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Abstract 35 

The sensory region of the mammalian hearing organ contains two main cell types, hair 36 

cells and supporting cells.  During development, Notch signaling plays an important role in the 37 

decision to become either a hair cell or supporting cell, by mediating lateral inhibition. However, 38 

once the cell fate decisions have been determined, little is understood about the role Notch plays 39 

in cochlear maturation.   Here we report that deletion of Notch1 from the early postnatal mouse 40 

cochlea in both male and female animals resulted in profound deafness at 6 weeks of age. 41 

Histological analyses at 6 weeks revealed significant hair cell and supporting cell loss throughout 42 

the Notch1-deficient cochlea. Early analyses revealed a reduction in supporting cells in the outer 43 

hair cell region between P2-P6, without a comparable increase in outer hair cell number, 44 

suggesting a mechanism other than lateral inhibition.  Consistent with this, we found apoptotic 45 

cells in the outer supporting cell region of the cochlea at P1 and P2, indicating that Notch1 is 46 

required for outer supporting cell survival during early cochlear maturation.  Interestingly, inner 47 

supporting cell types were not lost after Notch1 deletion. Surprisingly, we do not detect outer 48 

hair cell loss in Notch1 mutants until after the onset of hearing, around P14, suggesting that hair 49 

cell loss is caused by loss of the supporting cells.  Together, these results demonstrate that 50 

Notch1 is required for supporting cell survival during early maturation and that loss of these cells 51 

causes later loss of the hair cells and cochlear dysfunction.     52 

 53 

 54 

 55 

 56 

 57 
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Significance Statement 58 

During development, Notch signaling has been shown to be critical in regulating the cell 59 

fate choices between hair cells and supporting cells.  However, little is known how Notch 60 

functions after those cell fate choices are made. Here, we examine the role of Notch1 in the 61 

maturing cochlea.  We demonstrate that deletion of Notch1 results in profound deafness by 6 62 

weeks of age.  Histological analyses revealed rapid supporting cell death shortly after Notch1 63 

deletion, followed by eventual loss of the hair cells.  These results reveal an unexpected role for 64 

Notch in supporting cell survival during cochlear maturation.   65 

 66 

 67 

Introduction  68 

 The cochlea is a highly ordered structure containing precisely one row of inner hair cells 69 

and three rows of outer hair cells, surrounded by associated supporting cells in a pseudostratified 70 

epithelium.  Each hair cell displays an array of mechanosensory stereocilia, which contain the 71 

channels critical for sensory transduction and hearing.  The surrounding supporting cells are 72 

critical for both structural support and physiological functions of the cochlea (Ramírez-Camacho 73 

et al., 2006; Wan et al., 2013), although many of their functions are unknown.  While lower 74 

vertebrates have some capacity to regenerate hair cells and supporting cells (Stone and Cotanche, 75 

1994; Taylor and Forge, 2005; Brignull et al., 2009; Monroe et al., 2015; Franco and Malgrange, 76 

2017), mammals, including humans, cannot replace damaged cochlear cells, leading to 77 

permanent hearing loss.  A better understanding of the molecular mechanisms underlying the 78 

development and maintenance of the cochlear sensory region is important for developing 79 

strategies to preserve or regenerate these critical cell types.    80 
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 Notch signaling is evolutionarily conserved in all metazoans, and is required for cell fate 81 

decisions during development.  Canonical Notch signaling occurs via interaction of a Notch 82 

ligand (JAGGED1-2, DLL1,3,-4) expressed on one cell with a transmembrane-bound Notch 83 

receptor (NOTCH1-4) on a neighboring cell.  Interaction of a Notch ligand with its receptor 84 

results in cleavage of the Notch1 intracellular domain (NICD), which translocates to the nucleus 85 

and de-represses the CSL/RBPJk complex from Notch target genes, including those in the Hes 86 

family (Lanford et al., 1999; Mumm and Kopan, 2000; Zine et al., 2000; Kopan and Ilagan, 87 

2009).  Dysregulation and mutations in components of the Notch pathway have been linked to 88 

many diseases, including cancer (Lasky and Wu, 2005; Penton et al., 2012).   89 

 Notch signaling has been shown to be required for both the early development and 90 

subsequent differentiation of the cochlear sensory region during embryogenesis (Lanford et al., 91 

1999; Zine et al., 2000).  In a process known as lateral induction, JAG1/NOTCH are expressed in 92 

the prosensory region and act via a positive feedback mechanism to establish the inner ear 93 

sensory domains (Kiernan et al., 2001; Kiernan et al., 2006; Pan et al., 2010; Neves et al., 2011).  94 

Later in embryogenesis, Notch signaling is required for hair cell and supporting cell fate 95 

decisions in the cochlea via lateral inhibition.  During this time, the Notch ligands JAG2 and 96 

DLL1 are expressed in the nascent hair cells, and activate the NOTCH1 receptor in the 97 

surrounding cells, inhibiting their development as hair cells and resulting in their adoption of the 98 

supporting cell fate (Lanford et al., 1999; Zine et al., 2000; Kiernan et al., 2006).  As predicted 99 

from the lateral inhibition model, loss of both Jag2/Dll1 resulted in extra inner and outer hair 100 

cells, and conditional deletion of Notch1 also exhibited extra hair cells at the expense of the 101 

supporting cells below, suggesting a change in cell fate (Kiernan et al., 2005).  Previously, 102 

postnatal manipulations of Notch signaling indicated that NOTCH1 continues to play a role in 103 
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lateral inhibition in the more apical regions of the cochlea, and also inhibits proliferation (Li et 104 

al., 2015; Ni et al., 2016).  However, the longer-term effects of Notch perturbations on cochlear 105 

function were unclear.    106 

 Here, we examined the role of Notch signaling during cochlear maturation by deleting 107 

Notch1 in supporting cells at P0/P1.  We found that deletion led to profound hearing loss by 6-108 

weeks, measured by auditory brainstem (ABR) and distortion product otoacoustic emissions 109 

(DPOAE) auditory tests. Examination of the organ of Corti by immunohistochemical and 110 

scanning electron microscopy (SEM) ultrastructural analyses revealed that the sensory region 111 

was void of almost all outer hair cells and supporting cells.  Early postnatal analysis showed 112 

rapid loss of Deiters’ and outer pillar cells by P2-P6 without a comparable increase in outer hair 113 

cell number, indicating the supporting cells were not becoming hair cells due to loss of lateral 114 

inhibition.  Indeed, apoptotic cells were detected throughout the cochlea in these supporting cell 115 

layer as early as P1/P2.  Interestingly, supporting cell types in the inner hair cell region, 116 

including border/phalangeal cells and Hensen’s cells, were not similarly affected.  Finally, loss 117 

of the outer hair cells did not occur until after the onset of hearing – almost two weeks after loss 118 

of the supporting cells.  These results indicate the hair cell loss is a secondary consequence of 119 

loss of Notch signaling, likely due to missing supporting cells.  Together these results 120 

demonstrate that Notch1 is required for early supporting cell survival and ultimate integrity of 121 

the organ of Corti during cochlear maturation.  122 

 123 

 124 

Materials and Methods 125 

Animals and tamoxifen treatment  126 
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All procedures were performed in accordance with guidelines and regulations of the University 127 

of Rochester Medical Center and the Guide for the Care and Use of Laboratory Animals of the 128 

