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Abstract

Vestibular research currently relies on single response measures such as ex vivo hair cell and in vivo
single unit recordings. Although these methods allow detailed insight into the response properties of
individual vestibular hair cells and neurons, they do not provide a holistic understanding of peripheral
vestibular functioning and its relationship to vestibular pathology in a living system. For this to take place,
in vivo recordings of peripheral vestibular nerve, hair cell and mechanical function are needed. The
previous inability to record vestibular hair cell responses stemmed from a difficulty in accessing the
vestibular end-organs and stimulating them in isolation of the cochlea. To circumvent this, we developed
a ventral surgical approach, removing the cochlea, to provide full access to the basal surface of the
utricular macula. This allowed functional and mechanical utricular hair cell recordings, alongside gross
utricular nerve responses. Recordings were performed in anaesthetized guinea pigs using Bone Conducted
Vibration (BCV) and Air Conducted Sound (ACS) stimuli, providing a clinical link to vestibular reflex testing.
We have thus far performed experiments involving: 1) Selective manipulation of vestibular nerve function,
using electrical stimulation of the central vestibular system. 2) Glass micropipette recordings from the
basal surface of the macular epithelium, which provided a robust and localized measure of extracellular
utricular hair cell function. 3) With the macular exposed, we have measured the dynamic motion of the
macula using Laser Doppler Vibrometry, which was recorded alongside the hair cell and nerve response
recordings. 4) We have used physiological and pharmacological experimental manipulations to selectively
modulate utricular nerve, hair cell or mechanical function, demonstrating the ability to differentially
diagnose the basis of peripheral vestibular disorders in the mammalian utricle. These tools allow for a
more complete understanding of peripheral vestibular function and a first order perspective into clinical

disorders effecting the otoliths.



Chapter 1: Thesis introduction

Since Von Békésy’s cadaveric recording of the cochlear traveling wave (Békésy 1928), a number of
objective in vivo measures of auditory function have been developed, which independently assess
cochlear nerve, hair cell and mechanical function (see Table 1, below). These measures include the CM
(Wever and Bray 1930), CAP (Fromm, Nylen et al. 1935, Tasaki and Fernandez 1951), Summating Potential
(Davis, Deatherage et al. 1958), basilar membrane vibration (Johnstone and Boyle 1967), Auditory Nerve
Neurophonic (Weinberger, Kitzes et al. 1970), and Otoacoustic Emission (Kemp 1978). The ability to
evaluate different aspects of cochlear physiology allows us to differentially diagnose the cause of
peripheral dysfunction and determine the roots of auditory pathologies such as acoustic trauma (Patuzzi,
Yates et al. 1989), endolymphatic hydrops (Brown, Chihara et al. 2013), tinnitus (Evans and Borerwe 1982)
and ototoxicity (Stypulkowski 1990, Fitzgerald, Robertson et al. 1993, Sheppard, Hayes et al. 2014).
Moreover, these tools have helped characterize the fundamental mechanisms underpinning hearing

sensitivity such as the cochlear amplifier and top-down auditory feedback driven by the olivocochlear

efferents.
COCHLEAR
Electrophysiological measurements
Name Stimulus Source Example
Single unit potential Spont. Neuron(s) (Webster and Aitkin 1971)
or ACS
Auditory Nerve Spont. Nerve (Weinberger, Kitzes et al.
Neurophonic or ACS 1970)
Compound Action Potential ACS Nerve (Deatherage, Eldredge et al.
(CAP) 1959)
Cochlear Microphonic (CM) ACS Hair cells (Tasaki and Fernandez 1951)
Summating potential ACS Hair cells (Davis, Deatherage et al.
1958)
Endocochlear potential Spont. Stria (Salt, Melichar et al. 1987)
vascularis
Auditory Brainstem ACS Nerve/Brai (Ozdamar 1979)
Response (ABR) nstem
Otoacoustic Emission ACS Hair cells (Kemp 1978)
Electrically-evoked CAP Current Nerve (Killian, Klis et al. 1994)

Mechanical measurements




Recording location

Recording technique Example

Organ of Corti

Mossbauer technique (Johnstone and Boyle 1967)

Laser speckle (Kohlloffel 1972)

Capacitive probe (Wilson and Johnstone 1975)

Light lever (LePage 1989)

Laser Doppler Velocimetry (Ruggero and Rich 1991)

Optical Coherence Tomography (Lee, Raphael et al. 2015)

VESTIBULAR
Electrophysiological measurements
Name Stimulus Source Example
Single unit potential Spont., Neuron(s) (Curthoys, Vulovic et al.
BCV or 2016)
ACS
Vestibular Evoked BCV, ACS Myocytes (Hsu, Wang et al. 2008)
Myogenic Potential or
(VEMP) current
Vestibular Ocular Rotation Myocytes (Hubner, Khan et al. 2017)
Reflex or
current
Vestibular short- BCV or Neural (Jones, Jones et al. 2011)
latency evoked ACS

potential (VSEP)

Mechanical measurements

Recording location Recording technique Example

N/A - -

Table 1: List of mammalian in vivo electrophysiological and mechanical recordings from the cochlea
and vestibular system. Abbreviations: ACS: Air-conducted sound; BCV: Bone-conducted vibration;

Spont.: Spontaneous Activity.

In contrast to the host of cochlear response measures, to probe vestibular function researchers have
mostly relied on either single neuron (‘unit’) recordings, ex vivo hair cell measurements, or reflex response
recordings. Unfortunately, there are several limitations to these response measures. Although single-unit
recordings have helped form the basis of our understanding regarding peripheral vestibular sensitivity
(Curthoys and Vulovic 2011, Curthoys, Vulovic et al. 2016). Such measurements are difficult to perform,
particularly for long experiments where researchers may wish to longitudinally investigate the effects of
an experimental manipulation. Moreover, these effects cannot be compared between control and

experimental animals, thus limiting their utility.



More recently, the Vestibular short-latency Evoked Potential (VSEP) has been used to assess
peripheral vestibular function in experimental animals (Jones, Subramanian et al. 2002). The VsEP is a
compound action potential of the irregular otolithic afferent neurons in response to changes in linear
acceleration (Jones, Jones et al. 2011), and can easily be recorded longitudinally, or compared between
animal groups. The VSEP has been used to explore changes in peripheral vestibular sensitivity due to
endolymphatic hydrops (Kingma and Wit 2009, Brown, Chihara et al. 2013), noise exposure (Sohmer,
Elidan et al. 1999, Biron, Freeman et al. 2002, Stewart, Kanicki et al. 2018), ototoxic agents (Oei, Segenhout
etal. 2004, Bremer, De Groot et al. 2012), and genetic mutations (Jones, Erway et al. 2004). Unfortunately,
in isolation the VsEP cannot identify the root cause of the loss of sensitivity, where abnormal neural, hair

cell or mechanical responses may underlie changes in peripheral function.

From a clinical standpoint, there are numerous balance disorders that lack a clear pathophysiological
understanding, which may originate from either hair cell, mechanical or neural dysfunction. In peripheral
hearing assessment, the development of objective functional measures such as the Auditory Brainstem
Response (ABR) and otoacoustic emissions has allowed rapid screening of peripheral auditory function,
even in infants. Unfortunately, the same level of testing is not available in the vestibular system, where

reflex responses are used to identify the occurrence, but not the cause of vestibular loss.
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Figure 1: (A) For decades auditory researchers have used objective measures of cochlear nerve, hair
cell and mechanical function in the CAP, CM and basilar membrane vibration to understand the

cellular basis of hearing loss. (B) This thesis aimed to develop and characterize analogous functional
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and mechanical recordings from the utricle, in the VSEP, UM and macular vibration to differentially

diagnose peripheral vestibular dysfunction.

The aim of this thesis was to develop and characterize functional and mechanical hair cell recordings
of the vestibular system, alongside neural responses, in vivo. Additionally, experimental manipulations
were performed to selectively modulate peripheral nerve, hair cell or mechanical function, as a simple
demonstration of scenarios where these response measures behave independently. For simplicity, we

have focused on the function of the utricle and have used BCV and ACS stimuli.

In chapter 2, we attempt to manipulate the VsEP without altering hair cell responses. This involved
electrically stimulating the Efferent Vestibular System (EVS) cell bodies at the brainstem. Chapter 3
explores the measurement of the Vestibular Microphonic. Since this response was typically recorded from
the surface of utricular macula we will refer to it throughout the thesis as the Utricular Microphonic (UM).
Experimental evidence demonstrates the UM is a utricular hair cell potential local to the recording
electrode at the surface of the macula. In Chapter 4, we recorded mechanical responses of the utricular
macular to BCV and ACS, alongside functional responses in the UM and VsEP. Chapter 5 demonstrates the
simultaneous use of the VsEP, UM and macular vibration measures during various experimental
manipulations of the utricle. Finally, chapter 6 provides an overall discussion of these novel response

measures, and how they may be used to further explore vestibular function, in the laboratory or clinic.

11



Chapter 2: Modulation of utricular nerve function

2.1. Introduction
A complete in vivo assessment of peripheral utricular function requires an objective measure of

utricular nerve function. Current available techniques include the single unit potential (Curthoys, Kim et
al. 2006, Curthoys, Vulovic et al. 2016) and VsEP (Jones, Jones et al. 2011). The VsEP has been previously
recorded in our laboratory (Brown, Chihara et al. 2013), and shown to originate from the utricle (Chihara,
Wang et al. 2013), making it an appropriate tool to differentially diagnose peripheral utricular nerve
function, in vivo. The VsEP is easily recorded via a facial nerve wire electrode, and allows longitudinal,
intra-animal (Kingma and Wit 2009) and inter-animal monitoring (Lee, Holt et al. 2017) during
experimental manipulations. For a more detailed overview of the VSEP see appendix 3 (Brown, Pastras et
al. 2017). However, being a nerve response to ACS or BCV, the amplitude of the VsEP is dependent upon
the sensitivity of both macular vibration and utricular hair cells, and thus experimental manipulations of
the VSEP amplitude may be due to changes in mechanical or hair cell function, rather than manipulations

of the nerve function per se.

Researchers have used the VsEP to study the effect of experimental manipulations on peripheral
otolith function, such as the effect of ototoxic drugs (Bremer, De Groot et al. 2012), endolymphatic
hydrops (Brown, Chihara et al. 2013), potassium toxicity (Kingma and Wit 2010) and noise exposure
(Sohmer, Elidan et al. 1999). In such studies the origin of vestibular dysfunction could not be determined,
despite most studies assuming that changes in the VSEP amplitude arose due to hair cell dysfunction. In
auditory research, we are now starting to appreciate that substantial changes in hearing or objective
measures of cochlear sensitivity (i.e. the CAP or ABR) following noise trauma, ototoxicity or aging can arise
due to a loss of cochlear neurons — a phenomenon termed ‘hidden hearing loss’ (Liberman and Kujawa
2017, Parthasarathy and Kujawa 2018), where mechanical and hair cell function can remain unaltered.
Similarly, it is plausible that a loss of vestibular nerve sensitivity, without changes in hair cell or mechanical
sensitivity, may underlie some forms of peripheral vestibular dysfunction. Thus, we sought to establish a
simple demonstration that the VsSEP amplitude can change independently of changes in hair cell or

mechanical sensitivity.

In order to directly manipulate peripheral utricular nerve function, we aimed to electrically stimulate
the EVS at the floor of the fourth ventricle, as the EVS densely innervates peripheral vestibular afferents
(Lysakowski and Goldberg 1997, Lysakowski and Goldberg 2004, Holt, Kewin et al. 2015). Previous studies

demonstrated that electrical stimulation of the mammalian EVS resulted in large increases in the

12



spontaneous firing rate of irregular, vestibular neurons (Goldberg and Fernandez 1980, Marlinski, Plotnik

et al. 2004), and it was assumed that this was due to a direct effect of the EVS on the primary afferents.

Ultimately, the following study shows that we were successful in modulating the amplitude of the
VsEP, although the effects were NOT mediated via EVS activation. Rather, our electrical stimulation
resulted in antidromic blockage of the VSEP response. Fortuitously, this result provides an even more
elegant demonstration that the VSEP amplitude can be manipulated independent of changes in the

utricular macular vibration or hair cell sensitivity.

