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Abstract 24 

Mammalian hearing sensitivity and frequency selectivity depend on a mechanical 25 

amplification process mediated by outer hair cells (OHCs). OHCs are situated within the 26 

organ of Corti atop the basilar membrane (BM), which supports sound-evoked traveling 27 

waves. It is well established that OHCs generate force to selectively amplify BM 28 

traveling waves where they peak, and that amplification accumulates from one location 29 

to the next over this narrow cochlear region. However, recent measurements 30 

demonstrate that traveling waves along the apical surface of the organ of Corti – the 31 

reticular lamina (RL) – are amplified over a much broader region. Whether OHC forces 32 

accumulate along the length of the RL traveling wave to provide a form of “global” 33 

cochlear amplification is unclear. Here we examined the spatial accumulation of RL 34 

amplification. In mice of either sex, we used tones to suppress amplification from 35 

different cochlear regions and examined the effect on RL vibrations near and far from 36 

the traveling wave peak. We found that while OHC forces amplify the entire RL traveling 37 

wave, amplification only accumulates near the peak, over the same region where BM 38 

motion is amplified. This contradicts the notion that RL motion is involved in a global 39 

amplification mechanism and reveals that the mechanical properties of the BM and 40 

organ of Corti tune how OHC forces accumulate spatially. Restricting the spatial buildup 41 

of amplification enhances frequency selectivity by sharpening the peaks of cochlear 42 

traveling waves and constrains the number of OHCs responsible for mechanical 43 

sensitivity at each location. 44 

 45 

 46 
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Significance Statement 47 

Outer hair cells generate force to amplify traveling waves within the mammalian 48 

cochlea. This force generation is critical to the ability to detect and discriminate sounds. 49 

Nevertheless, how these forces couple to the motions of the surrounding structures and 50 

integrate along the cochlear length remains poorly understood. Here we demonstrate 51 

that outer hair cell-generated forces amplify traveling wave motion on the organ of Corti 52 

throughout the wave’s extent, but that these forces only accumulate longitudinally over 53 

a region near the wave’s peak. The longitudinal coupling of outer hair cell-generated 54 

forces is therefore spatially tuned, likely by the mechanical properties of the basilar 55 

membrane and organ of Corti. Our findings provide new insight into the mechanical 56 

processes that underlie sensitive hearing. 57 

 58 

  59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 

 69 
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Introduction 70 

Sound stimulation of the mammalian inner ear evokes a displacement wave on the 71 

basilar membrane (BM) that travels from the cochlear base to apex. Each longitudinal 72 

BM location is tuned to a different characteristic frequency (CF), such that high 73 

frequency sounds elicit waves that peak near the base, and low frequencies elicit waves 74 

that peak more apically (Békésy, 1960). As the wave propagates, its magnitude is 75 

amplified by forces generated by the outer hair cells (OHCs) within the organ of Corti 76 

(Oghalai, 2004; Ashmore et al., 2010) (Fig. 1A-C). Amplification of BM motion becomes 77 

apparent a short distance basal to the wave’s peak and accumulates spatially as the 78 

wave travels over the amplifying region (Russell and Nilsen, 1997; Rhode and Recio, 79 

2000; Ren, 2002). The gain at the peak is therefore partially inherited from OHC activity 80 

at more basal locations, and damaging or disturbing OHCs anywhere within the 81 

amplifying region can reduce the wave’s peak magnitude (Cody, 1992; Rhode, 2007; 82 

Fisher et al., 2012; Versteegh and van der Heijden, 2013). The buildup of BM 83 

amplification over a restricted region is thought to underlie the high sensitivity and sharp 84 

frequency tuning of responses measured from inner hair cells (IHCs), the primary 85 

afferent receptors, and auditory nerve fibers in high-frequency regions of the 86 

mammalian cochlea (Patuzzi and Robertson, 1988; Narayan et al., 1998). 87 

 88 

Recent measurements, however, demonstrate that traveling wave motion on the 89 

reticular lamina (RL), at the apical surface of the OHCs, is quite different from BM 90 

motion (Lee et al., 2016; Ren et al., 2016b; Cooper et al., 2018). RL traveling waves are 91 

amplified over a much broader spatial region, perhaps extending throughout the 92 
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cochlear base. At a given location, RL motion is therefore not just amplified at the CF, 93 

but also at frequencies several octaves lower. These new data suggest that BM motion 94 

provides an incomplete description of cochlear mechanics and raise important 95 

questions regarding the functional role of below-CF RL amplification. While it has been 96 

proposed that amplification of the RL traveling wave distant from the peak underlies a 97 

global hydrodynamic mechanism for building up the wave as it propagates (Ren et al., 98 

2016b; He et al., 2018), the buildup of RL amplification has not yet been assessed. 99 

 100 

Here we examined how RL traveling wave amplification builds up in the mouse cochlear 101 

apex. To do so, we studied how tone-evoked BM and RL vibrations were suppressed by 102 

the presentation of a second tone. Suppression occurs when the response to one tone 103 

saturates OHC mechanotransduction currents, thus limiting OHC force generation 104 

(Geisler et al., 1990). By varying the suppressor tone frequency, we selectively reduced 105 

amplification from different cochlear locations, allowing us to map the region where 106 

amplification accumulates (which we term the “buildup region”). Previous 107 

measurements have shown that the BM traveling wave peak can be suppressed by 108 

tones that excite any region where the wave is amplified, consistent with amplification 109 

building up over the amplifying region (Rhode, 2007; Versteegh and van der Heijden, 110 

2013) (Fig 1C-F). If this also holds true for the RL traveling wave, RL amplification 111 

would build up over the entire cochlea, since the RL’s amplifying region extends to the 112 

cochlear base. RL motion near or distant from the peak should be reduced by a wide 113 

range of suppressor frequencies, including those that stimulate locations far basal to the 114 

peak (Fig. 1G-J). If the extreme opposite scenario were true and RL amplification did 115 
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not build up at all, RL motion should only be suppressed by tones that stimulate OHCs 116 

at the measurement site (Fig. 1K-N). 117 

 118 

Interestingly, our measurements reveal an intermediate scenario in which RL traveling 119 

wave amplification primarily builds up near the wave’s peak, with a buildup region 120 

similar to that observed for the BM. The data suggest that the coupling of OHC-121 

generated forces along the RL and BM is spatially tuned, likely by the mechanical 122 

properties of the BM and organ of Corti. 123 

 124 

Materials and Methods 125 

Mouse preparation.  We measured cochlear vibrations in vivo in adult (4-6 week old) 126 

wild type CBA/CaJ mice (stock #000654, The Jackson Laboratory) of either sex (n = 10; 127 

5 male). All procedures were approved by the Institutional Animal Care and Use 128 