National Institutes of Health.  All animal experiments were approved by the University of 129 

Rochester’s Committee on Animal Resources. The following mouse strains were used: Sox2-130 

CreER (Jackson Laboratories, Bar Harbor, ME; Stock No: 017593; (Arnold et al., 2011)) and 131 

Notch1flox (a generous gift from Raphael Kopan; (Yang et al., 2004)).  Animals were genotyped 132 

using the following primers: Cre1: 5’-TGA TGA GGT TCG CAA GAA CC and Cre2 5’-CCA 133 

TGA GTG AAC GAA CCT GG (yielding a 350bp product) and Notch1F: 5’-TGC CCT TTC 134 

CTT AAA AGT GG and Notch1R: 5’-GCC TAC TCC GAC ACC CAA TA (mutants had a 135 

281bp product).  Tamoxifen (Sigma, St. Louis, MO) that was dissolved in corn oil was injected 136 

within 4 hours of birth (P0) and 24 hours later (P1).  Pups were given intramuscular injections of 137 

tamoxifen (37.5µg/g body weight) into the muscle on the left leg, parallel to vein.  Animal pups 138 

that were used for uninjected controls came from litters that we born and aged the same as those 139 

that received tamoxifen injection.  Both male and female mice were used in this study.  140 

 141 

Auditory Testing 142 

Auditory brainstem response (ABR) and distortion product otoacoustic emission (DPOAE) 143 

auditory testing was conducted using a Duet System (Intelligent Hearing Systems, Miami, FL).  144 

6-week-old mice were anesthetized with an intraperitoneal injection of ketamine (80mg/kg; Par 145 

Pharmaceuticals, Chestnut Ridge, NY) in a sterile acepromazine/saline mixture (3mg/kg). For 146 

ABR recordings, electrical responses were measured with three subdermal needle electrodes: one 147 

inserted beneath each pinna, and a ground electrode placed on the head.  ABR stimuli were 5-ms 148 

tone pips presented at 4 frequencies between 8 and 32kHz that began at 75dB amplitude and 149 
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decreased by 5dB steps to 15-25 dB.  512 sweeps were averaged for each frequency and 150 

amplitude.  ABR thresholds for a particular frequency were determined by the last visible trace 151 

where waves one and two were seen for each stimulus (dB).  For DPOAE recordings, a 10B+ 152 

high frequency transducer/stimulator probe was placed at the opening of the ear canal.  We 153 

measured the amplitude of evoked otoacoustic emissions to paired pure tones of frequencies f1 154 

and f2, where f1/f2=1.2 and the f1 level was 10 dB above f2. 32 sweeps were made in 5 dB steps 155 

starting with f1 at 10 dB and ending at 65 dB.  Here we report the f2 value at 55 dB measured at 156 

different frequencies between 8-32kHz, since this was the upper threshold tested.   157 

 158 

Scanning electron microscopy (SEM) tissue preparation and imaging 159 

The bony labyrinth was dissected from 6-week-old mice and immediately fixed in 0.1M 160 

Phosphate Buffer/2.5% glutaraldehyde overnight at 4oC.  Bone surrounding the cochlea was 161 

carefully removed, exposing the organ of Corti.  Samples were carried through the OTOTO 162 

procedure by the University of Rochester Electron Microscopy core facility.  All cochlea were 163 

sputter-coated in gold before imaging on a Zeiss Auriga scanning electron microscope, operating 164 

at 5kV in secondary electron (SE2) detector mode on the University of Rochester River Campus. 165 

 166 

Cochlea fixation and immunostaining 167 

Fixation:  Cochlea were fixed overnight in 4% paraformaldehyde (Santa Cruz Biotechnology, 168 

Dallas, TX) at 4ºC on a rocker.  Tissue older than P10 was decalcified in 0.2M EDTA (pH7.4) 169 

for 3-14 days at 4ºC with gentle rocking.  170 

 171 
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Whole mount and confocal imaging:  Cochleae were dissected and immersed in 30% sucrose and 172 

flash frozen in liquid nitrogen, for a freeze-thaw antigen retrieval.  Cochleae were then washed in 173 

PBSTx (PBS with 0.2% TritonX), and blocked for 1-2 hours in PBSTx/10% horse serum 174 

(Sigma, St. Louis, MO).  Primary antibody incubations were done overnight at 4ºC in PBSTx/5% 175 

horse serum.  The following day, cochleae were washed in PBSTx, and incubated in secondary 176 

antibodies in PBSTx/5% horse serum for 2 hours.  After additional washes, cochleae were 177 

separated into apical, middle and basal turns and mounted in Fluorogel (Electron Microscopy 178 

Sciences, Hatfield, PA).  Confocal imaging was done using a Zeiss LSM 510 META confocal 179 

microscope with Zen2009 software and a Nikon A1-R confocal microscope with Nikon NIS 180 

Elements Software. 181 

 182 

Paraffin sections and immunofluorescence: After fixation and decalcification, tissue was 183 

dehydrated through a series of EtOH washes from 30% to 100%, cleared in xylene, embedded in 184 

paraffin and sectioned at a thickness of 10µm using a Microm HM310 microtome and dried on 185 

SuperFrost Plus slides (Fisher, Waltham, MA).  For antibody staining, slides were deparaffinized 186 

and rehydrated through a series of xylenes/ethanol washes and then antigen retrieval was 187 

performed by incubating in slides in boiling 10mM sodium citrate buffer (pH 6) for 10 minutes.    188 

Tissue was blocked with 10% horse serum/PBS for 1-2 hours and then incubated in primary 189 

antibodies in PBS/5% horse serum overnight at 4ºC.  The following day the slides were washed, 190 

tissue was incubated in secondary antibodies for 2 hours at room temperature, and then slides 191 

were washed and mounted in Fluorogel.  All images were taken on a Zeiss Axio microscope 192 

using AxioVision SE64 software.  For some antibodies used (Myo7a in particular), the strong 193 
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antigen retrieval required for optimal staining resulted in tissue that appears slightly fuzzy in 194 

some images. 195 

 196 

Antibodies: The following primary antibodies were used for confocal imaging: anti-Notch1 197 

