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ABSTRACT 48 
 49 
Organelle crosstalk is vital for cellular functions. The propinquity of mitochondria, endoplasmic reticulum (ER), 50 

and plasma membrane promote regulation of multiple functions, which include intracellular Ca2+ flux, and 51 

cellular biogenesis.  Although the purposes of apposing mitochondria and ER have been described, an 52 

understanding of altered organelle connectomics related to disease states is emerging. Since inner ear outer 53 

hair cell (OHC) degeneration is a common trait of age-related hearing loss, the objective of this study was to 54 

investigate whether the structural and functional coupling of mitochondria with subsurface cisternae (SSC), 55 

was affected by aging. We applied functional and structural probes to equal numbers of male and female mice 56 

with a hearing phenotype akin to human aging. We discovered the polarization of cristae and crista junctions in 57 

mitochondria tethered to the SSC in OHCs. Aging was associated with SSC stress and decoupling of 58 

mitochondria with the SSC, mitochondrial fission/fusion imbalance, a remarkable reduction in mitochondrial 59 

and cytoplasmic Ca2+ levels, reduced K+-induced Ca2+ uptake, and marked plasticity of cristae membranes. A 60 

model of structure-based ATP production predicts profound energy stress in older OHCs. This report provides 61 

data suggesting that altered membrane organelle connectomics may result in progressive hearing loss.  62 

 63 

SIGNIFICANCE STATEMENT 64 

We address the question, “Do aged OHCs exhibit detectable changes in organelle connectomics that would 65 

help us better understand human hearing loss in a relevant mouse model?” Because of the close association 66 

of mitochondria SSC over much of the OHC inner surface, mitochondria-SSC connectomics appears to play a 67 

central role in hearing. In polarized cells such as OHCs, where there is functional segregation of apical versus 68 

basal regions, the relationship between altered organelle connectomics and hearing loss is unknown. We 69 

propose a mechanism of mitochondria-SSC dysregulation related to aging and OHC degeneration, 70 

showing distinct altered mitochondrial and cytoplasmic Ca2+ regulation, mitochondrial polarization, and 71 

fission/fusion imbalance, mitochondrial-SSC decoupling, and SSC and cellular energy stress. 72 

 73 
  74 
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INTRODUCTION 75 
 76 

Age-related hearing loss (ARHL) is prevalent in mammalian aging and is the most common sensory 77 

disorder in the elderly(Gates & Mills 2005, Keithley 2019, Ohlemiller 2006). The OHC, the cochlear amplifier, is 78 

one of the most vulnerable cells that degenerate in hearing loss (HL)(Schuknecht & Gacek 1993). OHC 79 

metabolism is primarily aerobic(Puschner & Schacht 1997), and thus its fate is dependent on mitochondrial 80 

function. OHCs also require mitochondria to facilitate ion transport contributing to mechanoelectrical 81 

transduction (Spicer et al., 1998; Keithley, 2019). Several ARHL syndromes result from defects in 82 

mitochondria(Someya & Prolla 2010).  Aged human cochleae have mitochondrial (mt) DNA damage(Bai et al 83 

1997, Fischel-Ghodsian et al 1997, Markaryan et al 2009). In mouse models of ARHL, specific mutations in 84 

mtDNA or nuclear-encoded DNA for mitochondrial proteins increased oxidative damage resulting in cochlear 85 

hair cell loss during aging, causing HL(Chen & Tang 2014, Fujimoto & Yamasoba 2014, Han & Someya 2013, 86 

Someya & Prolla 2010, Someya et al 2009, Someya et al 2008, Yamasoba et al 2007). Yet, the role of 87 

mitochondria in ARHL may be more complicated than DNA mutations or deletions or excess reactive oxygen 88 

species (ROS) generated by mitochondria (Bottger and Schacht, 2013; Tavanai and Mohammadkhani, 2017).  89 

The OHC lateral wall is more structurally rich than previously appreciated (Triffo et al., 2019). In 90 

addition to playing a role in Ca2+ homeostasis (Fuchs et al., 2014; Raffaello et al., 2016), the subsurface 91 

cisternae (SSC) facilitates the rapid delivery of voltage excitation to the molecular motors, including prestin, 92 

within the lateral wall (Song et al., 2015). The unusually high SSC conductivity is expected to depend on locally 93 

available energy. The mechanical connections between the plasma membrane, SSC, and the cytoskeleton 94 

provide a membrane-cytoskeletal framework to aid energy flux, facilitating electromotility (Triffo et al., 2019). 95 

We surmise that the distinct propinquity between OHC mitochondria and the SSC has functional relevance 96 

that, when disrupted, will lead to OHC dysfunction.   97 

In the OHC, a distinct class of mitochondria is positioned next to the SSC, and within these 98 

mitochondria are cristae whose number and shape are integral to mitochondrial respiratory capacity and 99 

whose structural dynamics are influenced by the energetic demands of the cell (Cogliati et al 2013). At the 100 

peripheral end of a crista is the crista junction; a fine, neck-like structure that partitions vital mitochondrial 101 

reactions and its dynamic nature is precisely regulated by diverse signals impinging on mitochondria (Perkins 102 
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et al 2009, Rampelt et al 2017a, Schorr & van der Laan 2018, Tsai et al 2018, Zerbes et al 2012). The 103 

maintenance and plasticity of crista junctions are essential for cellular homeostasis in vivo. Crista junction 104 

dysfunction leads to defects in mtDNA organization and transcription and altered respiratory activity. The effect 105 

has been reported in frontotemporal dementia, amyotrophic lateral sclerosis, type 1 diabetes mellitus, and 106 

diabetic cardiomyopathy (van der Laan et al 2016, Wollweber et al 2017). Moreover, the structural and 107 

functional coupling between mitochondrial cristae and crista junctions and the adjacent SSC has been 108 

unexplored. 109 

 Critical functional assays supported by three-dimensional electron microscopy (3DEM) were used to 110 

study CBA/CaJ mice, whose age of onset of ARHL can be correlated to an equivalent human age(Zheng et al 111 

1999). Aging increased thresholds of both the auditory brainstem response (ABR) and distortion product 112 

otoacoustic emissions (DPOAE), indicating OHC malfunction, which correlated to pathological markers and 113 

reduced mitochondrial and cytoplasmic Ca2+ levels and responsiveness. Older (24-mo) mitochondria were 114 

depolarized, and the number of dynamin-related protein (Drp1) RNA, but not optic atrophy 1 (Opa1) RNA was 115 

significantly reduced compared to young OHCs, indicating a down-regulation of mitochondrial fission. Cristae 116 

and crista junctions were polarized towards the SSC. SSC stress and lowered modeled mitochondrial energy 117 

production in aged OHCs may contribute to functional cellular stress and the observed death of OHCs in 118 

CBA/CaJ mice. 119 

  120 
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MATERIALS AND METHODS 121 

Auditory brainstem response and distortion product otoacoustic emissions measurements  122 

Auditory brainstem response (ABR) experiments were performed as previously published by our 123 

group(Reijntjes et al 2019). All animal experimentation was conducted following SfN’s Policies on the Use of 124 

Animals in Neuroscience Research. Equal numbers of males and females were used in the experiments. In 125 

cases where odd numbers are reported, females outnumbered male samples. Briefly, mice were anesthetized 126 

with tribromoethanol (Avertin; Sigma-Aldrich Corp., St. Louis, MO), using 0.5 mg/g body weight, injected 127 

intraperitoneally. The mice were then placed in a sound-attenuated chamber on a custom holder. Body 128 

temperature was maintained at 36.5 ± 0.5°C using a homeothermic blanket control unit (Harvard Apparatus, 129 

Inc., Holliston, MA) and rectal probe feedback. Ground and recording electrodes were placed subcutaneously 130 

in the scalp, and a calibrated transducer (Intelligent Hearing Systems, Miami, FL) placed in the right pinna. At a 131 

rate of 20 Hz, with intensity from 0-100 dB sound pressure level (SPL; rms for click stimuli) in 10 dB 132 

increments, 0.1-ms broadband clicks, and 3-ms pure tone pips at 8, 16, and 32 kHz were presented. The ABR 133 

activity was extracted from 128-1,024 stimuli. The hearing threshold was defined as the minimum sound 134 

intensity that elicited a characteristic ABR waveform. 135 

For DPOAE experiments, mice were anesthetized with Avertin as for ABR measurements. After visual 136 

inspection to ensure adequate health of external and middle ear was performed, the mice were placed in a 137 

sound-attenuated chamber, and a dual acoustic probe/microphone assembly (Etymotic Research, Inc., Elk 138 

Grove Village, IL) was placed in the ear. Primary tones with an f2/f1 ratio of 1.25 were presented at equal 139 

sound pressure levels at 55, 65, and 75 dB SPL over 92 ms, and tones were routed to independent 140 

transducers and allowed to mix acoustically in the ear canal. The SPL was sampled and synchronously 141 

averaged by a digital signal processor for geometric mean frequencies below 20.1 kHz. Above 20.1 kHz, the 142 

sampling input was automatically switched to the dynamic signal analyzer for frequency analysis to avoid DSP 143 

aliasing artifacts above 22.1 kHz. Cubic (2f1 – f2) DPOAE levels and corresponding noise floor levels were 144 

calculated. DPOAE levels were plotted as a function of the primary tones’ geometric mean frequency. DP 145 

thresholds were generated for each stimulus level and were evaluated relative to the noise floor 146 

(DPOAE > 5 dB above the noise floor). 147 
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 148 

 149 

Mitochondrial membrane potential 150 

Semi-intact, viable epithelia were dissected from 3-, 15- and 24-mo mice. Any potential trauma caused 151 

by dissection was evaluated using tight-seal current- and voltage-clamp recordings of resting membrane 152 

potential, and K+ currents as well as non-linear capacitance recordings. 24-mo cochleae were tested because 153 

this age would be the most vulnerable to dissection trauma. Bicarbonate buffered bath solution containing 3 154 

mM glutathione and continuously perfused with 5% CO2, and 95% O2 sufficed to maintain stable resting 155 

membrane potentials in apical OHCs; 3-mo = -52 ± 12 mV (n = 87 OHCs from 35 cochleae), 15-mo = -48 ± 14 156 

mV (n = 25 OHCs from 10 cochleae), 24-mo = -49 ± 10 mV (n = 49 OHCs from 14 cochleae). The resting 157 

membrane potentials were recorded after 2-3 mins post-whole-cell configuration. The values were comparable 158 

to previous reports from OHCs in the gerbil and guinea pig (He & Dallos, 1999a, 1999b). Only apical OHCs 159 

had resting membrane potentials that lasted for ~20-25 mins after whole-cell patches were raptured. OHCs 160 

from the apical segments of the cochlea were used for these sets of experiments. Because OHCs at the edge 161 

of the severed epithelium may have been damaged, recordings were also only performed from OHCs with 162 

intact surrounding supporting cells. 163 

Tetramethylrhodamine, methyl ester (TMRM), was prepared and loaded in isolated organs of Corti from 164 

CBA/CaJ mice according to the manufacturer’s protocol (Thermo-Fisher). High-magnification confocal images 165 

were collected at 2.5s time intervals using a Leica SP8 confocal microscope with a 63x oil immersion lens 166 

under the control of LAS X software. The TMRM signal with an absorbance peak at 548 nm and an emission 167 

peak at 574 nm was captured with an RFP/TRITC filter. Ptrifluoromethoxycarbonyl cyanide phenyl hydrazone 168 

