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Introduction: Calyx bearing vestibular afferent neurons innervating type I hair cells in the striolar region of the utricle are exquisitely sensitive to auditory-frequency air conducted sound (ACS) and bone conducted vibration (BCV). Here, we present experimental data and a mathematical model of utricular mechanics and vestibular compound action potential generation (vCAP) in response to clinically relevant levels of ACS and BCV. Vibration of the otoconial layer relative to the sensory epithelium was simulated using a Newtonian two-degree-of-freedom spring-mass-damper system, action potential timing was simulated using an empirical model, and vCAPs were simulated by convolving responses of the population of sensitive neurons with an empirical extracellular voltage kernel. The model was validated by comparison to macular vibration and vCAPs recorded in the guinea pig, in vivo.

Results: Transient stimuli evoked short-latency vCAPs that scaled in magnitude and timing with hair bundle mechanical shear rate for both ACS and BCV. For pulse BCV stimuli with durations <0.8 ms, the vCAP magnitude increased in proportion to temporal bone acceleration, but for pulse durations >0.9 ms the magnitude increased in proportion to temporal bone jerk. Once validated using ACS and BCV data, the model was applied to predict blast-induced hair bundle shear, with results predicting acute mechanical damage to bundles immediately upon exposure.

Discussion: Results demonstrate the switch from linear acceleration to linear jerk as the adequate stimulus arises entirely from mechanical factors controlling the dynamics of sensory hair bundle deflection. The model describes the switch in terms of the mechanical natural frequencies of vibration, which vary between species based on morphology and mechanical factors.
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Introduction

Auditory frequency ACS and BCV are commonly used to activate vestibular otolith organs in the inner ear for basic science applications and as part of the neuro-otology clinical test battery. Utricular and saccular afferent neurons with irregularly spaced inter-spike intervals are the most sensitive to sound and vibration (1–3), and for sinusoidal stimuli fire action potentials at a precise phase in the stimulus cycle. Transient pulse or click stimuli evoke synchronized action potential firing in these sensitive neurons, resulting in detectable whole-nerve vestibular compound action potentials (vCAPs), similar to extracellular field potentials first observed in peripheral nerves a century ago (4). Vestibular short-latency evoked potentials (VsEPs) are specific vCAPs commonly measured for vestibular phenotyping in animal models via subcutaneous electrodes in response to whole-skull nasal-occipital vibration (5, 6). The function of the vestibular system can also be monitored through compensatory reflex responses of neural-muscular circuits including the vestibular-ocular, −spinal, and -colic systems (7). In humans, vestibular evoked myogenic potentials (VEMPs) in ocular and cervical muscle groups are routinely measured in the clinic in response to sound or vibration to assess the function of the utricle and saccule, respectively, (8–11). Although ACS and BCV stimuli are commonly used to activate otolith organs, precisely how these stimuli deflect hair bundles, activate mechano-electrical transduction (MET) currents, and evoke synchronized action potentials in vestibular otolith afferent neurons remains unknown.

In the traditional view, the otolith organs are gravito-inertial sensors responsible for detecting orientation of the head relative to gravity and low-frequency linear acceleration (7). Consistent with this, most mechanical models of otolith organs have focused on slowly changing inertial forces and treat the utricle as a one degree-of-freedom (1-DOF) spring-mass-damper system forced by gravity or classical base-support vibration (12, 13). With appropriate parameters, 1-DOF mechanical models capture the low-pass nature of otoconial vibration in response to gravito-inertial acceleration (14, 15), but they fail to address activation by ACS and fail to describe vibration of the epithelium relative to the skull. In the present report we introduce another degree of freedom to allow the membranous labyrinth to vibrate relative to the temporal bone, and allow the otoconial layer to vibrate relative to the macular epithelium, with the difference between the two deflecting hair bundles and gating mechano-electrical transduction (MET) channels. We combined this 2-DOF mechanical model with an empirical integrate-and-fire to simulate synchronized vestibular afferent action potential firing and resulting whole-nerve vestibular compound action potentials (vCAPs). To validate the model, we compared theoretical predictions in response to BCV and ACS stimuli to macular vibrations measured using laser doppler vibrometry, and to vCAPs recorded near the vestibular nerve in guinea pigs, in vivo. Once validated, the model was applied to elucidate the origins of utricular mechanical activation and synchronized action potentials in response to clinically relevant ACS and BCV stimuli, and in response to damaging acoustic blast exposure.



Materials and methods


Experiments

Data reproduced in the present study for model development and parameter estimation represent a subset of a larger study by Pastras et al. (16). All procedures were approved by the University of Sydney Animal Ethics Committee (Protocol# 2019/1533). Experimental methods are detailed elsewhere (16–18). Briefly, vCAPs, macular vibration, stapes vibration, and ear-bar (temporal bone) vibration were recorded in healthy anaesthetized guinea pigs (Cavia porcellus) as shown schematically in Figure 1. vCAPs were recorded relative to a reference electrode in the neck musculature using a Ag/AgCl electrode in the bony facial nerve canal, near the superior branch of the vestibular nerve. Linear acceleration was measured at the ear-bar fixture, adjacent to the skull, using a 3-axis accelerometer.

