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ABSTRACT:  32 

Cochlear sensitivity, essential for communication and exploiting the acoustic environment, 33 

results from sensory-motor outer hair cells (OHCs) operating in a structural scaffold of 34 

supporting cells and extracellular cortilymph (CL) within the organ of Corti (OoC).  Cochlear 35 

sensitivity control is hypothesized to involve interaction between the OHCs and OoC 36 

supporting cells (e.g., Deiters’ cells (DCs) and outer pillar cells (OPCs)), but this has never 37 

been established in vivo. Here, we conditionally expressed channelrhodopsins (ChR2) 38 

specifically in male and female mouse DCs and OPCs.  illumination of the OoC activated the 39 

nonselective ChR2 cation conductance and depolarized DCs when measured in vivo and in 40 

isolated OoC.  Measurements of sound-induced cochlear mechanical and electrical responses 41 

revealed OoC illumination suppressed the normal functions of OoC supporting cells 42 

transiently and reversibly. OoC illumination blocked normally occurring continuous minor 43 

adjustments of tone-evoked basilar membrane (BM) displacements over their entire dynamic 44 

range and OHC voltage responses to tones at levels and frequencies subject to cochlear 45 

amplification. OoC illumination altered the OHC MET conductance operating point, which 46 

reversed the asymmetry of OHC voltage responses to high level tones.  OoC illumination 47 

accelerated recovery from temporary loud sound-induced acoustic desensitization.  We 48 

concluded that DCs and OPCs are involved in both the control of cochlear responses that are 49 

essential for normal hearing, and the recovery from temporary acoustic desensitization. This 50 

is the first direct in vivo evidence for the interdependency of the structural, mechanical, and 51 

electrochemical arrangements of OHCs and OoC supporting cells that together provide fine 52 

control of cochlear responses. 53 

 54 

Significance statement 55 
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A striking feature of the mammalian cochlear sensory epithelium, the organ of Corti, is the 56 

cellular architecture and supporting cell arrangement that provides a structural scaffold for 57 

the sensory-motor outer hair cells. The role of the supporting cell scaffold, however, has 58 

never been elucidated in vivo, although in vitro and modelling studies indicate the scaffold is 59 

involved in exchange of forces between the outer hair cells and the organ of Corti. We used 60 

in vivo techniques, including optogenetics, that do not disrupt arrangements between the outer 61 

hair cells and supporting cells, but selectively, transiently, and reversibly interfere with 62 

supporting cell normal function. We revealed the supporting cells provide continuous 63 

adjustment of cochlear sensitivity, which is instrumental in normal hearing.  64 

 65 

KEY WORDS: Cochlea; in vivo optogenetics; organ of Corti; supporting cells; outer hair 66 

cells; cochlear sensitivity; cochlea electrophysiology; cochlear mechanics; cochlear 67 

amplification; noise-induced hearing loss, cochlear control system. 68 

 69 

INTRODUCTION 70 

Cochlear OHCs (Dallos, 2008; Ashmore, 2008) interact with cellular and noncellular 71 

elements of the cochlear partition, including the BM, reticular laminar (RL), and tectorial 72 

membrane (TM), via an enveloping cage of specialized supporting cells (Fig. 1A, B) 73 

including OPCs and DCs (e.g. Nam, 2014; Motallebzadeh et al., 2018). Through this 74 

interaction, OHCs amplify responses to low-to-moderate-level sounds and compress 75 

responses to loud sounds over an enormous dynamic range. Simultaneously, OHC activity 76 

provides a basis for the precise frequency decomposition of complex sounds due to their 77 

tonotopic arrangement on the BM, which is graded in stiffness and frequency from the 78 

compliant low-frequency apex to the stiff, high-frequency base of the cochlea (Robles and 79 

Rugerro, 2001). Ultrastructural (Parsa et al., 2012), in vitro and in vivo electrophysiological, 80 
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micromechanical (Zhu et al., 2013), and modelling studies (Nam, 2014; Motallebzadeh et al., 81 

2018) support the concept that the structural scaffold of OPCs and DCs are critically located 82 

to transmit passive and active forces from OHCs to the structures of the cochlear partition. 83 

However, the role of the supporting cell cage has never been elucidated in vivo.  84 

In addition to having a presumed role in the interactive transfer of forces between the major 85 

elements of the OoC and the OHCs, the DCs are also engaged in regulating the 86 

electrochemistry of the CL (Santos-Sacchi, 1985; Hibino and Kurachi, 2006; Mistrik and 87 

Ashmore, 2009; Eckhard et al., 2012), which has potential consequences for 88 

mechanoelectrical interaction between OHCs, DCs and OPCs. During acoustic stimulation, 89 

when the OHC mechanoelectrical transduction (MET) channels located near the tips of the 90 

OHC hair-bundle stereocilia are gated (Figs 1A, B) (Corey and Hudspeth, 1979; Beurg et al., 91 

2009), K+ accumulates in the CL. This accumulation is due to the flow of K+ down its 92 

electrochemical gradient, from the positive K+ rich endolymph through the OHC MET 93 

channels, via the negative OHC resting membrane potential and K+ conductance of the OHC 94 

basolateral membranes, to the Na+ dominated CL (Figs 1A, B) (Davis, 1965; Russell, 1983; 95 

Wangemann, 2006). K+ accumulation occurs in the CL even during moderate level sounds 96 

(Cody and Russell, 1988; Johnston et al., 1989). Increased K+ concentration in the CL, and 97 

simultaneous OHC depolarization, causes changes in OHC responses to acoustic stimulation 98 

(Cody and Russell, 1985;1995), possibly through mechanical stimulation of the DCs, which 99 

affects OHC electromotility (Yu and Zhao, 2009). Preservation of the electrochemical state of 100 

the CL is, therefore, important for the metabolic state of the OHCs (Zdebik et al., 2009), 101 

sensory transduction and cochlear amplification.  102 

To test the hypothesis that DCs and OPCs have roles in controlling cochlear responses in 103 

vivo, we used optogenetic techniques that do not disrupt the structural arrangement between 104 

the OHCs and supporting cells (Lagarde et al., 2014), but allow selective, transient, and 105 
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reversible interference with the normal function of DCs and OPCs. The DCs and OPCs of 106 

optogenetic mice conditionally expressed a channelrodopsin, Chlamydomonas Opsin-107 

tdTomato (ChR2) that, when light-activated, gates a large nonspecific cation conductance 108 

(Nagel et al., 2002; Nagel et al., 2003) (Methods and Fig. 1C-H). We measured BM 109 

mechanical responses, phasic extracellular receptor potentials (ERPs), and tonic extracellular 110 

receptor potentials (ERPDC) from the CL. We also measured cochlear desensitization 111 

following exposure to loud sounds in optogenetic mice with excellent high-frequency 112 

hearing. Activation of ChR2 expressed in DCs and OPCs, through OoC illumination, strongly 113 

and reversibly blocked the fine adjustments of cochlear mechanical and electrical responses 114 

and accelerated recovery of cochlear sensitivity from temporary noise-induced 115 

desensitization. The use of optogenetics to block an ongoing cochlear function, provided an 116 

opportunity to examine the involvement of DCs and OPCs in controlling cochlear responses 117 

in vivo.  118 

 119 

MATERIALS AND METHODS 120 

 121 

Mouse models and immunofluorescence 122 

The Animal Resource Facilities of Creighton University approved protocols on mouse 123 

breeding, husbandry and cochlear morphological analysis performed in this study. All in vitro 124 

and in vivo experiments performed at the University of Brighton complied with Home Office 125 

guidelines under the Animals (Scientific Procedures) Act of 1986 and were approved by the 126 

University of Brighton Animal Welfare and Ethical Review Body. 127 

Mice were housed in a facility with a 12-h light/dark cycle and free access to food and water. 128 