(1:250, rabbit, Abcam), anti-E-cadherin (1:400, mouse, BDBiosciences), anti-Sox2 (1:800, goat, 198 

Santa Cruz Biotechnology), anti-Prox1 (1:1000, rabbit, EMD Millipore), anti-Myo7a (1:1000, 199 

rabbit, Proteus), anti-cleaved-Casp3 (1:1000, rabbit, R&D Systems), anti-Fabp7 (1:500, rabbit, 200 

Abcam), anti-Parvalbumin (1:250, mouse, Sigma) and anti-Glast (1:500, rabbit, Abcam).  201 

Secondary antibodies used for confocal analysis were Alexa Fluor 488 donkey anti-rabbit (1:500, 202 

Invitrogen), Alexa Fluor 546 donkey anti-goat (1:500, Invitrogen), DyLight 405 AffiniPure 203 

donkey anti-goat (1:250, Jackson ImmunoResearch), Alexa Fluor 647 donkey anti-mouse (1:500, 204 

Invitrogen) and Alexa Fluor 488 donkey anti-goat (1:500, Invitrogen).  For immunofluorescence, 205 

the following antibodies were used:  anti-Sox2 (1:800, goat, Santa Cruz Biotechnology), anti-206 

Myo7a (1:1000, rabbit, Proteus), anti-Prox1 (1:2000, rabbit, EMD Millipore), anti-CD44 (1:400, 207 

rat, BD Pharmingen), anti-Parvalbumin (1:500, mouse, Sigma), anti-Glast (1:700, rabbit, 208 

Abcam) and anti-p75 (1:1000, Cell Signaling Technologies).  Secondary antibodies used with 209 

immunofluorescence were Alexa Fluor 488 donkey anti-rabbit (1:500, Invitrogen), Alexa Fluor 210 

546 donkey anti-goat (1:500, Invitrogen), Cy3-conjugated donkey anti-rat (1:500, Jackson 211 

ImmunoResearch), Alexa Fluor 647 donkey anti-goat (1:500, Invitrogen) and Alexa Fluor 555 212 

donkey anti-mouse (1:500, Invitrogen). 213 

 214 

Quantification and statistical analysis: 215 
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 Significant differences in ABR and DPOAE thresholds were determined through 2-Way Anova 216 

tests, followed by Bonferroni post-hoc analyses using the Prism software.  All p-values less than 217 

0.05 were considered significant.  Quantification of all supporting cells and hair cells were 218 

performed by counting the number of cells in 200-300micron regions of the apex, middle and 219 

basal turns.    Both One-Way Anova with Tukey’s post-hoc test and Two-Way Anova with 220 

Bonferroni’s post-hoc tests were used to determine significant differences in cell counts.  For all, 221 

a p-value of less than 0.05 was considered significant.   222 

 223 

 224 

Results  225 

Notch1 deletion at P0/P1 resulted in profound hearing loss and substantial cellular loss 226 

throughout the organ of Corti of adult mice 227 

While the expression patterns and roles of Notch signaling components have been studied 228 

during embryogenesis, little is known about possible role(s) of Notch receptors postnatally.  Both 229 

Notch1 and Notch3 transcript expression is widespread in the organ of Corti from P0 to P6 230 

(Maass et al., 2015), and single-cell RNAseq has identified Notch1 transcripts in supporting cells 231 

within the first week after birth (Cheng et al., 2019).  Additionally, components of the Notch 232 

pathway have been shown to down-regulate their expression during the first week after birth 233 

(Maass et. al, 2015).  To examine the role of Notch1 during postnatal cochlear maturation, we 234 

deleted Notch1 in most supporting cells of the cochlea by crossing an inducible Sox2CreER mouse 235 

line (Arnold et al., 2011) to Notch1flox/flox mice (Yang et al., 2004), which removes exon 1 of the 236 

Notch1 gene.  In our studies, a single tamoxifen injection within hours after birth (P0) and again 237 
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24 hours later (P1) resulted in significant reduction of NOTCH1 protein levels in the cochlea 238 

(Figure 1B; green).  239 

Previously, Li and colleagues examined the effects of Notch1 deletion in the postnatal 240 

cochlea, and found that deletion at P0/P1 caused excess hair cell production in the apical regions 241 

of the cochlea, and some abnormal proliferation in the cochlea (Li et al., 2015).  However, these 242 

studies did not examine the effects of loss of Notch1 on later maturation of the cochlea and 243 

function.  To examine how loss of Notch1 during cochlear maturation affected hearing in mice, 244 

we performed auditory brainstem response (ABR) and distortion product otoacoustic emissions 245 

(DPOAE) auditory tests on mice 6 weeks after Notch1 deletion.  During the ABR tests, we found 246 

that Sox2CreER Notch1fl/fl mice (Notch1 mutants; Figure 1C; red) failed to show responses to 247 

sound in contrast to their control littermates (Figure 1C; blue), indicating profound deafness.  248 

DPOAE amplitudes in Notch1 mutants across these same frequencies were comparable to the 249 

noise floor, whereas control (Sox2+/+) and heterozygous (Sox2CreER Notch1+/fl) mice had 250 

significantly higher DPOAE amplitudes at f2=55dB (Figure 1D), indicating significantly 251 

compromised outer hair cell function.  Together, these results show loss of Notch1 during 252 

cochlear maturation resulted in auditory dysfunction by 6 weeks of age.   253 

To investigate the cause of compromised auditory function in our Notch1 mutants, we 254 

analyzed cochleae from these 6-week-old mice using confocal imaging and immunofluorescence 255 

(Figure 2).  We found that while Sox2CreER Notch1fl/fl cochleae did have most of their inner hair 256 

cells, these cells had an abnormal, more rounded appearance compared to controls (Figure 257 

2B,D,F vs A,C,E).  Quantification of inner hair cells using a MYO7A antibody in the apical and 258 

middle turns revealed no significant difference in Notch1 mutants compared to controls, despite 259 

having a disorganized appearance (Figure 2G).  However, in the base of the cochlea, the number 260 
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of inner hair cells in Sox2CreER Notch1fl/fl cochleae was significantly reduced compared to 261 

controls (Figure 2G).  Specifically, these mutant cochleae showed gaps in the inner hair cell row 262 

(Figure 2F).  In addition to inner hair cell differences, there was a striking absence of outer hair 263 

cells in all cochlear turns of Sox2CreER Notch1fl/fl mice, with about 80% of outer hair cells missing 264 

in the apical and middle turns, and over 90% missing in the basal region (Figure 2B,D,F,G).  265 

Immunofluorescence imaging of representative paraffin cross-sections of all cochlear regions 266 

confirmed fewer MYO7A+ hair cells, and also showed that most supporting cells in the organ of 267 