[image: Figure 1]

FIGURE 1
 Experimental set up and schematic of the mechanical model. (A) Two different mechanical stimuli were used: (1) bone conducted vibration (BCV), quantified experimentally by measuring acceleration [image: image] of the ear-bar fixture, (2) air conducted sound (ACS) quantified experimentally by measuring stapes velocity [image: image]. BCV was modeled as vibrating the entire perilymphatic space, while ACS was modeled as vibrating the oval window (OW) and round window (RW) simultaneously. The membranous labyrinth was treated as a lumped mass tethered to the temporal bone through viscoelastic elements, and the utricular otoconial layer was treated as a second lumped mass tethered to the utricular sensory epithelium by viscoelastic elements. (B) Mechanical displacements of the masses and the round window are denoted [image: image] and angular shear between the otoconial layer and the surface of the epithelium is denoted [image: image]. Vestibular compound action potentials (vCAP) were recorded in perilymph relative to ground, vestibular microphonics (VM) were recorded across the membranous labyrinth and vibration of the epithelium was recorded in the [image: image] direction with an LDV system.


For measurements of utricular macular and stapes vibration, a single-point Laser Doppler Vibrometer (LDV) (Type 8,338, Brüel & Kjær, Denmark) was used with high-velocity capability (max. 500 mm/s) and wide frequency bandwidth, up to 22 kHz. The system resolution was ≤0.02 μm/s/√Hz, and the dynamic range was >90 dB over its full bandwidth. The bony labyrinth was opened to allow optical access for LDV recordings. To enhance signal strength, 20 μm diameter reflective glass microbeads (Refractive index >1.93; Cospheric, CA, United States) were placed onto the macular epithelium and stapes footplate, under the guidance of a surgical microscope using a ventral surface approach. The laser beam (628 nm, red) was directed onto the microbead targets via an optical mirror (Thorlabs, United States), which was adjustable in 3D. The level of fluid was managed by tissue wicks to avoid microbead immersion in perilymph and artifacts via fluid surface motion introducing frequency shifts in the LDV signal (19). For ACS stimulation, the tympanum and ossicular chain were left intact, and the fluid level in the bony labyrinth at the surgical opening was maintained to ensure direct fluid coupling between the stapes footplate and macula.



Mechanics

We developed a simple 2-DOF model to approximate mechanical excitation of the utricle by ACS and/or BCV. A schematic of the mechanical system at rest is provided in Figure 1A and in a deformed configuration during stimulation in Figure 1B. BCV was modelled as vibrating the temporal bone with acceleration [image: image] relative to inertial ground, and ACS was modelled by an inertial force applied to the membranous labyrinth proportional to stapes acceleration [image: image]. At rest, the sensory epithelium was locatedat distance [image: image] from the bony capsule. Displacement of the sensory epithelium relative to the bone was defined as [image: image], displacement of the otoconial layer relative to the bone was defined as [image: image], and shear angle between the layers as [image: image]. Shear is the key mechanical variable because it is directly related to hair bundle deflection while displacements of the individual layers are not (e.g., if [image: image] the hair bundle deflection is zero). The otoconial layer was modelled as a single mass [image: image] tethered to the sensory epithelium by an elastic element of stiffness [image: image] and a viscous element with damping coefficient [image: image]. The utricular membranous labyrinth and epithelial layer were assumed to be tethered to the temporal bone by stiffness [image: image] and damping coefficient [image: image], with inertia modelled with a single effective mass [image: image]. For small vibrational stimuli, we assumed the membranous labyrinth moved in a straight line with [image: image] and [image: image] components linearly related to each other. Specifically, for a vibrational stimulus in [image: image] ([image: image]) direction the position of the epithelium was assumed to have the form [image: image], where [image: image] and [image: image] are constants. With this simplification, Newton’s second law in the [image: image] direction gives the equation of motion for vibration of the otoconial layer tangent to the epithelium as

[image: image]

where the natural frequency is [image: image] and the nondimensional damping coefficient is [image: image]. The forcing term on the right-hand side is:

[image: image]

The equation of motion for vibration of the epithelium is:

[image: image]

where the natural frequency is [image: image] and the otoconial nondimensional damping coefficient is [image: image]. The force on the right-hand side of Eq. 3 is:

[image: image]

where [image: image] is the ratio of the otoconial mass to the effective mass of the endolymph-filled labyrinth (including the epithelium) is [image: image]. Since the total mass of the endolymph is much greater than the otoconial mass, the ratio [image: image]. The term [image: image] is the inertial force exerted by the perilymph on the labyrinth caused by acceleration of the stapes. Neglecting terms multiplied by [image: image], we approximate [image: image] using:

[image: image]

The first term, [image: image], arises from BCV and the second term, [image: image], arises from ACS induced stapes vibration. When the bony labyrinth is intact, the factors [image: image] and [image: image] account for the acceleration induced pressure in the fluids, which reduces the effective mass in analogy to buoyancy (e.g., [image: image], where [image: image] is the endolymph density and [image: image] is the otoconial layer density) (20, 21). Since the bony labyrinth was open in the present study, pressure in the endolymph and perilymph was assumed uniform which reduces both factors to [image: image]For BCV simulations, the stimulus was determined from ear-bar accelerometer data [image: image], and for ACS simulations the stimulus was determined from the derivative of stapes velocity [image: image] measured using LDV.