(FCCP) (1 mM) was added 10 min into the imaging as a pharmacologic control because there should be no 169 

detectable TMRM signal from mitochondria completely depolarized using FCCP.  170 

Single-molecule fluorescence in situ hybridization (smFISH) with RNAscope 171 

Mice (ages 3-, 15-, 18- and 24-mo) were anesthetized with ketamine (100 mg/kg) and xylazine (10 172 

mg/kg) and then transcardially perfused with diethylpyrocarbonate (DEPC)-treated phosphate-buffered saline 173 

(PBS) and 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer. Cochleae were harvested and kept in a 4% 174 
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paraformaldehyde (PFA) solution (DEPC-treated) overnight on a shaker at 4°C. The cochleae were washed 175 

with PBS, and decalcified in 0.35 M ethylenediaminetetraacetic acid (EDTA) for 5-7 days, depending on age, 176 

on a shaker at 4°C and washed with PBS. The cochleae were sequentially dehydrated in 10%, 20%, and 30% 177 

sucrose solution at 4°C for 1 h, 2 h, and overnight, respectively. The cochleae were processed as whole-mount 178 

preparation or transferred into optimal cutting temperature (OCT) compound for a minimum of 1 hr at 4°C and 179 

then snapped frozen, using a dry ice-ethanol mixture. Samples were cryo-sectioned to a thickness of 12 μm, 180 

placed onto Superfrost slides, and stored at -80°C until further use. 181 

 Probe hybridization closely followed the manufacturer’s instructions (Advanced Cell Diagnostics).  182 

Sections were immersed in pre-chilled 4% PFA for 15 min at 4°C.  The sections were dehydrated at room 183 

temperature (RT) in 50%, 70% and 100% ethanol for 5 min each and allowed to dry for 1-2 min. Fixation and 184 

dehydration were followed by protease digestion, using Protease 4 for 30 min at RT. The sections were then 185 

incubated at 40°C with the following solutions: 1) target probe in hybridization buffer A for 3 hours; 2) 186 

preamplifier in hybridization buffer B for 30 minutes; 3) amplifier in hybridization buffer B at 40°C for 15 187 

minutes; and 4) label probe in hybridization buffer C for 15 minutes.  After each hybridization step, the sections 188 

were washed with wash buffer three times at RT.  For fluorescent detection, the label probe was conjugated to 189 

Alexa Fluor 488.  Probes for dynamin-related protein (Drp1) and optic atrophy 1 (Opa1) and a blank negative 190 

control were obtained from Advanced Cell Diagnostics. Sequences of the target probes (for the specified 191 

genes), preamplifier, amplifier, and label probe are proprietary. Detailed information about the probe 192 

sequences can be obtained by signing a nondisclosure agreement provided by the manufacturer. 193 

 For subsequent immunofluorescent staining, sections were treated with 10% blocking solution for 10 194 

min at RT, incubated with anti-myosin 7A (Novus Biological,1:300 dilution), overnight at 4°C, washed with PBS 195 

three times for 5 min each, incubated with the appropriate Alexa Fluor secondary antibody (ThermoFisher) 196 

diluted 1:500 for 2 hours at RT, and again washed with PBS three times for 5 min each.  Incubation in DAPI 197 

solution for 15 s at RT was performed to label cell nuclei.  Sections were then mounted in Fluoromount-G and 198 

sealed under a coverslip. 199 

Confocal imaging and image analysis   200 

Confocal micrographs were obtained as described(Reijntjes et al 2019). To determine frequency 201 
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regions, low magnification micrographs of isolated organs of Corti were obtained using a Leica DM4000B 202 

fluorescent microscope. If necessary, the Stitching plugin in ImageJ was used to create a single montage 203 

image. Tonotopic maps were then overlaid on the image previously described in the place-frequency map of 204 

the mouse cochlea(Muller et al 2005). High magnification confocal micrographs were collected using a Leica 205 

SP8 confocal microscope with a 63x oil immersion lens under the control of LAS X software. Z-stacks of the 206 

OHCs from the 8, 16, and 32 kHz regions were collected at a scan speed of 200 Hz and zoom of 1. The step 207 

size (optical section thickness) was determined by stepping at half the distance of the theoretical z-axis 208 

resolution (the Nyquist sampling frequency). Images were acquired in a 1024x1024 raster (x = y = 184.52 μm) 209 

at sub-saturating laser intensities for each channel. Images are presented as z-projections through the 210 

collected optical stack. All quantitative image analysis was performed on the raw image stacks, without 211 

deconvolution, filtering, or gamma correction. Individually fluorescently labeled mRNA transcripts appeared as 212 

puncta.  To quantify the number of mRNA transcripts per OHC, individually fluorescently labeled mRNAs within 213 

a given field of view (FOV) were counted using the spots function in Imaris 6.4 software (Bitplane).  mRNA 214 

counts were normalized to the number of Myosin 7A-labeled OHCs marked manually in the same FOV. 215 

Ca2+ imaging 216 

Mice (ages 3 and 24 mo) were deeply anesthetized with ketamine and xylazine mixture and 217 

decapitated. The cochleae from the apical aspects of the sensory epithelia were harvested in an oxygenated 218 

external solution containing 140 mM NaCl, 2 mM KCl, 10 mM glucose, 10 mM HEPES, 1.3 mM CaCl2 pH 7.35, 219 

osmolarity ~290 mOsmol. The tissue was incubated in the oxygenated external solution containing the Ca2+ 220 

dye, Oregon Green 488 BAPTA-1, AM, cell-permeant (OGB) (20 mM) and TMRM according to the 221 

manufacturer’s protocol (Thermo-Fisher, Waltham, MA; Invitrogen, Carlsbad, CA) and kept in the dark for 10 222 

min. The OGB concentration and duration of incubation sufficed for dye diffusion into cellular organelles and 223 

subsequent esterification for monitoring cytoplasmic Ca2+. The OGB dye was chosen because a previous study 224 

showed that mitochondrial Ca2+concentration is high ~220 nM (Ivannikov & Macleod 2013). Therefore, we 225 

predicted that a high-affinity Ca2+ indicator would be appropriate for our measurements (Paredes et al 2008). 226 

Also, using TMRM as a mitochondrial marker precludes the use of Ca2+indicators such as Rhod-2/Rhod-2 AM. 227 

Thus, we selected OGB, which has been used to measure OHC Ca2+ previously (Yuan et al 2010).  The use of 228 
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TMRM to mark mitochondria allowed for comparing the overlap of Ca2+ and mitochondrial fluorescent 229 

intensities in regions of interest (ROI) in the cytoplasm.   230 

After a thorough washout, the preparation was transferred to a recording chamber under an upright 231 

microscope. The experimental chamber was perfused continuously and slowly with an oxygenated external 232 

solution at a rate that ensured stable optical recordings for ~10-15 minutes. To make a reasonable comparison 233 

between the different ages, we focused on apical OHCs.  At the beginning of each experiment, the structural 234 

preservation of the apical turn was assessed with low-magnification and then zoomed in to record from single 235 

OHCs. High-magnification confocal images on single OHCs were collected at 2.5 s time intervals using a Leica 236 

SP8 confocal microscope with a 60x water-immersion lens under the control of LAS X software. The TMRM 237 

signal with an absorbance peak at 548 nm and an emission peak at 574 nm was captured with an RFP/TRITC 238 

filter. For Oregon Green 488 BAPTA-1 Ca2+ imaging, the experiments were performed using an excitation 239 

wavelength of 488 nm, and emission was detected at 510 nm.  The image processing software allowed for the 240 

recording of a selection of a region of interest (ROI), in this case, the outline of OHCs excluding the hair 241 

bundles. The resolution of imaging was insufficient to assess hair bundle Ca2+ accurately. Since Oregon 242 

Green 488 BAPTA-1 is not a ratiometric Ca2+ indicator, we could not assess the absolute, but rather the 243 

relative intracellular Ca2+ levels. The preparation was treated with either low or high Ca2+ solution in the 244 

presence of the Ca2+ ionophore A23187 (20 M). The low Ca2+ solution contained 140 mM NaCl, 2 mM KCl, 10 245 

mM glucose, 10 mM HEPES, 1.85 mM CaCl2, 5.5 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-246 

tetraacetic acid (EGTA), pH 7.3, osmolarity ~290 mOsmol. The high Ca2+ solution contained 140 mM NaCl, 2 247 

mM KCl, 10 mM glucose, 10 mM HEPES, 2.35 mM CaCl2, 2.25 mM EGTA, pH 7.3, osmolarity ~290 mOsmol. 248 

The Maxcheletor software (https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/CaEGTA-249 

TS.htm) was used to estimate free Ca2+ in low and high Ca2+ solutions. The Ca2+ fluorescence intensity values 250 

for mitochondria (using TMRM signal regions) were measured at 15 s time points before and during bath 251 

perfusion of external high K+ (at t = 10 s) solution 122 mM NaCl, 20 mM KCl, 10 mM glucose, 10 mM HEPES, 252 

1.3 mM CaCl2, pH 7.35, osmolarity ~290 mOsmol and after changing solution to low K+ (5 mM KCl) (at t = 75s). 253 

After washout with normal external K+ solution (5 mM KCl), ~25% (89 out of 359 OHCs) did not recover from 254 

the increased fluorescent intensity. OHCs that underwent an irreversible rise in Ca2+ were not included in the 255 
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data analyses. F/F0 = [F(t)-F(0)]/F(0), t is time, F(t) is fluorescence following stimulation (external K+) and F(0) 256 

is the pre-stimulus fluorescence computed from the mean of 5-7 images. F(t) and F(0) were corrected for 257 

background fluorescence. A 2-D median filter was used to produce 512 pseudo-color indexed images. 258 

Transmission electron microscopy  259 

The cochlea was isolated, and the perilymph perfused with 1% osmium tetroxide ferricyanide and1% 260 

paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4). They were then immersed in the fixative (30 min, 23oC) 261 

and rinsed in the buffer followed by en bloc post-staining with 1% uranyl acetate (UA) and Walton’s lead 262 

aspartate to enhance contrast.   The cochleae were decalcified (120 mM EDTA, 23°C), dehydrated in an 263 

ethanol series, and embedded in epoxy resin (Embed 812, EMS, Hatfield, PA). The cochleae were bisected 264 

along the modiolus and re-embedded.   One half of the cochlea was sent to NCMIR for EM tomography.  Mid-265 

modiolar cochlear sections (70 nm) mounted on copper hex grids were obtained from the remaining half 266 

cochlea, stained (UA-lead citrate), and viewed. Images from the upper basal turn (approx. 28-32 kHz) were 267 

collected and archived using a JEOL 1200 EX transmission electron microscope (JEOL USA Inc., Peabody, 268 

MA) equipped with an AMT 8-megapixel digital camera and AMT Image Capture Engine V602 software 269 

(Advanced Microscopy Techniques, Woburn, MA). Final figures were assembled using Adobe Photoshop and 270 