Corti were absent, indicated by a loss of DAPI and SOX2-positive nuclei compared to controls 268 

(Figure 2H-K, red).  In addition, the tunnel of Corti was not apparent in all cochlear turns at 6 269 

weeks (Figure 2I-K).   270 

Further examination of the organ of Corti ultrastructure by scanning electron microscopy 271 

(SEM) at 6-weeks confirmed that in Sox2CreER Notch1fl/fl mutants most of the sensory region was 272 

void of outer hair cells (Figure 3).  The outer hair cells that remained had few or no stereocilia in 273 

the apical and middle turns (Figure 3D,E arrows).  While many of the inner hair cells had 274 

stereocilia with normal morphology, there were some stereocilia fusions in the apical and middle 275 

regions, as well as some inner hair cells with missing or elongated stereocilia (Figure 3D,E 276 

asterisks).  In the base, some inner hair cells had reduced stereocilia (Figure 3F, arrow).  277 

Additionally, as observed in the whole mount analysis (Figure 2), there were regions missing 278 

inner hair cells altogether in the middle and base of the mutant cochlea.  Taken together, these 279 

results show that deletion of Notch1 at P0/P1 resulted in loss of supporting cells, most outer hair 280 

cells, abnormal or missing inner hair cells, and profound deafness at 6 weeks. 281 

 282 

Notch1 deletion at P0/P1 resulted in significant loss of outer pillar and Deiters’ cells by P6 283 
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Since we observed a substantial loss of supporting cells and hair cells 6 weeks after 284 

Notch1 deletion at P0/P1, we wanted to investigate when and how these cells were lost.  We 285 

found at P6 there was significant loss of PROX1-positive cells – a marker for pillar and Deiters’ 286 

cells (Bermingham-McDonogh et al., 2006) – throughout the cochlea of Notch1 mutants (Figure 287 

4A-C, G-I, O-T; green).  In the middle and basal cochlear turns, this loss of PROX1+ cells 288 

mostly consisted of Deiters’ cells, while a majority of outer pillar cells were still present, seen by 289 

CD44 staining ((Hertzano et al., 2010); Figure 4O-T; red).  Additionally, we examined whether 290 

the loss of supporting cells was caused by an increase in hair cells, indicating Notch1 is 291 

important in maintaining lateral inhibition postnatally (Kiernan et al., 2005).  However, while we 292 

observed some increase in outer hair cell numbers in cochleae (Figure 4K-L vs E-F, N), this 293 

increase doesn’t account for the number of supporting cells that were lost (Figure 4M).  In the 294 

apical region, there was about a ~40% increase in outer hair cells compared to controls (Figure 295 

4D vs J, N), but ~80% reduction in PROX1+ cells (Figure 4A vs G, M).  In the middle and basal 296 

regions, there is a less than 10% increase in outer hair cells (Figure 4K-L vs E-F, N), but a 50-297 

60% loss of supporting cells below (Figure 4H-I vs B-C, M).  Together, these results indicate 298 

that Notch1 has a role outside of lateral inhibition during cochlear maturation. 299 

 300 

Notch1 is required for outer pillar and Deiters’ supporting cell survival during early cochlear 301 

maturation  302 

Since there was already significant supporting cell loss observed at P6, we looked earlier 303 

at P2 to see if there was any difference in hair cell and supporting cell numbers.  Surprisingly, 304 

given that deletion had only taken place 24-48 hours previously, by P2 there was already a 305 

significant difference in the number of PROX1+ cells in all regions of the cochlea, with the 306 
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greatest number of PROX1+ cells absent from the apical region (Figure 5G-I vs A-C, Figure 5M; 307 

green).  Several of these cells in the middle and basal regions, especially in the second and third 308 

row of Deiters’ cells, had enlarged nuclei and were arranged abnormally (Figure 5H-I).  We next 309 

examined and quantified hair cells to see if we saw an increase similar to that at P6 (Figure 5J-L 310 

vs D-F, N).  We did not see a significant increase in the number of inner or outer hair cells 311 

present at P2 in Sox2CreER Notch1fl/fl mice in any region of the cochlea compared to controls 312 

(Figure 5N), suggesting there is loss of supporting cells from the cochlear sensory region that is 313 

not due to a loss of lateral inhibition.  314 

The observation that some Deiters’ cells appeared abnormal and had larger nuclei 315 

suggested that these cells may be undergoing cell death.  To this end, we stained for apoptotic 316 

cells in the cochlea using a cleaved-Caspase3 antibody (cCASP3), and found a significant 317 

number of cCASP3+ cells in the supporting cell layer in apical, middle and basal regions of the 318 

Notch1 mutant cochlea at P1 and P2 compared to controls (Figure 6; red).  Interestingly, while 319 

the overall number of cCASP3+ cells throughout the Notch1 mutant cochlea was not different 320 

between the P1 and P2 timepoints (Figure 6C), there were more cCASP3-positive cells in the 321 

apex of the cochlea 4 hours after the P1 tamoxifen injection compared to the middle and base 322 

(Figure 6D).  At P2, more of the apoptotic cells were detected in the middle and basal regions 323 

(Figure 6E).  Additionally, no cCASP3+ cells were detected in hair cells in control or Notch1 324 

mutant cochleae.  Together, these results indicate that NOTCH1 expression is required for 325 

supporting cell survival after birth, and in its absence cell death occurs rapidly.   326 

 327 

Outer hair cell loss does not occur until the onset of hearing, despite earlier loss of supporting 328 

cells 329 
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Our results demonstrate a clear loss of PROX1+ supporting cells soon after Notch1 330 

deletion at P0/P1.  However, while there was no apparent hair cell loss observed at P6, at 6 331 

weeks a majority of outer hair cells were absent.  To examine when these hair cells were lost in 332 

our Sox2CreER Notch1fl/fl mutants, we quantified the number of MYO7A+ inner and outer hair 333 

cells in the apical, middle, and basal regions of cochlea before the onset of hearing (P10), shortly 334 

after the onset of hearing (P14), and at the end of cochlear maturation (P21) (Figures 7, 8).  We 335 

found that at P10, before the onset of hearing, there were significantly more MYO7A+ inner hair 336 

cells compared to controls in all cochlear turns, as seen in whole mount analysis (Figure 7A-D).  337 

While the number of outer hair cells was initially significantly higher in the apex of Notch1 338 

mutants (Figure 7D), outer hair cells appeared disorganized and clumped together throughout the 339 

length of the cochlea, likely due to loss of supporting cells below (Figure 7A’,B’,C’).  340 

Interestingly, many of these outer hair cells – particularly those in the apex and middle cochlea – 341 

do not appear healthy and are likely on their way to being lost (Figure 7A’,B’; Figure 8D,E).  At 342 

