present in SGN nuclei (arrows) but no labeling is present in the hair cells.  C, C’.  Similar 865 

views as in B,B’ but for a P7 cochlea.  As at P0, numerous Pou4f1+ puncta are present in the SGN nuclei 866 

but no puncta are observed in the hair cell region.  D. Summary of gene expression in hair cells from 867 

published studies (data obtained, in part, from gEAR).  Expression of three genes known to be expressed 868 

in hair cells (Pou4f3, Gfi1, Myo7a) and Pou4f1 (red) were examined in four recently published RNAseq 869 

data sets.  In each case, the expression level for Pou4f1 is two orders of magnitude lower than at least one 870 

of the known hair cell specific genes.  E.  Expression of Pou4f1 by single cell RNAseq.  Violin plots 871 

illustrate the probability distribution for Pou4f1 and Pou4f3 expression in single cells isolated from the 872 

indicated tissues.  At P0, Pou4f1 is detected in a subset of SGNs, consistent with antibody and RNAscope 873 

results, while Pou4f3 is not detected.  In contrast, isolated P1 cochlear hair cells (Burns et al., 2015) 874 

express Pou4f3 but not Pou4f1.  Similarly, isolated utricular hair cells (pooled from P1, P12 and P100; 875 

McInturff et al., 2018) are also positive for Pou4f3 but negative for Pou4f1. Definitions, CE; cochlear 876 

epithelium, SGN; spiral ganglion, SC:  cochlear supporting cell, NSC: cochlear non-sensory cell, ImHC: 877 
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immature utricular hair cell, HC1: Type 1 utricular hair cells, HC2: Type 2 utricular hair cell.  Scale bar in 878 

A (same for A’) = 50 m, scale bars in B, B’, C, C’ = 50 m. 879 

 880 

Figure 7.  Auditory brainstem responses are normal in Atoh1cre;Pou4f1flox/-  mice.  ABR thresholds for 1 881 

month old control (red) and Atoh1cre;Pou4f1flox/-  mice (green) at the indicated frequencies.  No differences 882 

were observed between control and mutant animals.   883 

 884 

Figure 8.  IHC synapse numbers and distributions are unchanged in Atoh1cre;Pou4f1flox/- 885 

cochleae 886 

A. Maximal projection (side view) of a row of IHCs labelled in magenta (anti-MYO7A) and their 887 

synaptic ribbons labelled in green (anti-CtBP2) from control and Atoh1cre;Pou4f1flox/- cochleae at P14.B.  888 

Polar charts display locations and intensities of CtBP2-labelled synaptic ribbons. Orientations are 889 

indicated. C. Quantification of CtBP2 fluorescence intensity. By comparison with control, synapses in 890 

Atoh1cre;Pou4f1flox/- cochlea show decreased overall CtBP2 labeling intensity suggesting decreased 891 

“ribbon size” in IHCs of the mutants (n = 726 ribbons from 48 IHCs in control and 720 ribbons from 46 892 

IHCs in Atoh1cre;Pou4f1flox/-; p < 0.0001, Mann-Whitney-Wilcoxon test). For both Control and 893 

Atoh1cre;Pou4f1flox/- IHCs a significant gradient of “ribbon size” was observed along the pillar-modiolar 894 

axis (Control: Modiolar: n = 360 spots; Pillar: n = 376 spots;  Atoh1cre;Pou4f1flox/-: Modiolar: n  = 366 895 

spots; Pillar:  n = 354 spots, p < 0.0001, Mann-Whitney-Wilcoxon test for both conditions). Box plots 896 

show 10, 25, 50, 75 and 90th percentiles with individual data points overlaid.  Means are shown as 897 

crosses. Scale bar in A= 5 μm.  898 

 899 

Figure 9.  Atoh1cre;Pou4f1flox/- IHC Ca2+ influx strength is unchanged but exhibits an 900 

increased voltage sensitivity 901 
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(A) IV-relationship of the whole-cell Ca2+-current in Control and Atoh1cre;Pou4f1flox/- IHCs showed 902 