Illustrator software (Adobe Systems). 271 

Electron microscope tomography    272 

The principles and procedures of EM tomography described in (Perkins et al 2015, Sastri et al 2017) were 273 

practiced. Sections from blocks of cochleae upper basal turn sent from tissue processed at Washington 274 

University from each age group were cut at a thickness of 400 nm.  For each tomographic reconstruction, a 275 

double-tilt series of images at one-degree tilt increment was collected with an FEI titan hi-base electron 276 

microscope operated at 300 kV. Images were recorded with a Gatan 4Kx4K CCD camera. The magnification 277 

was 11,000x, and the pixel resolution was 0.81 nm. The IMOD package 278 

(https://en.wikipedia.org/wiki/IMOD_(software)) was used for alignment, reconstruction, and volume 279 

segmentation. R-weighted back projection was used to generate the reconstructions. Samples from 6 animals 280 

were used for 3 mo, and 15 mo and samples from 3 animals were used for 18 mo and 24 mo. 9 tomographic 281 

volumes were generated for 3-, 15-, and 18-mo. 11 tomographic volumes were generated for 24-mo. Each 282 
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volume had nearly 200 x-y planes and had a size of about 3.4 μm3. Volume segmentation of the mitochondria, 283 

SSC and their tethers was performed by tracing of membranes in each of the 1.62 nm-thick x-y planes that 284 

they appeared to create stacks of contours with the Drawing Tools plug-in in IMOD. Because the mitochondrial 285 

membrane profiles did not vary much from plane-to-plane, the Interpolator plug-in in IMOD was used to 286 

accelerate the segmentation of surfaces by automatically generating interpolated contours between user-287 

defined key contours that were manually traced. By using key contours about every 5 planes, accurate 288 

membrane segmentation was achieved by generating interpolated contours with straight lines between key 289 

contours in each in-between plane.  Although the interpolator plug-in was also used to segment the SSC, more 290 

manual tracing was required because the SSC meshwork changed more from plane to plane. The 291 

mitochondrial-SSC tethers were modeled as rods with a diameter of 10 nm thick, and the crista junctions were 292 

modeled as either spheres or tubes with 14-nm diameter. The traced contours were then surface-rendered by 293 

turning contours into meshes to generate a 3D model. The mitochondrial reconstructions and surface-rendered 294 

volumes were visualized using 3DMOD. Measurements of mitochondrial outer, inner boundary, and cristae 295 

membrane surface areas and volumes were made within segmented volumes using IMODinfo. Mitochondrial 296 

profile area, volume density (defined as the volume occupied by mitochondria divided by the cytoplasmic 297 

volume), number per area, crista density, and crista junction diameter were measured using ImageJ. Crista 298 

polarization was determined for each age by using the angle measurement tool in ImageJ with one side along 299 

the long axis of a crista and the other side along the SSC chosen so that only acute angles were measured. 300 

The measurements were sorted into 10 degree-bins from 0-90 degrees. Based on visual inspection of many 301 

OHC mitochondria, angles >70 degrees were considered as demonstrating cristae alignment facing the SSC.  302 

See figure 6a, for example, measurement. The degree of polarity was defined as the percent of measures with 303 

angles >70 degrees divided by the percent of measurements expected in this angular range if the cristae were 304 

randomly oriented. A chi-squared test was used to test the null hypothesis of random cristae orientation. 305 

Movies of the tomographic and surface-rendered volumes were made using the IMOD movie.  306 

Energy calculations 307 

Models of mitochondrial ATP output have lacked structurally realistic input based on 3DEM. The 308 

biophysical modeling schema of (Song et al 2013) made steps to remedy this problem by using spatially 309 
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accurate geometric representations of a crista, inner boundary membrane, and crista junction. From physical 310 

principles, this modeling predicted the higher proton motive force on cristae membranes, the effect of crista 311 

surface-to-volume ratio on this force, and the effect of crista membrane surface area on the rate of ATP 312 

synthesis—all integral to the current paradigm of mitochondrial structure/function relations. We applied this 313 

modeling approach to predict ATP production for SSC and PM functions at the lateral wall (graphic associated 314 

with Table 1). 315 

Measurements of the crista shape factor, defined as the crista membrane surface area divided by the 316 

crista volume, were made from 3DEM mitochondrial volumes using ImageJ tools. The rate of ATP production 317 

found in column 2 of Table 1 was derived from Song et al. (2013) figure 5b, which plots the rate of ATP 318 

production as a function of the crista surface area for differing values of the crista shape factor. The Gibbs free 319 

energy of ATP hydrolysis varies from -28 to -34 kJ/mol, depending on the concentration of the cation Mg2+. We 320 

took the middle value of -31 kJ/mol for our power calculation in column 3 of Table 1. The estimation of the 321 

number of mitochondria in the OHC volume of interest in column 4 of Table 1, indicated by the black bars in fig. 322 

3A was made by first modeling that portion of the volume as a cylinder, which is also how it is described in the 323 

literature.  Only EM images were chosen that appeared to be longitudinal (fig. 3A) or cross-sectional (fig. 3E) in 324 

the volume of interest. The mitochondria near the SSC were counted in these images, which accounts for 325 

>90% of the mitochondria in the volume (somewhat less in aged OHCs as described in fig. 8).  Thus, the 326 

model is a cylinder decorated on the inside with mitochondria, i.e., the few mitochondria separated from the 327 

SSC was not used because we desired to model the rate of ATP production available for use by the SSC and 328 

lateral cell wall components. This constraint allows for an estimation of the number of mitochondria decorating 329 

the cylinder by multiplying the number of mitochondria in a cross-sectional EM cut by the number of 330 

mitochondria in a longitudinal EM cut. But, because the cross-sectional and longitudinal EM images were from 331 

different cells, the multiplication can be made using one cross-sectional measurement with “n” longitudinal 332 

measurements, thus producing multiple combinations. Longitudinal EM images n = 10, 3, 10, 4 for 3-mo, 15-333 

mo, 18-mo and 24-mo, respectively. Cross-sectional EM images n = 4, 9, 3, 6 for 3-mo, 15-mo, 18-mo and 24-334 

mo, respectively. Mitochondrial number measurements n = 40, 27, 30, 24 for 3-mo, 15-mo, 18-mo and 24-mo, 335 

respectively. 336 
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There are two important caveats with the calculations presented in Table 1 and the Results.  First, this 337 

analysis does not take into account the ATP produced by glycolysis. However, a quantitative analysis of the 338 

relative contributions of glycolysis and oxidative phosphorylation in the OHC determined that its metabolism is 339 

primarily aerobic(Puschner & Schacht 1997). Thus, ATP production comes mostly from mitochondria; hence, 340 

OHC fate is subject to mitochondrial dysfunction as much as other cell types.  Second, mitochondrial 341 

respiration can be governed by various states, the most common being state 3 (active) and state 4 (resting), 342 

and state 3 respiration can have an ATP production rate up to four times that of state 4(Perkins & Ellisman 343 

2011). It was not clear from the work of Puschner and Schacht(Puschner & Schacht 1997) which state (or 344 

combination of states) their OHC mitochondria were in. Taking into consideration the estimates and 345 

uncertainties, it is important to understand that the calculations of ATP production rate and power (energy per 346 

second) availability may have “order-of-magnitude” accuracy. 347 

 348 

 349 

Experimental Design and Statistical Analyses  350 

 The number, ages, and sex of the mice used in this study, the number of OHCs, tomographic volumes, 351 

and mitochondria are reported in the Methods, Results, or Figure Captions, as appropriate. The statistics 352 

package of Microsoft Excel was used for statistical comparisons. The mean, standard deviation, standard error 353 

of the mean (SEM), median and first and third quartiles were calculated for all reported measurements and 354 

shown in box-and-whisker plots or other plots, as appropriate. Individual data points were shown, often in “bee-355 

swarm” configuration. The whiskers (vertical lines) extend from the ends of the box to the minimum value 356 

(bottom) or maximum value (top). A data point was considered an outlier if it exceeded 1.5 times the 357 

interquartile range (IQR) below the 1st quartile or above the 3rd quartile. ANOVA was used with Bonferroni’s 358 

correction post hoc employing the two-tailed unpaired Student’s t-test between groups.  Pearson’s chi-squared 359 

test was used to determine whether there was a significant difference between the null hypothesis of the 360 

random orientation of cristae to the SSC and a polarized cristae orientation. The significance from combined 361 

statistical tests, as used in Table 1 columns 4, 5 and 6, followed the procedure given by 362 

https://pdfs.semanticscholar.org/e232/ec9efda181afaeb3e99f4c9993d5c6ea79f2.pdf 363 
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The reporting “p-value” used is R2 = p1*p2(1+log(1/( p1*p2)), where p1 is the p-value from the statistical test 364 

reported for the first column, e.g., column 4, and p2 is the p-value from the statistical analysis reported for the 365 

second column, e.g., column 5.p or R < 0.05 was considered to be statistically significant, and the values of all 366 

significant p- or R-values were reported in the Figure Captions or Table 1, as appropriate. 367 

  368 
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RESULTS 369 

Aging increased the ABR and DPOAE thresholds in a CBA/CaJ mouse model of ARHL 370 

We recorded the ABR from CBA/CaJ mice from ages 3, 6, 12, 18, and 24 mo (Fig. 1A-B). Previous 371 

work used ABR, DPOAE, and hair cell and synaptic ribbon counts in the CBA/CaJ mouse model from youth (1 372 

mo) to old age (33 mo) to show that cochlear synaptic loss can be observed long before age-related changes 373 

in thresholds or hair cell counts and that nerve loss parallels the synaptic loss, but only after a delay of several 374 

months (Sergeyenko et al., 2013). We showed that ABR thresholds remained unchanged until at 18-mo when 375 

a mild elevation of 5-8 dB SPL occurred at 32 kHz. At 24-mo, the threshold was elevated by ~20-25 dB SPL at 376 

all frequencies. The condition of OHC functional capacity in the aged cochlea was also monitored with 377 

DPOAEs. The DPOAE threshold at four frequencies was compared for 3-, 15- and 24-mo CBA/CaJ mice (Fig. 378 

1C). The intensity thresholds at 8- and 16-kHz were significantly higher for 24-mo compared with 3-mo mice 379 

indicating OHC malfunction in the middle-frequency range. 380 

Cytoplasmic and mitochondrial Ca2+ levels and responsiveness to high K+ stimulation was reduced in 381 

aged CBA/CaJ OHCs  382 

 Based on the DPOAE findings and because blocking Ca2+ entry into OHCs affects the DPOAE(Kujawa et 383 

al 1996), we tested whether perturbed Ca2+ flux in OHCs contributes to OHC dysfunction. Over-activation of T-384 

type Cav in OHCs plays a role in ARHL(Sang et al 2017), and channel suppression may confer a protective 385 

effect(Yu et al 2016). We used confocal microscopy to image cytoplasmic Ca2+ levels in OHCs in semi-intact, 386 

viable cochleae from the apical aspects of the sensory epithelia harvested from young and old (Fig. 1D) 387 