All mice used here were purchased from The Jackson Lab: Fgfr3iCreERT2 (stock # 025809) 129 

and Rosa-CAG-LSL-hChR2(H134R)-tdTomato-WPRE or ChR2-tdTomato (stock #012567) 130 

were crossed to create the Fgfr3-iCreERT2; ChR2-tdTomato mouse. Tamoxifen was injected 131 
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intraperitoneally (i.p.) at 250mg/kg on postnatal day 12 (P12) and P13 mice to visualize the 132 

expression of ChR2-tdTomato in cochleae at P28. Mice were genotyped as described in 133 

protocols by The Jackson Lab. 134 

 135 

To induce ChR2-tdTomato expression specifically in mature DCs and PCs in the OoC, we 136 

used a previously characterized Fgfr3-iCreERT2 mouse line that displays ~100% inducible 137 

Cre activity in cochlear DCs and PCs when tamoxifen was injected at juvenile and adult ages 138 

(Cox et al., 2012, Walters et al., 2017). No ChR2-tdTomato was detected in DCs/PCs in 139 

Fgfr3-iCreERT2-; ChR2-tdTomato+ control mice at P28, whereas Fgfr3-iCreERT2+; ChR2-140 

tdTomato+ experimental mice showed robust expression of ChR2-tdTomato fusion protein 141 

specifically in both DCs and PCs within the OoC at P28 (Figure 1, B-F).  142 

 143 

The cochlear samples were fixed in 4% Paraformaldehyde for overnight at 4 °C (P28 144 

cochleae). Tissues were washed in PBS and decalcified in 120mM EDTA (pH = 7.4) for 48 145 

hrs before microdissection of the OoC. The samples were blocked and permeabilized in the 146 

blocking buffer (10% Fetal Bovine Serum  serum and 0.2 % Triton X-100 in PBS) for 2hrs at 147 

room temperature. They were then incubated at 4 °C overnight with primary antibody Rabbit 148 

anti-Myosin VI (1:400 Proteus Bioscience). The tissues were incubated with 1:800 diluted 149 

secondary antibodies for 2 hours at room temperature, washed with PBS, and incubated with 150 

Dapi (1:1000 Thermo Scientific) for 2 mins at room temperature, washed with PBS, and then 151 

mounted for imaging using Fluoromount-G (SouthernBiotech). All samples were imaged 152 

with an LSM700 confocal laser scanning image system (Carl Zeiss, Jena, Germany).  153 

 154 

In Vitro Methods  155 
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Male and female mice aged at least P17 were sacrificed using cervical dislocation. The 156 

mouse cochlea was freshly isolated and dissected in an ice-cold solution containing (in mM) 157 

NaCl 135, KCl  5.8, CaCl2 1.3, MgCl2 0.9, NaH2PO4 0.7, d-glucose 5.6, HEPES 10, Sodium 158 

pyruvate 2, pH 7.5 (adjusted with NaOH) and osmolarity ~308 mOsm.  159 

Our primary aim was to record DC electrical behavior under illumination within the 160 

syncytium. Accordingly, the dissected apical coil of the OoC was transferred to a 161 

microscope chamber, immobilized using a nylon mesh fixed to a stainless-steel ring and 162 

viewed using an upright microscope (Axioskope, Zeiss, Germany). Cells were observed 163 

with Nomarski differential interface contrast optics (40× water immersion objectives). The 164 

DCs are electrically coupled through connexin channels, and this coupling allows for the 165 

passage of molecules between the cells, as well as acting as an electrical syncytium (Santos-166 

Sacchi, 1986).  In fact, Santos-Sacchi (1991) reported the increased potassium current 167 

amplitude when cells were coupled, attributing this to the junctional coupling between cells. 168 

The contribution of gap junctional coupling to the observed phenomena is beyond the scope 169 

of the present investigation, which is focused on the effects of ChR2 activation on the 170 

functioning of DCs. To mimic the in situ conditions, we recorded from a single DC in the 171 

intact isolated tissue, to assess the cellular effects of light activation of ChR2, which encodes 172 

a nonspecific cation conductance, on DCs electrical responses within the syncytium. Currents 173 

and membrane potentials were recorded using the same solution as for dissection. All 174 

recordings were made at room temperature (22°C). Patch pipettes were filled with an 175 

intracellular solution containing (in mM) KCl 131, MgCl2 3, Na2ATP 5, Na2-phosphocreatine 176 

10, EGTA 1, HEPES 10, Na2GTP, pH 7.3 (adjusted with KOH) and osmolarity ~293 mOsm.  177 

All chemicals were obtained from Sigma Aldrich UK. The patch pipettes were fabricated 178 

with a dual-stage glass micropipette puller (Narishige PC-100) using borosilicate glass with 179 

outer diameter 1.5mm (Sutter Instruments) and heat polished with a microforge (Narishige 180 
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MF-900). Currents were amplified with an Axopatch 700B amplifier (Molecular Devices, 181 

Union City, CA) and filtered at a frequency of 2–5 kHz through a low-pass Bessel filter. The 182 

data was digitized at 5–500 kHz using an analogue-to-digital converter (Digidata 1500; 183 

Molecular Devices). The whole-cell current recordings were carried out using pCLAMP 184 

software (version 10, Axon Instruments, Foster City, CA, USA). No online leak-current 185 

subtraction was made, and only recordings with holding currents smaller than 50 pA at 186 

holding potentials of -90 mV were accepted for analyses.  187 

This study included 18 cells with a series resistance (Rs) within a 5–15 MΩ range. After 60–188 

90% compensation of the mean residual, uncompensated Rs was 5.1±0.5 MΩ. The seal 189 

resistance was typically 2-5 GΩ. The number of cells (n) is given for each data set. Data were 190 

analyzed using pClamp10 (Molecular Devices), Origin9.1 (OriginLab Corp. Northampton, 191 

MA) and Excel (Microsoft).  192 

In voltage-clamp mode, cells were held at a membrane potential of -80 mV, and 10 mV step 193 

potentials were applied from -120 mV to +50 mV. For in vitro illumination of the 194 

preparation, we used a 470 nm, 50 mW laser source (Dragon Lasers, Changchun Jilin, China) 195 

coupled to a fiber-optic cable (Thorlabs, Newton, New Jersey, M63L01,105μm, 0.22NA) 196 

which was placed approximately 1.5 cm from the preparation. The fiber-tip location was 197 

adjusted with a micro positioner to illuminate the entire preparation. In both voltage and 198 

current clamp, cells were manually stimulated by shining the laser light for about 1 or 2 199 

seconds. Laser power was adjusted between 0.2 and 1.7 mW mm-2 based on in-situ 200 

calibration with a photodiode sensor power meter (Thorlabs, Newton, New Jersey, PM16-201 

130). Since the light-induced currents showed a time-sensitive reduction in amplitude, we 202 

first determined the full functional recovery from this reduction. Using standard recovery 203 

protocol and testing different laser light density (0.25, 0.38 and 0.50 mW mm-2), we observed 204 

that full recovery was almost achieved within 15 seconds (Fig. 2D), and fully achieved in 30s 205 
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(not shown). The design of the stimulation protocol took this value into consideration, and 206 

thus was set to have 60 seconds between each voltage step. In current-clamp mode, cells were 207 

injected currents from -70 pA to +60 pA, in 10 pA increments. 208 

 209 

In Vivo Physiological Recordings 210 

Male and female mice at 3-5 weeks of age were anaesthetized with ketamine (0.12 mg/g body 211 

weight i.p.) and xylazine (0.01 mg/g body weight i.p.) for nonsurgical procedures or with 212 

urethane (ethyl carbamate; 2 mg/g body weight i.p.) for surgical procedures at the University 213 

of Brighton. Mice were tracheotomized, and their core temperature was maintained at 38 °C. 214 