We solved Eq. 3 and Eq. 1 in the time domain using the following convolution integral:

[image: image]

For [image: image], the Green’s function is:

[image: image]

where [image: image] is the unit step function. Eq. 3 was first solved to approximate vibration of the epithelial layer [image: image] (neglecting [image: image]), which was then substituted into Eq. 1 to solve for vibration of the otoconial layer [image: image]. Angular shear acting on hair bundles was approximated as

[image: image]

where [image: image] is the distance from the epithelial surface to the otoconial layer.



Mechanical parameter estimation

There are five parameters in the mechanical model that need to be estimated from experimental data: two natural frequencies [image: image] (rad-s−1), two nondimensional damping coefficients [image: image] and an inertial coefficient [image: image] governing the magnitude of the inertial force acting on the labyrinth due to stapes acceleration. Specifically, the natural frequencies and the damping coefficients in Table 1 were estimated from the temporal waveform of the macular vibration measured in response to applied BCV stimuli, and the inertial coefficient was found from the magnitude of macular vibration measured in response to applied ACS stimuli.



TABLE 1 Model parameters.
[image: Table1]



Short latency compound action potentials

We used an empirical integrate-and-fire (IAF) model with an absolute refractory period to simulate action potential times. The IAF model was driven by synaptic current via hair cell depolarization. The most sensitive phase locking utricular afferents make calyceal synaptic contacts with type 1 hair cells in the striola. The unique ultrafast nonquantal component of synaptic transmission at the calyx (22–25) is likely key to short latency evoked action potentials (26), but the present approach is heuristic and makes no attempt to capture the biophysics. For simplicity, we assumed the mechano-electrical transduction current was driven by hair bundle shear [image: image], and that the mechanical stimulus was slower than the type-1 hair cell membrane time constant. With these simplifications, the perturbation in hair cell voltage for small stimuli becomes proportional to the bundle shear [image: image]. Ionic currents in the afferent neuron were assumed to be sensitive to voltage as well as the rate of change in voltage. With this we assumed the net depolarizing current exciting the sensitive afferent neurons was proportional to [image: image] and [image: image]. A simple IAF equation was used to find the mean spike time relative to the previous mean spike time for the entire population of sensitive neurons, with distributions around each mean time used to simulate the stimulus evoked histogram for the population. Considering only short-latency synchronized responses of calyx bearing afferents, we related the mean probability [image: image] of evoking a spike in time bin [image: image] to the probability at the previous time [image: image] and the input currents by Euler integration:

[image: image]

where ∆t is the time step, [image: image] is the mean afferent integration time constant, [image: image] is a pacemaker gain for neurons with regular firing, [image: image] is a gain that sets sensitivity to changes in bundle shear, and [image: image] is a gain that sets sensitivity to the rate of change in bundle shear. The rate of change sensitivity ([image: image]) in this empirical approach arises primarily from an adaptation process interposed between the MET and the action potential spike train characteristic of afferent neurons sensitive to high frequency stimuli (27, 28). The simulation starts at time [image: image] and integrates forward using the shear [image: image]in Eq. 8 until [image: image], which defines the mean time [image: image] of stimulus evoked action potentials. After finding the mean action potential time [image: image], the probability is set to zero for an absolute refractory time [image: image] and integration of Eq. 9 is resumed starting at time [image: image].

We assumed the variability in gains and integration times across the population of neurons to be Gaussian, and that parameters in Eq. 9 yield the mean time [image: image] of action potential generation. We consider only the short latency vCAP, and ignore the excitatory-inhibitory nonlinearity. The number of afferent fibers recruited around mean time is [image: image] where [image: image] is a saturating function of bundle shear rate [image: image]. Specifically, for calyx bearing afferent neurons sensitive to transient stimuli we used a saturating nonlinearity:

[image: image]

where [image: image] is the maximum number of units recruited per time bin, and [image: image] is the shear rate governing saturation to the maximum number of excitable units. The stimulus-evoked spike histogram around mean time [image: image] gives the post-stimulus histogram describing the number of action potentials:

[image: image]

where the square root of the variance, [image: image], is assumed inversely proportional to [image: image]. Using a form similar to Chertoff et al. (29) for auditory nerve CAPs, the extracellular voltage generated by a single action potential (i.e., “unit response”) at time [image: image] is written in the form:

[image: image]

where [image: image] is the exponential decay time constant and [image: image] is the period of the extracellular voltage waveform. Convolution with the spike probability (30) provides the vestibular compound action potential vCAP

[image: image]



Neural parameter estimation

Equations 9–12 were selected heuristically with parameters in Table 1 estimated to fit the temporal waveform and timing of measured vCAP responses to BCV. The amplitude period, and decay time of the unitary waveform (Eq. 12: [image: image]) were assumed constant and estimated to match the experimentally measured vCAP waveforms. Synchronized action potentials were assumed to arise from calyx bearing afferents sensitive primarily to the rate of change in bundle shear (Eq. 9: g0 ≈ 0, g1 ≈ 0). The gain [image: image] in Eq. 9 determines the latency of synchronized action potentials, and was estimated from the latency of the vCAP responses. Saturation of the vCAP response as the mechanical stimulus was increased was used to estimate the parameter [image: image] (Eq. 10), which was also used to estimate [image: image] (Eq. 11). Finally, the product [image: image] appearing implicitly in Eq. 13 (from Eqs. 10–12) was adjusted so the simulated vCAP magnitude matched the measured magnitude. All data and simulations in the present report address short-latency responses generated by the first action potential evoked in each neuron, and hence the absolute refractory period [image: image] was not relevant. All neural parameters were estimated using BCV data, and the exact same parameters were used for ACS simulations without modification.