CBA/CaJ mice. We focused on mitochondrial populations and cytoplasmic regions adjacent to the SSC, which 388 

acts as a Ca2+ reservoir (Raffaello et al., 2016), and measured the Ca2+ levels every 15 s for 120 s in a 389 

recording chamber with continuous perfusion of oxygenated external solutions. To establish the baseline Ca2+ 390 

fluorescence, low and high [Ca2+] solutions were perfused through the recording chamber containing Ca2+ 391 

ionophore A23187-permeabilized OHCs. The qualitative estimates of free cytoplasmic Ca2+ in the low and high 392 

Ca2+ solutions were ~200 nM and ~100 M, respectively. The relative Ca2+ levels measured in low and high 393 

Ca2+-perfused OHCs were compared with the Ca2+ levels in the young and old OHCs (Fig. 1E). Both 3-mo and 394 

24-mo cytoplasmic and mitochondrial Ca2+ levels were closer to the low Ca2+ baseline, with the 24-mo being 395 
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significantly lower than the 3-mo. The relative Ca2+ concentrations in 15-mo OHCs fell between 3- and 24-mo 396 

levels. Next, because high K+ mediate membrane depolarization and opens voltage-dependent Ca2+ channels, 397 

resulting in an influx of extracellular Ca2+, a part of which is taken up by mitochondria (Karaki et al., 1984; 398 

Bawa and Abbott, 2008), we asked whether the sensitivity of mitochondrial Ca2+ levels to high (20 mM) 399 

external K+ signals is compromised in aged OHCs. The Ca2+ fluorescence intensity for SSC-associated 400 

mitochondria from the 3-mo and 24-mo OHCs was measured at 15-s time points before and after bath 401 

perfusion of high K+ solution followed by washout with typical external K+ solution (5 mM) (Fig. 1F). High K+ 402 

invariably mediated a rise in mitochondrial Ca2+ levels. However, the high external K+-mediated effect on 403 

mitochondrial Ca2+ level was diminished in 15- and 24-mo vs. 3-mo OHCs, implying compromised 404 

mitochondria Ca2+ uptake mechanisms in older OHCs. Mitochondrial Ca2+ was analysed and grouped 405 

according to the organelle’s location in OHCs, i.e. mid-point below the nuclei (infra-nuclear (IN) or mid-point 406 

above the nuclei (supra-nuclear (SN)). The changes in Ca2+ fluorescent intensities were relatively greater in IN 407 

compared to SN mitochondrial and cytoplasmic regions (Fig. 1F). Presumably, the qualitative differences may 408 

reflect the activity of synaptic versus SSC-tethered mitochondria.     409 

Mitochondria are substantively depolarized in 24-mo OHCs  410 

Dysfunctional mitochondrial Ca2+ dynamics in aged OHCs were probed further by measuring 411 

mitochondrial membrane potential (Δψm), a critical physiologic parameter as it relates to a cell’s capacity to 412 

generate ATP by oxidative phosphorylation. The membrane potential of mitochondria in OHCs in isolated 413 

organs of Corti from 3-, 15-, and 24-mo CBA/CaJ mice was measured with TMRM fluorescence, which is 414 

dependent on the maintenance of mitochondrial membrane potential. Substantial loss of TMRM fluorescence 415 

at 24-mo was observed, indicating considerable mitochondrial membrane depolarization and OHC injury (Fig. 416 

2). The protonophore, FCCP, which depolarizes the mitochondrial inner membrane by increasing its 417 

permeability to protons, was added as a control. The fluorescence decay time constant after the addition of the 418 

FCCP was significantly increased at 24 mo (Fig. 2D). The slow decay in FCCP-mediated depolarization likely 419 

reflects the reduced activity of mitochondrial ATP generation in older (24 mo) OHCs, which may be tied to 420 

degeneration of cristae structure through impairment of MICOS-complex components or Opa1(Wolf et al 421 

2019).  422 
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OHCs in a CBA/CaJ mouse model exhibit structural pathology due to aging  423 

Because the ABR, DPOAE, Ca2+ imaging, and mitochondrial membrane potential in aged mice all 424 

represented OHC anomalies, we examined the structural correlates in aged OHCs. Comparing TEM of 3- and 425 

24-mo OHCs in the upper basal turn, we found OHC detachment from Deiters’ cup and synapses, 426 

phagocytotic activity in OHC consistent with both necrosis and macrophagic and degenerating efferent nerve 427 

terminals impinging on the OHC (Fig. 3). Inside the OHC, we observed the loss of cytoplasmic density as well 428 

as decreased complexity of the Hensen’s body, a specialized tubulovesicular form of smooth ER located in the 429 

apical portion of the cell (Fig 3A and 3B). The decreased complexity of Hensen’s body observed in aged OHCs 430 

varied. In some aged OHCs, Hensen’s body is smaller but is still a relatively compact whorled tubulovesicular 431 

cisternal entity. In other aged OHCs, Hensen’s body is more loosely compacted or lacks the laterally projecting 432 

tubules that reach the OHC plasmalemma. The latter is the case in the OHC depicted in Figure 3B. The 433 

function of Hensen’s body has been proposed to involve the turnover of proteins involved in the specialized 434 

OHC motor action and plasmalemma K+ transport (Meyer et al., 2001). Other studies suggested that Hensen’s 435 

body may serve as an InsP3-sensitive Ca2+ storage/release site (Mammano et al., 1999). The involvement of 436 

specialized ER in InsP3-sensitive Ca2+ release has been observed in excitable and non-excitable cells, such as 437 

hepatocytes and Purkinje neurons (Pozzan et al., 1994). There are three structurally distinct types of 438 

mitochondria in the OHC: along the lateral wall associated with the SSC, those in the basal region of the cell 439 

below and around the lower aspect of the nucleus, including the sub-synaptic volume, and those in the apical 440 

cytoplasm adjacent to the cuticular plate. The positioning of these types of mitochondria likely supports the 441 

different functions of the lateral wall, nucleus and synaptic terminal, and cuticular plate, respectively. The 442 

mitochondria supporting the lateral wall components are thought to be important for fueling electromotility and 443 

amplification of sound. We limited the structural work of this study to the lateral wall mitochondria and SSC 444 

indicated by the black lines in figure 3A. 445 

Mitochondrial size and number are altered in aged OHCs in a CBA/CaJ mouse model 446 

Based on the finding that aged mitochondria had reduced membrane potential (Fig. 2), we used EM 447 

tomography to examine the 3D structure of 3-, 15-, 18-, and 24-mo mitochondria at high resolution in the OHC 448 

volume between the nucleus and apical end. Only OHCs in the upper basal turn were analyzed. It appeared 449 



 

 19 

that the mitochondria had increased size at 18 and 24 mo (Fig. 4). We measured the volume of mitochondria 450 

near the SSC and found that they were significantly larger at 18 and 24 mo (Fig. 4E), yet the mitochondrial 451 

volume density had not changed dramatically (Fig. 4F). However, there appeared to be a greater number of 452 

mitochondria in 3-mo OHCs compared with 18-mo OHCs (Fig. 4G & H). Therefore, we measured the number 453 

of mitochondria per cytoplasmic volume and found that indeed, the number had dropped significantly by 18 mo 454 

and remained low at 24 mo (Fig. 4I). We interrogated whether there was evidence of mitochondrial stress in 455 

the aged OHC via crista swelling, matrix swelling, or ruptured mitochondrial outer membrane. We found no 456 

difference in these parameters in OHC volumes for 3-, 15-, 18-, or 24-mo samples.  457 

The number of Drp1 RNA molecules, but not Opa1 RNA molecules, was significantly reduced in 24-mo 458 

compared to 3-mo OHCs  459 

We further examined the finding of increased mitochondrial size. We investigated decreased 460 

mitochondrial number in aged OHCs (Fig. 4) by mapping the expression and localization of Drp1- and Opa1-461 

encoding transcripts in OHCs using smFISH in excised preparations of the organ of Corti isolated from 3- and 462 

24-mo mice (Fig. 5).  The Drp1 protein controls the final stage of mitochondrial fission, and the OPA1 protein 463 

plays a key role in mitochondrial fusion. The median number of Drp1 single RNA molecules detected per OHC 464 

had decreased at 24 mo compared to 3 mo. Yet, the median number of Opa1 single RNA molecules detected 465 

per OHC did not change between the two age groups (Fig. 5C). These results suggest that mitochondrial 466 

fission was inhibited at 24 mo in OHCs and is consistent with the finding of larger and fewer mitochondria at 24 467 

mo.  468 

Cristae orientation towards the SSC in OHCs  469 

 3DEM provided a way to examine the structural features of mitochondrial cristae that appeared unusual 470 

or age-dependent. It showed that OHC mitochondria in the upper basal turn have only lamellar cristae (Fig. 6), 471 

regardless of age. Additionally, 3DEM showed that the density of cristae was similar at 3, 15, and 18 mo, yet 472 

lower at 24 mo (Fig. 6A-E), which has functional implications. There is a positive correlation between capacity 473 

for ATP production and crista density(Brandt et al 2017). Several structural factors correlate with mitochondrial 474 

performance: (1) larger crista membrane surface can accommodate a greater amount of OXPHOS proteins, 475 

leading to higher respiration and ATP-generating capacity (2) lamellar cristae structure is beneficial for 476 
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supercomplex assembly, producing higher respiratory efficiency(Cogliati et al 2013) and (3) increased cristae 477 

membrane surface area predicts an increased proton motive force, leading to higher ATP-producing 478 

capacity(Song et al 2013). Thus, 24-mo OHC mitochondria are predicted to have lowered ATP-generating 479 

ability. Further, fewer cristae in 24-mo SSC-associated mitochondria may help to explain the observed reduced 480 

mitochondrial Ca2+ level and reduced sensitivity to K+-mediated mitochondrial Ca2+ uptake (Fig. 1). 481 

Membrane segmentation produced surface-rendered volumes providing a view at any orientation of 482 

cristae that were displayed in various shades of color inside mitochondria. The surface-rendered volumes were 483 

extracted for individual viewing to provide perspective on the extent to which cristae occupy the mitochondrial 484 

volume as well as their orientation (Fig. 6F-I). A comparison of orthogonal views was useful to demonstrate 485 

that surface-rendered 24-mo mitochondrial volumes show a similar orientation of cristae, but that the cristae 486 

occupy less of the mitochondrial volume compared with 18-mo examples (Fig. 6F-G). After extracting each 487 

crista from the mitochondrial volume and lining them up in the same orientation (Fig. 6H-I), it became clear that 488 

the 24-mo cristae were generally smaller, fewer in number, and narrower, even though still lamellar in shape, 489 

compared with the 18-mo examples.  These structural differences are responsible for the lower cristae density 490 

observed at 24 mo.   491 

An unexpected feature of mitochondria that abut the SSC is a preferred orientation of the cristae with 492 

one end facing towards the SSC (Fig. 6J-M). There were even instances where the cristae orient in a direction 493 

pointing away from the SSC at the far end, nevertheless curving back to align facing the SSC at the near-end 494 

(Fig. 5K). Often, the alignment of cristae facing the SSC was near-perfect (Fig. 6L-M), which motivated us to 495 

test for the degree of cristae-SSC “polarity.” We found significant polarization of cristae towards the SSC in 496 

mitochondria adjacent to it for all ages with the most robust value (>2) for 3 mo (Fig. 6N).   497 