The auditory sensitivity of mice was assessed before surgery using distortion-product 215 

otoacoustic emissions (DPOAE, see below) to ensure each mouse was sensitive throughout 216 

the 1-70 kHz range of the sound system and especially sensitive to tones in the 50 kHz – 60 217 

kHz range to levels ≤ 30 dB SPL.  218 

To measure BM displacements and the OoC cochlear microphonics (CM), a caudal 219 

opening was made in the ventro-lateral aspect of the right bulla to reveal the round window 220 

(Legan et al., 2000). Sound was delivered via a probe with its tip within 1 mm of the 221 

tympanic membrane and coupled to a closed acoustic system comprising two 222 

MicroTechGefell GmbH 1-inch MK102 microphones for delivering tones and a Bruel and 223 

Kjaer (www.Bksv.co.uk) 3135 0.25-inch microphone for monitoring sound pressure at the 224 

tympanum and DPOAEs. The sound system was calibrated in situ for frequencies between 1 225 

and 70 kHz and known sound-pressure levels were expressed in dB SPL with reference to 226 

2×10−5 Pa. Tone pulses with rise/fall times of 1 ms were synthesized by a Data Translation 227 

3010 (Data Translation, Marlboro, MA) data acquisition board, attenuated, and used for 228 

sound-system calibration and the measurement of electrical and acoustical cochlear 229 

responses. To measure DPOAEs, primary tones were set to generate 2f1−f2 distortion 230 
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products at frequencies between 1 and 50 kHz. DPOAEs were measured for f1 levels from 10 231 

to 80 dB SPL, with the levels of the f2 tone set 10 dB below that of the f1 tone. DPOAE 232 

threshold curves represented the level of the f2 tone that produced a 2f1− f2 DPOAE with a 233 

level of 0 dB SPL when the f2/f1 frequency ratio was 1.23. System distortion during DPOAE 234 

measurements was 80 dB below the primary-tone levels.  235 

The BM was illuminated by a blue 470 nm, 50 mW laser source (Dragon Lasers, Changchun 236 

Jilin, China) couple to a fiber-optic cable (Thorlabs, M63L01, 105μm, 0.22NA). The tip was 237 

positioned with a micromanipulator to be 0.2 mm from the surface of the RW membrane, 238 

where it cast a ~200 µm diameter circle of illumination on the BM, centered on either the 239 

micropipette or the BM displacement measurement beam. The distance of 0.2 mm from the 240 

RW was determined during the calibration of the beam by casting a 200 µm diameter circle 241 

of illumination on the surface of the photo diode sensor of a power meter (Thorlabs, PM16-242 

130). The laser power at the level of the OHCs was computed according to Wu et al. (2016), 243 

who used analysis and estimates provided by Zhang et al. (2006) and Aravanis et al. (2007). 244 

Laser on-off was controlled through transistor-transistor logic (TTL). If the illumination 245 

periods were extended for more than three seconds, the prolonged excitation of ChR2 and the 246 

gating of the nonselective cation conductances caused large, but reversible, changes in the 247 

electrochemistry of the cochlea (Fig. 2G) that confounded the objective of using the 248 

technique for blocking ongoing DC and OPC function. For this reason, periods of BM light 249 

illumination were usually limited to ≤ 3 seconds. 250 

Intracellular and extracellular voltage responses were recorded from presumed DCs and the 251 

fluid spaces of the OoC using glass pipettes (20 MΩ- 80 MΩ when filled with 3M KCl) 252 

pulled from 1 mm diameter thin-walled quartz glass tubing on a Sutter P-2000 micropipette 253 

puller (Sutter Instrument Novato, CA 94949, USA). Signals were amplified with a recording 254 

bandwidth of DC - 100 kHz using a custom preamplifier (Brighton lab, James Hartley). The 255 
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voltage signals were not capacitance compensated. Presumed DCs with very negative resting 256 

membrane potentials (-112.5 ± 8.3 mV, n = 18) were encountered by advancing 257 

microelectrodes through the BM in the close vicinity of OHCs in the 50 kHz - 60 kHz region 258 

of the basal turn of the cochlea. Further advance resulted in encountering the OoC fluid 259 

spaces that are adjacent to the OHCs, with zero potentials, and scala media with positive EP 260 

(+114.3± 3.7 mV, n=11).  261 

Tone-evoked BM displacements were measured by focusing the beam of a self-mixing, 262 

displacement sensitive, laser-diode interferometer (Lukashkin et al., 2005) through the round 263 

window membrane to form a 20-μm spot on the center of the BM in the 50-60 kHz region of 264 

the cochlea. To take rapid snapshots of the BM responses without many averages, the 265 

following algorithm was employed: The response amplitude of interferometer is largest when 266 

its operating point is situated in quadrature (Lukashkin et al., 2005). During recordings, the 267 

operating point fluctuated due to physiological noises in the preparation, and we constantly 268 

tracked for a response in, or very close to, quadrature, i.e. for the largest response. We 269 

balanced the demand for rapid data acquisition with the need for sensitive measurement by 270 

spotting the maximum response in 10-15 presentations of the same tone burst. The largest 271 

response amplitude recorded was the one closest to the quadrature response. This allowed us 272 

to complete recording of the entire level functions (dependence of the BM movement on 273 

stimulation level) within 15-20 seconds. The interferometer was calibrated at each 274 

measurement location by vibrating the piezo stack on which it was mounted over a known 275 

range of displacements. BM measurements were checked continuously for changes in the 276 

sensitivity of the measurement (due to changes in alignment or to fluid on the RW) and for 277 

changes in the condition of the preparation. If thresholds of the latter changed by more than 278 

5-10 dB SPL, the measurements were terminated. Tone pulses with rise/fall times of 1 ms 279 

were used for BM measurements. Stimulus delivery to the sound system and interferometer 280 



 

 12

for calibration and processing of signals from the microphone amplifiers, microelectrode 281 

recording amplifiers, and interferometer were controlled by a DT3010/32 (Data Translation, 282 

Marlboro, MA) board by a PC running Matlab (The MathWorks, Natick, MA) at a sampling 283 

rate of 250 kHz. The output signal of the interferometer was processed using a digital phase-284 

locking algorithm, and instantaneous amplitude and phase of the wave were recorded.  285 

 Measurements were made without knowledge of genotype. Less than 5% of all 286 

measurements were terminated because the physiological state of the preparation changed 287 

during measurements, in which case data from the sample was excluded.  288 

 289 

Experimental design and statistical analyses 290 

ChR2-tdTomato+/- experimental mice were crossed to generate +/+, +/- and -/- genotypes.  291 

Male and female mice were studied in approximately equal proportions. No phenotypic 292 

differences were observed between males and females. Physiological tests were performed on 293 

+/+ and -/- littermates to minimize any influence of age, environment or genetic background. 294 

Tests were performed on 3 – 5-week-old mice to reduce the possibility of progressive loss of 295 

high frequency responses, which is common in many mouse strains. Tests were performed on 296 

all mice in a litter without knowledge of genotype. The genotypes were determined after the 297 

experiments. For statistical analysis of physiological experiments, data were compared for at 298 

least 5 +/+ and 5 ChR2-/- mice, obtained from recordings of 2 or 3 complete litters.  For 299 

analysis of BM and electrophysiological measurements from presumed DCs and fluid spaces 300 

of the OC, 18 +/+ and 10 -/- ChR2 mice in total were tested. Data were analyzed as mean ± 301 

standard deviation (S.D.) and plotted using Fig P (www.figpsoft.com) or Origin 302 

(www.originlab.com) software. Statistical tests were performed with GraphPad Prism 303 