Committee at the University of Southern California. Mice were anesthetized with 129 

ketamine (80-100 mg/kg) and xylazine (5-10 mg/kg) and positioned on a heating pad to 130 

maintain a core body temperature of ~37º C. Supplemental doses of anesthesia were 131 

administered throughout the experiment to ensure areflexia. The top of the skull was 132 

exposed and glued to a custom head-holder using dental cement, and a ventrolateral 133 

approach was used to surgically access the left middle ear bulla. The bone below the 134 

tympanic ring was then carefully chipped away so that the top of the otic capsule could 135 

be visualized. The pinna was removed and the external ear canal was partially 136 

dissected away to allow positioning of the tip of a probe containing both a microphone 137 

and sound sources (ER10X, Etymotic Research, Inc.) within a few mm of the tympanic 138 
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membrane. The probe tip was glued to the rim of the dissected ear canal to create a 139 

closed sound field. After completing all desired vibration measurements, mice were 140 

killed by anesthetic overdose and a limited set of measurements was repeated 141 

postmortem. 142 

 143 

Volumetric optical coherence tomography and vibrometry (VOCTV). We used an optical 144 

coherence tomography-based approach (VOCTV) to noninvasively image through the 145 

cochlear bone and record vibratory responses from the apical cochlear turn, as 146 

described previously (Gao et al., 2014; Lee et al., 2015; 2016). Briefly, the custom-built 147 

system consisted of a broadband swept-source laser (MEMS-VCSEL, Thorlabs; center-148 

wavelength = 1300 nm, bandwidth = 100 nm, sweep rate = 200 kHz), a dual-balanced 149 

photodetector (WL-BPD600MA, Wieserlabs), and a high-speed digitizer (NI-5761, 150 

National Instruments) connected to a desktop PC. An adaptor attached to the bottom of 151 

the dissecting microscope (Stemi-2000, Zeiss) housed a 2-D voice coil mirror that was 152 

used to scan the light source across the preparation to obtain cross-sectional images of 153 

the cochlear duct. After imaging the apical cochlear turn, vibratory responses were 154 

obtained from specific voxels on the BM and from the RL, near the top of the OHC 155 

region. Measurements were always obtained from local maxima in the reflectivity vs. 156 

depth profile to increase the vibratory signal-to-noise ratio. The angle between the light 157 

source and the BM was ~60-75°, such that the vibration measurements largely captured 158 

the transverse motions of the BM and RL. 159 

 160 
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The imaging resolution of our system was previously determined to be ~9.8 and ~11.4 161 

μm (full width at half maximum) in the lateral and axial dimensions, respectively (Lee et 162 

al., 2015; 2016). Since the BM is ~20 μm thick in the mouse cochlear apex (Keiler and 163 

Richter, 2001), our measurements of BM motion were likely dominated by the BM. 164 

However, because we cannot measure vibrations directly from the surface of the RL, 165 

our measurements of RL vibration probably reflect the combined motion of the RL and 166 

the upper half of the OHC region, over the width of at least one OHC. OHCs in the 167 

mouse cochlear apex are ~20 μm in length, ~5-7 μm in diameter, and spaced ~8 μm 168 

apart (Zajic and Schacht, 1987; Soons et al., 2015). We did not systematically explore 169 

the vibratory properties of locations deeper within the organ of Corti, where the motions 170 

are likely more complex, with transverse, radial, and longitudinal components (Gao et 171 

al., 2014; Lee et al., 2016; Cooper et al., 2018). However, to the extent that the motion 172 

of these locations is influenced by OHC activity (Cooper et al., 2018), measurements of 173 

two-tone suppression at these locations would presumably be similar to what we 174 

measured at the RL. 175 

 176 

Stimulus paradigms. Sound stimuli were calibrated before each experiment using a 177 

Brüel & Kjær 1/8” microphone (Type 4138) coupled to the sound delivery probe via a ~3 178 

mm length of tubing to approximate the residual ear canal. At the beginning of an 179 

experiment, responses to 50-100 ms tones were obtained to determine the CF of the 180 

cochlear location being imaged. The CF was defined as the frequency at the peak of the 181 

BM response to a 30 dB sound pressure level (SPL) tone swept from 1-15 kHz in 0.5 182 

kHz steps, and was either 9 kHz (n = 4) or 9.5 kHz (n = 6) in the 10 mice studied. The 183 
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effects of different suppressor tones on the response to a near-CF probe tone (with 184 

frequency 0.1 kHz above the CF, thus either 9.1 or 9.6 kHz) or low-frequency probe 185 

tone (2.1-6.1 kHz) were then assessed. For each stimulus presentation, a probe tone 186 

was presented for 100 ms, and a suppressor tone was presented for 100 ms after the 187 

probe tone had been on for 50 ms. This yielded three 50 ms intervals containing the 188 

response to (1) the probe alone, (2) both the probe and suppressor tones, and (3) the 189 

suppressor alone. All responses were averaged across 4-8 stimulus presentations. The 190 

response to the probe and/or suppressor frequency components in each interval was 191 

then determined from a fast Fourier transform after applying a Hanning window to the 192 

time-domain signal. Suppression was defined as the amount (in dB) by which the probe 193 

response was reduced by the presence of the suppressor. 194 

 195 

For each probe tone, suppression was examined as a function of the suppressor tone 196 

frequency (extending from the CF in 1 kHz steps over a range covering ~1-20 kHz) and 197 

level (30-90 dB SPL in 5 dB steps). Suppression measurements were attempted for as 198 

many probe frequencies and levels as possible. However, the number of usable 199 

measurements from a given preparation was limited by the high measurement noise 200 

floors at low probe frequencies, and premature death resulting from the anesthesia. To 201 

facilitate comparisons across the same measurement conditions within a sufficient 202 

number of mice, we prioritized characterizing the suppression of BM and RL responses 203 

to near-CF probe tones and RL responses to 4.1 kHz probe tones, using a probe level 204 

of 60 dB SPL, before obtaining measurements at other probe frequencies and levels. 205 

BM and RL responses to near-CF tones and RL responses to 4.1 kHz tones were 206 
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similar in magnitude for a stimulus level of 60 dB SPL and had signal-to-noise ratios that 207 

were adequate for characterizing suppression. Suppression of BM responses to below-208 

CF probe tones was not assessed, since there is little amplification of BM motion at 209 

these frequencies (Rhode, 2007; Versteegh and van der Heijden, 2013) and the 210 

vibratory amplitudes were too small to reliably characterize suppression. 211 

 212 

Responses to single tones presented at 30 dB SPL were repeatedly assessed 213 

throughout each experiment to verify that the CF and sensitivity of the preparation did 214 

not change over time. Responses to single tones were also obtained after death so as 215 

to characterize the loss of OHC-mediated amplification postmortem. However, 216 

suppression measurements were not repeated after death, due to the loss of the 217 

nonlinearities associated with cochlear amplification, as well as the reduction of most 218 

probe responses into the measurement noise floor. 219 

 220 

Data analysis. For each probe frequency and level, the suppressor level required to 221 

reduce the probe response by a criterion amount (1.5-12 dB) was calculated for each 222 

suppressor frequency to produce a family of suppression threshold curves. Curves were 223 

parameterized so as to determine the frequency and threshold level at the minimum (or 224 

“tip”) of the curve, as well as the sharpness of tuning, which was assessed by dividing 225 

the tip frequency by the bandwidth 10 dB up from the tip, yielding the quality factor 226 

Q10dB. Most importantly, we assessed the high-frequency extent of suppression by 227 

determining the highest suppressor frequency that produced a criterion amount of 228 

suppression when the suppressor was presented at 70 dB SPL. In other words, we 229 
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calculated the 70 dB SPL intercept for each suppression threshold curve at frequencies 230 

above the CF. Using the frequency-to-place map of the mouse cochlea (Müller et al., 231 

2005), we then calculated the distance between the measurement location and the 232 

tonotopic place of the highest effective suppressor frequency (defined as the 70 dB SPL 233 

suppression threshold intercept). This yielded an estimate of the longitudinal region over 234 

which OHCs contributed amplification to the probe response at our measurement 235 

location. In some cases, calculation of the 70 dB SPL intercept required that 236 

suppression thresholds be extrapolated to slightly higher frequencies. To average 237 

responses across preparations with different CFs, stimulus frequencies were converted 238 

to octave values relative to the CF, and the data from each mouse were interpolated in 239 

fixed 1/20th-octave steps. All vibratory data presented and analyzed in this report had 240 

magnitudes that were at least 3 SDs above the mean noise floor in frequency bins ± 241 