Results


Simulated phase locking

Vestibular CAPs are generated by synchronized stimulus-evoked action potentials across a population of neurons. The degree of synchronization in the present IAF model arises from the gains ([image: image], [image: image], [image: image]), and the variance in spike timing across the population arises from the parameter [image: image]. To illustrate synchronization in the present model, Figures 2A,B show representative spike trains for an IAF simulated phase-locked neuron (i, blue,[image: image]) and for a simulated non-phase-locked neuron (r, red, [image: image]) in response to BCV at 10 Hz. Action potential timing in the phase-locked example (A, i, blue) occurs at a phase closely aligned with the peak hair bundle shear rate ([image: image]). In contrast, action potential timing in the second example (B, r, red) modulates around a background discharge rate of ~95 spk-s−1 and, on average, timing of individual spikes has no relationship to phase of the stimulus. The difference in action potential timing is more clearly illustrated by the vector strength (VS, (31)) and the spike timing, shown as polar and linear phase histograms in Figures 2C,D for a 1,000 Hz BCV stimulus. The flat phase histograms with a vector strength of 0.03 were generated from the regularly discharging neuron (Figure 2B, red), while the three Gaussian curves of vector strength 0.93–0.98 were generated from the phase-locking neuron (Figure 2A, blue). In all simulations, Eq. 9 provided mean firing time while Eq. 10–11 provided the population distribution around the mean. Increasing the strength of the 1,000 Hz BCV stimulus increased the vector strength of the phase-locked action potentials from 0.93 (Figures 2C,D, green) to a saturated value of 0.98 (Figures 2C,D, black). Neurons that phase lock to sinusoidal stimuli synchronize to the onset of transient stimuli with an integration delay, and are responsible for short-latency vCAPs.

[image: Figure 2]

FIGURE 2
 Integrate-and-fire (IAF) model for utricular afferent action potential generation. Simulated spike times are shown for: (A) a phase-locking afferent contacting type I hair cells with calyx [(C) blue, i-irregular] synaptic terminals and (B) a non-phase-locking afferent contacting type II hair cells with bouton [(B) red, r-regular] synaptic terminals (from Eq. 9). (A,B) Responses are shown for 10 Hz sinusoidal shear [image: image] generated by BCV. Phase-locking afferents fire action potentials at a precise phase relative to the sinusoidal stimulus, illustrated for one example neuron in response to 1,000 Hz BCV in (C,D) as polar and cartesian probability density functions, or phase histograms (Eq. 11). For the IAF model, the vector strength (VS) increases and the mean latency decreases as the stimulus strength increases (black: VS = 0.98, blue: 0.97, green: 0.93). For comparison, the phase histogram of regularly discharging unit that does not phase-lock to the 1,000 Hz stimulus is also shown (red).




Bone conducted vibration: Theory versus experiment

To validate the mechanical part of the model we compared velocity of the epithelial layer (macula) predicted by the model to the velocity measured by LDV during BCV, in vivo. Figures 3A,B show the experimentally measured ear-bar (temporal bone) acceleration and macular velocity, with the series of curves corresponding to increasing stimulus strengths (16). The velocity was measured from the basal surface of the macular epithelium, opposite from the otoconial layer. The ear-bar acceleration (Figure 3A) was used as the input to the mathematical model to predict the macular velocity in Figure 3C and displacement in Figure 3D. The high temporal correspondence between the predicted [image: image] velocity (Figure 3C) and the experimentally measured velocity (Figure 3B) confirms the model provides a reasonable description of the dynamics. If the macula vibrates along a straight line, as assumed in the model, the [image: image] velocity measured in panel B should be proportional to the [image: image] velocity predicted by the model in panel C, which is the case with [image: image]~0.3.

[image: Figure 3]

FIGURE 3
 Vibration of the macula for BCV: Theory vs. Experiment. (A) Input acceleration of the ear-bar fixture “a” measured experimentally in the guinea pig (blue). Individual curves show responses for different voltage magnitudes and rise-times driving the vibrational stimulator. (B) Velocity of the epithelium measured by LDV in the “y” direction. (C) Simulated velocity of the epithelium in the “x” direction in response to temporal bone acceleration. The simulated velocity (C) closely follows the macula velocity measured in the “y” direction when scaled by the geometrical fator [image: image]. (D) Simulated displacement of the sensory epithelium in the tangential “x” direction.


The mechanical model also predicts velocity and displacement of the otoconial layer as shown in Figures 4A,B, driven by the ear-bar acceleration in Figure 3A. Displacement of the epithelial layer was subtracted from the otoconial layer to find the mechanical shear rate ([image: image], Figure 4C) and shear ([image: image], Eq. 8, Figure 4D) acting on hair bundles. Previous single unit recordings show that vestibular afferent responses depend on both [image: image] and [image: image] (27, 28), with [image: image] dominating for neurons that respond to high frequency transient stimuli. We therefore expected vCAPs evoked by BCV to be driven primarily by [image: image] ([image: image] in Eq. 9). One clear difference between the predicted bundle shear rate (Figure 4C) and shear (Figure 4D) is the latency between the highest stimulus strength (red) and the lowest stimulus strength (blue). As shown below, the stimulus level dependent timing of vCAPs is consistent with the latency of the bundle shear rate (Figure 4C, ∆R) vs. shear (Figure 4D, ∆S).