(https://www.graphpad.com/quickcalcs) and comparisons made using unpaired t tests for 304 
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unequal variances unless otherwise noted.  P values are noted as absolute values with t values 305 

and degrees of freedom (df). 306 

In summary, all measurements were performed blind. Measurements were made from each 307 

animal in a litter and data were analyzed at the end of each set of measurements. When all 308 

measurements had been made from a particular litter, the tissue was genotyped. Phenotypic 309 

differences between the wild-type (WT), heterozygous and homozygous mice were very 310 

strong. Thus, only sufficient numbers of measurements were made to obtain statistically 311 

significant differences. Experiments were terminated (<5% of all measurements) if the 312 

auditory sensitivity of the preparation decreased by > 10 dB SPL during a measurement and 313 

data from the measurement was excluded. 314 

 315 

Software / code 316 

For physiological recordings, data acquisition and data analysis were performed using a PC 317 

with programs written in MATLAB (The MathWorks, Natick, MA). The programs are 318 

available upon request from authors ANL and IJR. Please note that the programs were written 319 

to communicate with specific hardware (Data Translation 3010 board and custom-made 320 

GPIB-controlled attenuators) and will need modification if used with different hardware. 321 

 322 

RESULTS 323 

Specific inducible expression of ChR2 in cochlear supporting cells 324 

To induce ChR2 expression specifically in mature DCs and PCs in the OoC of the cochlea, 325 

we used a previously characterized Fgfr3-iCreERT2 mouse line that displays ~100% inducible 326 

Cre activity in cochlear DCs and PCs when tamoxifen is injected at juvenile and adult ages 327 

(Cox et al., 2012; Walters et al., 2017). When induced at postnatal days 12 and 13 (P12/13) or 328 

P21, Fgfr3-iCreERT2+; ChR2-tdTomato+ experimental mice showed robust expression of 329 
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ChR2-tdTomato fusion protein specifically in both DCs and PCs within the OoC at P28, 330 

whereas no ChR2-tdTomato was detected in DCs/PCs in Fgfr3-iCreERT2-; ChR2-tdTomato+ 331 

control mice at P28 (Fig. 1C-H; see Methods). No expression of ChR2-tdTomato was 332 

detected in stria vascularis or any other cochlear structures of Fgfr3-iCreERT2+; ChR2-333 

tdTomato+ experimental mice when induced at P12/13 and analyzed at P21/22. These results 334 

on ChR2-specific expression in DCs and PCs in the cochlea are consistent with previous 335 

studies (Hayashi et al., 2010; Cox et al., 2012; Walters et al., 2017). 336 

 337 

ChR2 activation depolarizes ChR2 mouse DC membrane potentials in ex vivo and in 338 

vivo preparations  339 

ChR2 is a light-sensitive, cation-selective channel (Nagel et al., 2002, Nagel et al., 2003). 340 

When activated by light in whole-cell patch recordings from ex vivo flat-mounted 341 

preparations of the OoC, ChR2-expressing DCs are depolarized (Fig. 2A and B) by increased 342 

conductance (Fig. 2C). This was not observed in WT littermates (control, black traces, 343 

Figs.2A, B).  344 

In vivo measurements using sharp electrodes revealed that resting membrane potentials of 345 

mouse DCs (103.5 ± 7.3 mV, n = 8 DCs in 3 cochleae) were more negative than those 346 

recorded in the guinea-pig cochlea (Dallos et al., 1982). Depolarizations (Fig. 3A, 4.2 ± 0.3 347 

mV, n = 14) were also recorded in vivo from presumed ChR2-expressing DCs when the 348 

ChR2 conductance was activated by OoC illumination. If the illumination periods were 349 

extended for more than three seconds, the prolonged excitation of ChR2 and the gating of the 350 

nonselective cation conductances caused large, but reversible, changes in the 351 

electrochemistry of the cochlea (Fig. 3B) that confounded the objective of using the 352 
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technique for blocking ongoing DC and OPC activity. For this reason, periods of BM light 353 

illumination were usually limited to ≤ 3 seconds.  354 

Activation of ChR2-expressing DCs and OPCs suppresses continuous fine adjustments 355 

of BM responses.  356 

To examine how supporting cells might influence cochlear mechanical responses, we 357 

measured the magnitude of BM displacement as a function of sound pressure level (SPL). In 358 

contrast to RL frequency tuning (Ren et al., 2016), BM displacement frequency tuning curves 359 

closely mirror the voltages frequency tuning curves of OHCs (Russell and Kössl, 1992a; 360 

Russell et al., 1995). Thus, BM response to OoC illumination should reflect changes in OHC 361 

output due to light-activation of ChR2 expressed in the supporting cells. A self-mixing laser 362 

vibrometer (Lukashkin et al., 2005) was used both in ChR2 mice that expressed ChR2 in their 363 

OPCs and DCs, and in their WT littermates that lacked such expression. We measured tone-364 

evoked BM displacements both with and without activating the ChR2 conductance by OoC 365 

illumination (Fig. 4). To reduce the time interval between measurements, the number of 366 

iterative runs was reduced, which resulted in the raised noise floor. 367 

Tone-evoked BM displacements in the basal turn of the cochlea were measured as a function 368 

of SPL to near-CF tones (Fig. 4), and a few kHz below CF (Fig 5) before, during, and after 369 

BM illumination at the measurement site (Figs. 1A, 4).  It was possible only to estimate the 370 

CF of the BM measurement location during the measurements. True CF was found off-line 371 

during data analysis. In accordance with previous measurements from the mouse cochlea 372 

(e.g. Legan et al. 2000; Mellado Lagarde et al, 2008), BM level functions are compressive 373 

with slopes less than 1 for frequencies at and above CF (Fig.4). For frequency just below CF 374 

and at levels above ~ 50 dB, when they are not subject to cochlear amplification, the slopes 375 

are close to 1 (Fig.5). 376 
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Changes in BM mechanical responses occurred in ChR2 mice at OoC illumination onset, but 377 

responses returned close to the original control levels within 35 seconds of illumination 378 

offset. Measurements made from the cochleae of the same and different ChR2 mice revealed 379 

that throughout the measured range (20 – 90 dB SPL), OoC illumination could both increase 380 

and decrease (Fig.4A-G) BM mechanical responses to near-CF tones in the same cochlea by 381 

similar amounts (11.7 ± 4.1 dB, n = 7 cochleae for the increases and 13.2 ± 2.9 dB, n = 9 382 

cochleae for the decreases). BM laser illumination in WT littermates had no visible effects on 383 

the BM mechanical responses, which showed small variations in level functions regardless of 384 

the presence of the illumination (Figs. 5B). Any phase changes due to OoC illumination were 385 

< ±10 degrees and thus were within the noise floor of these measurements.  386 

 By measuring from the same cochlea successively over time at 5-minute intervals (Fig. 4A-387 

G), which enabled full recovery of BM mechanical responses following OoC illumination, 388 

and after superimposing the traces (Fig. 4H), we discovered that OoC illumination did not 389 

alter the overall sensitivity of the BM mechanical responses. Instead, it suppressed 390 

continuous fine control of BM mechanical responses over their entire measured range of 391 

sound levels. Without OoC illumination successive level functions differed slightly. When 392 

successive illuminated BM level functions were superimposed (Figs. 4H, 5A, C, red curves 393 

and symbols) level functions obtained during OoC illumination were very similar, but not in 394 

WT littermates (Fig. 5B, D). When the mean and standard deviations (SDs) of the 395 

superimposed level functions shown in Figs. 5 A, B were plotted (Figs. 5C, D), the mean 396 

curves lay almost over each other and the SDs overlapped. These findings indicate that there 397 

is no significant difference between the averaged BM responses to sound stimulation with 398 

and without OoC illumination for measurements made in ChR2 and WT mice. Importantly, 399 

however, the standard deviations (SDs) of the averaged BM level functions measured during 400 
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OoC illumination in ChR2 mice (Fig. 4C), but not in the WT mice (Fig.5D), were 401 

significantly reduced compared to those measured without OoC illumination (see below).  402 

To quantify the effect of ChR2 activation on fluctuations in BM mechanical responses (Fig. 403 

4H, Fig.5A, B), the SDs of measurements made at all levels throughout the level functions 404 

were expressed as a percentage of the mean (Coefficient of Variation, CV). Based on five 405 