200-300 Hz around the stimulus frequency. Response phases were corrected by 242 

subtracting the stimulus phase measured in the ear canal. 243 

 244 

Experimental design and statistical analysis. A within-subjects design was used to 245 

compare the vibratory characteristics of the BM and RL as well as the suppression of 246 

BM and RL responses to different probe frequencies and/or levels. Repeated measures 247 

ANOVAs followed by post hoc pairwise comparisons (with Bonferroni corrections) were 248 

conducted using SPSS software to determine the statistical significance (at the p < 0.05 249 

level) of differences in suppression threshold parameters across measurement 250 

conditions. The Greenhouse-Geisser correction was used to adjust the degrees of 251 

freedom of the F-distribution in cases where the data violated the assumptions of 252 
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sphericity. Paired, two-tailed t-tests were used when only two quantities were obtained 253 

from the same mice and compared. One-sample t-tests were also used to assess 254 

whether the tip frequencies of the suppression threshold curves were significantly 255 

different from the CF. For t-tests and ANOVAs, we provide the t or F statistic along with 256 

the degrees of freedom in parentheses (for ANOVAs, both between-group and within-257 

group degrees of freedom are reported), the p value, and the number of mice (n) 258 

included in each test. The number of mice used in each analysis varied since it was not 259 

possible to obtain suppression measurements for all probe frequencies and levels in 260 

every preparation. All reported values are the average ± SEM. When reported in the 261 

context of statistical comparisons across measurement conditions, averages only 262 

include data from mice in which all relevant measurement conditions were completed.  263 

 264 

Results 265 

BM and RL responses to single tones 266 

We used VOCTV to noninvasively image through the cochlear bone (Fig. 2A-B) and 267 

record sound-evoked vibrations from the apical turn of the adult mouse cochlea (Gao et 268 

al., 2014; Lee et al., 2015; 2016). We first characterized the vibrations of the BM and RL 269 

in response to single tones and determined the CF of a given measurement location 270 

(Fig 2C-F; CF = 9 kHz in this example). As described previously (Lee et al., 2016; Ren 271 

et al., 2016b), displacements of the BM and RL exhibited nonlinear, compressive growth 272 

with increasing stimulus level for stimulus frequencies near the CF, and more linear 273 

growth at lower frequencies. RL responses were generally larger and grew more 274 

compressively than BM responses, particularly at low frequencies. These differences 275 
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are more evident after normalizing the displacements to the stimulus pressure (Fig. 2G-276 

H), where the degree of nonlinearity is indicated by the separation between curves 277 

obtained at different stimulus levels. After death, the nonlinearity observed in BM and 278 

RL responses was eliminated, and low-frequency RL responses were dramatically 279 

reduced in magnitude. The vulnerability of low-frequency RL responses indicates that, 280 

at frequencies well below the CF, RL motion is actively amplified by OHCs. In contrast, 281 

BM motion is amplified very little at low frequencies. The mean live/dead displacement 282 

ratio for a 60 dB SPL 4 kHz tone was 4.04 ± 0.91 dB for the BM, and 23.82 ± 0.75 dB 283 

for the RL (significantly different by paired t-test, t(9) = 21.55, p < 0.001, n = 10). 284 

 285 

While measurements from the base of the mouse cochlea have shown that the RL 286 

moves out of phase with the BM at low frequencies and in phase near the CF (Ren et 287 

al., 2016b), we observed the opposite phase relationship (Fig. 2I-J). BM and RL motion 288 

were nearly in phase at low frequencies, and RL motion progressively lagged BM 289 

motion as the stimulus frequency was increased (RL-BM phase for a 70 dB SPL, CF 290 

tone = -0.33 ± 0.04 cycles; t(8) = 8.59, p < 0.001, n = 9, paired t-test). This phase 291 

difference was physiologically vulnerable and largely disappeared after death (Fig. 2J). 292 

The different RL-BM phase relationship observed in our measurements could possibly 293 

be attributed to the different measurement location and/or differences in measurement 294 

angle (e.g., Cooper et al., 2018). 295 

 296 

Suppression of responses to near-CF and below-CF tones 297 
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We next examined how a second tone suppressed BM and RL responses to a primary 298 

tone (referred to as the “probe”) presented at a frequency near the CF of the 299 

measurement site. This allowed us to map the extent of the buildup region basal to the 300 

peaks of the BM and RL traveling waves. Near-CF probes had frequencies 0.1 kHz      301 

above the CF, and thus were either 9.1 or 9.6 kHz. Representative data are shown from 302 

an experiment in which responses to a 60 dB SPL 9.6 kHz probe were monitored while 303 

suppressor tones at different frequencies were varied in level (Fig. 3). 304 

 305 

We found that BM and RL responses to near-CF probes were suppressed by a similar 306 

range of frequencies extending just above the CF (Fig. 3D-E). Suppressor tones with 307 

frequencies more than an octave above the CF (e.g., 20.5 kHz) produced little 308 

suppression (< 1 dB) of either BM or RL responses, indicating that amplification at the 309 

BM or RL traveling wave peak did not depend on OHC-generated forces from far basal 310 

regions. However, suppressor tones with frequencies slightly above the CF (e.g., 14.5 311 

kHz) did reduce near-CF probe responses, suggesting that amplification built up from 312 

regions just basal to the measurement site. Suppression caused by a 14.5 kHz tone 313 

was small (< 5 dB) and grew little with increasing suppressor level (< 0.1 dB/dB). This is 314 

consistent with the notion that the wave evoked by the 14.5 kHz tone only partly 315 

overlapped with the buildup region and grew compressively with stimulus level near its 316 

peak. Near-CF suppressor tones (e.g., 9.5 kHz) were most effective at reducing the 317 

probe response (with suppression approaching ~30 dB), while below-CF suppressors 318 

(e.g., 3.5 kHz) produced comparable reductions only at high suppressor levels (> 70 dB 319 

SPL). These patterns can be attributed to the greater sensitivity and more compressive 320 
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growth of responses to near-CF versus below-CF tones at the measurement site 321 

(Ruggero et al., 1992; Cooper, 1996; Rhode, 2007). 322 

 323 

The above results suggest that amplification of the RL traveling wave peak does not 324 

build up from far basal regions. We therefore next directly assessed the buildup of RL 325 

amplification basal to the peak by examining the suppression of RL responses to a 4.1 326 

kHz probe tone. This below-CF tone elicited a wave that peaked apical to our 327 

measurement site, allowing us to study a more basal region of the RL traveling wave 328 

(Fig. 3C). In contrast to BM and RL responses to near-CF probes, we found that RL 329 

responses to the 4.1 kHz probe were only suppressed by tones that directly vibrated the 330 

measurement site (e.g., 3.5 and 9.5 kHz), and were not influenced by suppressor 331 

frequencies much higher than the CF (14.5 or 20.5 kHz; Fig. 3F). The amplification of 332 