2.2. Suppression of the VsEP by electrical stimulation of the central vestibular system

Pastras, C. J., Curthoys, I. S., Sokolic, L., & Brown, D. J. (2018). Suppression of the vestibular
short-latency evoked potential by electrical stimulation of the central vestibular

system. Hearing research, 361, 23-35.
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In an attempt to view the effects of the efferent vestibular system (EVS) on peripheral dynamic vestibular
function, we have monitored the Vestibular short-latency Evoked Potential (VSEP) evoked by pulses of
bone conducted vibration during electrical stimulation of the EVS neurons near the floor of the fourth
ventricle in the brainstem of anesthetized guinea pigs. Given the reported effects of EVS on primary
afferent activity, we hypothesized that EVS stimulation would cause a slight reduction in the VsEP
amplitude. Our results show a substantial (>50%) suppression of the VSEP, occurring immediately after a
single EVS current pulse. The effect could not be blocked by cholinergic drugs which have been shown to
block efferent-mediated vestibular effects. Shocks produced a short-latency P1-N1 response immediately
after the electrical artifact which correlated closely to the VSEP suppression. Ultimately, we have iden-
tified that this suppression results from antidromic blockade of the afferent response (the VsEP). It would
appear that this effect is unavoidable for EVS stimulation, as we found no other effects.

Antidromic CAP
Guinea pig
Bone conducted vibration

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The mammalian EVS has a bilateral and symmetric origin in the
dorsal brainstem, at the floor of the fourth ventricle, lateral of the
facial nerve genu (Goldberg and Fernandez, 1980; Strutz, 1982;
Motts et al., 2008). It has an extensive and non-selective top-
down projection to the periphery, where efferent fibers bifurcate
and densely innervate type I calyx afferents, type II hair cells and
also likely bouton afferents of all vestibular end-organs
(Lysakowski and Goldberg., 1997, 2004; Holt et al., 2015).

EVS effects are mediated by cholinergic neurotransmission with
both fast nicotinic (ionotropic) and slow muscarinic (metabotropic)
kinetics (Luebke et al., 2005; Holt et al., 2017). Less understood
pathways have also been implicated such as the Calcitonin Gene-
Related Peptide (Wackym et al., 1991; Chi et al., 1999), Adenoside

Abbreviations: AChR, Acetylcholine Receptor; BCV, Bone Conducted Vibration;
CAP, Compound Action Potential; CM, Cochlear Microphonic; DMPP, 1,1-Dimethyl-
4-phenylpiperazinium iodide; eCAP, electrically-evoked Compound Action Poten-
tial; ECG, Electrocardiography; ES, Electrical Stimulation; EVS, Efferent Vestibular
System; /O, Input/Output; VsEP, Vestibular short-latency Evoked Potential

* Corresponding author. Brain and Mind Centre, The University of Sydney, 100
Mallett St. Camperdown, Sydney, NSW, 2050, Australia.
E-mail address: daniel.brown@sydney.edu.au (D.J. Brown).

https://doi.org/10.1016/j.heares.2018.01.013
0378-5955/© 2018 Elsevier B.V. All rights reserved.

5'-Triphosphate (Rennie and Ashmore, 1993; Rossi et al., 1994;
Syeda and Lysakowski, 2001), Nitric Oxide (Lysakowski and
Singer, 2000), Opioid peptides (Popper and Wackym, 2001), and
GABA (Didier et al., 1990; Lopez et al., 1990). It is therefore likely the
EVS has a range of functional time scales, with both rapid and
gradual peripheral modulatory effects. Pharmacological modula-
tion of the EVS in turtles using specific acetylcholine receptor
(AChR) agonists and antagonists have demonstrated that fast calyx-
dimorphic excitation is mediated by o4, a6 and B2 nicotinic AChR
subunits, whereas fast bouton inhibition is attributed to the acti-
vation of ¢9/10 nicotinic AChRs on type II hair cells (Holt et al.,
2006, 2015). Slow calyx-dimorphic excitation has also been impli-
cated by M-current activation through muscarinic acetylcholine
receptors (Holt et al., 2017). Knock-out mice for specific nAChR
homomeric and heteromeric subtypes produced variations in VSEP
threshold, latency and amplitude, suggesting a complex relation-
ship between peripheral efferent cholinergic activation and pri-
mary dynamic afferent activity (Morley et al., 2017). However,
despite ongoing work, the functional role of the EVS is currently
unknown.

Plotnik et al. (2005) found large fluctuations in the background
firing of irregular afferents which was shown to originate from the
EVS. This was confirmed to be an artifact of the chinchillas
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decerebrate state and lack of inhibitory feedback pathways, hence
the explanation that the EVS may modulate peripheral afferent
activity by a non-linear positive feedback mechanism (Plotnik et al.,
2005). Experiments in the toadfish have demonstrated the EVS is
activated during arousal, a behavior which precedes predatory
movement in that species (Highstein and Baker, 1985), hence, the
idea that the EVS may modify peripheral vestibular gain before or
during specific activities. If the function of the EVS is somewhat
specific to the behavioral requirements of an animal, it may explain
the different vestibular efferent neuroanatomy and neurophysi-
ology across species (Meredith, 1988).

It was originally hypothesized that the vestibular efferents send
corollary discharges to the peripheral vestibular system to suppress
afferent activity during active motions. However, whilst recent
studies have shown that there is a strong corollary suppression of
actively driven afferent throughput at the level of the vestibular
nucleus (Cullen et al., 2011), this does not seem to occur in
mammalian peripheral vestibular afferents (Cullen, 2012), unlike
that of the amphibian species, Xenopus (Chagnaud et al., 2015). This
suggests that the function of the mammalian vestibular efferents at
the periphery is likely not involved with inhibitory silencing or
distinguishing passive and active movements, but rather may be
involved with slow adaptation and homeostasis. Recent research
has demonstrated that mice lacking the 9-nAChR have impaired
VOR adaptation (Hiibner et al., 2015) and compensation (Hiibner
et al., 2017), further supporting this hypothesis.

Electrical stimulation of the efferent vestibular system has been
used to study efferent-mediated effects on the peripheral vestibular
afferents (Goldberg and Fernandez, 1980; Brichta and Goldberg,
2000), and experiments in mammals (Marlinski et al., 2004),
toadfish (Boyle and Highstein, 1990; Boyle et al., 1991), frogs (Rossi
et al., 1980; Bernard et al., 1985) and turtles (Brichta and Peterson,
1994; Holt et al., 2006) demonstrate the EVS plays an active role in
modulating peripheral vestibular afferent activity. Specifically, in
mammals, high-frequency shocks to the floor of the fourth
ventricle result in both fast (10—100 ms) and slow (5—20s) in-
creases in spontaneous irregular afferent firing, and slow yet
smaller regular primary afferent excitation (Goldberg and
Fernandez, 1980; Goldberg, 2000). Results are not homogenous
across species, and show mixed excitatory and inhibitory sponta-
neous afferent activity in frogs (Sugai et al., 1992) and turtles
(Brichta and Goldberg, 1996) depending on neuroepithelial location
(Holt et al., 2006). Moreover, electrical stimulation in the EVS re-
gion may potentially evoke antidromic stimulation of the vestibular
afferents (Goldberg and Fernandez, 1980), which terminate in close
proximity to, or indeed within the EVS nucleus (Ohgaki et al., 1988).
Such antidromic effects may potentially confound any efferent-
mediated effects. Presently, it is thought such antidromic affects
occur secondary to efferent-mediated effects.

That high frequency electrical stimulation of the EVS is needed
to modify afferent activity suggests the vestibular efferents may act
as a high-pass filter, attenuating tonic low-frequency stimuli whilst
amplifying phasic high-frequency information, which may function
to rapidly modify peripheral vestibular gain during large dynamic
stimuli (Holt et al., 2011).

Despite continued research, the functional role of the peripheral
EVS remains elusive. We have attempted to further study the
function of the EVS by electrically stimulating the efferent vestib-
ular cell bodies at the floor of the fourth ventricle, whilst moni-
toring the VSEP, evoked by Bone-Conducted Vibration (BCV) in
guinea pigs. This is analogous to the research undertaken in audi-
tory physiology, with medial-olivocochlear (MOC) stimulation,
whilst monitoring the acoustic Compound Action Potential (CAP)
(Galambos, 1956; Gifford and Guinan, 1987). Since the VsEP is a
measure of irregular jerk-sensitive afferent activity (Jones et al.,

2011; Chihara et al., 2013), which primarily innervate the calyx/
dimorphic units at the striola (Curthoys et al., 2006, 2016), we are
solely interested in the efferent driven mechanisms of these
irregular units. Based on the few studies available, and the known
characteristics of efferent-mediated calyx/dimorphic excitation, we
hypothesized EVS stimulation will result in VSEP suppression. This
is supported by Goldberg and Fernandez (1980), who found that
pairing fast efferent-mediated excitation with rotation, resulted in a
modest reduction in the rotational gain of irregular vestibular af-
ferents. Recordings in the turtle showed that canal duct indentation
paired with an efferent-mediatedfast response resulted in a gain
decrease (Holt, 2008), and Boyle and Highstein (1990) noticed an
inhibition of the dynamically driven vestibular response during EVS
stimulation. These results can be explained by a parallel-
conductance model, whereby fast efferent responses cause large
conductance increases at the efferent-afferent synapse, resulting in
a decreased conductance of the main afferent terminal through
electrical shunting (Holt et al., 2011). In this study, suppression of
the VSEP by electrical stimulation of the central vestibular system at
the floor of the fourth ventricle does not appear to rely on the
activation of EVS neurons.

2. Materials and methods
2.1. Animal preparation & surgery

Experiments were performed on 15 adult tri-colored guinea
pigs (Cavia porcellus), of either sex weighing between 200 and
600 g. All experimental procedures were approved by The Univer-
sity of Sydney Animal Ethics Committee (protocol #829). Animals
received pre-anaesthetic intraperitoneal injections of Atropine
Sulphate (0.6 mg/ml; Apex Laboratories, NSW, Australia), and were
thereafter anaesthetized using either Ketamine (Ketamil, Ilium —
100 mg/kg) and Xylazine (Xylazil-20, Ilium — 4 mg/kg) (n=6) or
Isoflurane (IsoFlo - 2—4%) (n = 9). Animals anesthetized using Iso-
flurane received 0.05 ml intraperitoneal pre-anaesthetic injections
of the analgesic Temgesic (Buprenorphreine Hydrochloride, 324 ug/
ml; Reckitt Benckiser, Auckland, NZ). In experiments using Keta-
mine and Xylazine anesthesia, for the first 4h animals received
hourly injections of Ketamine and Xylazine at half the initial dose,
delivered intramuscularly. Thereafter, animals received top up in-
jections of only Ketamine (50 mg/kg) every 45min. In both
anaesthetic regimes, once sedated and lacking a foot-withdrawal
reflex, animals were transferred to the surgical table to be tra-
cheotomized and artificially ventilated with oxygen. Heart rate and
blood oxygen saturation were continuously monitored throughout
the experiment, and body temperature was maintained using a
blanket and infrared heating pad (Kent Scientific, CT, USA).

The animal's head was mounted between custom-made ear
bars, housing a canalphone speaker (ATH-IM70, Audio-Technica,
Tokyo, Japan). A BCV vibration/modal shaker device was attached
to the ipsilateral earbar in a lateral-medial orientation via a 5cm
metal rod, with an attached 3-axis accelerometer (bandpass:
0.02—6 kHz; TE Connectivity, Ch-8200, Switzerland) (Fig. 1). In the
dorsal position, a small incision was made behind the pinna,
removing musculature and exposing the dorsolateral bulla, so that
a small window of bone could be removed (~2 mm?), providing a
clear view of the round window and facial nerve canal.

ATeflon-coated Ag/AgCl wire with the tip exposed was used as a
non-inverting electrode, and was either inserted onto the round
window niche, or 3 mm into the facial nerve canal. A bare Ag/AgCl
wire inserted into the neck musculature served as the inverting
electrode. The animal was grounded via a low-resistance Ag/AgCl
electrode placed in the nape of the neck.

For most experiments where the focus was on VsEP recordings,
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Fig. 1. Schematic diagram of the experimental preparation. Animal is secured between custom-made ear bars housing an ipsilateral and contralateral speaker, and a bolt connecting
both a 3-axis accelerometer and a bone-conductor on the ipsilateral recording side. BCV pulse command voltages are shown with associated acceleration (bottom left), and VSEP
waveforms (top middle), averaged 100 times. A schematic diagram of the guinea pig brainstem with key regions labelled (top right; adapted from Motts et al., 2008), with our
stimulation location and the EVS highlighted in bold. Abbreviations: EVS: Efferent Vestibular System, 4V: 4th ventricle; g7: Facial nerve genu; 7n: 7th cranial nerve; 8vn: Vestibular
branch of 8th cranial nerve; LVN: Lateral Vestibular Nucleus; MVN: Medial Vestibular Nucleus; SVN: Superior Vestibular Nucleus. Animal #523.

subsequent to recordings of the CAP from the round window, the
cochlea was surgically destroyed with the use of a surgical pick.
However, in select experiments the VSEP was recorded with the
cochlea intact, but with constant acoustic masking noise presented
to both ears to suppress cochlear responses.