BM displacement-level functions measured during, five before, and five after OoC 406 

illumination, in each of five ChR2 mice (a total of 75 level functions), the CV calculated for 407 

the entire range of level functions was 26.0 ± 9.9% (n = 50) without OoC illumination and 408 

5.2 ± 3.9% (n = 25) with OoC illumination (Fig. 5E). The CV during OoC illumination (i.e. 409 

ChR2 activation) is significantly smaller than that without illumination (two-tailed t-test, 410 

p>0.0001, t = 9.4702, df = 73). Similar analysis of 5 WT littermates revealed no significant 411 

difference in the CV in BM displacement measurements made without (25.2 ± 5.8%, n = 50) 412 

and with OoC illumination (26.3 ± 7.7%, n = 25) (two-tailed t-test, p = 0.4909, t = 0.6923, df 413 

= 73). Accordingly, light activation of ChR2 expressed in DCs and OPCs suppresses DC- and 414 

OPC-mediated fine adjustments in BM mechanical responses and stabilizes BM 415 

displacement-level functions.  416 

 417 

Light activation of ChR2-expressing DCs and OPCs suppresses continuous adjustments 418 

to actively amplified OHC electrical responses  419 

OHCs are mechanically caged by the DCs and OPCs and are suggested to exchange forces 420 

via this cage with the TM and BM of the cochlear partition (Soons et al., 2015; 421 

Motallebzadeh et al., 2018; Wang et al., 2021). For this reason, as a first step in 422 

understanding how DCs and OPCs might control OHC sensitivity in vivo, we measured the 423 

effects of activating the ChR2 receptors expressed in the DCs and OPCs, on OHC tone-424 

evoked voltage responses. The measured voltage response corresponds to the extracellular 425 
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receptor potential (ERP), which is produced across the resistive network of the CL (see 426 

Introduction). We measured the magnitude of ERPs recorded from the CL of ChR2 mice and 427 

their WT littermates using thin-walled quartz micropipettes (resistances: 30 – 60 MΩ, 3M 428 

KCl electrolyte). The ERP was expressed as a function of SPL (level functions) in response 429 

to tones with and without ChR2 activation in the 50 kHz – 60 kHz region of the cochleae. 430 

The largest tone-evoked voltage ERPs recorded from the OoC were from the CL immediately 431 

adjacent to the OHCs and DCs (Johnstone et al., 1989). Due to the spread of excitation, with 432 

increasing level above ~40 dB SPL, OHCs from adjacent frequency regions contributed to 433 

the ERP (Cheatham et al., 2011). In 9 sensitive mice (thresholds at the CF of the 434 

measurement location = 16.5 ±3.2 dB SPL), continuous light-activation of ChR2 expressed in 435 

the DCs and OPCs caused changes in the ERP responses to 50 – 60 kHz tones for stimulus 436 

levels within ~30 dB SPL of threshold (Fig. 6A). Similar to the stabilization effect of ChR2 437 

light activation on the BM level functions in the ChR2 mice (Figs. 4H, 5), ChR2 light-438 

activation stabilized OHC voltage responses to tones. They differed, however, by stabilizing 439 

ERPs only to tones at and close to the CF that are subject to amplification (Fig. 6A). OoC 440 

illumination had no apparent effect on ERPs outside this range or to ERPs recorded in 441 

response to tones at any frequency or level from WT littermates (Fig. 6B). The stabilization 442 

revealed that OPCs and DCs can adjust the threshold ERP response through decreasing it by 443 

a maximum of 14.1 ± 3.3 dB (n = 7 cochleae) or increasing it by a maximum of 12.4 ± 3.2 dB 444 

(n = 8 cochleae). Within 35 s of OoC illumination, ERP sensitivity returned to levels similar 445 

to those before OoC illumination demonstrating its reversibility.  446 

To quantify the effect of ChR2 activation on ERP level-function fluctuation, we measured the 447 

mean ± SD at each measurement level of the successive groups of level functions (Figs. 6C, 448 

D). From inspection of Fig. 6C for levels within 30 dB of the detection threshold, the SDs of 449 

measurements made with ChR2 activation were considerably smaller than those made 450 
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without. For ERP measurements to levels above this range, the SDs of ERP measurements 451 

made with and without ChR2 activation were similar. The relative SDs of measurements 452 

within 30 dB of the measurement threshold were expressed as CVs (Fig. 6E). Based on ERP 453 

level functions measured before, during, and after ChR2 activation, in each of five ChR2 454 

mice (a total of 42 level functions), the CV was 36.9 ± 15.0% (n = 28) for ERP level 455 

functions in the 30-dB range of the ERP detection threshold without ChR2 activation, and 7.9 456 

± 4.0% (n = 14) for those with ChR2 activation. The CV during ChR2 activation was 457 

significantly smaller than that without ChR2 activation (two-tailed t-test, p>0.0001, t = 458 

6.9716, df = 40). Similar analysis of 5 WT littermates that do not express ChR2, revealed no 459 

significant difference in the CV (Fig. 6E) in ERP level functions made without OoC 460 

illumination (33.4 ± 10.5%, n = 32) and with OoC illumination (35.7 ± 11.3%, n = 16) (two-461 

tailed t-test, p = 0.5053, t = 0.6714, df = 46).  It is concluded that light activation of ChR2 462 

expressed in DCs and OPCs blocks fluctuations in the ERP displacement-level functions at 463 

levels that are subject to active amplification. Accordingly, DCs and OPCs fine-control 464 

cochlear amplification at near-threshold levels. 465 

 466 

Light-activation of ChR2 reveals a role for DCs and OPCs in recovery from temporary 467 

noise-induced cochlear desensitization 468 

It has been suggested that OoC supporting cells play a role in the recovery of cochlear 469 

sensitivity from temporary acoustic desensitization (Flock et al., 1999). Motivated by the 470 

findings reported above, we tested the idea that OPCs and DCs contribute to recovery from 471 

temporary acoustic desensitization through homeostatic control of the electrochemistry of the 472 

CL. To this end, we examined the consequences for recovery from temporary cochlear 473 

desensitization in ChR2 mice by activating the ChR2 conductance expressed in OPCs and 474 

DCs to effectively interfere with their normal function during the recovery period. Brief 475 



 

 20

exposure to loud sounds (≥80 dB SPL) can temporarily desensitize the cochlea for seconds to 476 

minutes (Cody and Russell, 1988). Cochlear desensitization of about 15 dB (indicated by 477 

green arrows, Figs. 7A-C and associated timelines measured at 70 dB SPL (Figs. 7D-F) 478 

occurred when the required 5-minute recovery period between successive level function 479 

measurements (which included exposure to ≥80 dB SPL sounds) was omitted. In Fig. 7B, it is 480 

shown that the cochlear BM responses are desensitized if a second level function is measured 481 

(open circles) within 35 s of the initial measurement (open squares), as observed in Fig.7A. 482 

Measurement of a level function (open red squares, 105 s) immediately following ChR2 483 

activation by a brief period (3 s) of OoC illumination revealed that ChR2 activation in the 484 

OoC supporting cells was associated with rapid recovery from the temporary desensitization 485 

(open black circles, 70 s). The OoC illumination period is shown as a vertical red bar in the 486 

associated timeline (Fig. 7E). All preparations, either through slow or rapid recovery, 487 

recovered to control levels by 5 minutes (solid black squares). Rapid recovery from loud-488 

sound desensitization did not occur if OoC illumination of a ChR2 mouse was omitted (Fig. 489 

7A, D).  WT littermates that did not express ChR2 in OoC supporting cells also failed to 490 

recover rapidly if the OoC was illuminated (open red squares, Figs. 7C and vertical red bar in 491 

associated timeline, Fig. 7F). Bar charts shown in Fig. 7G represent the maximum decrease 492 

(± SD) in BM displacement sensitivity to near-CF tones following presentation of three 493 

successive level function measurements at 35 s intervals in ChR2 mice (15.3 ± 3.4 dB, n = 6 494 

cochleae) and WT littermates (14.9 ± 3.7 dB, n = 5) without OoC  illumination, and in ChR2 495 