RL responses to the 4.1 kHz probe therefore did not build up significantly from regions 333 

basal to our measurement site, confirming that the buildup of amplification is restricted 334 

to a region near the peak of the RL traveling wave. 335 

 336 

Estimating the extent of the buildup regions for the BM and RL 337 

To more precisely estimate the spatial extent of the buildup regions for BM and RL 338 

responses, we calculated the suppressor level required to reduce the probe response 339 

by a criterion amount for a wide range of suppressor frequencies (Fig. 3G-I). 340 

Suppression thresholds are shown for criteria of 1.5-12 dB, demonstrating the 341 

consistency of the patterns across criteria. For BM and RL responses to near-CF 342 

probes, small amounts of suppression were most effectively achieved with suppressor 343 
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frequencies just above the CF and were observed at frequencies up to 17.5 kHz (0.88 344 

octaves above the CF). Suppression was observed despite the fact that suppressor 345 

tones above ~13 kHz did not elicit displacements above the noise floor at the 346 

measurement site (indicated by gray shaded regions in Fig. 3G-H,J-K). For RL 347 

responses to the 4.1 kHz probe, small amounts of suppression were most effectively 348 

produced by suppressor frequencies near the CF, and suppression was only observed if 349 

the suppressor tone produced a displacement at the measurement site (Fig. 3I,L). 350 

Amplification of BM and RL responses to near-CF tones therefore built up over some 351 

distance basal to the measurement site, while the RL response to a 4.1 kHz tone was 352 

amplified locally. 353 

 354 

Averaged data (n = 8-10) confirmed the different high-frequency extents of suppression 355 

for near-CF and 4.1 kHz probes (Fig. 4). To quantitatively compare these extents, we 356 

determined the highest-frequency 70 dB SPL suppressor tone that could suppress each 357 

probe response by a criterion amount (arrow in Fig. 4D indicates the 70 dB SPL 358 

intercept for 1.5 dB of suppression). We found that BM and RL responses to near-CF 359 

probes were suppressed by a similar range of suppressor frequencies, though 360 

suppression of BM responses extended to slightly higher frequencies for a suppression 361 

criterion of 1.5 dB (Fig. 4D,F; Table 1). This suggests that BM responses depend more 362 

strongly than RL responses on amplification provided by locations basal to the 363 

measurement site. Importantly, both BM and RL responses to near-CF probes were 364 

suppressed by significantly higher frequencies than RL responses to the 4.1 kHz probe, 365 

indicating that near-CF responses depended more strongly on amplification from basal 366 
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locations than did below-CF responses. To estimate the extent of the buildup region for 367 

near-CF and 4.1 kHz responses, we used the frequency-to-place map of the mouse 368 

cochlea (Müller et al., 2005) to determine the characteristic location of the 70 dB SPL 369 

intercept frequency, and then calculated its distance from the CF place. We estimate 370 

that amplification built up over a region 0.95 ± 0.024 mm basal to the measurement site 371 

(~18% of the mouse cochlear length, 5.13 mm; Müller et al., 2005) for BM responses to 372 

the near-CF probe (n = 8), 0.71 ± 0.042 mm (~14% of cochlear length) for RL 373 

responses to the near-CF probe (n = 10), and 0.54 ± 0.025 mm (~10% of cochlear 374 

length) for RL responses to the 4.1 kHz probe (n = 10). 375 

 376 

Other characteristics of the suppression threshold curves indicate that suppression of 377 

RL responses to the 4.1 kHz probe was more strongly tuned to frequencies near the 378 

CF, and that these responses were amplified locally (see Table 1 for statistical 379 

comparisons). The most effective suppressor frequency (i.e., the frequency at the tip of 380 

the suppression threshold curves) for RL responses to the 4.1 kHz probe was lower 381 

than those for BM and RL responses to near-CF probes, though only statistically 382 

significantly so when compared to BM responses. When compared individually to the 383 

CF of the measurement location, suppression threshold tip frequencies were not 384 

significantly different from the CF for RL responses to the 4.1 kHz probe (t(9) = -1.00, p 385 

= 0.343, n = 10, one-sample t-test), while they were significantly higher than the CF for 386 

both BM and RL responses to near-CF probes (BM: t(7) = 30.02, p < 0.001, n = 8; RL: 387 

t(9) = 3.93, p = 0.003, n = 10, one-sample t-test). The suppression of RL responses to 388 

the 4.1 kHz probe was also more sharply tuned, as quantified by the quality factor, 389 
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Q10dB. Lastly, suppression of RL responses to the 4.1 kHz probe required significantly 390 

lower suppressor levels, particularly at frequencies near the CF. This may reflect that 391 

amplification of the 4.1 kHz response was strongly localized to the measurement site, 392 

rather than being distributed over a basal region. Alternatively, near-CF probes may 393 

exert more of a suppressive influence on the response to the suppressor tones, thus 394 

reducing their efficacy. 395 

 396 

Amplification of near-CF responses builds up over a broader region at lower 397 

stimulus levels 398 

We initially studied the suppression of responses to probe tones presented at 60 dB 399 

SPL, as BM and RL responses to near-CF tones and RL responses to 4.1 kHz tones 400 

were comparable in magnitude at this level (BM, near-CF: 8.24 ± 0.51 nm; RL, near-CF: 401 

9.35 ± 0.59 nm, RL, 4.1 kHz: 7.41 ± 0.83 nm; no significant pairwise differences after 402 

repeated measures ANOVA, F(2,14) = 4.29, p = 0.035, n = 8). However, since both the 403 

probe and suppressor tones contribute to the saturation of OHC mechanotransduction 404 

currents, the probe level may influence the observed suppression patterns (Rhode, 405 

2007). Moreover, the spatial extent of the buildup region may depend on stimulus level. 406 

We therefore next confirmed that the differences in suppression patterns noted above 407 

were observed at lower probe levels. 408 

 409 

As we decreased the probe level from 60 to 40 dB SPL, the suppression of BM and RL 410 

responses to near-CF probes was observed at lower suppressor levels and higher 411 

suppressor frequencies (Fig. 5A-B). The probe level had a significant effect on the 70 412 
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dB SPL suppression threshold intercept (BM: F(2,8) =  35.99, p < 0.001, n = 5; RL: 413 

F(2,10) = 16.41, p < 0.001, n = 6, repeated measures ANOVA), with the 70 dB SPL 414 

intercept frequency being significantly higher for a probe level of 40 dB SPL versus 60 415 

dB SPL (BM: p = 0.007; RL: p = 0.003). Amplification of near-CF responses therefore 416 

built up over a broader basal region at lower probe levels. Using the 70 dB SPL 417 

intercepts of the suppression threshold curves (and suppression criterion = 1.5 dB), we 418 

estimate that the buildup region for 50 and 40 dB SPL probe responses extended 1.02 ± 419 

0.029 mm (n = 7) and 1.23 ± 0.033 mm (n = 5) basal for the BM, and 1.03 ± 0.051 mm 420 