Crista junctions tend to be polarized towards the SSC  498 

Because of the unexpected finding that cristae tend to be polarized in mitochondria positioned adjacent 499 

to the SSC at all ages examined (Fig. 7), we asked whether the crista junctions were also polarized. Crista 500 

junctions have been proposed to modulate key mitochondrial activities(Rampelt et al 2017a), and their spatial 501 

positioning is likely necessary for the portioning of functionality. We discovered in mitochondria near the SSC 502 

that there was generally a higher number of crista junctions facing towards the SSC than facing away from it 503 
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(Fig. 7A-B). The mitochondria from the same volumes with either the opposite cristae orientation (Fig. 7C-F) or 504 

located far from the SSC, i.e., in the OHC interior, exhibited no crista junction polarization between opposite 505 

sides of a mitochondrion. These, then, served as a control population for testing the degree of crista junction 506 

polarization for mitochondria adjacent to the SSC. A quantifiable parameter to test for polarization in 507 

mitochondria with polarized cristae is the ratio of the number of crista junctions facing towards the SSC to 508 

those facing away. ANOVA with Bonferroni correction post hoc comparing control with age groupings of 509 

polarized mitochondria indicated that the difference in the number of crista junctions facing towards and away 510 

from the SSC was statistically significant and that the 24-mo crista junctions were significantly more polarized 511 

than the 3-, 15-, and 18-mo crista junctions (Fig. 7G). This finding suggests a significant polarization of crista 512 

junctions towards the SSC in mitochondria near it. We further observed that the crista junctions in 24-mo 513 

mitochondria adjacent to the SSC appeared to be fewer than those at other ages (Fig. 7H-I). Measurements 514 

showed that the number of crista junctions was significantly lower at 24 mo (Fig. 7J), correlating to reduced 515 

mitochondrial Ca2+ levels and responsiveness (Fig. 1). The control (unpolarized) mitochondria also had a 516 

considerably lower number of crista junctions.  517 

However, even with this plasticity in crista junction number and polarization, there was no change in 518 

crista junction diameter across ages (mean±SEM=12±0.8, 10±0.6, 11±0.7, 10±0.6, for 3-, 15-, 18-, and 24-mo, 519 

respectively; n = 20 crista junctions per age) suggesting that crista junction function was likely uncompromised 520 

by aging. These values are similar to those reported in neurons(Perkins et al 2010). Our finding that the crista 521 

junction diameter and the number of Opa1 RNA molecules did not change with age (Fig. 5) is consistent with 522 

the role Opa1 plays in preserving a narrow crista junction width (Darshi et al 2011, Glytsou et al 2016, Harner 523 

et al 2016). The deletion of Opa1 or MICOS-complex components affect the mitochondrial membrane potential 524 

and cristae structure(Wolf et al 2019). Occasionally, EM tomography provides an en face view of crista 525 

junctions (Fig. 7K). The circular opening of relatively uniform size confirms the expected crista junction 526 

architecture in a rare view. 527 

The tethering of mitochondria to the SSC was decreased, and SSC stress was observed at 24 mo  528 

Since typically greater than 80% of the mitochondria in the region of the OHC studied were found to be 529 

positioned adjacent to the SSC and the mitochondria cristae and crista junctions were polarized in relation to 530 
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the SSC, we probed for a structural relationship between mitochondria and SSC. We observed that typically 531 

fewer mitochondria were positioned adjacent to the SSC in the 24-mo OHC (Fig. 8A) compared to younger 532 

OHCs (Fig. 8B). Because of the high 3D resolution of EM tomography, we were able to observe at the ages 533 

studied that nearly all mitochondria adjacent to the SSC were tethered by short, thin filaments ~5-10 nm in 534 

diameter (Fig. 8C). Typically, there were multiple tethers for each mitochondrion-SSC coupling. The 535 

mitochondrion-SSC tethering persisted even when the SSC was swollen (Fig. 8D). We asked whether the shift 536 

in the position of mitochondria away from the SSC observed at 24 mo could be because of a loss of 537 

mitochondria-SSC tethering. Unsurprisingly, we found that the percentage of mitochondria tethered to the SSC 538 

by thin filaments in the region-of-interest OHC cytoplasm was lower at 24-mo compared to younger mice (Fig. 539 

8E). We then asked whether this untethering could be due to a decrease in the number of tethers. We 540 

discovered that there was no difference in the number of tethers per mitochondrion positioned adjacent to the 541 

SSC across ages (Fig. 8F), indicating that the positional shift of mitochondria away from the SSC in aged 542 

OHCs was likely, not due to weakened mitochondrial-SSC tethering. Because mitochondrial dysfunction can 543 

be associated with SSC stress in the OHC (Fujinami et al., 2012), we probed for SSC swelling; swelling is 544 

commonly associated with ER stress (Chavez-Valdez et al., 2016). SSC swelling was only significant at 24 mo 545 

with a noticeable gradation of SSC swelling, both in number and size of swellings, dependent on the state of 546 

each OHC (Fig. 8G-K). Measurements of the swollen portions of the SSC volumes were made in the 24-mo 547 

OHC and are provided as a percentage of the total SSC volume (mean = 16%, std dev = 7%, high = 26%, low 548 

= 7%, n = 10 OHCs). Occasionally, remodeling of a portion of an SSC was observed that produced a 549 

continuous double-membrane sheet (lamella) (Fig. 8L-M). The sheet-like remodeling may impede the high 550 

conductivity of the SSC thought to be aided by its meshwork (fenestrations; Song et al., 2015). This swelling 551 

and remodeling are manifestations of stress to the SSC in 24-mo OHCs. 552 

Mitochondrial energy production is modeled to be lower at 24 mo 553 

During aging, increased ROS production and decreased respiratory chain activity cause a decrease in 554 

mitochondrial energy-producing ability(Yin et al 2016). Changes in OHC mitochondrial size, number, and crista 555 

density during aging raised the possibility that the rate of ATP production is altered in aged OHC. To address 556 

this question, we used the modeling schema of (Song et al 2013). The first parameter needed for this modeling 557 
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is the crista shape factor, also called lamellarity. The crista shape factor influences mitochondrial respiratory 558 

performance and efficiency(Cogliati et al 2013, Cserep et al 2018, Else et al 2004) with higher values 559 

predicting higher performance. Measurements from 3DEM showed that the crista shape factor was slightly 560 

lower for 24-mo OHC mitochondria compared to 18-mo OHC mitochondria (Table 1, first column), suggesting 561 

reduced respiratory efficiency. This is consistent with our finding of less cristae membrane surface area, which 562 

predicts a decreased proton motive force, leading to lower ATP-producing capacity. The number of ATP 563 

molecules produced per second per OHC mitochondrion was modeled to be lower for 24-mo mitochondria 564 

(Table 1, second column). The value for 18-mo mitochondria was higher because these mitochondria were 565 

larger than 3- and 15-mo mitochondria, yet had the same cristae density. We then desired to know how much 566 

energy per second, i.e., power, would be produced in the form of ATP by an OHC mitochondrial volume and 567 

available for use by the SSC and lateral PM. Table 1 third column shows that modeled power output from ATP 568 

hydrolysis for 24-mo mitochondria is lower. 569 

Further, the estimated number of mitochondria near the lateral SSC was lower in the 24-mo OHC 570 

(Table 1, fourth column), which also translated to a reduced number of molecules of ATP per second available 571 

for energy needs (Table 1, fifth column). The ATP production rates of OHC mitochondria are in agreement with 572 

estimations for other cell types(Attwell & Laughlin 2001, Perkins et al 2009). The flow of ATP through an OHC 573 

crista junction is estimated to be 3-4x104 molecules/s (Table 1 and graphic associated with Table 1). There 574 

was no significant difference across ages because the lowered ATP production at 24-mo was complemented 575 

with a lower number of crista junctions at that age. Because the ATP production is linearly dependent on the 576 

cristae membrane surface area, crista junction number and cristae surface area appear to be coupled for ATP 577 

generation and dispersal through the junction consistent with the concept of structurally buffered energy 578 

production implied by the spatiotemporal simulations of Garcia et al. (2019). This energy modeling provides a 579 

foundation for sequelae involving ATP deficiency and hints that the drop-in modeled ATP production rate in 24-580 

mo OHC to less than half of the younger mice may contribute to the functional stress and death observed in 581 

aged OHCs of CBA/CaJ mice.  582 

A schematic diagram summarizing our findings is illustrated in figure 9, where increasing SSC stress 583 

with age leads to reduced mitochondrial and cytosolic Ca2+ levels supporting the hypotheses of dysregulation 584 
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of OHC mitochondrial biogenesis, reduced modeled ATP production, and cristae degeneration. As our 585 

understanding of components of cells improves using 3DEM, it is essential to unravel how they interact with 586 

each other by coupling structural nuances with functional determinations to identify underlying molecular 587 

mechanisms. We report discoveries of polarization of cristae and crista junctions in mitochondria adjacent to 588 

the SSC and that short, thin filaments tether these organelles. Coupling reduced mitochondrial membrane 589 

potential, Drp1 RNA levels, mitochondrial Ca2+ level and responsiveness to external K+ stimulation, and SSC 590 

stress with the plasticity of cristae and crista junctions in aged OHCs provide mechanistic insight for the 591 

mitochondrion’s influence in the progression of aging. Finally, the application of theoretical modeling of ATP 592 

production based on 3D cristae structure opens the door to multiscale energy considerations not only for ARHL 593 

but also for normal cellular functions and other diseases. 594 

  595 
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DISCUSSION 596 

Implications of reduced Drp1 and altered Ca2+ homeostasis for ARHL 597 

The molecular mechanisms underlying ARHL are mainly unknown. Thus, the report that oxidative 598 

stress induces Bak-dependent mitochondrial apoptosis in the C57BL/6J mouse model provided critical 599 

mechanistic insight into ARHL(Someya & Prolla 2010). We report a second molecular mechanism contributing 600 

to ARHL-inhibited Drp1 RNA expression in the larger mitochondria of 24-mo CBA/CaJ mice (Fig. 5). This result 601 

agrees with the report by(Favaro et al 2019) that Drp1-deficient mitochondria are larger. They also report that 602 

Ca2+ uptake into the mitochondria was abnormal, and the ER showed stress, two features we observed at 24 603 

mo OHCs (Figs. 1,8, Movie 1). The tethering of OHC mitochondria to the SSC, sites of Ca2+ release, suggest 604 

that they are the first to sense transients in Ca2+ concentration via the MCU complex(De Stefani et al 2011) 605 

and would motivate future work to test the hypothesis that the lowered response by 24-mo OHC mitochondria 606 

to a surge in cytosolic Ca2+ concentration (Fig. 1) is linked to reduced expression or function of the MCU 607 

complex or its regulator, MCUR1 (Mallilankaraman et al., 2012). In other studies, Drp1 ablation in mouse adult 608 

forebrain altered synaptic transmission as well as decreased oxygen consumption and ATP 609 

production(Oettinghaus et al 2016), consistent with our modeling of lowered ATP-producing capacity in Drp1-610 

deficient, aged OHC mitochondria (Table 1, and extended data Table 1-1). Finally, Drp1 was also reduced in 611 

mouse cardiac and skeletal muscles during aging(Zhou et al 2017), which couples aging to Drp1 deficiency 612 

and perturbed Ca2+ homeostasis(Favaro et al 2019). Aging could impact mitochondrial more broadly in the 613 

auditory pathway to impair hearing. 614 

Increased mitochondrial size and decreased mitochondrial membrane potential in older OHCs suggest 615 

a reduced capacity for ATP generation 616 

The 3DEM of this study uncovered mitochondrial structural details, some of which were modified with 617 

age, having several functional implications for ARHL. The observed increase in mitochondrial size at 18 and 618 