(0.7 ± 2.4 dB, n = 6) and WT littermates (14.7 ± 4.1 dB, n = 5) with OoC illumination 496 

preceding the third level function measurement. There was no significant difference in the 497 

sensitivity decrease following loud-tone exposure between the WT with and ChR2 mice 498 

without OoC illumination (two-tailed t test, P = 0.7964, t = 0.2658, df = 9). The sensitivity 499 

decreases following loud-tone exposure with OoC illumination in ChR2 mice and in WT 500 
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littermates was very significantly different (two-tailed t test, P < 0.0001, t = 8.5932, df = 10). 501 

DCs and OCs are thus involved in producing the period of desensitization in the prolonged 502 

recovery period that follows exposure of the cochlea to a loud sound.  503 

 504 
Light-activation of ChR2-expressing DCs and OPCs changes the polarity of tonic 505 

electrical potentials, but not ERPs, recorded in the CL 506 

When tone levels increase from moderate to intense, the almost symmetrical ERPs recorded 507 

adjacent to OHCs in the basal turn of the cochlea become positively asymmetrical and 508 

generate an extracellular tonic receptor potential (ERPDC) that appears instantaneously 509 

positive at tone onset and declines with time (Russell et al., 1986; Kössl and Russell, 1992b), 510 

as observed also in the mouse cochlea (Figs. 8A-E). Thus, immediately from tone onset, the 511 

net current outflow across the basolateral membranes into the CL exceeds net current inflow. 512 

The mechanism responsible for this change in symmetry has been attributed to a level-513 

dependent change in the operating point of the OHC MET conductance, possibly caused by a 514 

tonic radial shear displacement between the RL and TM that causes tonic hair bundle 515 

displacement in the inhibitory direction (Cody and Russell, 1987; Russell and Kössl, 1992b). 516 

Following the sudden positive potential at tone onset, the magnitude of the ERPDC declines 517 

over time. At tone offset the ERPDC became suddenly negative, presumably because the net 518 

radial shear between the RL and TM, and consequently the OHC MET conductance operating 519 

point, return to their resting states, and declines over a time scale similar to that observed 520 

during the tone burst (Figs. 8A-E). The time-dependent declines in net current outflow during 521 

the tone burst and net current inflow across the OHC basolateral membranes from the CL at 522 

tone offset has been attributed to the accumulation of K+ in, and its removal from, the CL 523 

(Cody and Russell, 1988; Johnstone et al., 1989). When ChR2 expressed in the DCs and 524 

OPCs is activated, the sign of the ERPDC is reversed and becomes sharply negative on tone 525 

onset and positive at offset and declines in magnitude over time (Fig.8 D, E), as observed for 526 
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the ERPDC without ChR2 activation. It is possible that light activation of ChR2 expressed in 527 

DCs and OPCs alters the mechanical properties of the OoC, as discussed below, which causes 528 

a net radial shear between the RL and TM such that the OHC hair bundles, and hence the 529 

OHC MET operating point, are instantaneously biased in the excitatory direction. OoC 530 

illumination influences the magnitude of the phasic ERP to low-to-moderate level tones 531 

without altering the magnitude and sign of the ERP. However, OoC illumination and change 532 

in the polarity of the ERPDC has little or no apparent influence on the magnitude and phase 533 

of ERPs to moderate to intense tones at frequencies at and close to the CF of the recording 534 

site (Figs. 8F, G). 535 

 536 

Discussion 537 

Optogenetics reveal DCs and OPCs finely and continuously control cochlear sensitivity. 538 

To our knowledge, our report here is the first successful application of optogenetics to 539 

studying OoC function in vivo. By gating the large ChR2 cationic channels expressed in the 540 

DCs and OPCs of ChR2 mice, we revealed the normal function of DCs and OPCs concerns 541 

continuous, fine regulation of BM mechanical and OHC voltage responses (Figs 4-6).  DCs 542 

and OPCs are involved in finely regulating cochlear partition mechanical responses over their 543 

entire dynamic range but control OHC voltage responses only over the low-to-moderate 544 

sound levels that are subject to amplification. At moderate-to-high sound levels, DCs and 545 

OPCs control OHC voltage response symmetry by controlling the radial shear between the 546 

TM and RL. These findings indicate that at low sound levels, DCs and OPCs control cochlear 547 

amplification but, at higher sound levels, DCs and OPCs can induce mechanical changes in 548 

the cochlear partition that influence only the operating point of the OHC MET.   549 
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Fine regulation of the OHC voltage and BM mechanical responses. DCs exhibit Ca2+-550 

dependent deformation (Dulon et al., 1994). Depolarization causes mechanical changes in 551 

isolated DCs that include increases in the curvature of the DC phalangeal processes (Bobbin, 552 

2001; Dulon et al., 1994; Yu and Zhao, 2009). From in vitro studies of isolated DC/OHC 553 

pairs, mechanical stimulation and/or depolarization causes mechanical changes in DCs that 554 

modulate OHC turgor pressure (Yu and Zhao, 2009), which controls OHC electromotility 555 

and, hence, cochlear amplification (Kakehata and Santos-Sacchi, 1995). It is proposed that 556 

such interaction between DCs and OHCs could account for the fine adjustment in the 557 

sensitivity we have observed in OHC voltage responses and associated BM mechanical 558 

responses (Figures 4-6).  559 

DCs regulate BM mechanical, OHC voltage responses, and ERP symmetry. From the 560 

studies on isolated cells and preparations mentioned above, DC deformation in vivo could be 561 

controlled by changes in the electrochemistry of the CL, notably the electrical polarization, 562 

and K+ levels of the CL, which change in response to acoustic stimulation (Cody and Russell, 563 

1988; Johnstone et al., 1989). OHCs generate a tonic component (ERPDC) of the ERP in 564 

response to acoustic stimulation by moderate to high level sounds. The ERPDC is associated 565 

with depolarization and increased K+ levels in the CL (Cody and Russell,1985; 1988; 1995; 566 

Johnstone et al., 1989). The sharp rise and fall of the ERPDC at tone onset and offset and its 567 

decline during and following the tone, as reported here (Fig. 8) and in earlier studies, can be 568 

explained as follows. Depolarization of the CL is due to K+ accumulation (Johnstone et al., 569 

1989), presumably when the inward flow of K+, due primarily to the gating of the OHC MET 570 

channels, exceeds outflow due to K+ clearance by electro-neutral K+/Cl- co-transporters in the 571 

adjacent DCs (Boettger et al., 2002, Boettger et al., 2003). K+ clearance is presumed to be 572 

facilitated by constant K+ clearance from the DC cytoplasm via an intercellular gap-573 

junctional pathway (Jagger and Forge, 2006). The ERPDC arises because the ERP changes 574 
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from being almost symmetrical to positively asymmetrical. The mechanism responsible for 575 

this symmetry change was attributed to a level-dependent inhibitory shift of the OHC MET 576 

conductance operating point caused by tonic radial shear displacement between the RL and 577 

TM (Cody and Russell, 1988; Russell and Kössl, 1992b) due to voltage dependent OHC 578 

shortening (Santos-Sacchi and Dilger 1988). This conclusion was supported by the discovery 579 

that the ERPDC was mirrored exactly in the responses of the receptor potentials of adjacent 580 

inner hair cells (IHCs), which became more symmetrical (Cody and Russell, 1995). Increased 581 

symmetry caused a decline in the DC component of the IHC receptor potential, resulting in 582 

decreased sensitivity of the auditory system to moderate to high level sounds. A role for 583 

interaction between DCs and OHCs is strongly implicated in the control of the symmetry of 584 