(n = 8) and 1.16 ± 0.038 mm (n = 6) basal for the RL. 421 

 422 

In contrast, the suppression of RL responses to a 4.1 kHz probe did not change as the 423 

probe level was reduced from 60 to 50 dB SPL (Fig. 5C; comparison of 70 dB SPL 424 

intercepts: t(4) = 0.003, p = 0.998, n = 5, paired t-test), with an estimated buildup region 425 

of 0.56 ± 0.052 mm at 50 dB SPL (n = 5; responses at 40 dB SPL were too low in 426 

amplitude to characterize suppression). Differences in the high-frequency extents of 427 

suppression for 4.1 kHz versus near-CF probes were therefore slightly larger for a 428 

probe level of 50 dB SPL (Fig. 5D) than for a probe level of 60 dB SPL (Fig. 4D). For 429 

both probe levels, suppression threshold curves for RL responses to a 4.1 kHz probe 430 

had lower-frequency 70 dB SPL intercepts, lower tip thresholds, and were more sharply 431 

tuned than those for BM or RL responses to near-CF probes (Table 1). Additionally, 432 

suppression patterns for BM and RL responses to near-CF tones became more similar 433 

at lower probe levels, suggesting that the BM and RL may, in fact, share a common 434 
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buildup region (70 dB SPL intercepts were not significantly different at probe levels of 435 

either 50 or 40 dB SPL; Table 1). 436 

 437 

The buildup region of the RL traveling wave gradually transitions into the region 438 

where amplification is local 439 

Differences in the extent of the buildup regions for near-CF and 4.1 kHz tones indicate 440 

that RL motion distant from the traveling wave peak is locally amplified. However, 441 

above-CF suppressors could still produce ~1.5-3 dB of suppression of the 4.1 kHz 442 

response even when they evoked very little displacement of the BM or RL (Figs. 3L, 443 

4E). These effects were likely driven by suppression of OHC activity at locations slightly 444 

basal, suggesting that our measurement site fell in a region where there was still some 445 

spatial buildup of amplification for the 4.1 kHz response. We therefore next examined 446 

whether the degree of buildup depended on the distance of our measurement site from 447 

the peak of the traveling wave, which we varied by changing the probe frequency. 448 

 449 

We found that the suppression of RL responses to below-CF probe frequencies ranging 450 

from 2.1 to 6.1 kHz generally resembled that observed for the 4.1 kHz probe (Fig. 6A-451 

E). However, with increasing probe frequency, above-CF suppressor tones became 452 

progressively more effective at reducing the response to the probe. This was evidenced 453 

by increases in the frequency of the 70 dB SPL suppression threshold intercept as the 454 

probe frequency was increased (Fig. 6E-F; F(3,12) = 7.48, p = 0.004, n = 5, repeated 455 

measures ANOVA for probe frequencies between 2.1 and 5.1 kHz; 6.1 kHz probe data 456 

excluded due to low n). Above-CF suppressor tones were, in fact, as effective in 457 
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reducing the response to a 6.1 kHz probe as they were for a near-CF probe (t(2) = 1.06, 458 

p = 0.401, n = 3, paired-samples t-test). We estimate that the buildup region extended 459 

0.76 ± 0.069 mm (n = 3) basal to the measurement site for the 6.1 kHz probe, but only 460 

0.38 ± 0.033 mm (n = 5) for the 2.1 kHz probe. Thus, the degree to which the RL 461 

response accumulated gain from more basal regions depended on the proximity of our 462 

measurement site to the peak of the traveling wave. The region of the wave where 463 

amplification is primarily local (further from the peak) appears to smoothly transition into 464 

the region where amplification builds up significantly (closer to the peak) (Fig. 6G). The 465 

buildup of amplification is therefore likely controlled by a property that varies 466 

continuously along the length of the cochlea, or that varies with position in the traveling 467 

wave vibration pattern. 468 

 469 

Discussion 470 

It is well established that the BM traveling wave is selectively amplified near its peak 471 

and accumulates gain over the amplifying region (e.g., Fisher et al., 2012). Here we 472 

demonstrate that while the RL traveling wave is amplified throughout its basal extent, it 473 

too only accumulates gain near the wave’s peak. Elsewhere, OHC-generated forces 474 

locally amplify RL motion without influencing RL (or BM) motion at neighboring 475 

locations. This contradicts the proposition that amplification of below-CF RL motion 476 

underlies a global mechanism for amplifying the traveling wave peak (Ren et al., 2016b; 477 

He et al., 2018). Such a mechanism was proposed based on the observation of OHC-478 

mediated, anti-phasic RL and BM motion at below-CF frequencies in the cochlear base 479 

of mouse and gerbil. This motion could theoretically pump fluid longitudinally along the 480 
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organ of Corti to enhance the traveling wave as it propagates apically (Karavitaki and 481 

Mountain, 2007; Zagadou and Mountain, 2012). However, our measurements indicate 482 

that OHC activity in the base contributes little to the amplification of BM or RL traveling 483 

waves in the apex. Instead, our data reveal that a spatially-selective mechanism 484 

controls the buildup of amplification along both the bottom and top of the organ of Corti. 485 

 486 

While the buildup of amplification is necessary to produce sensitive responses at the 487 

traveling wave peak, restricting its spatial extent is also advantageous. Such restriction 488 

sharpens the wave’s peak, thereby enhancing frequency selectivity, and ensures that 489 

cochlear sensitivity at each location depends on a limited population of nearby OHCs. 490 

This prevents high-frequency sounds from interfering with the amplification of low-491 

frequency sounds, which likely aids in processing broadband signals such as speech 492 

and environmental sounds. Importantly, this restriction also minimizes the impact of 493 

OHC damage in one location on sensitivity elsewhere, such that OHC damage in the 494 

cochlear base has little effect on apical responses (Dallos and Harris, 1978; Cody, 495 

1992). 496 

 497 

Though the buildup region appears to be slightly broader for the BM (~0.95-1.23 mm) 498 

than the RL (~0.71-1.16 mm), the buildup of amplification along the BM and RL is likely 499 

controlled by common mechanisms (as discussed below). The broader buildup region 500 

observed for the BM versus RL response to a 60 dB SPL probe can be explained by the 501 

fact that above-CF suppressors reduce the gain provided by basal locations without 502 

directly stimulating the measurement site, and thus effectively reduce the local probe 503 
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level (Versteegh and van der Heijden, 2013). Since RL vibrations grow more 504 

compressively than BM vibrations with increasing level, reducing the local probe level 505 

has less of an effect on RL responses to moderate-level probes. Likewise, the 506 

broadening of the buildup region with decreasing probe level can be explained by the 507 

less compressive growth of near-CF BM and RL responses at lower stimulus levels. 508 

Reducing the local probe level therefore impacts a 40 dB SPL response more than a 60 509 

dB SPL response. The buildup region’s apparent extent thus partially reflects whether 510 

local amplification can compensate for the loss of amplification provided by basal 511 

locations. 512 

 513 

While we refer to the buildup region as being spatially restricted, 0.71-1.23 mm spans a 514 

considerable portion of the mouse’s cochlear length (~14-24% of 5.13 mm; Müller et al., 515 

2005). Similar absolute extents of the buildup region can be estimated from BM 516 

suppression data in chinchilla (~1.8 mm; Rhode, 2007) and gerbil (~1.1-1.3 mm; 517 

Versteegh and van der Heijden, 2013), though these distances only span ~9-10% of the 518 

cochlear length (~20.1 and 11.1 mm in chinchilla and gerbil, respectively; Müller, 1996; 519 

Müller et al., 2010). Similar or slightly shorter buildup regions have been estimated from 520 

the effects of inactivating OHC motility on BM vibrations in chinchilla (> 0.5 mm; Fisher 521 

et al., 2012) and the effects of acoustic trauma on auditory nerve fiber sensitivity in 522 

guinea pig (~0.5-1.3 mm; Cody, 1992). Thus, while cochlear length may vary widely 523 

across species, the absolute longitudinal influence of OHC activity on cochlear 524 

vibrations appears to be relatively constant. 525 

 526 
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The amplification of below-CF RL motion indicates that OHCs are stimulated over a 527 

wide frequency range and provide wideband force generation in response (Frank et al., 528 