24-mo in OHCs (Fig. 4) and its correlation to a decrease in mitochondrial membrane potential (Fig. 2) reflect 619 

similar findings in the aged brain and spinal ganglion neurons(Martinelli et al 2006, Sastre et al 2000). They 620 

may represent a decrease in mitochondrial complex I-linked state 3 respiration(Thomsen et al 2018). An 621 

increase in mitochondrial size has been associated with metabolic and oxidative stress(Gouras et al 2016). 622 
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The metabolic competence, as measured by cytochrome oxidase density inside mitochondria, of the largest 623 

synaptic mitochondria in monkey cerebellum decreased with age(Bertoni-Freddari et al 2008). If this result can 624 

be translated to mouse OHC, then the 24-mo OHC mitochondria, which are significantly larger than those at 3- 625 

and 15-mo, nonetheless displaying significantly fewer cristae, may represent reduced numbers of cytochrome 626 

oxidase and perhaps other OXPHOS complexes, which in turn may reflect a reduced capacity for ATP 627 

generation that would affect OHC functions. A decrease in mitochondrial membrane potential, as found for 24-628 

mo OHCs, and respiration would also lower the capacity of the mitochondrion to produce ATP, stressing OHC 629 

and potentially leading to cell death. 630 

Mitochondria tethered to the SSC have polarized cristae 631 

Cristae architecture reflects the energy demands of a cell even within periods as short as 10-min 632 

(Dlaskova et al 2019). Cristae polarization towards the SSC was shown in OHCs but not recognized(Lim 1986, 633 

Schulte 1993, Spicer et al 1998, Weaver & Schweitzer 1994). Using the gerbil, Spicer et al. (1998) showed that 634 

most mitochondria (27 out of 37, i.e., 73%) displayed strong cristae polarization, higher than that found in the 635 

mouse. Cristae polarization was first analyzed in the mitochondria-associated adherens complex (MAC) of the 636 

calyx of Held(Perkins et al 2015, Perkins et al 2010). The near-perfect polarization of cristae towards the 637 

presynaptic membrane is one of the defining features of MAC mitochondria. Recently, cristae polarization was 638 

also reported in brown adipocytes in the subpopulation of mitochondria adjacent to a lipid droplet(Varghese et 639 

al 2019). These peri-droplet mitochondria are anchored to the lipid droplet, not unlike the tethering of OHC 640 

mitochondria to the SSC. 641 

May cristae polarization aid Ca2+ sensing? 642 

Mitochondria close to the SSC may calibrate their ATP production by efficiently sensing Ca2+ levels due 643 

to their cristae polarization. The preferred perpendicular orientation of cristae (Fig. 6) in OHC mitochondria 644 

tethered to the SSC, which releases Ca2+ via its ryanodine receptor, may facilitate entry of Ca2+. Diffusion 645 

along cristae “highways” extending the length of OHC mitochondria, as proposed for mitochondria in the 646 

auditory brainstem MAC(Perkins et al 2015, Perkins et al 2010). Close apposition of the three membranes 647 

separating the SSC lumen from the mitochondrial matrix is likely essential for efficient Ca2+ transport because 648 

the affinity of the MCU for Ca2+ is surprisingly low(De Stefani et al 2011, Kamer & Mootha 2015). Therefore, 649 
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mitochondria-SSC tethering may be critical so that a spatially restricted microdomain of high Ca2+ 650 

concentration is created(De Stefani et al 2016) and may provide a structural framework for bi-directional 651 

signaling between the two organelles that are developmentally regulated as reported in the 652 

muscle(Boncompagni et al 2009). Ca2+ uptake into mitochondria stimulates ATP production mainly via 653 

activation of tricarboxylic acid cycle enzymes(Denton & McCormack 1980). Reduced Ca2+ uptake into aged 654 

mitochondria would inhibit ATP production. One function of ATP in the OHC is to fuel the release of Ca2+ from 655 

the SSC. Ca2+-induced Ca2+ release in the mammalian cochlea has been suggested to facilitate efferent 656 

transmission in OHCs(Grant et al 2006). Aging weakens the control of Ca2+ homeostasis, which can impact the 657 

maintenance of a proper energy level(Castelli et al 2019, Kopke et al 1999, Tavanai & Mohammadkhani 2017). 658 

Our findings of lowered mitochondrial Ca2+ level, mitochondria less responsive to elevated cytosolic Ca2+ 659 

concentration, and modeled reduction in mitochondrial ATP production capacity in aged OHCs point to 660 

compromised efferent transmission and energy stress in ARHL. 661 

Crista junction alterations in the aged OHC  662 

The preference for crista junctions to face the SSC in OHCs (Fig. 6) reflects functional crosstalk 663 

between the mitochondrial contact site and cristae organizing system (MICOS) proteins at this junction and the 664 

respiratory chain complexes (Chojnacka et al 2015, Friedman et al 2015, Harner et al 2014, van der Laan et al 665 

2016) that we hypothesize attunes crista biogenesis to the needs of the SSC. This hypothesis is supported by 666 

the ability of a MICOS protein, MIC10, to travel out of crista junctions and stabilize rows of ATP synthase 667 

dimers to grow lamellar cristae, the only type of cristae found in OHC mitochondria (Eydt et al 2017, Rampelt 668 

et al 2017b). Further, MICOS-mediated crista junction formation through MIC60 is linked to the activity of 669 

complex IV via its subunit, Cox17(Chojnacka et al 2015). Our finding of slow decay in mitochondrial 670 

depolarization at 24 mo OHCs (Fig. 2D) appears not to be related to Opa1 impairment, but may be tied to 671 

perturbation of the MICOS complex. The significant increase in crista junction polarization in 24-mo 672 

mitochondria may be a compensatory attempt to signal for crista biogenesis in mitochondria that have lost 673 

crista numbers and size. The extent of 24-mo crista junction polarization is similar to that reported for MAC 674 

mitochondria(Perkins et al 2010), which had nearly twice as many crista junctions facing the synaptic side 675 
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compared to facing away from the synapse (174 vs. 96, ratio=1.81). In summary, a perturbation of crista 676 

junction number and polarity, as observed in aged OHC mitochondria, likely alter respiration.  677 

The molecular basis for the observed decrease in crista junction numbers in 24-mo OHC mitochondria 678 

may center on two proteins: the MICU1 and PTEN-induced kinase 1 (PINK1). The MCU complex contains 679 

three core proteins: MICU1, MCU, and EMRE. MICU1 stabilizes crista junctions and the mitochondrial 680 

membrane potential(Gottschalk et al 2019). When the mitochondrial Ca2+ level is elevated, MCU and EMRE 681 

join MICU1 at the mitochondrial inner boundary membrane in a dynamic manner regulated by MICU1. Our 682 

findings of fewer crista junctions, reduced mitochondrial membrane potential, and lowered mitochondrial Ca2+ 683 

level and responsiveness to K+ stimulation in 24-mo OHC mitochondria begs the question, “In aged OHC, 684 

could there occur lowered expression or mislocalization of MCU complex proteins?” In support of this 685 

hypothesis, loss of MCUR1 induces a decrease in mitochondrial membrane potential leading indirectly to 686 

lowered mitochondrial Ca2+ uptake(Raffaello et al 2016). Recently, it was discovered that PINK1 was required 687 

to phosphorylate MIC60 for crista junction numbers to increase (Tsai et al 2018).  688 

Perturbations to MICOS proteins that regulate crista junctions may also be involved with the observed 689 

crista junction remodeling at 24 mo. Mic60, Mic13, and QIL1 are essential for the formation of crista 690 

junctions(Anand et al 2016, Guarani et al 2015, John et al 2005, Rabl et al 2009).  Mic10 curves crista 691 

junctions, forming a membrane-sculpting scaffold for stabilizing the large MICOS complex(Eydt et al 2017). 692 

Mammalian Mic27 specifically binds the membrane-curving phospholipid cardiolipin. Mutations to the genes or 693 

under-expression of these 5 MICOS components may contribute to the change in crista junction numbers in 694 

24-mo OHC mitochondria.  695 

  696 
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 895 
 896 
 897 
 898 
Table 1 Mitochondrial ATP and Energy Production in Aging OHC 899 

Mouse Age Crista Shape Factora ATP/s/Mitob Power/Mito Volc Mito #d ATP/se ATP/s/CJf 

3 mo 0.16 0.020 6.0 0.75x105 2.1 0.26x10-12 272 75 1.6x108 3.2x104 

15 mo 0.17 0.024 6.2 0.88x105 2.3 0.33x10-12 263 51 1.6x108 3.4x104 

18 mo 0.17 0.018 9.1 1.0x105 2.3 0.25x10-12 228 46 2.1x108 4.3x104 

24 mo 0.12 0.014 4.0 0.45x105 1.2 0.14x10-12 171 71 0.68x108 3.4x104 

aCrista surface area divided by crista volume. Mean SEM. Units: nm-1. n = 31, 29, 30 and 34 mitochondria for 900 

3-mo, 15-mo, 18-mo, and 24-mo, respectively, using 3 mice per age. These numbers also apply to the next 2 901 

columns. p = 0.041 between 24-mo and 18-mo. Other pairings were not significantly different. 902 

bNumber of ATP molecules produced per second per mitochondrion. Mean  SEM. Bold p = 0.00045, 0.0035, 903 

0.0040 between 24-mo and 18-mo, 15-mo, 3-mo, respectively. 904 

cEnergy per second, i.e., power (J/s = Watt) produced in the form of ATP hydrolysis per a mitochondrial volume 905 

of one micron3. Mean x  SEM. Units: J/s/micron3. Bold same p values as the previous column.  906 

dNumber of mitochondria. Mean  Std Dev, n = 14, 12, 13 and 10 OHCs for 3-mo, 15-mo, 18-mo and 24-mo, 907 

respectively using 3 mice per age. R = 0.049, 0.039 between 24-mo and 3-mo, 15-mo, respectively.  908 

eNumber of ATP molecules produced per second by the complement of mitochondria adjacent to the lateral 909 

SSC. Calculated by multiplying the entries in the second column with the entries in the fourth column. R = 910 

0.00018, 0.00067, 0.00092 between 24-mo and 18-mo, 15-mo, 3-mo, respectively. 911 

fNumber of ATP molecules flowing through a crista junction per second calculated by dividing the values in the 912 

second column (ATP/s/Mito) by the mean value of the number of crista junctions per mitochondrion provided 913 

here: 19 1.5, 19 1.9, 21 2.7, 12 2.2, mean SEM, n = 10. p = 0.024, 0.043, 0.018 comparing 24-mo with 3-914 
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mo, 15-mo and 18-mo, respectively. Calculated ATP values are not significantly different between ages. 915 