2.2. Stimuli & recordings

Stimuli and responses were generated and recorded using
custom-developed LabVIEW (National Instruments, TX, USA) pro-
grams. BCV, auditory and shock stimuli were generated using an
external soundcard (SoundblasterX7, Creative Inc., Singapore).
Analogue responses were amplified by 60 dB (x1000), with a 1 Hz
to 10 kHz band-pass filter (IsoDAM 8, WPI, Florida USA) before
being digitized at 40 kHz, 16 bit, using an analogue to digital con-
verter (NI 9205, National Instruments, TX, USA). Responses were
acquired by triggered averaging, with between 40 and 100 pre-
sentations per averaged response. The VSEP was evoked by a 0.6 ms
Gaussian monophasic BCV-pulse. The auditory CAP was evoked by
a 0.1ms click approximately 10—20dB above visual detection
threshold.

2.3. EVS exposure & electrical stimulation

A small incision was made between the caudal edge of the oc-
cipital bone and lambda, where a posterior craniotomy was un-
dertaken, and the dura mater cut. A small section of cerebellum was
aspirated to expose the floor of the fourth ventricle. Fluid build-up
within the opening was controlled with tissue wicks adjacent to the
brainstem region of interest. For brainstem stimulation, a pair of
tungsten bipolar electrodes (0.61 mm diameter) coated with
parylene-C insulation up to the very tips, with a 250 pm tip sepa-
ration and 1.0 MQ impedance were used (Microprobes, MD, USA).

Crossed olivocochlear bundle (COCB) stimulation was always
performed prior to cochlear destruction as a control to confirm our
set up was working, and to localize the lateral-medial plane of the
efferent fibers for subsequent vestibular efferent stimulation. The

electrodes were directed to the region of interest at the floor of the
fourth ventricle using a micromanipulator and generally orientated
in the naso-occipital plane under the guidance of a surgical mi-
croscope. For COCB stimulation electrodes were positioned super-
ficially (~0.2—0.4 mm depth) at the midline, at the region most
sensitive for generating eye and whisker twitches. After the
confirmation of a COCB effect, the cochlea was ablated with a sharp
metal pick, whilst preserving the vestibular sensory regions.

For EVS stimulation, electrode placement was based on guinea
pig stereotaxic map coordinates (Rapisarda and Bacchelli, 1977;
Voitenko and Marlinsky, 1993) and guinea pig EVS immunohisto-
chemistry studies (Strutz, 1982; Motts et al., 2008). Placement of
the bipolar electrodes was on the same lateral-medial plane as the
COCB, and lateral of the facial nerve genu beneath the sulcus lim-
itans, approximately 1 mm lateral of the midline. Low threshold
facial twitches likely meant we were stimulating the facial nerve
genu or abducens nucleus, and therefore minor dorsolateral elec-
trode repositioning was required. Final placement of the bipolar
electrodes was determined by the maximal physiological effect on
the VSEP with the lowest shock level, which was always approxi-
mately 1 mm lateral of the midline, dorso-lateral of the facial nerve
genu, at the sulcus limitans (Fig. 13A), consistent with the location
of the vestibular efferent cell bodies in previous studies (Strutz,
1982; Shumilina et al., 1986; Motts et al., 2008). Shocks were
delivered to the animal via a bi-phasic isolated current stimulator
(Model DS4, Digitimer Ltd., UK). The effect of shocks on both the
CAP and the VSEP were produced using two different stimulation
protocols (Fig. 2). Protocol A or ‘Train ES’ involved presenting the
CAP or VsEP stimulus shortly after a 100 ms electrical pulse train,
with the following pulse stimulation parameters: 100us biphasic
pulse width, 50—400 pulses per second, 0—920 pA, 120 ms inter-
stimulus interval. Protocol B or ‘Paired ES’ involved presenting
the CAP or VsEP stimulus in between individual electrical pulses
(Fig. 2), which were presented at rates between 1 and 250 pulses
per second. The BCV-pulse delay after the initial current pulse
varied between 0 and 11ms. Note that the stimulus was not pre-
sented between every shock, but rather every second shock, which
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Fig. 2. Anillustration of the two-different electrical stimulation (ES) paradigms used in
this study. Protocol A, or ‘Train ES’ was used to visualize the effect of a 100 ms shock
train on the VSEP evoked after the train. Protocol B, or ‘Paired ES’ was used to view
changes in the VSEP evoked during a shock train. For the Paired ES paradigm BCV
stimuli were presented every second current pulse, and a subtraction technique was
used to remove the ES artifact from VSEP responses. Abbreviations: ES: Electrical
stimulation, IPI: Inter-pulse interval, ISI: Inter-stimulus interval.

allowed us to record the electrical artifact with or without a
response, and subtract the electrical artifact from the CAP or VSEP
response waveform, leaving the averaged evoked response (Fig. 7).

2.4. Drug perfusion & EVS lesion

In selected animals, the nicotinic acetylcholine receptor antag-
onist Strychnine Hydrochloride (1 mM; abcam, VIC, AUS) or agonist
1,1-Dimethyl-4-phenylpiperazinium iodide (DMPP; 20 mM; Sigma
Aldrich, NSW, AUS), were given with an aim to block the peripheral
vestibular efferent receptors. Strychnine was delivered via intra-
peritoneal injection at 10 mg/kg as per previous studies (Rajan,
1988; Maison et al., 2007) To confirm the drug was passing the
blood-labyrinth barrier and having a physiological effect on the
nicotinic acetylcholine receptors, crossed-olivocochlear bundle fi-
bers were stimulated at the midline floor of the fourth ventricle,
whilst monitoring the level of suppression of auditory nerve CAP in
3 animals. After confirming an effect, the waveshape and absolute
peak-peak amplitude of the VSEP was longitudinally monitored
with and without current shocks. In 4 ears, ~0.5ml DMPP was
flooded into the intra-tympanic space, and thereafter the VsEP
waveshape and peak-peak amplitude was monitored with and
without current shocks for up to 4 h after drug delivery. For DMPP
delivery the cochlea was ablated, providing a localized drug
administration to the vestibular end-organ, to best replicate pre-
vious ex vivo bath perfusions (Holt et al., 2015).

To lesion the neurons at the site of stimulation, DC current be-
tween 500 and 730 pA was delivered to the EVS region via the
stimulation electrodes, for 2 min.

2.5. Histology

At the end of experiments involving electrolytic lesions of the
EVS region, animals were deeply anesthetized with 5% Isoflurane,
and thereafter transcardially perfused with 0.1 M Sorenson's Buffer
(pH=74), followed by 4% Paraformaldehyde fixative solution.
Brains were removed and stored for 24—48 h in fixative at 4°C,
followed by 30% sucrose for 72 h at the same temperature. Serial
transverse sections were cut using a cryostat (Leica CM1860) at
20 um thickness, mounted on gel-coated slides, stained with 0.5%
Toluidine Blue, and cover slipped.

3. Results
3.1. The VSEP

With the cochlea intact, VSEPs could be recorded with or
without acoustic masking noise (Fig. 3). Without acoustic noise,
there were several waveform peaks with a latency greater than
1 ms (Fig. 3). In some instances, with masking noise (approximately
95—110 dB SPL white noise), the VSEP response was very similar to
that recorded after the cochlea had been ablated (see Fig. 3A vs. 5B),
and there were no artifacts within the response, which was
completely abolished after death (Fig. 3B). It should be noted that
the BCV stimulus did not generate a simple acceleration of the skull,
but rather a brief, high-frequency oscillation (Fig. 3C), and yet
regardless the VSEP is a relatively simple biphasic waveform, with
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Fig. 3. A) A typical VSEP response, shown with (black) or without (grey) broadband
acoustic masking noise. The BCV stimulus is shown at the top left. The latency of the
VSEP N1 or P1 was measured relative to the start of the BCV pulse. B) The response
following death of the animal. C) The acceleration response. Animal#726. D) A VSEP
Input/Output series averaged across 4 animals. Average jerk threshold is displayed
beneath the x-axis. E. VSEP N1 and P1 latencies corresponding to IO series in D. 100
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an N1 and P1 peak. The VSEP amplitude increased gradually with
BCV level, but when plotted against stimulus jerk (calculated from
the ear-bar acceleration), the VSEP amplitude increased non-
linearly (Fig. 3D; average of 4 animals), and the N1 and P1 la-
tency (relative to the start of the BCV pulse) decreased gradually by
0.35 ms (Fig. 3E). The average VsEP jerk threshold across these 4
animals was 0.004 g/ms (Fig. 3D). Within this study, we used 0.02 g/
ms BCV stimulus level to evoke a ‘typical’ or baseline VsSEP
response.

3.2. Electrical stimulation

Electrical stimulation of the EVS produced a suppression of the
VSEP response, with the level of suppression dependent upon
several factors such as the current strength, the delay between the
current pulse and the BCV pulse, the rate of electrical stimulation,
and the rate of BCV stimulation. Here, we detail the features of the
VSEP suppression with electrical stimulation.

3.2.1. Effect of cochlea ablation on the VSEP suppression

The VsEP recorded with the cochlea intact (during acoustic
masking noise) was suppressed by a similar magnitude to that
when the cochlea was ablated (Fig. 4A and B). Note that with the
cochlea intact, there was larger variability in the VSEP amplitude
(Fig. 4B), due mostly to the additional noisy cochlear microphonic
from the acoustic masking noise (Fig. 4B). Ablating the cochlea did
not have significant effects on the ES artifact, nor the immediately
following components of the electrically evoked response recorded
from the facial nerve canal (Fig. 4C).

3.2.2. Train ES suppression of the VSEP

Following a 100 ms train of current pulse stimulation in the
presumed EVS nucleus, the VSEP, evoked shortly after the last pulse,
was suppressed. The level of VSEP suppression depended on pa-
rameters such as the shock intensity (Fig. 5A), the BCV delay after
the shock (Fig. 5B—D), and the rate of the current pulses (Fig. 5C and
D). Interestingly, with a lower shock rate of 50 pulses per second
(pps), as compared to 300pps, there was a larger suppression of the
VSEP when it was evoked shortly after the last current pulse
(<4 ms). With a longer VSEP delay (>4 ms), higher current pulse

Cochlea intact

rates produced a slightly larger suppression of the VSEP (Fig. 5C and
D).

In addition to the immediate suppression of the VsEP following
a train of current pulses, gradual accumulative effects of repetitive
Train ES stimulation were observed, particularly when intense
current pulses (>900 pA) were used, and these were more obvious
with a longer delay (>10 ms) of the VSEP following the pulse train.
An example of the accumulative effects are shown in Fig. 6, where
the VSEP evoked within a Train ES stimulus was monitored over 1 h,
with the current stimulation (920 pA, 300 pps) switched on or off
for 5-8 min. At the onset of the current stimulation, the VSEP
gradually declined in amplitude over 2—3 min, and likewise grad-
ually increased when the electrical stimulation was switched off.

3.2.3. Paired ES suppression of the VSEP

Given the VSEP suppression occurred with low rates of electrical
stimulation, and with a short delay following the last current pulse,
we examined VsEP suppression using the Paired-ES protocol. An
example of how the VSEP was recorded with the Paired-ES protocol
is shown in Fig. 7. Current pulses produced a relatively large artifact
(or response) on the facial nerve recording, which dominated the
VSEP response when it was evoked 1-10ms later. However, by
subtracting the artifact obtained when no BCV stimulus was pre-
sented, we obtained a relatively ‘clean’ VSEP response. This was the
case regardless of the level (or presence) of the electrical shocks.

With the Paired-ES protocol, VSEP suppression was dependent
upon shock intensity (Fig. 8A, B & C), with more than 60% sup-
pression above 300 pA. Increasing the current intensity had no ef-
fect on the VSEP N1 latency (Fig. 8C). Similar to the results obtained
using the Train-ES protocol, the level of VSEP suppression varied
with the delay between the current pulse and the BCV stimulus
(Fig. 8D). The level of VSEP suppression was greatest (58%) imme-
diately after a shock pulse (~0.5—1 ms) and decayed to zero sup-
pression with a 10 ms delay (Fig. 8D). Factoring in a compensation
for the latency shift due to changes in the BCV stimulus delay, the
VsEP latency was unchanged during the suppression (Fig. 8C and
D). In addition to the immediate suppressive effects of the electrical
stimulation, there was a rate-dependent, accumulative decay of the
VsEP suppression, which was absent at low current levels (<80pps),
but present for rates >100 pps (Fig. 9A and B).
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Fig. 4. A) ES suppressed the VSEP with the cochlea intact and surgically destroyed. B) VSEP pk-pk amplitudes with the cochlear intact using masking noise and after cochlea
ablation. C) Artifact and components of the electrically evoked response recorded from the facial nerve canal before and after cochlear removal. Animal#1108, 100 averages.
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Electrical stimulation in the EVS region did not noticeably
change the waveshape of the VSEP, but rather caused a simple
reduction in the peak to peak amplitude (Fig. 10A and D). Without
electrical stimulation, the VSEP amplitude increased non-linearly
with jerk level (Fig. 10B, E). During Paired-ES, the slope of the
VSEP growth function decreased, however the threshold remained
constant (Fig. 10B and E). Importantly, whilst the VsEP latency
decreased with increasing jerk levels (Figs. 10C, F & 11), the latency
did not change with increasing levels of ES induced suppression
(Fig. 11).