1999; Ren et al., 2016a). While the BM does not respond to these below-CF forces, the 529 

RL does, likely because it is directly attached to the apical surfaces of the OHCs and is 530 

less stiff than the BM (Mammano and Ashmore, 1993; Richter and Quesnel, 2006). 531 

However, whether these forces build up longitudinally depends on the degree of 532 

coupling between adjacent locations. Our findings indicate that direct coupling of OHC-533 

generated forces along the RL is weak, since there was little buildup of below-CF RL 534 

amplification. Instead, our data suggest that longitudinal coupling of OHC-generated 535 

forces may be largely mediated by the BM and its interactions with the cochlear fluids. 536 

This is because the buildup of RL amplification was only observed near the peak of the 537 

traveling wave, where OHC-generated forces are capable of influencing BM motion. If 538 

the BM’s spatially-graded impedance underlies how OHCs selectively amplify BM 539 

motion near the peak of the traveling wave, then this property could also explain why 540 

longitudinal coupling is limited to this region. 541 

 542 

However, the micromechanics of the organ of Corti are likely also involved in spatially 543 

restricting BM amplification and/or the longitudinal coupling of OHC-generated forces. 544 

For instance, maximal BM amplification occurs when OHC force generation is in phase 545 

with BM velocity, such that a frequency-dependence in the phase of the OHC 546 

stimulation (and, thus, force production) could produce selective BM amplification near 547 

the CF (Dong and Olson, 2013; Nankali et al., 2018). The Y-shaped geometry formed 548 

longitudinally by the OHCs and Deiters’ cells has also been proposed to underlie the 549 
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spatially-selective amplification and buildup of BM motion (Geisler and Sang, 1995; 550 

Yoon et al., 2011). A model that emphasizes the importance of this geometry has 551 

recently been extended to include the RL’s mechanics and replicates some of the 552 

differences in RL and BM motion (Motallebzadeh et al., 2018). The similarity in the 553 

buildup region’s extent across species supports the idea that longitudinal coupling of 554 

OHC-generated forces depends on the cellular dimensions and geometry within the 555 

organ of Corti, which are also similar across species (Yoon et al., 2011). 556 

 557 

Additionally, while longitudinal coupling along the apical surface of the organ of Corti is 558 

apparently weak below the CF, it is possible that this coupling is enhanced near the CF. 559 

For instance, the tectorial membrane (TM) and its interactions with OHC stereocilia 560 

have been shown to confer longitudinal coupling to the cochlear partition and increase 561 

near-CF responses (Russell et al., 2007; Dewey et al., 2018). This coupling likely 562 

involves longitudinally-propagating waves of radial motion on the TM (Ghaffari et al., 563 

2007; Sellon et al., 2015). Since the micromechanics of the organ of Corti enhance 564 

radial RL motion near the CF (Lee et al., 2016), the interplay between radial RL and TM 565 

motion could facilitate longitudinal coupling of OHC-generated forces at these 566 

frequencies. Longitudinal electrical coupling between OHCs (Ramamoorthy et al., 2007) 567 

could also be frequency-dependent. 568 

 569 

The functional role of amplifying below-CF RL motion remains uncertain. Nevertheless, 570 

this motion must shape how the OHCs and IHCs are stimulated, since their stereocilia 571 

protrude from the RL. As evidence for this, below-CF auditory nerve fiber responses can 572 
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be inhibited by tones (Nam and Guinan, 2018) and by stimulation of the medial 573 

olivocochlear efferents (Stankovic and Guinan, 1999; 2000), which innervate OHCs. 574 

This suggests that IHCs are excited by the amplified, below-CF RL motion. However, 575 

IHC receptor potentials are relatively insensitive to below-CF tones (Russell et al., 1986) 576 

when compared to RL vibrations, and auditory nerve fiber tuning more closely 577 

resembles the BM’s mechanical tuning in the cochlear base (Narayan et al., 1998). The 578 

influence of below-CF RL motion may therefore be filtered out of the mechanical drive to 579 

the IHC stereocilia or by the mechanotransduction process. Sensitivity to velocity, rather 580 

than displacement, (Robles and Ruggero, 2001) or fast adaptation of 581 

mechanotransduction currents (Kennedy et al., 2003; Ricci, 2005) could provide this 582 

high-pass filtering. 583 

 584 

OHCs are more sensitive than IHCs to below-CF tones (Russell et al., 1986; Kössl and 585 

Russell, 1992), perhaps reflecting a greater influence of RL motion. Additionally, the 586 

suppression of below-CF RL motion may have correlates in the suppression of other 587 

OHC-dependent responses, such as the cochlear microphonic (Legouix et al., 1973; 588 

Cheatham and Dallos, 1982) and otoacoustic emissions (Martin et al., 1999; Charaziak 589 

and Siegel, 2015), by tones presented several octaves above the stimulus frequency. 590 

Nevertheless, the semi-transverse RL displacements reported here are likely a poor 591 

estimate of the stimulus to the OHC stereocilia, which are deflected by radial shear 592 

between the RL and TM. Future studies of 3-D cochlear micromechanics are needed to 593 

fully understand how RL motion influences the radial stimulation of hair cells, and thus 594 

the auditory nerve. Here we show that the influence of transverse RL motion along the 595 
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longitudinal direction is spatially restricted by mechanisms that likely derive from the 596 

mechanical properties of the BM and organ of Corti. 597 

 598 

 599 

  600 
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Figure Legends 743 

Figure 1. Assessing the spatial buildup of amplification in the mouse cochlea 744 

using suppression. 745 

(A) Cartoon indicating the approximate location where we measured vibrations in the 746 

apical turn of the mouse cochlea. 747 

(B) Cross-sectional diagram of the cochlear partition. The RL forms the apical surface of 748 

the OHCs and IHCs, which are coupled to the BM by various supporting cells. The 749 

overlying tectorial membrane (TM) is connected to the RL via the tallest row of OHC 750 

stereocilia. 751 

(C) Cartoon illustrating the spatial envelope of BM displacement along the length of the 752 

uncoiled cochlea. The response is shown for a stimulus frequency (f) near the CF (~9 753 

kHz) of our measurement site (orange dashed line) in an active, live cochlea (solid line) 754 

and a passive, dead one (dotted line/shaded region). BM responses are amplified in the 755 

region where live and dead responses diverge (dashed bracket) and amplification builds 756 

up over this region (indicated by apically-pointing arrows). 757 

(D-F) Known effects of suppressor tones on BM responses to near-CF (D-E) and below-758 

CF (F) tones. Near-CF responses are reduced by above-CF suppressor tones that 759 

excite the amplifying/buildup region (gray line, with f > CF; D) but not by suppressor 760 

tones that only excite more basal regions (with f >> CF; E). Below-CF responses are not 761 

reduced because there is no amplification to suppress at our measurement site (F). 762 

(G) Envelope of the RL response to a near-CF tone in a live and dead cochlea, 763 

illustrating that RL motion is amplified throughout the traveling wave. Apically-pointing 764 
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arrows indicate the hypothetical scenario in which amplification builds up throughout the 765 

amplifying region. 766 

(H-J) Predictions for the suppression of RL responses if amplification builds up 767 

throughout the amplifying region. At our measurement site, RL responses to both near-768 

CF (H-I) or below-CF (J) tones should be reduced by suppressors that excite any 769 

portion of the amplifying region, including those that excite regions far basal to the peak. 770 