OHC and IHC receptor potentials, because activation of ChR2 expressed in DCs and OPCs 585 

controls the OHC MET operating point, which reverses the polarity of the ERPDC from 586 

normally positive to negative.  587 

How DCs contribute to the shear displacement between the TM and RL at high levels is 588 

unknown. DCs could exert forces on OHCs to increase turgor pressure and modify their 589 

electromotility. In addition, modelling studies have indicated that DC mediated forces acting 590 

through their phalangeal processes against the RL, could alter the gain of cochlear 591 

amplification perhaps locally or through longitudinal coupling (Motallebzadeh et al., 2018). 592 

The reversal in polarity of the ERPDC can be accounted for by the gating of the large ChR2 593 

cationic conductance expressed in the DCs, which would effectively shunt K+ from the CL 594 

and increase the driving voltage for K+ across the OHC basolateral membrane and 595 

hyperpolarize the OHCs. OHCs elongate when hyperpolarized (Santos-Sacchi and Dilger 596 

1988), which could reverse radial shear between the TM and RL and shift the OHC MET 597 

conductance operating point in the inhibitory direction. If, as we anticipate, fine control of 598 

cochlear sensitivity depends on K+ levels in the CL, this may explain why cation channels are 599 



 

 25

not expressed in DCs and OPCs in high densities (Nenov et al., 1998), because these could 600 

short-circuit the mechanism that fine-controls cochlear sensitivity. Another reason for the 601 

limited K+ buffering abilities of supporting cells might originate from an apparent lack of 602 

selective evolutionary pressure to favor the expression of a system that ensures rapid 603 

recovery from temporary threshold shift (see below). This is because acoustic stimulation 604 

loud enough to cause a temporary threshold shift is normally absent in animal natural 605 

habitats. An intriguing hypothesis requiring investigation is that OHCs and DCs together 606 

form a control system that is mediated by CL K+ levels. We propose increased levels of OHC 607 

excitation increase CL K+ levels, thereby stimulating K+ clearance from the CL and 608 

corresponding adjustments in OHC power output. Voltage and K+ measurements from the CL 609 

(Cody and Russell., 1988; Johnstone et al., 1989) reveal the rate of K+ influx due to OHC 610 

MET activation always exceeds that of K+ clearance.  We further conjecture, due to OHC 611 

MET activation, CL K+ levels directly and/or indirectly control electromechanical feedback 612 

between the DCs and OHCs. This control appears as minor corrections to BM displacements 613 

throughout the dynamic range of BM responses to sound and as fine-tuning of OHC voltage 614 

responses to tones at levels subject to cochlear amplification.   615 

DCs and OPCs and impedance matching between the OHCs and their supporting-cell 616 

scaffold. In parallel with changes in OHC electro-mechanical sensitivity (Yu and Zhao, 617 

2009), changes in the mechanical properties of the DCs and OPCs have been proposed to 618 

alter impedance matching between the OHCs and their supporting-cell scaffold 619 

(Ramamoorthy and Nuttall, 2012). Similar effects in vivo could account for our findings that: 620 

1) OHC voltage responses to CF and near-CF tones are sensitive to ChR2 light activation 621 

only over levels within 30 – 40 dB SPL of their thresholds, and 2) BM displacements are 622 

sensitive to light activation over their entire dynamic range and at levels and frequencies that 623 

have no observable influence on the magnitude and phase of OHC ERP. These findings 624 
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indicate that DCs and OPCs can induce mechanical changes in the cochlear partition that 625 

influence only the operating point of the OHC MET.  626 

Organ of Corti supporting cells mediate recovery from temporary desensitization.  627 

The high-frequency region of the mouse cochlea is especially susceptible to temporary 628 

desensitization which was also observed in guinea pigs (Cody and Russell, 1985, 1988; 629 

1995). For this reason, five minutes were interposed between each level-function 630 

measurement otherwise the cochlea became desensitized. OoC illumination in ChR2 mice, 631 

but not WT littermates, restored sensitivity almost immediately after a level-function 632 

measurement without a rest interval (Fig. 7). Perhaps ChR2 activation causes rapid K+ 633 

removal from the CL, as proposed above, and it is sound-induced K+ elevation in the CL that 634 

initiates and controls OPCs and DCs in the recovery from cochlear temporary desensitization. 635 

This finding indicates roles for DCs and OPCs in the desensitization process that may be 636 

important for the long-term preservation of cochlear sensitivity and hearing, consistent with 637 

reported effects when DCs/OPCs are destroyed experimentally (Lagarde et al., 2014). 638 

Moreover, the interaction between supporting cells and OHCs has been studied at molecular 639 

levels. Breglio et al. (2020) demonstrated that exosomes are released from supporting cells 640 

that contain signaling molecules for protection against trauma or cisplatin insults. Further 641 

studies are clearly required to fully elucidate the mechanisms by which OoC supporting cells 642 

control the mechanical, electrical, and ionic environment of the OHCs, and the external 643 

factors that initiate this control. These studies are essential to better understand the normal 644 

function of OoC supporting cells in cochlear sensory processing. Their role should not be 645 

ignored in attempts to restore hearing function by repairing and regenerating sensory hair 646 

cells. Optogenetics could offer new opportunities in both the investigation of normal and 647 

abnormal function in the cochlea and its eventual treatment. 648 

 649 
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Legends 795 

Figure 1. Schematic of the organ of Corti, in vivo physiological techniques, and 796 

expression of ChR2-tdTomato in its supporting cells. A. Schematic cross-section of inner 797 

ear, including organ of Corti (OoC), with three fluid-filled chambers (scalae tympani, media, 798 

and vestibuli) separated by the basilar membrane (BM) and Reisner’s membrane. The 799 

positive endocochlear potential (EP) in series with the negative OHC membrane potential 800 

provide the battery driving the OoC, K+ dominated, mechanoelectrical transducer (MET) 801 

current pathway (dashed lines (A, B).  OHC MET current is modulated when the OHC MET 802 

conductance (red lozenge, B) is modulated by OHC bundle displacement due to radial, shear 803 

displacements between the tectorial membrane (TM) and the reticular lamina (RL) caused by 804 

transverse BM vibrations (arrows, B). K+ exits OHCs down its electrochemical gradient 805 

through voltage-dependent K+ conductance (light blue lozenge, B) to the cortilymph (CL), 806 

where it is taken up by K+- Cl- transporters in the DC lateral walls (blue lozenge) and through 807 

gap junctions (GJ; yellow lozenges) to the stria vascularis (A, B). A. Micropipettes recording 808 

potentials from the CL or Scala media. A red self-mixing interferometer laser beam was used 809 

to measure BM displacements. The blue light beam activated ChR2 expressed in DCs and 810 

OPCs. C-H. ChR2 expression in the Deiters’ cells (DCs) and inner- and outer pillar cells 811 

(OPCs). Fgfr3-iCreERT2; ChR2-tdTomato mice were induced with tamoxifen (TMX) at 812 

postnatal days 12/13 (P12/13) and analyzed at P28. C-E. Fgfr3-iCreERT2-; ChR2-tdTomato+ 813 

control mice. (F-H) Fgfr3-iCreERT2+; ChR2-tdTomato+ experimental mice. (C, D, F, G) 814 

wholemounts of cochlear basal turns. (C, F) supporting-cell (SC) layers. (D, G) projections 815 
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of SC and hair-cell (HC) layers. (E, H) optical cross-sections in (D, G), respectively. Arrows 816 

label ChR2-tdTomato-expressing DCs and PCs. IHCs: inner hair cells. Green: Myo6; blue: 817 

DAPI; red: tdTomato. Scale bar = 20µm. 818 

Figure 2. Light activation of ChR2 depolarizes ChR2 mouse DC membrane potentials 819 

Ex Vivo. A, Current-voltage (I-V) plot: peak current amplitudes (Iinst) of a DC in response to 820 

blue-light illumination at different power densities, as functions of the membrane potential 821 

(Vm). Average currents measured from a holding potential of -90 mV, at a step potential of -822 

130 mV, for 0.25, 0.38 and 0.50 mW/mm2 light intensity, were -70+/-10, -95+/-16 and -823 