[image: Figure 4]

FIGURE 4
 Simulated vibration of the otoconial layer for BCV. Individual curves use the same parameters and stimuli as Figure 3. (A,B) Otoconial layer velocity and displacement relative to the temporal bone. (C,D) Angular shear rate (radians/s) and shear (rad) between the otoconial layer and the epithelial surface (macula), which reflects angular deflection and the rate of angular deflection of the hair bundles. Δ is the delay between peak shear rate (C) and peak shear (D) in response to the highest vs. the lowest strength BCV stimuli.


To examine the origin of BCV evoked vCAPs, we compared model simulations to experimental data. The experimentally measured acceleration (Figure 5A) was used in the model as the stimulus driving the system. Predicted hair bundle shear (rad) and shear rates (rad-s−1) are shown in Figures 5B,C. The maximum shear magnitude was ~0.1×10−3 radians (Figure 5B), which corresponds to ~1.5 nm displacement at the bundle tip. The corresponding maximum shear rate had a magnitude of ~0.3 rad-s−1. As expected from the mechanical equations, there was no delay between the onset of the acceleration stimulus and the onset of the mechanical response, but mechanical rise-time of the shear rate plays a role in action potential timing as discussed below. The shear rate was used to drive action potential generation using Eq. 9 (note: [image: image] in the present simulations), and post-stimulus histograms (Figure 5D) were found from Eqs. 10–11. Due to the absolute refractory period, each responding neuron fired only one action potential during the short 3.5 ms time period following onset of hair bundle motion. Differences in the Gaussian distributions (Figure 5D) arise from how fast action potentials are generated (latency), how many neurons are recruited (area under curve) and how precise synchronization is across the population (variance). Sensitivity of the vCAP to the magnitude of the shear rate therefore only depends on how many neurons fire and to what degree they are synchronized. The model predicts that the highest acceleration stimulus (~2.6 mg) evoked action potentials with a mean latency of ~0.7 ms relative to the stimulus onset, while the lowest acceleration stimulus (~0.7 mg) evoked action potentials with a mean latency of ~1.5 ms relative to the stimulus onset (Figures 5A,D). The action potential latency arises in the model from the integration time required for input current to depolarize the afferent neuron to threshold, not from synaptic delay. Convolving the action potentials with the extracellular field potential kernel (Eq. 12) provides the simulated vCAP in Figure 5E. Stimulus dependent latency of the simulated vCAP compares favorably to the measured vCAP (Figure 5F). Although there are differences in the detailed shape of the simulated vCAP relative to the experimental data (Figures 5E,F), the latency to peak is quite close to the data over all magnitudes simulated. Driving action potential generation with shear instead of shear rate [image: image] (i.e., [image: image] in Eq. 9) extends the latency for the lowest strength stimulus well beyond that found in the data (compare ∆R vs. ∆S in Figure 6), suggesting phase-locked action potentials are driven by the bundle shear rate rather than bundle shear. The putative origin of shear rate sensitivity is addressed in the Discussion.

[image: Figure 5]

FIGURE 5
 vCAP evoked by BCV: Theory vs. Experiment. (A) Experimentally measured ear-bar acceleration used as the input to the simulations. (B) Simulated shear driving hair bundles, which is predicted to have a peak magnitude of ~10−4 radians. Red curves indicate the highest strength stimulus and blue curves indicate the lowest strength. Direction and magnitude of hair bundle deflection is indicated below panel B. (C) Shear rate (time derivative of shear in panel B) driving the IAF model for phase locking afferent neurons. (D) Normalized probability of evoking an action potential as a function of time, where the magnitude corresponds to the number of units recruited, while the mean and width correspond to the most probable time and the variance. (E) Vestibular compound action potentials (vCAPs) simulated by convolving action potential probability with the field potential kernel (Eq. 12). (F) vCAPs measured in the anaesthetized guinea pig during the BCV stimuli.


[image: Figure 6]

FIGURE 6
 vCAP evoked by ACS. Theory vs. Experiment. Model parameters are exactly the same as previous figures, and the format is the same as Figure 5. (A) Experimentally measured vibration of the stapes used as the input to the simulations. (B,C) Simulated shear and shear rate activating hair bundles. (D) Probability of evoking a spike as a function of time. (E,F) Simulated and experimentally measured vCAPs.