3.3. Electrode placement & histology

Suppression of the VsEP with electrical stimulation in the
brainstem was only observed with stimulation at a small ipsilateral
region at the floor of the fourth ventricle, lateral of the facial nerve
genu (Fig. 12 A, B & C). Contralateral and midline stimulation at any
stimulus rate or level did not affect the VSEP (Fig. 12A).
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Fig. 7. Illustration of the artifact subtraction technique used in the Paired ES protocol.
The response to an ES pulse with a BCV stimulus (red) was subtracted from the
response of an ES pulse without a BCV stimulus (blue), leaving the VSEP without any
artifact (grey). 100 averages. Animal#510. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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Furthermore, low level (27 pA) ipsilateral stimulation, which was
below the threshold for suppressing the VsEP, failed to have an
effect in any animals, even when electrical stimulation was main-
tained for several minutes (data not shown). Minimal suppression
was observed at the approximate location of the facial nerve genu
and abducens nucleus, which was the most sensitive region for
evoking facial and whisker twitches. Although the VSEP suppres-
sion was consistently localized to a small region across all animals,
smaller effects were observed within 0.25—0.5 mm of this area
(Fig. 12A, B & C). Fig. 12C shows that maximal VsEP suppression was
obtained at a depth corresponding to the position of the EVS cell
bodies (+0.2 mm), lateral of the facial nerve genu at the floor of the
fourth ventricle.

A transverse section of the guinea pig brainstem stained with
Toluidine blue indicates the position of the stimulating electrode
pair (arrow), dorsolateral of the facial nerve genu (VII) (Fig. 13). This
marked location corresponded to the most sensitive position for
VSEP suppression in this animal (GP#630).

3.4. Effect of nAChR drugs & lesioning EVS

Prior to removal of the cochlea, suppression of a click-evoked
CAP induced by electrical stimulation at the midline, using the
Train-ES protocol, was observed (Fig. 14 A & 14B). Across 3 animals,
electrical stimulation of the midline floor of the fourth ventricle
resulted in the normalized CAP N1-P1 average amplitude being
suppressed by 26.62% (+£5.35). After approximately 30 min
following an intraperitoneal injection of 10 mg/kg of Strychnine
Hydrochloride the normalized CAP suppression reduced to 7.25%
(+6.74) (p<0.001, 2.=0.05, n=3, Welch's t-test; Fig. 14A). An
example of the CAP suppression with midline Train-ES is provided
in Fig. 14B. This suppression or ‘MOCs effect’ was subsequently
blocked after an LP. injection of Strychnine (50 averages, GP#118).

Whilst Strychnine blocked the CAP ES suppression, it failed to
block the 200pps Paired-ES evoked suppression of the VSEP
(p=0.791, & =0.05, n=>5, Student's t-test, Fig. 14A). Likewise,
10 min after 20 mM DMPP had been applied to the bulla (flooding
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the bulla after removal of the cochlea), there was no change in the
electrically evoked suppression of the VSEP (p=0.079, o = 0.05,
n =4, Student's t-test, Fig. 14A).

At the end of several experiments, an electrolytic lesion was
made at the EVS region, which resulted in an irreversible blockade
of the suppression effects (p < 0.001, a = 0.05, Welch's t-test, n = 4;
Fig. 14A). In two animals, the EVS region was surgically aspirated as
an alternative to electrolytic lesioning, and this also blocked the
VSEP suppression, but it also caused a slight reduction in the
amplitude of the P1 peak of the VSsEP.

3.5. Characterization of the antidromic eCAP P1-N1

In most animals, electrical stimulation in the EVS region without
BCV stimuli evoked not only an electrical artifact on the facial nerve
recording, but a P1-N1 waveform immediately following the arti-
fact, which we have termed here an electrically evoked Compound
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Fig. 12. Effect of Paired ES with changes in electrode placement. A), B) Level of VSEP
suppression as a percentage corresponding to the approximate electrode placements
(A—H) represented in the schematic diagrams, in animals, GP#523 and GP#510. C) The
effect of stimulating electrode depth on the VSEP suppression, corresponding to the
colored dots on the schematic diagram, in Animal GP#523. The position of the EVS is
schematically represented by the cluster of black dots, dorsolateral of the facial nerve
genu, under the sulcus limitans, adapted from previous immunohistochemistry studies
in the guinea pig (Strutz, 1982; Shumilina et al., 1986; Motts et al., 2008).

Action Potential (eCAP) P1-N1 (Fig. 15A and D). This response was
not present when electrically stimulating regions just off the EVS
area, even though the electrical artifact was still present. The eCAP
amplitude increased non-linearly with increasing shock intensities
above 80pA (Fig. 15D and E), which was approximately the
threshold for electrical suppression of the VsEP (Fig. 8C).
Conversely, the electrical shock artifact increased linearly with
current level (Fig. 15E). We then examined changes in the eCAP
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Fig. 13. A) Photograph of a transverse guinea pig brainstem section showing the po-
sition of our stimulating electrode pair at the floor of the fourth ventricle, dorso-lateral
of the facial nerve genu. MLF: Medial Longitudinal Fasciculus; VI: Abducens nucleus;
VII: Facial nerve genu; 4V: Fourth ventricle. Scale bar: 200 pm. Animal#630. B) A
frontal section of the cat brainstem at approximately the same location as we used for
efferent stimulation in the guinea pig (see A). To show the location of the efferent
vestibular cells bodies with respect to the medial vestibular nucleus. One single MVN
neuron has been stained by HRP and reconstructed. The dendrites of this MVN neuron
extend close to and possibly even into the region of the efferent cell-bodies. Incoming
axons of afferent neurons terminate on the dendrites of this MVN neuron. Given this
apparent proximity, it is likely that a stimulating electrode in the area of the efferent
cells will antidromically activate axons of vestibular afferent neurons. Reproduced with
permission of Ohgaki et al. (1988).

response with increasing stimulation rates, to observe the effect of
a preceding current pulse on the eCAP. Like the electrically evoked
suppression of the VSEP, the eCAP amplitude decreased when it
occurred less than 10 ms following a preceding current pulse, and
the level of suppression increased as the delay was further reduced
(Figs. 15B and 16B).

4. Discussion

Our results show that the VSEP was suppressed by electrical
stimulation in a brainstem region corresponding to the EVS cell
bodies, or ‘group e’ (Strutz, 1982; Shumilina et al., 1986; Motts et al.,
2008). A single current pulse was sufficient to suppress the VSEP
amplitude by 50% when the VsSEP was presented shortly after
(<2 ms) the ES pulse. The level of suppression declined as the BCV
stimulus was delayed from the ES pulse, such that there was little
suppression with a 10 ms delay. Whilst it is tempting to suggest that
the VSEP suppression may be mediated via an effect of the EVS on
the sensitivity of the peripheral vestibular afferent neurons un-
derlying the VSEP, we failed to block the suppression effect with
pharmacological agents known to block vestibular efferent action
in the periphery (Holt et al., 2015). Moreover, that the VSEP sup-
pression was immediate seems at odds with the previously
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observed effects of electrical stimulation of the EVS on single-unit
recordings (Goldberg and Fernandez, 1980), where changes in
afferent firing rate were induced 10 ms after electrical stimulation.
Additionally, we assume that any action of the EVS on the vestibular
afferent neurons would involve, at the very least, both a trans-
mission and a synaptic delay at the efferent-afferent synapse in the
periphery, which is likely to delay any effects by 1 ms—4 ms, yet we
observed suppression effects occurring with a delay shorter than
this. Ultimately, as detailed below, our results suggest the sup-
pression is due to the electrical stimulation generating antidromic
action potentials in primary vestibular afferent neurons that then
blocks the normal transmission in the same neurons. Goldberg and
Fernandez (1980) also reported antidromic collisions in 10 out of
the 27 animals, however, this occurred in only a small proportion of
the population of their recorded units. It nonetheless demonstrates
that electrical stimulation at the site of the mammalian EVS will
result in antidromic stimulation in some proportion of the primary
vestibular afferents. This antidromic effect may be more apparent
when using the VsEP as a measure of afferent activity, rather than
single units, because the VsEP represents the response of a larger
population of afferent neurons, such as the effects observed in
cochlear afferent responses observed by Brown (1994,

Brown (1994) evoked antidromic action potentials on the
cochlear nerve by direct stimulation in the cochlear nucleus region
of the brainstem, and measured an ‘antidromic CAP (ACAP) field
potential from the cochlear fluids, which appeared as an inverted
version of the orthodromic CAP. Experiments performed with
temporally separated pairs of either two electrical shocks, or an
acoustic click and a shock, were used to determine the refractory
characteristics of the auditory nerve. Results indicated that the
ACAP directly interfered with the orthodromic CAP. Brown (1994)
did not rule out an ACAP contribution from sources other than
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type I auditory neurons, such as the cochlear nucleus, or even the
larger diameter, lower threshold vestibular nerve fibers. There is an
important distinction between Brown (1994) and our work, in that
his stimulation site was at the cochlear nucleus which was distant
from the cochlear efferent cell bodies at the superior olivary com-
plex and their associated axons at the midline floor of the fourth
ventricle. Conversely, our stimulating array was positioned lateral
of the facial nerve genu at the EVS (Fig. 12A), which is in close
proximity to the neighboring MVN (Strutz, 1982; Motts et al., 2008).
Furthermore, the dendrites from the mammalian MVN, which
receive primary afferent input, have been shown to extend into this
lateral region of the facial nerve genu (Fig. 12B) where the EVS cell
bodies innervate (Ohgaki et al., 1988).

In our experiments, the suppression of the VSEP was greatest
when the VSEP was evoked shortly (<4 ms) after the electrical
stimulation. With a short delay between the current pulse and the
BCV, lower stimulation rates (50 pps) resulted in a greater sup-
pression than higher rates (300 pps; Figs. 5 and 9), suggesting that
the mechanism underlying the VSEP suppression adapts or fatigues
with high-rate electrical stimulation, similar to mechanisms
described in previous studies where there was a supposed anti-
dromic blockade of orthodromic activity (Baertschi and Dreifuss,
1979). These effects likely reflect a reduction in the number of
antidromic action potentials that are generated by the ES pulse in
the brainstem, at high stimulation rates. Importantly, this decline in
the level of suppression during high-rate (>100pps) ES was not
affected by DMPP (Fig. 14A).

In addition to the above adaptation of the VSEP suppression
during high-rate ES stimulation, during Paired-ES there was a
subtle reduction in VSEP amplitude in the absence of shocks. This
subtle decline was dependent on pulse rate, arising around 77pps
(Fig. 9A). Given that previous studies in the squirrel monkey
(Goldberg and Fernandez, 1980) and chinchilla (Marlinski et al.,
2004) observed larger efferent-mediated effects on primary
vestibular afferents with higher pulse rates, it is tempting to sug-
gest that this rate-dependent reduction in VSEP amplitude, is
mediated by the EVS. However, like the cochlear CAP, the VSEP does

‘forward mask’ (Jones et al., 2002), with increasing inter-stimulus
intervals, resulting in a subtle reduction of N1-P1 amplitude. In
the ‘Paired-ES’ protocol (Fig. 2 — Protocol B), the inter-stimulus
interval (ISI) is dependent on the ES pulse rate, such that a high
pulse rate results in a shorter ISI. The VSEP amplitude in the absence
of ES begins to decline at 77pps (Fig. 9A), which is equivalent to an
ISI of 12 ms, and is consistent with the subtle ‘forward-masking’
effect of the VSEP occurring independent of electrical stimulation
(Jones et al., 2002). Moreover, this rate-dependent decline in VSEP
amplitude without ES was not abolished after longitudinal moni-
toring following the local administration of 20 mM DMPP into the
bulla, which has been shown to block calyx-dimorphic efferent-
mediated excitation in the turtle (Holt et al., 2015).