(K-N) Cartoons illustrating the alternate scenario in which amplification of the RL 771 

traveling wave does not build up at all (K). RL motion at any given location would 772 

therefore only be amplified by local OHC-generated forces (vertically-oriented arrows 773 

indicate local amplification). At our measurement site, RL responses to near-CF (L-M) 774 

or below-CF (N) tones should not be reduced by suppressor tones that do not excite 775 

this location. 776 

 777 

Figure 2. Single tone responses of the BM and RL. 778 

(A) Cross-sectional image of a mouse cochlea obtained in vivo with VOCTV. The 779 

measurement location in the apical turn is highlighted. Scale bar = 100 μm. 780 

(B) Magnification of highlighted region from image in (A) with the locations of the BM, 781 

TM, Reissner’s membrane (RM), and various cellular regions within the organ of Corti 782 

outlined. Outlined but not labeled are the pillar cells (in blue), which bound the tunnel of 783 

Corti; the Deiters’ cells (in green), which support the OHCs; and the lateral supporting 784 

cell region (in magenta), which include Hensen’s, Claudius’, and Boettcher’s cells. Stars 785 

indicate locations on the BM and RL where vibrations were measured. Scale bar = 100 786 

μm. 787 
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(C-D) Sound-evoked displacements of the BM (C) and RL (D) obtained from a 788 

representative mouse at a location with a CF of 9 kHz. Displacement magnitudes are 789 

plotted as a function of the stimulus tone frequency (1-15 kHz in 0.5 kHz steps) for 790 

different stimulus levels (20-90 dB SPL, 10 dB steps). Curves for the lowest and highest 791 

stimulus levels are labeled. For clarity, displacements were smoothed across frequency 792 

with a three-point moving average. 793 

(E-F) Phase of BM (E) and RL (F) displacements as a function of frequency. Curves for 794 

different stimulus levels largely overlap at the scale shown. Increasing phase lags with 795 

increasing stimulus frequency indicate traveling wave propagation. 796 

(G-H) Displacements of the BM (G) and RL (H) normalized to the evoking stimulus 797 

pressure in Pascals, revealing frequency- and level-dependent response nonlinearities. 798 

After death, BM and RL responses near the CF were dramatically reduced and 799 

nonlinearities were eliminated (overlapping gray curves were obtained for 60-90 dB SPL 800 

tones). RL responses below the CF were also reduced postmortem at all stimulus 801 

levels. 802 

(I) Phase of BM and RL responses to 70 dB SPL tones for all live mice in which single-803 

tone responses were obtained with sufficient frequency resolution at this stimulus level. 804 

Response phases were consistent across preparations, and reveal that RL motion 805 

progressively lagged BM motion with increasing stimulus frequency. The frequency axis 806 

is expressed in octaves relative to the CF to facilitate comparison across mice. 807 

(J) The difference between the BM and RL response phases shown in (I), as well as the 808 

RL-BM phase difference in the same mice after death, demonstrating that it was 809 

physiologically vulnerable. Individual and average data are shown with thin and thick 810 
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lines, respectively (dashed lines indicate ± SEM). Individual data falling below the 811 

measurement noise floor are not shown. Average values are only shown for frequencies 812 

where data from at least 5 mice exceeded the noise floor. 813 

 814 

Figure 3. Suppression of responses to near-CF and below-CF probe tones. 815 

(A-C) Cartoons illustrating the waves elicited by a probe tone fixed at a frequency near 816 

the CF of the measurement site (here 9.5 kHz) for the BM (A) and RL (B), or at a below-817 

CF frequency for the RL (C). The waves elicited by suppressor tones at different 818 

frequencies are shown in gray. 819 

(D-E) Representative BM (D) and RL (E) displacements evoked by a near-CF probe 820 

tone (9.6 kHz, 60 dB SPL) in the absence (thin, solid line) or presence of suppressor 821 

tones at frequencies below, at, or above the CF (see legend), plotted as a function of 822 

suppressor level. Right axes indicate the amount of suppression in dB relative to the 823 

unsuppressed probe response. For clarity, the unsuppressed probe response was 824 

averaged across all measurement conditions. Responses in the presence of each 825 

suppressor (in nm) were re-scaled appropriately using the amount of suppression (in 826 

dB) observed in each condition. 827 

(F) RL displacements for a below-CF (4.1 kHz) probe tone in the absence and presence 828 

of the same suppressor tone frequencies. The probe response was relatively insensitive 829 

to above-CF suppressor tones, indicating that amplification of the response did not build 830 

up from locations basal to the measurement site. 831 

(G-I) Suppressor tone levels required to achieve fixed amounts of suppression, ranging 832 

from 1.5-12 dB in 1.5 dB steps, as a function of suppressor tone frequency (data are 833 



 

 40 

from the same preparation as in D-F). The CF is indicated by the triangle/dotted vertical 834 

line; dashed horizontal line and circle indicate the probe frequency and level. Gray 835 

shaded regions indicate the range of suppressor frequencies for which the suppressor 836 

evoked no displacement above the measurement noise floor (~0.1 nm). 837 

(J-L) Displacements elicited by the suppressor tone at the threshold for each 838 

suppression criterion shown in G-I. Suppressor-evoked displacements falling below the 839 

measurement noise floor are not shown. Dashed horizontal line indicates the 840 

unsuppressed response to the probe tone. 841 

 842 

Figure 4. Average suppression thresholds for BM and RL responses to near-CF 843 

probes and RL responses to below-CF probes. 844 

(A-C) Average suppressor levels required to suppress BM (A) and RL (B) responses to 845 

near-CF probes, and RL responses to a 4.1 kHz probe (C) by 1.5-12 dB. Due to the 846 

different CFs across preparations (9 or 9.5 kHz), suppressor frequencies are expressed 847 

in octaves relative to the CF, and suppression thresholds were interpolated to facilitate 848 

averaging. Circles/dashed horizontal lines indicate the probe frequency/level; dotted 849 

vertical lines highlight the CF position. Shaded gray area indicates the range of 850 

suppressor frequencies for which the displacement evoked by the suppressor was 851 

below the measurement noise floor (~0.1 nm). Error bars not shown for clarity. 852 

(D) Comparison of average suppression thresholds (criterion = 1.5 dB) from mice in 853 

which all three measurement conditions were obtained. Data are shown only at 854 

frequencies where suppression thresholds were measurable in at least 5 mice. Dashed 855 
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lines indicate ± SEM. The 70 dB SPL intercept used to calculate the spatial extent of the 856 

buildup region is indicated. 857 

(E) Average displacements evoked by the suppressor tone that reduced each probe 858 

response by 1.5 dB. Symbols indicate the frequencies and average displacements 859 

elicited by the near-CF and below-CF probe tones when presented alone (error bars are 860 

smaller than the symbols). 861 

(F) Comparison of 70 dB SPL intercepts for 1.5 dB of suppression. Suppression of BM 862 

and RL responses to near-CF probes extended to significantly higher suppressor 863 

frequencies when compared to the suppression of RL responses to a 4.1 kHz probe. 864 

BM responses to near-CF probes were also suppressed by significantly higher 865 

suppressor frequencies than were RL responses to near-CF probes. Asterisks indicate 866 

statistical significance (*p < 0.05, **p < 0.005, ***p < 0.0005, repeated measures 867 