Air conducted sound: Theory versus experiment

To determine if the same model applies to ACS we simulated vCAPs in response to brief pulses at 77, 81, 83, 86, 89, 92, 94, and 96 dB SPL (Figure 7) using exactly the same parameters as BCV (Figures 3–5). The input to the model was the LDV measured stapes velocity, shown as a series of curves in Figure 7A. The model predicts the simulated hair bundle shear shown in Figure 7B and shear rate shown in Figure 7C. The magnitude of hair bundle shear in response to ACS is predicted to be almost identical to BCV, but the waveform and frequency content differs considerably. The bundle shear rate (Figure 7C) was used to drive the simulation of action potential generation and vCAPs, again using exactly the same parameters as Figure 5 for BCV. The simulated vCAP (Figure 7E) compares remarkably well to the experimentally measured vCAP in magnitude, latency and waveform, especially given the fact that key parameters were estimated from the BCV data, not ACS data. The only parameter estimated from ACS data was [image: image], which only scales the magnitude of the vCAP and does not change the temporal waveform. Consistent with simulations for BCV, there was no delay in the mechanical response from the onset of stapes velocity, but there was a stimulus level dependent latency between the stimulus onset and mean action potential firing time ranging from ~0.41 ms for the highest stapes velocity (~130 μm/s) to 0.74 ms for the lowest stapes velocity (~10 μm/s). Shorter latencies in response to stapes vibration vs. BCV are consistent with the experimental data, and were predicted by the model without changing any parameters. The latency is shorter for ACS vs. BCV in the model because the magnitude of the hair bundle shear rate was predicted to be higher (c.f. Figures 5C, 7C).

[image: Figure 7]

FIGURE 7
 Predicted mechanical response to ACS blast waves. Model parameters are the same as previous figures. (A,B) Blast induced pressure and stapes velocity based on measurements from Jiang et al. (32). (C,D) Simulated displacement of the epithelial and otoconial layers in response to the experimentally measured stapes velocity in panel B. (E) Simulated shear acting to deflect hair bundles, predicting saturating deflections of hair bundles that would be expected to immediately destroy physiological function.




Simulated blast exposure

Having validated the mechanical model based on measured vibrations of the macula (Figure 3) in response to BCV and ACS (Figures 5, 7), we applied the model to examine potential mechanical damage to the utricle caused by exposure to loud ACS blast waves. We used the exact same parameters extracted from guinea pig data and drove the model with stapes velocity in response to blast exposure based on human cadaver data from Jiang et al. (32) (Figures 8A,B). Simulations were carried out for both ACS and BCV waveforms (32), and demonstrated that the response was dominated by stapes vibration rather than BCV (not shown). Displacement of the epithelial and otoconial layers in response to blast evoked stapes motion are predicted to exceed 40 μm relative to the temporal bone (Figures 8C,D) – a prediction orders of magnitude higher than measured for physiological levels of BCV and ACS. The model predicts that hair bundles experience shear exceeding [image: image]1 radian in response to blast exposure, rapidly displacing from upright to lying almost flat on the epithelial surface within ~150 μs of the initial stapes motion. The mechanical model is linear and does not include a mechanical failure mechanism, but if these estimates are correct one would expect the utricular hair bundles to be severely damaged by acute blast exposure during the first cycle, likely followed by hair cell death.

[image: Figure 8]

FIGURE 8
 Predicted responses to BCV stimuli with constant peak linear jerk but variable acceleration. Model parameters are the same as previous figures. (A) linear jerk, (B) linear acceleration, (C) hair bundle shear rate, (D) hair bundle shear, and (E) vCAP. Constant jerk stimuli with short durations <0.8 ms [(A) left] evoked hair bundle shear [(D) left] and shear rate [(C) left] that increased in proportion to peak acceleration [(B) left] thus leading to vCAPs that increased magnitude with pulse width [(E) left, curves scale with acceleration, arrow]. In contrast, constant jerk stimuli with long durations >0.9 ms [(A) right] all evoked the same bundle shear rate within the first 1 ms of the stimulus [(C) right, arrow] irrespective of the peak acceleration, thus triggering equivalent vCAPs [(E) right, all curves superimposed, arrow]. Results demonstrate a switch from acceleration as the adequate stimulus for short pulses to jerk as the adequate stimulus for long pulses.




Sensitivity to linear jerk and acceleration

In previous reports, VsEP magnitude increased in proportion to linear jerk (rate of change of acceleration, G/s) over a broad range of linear accelerations tested (33), a correlation that was not uniformly present in the guinea pig interaural vCAPs analyzed here (16). To determine the origin of this important difference, we simulated utricular responses for constant jerk pulses ranging from 0.13–4.6 ms in length, while allowing the acceleration to vary, and simulated utricular responses to constant acceleration pulses while allowing the jerk to vary. For the constant magnitude linear jerk stimuli (Figure 6), there were dramatic changes in hair bundle shear and shear rate waveforms with jerk pulse-width duration. The differences with jerk pulse width arise directly from the low-pass character of the mechanical response. Peak shear rate is the key mechanical variable driving vCAP responses. It’s important to note that peak shear rate increased in proportion to acceleration for short duration jerk pulse widths (<0.8 ms, Figure 6C left, arrow), because the peak hair bundle shear rate takes time to build up. In contrast, peak shear rate was constant for long duration jerk pulse widths (>9 ms, Figure 6C right, arrow). As a consequence, the vCAP magnitude scaled in proportion to temporal bone acceleration for short duration jerk pulses (Figure 6E left gray arrow, traces dispersed), but scaled in proportion to linear jerk for long duration jerk pulses (Figure 6E right red arrow, all traces superimposed). Note, the magnitude of the short duration jerk stimuli (Figure 6, left) is larger than the long duration (Figure 6, right) to match the range of acceleration (Figure 6B, left vs. right), thus resulting in a smaller vCap response for long duration stimuli (Figure 6E, left vs. right).