The gradual suppression of the VsEP (Fig. 6) required intense ES
shock amplitudes (>900 pA), much larger than the levels previously
used to stimulate the EVS (Goldberg and Fernandez, 1980;
Marlinski et al., 2004). It should be noted that this effect was only
observed using high pulse rates, and when the delay between the
electrical stimulation and the BCV pulse was 10ms or greater.
Moreover, this longitudinal effect was always associated with a
poor ‘immediate’ suppression of the VSEP, suggesting that the
electrode pair may not have been in the immediate vicinity of the
EVS, and that the gradual suppressive effect was likely due to
electrotonic spread of the current pulses to the EVS and MVN. This
was confirmed in several experiments where the electrode pair was
intentionally placed outside of the most sensitive area for evoking
the VSEP suppression - here high current levels induced a gradual
suppressive effect. Additionally, this effect persisted after DMPP
and Atropine treatment, further suggesting it was not mediated by
the EVS.

During the electrical stimulation induced suppression, the VSEP
waveform did not change, nor did its latency shift, but rather there
was a simple reduction in VSEP amplitude (Fig. 10A, D). Importantly,
whilst the VsEP latency decreased with increasing BCV stimulus
levels (Figs. 10C, F & 11), latency did not change with electrical
induced suppression (Fig. 11). Moreover, the slope of the VsEP
growth curve decreased during electrical stimulation, but response
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threshold did not change (Fig. 10B, E). Had the electrical stimulation
been affecting the sensitivity of the vestibular periphery (i.e. had it
been affecting either hair cell or afferent conductances upstream of
the spike encoder, we would assume that VSEP latency and
threshold would change. Our results therefore suggest that elec-
trical stimulation was merely acting on post-synaptic generation of
the afferent action potential. Interestingly, Brown (1994) observed a
small but significant decrease in the CAP latency, in addition to a
large amplitude suppression, when stimulating the proximal end of
the cochlear afferent nerve, which suggests that factors other than
antidromic blockage of afferent responses may have occurred in
that study. The exponential suppression of the VSEP amplitude as
the delay between the shock and the BCV pulse are reduced
(Fig. 8D) is consistent with the forward-masking or refractory
characteristics of the VsSEP. This is demonstrated when the electrical
shock is replaced by a BCV pulse in a “BCV-BCV” stimulation
paradigm (Fig. 16A). The changes in the amplitude of the VsEP in
response to the second BCV pulse (Fig. 16B) show a similar rela-
tionship to that of the Paired-ES paradigm (Fig. 8D), decreasing
gradually with delay. There were additional complex changes in the
VSEP amplitude with the BCV-BCV protocol, which we have
attributed to a complex interaction of the skull-vibration to paired
BCV pulses, because the skull can vibrate for several milliseconds.
That is, there were vibration-related interactions between the two
BCV pulses that caused additional changes to the amplitude of the
second VSEP response, that add to the forward-masking or re-
fractory effects which dominate the reduction in the VSEP response.

Ultimately, we conclude that the VSEP suppression we have
observed is likely due to antidromic suppression of afferent re-
sponses, and we have found no evidence of efferent involvement.
VSEP suppression with electrical stimulation in the EVS region
occurred on a timescale 10 times faster than the reported effects of
electrical stimulation on the single-unit activity of otolithic
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irregular responses in mammals (Goldberg and Fernandez, 1980;
Marlinski et al., 2004). Moreover, across all species it appears that
efferent vestibular stimulation is ineffective to single shocks
(Goldberg and Fernandez, 1980), which suggests there may be a
neurotransmitter facilitation or post synaptic amplification mech-
anism involved (Holt et al., 2011). That we consistently observed
VsEP suppression with low shock rates, or even single shocks,
suggests the effects we have observed are not mediated via the EVS
neurons. Moreover, that VSEP suppression was not eliminated after
the administration of nicotinic AChR drugs further suggests the
suppressive effect was not efferent-mediated. Consistent with
previous studies (Desmedt, 1962; Gifford and Guinan., 1987; Rajan,
1988), Strychnine eliminated the MOC-mediated suppression of the
CAP in 3 animals (p < 0.001), suggesting that the drug was having a
physiological effect on the peripheral cholinergic receptors of the
inner ear. Here, we did not extensively investigate the effects (or
lack thereof) of pharmacological agents on the VsSEP suppression,
because there was sufficient evidence from the functional changes
alone to suggest that the VSEP suppression with electrical stimu-
lation was not being mediated by efferent neurons. Our finding that
Strychnine and DMPP failed to alter the VSEP suppression provides
supportive evidence that the suppression effect did not involve an
efferent component.

It has also been demonstrated that EVS stimulation from both
the ipsilateral and contralateral brainstem result in both irregular
and regular afferent excitation (Goldberg and Fernandez., 1980;
Marlinski et al., 2004), and yet we observed no changes in the
VsEP with contralateral stimulation. It is plausible that electrical
stimulation at the midline of the fourth ventricle could activate the
EVS fibers, by the same mechanism as midline MOC stimulation, as
vestibular efferent fibers cross over at the floor of the fourth
ventricle with the COCB fibers (Mccue and Guinan, 1994). Since
these vestibular efferent axonal fibers are myelinated, like the MOC
fibers, electrical stimulation at the midline should theoretically
activate this both crossed MOCS and EVS neurons, albeit at higher
current levels than that used for cell body activation. Mccue and
Guinan (1994) accomplished this by successfully stimulating the
EVS at the midline floor of the fourth ventricle whilst monitoring
acoustically responsive irregular discharging vestibular afferents in
the cat. The finding that we were only able to suppress the VSEP
with electrical stimulation in a very localized region of the ipsi-
lateral brainstem further suggests it is unlikely that our results
involved efferent-driven activity.

The presence of a P1-N1 eCAP response on the facial nerve canal
recording, immediately after the ES artifact, further supports the
suppression effects being mediated via antidromic stimulation,
although theoretically this eCAP response may have represented
stimulated activity of the efferent fibers. Brainstem stereotaxic
maps (Rapisarda and Bacchelli, 1977; Voitenko and Marlinsky,
1993) and immunohistochemistry studies (Strutz, 1982;
Shumilina et al., 1986; Motts et al., 2008) in the guinea pig
demonstrate that the main EVS neurons, the ‘group e’, closely
neighbor the vestibular nuclei. Furthermore, irregular otolithic af-
ferents terminate in all vestibular nuclei, but are most densely
populated closer towards the EVS than the periphery (Biittner-
Ennever, 2000; Goldberg, 2000). This would explain the stimula-
tion area in the brainstem, at the approximate location of the ‘group
e’ neurons. Moreover, the histological section (Fig. 13A) provides
evidence that the stimulation site was at the region associated with
the EVS in the guinea pig, under the sulcus limitans, lateral of the
genu of the facial nerve (Strutz, 1982; Shumilina et al., 1986; Motts
et al., 2008). A horseradish peroxidase tracer study in the cat also
reveals that the MVN is situated very close to the sulcus limitans,
and their dendrites, which receive primary afferent input extend
and innervate the brainstem location associated with our
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stimulating region (Fig. 13A and B). Thus, our results can be
explained by electrical shocks stimulating the utricular afferents
from the proximal throughputs in the central vestibular system,
causing electrically-evoked antidromic action potentials on the
vestibular afferents, which collide with the orthodromic BCV-
driven afferent activity that underlies the VSEP. This study pro-
vides a caveat for those aiming to investigate the function of the
EVS using electrical stimulation in the midbrain, where a reduction
in current stimulus intensity may be necessary to minimize anti-
dromic spread. Our results indicate that electrical stimulation of the
EVS at levels equivalent to and below those used in previous EVS
studies can result in activation of the vestibular afferent nerve, and
such activation may be difficult to avoid, unless electrical stimula-
tion is limited to regions where there are EVS neurons, but no
afferent fibers. Importantly, our results do not suggest that elec-
trical stimulation of the EVS does not produce changes in the
afferent response that are mediated via the efferent pathway. It is
merely that in our recording montage, where we have examined
the VSEP (as opposed to the single-unit response recordings per-
formed in previous studies), any such effects are not obvious, or are
at the very least masked by the much larger effect of antidromic
stimulation of the afferents.

Finally, this study also provides the details on the refractory
characteristics of the vestibular afferent nerve, which are similar to
those reported by Stypulkowski and van den Honert (1984) and
Brown (1994). This information may be of importance to the
development of vestibular implants and prosthetics.
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2.3. Conclusion

Antidromic modulation of the VSEP was a highly effective way of directly modulating peripheral nerve
function in the absence of hair cell and mechanical changes and provided a simple means to differentially
alter peripheral vestibular nerve function. Whilst antidromic potentials in the vestibular nerve is unlikely
to occur clinically, pathologies such as schwannoma’s or viral infections of the VIlith nerve are likely to
result in ‘isolated’ changes in vestibular nerve function, independent of mechanical or hair cell changes.

Later, in Chapter 5.2, we demonstrate isolated changes in the VSEP due to pharmacological manipulations.

Direct manipulation of vestibular nerve function may have future clinical utility in electrical or optical
afferent stimulation. As with hearing, peripheral implants may be used to bypass inactive hair cells and
stimulate vestibular afferents as a means to restore balance dysfunction. Antidromic stimulation may help
identify the characteristics of peripheral vestibular afferents during electrical stimulation. Like previous
studies in the cochlea that used shocks delivered to the proximal end of the cochlear nerve to understand
refractory characteristics, so as to avoid multiple peripheral activation sites such as the hair cells and other
peripheral afferent terminals (Brown 1994), antidromic stimulation of the vestibular afferents can provide

valuable information such as refractory periods and optimal stimulation rates.

Unlike the medial olivocochlear efference, which can be electrically stimulated at the midline floor of
the fourth ventricle away from the proximal end of the cochlear afferents, the EVS lies adjacent to the
facial nerve genu in close proximity to the vestibular nucleus (and proximal vestibular nerve). For this
reason, it may be difficult to electrically stimulate the EVS cell bodies in isolation of the proximal end of
the vestibular neurons. Previous EVS stimulation studies which demonstrated changes in single vestibular
afferent activity in the periphery (Goldberg and Fernandez 1980) also reported antidromic collisions,
however, it is likely this effect was exaggerated in our setup by measuring a global, summed response of
many afferents, in the VsEP. It is also possible that low-level current stimulated the EVS cell-bodies, but

the increased spontaneous firing rate was not reflected in changes to the VsEP.

It is possible that EVS stimulation may have had some direct effect on the utricular hair cells, given
that some EVS neurons synapse with type Il hair cells directly (Lysakowski and Goldberg 1997, Lysakowski
and Goldberg 2004). Unfortunately, in the above study we were not able to measure hair cell or
mechanical responses with EVS stimulation, as this would require ‘sealing’ the stimulating electrodes in
place in the brainstem and turning the animal over to destroy the cochlea and expose the utricle for
subsequent hair cell measurements (see Chapters 3 & 4 for details). Due to the technical difficulty and

inherent risk of damaging the brainstem (and efferent cell bodies) when turning the animal over, we did
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not attempt to record UM responses with EVS stimulation. Although we did not directly measure hair cell
responses for the above reasons, the finding that VsSEP threshold and latency were unchanged, and that
there were no longitudinal effects of EVS stimulation at low-modest current levels, suggests the observed

effects were most likely post-synaptically mediated, downstream of the hair cells.

One of the main limitations of the VsEP, as a diagnostic marker of vestibular nerve function, is that it
represents only a small population of vestibular neurons, innervating a small subset of vestibular hair cells.
Previous studies have shown that the VsEP is sensitive to cranial jerk and is therefore a measure of
irregular afferent activity (Jones, Lee et al. 2015). Further experimental confirmation from our laboratory
demonstrating the ‘jerk-sensitivity’ of the VSEP can be found in Appendix 1. Overall the VSEP only provides
a ‘partial’ measure of otolithic nerve function and does not report regular nerve activity. Future
development of gross static afferent activity is needed to have a complete measure of peripheral utricular

nerve function.