comparable current amplitudes (n = 44 IHCs, N = 14 in the Atoh1cre;Pou4f1flox/-; n = 44 IHCs, N = 16 in 903 

the WT; p = 0.20, t-test, Ai. The protocol, consisting of 20 ms steps of 5 mV from -82 to +63 mV, as well 904 

as the resulting currents, are shown in the bottom right. Mean (line) ± S.E.M. (shaded areas) are 905 

displayed, the box plots show 10, 25, 50, 75 and 90th percentiles with individual data points overlaid and 906 

means are shown as crosses, as for (B, C, and D).  (B) Fractional activation of the whole-cell Ca2+-current 907 

derived from the IV-relationships (A) was fitted to a Boltzmann function. Bi. Box plots of the voltage for 908 

half-maximal activation Vh and Vh-estimates of individual IHCs show a hyperpolarized shift of the 909 

fractional activation of the CaV1.3 Ca2+-channels in Atoh1cre;Pou4f1flox/- condition (n = 44 IHCs,  N = 14 910 

in the Atoh1cre;Pou4f1flox/-;  n = 44 IHCs, N = 16 in the Control; p = 0.032, t-test). Bii. Box plots of the 911 

voltage-sensitivity or slope factor k and k-estimates of individual IHCs illustrate increased voltage 912 

sensitivity in the mutant condition (n = 44 IHCs, N = 14 in the Atoh1cre;Pou4f1flox/-; n = 44 IHCs, N = 16 913 

in the Control; p = 0.017, Mann-Whitney-Wilcoxon test). (C) Voltage-ramps from -87 to +63 mV during 914 

150 ms (C: right top) were used to trigger synaptic hotspots of Fluo-4FF fluorescence (C: right middle, 10 915 

AZs in one exemplary IHC), and IHC Ca2+-influx (middle bottom). FV-relationship (ΔF/F0 vs. 916 

depolarization level in ramp): approximating the voltage-dependence of synaptic Ca2+-influx. Ci. 917 

ΔFmax/F0 was calculated by averaging 5 values at the FV-peak and was comparable between Control and 918 

Atoh1cre;Pou4f1flox/- conditions (n = 203 AZs in 20 IHCs, N = 10 in the Atoh1cre;Pou4f1flox/-; n =155 AZs 919 

in 17 IHCs, N = 9 in the WT; p = 0.46, Mann-Whitney-Wilcoxon test). (D) Fractional activation curves 920 

derived from fits to the FV-relationships (C) were fitted to a Boltzmann function. Di. The voltage for half-921 

maximal activation Vh was not significantly different between Control and Atoh1cre;Pou4f1flox/- conditions 922 

(n = 168 AZs in 20 IHCs, N = 10 in the Atoh1cre;Pou4f1flox/-; n = 139 AZs in 17 IHCs, N = 9 in the 923 

Control; p = 0.13, Mann-Whitney-Wilcoxon test), while the voltage-sensitivity Dii was increased in 924 

Atoh1cre;Pou4f1flox/- (n = 168 AZs in 20 IHCs, N = 10 in the Atoh1cre;Pou4f1flox/-; n =139 AZs in 17 IHCs, 925 

N = 9 in the Control; p = 0.045, Mann-Whitney-Wilcoxon test). 926 

   927 



 

41 
 

Figure 10. Spatial gradients for ribbon size and voltage dependence of synaptic Ca2+ influx 928 

are preserved in Atoh1cre;Pou4f1flox/- IHCs. 929 

(A) Polar charts (in μm) display locations and intensities of AZ TAMRA-peptide (targeting the ribbons) 930 

fluorescence in live-imaging experiments. Box plots of the ribbon fluorescence FCtBP2 and FCtBP2-estimates 931 

of individual IHCs indicate that both Control and Atoh1cre;Pou4f1flox/- IHCs show significantly stronger 932 

ribbons on the pillar side as compared to the modiolar (Control: modiolar: n = 119 AZs; pillar: n = 52 933 