The mechanical part of the model is linear, so the same pulse width conclusion was found when driving the model with pulses of linear acceleration vs. pulses of linear jerk (Figures 6, 9). Results for constant peak linear acceleration are provided in Figure 9, showing jerk, acceleration, bundle shear rate, bundle shear and vCAP in rows A-E, respectively. Consistent with Figure 6C, peak shear rate is the key mechanical variable driving vCAP responses (Figure 9C). Short acceleration pulses with rise times <0.8 ms had variable peak jerk, but all evoked similar same peak shear rates (Figure 9C left) and almost identidcal vCAPs (Figure 9E left, red arrow). In contrast, long acceleration pulses with rise times >0.9 ms evoked variable peak shear rates (Figure 9C right) and vCAPs that scaled with peak linear jerk (Figure 9E right, gray arrow).

[image: Figure 9]

FIGURE 9
 Predicted responses to BCV stimuli with constant peak acceleration but variable linear jerk. Model parameters are the same as previous figures and format of (A–E) is the same as Figure 8. Acceleration stimuli with rise times <0.8 ms evoked nearly equivalent onset bundle shear rates [(C) left] and vCAPs [(E) left], but stimuli with rise times >0.8 ms evoked bundle shear rates [(C) left] and vCAPs [(Figure 6E) right] that scaled with linear acceleration. Results demonstrate a shift from acceleration sensitivity for high frequency stimuli to jerk sensitivity for low frequency stimuli, with a corner frequency near 1 kHz in adult guinea pigs.


The switch from acceleration sensitivity to jerk sensitivity with increasing pulse width can also be described in terms of frequency content of the stimulus. For the parameters in Table 1, the eigenvalues of Eq. 1–4 yield two natural frequencies of vibration: 495 Hz and 565 Hz, with each corresponding to different relative motion between the otoconial layer and the epithelium. As the BCV stimulus frequency is increased, the hair bundle shear rate driving synchronized action potentials shifts form a low frequency jerk sensitive mode to a high frequency acceleration sensitive mode. The transition in guinea pig occurs near 530 Hz, which corresponds to a full-cycle stimulus period of 1.8 ms and half-cycle positive pulse width of 0.9 ms, consistent with time-domain simulations in Figures 6, 9. When the jerk frequency content in the BCV or ACS stimuli is high, the vCAP responses scale more closely with linear acceleration rather than jerk (16).




Discussion

vCAPs are extracellular voltages that arise from the synchronized firing of a large number of afferent neurons in response to transient inertial, vibrational or acoustic stimuli. The neurons most sensitive to transient stimuli make calyceal synaptic contacts with type I vestibular hair cells in the striolar region of the sensory epithelium (1, 34–36). The unique calyx synapse supports glutamatergic quantal transmission (37, 38) as well as two forms of nonquantal (NQ) transmission: an ultrafast nonquantal component (NQf) that operates through direct resistive coupling and a slow nonquantal component (NQs) involving K+ build up in the synaptic cleft (22–25). The ultrafast resistive NQf allows the modulated MET current to almost immediately alter hair cell and postsynaptic voltage without delay, giving rise to short-latency vCAPs that persist even after blocking quantal transmission pharmacologically (39, 40). The present model describing generation of short latency synchronized action potentials therefore assumed depolarizing current entered the calyx terminal without delay (Eq. 9). The model also ignored regularly firing neurons (by setting [image: image]) because they do not synchronize action potential firing times to transient stimuli. An absolute refractory period was included, limiting the short latency responses reported here to a single action potential for each responding neuron, which combine to give synchronized action potential times shown as post stimulus histograms in Figures 5D, 7D (Eq. 11). The population of action potential times determines the timing and magnitude of the extracellular vCAP through a linear convolution with a voltage kernel (Eq. 12). As a result, the waveform of the vCAP was a summation of multiple kernel waveforms, each shifted in time to reflect spike timing and amplified to reflect the number of neurons recruited at each time. The kernel waveform used here is empirical and based on features of vCAPs recorded adjacent to the nerve in guinea pig (16), but is quite similar to the waveform in auditory nerve CAPs (29). Applying the present model to VsEPs recorded using subcutaneous electrodes (41) would require a different kernel accounting for the conduction pathway from the nerve to the recording sites, but the mechanical model and spike generation properties would be expected to translate to alternative experimental conditions providing parameters are appropriately selected for the species and specific stimulus used.

From a biomechanical perspective, hair bundle shear-rate was the organ level mechanical variable that correlated with the magnitude and timing of vCAPs evoked by BCV (Figure 5) and ACS (Figure 7). This means action potential generation increased in proportion to hair bundle velocity rather than displacement for both stimuli. Previous results demonstrate afferent neurons responding to ACS and BCV are the same type, have irregular discharge properties and innervate the striola (42–44). Evidence from mammalian type I hair cells and calyx bearing afferent neurons suggests a majority of the signal processing responsible for velocity sensitivity and synchronization occurs postsynaptically (28). A postsynaptic origin is consistent with whole-organ microphonics in the guinea pig utricle, which reflects the phase of the MET current and is nearly in phase with hair bundle displacement (16, 18). Similar results were reported in the toadfish crista where step hair bundle displacements evoked rapidly adapting afferent discharge in units sensitive to high frequencies, while microphonics and hair cell receptor potentials closely followed the step displacement of the bundle (27, 45–47). Together, available data support the hypothesis that vestibular hair cell depolarization primarily reflects hair bundle shear (displacement), while spike generation in the most highly synchronized afferent neurons primarily reflects hair bundle shear rate, with rate sensitivity arising from signal processing interposed between the MET current and spike timing.