Moreover, previous studies in our laboratory have demonstrated the VsSEP to BCV is primarily a
utricular nerve response (Chihara, Wang et al. 2013) (for further experimental evidence see Appendix 1).
It is not exactly clear why this is the case since several studies have shown that vibration activates both
utricular and saccular afferents (Young, Fernandez et al. 1977, Curthoys, Vulovic et al. 2016). However,
afferent activation by BCV does not necessarily translate to CAP generation, which requires a high-level
of neural synchrony at the stimulus onset. One possible explanation is the position of the recording wire
in the facial nerve canal, near the superior branch of the vestibular nerve, which may receive greater
electrical ‘pick-up” and be dominated by the utricle. Additionally, delivery of the BCV stimulus in the latero-
medial plane may preferentially activate utricular hair cells over saccular receptors. That the utricle lies in
the horizontal plane (Dimiccoli, Girard et al. 2013) and is approximately parallel to delivery of BCV
stimulation in our setup, means it is likely that this stimulation mode would produce a differential shearing
between the utricular otoliths and neuroepithelium, resulting in stereocilia deflection. A previous study
has demonstrated that shearing forces directed orthogonal to otolithic hair bundles are rather ineffective
at producing otolith receptor excitation (Fernandez and Goldberg 1976), which may be the case with the
saccular hair bundles in our experimental setup. Additionally, further studies have shown it may be
possible to selectively record VsEPs from the utricle and saccule by alternating the orientation of the
stimulus from latero-medial to dorso-ventral, respectively (Freeman, Plotnik et al. 1999, Jones, Jones et

al. 2001). Therefore, development of a saccular (and semi-circular canal) gross nerve response may be
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achieved by changing the recording location and stimulation method, which would allow a more complete

measure of vestibular nerve activity.

Importantly, the VsSEP provides a relatively simple method to longitudinally study utricular nerve
function under various experimental manipulations. Since it is measured from a facial nerve canal wire
out of the way of the utricular macula, it can be used during simultaneous recordings of hair cell and

mechanical function, in vivo.
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Chapter 3: Development of the vestibular microphonic

3.1. Introduction
To have a complete assessment of peripheral vestibular function, in vivo, an objective and robust

measure of vestibular hair cell function is needed. The VM has featured in several studies mostly involving
ex vivo and non-mammalian models (Huizinga, De Vries et al. 1951, Hudspeth 1982, Corey and Hudspeth
1983, Wit, Kahmann et al. 1986); however, unlike the CM, it has not progressed as a research tool. This is
likely due to a lack of clarity regarding how to record or interpret the VM as it may contain contributions
from the cochlea, vestibular nerve or electrical artifact components. Of the few studies which have
recorded the VM, most reflect global vestibular hair cell function (Wit, Kahmann et al. 1986), and not
localized hair cell activity (Corey and Hudspeth 1983). In vivo measurements of a localized microphonic
potential, free from neural or other contamination allows a reliable measure of hair cell function and the
ability to differentiate the effect of experimental manipulations resulting in loss of neural sensitivity, as
originating from either hair cell or neural dysfunction. The following describes the development and

characterization of this novel hair cell measurement, in vivo.

3.2. In vivorecording of the vestibular microphonic in mammals

Pastras, C. J., Curthoys, I. S., & Brown, D. J. (2017). In vivo recording of the vestibular

microphonic in mammals. Hearing research, 354, 38-47.
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Background: The Vestibular Microphonic (VM) has only featured in a handful of publications, mostly
involving non-mammalian and ex vivo models. The VM is the extracellular analogue of the vestibular hair
cell receptor current, and offers a tool to monitor vestibular hair cell activity in vivo.

Objective: To characterise features of the VM measured in vivo in guinea pigs, using a relatively simple
experimental setup.

Methods: The VM, evoked by bone-conducted vibration (BCV), was recorded from the basal surface of
either the utricular or saccular macula after surgical removal of the cochlea, in 27 guinea pigs.

5?;‘:1/12311; microphonic Results: The VM remained after vestibular nerve blockade, but was abolished following end-organ
Utricle destruction or death. The VM reversed polarity as the recording electrode tracked across the utricular
Hair cell or saccular macula surface, or through the utricular macula. The VM could be evoked by BCV stimuli of
Guinea pig frequencies between 100 Hz and 5 kHz, and was largest to vibrations between 600 Hz and 800 Hz.
In vivo Experimental manipulations demonstrated a reduction in the VM amplitude with maculae displacement,

Bone conducted vibration or rupture of the utricular membrane.

Conclusions: Results mirror those obtained in previous ex vivo studies, and further demonstrate that
vestibular hair cells are sensitive to vibrations of several kilohertz. Changes in the VM with maculae
displacement or rupture suggest utricular hydrops may alter vestibular hair cell sensitivity due to either
mechanical or ionic changes.

© 2017 Published by Elsevier B.V.

1. Introduction

The cochlear microphonic (CM) and vestibular microphonic
(VM) were first reported in 1930 and 1934, respectively (Wever and
Bray., 1930; Ashcroft and Hallpike., 1934). The CM has been used
extensively in auditory research to study auditory physiology and
pathology, increasing our understanding of the cochlear amplifier
(Legan et al., 2000; Cheatham et al., 2004), endolymphatic hydrops
(Kumagami et al., 1981; Brown et al., 2009), the auditory efferent
system (Guinan, 1996), hearing loss due to ototoxicity (Lodhi et al.,
1980; Fitzgerald et al., 1993), acoustic trauma (Patuzzi et al.,
1989a,b), genetic disorders (Steel et al., 1987) and aging (Harris
and Dallos, 1984; Conlee et al., 1988). Conversely, the VM has only

Abbreviations: BCV, bone conducted vibration; CM, cochlear microphonic; DC,
direct current; ECG, electrocardiography; 1/0, input/output; MET, mechanoelectrical
transduction; VM, vestibular microphonic
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featured in a handful of publications mostly involving non-
mammalian and ex vivo models (Adrian et al., 1938; Zotterman,
1943; Lowenstein and Roberts., 1951; Corey and Hudspeth, 1983).
Trincker (1959) was the first to report in vivo mammalian re-
cordings of the VM, detailing the effects of recording location,
stimulus frequency, surgical destruction, cooling and death. Later,
Wit et al. (1986) reported on the VM recorded in pigeons, and
Eatock et al. (1987) performed VM recordings in bullfrogs.

It is important to note the effect of recording location and end-
organ preparation on the resultant VM. Ex vivo preparations typi-
cally secure a vestibular end-organ within an Using chamber,
allowing recordings in close proximity to the hair cells (Hudspeth,
1982; Corey and Hudspeth, 1983; Eatock et al., 1987). Alternatively,
in vivo preparations have recorded responses from the vestibular
fluids, either within perilymph as a ‘global’ measure where nerve
and hair cell responses summate (Huizinga et al., 1951; Wit et al,,
1986), or much closer to the hair cells within the endolymph
where the hair cell current contribution dominates the response
(Rabbitt et al., 2005).

Both otolith organs, the utricle and saccule, act as highly
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sensitive three-dimensional linear accelerometers (Dimiccoli et al.,
2013). Their non-planar and uniquely curved epithelium enables
3D-vector polarization (Curthoys et al., 1999; Jaeger et al., 2008),
with both phasic and tonic vestibular pathways (Fernandez and
Goldberg, 1976b). Central to these pathways are the vestibular
hair cells, which are embedded in a dense gelatinous matrix, un-
derneath the heavy otoconial layer (Kachar et al., 1990). Rotational
and linear acceleration create shearing forces that displace the
otoconia, resulting in apical hair bundle motion (Fernandez and
Goldberg, 1976a), which alters the hair cell mechanoelectrical
transduction (MET) channel conductance, and the receptor current
and membrane potential (Shotwell et al., 1981). Like the CM, the
VM is produced by vibration induced modulation of hair cell
conductance, with the extracellular potential determined by
changes in current flow through the impedance path between
tissue and fluids (Corey and Hudspeth., 1983). However, whilst the
CM is dominated by the hair cells local to the recording location
(Patuzzi et al., 1989a,b; Cheatham et al., 2011), which are modulated
in-phase for low-frequency (<1 kHz) tones, and thus can be used as
areliable estimate the MET channel gating (Patuzzi and Moleirinho,
1998), it is unclear if the same is true for in vivo VM recordings. That
is, it is unclear whether the VM is dominated by hair cells local to
the recording site, and is therefore dependent upon the orientation
of the hair cells (kinocilium) at the sensory epithelium, or is rather
the summated extracellular response of all vestibular hair cells
(Corey and Hudspeth, 1983). Ultimately, the closer the recording
electrode is to the hair cell, and the larger the extracellular im-
pedances, the larger the hair cell response will be due to less cur-
rent spread (Hudspeth, 1982).

Rabbitt et al. (2005) recorded the microphonic (in response to
0.1-20 Hz stimulation) within the SCC ampulla of toadfish, and
demonstrated the entire response was generated by the SCC hair
cells. The finding that there was little-to-no contribution from
neurons or otolith hair cells to the response may be due to the close
proximity of the recording to the SCC hair cells, or due to some
aspect specific to the stimulus used in the toadfish, or that the SCC
hair cells are polarized in a single orientation. There was no sug-
gestion that otolith hair cells do not generate microphonic re-
sponses under different recording procedures, focused on
stimulating the otoliths.

Here we have performed similar experiments as the in vivo,
mammalian VM recordings performed by Trincker (1959). How-
ever, whereas Trincker primarily used air-conducted sound to
stimulate the vestibular system, and maintained fluid within the
vestibule following surgical destruction of the cochlea, we have
used BCV stimuli to more effectively evoke the VM, while removing
the cochlea and the perilymphatic fluid within the vestibule to
provide a more localized recording of the electrical response from
the vestibular hair cells. This is more akin to previous VM experi-
ments performed ex vivo (Furukawa et al, 1972; Corey and
Hudspeth., 1983; Eatock et al., 1987).

2. Materials and methods
2.1. Animal preparation & surgery

Experiments were performed on 27 adult tri-coloured guinea
pigs (Cavia porcellus), of either sex, weighing between 200 and
500 g. All experimental procedures were approved by The Uni-
versity of Sydney's Animal Ethics Committee. Animals received pre-
medication LP. injections of 0.1 ml Atropine Sulphate (0.6 mg/ml;
Apex Laboratories, NSW, Australia), and 0.05 ml of Temgesic
(Buprenorphreine Hydrochloride, 324 pg/ml; Reckitt Benckiser,
Auckland, NZ). Animals were anaesthetised in an induction cham-
ber with 4.5% isoflurane, and once sedated and lacking a foot-

withdrawal reflex, were transported to the surgical table to be
tracheotomised and artificially ventilated with a mixture of oxygen
and isoflurane (2—3%). Blood oxygen saturation and heart rate were
continuously monitored, and body temperature was maintained
using a custom-made heating pad, blanket, and infrared heating
lamp. Animals were secured between custom-made ear-bars, on
which an electromagnetically shielded audiometric BCV stimulator
(B-81, Radioear corp., PA, USA) was directly attached. Also attached
to the ear-bars was a 3-axis accelerometer (Dimension engineering,
OH, USA), which had a pass-band between DC — 1500 Hz. A small
incision was made behind the pinna to expose the bulla from the
dorsal aspect. Approximately 3 mm? of bone was removed from the
bulla, exposing the facial nerve canal and round window. A Teflon-
coated AgCl recording wire (with the very tip exposed) was then
passed approximately 3 mm into the facial nerve canal to record
nerve responses. A schematic illustration of the experimental setup
is shown in Fig. 1.

In the ventral position, tissue and musculature overlying the
bulla were carefully removed, and the bulla was opened providing a
clear view of the cochlea. Several electrophysiological recordings
were performed from the facial nerve electrode with the cochlea
intact. Thereafter, the cochlea was completely removed, along with
the stapes footplate, providing a clear view into the vestibule. From
this approach, the basal surface of the utricular macula (i.e. the
surface beneath the receptor hair cells) along with the utricular
compartment membrane and the saccular macula (with the
saccular compartment typically collapsing) were clearly visible.
Fluids within the vestibule and bulla were removed using tissue
wicks, taking care not to touch the otolith organs. Tissue wicks were
routinely replaced as they became saturated with fluid over the
course of the experiment.

2.2. Physiological measures

BCV stimuli and evoked responses were generated and recorded
using custom-developed LabVIEW (National Instruments, TX, USA)
programs. BCV stimuli were generated using a PCle soundcard
(Xonar Essence STX II 7.1, ASUSTek Inc. China), and amplified using
an audio amplifier (AA-0488, Digitech, UT, USA). Analogue re-
sponses were amplified by 80 dB, with a 1 Hz to 10 kHz band-pass
filter (IsoDAM 8, WPI, Florida USA) before being digitized at 40 kHz,
16 bit, using an analogue to digital converter (NI 9205, National
Instruments, TX, USA). Averaged responses were evoked by either
brief, monophasic “BCV-pulses”, or 40 ms sinusoidal “BCV-bursts”
with frequencies between 50 Hz and 5 kHz. The stimulus rate was
50/s for the brief stimuli, and 8.3/s for the 40 ms duration stimulus.

Recording micropipette <«—— . .