125+/-12 pA respectively, n=12. Inset: Inward current traces at different blue-light power 824 

densities (-90 mV holding potential).   B, Light-induced potential-current (ΔVm-I) 825 

relationship of a DC: membrane-potential changes (ΔVm) during blue-light illumination as 826 

functions of injected currents (I). Light-induced depolarizations were elicited during negative 827 

current injection.  Average potential changes measured from resting membrane potential, at a 828 

current step of -80 pA 0.25 and 0.50 mW/mm2 light intensity were 14.0+/-1.6 and 13.0 +/-1.5 829 

mV respectively, n=6. Inset: whole-cell current-clamp recording (resting membrane potential 830 

of -50 mV) of light-elicited depolarization with different blue-light power densities. C, 831 

Conductance G as a function of membrane potential Vm at 3 different blue-light power 832 

densities using data in A at -90 mV holding potential. Increasing blue-light power increased 833 

the maximum measured DC membrane conductance at a step potential of -130 mV (0.54+/- 834 

0.09, 0.73+/- 0.09 and 0.96+/- 0.11 nS respectively, n=12). D, ChR2 recovery kinetics after 835 

1s light stimulation in DCs at -90 mV holding potential using a standard recovery-time 836 

protocol. An initial 1s light stimulation (L1) was followed by a second light stimulation 837 

(L2) after a time ranging from 0.1 s to 17 s.   The ratio of peak currents (I2/I1) elicited by L2 838 

and L1 is plotted as a function of the inter-pulse interval to show the recovery from L1. Inset: 839 

examples of traces recorded in response to L2 after specified recovery times using 0.5 mW 840 



 

 35

mm-2 light intensity. The exponential fits to the data were Ƭs for 0.25 mW mm-2: 0.54 ± 0.2 s, 841 

23.05 ±4.21 s (n = 2); for 0.50 mW mm-2: 0.78± 0.23 s, 27.43 ±4.84 (n = 2 cells).  842 

 843 

Figure 3. Light activation of ChR2 depolarizes ChR2 mouse DC membrane potentials in 844 

Vivo.  A. Examples of intracellular recordings from presumed DCs showing successive 845 

membrane depolarizations to OoC illumination. B. Prolonged OoC illumination and 846 

activation of ChR2 channels expressed in DCs and OPCs causes a large, slow, reduction in 847 

the EP recorded from scala media during OoC illumination. ChR2 trace arrow: onset step. 848 

WT littermate (blue trace): nonresponsive to OoC illumination. Blue bars in A, B: periods of 849 

illumination with a laser beam (200 µm diameter, 0.25 mW mm-2, 470 nm). 850 

Figure 4. Light activation of ChR2 expressed in OPCs and DCs in ChR2 mice alters and 851 

stabilizes BM responses to tones. A-G, Successive BM displacement level functions to 56 852 

kHz tones at 5 min intervals measured in a single preparation at the same 56 kHz BM 853 

location. Black symbols: without OoC illumination; red symbols: with OoC illumination for 854 

>3 s. H, Traces A-G superimposed. Dashed horizontal lines, A-G: averaged noise floors. 855 

Dashed transverse lines: slope of 1dB/dB. OoC illumination (200 µm diameter spot, 0.25 856 

mW mm-2, 470 nm wavelength). 857 

Figure 5. OoC illumination reduces the variability of basal turn BM responses in mice 858 

that express ChR2 in OPCs and DCs, but not in WT littermates. A, B, superimposed 859 

successive level functions (BM displacement as a function of tone SPL), measured from the 860 

basal BM turns (at 5 min. intervals) in a ChR2 mouse (A) and a WT littermate (B), without 861 

(black curves) and with (red curves) OoC illumination. All measurements were made at 862 

frequencies below the CF of the measurement location (55-57 kHz).  Dashed transverse lines: 863 

slope of 1dB/dB. C, D, Mean ± SD of curves presented in A, B. E, Coefficient of variation 864 

(CV, details see text).  ChR2: Without OoC illumination (black solid); with OoC illumination 865 
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(red solid). WT: Without OoC illumination (black hatched); with OoC illumination (red 866 

hatched). OoC illumination: 200 µm diameter spot, 0.25 mW mm-2, 470 nm wavelength. 867 

Figure 6. Light-activation of ChR2-expressing DCs and OPCs suppresses continuous 868 

adjustments to actively amplified OHC electrical responses. A, B, superimposed 869 

succession of alternating measurements of ERP magnitude to tonal stimulation at 54 kHz 870 

from the 54 kHz BM location of a ChR2 mouse as a function of SPL, spaced at 5-minute 871 

intervals, without and with OoC illumination, (A), and for tonal stimulation at 56 kHz from 872 

the 56 kHz BM location of a WT littermate (B). C, D, Mean ± SD of data shown in A, B, 873 

with the addition in A of mean ± SD for responses to 44 kHz at the 54 kHz location.  E, 874 

Coefficient of variation (CV, see text for details).  ChR2: Without OoC illumination (black 875 

solid) with OoC illumination (red solid) WT: Without OoC illumination (black hatched); with 876 

OoC illumination (red hatched). All measurements were uncompensated for and electrode 877 

characteristics. For C and D, n= 6 without OoC illumination and n = 5 with OoC 878 

illumination. OoC illumination: 200 µm beam diameter, wavelength: 473 nm, power density 879 

= 0.25 mW mm-2. 880 

Figure 7. Light-activation of ChR2-expressing supporting cells accelerates recovery of 881 

cochleae temporarily desensitized by loud sound. A, B, Succession of BM displacement 882 

level functions measured in the cochlea of a ChR2 mouse without OoC illumination (A) and 883 

with OoC illumination (B). C, WT littermate with OoC illumination. Dashed transverse lines: 884 

slope of 1dB/dB A, Black open squares: 1st (35 s) level function measurement. Black open 885 

circles: 2nd (70 s) measurement. Black open triangles: 3rd (105 s) measurement. Solid black 886 

squares: level function measured 5 mins later. See accompanying timelines (D, E, F, below 887 

A, B, C) of BM displacement (nm) measured at 70 dB SPL (vertical dashed lines in A, B, C) 888 

as a function of the time. E, F, Red vertical bars indicate 3 second period of OoC 889 

illumination. A, B, C, Green arrows indicate maximum change in sensitivity; horizontal 890 
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dashed lines: recording noise floor; vertical axes optimized for scale. G, Bar graphs: 891 

maximum decrease in BM displacement sensitivity to near-CF tone level functions measured 892 

at 105 s, after three level function measurements, in ChR2 mice (solid black) and WT 893 

littermates (hatched black) without OoC illumination and in ChR2 (solid red) and WT 894 

(hatched red) mice with OoC illumination. OoC illumination: 200 mm beam diameter, 895 

wavelength: 473 nm, power density = 0.25 mW mm-2.  896 

Figure 8. Light-activation of ChR2-expressing DCs and OPCs changes the polarity of 897 

tonic electrical potentials recorded in the CL. A-E, ERP recorded from the CL in WT 898 

littermates (A, C) and ChR2 mice (B, D, E) to tones at frequencies and levels indicated. ERP 899 

before (black), during (red), after (grey) OoC illumination. Traces are superimposed with 900 

1kHz, low-pass (LP) filtered ERPDC before (white), during (yellow), after (blue), OoC 901 

illumination, indicated by white, yellow, and blue arrows in D 90 dB SPL. Black lozenges: 902 

tone bursts. D, E represent sequences of ERP to tones of increasing levels, before, during and 903 

after OoC illumination. F, G, ERP magnitude and phase measured from D and E, 904 

respectively, as functions of sound pressure level. Phase is measured with respect to sound 905 

stimulus command voltage. BM blue light illumination: 200 µm beam diameter, wavelength: 906 

473 nm, power density: 0.25 mW mm-2. Measurements were not corrected for middle-ear and 907 

electrode characteristics.  908 
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