AZs, p = 0.00006; Atoh1cre;Pou4f1flox/-: modiolar: n = 137 AZs vs Pillar: n = 76 AZs, p = 0.00007; Mann-934 

Whitney-Wilcoxon test for both conditions). (B) Polar charts display voltages for half-maximal activation 935 

Vh as a function of AZ positions in live-imaging experiments.  Box plots of the voltage for half-maximal 936 

activation Vh and Vh-estimates of individual IHCs show a significant hyperpolarized shift of the fractional 937 

activation of the CaV1.3 channels in the pillar side compared to modiolar in both Control and 938 

Atoh1cre;Pou4f1flox/- IHCs (Control: modiolar: n = 96 AZs; pillar: n = 43 AZs, p = 0.011; 939 

Atoh1cre;Pou4f1flox/-: modiolar: n = 108 AZs; pillar: n = 60 AZs, p = 0.0056; Mann-Whitney-Wilcoxon 940 

test for both conditions). Data were pooled from 17 and 20 IHCs in Control and Atoh1cre;Pou4f1flox/- 941 

condition respectively, box plots show 10, 25, 50, 75 and 90th percentiles with individual data points 942 

overlaid; means are shown as crosses. 943 

 944 

Figure 11. Spatial gradient for synaptic Ca2+ influx strength is collapsed in 945 

Atoh1cre;Pou4f1flox/- IHCs. 946 

(A) Polar charts (in μm) display intensities of maximal AZ Ca2+-influx (∆Fmax/F0) as a function of AZ 947 

positions in live-imaging experiments. Box plots of the ∆Fmax/F0 and ∆Fmax/F0-estimates of individual 948 

IHCs show that Control IHCs display significantly stronger calcium hotspots on the modiolar side as 949 

compared to the pillar side (Control: modiolar:  n = 106 AZs; pillar: n =  49 AZs, p = 0.049, Mann-950 

Whitney-Wilcoxon test), whereas no significant differences in calcium hotspot strength were observed in 951 

Atoh1cre;Pou4f1flox/- IHCs (modiolar:  n = 130 AZs; pillar: n = 73 AZs, p = 0.38, Mann-Whitney-Wilcoxon 952 
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test). The strongest AZs from each cell , the “Winners” are highlighted in blue in both polar charts and 953 

box plots. (B) FV-relationship (ΔF/F0 vs. depolarization level in ramp): approximating the voltage-954 

dependence of synaptic Ca2+-influx in control (left) and Atoh1cre;Pou4f1flox/- (right). The modiolar and 955 

pillar synaptic Ca2+ influx are black and red, respectively, and displayed as dashed lines when removing 956 

the “Winners”. Data were pooled from 17 and 20 IHCs in Control and Atoh1cre;Pou4f1flox/- condition 957 

respectively. Mean (line) ± S.E.M. (shaded areas) are displayed, box plots show 10, 25, 50, 75 and 90th 958 

percentiles with individual data points overlaid; means are shown as crosses. 959 
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Table 1: Passive electrical properties of patch-clamp recording experiments 

The table shows the mean ± (S.E.M.) of the passive electrical properties across all ruptured patch-clamp 

recording experiments in control and Atoh1cre;Pou4f1flox/- conditions. 

 

Control flox/- Control flox/- Control flox/- Control flox/-

10.84 ± 0.20Figure 5      
(A ,B)

11.37 ± 0.58 11.87 ± 0.59 432 ± 27 416 ± 31  -13.82 ± 1.22

Rs Rm (MΩ) Ileak (pA) Cslow (pF)

Figure 5 (C,D) 
Figure 6

15.91 ± 0.94 15.68 ± 0.92 359 ± 30 419 ± 26  -22.00 ± 2.88 -29.79 ± 4.28 9.12 ± 0.33 9.12 ± 0.30

 -15.70 ± 2.25 10.40 ± 0.24