Utricular macula 4 Accelerometer

N ‘ X
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Bone conductor

>
Facial Nerve Recording

Fig. 1. Schematic diagram of our VM recording set-up using a ventral surgical
approach. The animal lays supine, and was secured between custom-made ear bars,
housing a B81 Bone conductor. A tri-axial accelerometer was rigidly attached to the
skull vertex. The bulla was opened and the cochlea ablated, exposing the basal surface
of the utricular and saccular macula. VMs were recorded from the otolithic maculae
using a glass micropipette, and the facial nerve canal using an Ag/AgCl wire.
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In experiments measuring the absolute peak-peak amplitude of the
VM, a continuous BCV vibration stimulus was used.

2.3. Facial nerve canal & otolith recordings

Evoked electrical responses were initially recorded differentially
between the facial nerve canal electrode and a neck-reference
electrode. Following this, VM responses were recorded from
within the vestibule using glass microelectrodes, with a tip-
diameter of 4—8 um, and housing 300 mM KCI along with an Ag/
Cl recording wire. Manual micromanipulators were used to posi-
tion the micropipette tip such that it was just within the small
amount of fluid overlying the surface of the exposed macula within
the vestibule.

3. Results
3.1. Overview

With the cochlea intact, recordings were only made from the
facial nerve canal. In response to either a brief BCV-pulse, or a si-
nusoidal BCV-burst, the initial portion of the response had an onset
latency of 0.6 ms, and consisted of a series of negative and positive
peaks (Fig. 2A and B). In the case of the BCV-burst response
(Fig. 2B), the later portions of the response consisted of a sinusoidal
potential, with a majority of the power at the stimulus frequency
(800 Hz in the example provided in Fig. 2B). Given that the BCV
stimulus produced an audible sound, it seemed likely that much of
this response originated from the cochlea or cochlear nerve. After
removing the cochlea entirely, both the BCV-pulse and BCV-burst
stimuli still evoked a response (Fig. 2C and D), with similar onset
latency as observed when the cochlea was intact. Ablating the co-
chlea abolished much of the later components of the BCV-pulse
response, however, the later components (occurring during the
stimulus) became more complex and less sinusoidal, appearing
more like a repetition of the initial negative/positive peaks. It
should be noted that whilst the BCV-pulse stimulus was intended
to evoke a brief-acceleration of the animal's skull, inherent reso-
nance of the ear-bars and skull resulted in a more complex, damped
resonant acceleration stimulus (Fig. 2C).

To investigate if these responses (post-cochlea ablation) re-
flected neural or hair cell activity, we applied 10 ul of 20 mg/ml
Lignocaine Hydrochloride (Troy Laboratories, NSW, AUS) to the
vestibule (with the cochlea removed). Prior to Lignocaine applica-
tion BCV-pulses evoked a short-duration, biphasic response
(Fig. 3A), and BCV-bursts evoked a repetitive response lasting as
long as the stimulus, with slightly larger peaked-components at the
onset and offset of the response (Fig. 3D). Responses were contin-
uously monitored following application of the Lignocaine, where
the BCV-pulse response gradually decreased in amplitude, until
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Fig. 2. A & B) 0.8 ms BCV-pulse or 800 Hz BCV-burst evoked responses recorded from
the facial nerve canal. C & D) The associated skull acceleration. Both sets of responses
were recorded before (grey traces) and after (black traces) cochlear ablation. Stimulus
averaged (40 presentations) recordings from guinea pig GP#160722.

BCV-pulse
Baseline

Ims | S5pv

Nerve block

&\/\/\/\/\9@\

Acceleration

BCV-burst

D. Baseline

Nerve block

0.03g|
— ANV M

Acceleration

F.

Fig. 3. BCV-pulse (0.4 ms, monophasic square wave pulse) or BCV-burst (40 ms,
400 Hz sinusoid) evoked responses recorded from the facial nerve canal after the
cochlea has been ablated, measured either prior to (A & D) or following (B and E)
lignocaine application to the vestibule. The skull acceleration is presented below each
response (C & F). Note the acceleration was recorded with a tri-axial accelerometer
with an inherent 1500 Hz low-pass filter, and that the ear-bar accelerometer does not
faithfully represent the acceleration of the otolith. GP#160929.

approximately 20 min after application it had decreased in ampli-
tude by 70% (Fig. 3B). Whilst the BCV-pulse response had dimin-
ished, the BCV-burst response remained, although the large onset
and offset components had largely been abolished (Fig. 3E). It
should be noted that the BCV-burst stimuli were not ‘ramped’ on or
off, and therefore the start and end of the BCV-burst stimulus
induced high-frequency acceleration components (Fig. 3F).

With the cochlea removed and the utricular macula exposed
(without Lignocaine application) we could then record responses
from the surface of the utricular macula. Here, BCV-burst responses
were simultaneously recorded from the facial nerve canal electrode
and the utricular macula electrode. Utricular responses were 20
times larger in amplitude than facial nerve responses (Fig. 4A and
B). The portion of the BCV-burst response occurring during the
response (i.e. not including the initial components) has been
referred to here as a VM response (Fig. 4B inset). To verify that the
response was an electrophysiological response of the otolith, and
not an electromagnetic or movement artifact, the microelectrode
was placed on the musculature just outside the bulla opening. Here,
the response was either non-existent or very small (Fig. 4C).

To clearly visualize the utricular macula after cochlear ablation,
it was necessary to wick the fluid (perilymph) from the vestibule.
Often after placing the microelectrode onto the basal surface of the
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Fig. 4. VM recordings from either the facial nerve canal wire electrode (A), or the glass
microelectrode placed on the basal surface of the utricular macula (B), or on the
musculature outside the bulla (C). The skull acceleration (D) in response to the 800 Hz,
40 ms BCV-burst. Responses were recorded using stimulus triggered averaging (50
presentations) in animal GP#160624.
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Fig. 5. A) Averaged VM responses evoked by an 800 Hz, 40 ms BCV-burst, recorded
from the basal surface of the utricular macula, either with fluid build-up in the ves-
tibule, ‘Wet’ (black trace) or with the fluid removed via tissue wick, ‘Dry’ (grey trace).
GP#160729. B) Similar responses with either the fluid removed via tissue wick, ‘Dry’
(black trace) or with the vestibule fluid replaced by 'Fluorinert’ (grey trace). Note that
under ‘Dry’ conditions the recording environment is not dry per se, but only lacking a
buildup of inner ear fluid within the vestibule; there is still a small layer of perilymph
overlying the macula. ‘Dry’ vs ‘Wet’ is a simple distinction to describe the level of
extracellular shunt impedance. GP#160624.

utricular macula the open vestibule would re-fill with fluid. This
typically resulted in the VM amplitude greatly decreasing (Fig. 5A),
although it was not clear if this was due to an electrical ‘shorting’ of
the VM response recorded from the surface of the utricular macula,
or if it was due to a change in the mechanical sensitivity of the
utricular macula to the BCV stimulus as it became physically
‘loaded’ by the overlying fluid. In several animals, we replaced the
perilymph in the vestibule with Fluorinert (FC-40, Sigma-Aldrich,
Saint Louis, MO), which is almost twice as dense as water but is
an electrical insulator. With the vestibule flooded with Fluorinert,
the VM amplitude was equal to or larger than the VM recorded with
most of the fluid overlying the macula removed (Fig. 5B). For the
VM recordings presented hereafter, rather than placing Fluorinert
into the vestibule, a tissue wick was placed permanently into the
vestibule, just near the oval window niche but without touching
the utricular membrane. This prevented a build-up of fluid within
the vestibule such that the VM amplitude remained constant over
the recording procedure.

We next investigated the effects of stimulus level on the VM. The
VM evoked by relatively low-level BCV-burst stimulation closely
resembled the stimulus, whereas increasing the stimulus level
increased the distortion of the response, producing additional in-
flections on the troughs of the VM (Fig. 6A). An increase in distor-
tion with stimulus level was not evident in the head acceleration
(Fig. 6B). High level stimuli also produced VM responses with a DC
offset component (Figs. 4B and 6A).

Whilst low-level BCV-burst evoked VM responses appeared
relatively sinusoidal (Fig. 7A), some harmonic distortion was
evident in the Fast Fourier Transform of the response (Fig. 7B; black
trace). Applying Lignocaine to the vestibule abolished this distor-
tion, leaving a sinusoidal VM response (Fig. 7A and B; grey traces).

As a final demonstration that the VM was a physiological
response, it was monitored following euthanasia of an animal with
a lethal injection of Lethabarb (Virbac Pty Ltd., NSW, AUS). Imme-
diately following the animal's death (i.e. where ECG activity ceased)
the VM had not changed markedly from pre-Lethabarb injection
(Fig. 8A). Subsequent recordings were taken at several time points
following death (Fig. 8A), showing a gradual decrease in the VM
response amplitude, whereas the stimulus remained stable
(Fig. 8C). Whilst the VM response did not decrease to baseline,
recordings from the musculature overlying the bulla showed no
evidence of an artifact response (Fig. 8B).

3.2. Recording location

As the microelectrode recording location was moved over the
basal surface of the utricular macula, the VM changed phase and
waveshape. There was a complete phase reversal of the response
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Fig. 6. Distortion of the utricular VM with increasing BCV stimulus intensity. A)
Averaged VM responses recorded with the glass micropipette at the most sensitive,
non-striola region of the basal surface of the utricular macula. Asterisk corresponds to
the early nerve response evoked by the BCV stimulus being ramped on over a 5 ms rise

time as discussed in the text. B) Corresponding acceleration of the skull. BCV stimulus:
600 Hz, 40 ms. 100 averages. GP#160624.
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Fig. 7. Effect of neural blockade on the utricular VM. A) Superimposed averaged VM
waveforms recorded to moderate level, 400 Hz BCV-bursts both before (black trace)
and after (grey trace) the application of Lignocaine to the basal surface of the otolithic
maculae. B) The Fast Fourier Transform of the above waveforms. f0, f1, f2,
f3 = fundamental and upper harmonic components. FFT analysis was undertaken using
a Hanning window centered over the entire width of the waveform in A. GP#160929.
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Fig. 8. A) VM waveforms recorded from the utricular surface at various intervals after
death of the animal, with time points show at the left of each trace. B) Micropipette
recording at the nearby musculature following death. C) Skull acceleration. Responses
were recorded to 700 Hz, 40 ms BCV-burst stimuli and averaged 50 times. GP#160615.

between nearby areas of the macula, particularly either side of the
dark and white regions of the utricular macula (Fig. 9A and B). The
same effect occurred, to a lesser extent when recording from the
saccular otoconia (Fig. 9E), however this was difficult to reproduce
in all experiments as the saccular end-organ was not always
accessible from the ventral approach, typically being shielded by a
ridge of bone. For each of the two examples presented in Fig. 9, the
grey traces are the head-acceleration.

In several experiments, we attempted to obtain a ‘surface map’
recording of the VM response over the utricular macula surface. To
provide a more consistent recording environment whilst moving
the microelectrode between recording locations, we placed
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Fig. 9. A & B) The VM recorded at different locations on the utricular macula,
demonstrating a polarity reversal. C) The corresponding skull acceleration.
GP#160428. D & E) The VM recorded at different locations on the saccular macula. F)
Skull acceleration. GP#160603.

Fluorinert in the vestibule, rather than relying on a tissue wick
(which would have impeded access to some regions of the macula).
Fig. 10, shows various averaged VM waveforms from one animal,
with a schematic diagram of the utricular macula demonstrating
the recording location of each response. The acceleration stimulus
was the same for all responses. The macula outline also contains a
schematic arrangement of the utricular hair cells (grey arrows),
with the kinocilia of the utricular macula receptors directed in-
wards at the striola (grey line), and polarization vector zone
(broken grey line), as reported by previous authors (Spoedlin, 1966;
Dimiccoli et al.,, 2013). In comparison to the VM measured at the

0.7ms

Fig. 10. Averaged VM waveforms, with only 2 cycles of the response shown, recorded
from various locations on the basal surface of the utricular macula, with Fluorinert
applied to the vestibule. A schematic diagram of the utricular macula is also shown,
with grey arrows corresponding to the theoretical orientation of the kinocilium rela-
tive to the striola. The skull acceleration was the same for all recordings (grey trace,
bottom left). Inset top right Superimposed VM responses from either side of the striola.
BCV stimulus: 700 Hz, 40 ms, 100 averages. GP#160624. R = Rostral, L = Lateral.
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edge of the macula, which resembled a distorted version of the
stimulus, the VM measured at the central macula region, near the
striola, appeared to have twice as many peaks and troughs, or
double the frequency, relative to the stimulus.