Shown is an illustration of the mitochondrial ATP stream (Table 1-1). 916 

  917 
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Figure Legends 918 

Table 1-1 919 
Extended Data Table 1-1. Crista shape and size and crista junction structure influence the rate of ATP 920 

production. The modeling of Song et al. (2013) used spatial representations of cristae, inner boundary 921 

membrane, and crista junctions with dimensions and geometry derived from electron microscope tomography. 922 

Shown is a model of a crista junction and part of a crista. The crista junction has a diameter of 11 nm, the 923 

mean value from our measurements, consistent across ages. The “ATP stream” is represented by many 924 

copies of the surface representation of the atomic-resolution structure of ATP in different orientations with 925 

accurate scaling of ATP molecule size; the Stokes-Einstein diameter of an ATP molecule is 1.4 nm. The 926 

biophysical model estimates that the ATP stream going through each OHC crista junction is about 3x104 927 

ATP/s, giving the impression that a crista junction is like an ATP fire nozzle. 928 

 929 

Figure 1. ABR and DPOAE thresholds were increased in aged CBA/CaJ mice, and mitochondrial Ca2+ levels 930 

and ability to respond to K+ stimulation were reduced in old (15-24-mo) OHCs. A. Average ABR threshold for 931 

click sounds at five different ages (3-24-mo; n = 17 mice). Significant threshold elevation was seen in 18- and 932 

24-mo mice. * p = 3x10-5 between 18-mo and 3-mo; # p = 7x10-7 between 24-mo and 3-mo. B. Average ABR 933 

thresholds using tone pips at 4, 8, 16, and 32 kHz in CBA/CaJ mice (n = 17 mice).  ANOVA was used to test 934 

for differences in age populations, * p = 0.0012 between 24-mo and 3-mo at 8 kHz, # p = 2.0x10-5 between 24-935 

mo and 3-mo at 16 kHz, @ p = 0.001 between 18-mo and 3-mo at 32 kHz, & p = 1x10-5 between 24-mo and 3-936 

mo at 32 kHz. C. DPOAE thresholds for 3-, 15- and 24-mo CBA/CaJ mice. * p = 1x10-5 between 24-mo and 3-937 

mo at 8 kHz; # p = 2x10-4 between 24-mo and 3-mo at 16 kHz.  D. Representative fluorescence images of 3-, 938 

15- and 24-mo OHCs from the apical cochlear turn loaded with the Ca2+ dye Oregon Green 488 BAPTA-1 AM 939 

(OGB) (green). Scale bar = 1 m. The rectangular boxes show the regions of SSC-associated mitochondria 940 

labeled with TMRM (red) from which the total fluorescence was measured (data from 16 mice with ABR and 941 

DPOAE records in A-C). E. Relative mitochondrial Ca2+ fluorescence at low (●) and high (●) baseline Ca2+ 942 

levels and in young (3-mo; ●) and old (24-mo; ●) OHCs. F/F0 = [F(t)-F(0)]/F(0), t is time, F(t) is OGB 943 

fluorescence following stimulation (external K+) and F(0) is the pre-stimulus fluorescence. Post hoc 944 

comparisons using the Tukey HSD test indicated that the means of data from low, high, young, and old OHC 945 
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mitochondria were all significantly different. The population means were significantly different. F(3,80)= 968, p 946 

= 0.0009, n = 21 OHCs from 21 cochleae. Shown in inset is an example of sub-PM regions in which 947 

cytoplasmic and mitochondrial Ca2+ was measured (indicated with white arrows). Note that Ca2+ levels in 948 

regions marked by TMRM (in red) were intense compared to the bulk cytoplasmic Ca2+ levels. Scale bar on 949 

upper panel = 1 m; lower panel = 2 m. F. Effects of high external K+ (20 mM) on mitochondrial Ca2+ (OGB) 950 

fluorescence intensities and after washout with lower (5 mM) K+. The dashed blue vertical lines indicate the 951 

time point of the addition of 20 mM K+ solution (left line) and the time point of the washout with a 5 mM K+ 952 

solution (right line). The solid curve fits the 9 data points for 3, 15- and 24-mo infra-nuclei (IN) mitochondria 953 

and the dashed curve fits the 9 data points for 3-, 15, and 24-mo supra-nuclei mitochondria. The fluorescence 954 

intensity measurements were evaluated in mitochondria that remained in focus throughout the imaging period. 955 

 956 
Figure 2. Mitochondria were substantively depolarized in 24-mo OHCs. A. TMRM fluorescence micrographs 957 

depict frames of fluorescence intensities in 3-mo (upper panel) and 24-mo OHCs (lower panel). Images were 958 

captured using identical confocal settings after background subtraction. Scale = 3 m.  B. Mitochondrial 959 

membrane potential (Δψm) measurements, showing a representative time course of TMRM fluorescence 960 

intensities made from 3-, 15-, and 24-mo apical OHCs. FCCP (1 mM) was applied at the time indicated with an 961 

arrow and the time course of decay of mitochondrial potential for various aged OHCs was fitted with a single 962 

exponential decay time constant (t) for each age as shown beside the plots using color codes as represented 963 

in the graph. ∆F is arbitrary fluorescence units. C-D. Summary data (mean and SEM) of the fluorescence 964 

intensities and the decay time constant after application of FCCP (n = 13 OHCs from 3 cochleae for each of 3-, 965 

15-, and 24-mo CBA/CaJ mice). C. The population means were significantly different. F(2,36) = 56.7, * p = 966 

6.0x10-5 comparing 24-mo with 3-mo. D. The population means were significantly different. F(2,36) = 187, * p = 967 

1.0x10-35 comparing 24-mo with 3-mo. 968 

 969 

Figure 3. OHCs in a CBA/CaJ mouse model exhibited pathology due to aging. A. TEM image of a 3-mo OHC 970 

to demonstrate normal ultrastructure. Mitochondria were prevalent, and their density was noticeably higher in 3 971 

regions: 1) surrounding the nucleus, 2) nestled against the cuticular plate, and 3) adjacent to the SSC. The 972 

black lines on either side indicate the region between the nucleus and cuticular plate used for the mitochondrial 973 
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and SSC analyses in figures 5-8 and Table 1; >80% of mitochondria in this region were positioned within 0.5 974 

m of the lateral plasma membrane.  The magenta line delineates the area occupied by the Hensen’s body.  B. 975 

Aged OHC pathology. The TEM image of a 24-mo OHC with loss of cytoplasmic density such that it is uniform 976 

throughout.  The magenta line encircling the Hensen’s body shows decreased complexity of this structure, 977 

including decreased size as well as density.  The OHC has also detached from the Deiters’ cup and synapses. 978 

The increased thickness/width of the OHC is an observed consequence of the detachment. C. By 24 mo, some 979 

OHCs still appear relatively normal (asterisk). However, detachment from the Deiters’ cup and nerve terminals, 980 

as well as the presence of an autophagosome (au) and swollen mitochondria, are noted in this OHC.  In 981 

contrast, other OHCs (Ig, black arrow) had extensive features of cell death or have disappeared.  In this OHC 982 

(lg, black arrow), there is a loss of plasmalemma integrity (white arrow), autophagosome (au), and 983 

multilamellar bodies (mlb) and an overall loss of organelles, such as mitochondria.   D. Further pathology was 984 

seen at 24 mo with two degenerating synapses (arrows) and a loss of cytoplasmic components below the 985 

synapses in an efferent nerve terminal impinging on the basal portion of an OHC. However, synaptic 986 

membrane specializations remained in the OHC. Panel B is from a different 24-mo cochlea than are panels 987 

C&D. E.  A representative example of the OHC cut in cross-section to the length of the OHC cylindrical shape.  988 

The complement of mitochondria (white arrows) aligned along the SSC was used for the energy calculations 989 

(Table 1). In contrast, mitochondria in the interior of the OHC (black arrow) were ignored for purposes of the 990 

energy calculations. DC = Deiters’ cell. n = 4, 5, 3 mice with 1 cochlea used per mouse for 3-mo, 18-mo and 991 

24-mo, respectively; n = 29, 25, 25 OHCs for 3-mo, 18-mo and 24-mo, respectively. 992 

 993 

Figure 4. Mitochondrial size and number were altered in aged OHCs in a CBA/CaJ mouse model. A-D. 994 

Mitochondria had increased size at 18 and 24 mo. A. A 1.6 nm-thick slice near the middle of a tomographic 995 

volume of 3-mo OHC showing two mitochondria about the same size as (B) 15-mo mitochondria (arrowheads 996 

point to the lateral plasma membrane for positional reference; scale = 250 nm applicable for A-D). C. In 997 

contrast, 1.6 nm-thick slices through tomographic volumes of 18-mo and 24-mo OHCs (D) show mitochondria 998 

that appear larger. E. The volume of mitochondria was significantly larger in 18- and 24-mo OHCs (n = 20 999 

mitochondria from 3 mice at each age; * p = 1.8x10-5, 0.0042 comparing 3-mo with 18-mo and 24-mo, 000 
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respectively; p = 1.5x10-7, 0.0021 comparing 15-mo with 18-mo and 24-mo, respectively). F. No significant 001 

change in mitochondrial volume density was found upon aging (mean±SEM; n = 10 OHCs from 3 mice for 002 

each age). G. However, there appeared to be a greater number of mitochondria in 3-mo OHCs compared with 003 

(H) 18-mo OHCs in the same-size cytoplasmic area. (scale = 300 nm applicable for G&H).  I.  The number of 004 

mitochondria per cytoplasmic volume had dropped significantly by 18 mo and remained low at 24 mo. (n = 9 005 

OHCs from 3 mice for each age; * p = 0.0037, 0.0053 comparing 3-mo with 18-mo and 24-mo, respectively; p 006 

= 0.012, 0.020 comparing 15-mo with 18-mo and 24-mo, respectively). 007 

 008 

Figure 5. The number of Drp1 RNA molecules, but not Opa1 RNA molecules, was significantly reduced in 24-009 

mo compared to 3-mo OHCs.  Expression and localization of Drp1 and Opa1-encoding transcripts in OHCs 010 

were examined using smFISH in excised whole-mount preparations of the organ of Corti isolated from 3- and 011 

24-mo mice.  A & B. Single RNA molecules encoding for Drp1 (A) and Opa1 (B) and no probe controls (inset 012 

in lower panel) were detected as fluorescent puncta (Drp1: red), and (Opa1: green) in myosin7A-positive 013 

(yellow) OHC cell bodies.  Images are presented as Z-projections through a stack of confocal micrographs.  014 

For easier visualization of fluorescently labeled mRNA molecules, identical views are provided without OHC 015 

labels. C.  The mean number of single RNA molecules detected per OHC was calculated as described in the 016 

Methods. Median expression values are provided for 3-, 15- and 24-mo OHCs. For Drp1, the population means 017 

were significantly different. F(2,42)= 28.7, * p = 1.4x10-8 comparing 3-mo and 15-mo,  n = 16 (3-mo), 13 (15-018 

mo), and 16 (24-mo) OHCs from 8 cochleae. # p = 1.5x10-4 comparing 3-mo and 24-mo. For Opa1, the 019 

population means were not significantly different. F(2,42)= 2.23, p = 0.12, n = 16 (3-mo), 13 (15-mo), and 16 020 