P14, shortly after the onset of hearing, we observed ~40-50% of outer hair cell loss from the 343 

apical and middle cochlear regions, but no significant loss from the base (Figure 7E-H, Figure 344 

8L), suggesting that hair cell loss in our Sox2CreER Notch1fl/fl animals begins around the onset of 345 

hearing, and progresses in an apical to basal direction.  By P21, at the end of cochlear 346 

maturation, there was drastic outer hair cell loss from all cochlear turns, including the basal 347 

region (Figure 7I-L, Figure 8R).  Additionally, the tunnel of Corti was still maintained in the 348 

basal region at the end of cochlear maturation, but was absent by 6 weeks, suggesting that there 349 

may be further cell loss that occurs after cochlear maturation.  Also, there may be loss of inner 350 

hair cells as maturation progresses, as there are significantly more inner hair cells in some 351 

regions at P6 and P10, but this significance is lost over time.  By P21, the remaining hair cells 352 
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exhibited a more rounded appearance, rather than their usual flask-shaped morphology (Figure 353 

8P,Q).  Given the delay in outer hair cell loss, these results indicate it is likely a secondary 354 

consequence of loss of the underlying supporting cells. 355 

 356 

 Notch1 deletion caused expansion in the inner pillar cell region but did not alter Hensen’s cells 357 

or inner phalangeal supporting cells 358 

In our experimental design, Notch1 was deleted from supporting cells throughout the 359 

cochlea in cells that express SOX2 at P0/P1, including Hensen’s, Deiters’ and pillar cells, inner 360 

phalangeal cells and cells in Kolliker’s organ (Arnold et al., 2011).   Notch1 is expressed 361 

throughout the organ of Corti during the first week of cochlear maturation (Maass et al., 2015), 362 

suggesting NOTCH1 may function in the other supporting cell types outside of outer pillar and 363 

Deiters’ cells.   To this end, we examined expression of markers known to be expressed in these 364 

different cell types during cochlear maturation.  Previously, Li and colleagues reported increased 365 

numbers of hair cells in the apical regions and increased proliferation in the pillar cell region 366 

after Notch1 deletion in the postnatal cochlea (Li et al., 2015).  While they found that a small 367 

number of hair cells were EdU+ (~15 hair cells per cochlea), the majority of EdU+ labeled cells 368 

were supporting cells (SOX2+) in the pillar cell region.  Similarly, we observed an increase of 369 

cells in the pillar cell region of the apex of the cochlea at P6 (Figure 4P, asterisk).  By P10-14, 370 

there were excess inner pillar cells in the apex (Fig 8D and J, asterisks), which persist until at 371 

least P21 (Fig. 8P, asterisks), although the cochlea is clearly undergoing cellular loss of both 372 

supporting cell and hair cell populations by this time point.  Thus, the excess proliferation 373 

between the inner and outer hair cell regions of the apical cochlea appear to mainly differentiate 374 

into pillar cells, which remain in the epithelium until at least three weeks post birth.   375 
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While we found that Notch1 deletion increased inner pillar cell numbers in the apical 376 

region, while also affecting outer pillar and Deiters’ cell survival throughout the cochlea, other 377 

supporting cell types showed no apparent alterations after Notch1 deletion (Figure 9).  We found 378 

that expression of FABP7, which stains both the Hensen’s cells and border/phalangeal cells 379 

(Saino-Saito et al., 2010), persisted at both P6 and P14 in Sox2CreER Notch1fl/fl mutant cochleae 380 

(Figure 9A-D).  The expression of FABP7 in Hensen’s cells was more intense in mutants 381 

compared to controls at P6 (Figure 9B vs. 9A), but this may be due to Hensen’s cells becoming 382 

disorganized when the neighboring Deiters’ cells were lost.  The persistent expression of FABP7 383 

at P14 in Sox2CreER Notch1fl/fl mutants suggested that deletion of Notch1 at birth does not directly 384 

affect Hensen’s cell and border/phalangeal cell survival, in contrast to recent reports of loss of 385 

the JAG1 ligand (Chrysostomou et al., 2020).  We confirmed the presence of the border and 386 

inner phalangeal cells in P10 paraffin sections with immunofluorescence using an antibody for 387 

GLAST ((Jin et al., 2003); green), and found comparable expression in our controls and Notch1 388 

mutants (Figure 9E and F).  Additionally, we found that the border/phalangeal supporting cells 389 

surrounding the inner hair cells were still present at 6 weeks, although they had a disorganized 390 

appearance (Figure 9G and H; green).  These results show that deletion of Notch1 at P0/P1 does 391 

not affect the survival of the border and inner phalangeal cells surrounding the inner hair cell, or 392 

Hensen’s cells during cochlear maturation.   393 

 394 

 395 

Discussion  396 

While the roles Notch signaling plays in cochlear sensory cell patterning and 397 

differentiation have been extensively studied during embryogenesis, there are limited studies 398 
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examining the role of the NOTCH1 receptor during cochlear maturation.  Although hair cells and 399 

supporting cells adopt their fate during late embryogenesis in the mouse, much of hair cell and 400 

supporting cell differentiation and maturation takes place postnatally (Walters and Zuo, 2013), 401 

and the role of Notch in these processes is less well understood.  During this time, structural 402 

changes also occur in the cochlea, including the formation of the tunnel of Corti, as well as 403 

changes in tectorial membrane interactions with the surface of supporting cells and development 404 

of the basilar membrane (Walters and Zuo, 2013).  There is also a decline in the expression of 405 

many genes and signaling molecules during the first week of cochlear maturation, including 406 

several members of the Notch family (Murata et al., 2006; Hartman et al., 2009; Maass et al., 407 

2015), which have been correlated with the declining ability of the mammalian cochlea to 408 

promote hair cell regeneration (reviewed in (Walters and Zuo, 2013)).   409 

Previously, studies have shown that blocking Notch signaling causes an increase in hair 410 

cells, mainly in the apical regions of the cochlea which are known to be less mature (Korrapati et 411 

al., 2013; Bramhall et al., 2014; Maass et al., 2015).  Similar to embryogenesis, this hair cell 412 

increase is largely due to a conversion of supporting cells to hair cells, normally prevented by 413 

lateral inhibition mediated by Notch signaling.  In addition, Li and colleagues have reported that 414 

postnatal loss of Notch1 in supporting cells leads to increased cell proliferation in the apex of the 415 

cochlea (Li et al., 2015).  Here, we show that, although we similarly observe increases of hair 416 

cells in the apex and inner pillar cell region (Figures 4,8), we also see rapid supporting cell loss 417 

even in regions of the cochlea not exhibiting increases in hair cell numbers (Figures 4,5).  In 418 

addition, we observe hair cell loss several weeks later (Figures 7,8), likely as a secondary 419 

consequence of loss of supporting cells.  Given the rapid supporting cell loss, we posit that the 420 
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Notch1 receptor plays a critical role during cochlear maturation as a supporting cell survival 421 

factor.      422 

 423 

Loss of Notch1 causes rapid supporting cell death 424 

We have shown that supporting cells, particularly Deiters’ cells, are rapidly lost 24-48 425 

hours after deletion. This is in contrast to explant studies in which inhibition of Notch signaling 426 

is performed using the gamma-secretase inhibitor DAPT, resulting in ectopic hair cells at the 427 

expense of supporting cells both during embryogenesis and postnatally (Takebayashi et al., 2007; 428 