The present mechanical model was also applied to estimate utricular hair bundle deflection caused by blast exposure. It has been shown in rodents that a bilateral 63 kPa (~190 dB) blast results in eardrum perforations and likely permanent loss of stereocilia in the utricle (48), and a 137 kPa (~197 dB) unilateral blast reduces spontaneous discharge and sensitivity of afferents with regular and irregular inter-spike intervals without significant acute loss of steady state VOR (49, 50). Humans experience persistent vestibular symptoms and increased incidence of BPPV following blast exposure (51), consistent with the hypothesis that the otolith organs are uniquely vulnerable to blast injury (52), putatively due to the close proximity of the utricle to the stapes (53). The present mechanical model was validated using direct LDV measurements of macular vibration in response to stapes vibration, and hence provides a means to estimate utricular mechanics for any prescribed stapes motion, including blast. Simulations summarized in Figure 8 are rough approximations, in part because the stapes velocity used was based on measurements from human cadavers (32). Also, the mechanical model is linear, which would be only a crude approximation given the magnitude of blast forces. Nevertheless, results predict large angular deflection of hair bundles consistent with the hypothesis that blast-level ACS leads to immediate utricular damage through extensive hair bundle shear at a level that would be expected to disrupt the otoconia and damage hair cells. Individuals suffering from conditions that compromise integrity of the utricle may be particularly vulnerable to head impact and loud sounds (54–56), and combining the model with additional experimental data has potential to improve our understanding of trauma-induced otolith dysfunction in healthy and diseased populations.

Present results (Figure 6) are consistent with previous reports in aves and rodents that linear jerk is the adequate stimulus to evoke vCAPs (or VsEPs) for relatively long duration stimuli (33, 41, 57), but also reveal a switch in the adequate stimulus to linear acceleration for shorter duration jerk stimuli. In the guinea pig, the switch occurs for jerk pulse widths near ~0.8 ms, shorter jerk pulse widths evoke vCAPs that scaled with linear acceleration of the temporal bone and longer pulse widths evoked vCAPs scaled with linear jerk. The frequency characterizing the switch from acceleration jerk sensitivity depends on the mechanics and would be higher in rodents with a smaller utricle, but lower for larger mammals including humans. Caution therefore should be exercised when extending findings for high frequency BCV and ACS from small rodents to humans. Given human utricular morphology and the inertia of the head, clinically relevant short-duration stimuli (e.g., mechanical tap (58, 59)) likely evoke synchronized neural responses that scale with linear acceleration rather than jerk (Figure 9, left).

Finally, it is important to recognize the mechanical part of the model is simplified to 2-DOF, and the neuronal part of the model is strictly empirical. The mechanical part of the model is linearized and assumes vibration moves along a straight line – assumptions that are only crude approximations and clearly cannot address 3-D vibration or directly predict damage during blast. The neural model lumps the hair cell, calyx and afferent into one highly simplified empirical IAF model driven by fast NQ transmission, ignoring specific ion channels and other key biophysical factors including quantal synaptic delay and slow K+ build up in the synaptic cleft. The vCAP unitary waveform kernel also was selected empirically based on the experimentally measured waveform period and decay time constant. Implementing a more realistic biophysical model of hair cell responses and action potential generation will be an important step to understand the specific origin(s) of shear rate sensitivity. We should also point out that the present model is for the guinea pig subject to relatively low levels of intra-aural BCV vibration and ACS. Including additional forms of synaptic transmission and recruitment of less sensitive fibers would be required to extend the neural part of the model to address more intense vibrational stimuli commonly used for VsEP phenotyping in small rodents (41). For the present model to reproduce VsEP waveforms reported previously would also require a different extracellular voltage kernel (Eq. 12) to account for differences in the extracellular recording sites, and would require adjustment of mechanical parameters to account for differences in morphology and properties between species.



Conclusion

The present study was designed to understand the biomechanical and neuronal mechanisms responsible for synchronization of utricular afferent firing in response to transient stimuli commonly used in the clinic (VEMPs) and in the laboratory (VsEP). A highly simplified mathematical model was developed and validated by direct comparison to measured macular velocity and vCAPs in response to brief (0.5–3 ms) packets of vibration. Unlike previous models of transduction by the utricle, the present analysis includes vibration of the membranous labyrinth relative to the temporal bone, inertial coupling to the stapes, hair bundle shear, action potential generation and vCAP simulation. Results demonstrate the key mechanical variable driving synchronized action potential generation is the hair bundle shear rate (rad-s−1). Using a single parameter set, results reproduce macular velocity and vCAPs to both BCV and ACS with surprising fidelity, and suggest the model can be used to design species-specific stimuli to achieve controllable hair bundle shear and synchronized neural responses to meet the specific clinical or scientific goals.
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