(24-mo) OHCs from 8 cochleae. 021 

 022 

Figure 6. Cristae tended to be polarized towards the SSC in the OHC at all ages examined. A-D. 3DEM shows 023 

that OHC mitochondria have lamellar cristae. The density of cristae appeared similar at 3, 15, and 18 mo, yet 024 

lower at 24 mo. Shown are 1.6 nm-thick slices near the middle of each tomographic volume. Arrowheads point 025 

to the lateral plasma membrane for positional reference, and arrows indicate crista junctions. The white line 026 

segments and angle symbol show the method for measuring crista polarization towards the SSC as used for 027 
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panel N. (scale = 200 nm applicable for A-D) E. The crista density was significantly lower for 24-mo OHC 028 

mitochondria (n = 32,29,40,32 mitochondria for 3,15,18,24 mo, respectively, from 3 mice per age group; * p = 029 

0.0040, 0.0035, 4.5x10-4 comparing 24-mo with 3-mo, 15-mo, and 18-mo, respectively). F. Orthogonal views 030 

(top->side->side perpendicular) of a surface-rendered mitochondrial volume from an 18-mo OHC show the 031 

extent the cristae occupy the volume and cristae orientation (outer membrane: transparent maroon, cristae: 032 

shades of brown). G. Orthogonal views of a surface-rendered 24-mo mitochondrial volume show a similar 033 

orientation, but that the cristae occupy less of the mitochondrial volume compared with the 18-mo example. H. 034 

All 5 cristae from the 18-mo mitochondrion displayed in the same orientation to show their shape and size. I. 035 

All 4 cristae from the 24-mo mitochondrion displayed in the same orientation to demonstrate that they are 036 

smaller and fewer in number compared with the 18-mo example, revealing how the crista density has been 037 

reduced at 24 mo. J. Side view of a surface-rendered 3-mo mitochondrial volume shown with the surface-038 

rendered SSC closest to the mitochondrion (slate gray). K. Top view of the same volume showing that the 039 

cristae align so that one end tends to face the SSC.  Sometimes, when the cristae orient in a direction pointing 040 

away from the SSC at the far end (arrowheads), they will curve back to align facing the SSC at the near end 041 

(arrows). L & M. Side and top views of a surface-rendered 18-mo volume showing the near-perfect alignment 042 

of cristae facing the SSC. N. The degree of polarity (see Methods) shows significant polarization of cristae 043 

towards the SSC in mitochondria adjacent to it for all ages with the strongest value (>2) for 3 mo.  The black 044 

line at “1” signifies a random orientation.  For reference, the degree of polarity values close to zero would 045 

indicate an opposite cristae polarization (e.g., the cristae orientation in figure 7c). Chi-squared test p = 1.1x10-046 

5, 0.0013, 0.029, 0.0014 for 3-, 15-, 18- and 24-mo respectively (3 mice per age group), showing a greater than 047 

95% confidence level of non-random orientation of cristae with respect to the SSC for mitochondria positioned 048 

near it. 049 

 050 

Figure 7. Crista junctions tended to be polarized towards the SSC for mitochondria positioned near it in the 051 

OHC at all ages examined. A. Top view of a surface-rendered mitochondrial volume from a 15-mo OHC shows 052 

the positioning of a greater number (15) of crista junctions facing towards the SSC (blue spheres with a 053 

diameter the mean of the crista junction opening) than facing away (10; yellow spheres with the same 054 
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diameter) from the SSC (outer membrane: transparent maroon, SSC: slate gray). B. Side view showing that 055 

there is no clustering of crista junctions in the z-direction. C. A 1.6 nm-thick slice near the middle of a 15-mo 056 

OHC tomographic volume showing cristae with an orientation opposite to those shown in figure 6. An 057 

arrowhead points to the lateral plasma membrane for positional reference, and an arrow points to a crista 058 

junction. (scale = 200 nm) D. The volume now surface-rendered, shows the 3D orientation of the cristae 059 

(shades of brown) in relation to the SSC. E. Top view of the surface-rendered volume showing the 3D 060 

arrangement of nearly equal crista junctions on either side (13 blue, 12 yellow). F. Side view of the surface-061 

rendered volume providing a different perspective of the 3D crista junction distribution around the mitochondrial 062 

periphery. G. The ratio of the number of crista junctions facing towards the SSC to those facing away in 063 

mitochondria with polarized cristae (see figure 6) shows a significant polarization towards the SSC. The black 064 

line at “1” signifies a random orientation.  Control mitochondria from the same volumes were those with either 065 

the opposite cristae orientation (figure 7C) or mitochondria located in the region of interest (figure 2A black 066 

lines) far from the SSC. Because no difference was noticed between ages, they were grouped for analysis. 067 

These mitochondria exhibited no crista junction polarization between sides with little variance (0.97±0.05). 068 

ANOVA with Bonferroni correction post hoc comparing control with age groupings of polarized mitochondria 069 

indicated that the crista junction polarization was statistically significant and that the 24-mo crista junctions 070 

were significantly more polarized than the 3-, 15-, and 18-mo crista junctions. (n = 10 mitochondria each for 3- 071 

,15-, 18-, 24-mo polarized and control from 3 mice for each age; * p = 0.0097, 0.011, 2.3x10-4, 3.3x10-4  072 

comparing 3-, 15-, 18-, and 24-mo with control, respectively; # p = 0.0074, 0.014, 0.027 comparing 24 mo with 073 

3-, 15-, and 18-mo, respectively). H. Top view and I. side view of a 24-mo volume showing a mitochondrion 074 

adjacent to the SSC with its crista junctions. There appeared to be fewer and smaller crista junctions. J. The 075 

number of crista junctions normalized to the mitochondrial outer membrane surface area was significantly 076 

lower at 24 mo. Moreover, the control (unpolarized) mitochondria had a significantly lower number of crista 077 

junctions. (n = 10 mitochondria each for 3- ,15-, 18-, 24-mo polarized and unpolarized from 3 mice for each 078 

age; * p = 0.0024, 0.0051, 0.0011 comparing 24 mo with 3-, 15-, and 18-mo, respectively; # p = 7.5x10-4, 079 

9.9x10-4, 1.5x10-4 comparing 3-, 15-, and 18-mo with unpolarized, respectively) K. Occasionally, EM 080 

tomography provides an en face view of crista junctions, as seen in this 15-mo OHC mitochondrion example. 081 
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Three crista junctions are seen inside the black box. Each shows a circular opening of relatively uniform size, 082 

thus confirming the expected crista junction architecture (scale = 200 nm).  083 

 084 

Figure 8.  The tethering of mitochondria to the OHC SSC by thin filaments was decreased, and SSC stress 085 

was observed at 24 mo. A. Fewer mitochondria were positioned adjacent to the SSC in the 24-mo OHC 086 

compared to younger OHCs (B, 15-mo shown). Scale = 1 micron. C. Nearly all mitochondria adjacent to the 087 

SSC were tethered by thin filaments ~5-10 nm in diameter, found consistently for 3-, 15-, 18-, and 24-mo 088 

OHCs. Typically, there were multiple tethers for each mitochondrion-SSC coupling. An example is the 5 089 

filamentous tethers shown inside the black-boxed region of a slice through the middle of a 24-mo OHC volume 090 

and expanded 3x in the right inset; white arrowheads point to filaments. M=mitochondrion, SSC=subsurface 091 

cisternae; black arrowhead points to the cell membrane. (scale = 200 nm) D. The mitochondrion-SSC tethering 092 

persisted even when the SSC was swollen. An example is the tethering by two filaments seen inside the black-093 

boxed region and expanded 3x in the bottom right inset; white arrowheads point to filaments.  Appreciable SSC 094 

swelling was only observed at 24 mo. E. The percentage of mitochondria tethered to the SSC by thin filaments 095 

in the region-of-interest OHC cytoplasm was lower at 24-mo compared to younger mice (n = 10 OHCs from 3 096 

mice for each age for 3-, 15-, 18- and 24-mo; * p = 0.020, 0.0053, 0.0034 comparing 24-mo with 3-, 15-, and 097 

18-mo, respectively). F. However, there was no difference in the number of tethers per mitochondrion 098 

positioned adjacent to the SSC across ages (n = 23, 13, 20, 32 mitochondria each for 3-, 15-, 18- and 24-mo, 099 

respectively—3 mice for each age).  G. A range of SSC swelling was found at 24-mo.  The SSC mesh (slate 100 

gray) appeared normal in this surface-rendered volume except for an unusual swelling (golden rod) seen in this 101 

side view. H. A top view of the SSC mesh showing protruding of the swelling into the OHC cytoplasm. I. A 102 

second mouse shows more SSC swelling (3 swellings) with the top view (J), indicating that the swellings have 103 

different sizes. K. A slice through an OHC volume from a third mouse shows even more extensive SSC 104 

swelling (arrows). (scale = 200 nm) L. An unusual remodeling of the SSC has occurred, producing a 105 

continuous double-membrane sheet (lamella) for only the portion of the SSC (tan) that displays swellings 106 

(golden rod) in this top view of the surface-rendered volume. M. A side view showing the 7 extensive swellings 107 

of the SSC lamella and the normal-appearing SSC mesh to either side of the abnormal SSC. 108 
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 109 

Figure 9. Schematic diagrams depict how altered organelle connectomics in the OHC may contribute to 110 

progressive hearing loss. The PM, SSC, and mitochondria are part of the OHC’s Ca2+-regulating machinery, 111 

and in the young animal, Ca2+ homeostasis is maintained. Mitochondria tethered to the SSC have cristae 112 

polarized towards it. In contrast, the old animal exhibits SSC stress, mitochondrial fission/fusion imbalance, 113 

and a remarkable reduction in mitochondrial and cytoplasmic Ca2+ levels. When extracellular K+ is elevated, 114 

Ca2+ enters the cell through the Cav and is uploaded into the SSC-tethered mitochondria. In the old animal, 115 

there is reduced K+-induced mitochondrial Ca2+ upload, enlarged, yet fewer mitochondria, fewer cristae, SSC 116 

swelling, and fewer mitochondria tethered to the SSC. The altered Ca2+homeostasis underpins the candidate 117 

hypothesis that disruption of organelle connectomics is a mechanism for hearing loss. PM, plasma membrane: 118 

SSC, subsurface cisternae; mito, mitochondrion; Cav, voltage-gated Ca2+ channel. 119 

Movie 1 Legend 120 

Tomographic volume and surfaced-rendered volume after membrane segmentation of a mitochondrion and 121 

SSC in a 15-mo OHC. 122 

First sequence: moving quickly through the z-slices of the tomographic volume. 123 

Second sequence: rotations of the surface-rendered volume. The SSC meshwork is shown in chocolate, the 124 

mitochondrial inner boundary membrane in rosy brown, and the cristae in various shades of brown. 125 

Third sequence: rotation of the SSC only. 126 

Fourth sequence: the cristae rotated with the mitochondrial inner boundary membrane made translucent to see 127 

the cristae better. 128 

Fifth sequence: rotation with crista junctions added as a black with the same mean diameter as measured, 129 

about 14 nm. Seven crista junctions face towards the SSC and four faces away, showing the polarization. 130 

Sixth sequence: rotation with the mitochondrial inner boundary membrane made opaque to see the crista 131 

junction distribution better. 132 

The seventh sequence: shows all the segmentation. 133 




