Korrapati et al., 2013; Bramhall et al., 2014; Maass et al., 2015).  Similarly, embryonic Notch1 429 

deletion using a Foxg1-Cre resulted in significant increases in hair cells (Kiernan et al., 2005).  430 

However, these studies mainly focused on short-term studies of the organ of Corti after Notch 431 

deletion/inhibition.  In other studies, deletion of Notch components has affected cell survival.  432 

For example, Campbell and colleagues showed loss of Notch signaling, through both conditional 433 

deletion of the Notch regulator Rbpj in pillar and Deiters’ cells and dnMAML throughout the ear 434 

at E14.5/15.5, resulted in loss of Deiters’ cells at E18.5 and soon after birth (Campbell et al., 435 

2016).  Interestingly, Deiters’ cell loss occurred in a basal to apical gradient when deleted this 436 

early, in contrast to the cell death and supporting cell loss we see in the postnatal cochlea 437 

(Figures 4,5).  A study has also shown that deletion of RBPJ during cochlear differentiation 438 

resulted in rapid hair cell and supporting cell death in explant cultures; notably, deletion of RBPJ 439 

during cochlear differentiation did not result in an increase in hair cell numbers (Basch et al., 440 

2011).  However, loss of RBPJ/Notch signaling in P3 cochlear explants showed many ectopic 441 

hair cells (Yamamoto et al., 2006).  It is difficult to make firm conclusions about the role of 442 

Notch signaling by examining RBPJ, the central Notch canonical transcription factor, given that 443 
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its role in the absence of Notch activation is to act as a repressor; thus deletion also leads to 444 

derepression of an unknown number of genes (Miele, 2011; Castel et al., 2013).  Potentially, the 445 

differences in supporting cell survival vs. conversion into hair cell may reflect differences in 446 

embryonic potential of the supporting cells vs their postnatal potential.  This is consistent with 447 

our finding of excess hair cells only in the less mature apical cochlear regions, similar to 448 

previous studies (Li et al., 2015).  Additionally, these different outcomes may also reflect 449 

differences in culture vs. in vivo studies, or Notch-independent effects of DAPT (Takebayashi et 450 

al., 2007; Korrapati et al., 2013; Bramhall et al., 2014; Maass et al., 2015).   451 

Notch signaling has been shown to be important in cell survival in other cell types.  In 452 

macrophages, Notch signaling is important in regulating apoptosis, which eliminates pathogens 453 

and other infections under normal conditions; Notch upregulation was found to be associated 454 

with the upregulation of the anti-apoptotic protein Mcl-1 and ability to reduce infection (Palaga 455 

et al., 2013).  Many types of cancers have also been associated with increased Notch activity, 456 

including cervical cancer (Zagouras et al., 1995), laryngeal squamous cell carcinoma (Dai et al., 457 

2015), breast cancer (Stylianou et al., 2006; Mittal et al., 2009) and leukemia (Weng et al., 458 

2004), suggesting increased Notch activation results in cell proliferation and survival, rather than 459 

cell death.  Efforts to unravel the anti-apoptotic function of Notch have shown that Notch acts 460 

through the Akt to maintain mitochondrial integrity (Perumalsamy et al., 2010). Importantly, this 461 

activity did not require RBPJ and proposes that activated Notch (NICD) acts directly to maintain 462 

the mitochondria and inhibit pro-apoptotic proteins.  This finding is consistent with the rapid 463 

apoptosis of the supporting cells in our study, detected 24-48 hours after tamoxifen delivery, a 464 

time frame that includes Notch1 gene deletion, and reduction of existing Notch1 via protein 465 

turnover.      466 
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 467 

Hair cell loss is a secondary consequence of supporting cell loss 468 

Our studies show that after deletion of Notch1, there was rapid loss of PROX1+ 469 

supporting cells throughout the cochlea (Figures 4-5).  Surprisingly, the outer hair cells in 470 

Notch1 mutants are not lost immediately when the supporting cells below are gone, and remain 471 

in the sensory region until the onset of hearing, around P12-P14 in the mouse (Figures 7, 8).  472 

This was similar to what Mellado-Lagarde and colleagues reported after ablation of pillar and 473 

Deiters’ cells in the postnatal cochlea using the diptheria Toxin A (ROSA-DTA) crossed to the 474 

Prox1-Cre (Mellado Lagarde et al., 2013).  This study showed a strikingly similar time-frame for 475 

hair cell loss in an apical to basal gradient.  These similarities indicate that the loss of outer hair 476 

cells is caused secondarily by early loss of the supporting cells.  It is interesting that the loss of 477 

the outer hair cells coincides with the onset of hearing, around P12 in the mouse (Abe et al., 478 

2007).  It is possible that mechanical forces induced by the onset of hearing, including basilar 479 

membrane deflections and/or electromotility, cause outer hair cell loss in the absence of 480 

anchoring supporting cells.  Alternatively, the loss of the functions of the supporting cells, such 481 

as ion uptake leads to loss of the hair cells (Boettger et al., 2002; Rozengurt et al., 2003).  We 482 

could not determine the exact mechanism of hair cell loss, although it should be noted that we 483 

did not detect cCASP3-positive hair cells during any time points examined in our studies, 484 

suggesting they are not lost through apoptotic cell death.  It is possible the hair cells are simply 485 

extruded into the lumen, as has been described in birds (Mangiardi et al., 2004), and fish 486 

(Haddon et al., 1999).   487 

  488 

Notch1 is required for hearing and the integrity of the organ of Corti after birth  489 
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To date, while a few studies have examined the role of different Notch pathway 490 

components in the postnatal cochlea (Takebayashi et al., 2007; Korrapati et al., 2013; Bramhall 491 

et al., 2014; Li et al., 2015; Maass et al., 2015; Ni et al., 2016), none have looked at the 492 

prolonged consequences of loss of NOTCH1 after birth.  Here we show that deletion of Notch1 493 

at P0/P1 from most supporting cell subtypes, including border cells, inner phalangeal cells, inner 494 

and outer pillar cells, Deiters’ cells and Hensen’s cells, resulted in selective loss of specific 495 

supporting cell populations, particularly Deiters’ and outer pillar cells.  Similar to studies in 496 

which pillar and Deiters’ subtypes of supporting cells are deleted (Mellado Lagarde et al., 2013), 497 

we observe outer hair cell loss and hearing impairment after Notch1 deletion. Additionally, the 498 

phenotype resulting from loss of pillar and Deiters’ cells also looked remarkably similar to that 499 

of our Notch1 mutants, with inner hair cells present and a majority of outer hair cells missing.  500 