ANOVA followed by post hoc comparisons with Bonferroni corrections). 868 

 869 

Figure 5. Suppression extends to higher suppressor frequencies with decreasing 870 

probe level for near-CF, but not below-CF, probes.  871 

(A-B) Average suppression thresholds (criterion = 1.5 dB) for BM (A) and RL (B) 872 

responses to near-CF probe tones presented at levels of 40, 50, and 60 dB SPL. With 873 

decreasing probe level, suppression was observed at lower suppressor levels and 874 

higher suppressor frequencies, indicating a broadening of the buildup region. Averages 875 

include data from mice in which suppression was characterized for all three probe 876 

levels, and are shown only at frequencies where suppression criteria were met in at 877 

least 5 mice. 878 
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(C) Average suppression thresholds (criterion = 1.5 dB) for RL responses to a 4.1 kHz 879 

probe presented at 50 and 60 dB SPL. Suppression thresholds for the two probe levels 880 

were highly similar. Average data inclusion/plotting criteria are as described above. 881 

(D) Comparison of average suppression thresholds for 50 dB SPL probes. Dashed 882 

horizontal line indicates the probe level. 883 

For all curves in A-D, dashed lines indicate ± SEM. Dotted vertical lines highlight the CF 884 

position. 885 

 886 

Figure 6. Suppression of RL responses to different below-CF probes reveals 887 

gradual transition between region of the RL traveling wave where amplification 888 

builds up and where it is primarily local. 889 

(A-D) Average suppression thresholds for RL responses to probe frequencies of 2.1, 890 

3.1, 5.1, and 6.1 kHz (A-D, respectively) for a probe level of 60 dB SPL. Circles/dashed 891 

horizontal lines indicates the probe frequency and level; dotted vertical lines highlight 892 

the CF position. Averaged data are only shown at frequencies where the suppression 893 

criterion was met and displacements were above the noise floor in at least 5 mice (when 894 

n = 8), 4 mice (when n = 5), or in 3 mice (when n = 3). Error bars not shown for clarity. 895 

(E) Comparison of average suppression thresholds (criterion = 1.5 dB) for RL responses 896 

to 2.1, 4.1, and 6.1 kHz probes, as well as a near-CF probe. Dashed lines indicate ± 897 

SEM. 898 

(F) Comparison of the 70 dB SPL intercept of the suppression threshold curves 899 

(indicated by arrow in E) for all probe frequencies. With decreasing probe frequency, 900 

above-CF suppressor tones became progressively less effective at suppressing the 901 
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probe response, indicating that the buildup region became increasingly narrow. 902 

Individual/average data are shown with open/filled symbols. Error bars indicate ± SEM. 903 

(G) Cartoon illustrating that the data suggest a smooth transition between the region of 904 

the traveling wave where amplification builds up (apically-pointing arrows), and where 905 

amplification is primarily local (vertical arrows). The position of our measurement site 906 

(orange arrows/vertical dashed lines) in this transition region explains the increased 907 

effectiveness of an above-CF suppressor tone (dashed gray lines) in suppressing the 908 

response to a 6.1 kHz versus a 4.1 kHz probe tone. The passive response to each 909 

probe tone is also shown (dotted curves/shaded regions). 910 

  911 
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Table 1. Comparison of suppression patterns for near-CF and 4.1 kHz probe tones 912 
for each probe level. 913 
 914 
Probe 
level 
(dB 

SPL) 

Location, 
probe 

frequency  

70 dB SPL 
intercept 

(octaves re CF) 
Q10dB Tip frequency 

(octaves re CF) 
Tip threshold 

(dB SPL) 

60 

BM, near-CF 0.74  0.02 1.51  0.04 0.27  0.01 53.28  0.55 

RL, near-CF 0.57  0.04* 1.94  0.19n.s. 0.13  0.05n.s. 52.98  1.03n.s. 

RL, 4.1 kHz 0.41  0.02***/* 3.47 ± 0.18***/** -0.01  0.01***/n.s. 37.95  0.98***/*** 

ANOVA; 
pairwise 

comparisons 

F(2,14) = 33.57,  

p < 0.001, n = 8; 
1p = 0.032,  
2p < 0.001,  
3p = 0.011 

F(2,14) = 43.57,  

p < 0.001, n = 8; 
1p = 0.116,  
2p < 0.001,  
3p = 0.003  

F(1.00,7.02) = 21.87, 

p = 0.002, n = 8; 
1p = 0.092,  
2p < 0.001,  
3p = 0.091 

F(1.12,7.85) = 73.94,  

p < 0.001, n = 8; 
1p = 1.000,  
2p < 0.001,  
3p < 0.001 

50 

BM, near-CF 0.79  0.03 2.06  0.22 0.19  0.05 44.16  0.67 

RL, near-CF 0.83  0.02n.s. 2.20  0.14n.s. 0.22  0.03n.s. 43.78  0.58n.s. 

RL, 4.1 kHz 0.44  0.04**/** 3.47 ± 0.17**/* -0.03  0.03n.s./* 36.13  1.68*/* 

ANOVA; 
pairwise 

comparisons 

F(2,8) = 62.26,  

p < 0.001, n = 5; 
1p = 1.000,  
2p = 0.003,  
3p = 0.001 

F(2,10) = 30.79,  

p < 0.001, n = 6; 
1p = 1.000,  
2p = 0.001,  
3p = 0.006  

F(2,10) = 15.64,  

p < 0.001, n = 6; 
1p = 1.000,  
2p = 0.052 
3p = 0.012 

F(1.08,5.42) = 21.90,  

p = 0.004, n = 6; 
1p = 1.000,  
2p = 0.008,  
3p = 0.024 

40 

BM, near-CF 0.97  0.03 2.68  0.17 0.15  0.002 34.50  0.54 

RL, near-CF 0.91  0.04n.s. 2.49  0.22n.s. 0.17  0.02n.s. 35.25  0.47n.s. 

Paired t-test 
t(4) = 1.32, p = 0.258,  

n = 5 

 t(5) = 1.42, p = 0.214, 

 n = 6 
t(5) = -1.00, p = 0.363,  

n = 6 
t(5) = -1.71, p = 0.148, 

n = 6 

 915 
Summary of suppression threshold curve parameters (mean  SEM) for all mice in 916 

which data for each measurement condition (BM, near-CF probe; RL, near-CF probe; 917 

RL, 4.1 kHz probe) were available for a given probe level. All parameter values were 918 

derived from the suppression threshold curves for a suppression criterion of 1.5 dB. For 919 

the RL, near-CF and RL, 4.1 kHz probe conditions at each probe level, asterisks 920 

indicate statistically significant differences in parameter values with respect to the BM, 921 

near-CF probe condition (*p<0.05; **p<0.005; ***p<0.0005; n.s. = non-statistically 922 

significant). For the RL, 4.1 kHz probe condition, a second set of asterisks indicates a 923 

statistically significant difference with respect to the RL, near-CF probe condition. 924 
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Differences were assessed by repeated measures ANOVA, followed by post hoc 925 

pairwise comparisons with Bonferroni corrections, for probe levels of 50-60 dB SPL, and 926 

by paired t-test for a probe level of 40 dB SPL, as data were not obtained for the RL, 4.1 927 

kHz probe condition at this probe level. Results of the relevant statistical analyses are 928 

shown along with the number of mice (n) included in each average value. When 929 

repeated measure ANOVA were performed, the p values for each pairwise comparison 930 

(indicated by superscript: 1 BM, near-CF vs. RL, near-CF; 2 BM, near-CF vs. RL, 4.1 931 

kHz; 3 RL, near-CF vs. RL, 4.1 kHz) are shown. 932 

 933 

 934 