However, while Mellado-Lagarde and colleagues reported elevated ABR responses (40-50dB 501 

increase) in response to ablation of pillar and Deiters’ cells (Mellado Lagarde et al., 2013), we 502 

observe no ABR responses at 6 weeks of age.  These data indicate that deletion of Notch1 also 503 

affects inner hair cells, which appear dysmorphic and display some stereocilia defects.  504 

Additionally, in some regions there were missing inner hair cells at 6-weeks. Examination of the 505 

supporting cells around the inner hair cells, including inner phalangeal cells and border cells, 506 

showed normal expression of subtype-specific markers, although that does not rule out more 507 

subtle defects in the supporting cells, and further investigation is warranted to determine how 508 

loss of Notch1 affects the inner hair cells.  509 

 Here, we demonstrate that deletion of Notch1 in the neonatal cochlea results in rapid 510 

apoptosis of supporting cells in the outer hair cell region, followed by loss of almost all sensory 511 

outer hair cells several weeks later.  Although Notch signaling has been proposed as a way to 512 
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regenerate hair cells through conversion of supporting cells through inhibition of lateral 513 

inhibition (Fujioka et al., 2015) our results highlight the complexities of Notch signaling and 514 

indicate a significant role in cell survival in the cochlea.   515 

 516 

 517 
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 519 

 520 

 521 
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Figure Legends 665 

 666 

Figure 1.  Deletion of Notch1 at P0/P1 resulted in profound hearing loss at 6 weeks.  A) 667 

Experimental Strategy.  Tamoxifen was administered at P0 and P1 and animals underwent 668 

hearing tests before tissue collection and analysis 6 weeks later.  B) Deletion of Notch1 at P0/P1 669 



 

  27

resulted in a significant loss of NOTCH1 protein by P2 in the supporting cell layer.  C) Auditory 670 

brainstem response (ABR) thresholds measured from control (Sox2+/+, blue circles), 671 

heterozygotes (Sox2CreER Notch1+/fl, green triangles) and mutants (Sox2ER Notch1fl/fl, red squares) 672 

at four frequencies between 8-32 kHz.  Any mutant responses were above the highest value 673 

examined (75dB, dashed line), and control and heterozygote responses were not significantly 674 

different from each other.  C) Distortion product otoacoustic emissions (DPOAE) measured from 675 

control (Sox2+/+), heterozygotes (Sox2CreER Notch1+/fl) and mutants (Sox2CreER Notch1fl/fl) 676 

between 8-32 kHz.  The values plotted are the DPOAE amplitudes recorded at f2=55dB, which 677 

is the highest sound level tested at each frequency.  For both hearing tests, at least 5 mice were 678 

tested per genotype.  Statistical significance was determined by 2-way ANOVA and Bonferroni 679 

post-hoc tests. ***: p<0.001.  Error bars show S.E.M.   680 

 681 

Figure 2.  Sox2CreER Notch1fl/fl mutants had significant loss of supporting cells and outer hair 682 

cells at 6 weeks, and disorganized inner hair cells.  Control cochlea (Sox2+/+) had one row of 683 

inner hair cells (IHC) and three rows of outer hair cells (OHC) in the apical (A), middle (C) and 684 

basal (E) turns of the cochlea, shown by MYO7A staining.  In Sox2CreER Notch1fl/fl mutants 685 

(B,D,F), the row of inner hair cells was disorganized with some areas missing cells.  There were 686 

more outer hair cells present in the apex (B) compared to the base (F) in Sox2CreER Notch1fl/fl 687 

mutants.  G) Quantification of IHC and OHC numbers from each cochlear turn.  While the 688 

number of IHC was only significantly different in the base in Notch1 mutants compared to 689 

controls, the number of OHCs was highly significant between the two groups.  3-5 cochleae were 690 

analyzed per genotype.  Statistical significance was determined by a one-way ANOVA test 691 

followed by Tukey’s post-hoc test. *: p<0.05, **: p<0.01, ***: p<0.001.    H-K) 692 
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Immunofluorescence staining of 6-week paraffin sections showed significant loss of both hair 693 

cells (MYO7A, green) and supporting pillar (OPC, IPC) and Deiters’ cells (DCs) (SOX2, red) 694 

below in all cochlear turns in Sox2ER Notch1fl/fl mutants.  The tunnel of Corti (ToC) was also 695 

absent from all cochlear turns in Notch1 mutants.   696 

 697 

Figure 3.  Scanning electron microscopy (SEM) of Sox2+/+ control (A-C) and Sox2CreER 698 

Notch1fl/fl mutants (D-F) at 6 weeks.  Control cochleae have one row of inner and three rows of 699 

outer hair cells with stereocilia of normal morphology in the apex (A), middle (B) and base (C).  700 

While some of the Sox2CreER Notch1fl/fl mutant inner hair cells have stereocilia fusions that are 701 

found in all turns (D-F, asterisks) and some inner hair cells with fewer stereocilia were found in 702 

the base (F, arrow).  The outer hair cells are largely absent from all turns in the mutants, with 703 

most having fewer stereocilia (D and E, arrows) and some lacking all stereocilia (E, arrowhead).  704 

At least 5 cochleae were analyzed per genotype; representative images are shown. 705 

 706 

Figure 4.  Sox2CreER Notch1fl/fl mutants show significant loss of outer pillar and Deiters’ cells at 707 

P6.  (A-C) Sox2+/+ control cochleae had one row of outer pillar cells (OPCs) and three rows of 708 

Deiters’ supporting cells (DCs) that were PROX1+ at P6.  (D-F) Controls also had one row of 709 

inner hair cells (IHCs) and three rows of outer hair cells (OHCs).  (G-I) Sox2CreER Notch1fl/fl 710 

mutant cochleae had fewer PROX1+ supporting cells in all cochlear turns, with the most missing 711 

in the apex.  PROX1+ cells that remain were disorganized.  (J-L) MYO7A staining revealed an 712 

increase in both IHCs and OHCs in the apex, as well as a minor increase in OHCs in the base in 713 

Sox2CreER Notch1fl/fl mutants.  OHCs in all turns appeared disorganized and clumped together.  714 

Quantification and statistical analysis of PROX1+ supporting cells (M) and hair cells (N) 715 
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counted in the apex, middle and basal cochlear regions of Sox2+/+ and Sox2CreER Notch1fl/fl 716 

mutants and uninjected controls.  3-5 cochleae were analyzed per genotype. Statistical 717 

significance was determined by a One-way Anova test followed by Tukey’s post-hoc test. *: 718 

p<0.05, **: p<0.01, ***: p<0.001.  (O-T)  Immunofluorescence staining of P6 cochlear sections 719 

exhibit supporting cell loss and an increase of cells in the pillar cell region (as previously 720 

reported by Li and colleagues).  Representative cross-sections of the apical (O,P), middle (Q,R) 721 

and basal (S,T) turns of control and mutant cochlea.  In Sox2+/+ controls (O,Q,S), CD44 labels 722 

the outer pillar cell (OPC) and PROX1 labels the outer pillar and three Deiters’ cells (DCs).  723 

Sox2CreER Notch1fl/fl mutant cochlea exhibit a loss of almost all PROX1+ cells in the apex (R) and 724 

some PROX1+ cells - most prominently in the outer Deiters’ cells - in the middle and base (R,T 725 

arrow).  Sox2CreER Notch1fl/fl mutants also had an increased number of cells in the pillar cell 726 

region (O vs P, asterisk). 727 

 728 

Figure 5.  Sox2CreER Notch1fl/fl mutants have significant loss of PROX1+ cells with no apparent 729 

increase in hair cells at P2.  (A-C) Control cochleae (Sox2+/+) had one row of outer pillar cells 730 

(OPCs) and three rows of Deiters’ supporting cells (DCs) that are PROX1+ at P2.  (D-F) 731 

Controls also had one row of inner hair cells (IHCs) and three rows of outer hair cells (OHCs).  732 

(G-I) Sox2CreER Notch1fl/fl mutant cochlea had fewer Prox1+ supporting cells in all cochlear 733 

turns.  Many nuclei in the middle and base regions appeared larger and misshapen.  (J-L) 734 

MYO7A staining revealed no apparent increase in IHC or OHC throughout the cochlea of 735 

Sox2CreER Notch1fl/fl mutants, though OHCs clumped together in the apex.  Quantification of and 736 

statistical analysis of PROX1+ supporting cells (M) and hair cells (N) counted in the apex, 737 
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middle and base regions of Sox2+/+ and Sox2CreER Notch1fl/fl mutants.  5-6 cochleae were 738 

analyzed per genotype. 739 

Statistical significance was determined by a One-way Anova test followed by Tukey’s post-hoc 740 

test. *: p<0.05, **: p<0.01, ***: p<0.001.    741 

 742 

Figure 6.  cCaspase3-positive supporting outer pillar and Deiters’ cells were detected throughout 743 

Sox2CreER Notch1fl/fl mutant cochlea at P1/P2.  Whereas Sox2+/+ control cochlea had few to no 744 

cCASP3+ cells (A), cCASP3+ cells could be found in supporting cells in Sox2CreER Notch1fl/fl 745 

mutant cochlea (B, arrows).  C) Quantification and statistical analysis of the total number 746 

cCASP3+ cells at P1 and P2 in control, Notch1 mutant cochlea, and cochlea from animals that 747 

received no tamoxifen treatment.  A representative image from the middle of the cochlea is 748 

shown in A,B.  3 cochleae were analyzed for each genotype at each time-point.  Statistical 749 

significance was determined by a One-way Anova test followed by Bonferroni’s post-hoc test. 750 

***: p<0.001.  Distribution of cCASP3+ cells at P1 (D) and P2 (E) revealed that at P1 there was 751 

an apical to basal gradient in the number of cells undergoing apoptosis (D) and at P2 there were 752 

more apoptotic cells in the middle and base of mutant cochlea (E). 753 

 754 

Figure 7.  Hair cell loss occurs after the onset of hearing in Sox2CreER Notch1fl/fl mutants.  At 755 

P10, immunofluorescence and confocal microscopy showed that compared to controls (A,B,C), 756 

Sox2CreER Notch1fl/fl mutants had more outer hair cells in the apex (A’) and comparable numbers 757 

to controls in the middle (B’) and base (C’).  (D) Quantification of IHC and OHC at P10 showed 758 

significance in IHC numbers between controls and mutants and OHC numbers in the apex.  At 759 

P14, after the onset of hearing, there were less MYO7+ OHCs in the apex and middle cochlear 760 
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regions (E’,F’) compared to P10.  The number of hair cells in the base of Sox2CreER Notch1fl/fl 761 

mutants was comparable to controls (G’ vs G).  (H) Quantification of hair cell numbers at P14 762 

confirmed a reduction in OHC number from P10 in the apex and middle regions.  By P21, the 763 

end of cochlear maturation, there were significantly less OHCs in all cochlear turns compared to 764 

controls, while IHCs were still present (I,J,K vs I’,J’,K’).  (L) Quantification of IHC and OHC 765 

at P21 in controls and Sox2CreER Notch1fl/fl mutants.  3-5 cochleae were examined for each 766 

genotype at each time-point.  For all timepoints, statistical significance was determined by a 767 

One-way Anova test followed by Bonferroni’s post-hoc test. *: p<0.05, **: p<0.01, ***: 768 

p<0.001.   769 

 770 

Figure 8.  Immunofluorescence staining of P10, P14 and P21 cochlear sections showed OHC 771 

loss over time in Sox2CreER Notch1fl/fl mutants.  At P10, Notch1 mutants still had OHCs 772 

throughout the cochlea, with excess hair cells in the apex (D-F compared to A-C).  By P14, OHC 773 

loss in the apex and middle regions was apparent (J,K), while OHCs in the base remained (L).  774 

At P21, there was OHC from all cochlear regions in Sox2CreER Notch1fl/fl mutants, and OHCs that 775 

did remain had an abnormal, rounded appearance (P-R).  We also found that supporting cells 776 

underlying the hair cells continue to disappear, and there is a progressive collapse of the tunnel 777 

of Corti as maturation progresses. 778 

 779 

Figure 9.  Other supporting cell subtypes in which Notch1 was deleted were still present during 780 

cochlear maturation.  FABP7 expression in the border/phalangeal and Hensen’s cells was 781 

detected both at P6 and P14 in controls (A,C) and Sox2CreER Notch1fl/fl mutants (B,D).  GLAST, 782 

which is also expressed in the border/phalangeal cells showed similar staining patterns in 783 
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controls and mutants at P10 (E,F) and 6 weeks (G,H).  P75, a marker for inner pillar cells, 784 

showed an expansion of its expression domain in the apical region at P10 in mutants (J) 785 

compared to controls (I), as well as a loss of CD44 expression in the OPC region. 786 




