3.3. Experimentally induced waveform changes

Next, we investigated if the VM inverted polarity either side of
the apical/basal surface of the epithelium, the same way the CM is
known to invert polarity between scala tympani and scala media.
Tracking the glass micropipette through the utricular macula, from
the basal to apical side, always resulted in an inversion of the VM
polarity (n = 12 cochleae). In the two examples presented in Fig. 11,
the VM measured from the basal surface of the macula, at an ‘off-
striola’ region, had a similar polarity as the acceleration measured
at the ear-bar. When the glass microelectrode passed through the
macula (by moving the pipette tip 0.5 mm deeper), the polarity
inverted. Additionally, as the micropipette was tracked through the
macula, we noted a significant reduction in the amplitude of the
VM, which we assumed to be related to either a mechanical
displacement of the macula, or mechanical ‘dampening’ of the
macula vibration in response to the BCV stimulus. To further
investigate this, we fabricated a glass micropipette with a relatively
large (20—30 um) diameter tip that had been ‘flamed’ to reduce any
sharp edges. Here, we could reliably push on the macula without
the glass microelectrode passing through the tissue. With the
microelectrode just touching the thin layer of fluid overlying the
basal surface of the utricle, we step-wise advanced the electrode
300 pwm using the manual micromanipulator. Pushing on the
macula resulted in the VM amplitude being greatly suppressed and
changing in waveshape (Fig. 12A). Retracting the microelectrode
back to the initial position resulted in the VM response recovering,
although the waveform did not fully recover and there appeared to
be phase-changes in the response as the pipette was advanced and
retracted. Fourier analysis shows the VM spectral energy shift from
the fundamental harmonic frequency (800 Hz), to later harmonic
components when the utricle was displaced (Fig. 12B and C).

In all experiments care was taken not to rupture or tear a hole in
the utricular macula, as it was assumed that leakage of endolymph
into the vestibular space may result in potassium toxicity of the
otolith hair cells. To demonstrate the effect of a tear in the utricle, in
one animal we measured the VM from the surface of the utricular
macula, and then using the sharp tip of a glass micropipette we tore
a small section of the transparent utricular membrane (i.e. not on
the macula itself). This required temporarily removing the
recording microelectrode, then replacing it. We tracked the
amplitude of the VM over several minutes (Fig. 13). Tearing the
utricular membrane immediately resulted in an 80% reduction in
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Fig. 11. The VM polarity reversal as the glass microelectrode was tracked through
utricular macula. B) Averaged VM waveforms recorded at different depths correspond
to the locations indicated in the schematic diagram (A) and black arrows. C) The skull
acceleration. Responses are shown for two animals, GP#160418 and GP#160426.

the VM amplitude, followed by a slight increase before eventually
being completely abolished after 8 min.

3.4. Frequency characteristics

To determine the optimal BCV frequency for evoking the VM, we
systematically varied frequency of the BCV-burst stimulus from
100 Hz to 5 kHz, and for each BCV frequency we varied the level of
the stimulus from that which produced a VM just visible above the
noise floor of the recording, to a level where the VM or the ear-bar
acceleration waveform began to visibly distort (referred to as an I/O
series). Here, we were not interested in the maximal amplitude of a
VM response at a given BCV frequency (i.e. its saturation level), but
rather how the VM amplitude changed with acceleration level, and
frequency. To obtain this measure, the VM amplitude for each BCV
frequency I/O series was plotted against the measured lateral ear-
bar acceleration (Fig. 14A), and a linear trendline was approxi-
mated for each series providing a measure of the sensitivity in units
of dB pV/g (Fig. 14B). The same analysis was performed for the
rostral-caudal ear-bar acceleration (Fig. 14C), but not for the
ventral/dorsal vibration, which was much smaller and more com-
plex. Whilst in all animals the largest undistorted VM and ear-bar
acceleration was obtained for BCV frequencies between 600 Hz
and 800 Hz (Fig. 14A and B), the VM sensitivity measure was
highest at 100 Hz (for both the lateral and rostro-caudal plots;
Fig. 14B and C). The VM sensitivity decreased beyond 1 kHz (Fig. 14B
and C), however it must be noted that the accelerometer had an
inherent low-pass filter at 1.5 kHz.

4. Discussion

The BCV-evoked VM can be measured from both distal locations,
such as the facial nerve canal, and from within the vestibule, close
to the hair cells. This can provide a tool to study the function of the
otolith hair cells during various experimental manipulations. A
reliable VM measurement requires the cochlea to be removed, not
only because cochlear removal provides surgical access to the
otoliths, but because relatively large cochlear responses to a BCV
stimulus will dominate any gross electrophysiological responses,
and it may be difficult to fully suppress cochlear activity.

Whilst it does appear that a relatively low-amplitude VM can be
recorded from the facial nerve canal once the cochlea is destroyed
(Figs. 3E and 4A), it is likely that the VM measured here will reflect a
complex, ‘global’ summation of various vestibular hair cell and
nerve responses, because even recordings from within the vesti-
bule are greatly altered by fluid shorting the VM response (Fig. 5).

Neural contributions to the facial nerve canal response will be
particularly prevalent at the onset of a BCV response (Figs. 2A and
3A; Bohmer, 1995; Bohmer et al., 1995; Chihara et al., 2013), as jerk-
sensitive hair cells and their related afferent neurons respond to
BCV transients with a latency of approximately 0.6 ms corre-
sponding to synaptic delay (Rabbitt et al., 2005). Interestingly, there
seems to be little microphonic associated with transient BCV-
evoked (jerk-evoked) nerve responses such as the short latency
vestibular evoked response, when recorded from the facial nerve
canal (Fig. 3F). This likely reflects that the facial nerve canal location
provides a global recording, and that the high-gain, type I receptor
hair cells account for only approximately 5—9% of the mammalian
neuroepithelium (Baird et al., 1988; Desai et al.,, 2005), and we
expect their contribution to the global VM response to be relatively
small. ‘Ramping’ the BCV stimulus on over a few milliseconds may
help reduce the neural contribution, but our results suggest that
cyclic neural activity will contribute to the BCV evoked response
even during the stimulus (Fig. 7B), in the same way that low-
frequency sound evokes the auditory nerve neurophonic, which
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Fig. 12. The effect of utricular macula displacement on the VM response. A) Averaged VM waveforms are presented as a waterfall plot, with the position representative of the
displacement of the probe used to push on the macula (shown at left). The first response was taken with the recording pipette in the fluids overlying the utricular macula. The probe
depth was changed by 20 um incremental steps. B) The Fast Fourier Transform corresponding to the indicated waveform in the waterfall plot. The selected waveform displays a
‘frequency-doubling’ with spectral energy at even (f2) and odd (f1, f3) harmonics indicating hair cell distortion. C. VM amplitudes (normalized to their maximal value) for each
harmonic component (f0-f2) from the Fast Fourier Transform plotted against waveform# corresponding to the sequence presented in the waterfall plot A. The BCV stimulus was a
40 ms, 800 Hz sinusoid, which can be seen as the fundamental harmonic (f0) in B. GP#160622.
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Fig. 13. Longitudinal measurement of the utricular VM amplitude, prior to, and following a tear of the utricle (white bar in ‘location’ inset). Example waveforms prior to and at the
end of the recording series are demonstrated as inset figures. The BCV stimulus was a 700 Hz continuous vibration. GP#160819.

summates with the CM (Snyder and Schreiner, 1984; Henry, 1995).
Thus ramping the stimulus may simply leave a ‘smeared’ neural
contribution to the response at the start of a BCV-evoked response
(Fig. 6A). Ultimately, the VM is most easily interpreted during the
stimulus, where onset transients can be avoided. This does not
isolate hair cell from neural potentials entirely, but nonetheless
provides a simpler representation of the hair cell response.

To enhance the contribution of a specific subset of hair cells to
the VM response, the VM should be recorded from within the
vestibule, as close to the target hair cell group as possible, and using
mechanisms to reduce electrical pickup from neighboring hair cells
and neurons.

To the best of our knowledge the current study is the first report
of an in vivo VM recorded using a ventral surgical approach,
allowing direct access to the utricular macula. This allowed highly
localized recordings from the surface of the macula, reducing the
relative electrical contribution from the semicircular canals or
saccule, making interpretation of the VM simpler. The highly
localized nature of the VM recorded from the surface of the macula
was evident in the changes in VM phase across the striola region,
and as the microelectrode was passed through the macula.

The changes in the VM phase and polarity, and the VM cancel-
lation or frequency-doubling when recorded from the central
macula region, has been reported in other lateral line (Jielof et al.,
1952; Krose et al., 1980) and otolithic hair cell studies (Furukawa
& Ishii et al., 1967; Corey and Hudspeth, 1983). The effect is most
likely due to the unique polarization of the otolithic and lateral line
organs (Corey and Hudspeth, 1983), further demonstrating the VM
represents the activity of the hair cells local to the recording loca-
tion. Just how ‘local’ the recording is (i.e. what distribution of hair
cells contribute to the response), is not currently clear, but most
likely depends largely on the electrical impedance of the fluids
overlying the utricular macula surface, given that an increase in the
fluid volume within the vestibule significantly reduces the VM
amplitude due to electrical shorting (Fig. 5).

The macula surface map in Fig. 10 reveals VMs of opposite phase
either side of the polarization reversal line, and frequency-doubled
VMs close to this line. That said, the VMs of either phase contain
‘inflections’ on the negative phase of the response. These inflections
are most likely residual electrical contributions from hair cells on
the opposite side of the line of polarity reversal, rather than neural
contributions, as neural contributions would have a fixed delay
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Fig. 14. A) The peak to peak amplitude of the VM (in pV), evoked by continuous BCV
vibration at different frequencies and levels, plotted against the peak to peak skull
acceleration (in g). The frequencies of each 1/O series are shown in the legend. This
series is from animal GP#160708. B) The slope (or sensitivity, presented in dB pV/g))
for each I/O series, obtained from a linear regression trendline, plotted against the BCV
frequency. Here, the sensitivity was obtained from 3 different animals (animal
numbers indicated at bottom of figure), and plotted against the acceleration in the
lateral direction. C) The same plots as that presented in B, but for the acceleration in
the rostro-caudal direction.

within the VM response rather than occurring at a fixed phase of
the VM, regardless of where the response was recorded. It therefore
seems that even when the VM is recorded from the surface of the
macula, it may not be a purely local potential.

Ex vivo recordings from vestibular hair cells offer important
insights into their biophysical processes, such as hair bundle
mechanosensory function (Venturino et al., 2015; Salvi et al., 2015),
selective ion channel mechanics (Corey and Hudspeth, 1979), hair
cell adaptation (Cheung and Corey, 2006), and peripheral efferent
vestibular hair cell control (Castellano-Munoz et al, 2010).

However, there are numerous differences between an ex vivo and
in vivo experimental preparation, such as differences in blood
supply, neural innervation, mechanics, and extracellular fluid
composition.

The ventral surgical approach developed in the present study
exposes the entire basal surface of the utricular macula, permitting
direct experimental manipulations of the utricle. For example, in
the present study we demonstrated changes in the VM response
during physical displacement the utricular macula (Fig. 12). The
reduction in VM amplitude with a 100—200 um displacement of the
utricle was observed in three animal experiments. This reduction
may either be due to a dampening of the utricular vibration if the
glass probe tip imparts a stabilization of the macula, or it may be
due to a reduction in the sensitivity of the utricular hair cells due to
displacements of their stereocilia and receptor potential, much the
same way displacement of cochlear hair cells reduces their sensi-
tivity (Zwicker, 1977; Patuzzi et al., 1989a). Given that the VM
waveform per se underwent complex changes during the
displacement (Fig. 12A, B & C), that do not mimic a simple reduction
in BCV level (Fig. 6), it seems more likely that the displacement
induced changes were due to dampening of the macula vibration,
although more evidence is required to differentiate the two effects.
Regardless of the mechanism, the finding that a displacement of the
utricular macula causes a reduction in the sensitivity of the utricle,
which has been observed in similar studies from our laboratory
(Chihara et al., 2013), suggests that pathologies such as endolym-
phatic hydrops, where the utricle volume is increased, may cause
changes in the sensitivity of the utricle by way of a displacement of
the macula rather than ionic disturbances or damage to the hair
cells per se. However, the kinetics of endolymphatic hydrops is
vastly different to the mechanical manipulations imparted on the
utricular macula by our blunt micropipette, and we cannot faith-
fully use our results as an indication of changes that would be ex-
pected with a pathological displacement of the otolith macula.

A common theory for the mechanism whereby endolymphatic
hydrops may cause a loss of vestibular sensitivity is a rupture of the
membranous labyrinth (Kingma and Wit, 2009). We attempted to
mimic a rupture of the utricle by manually puncturing a small hole
in the utricular membrane, away from the macula. Whilst we have
not obtained histological evidence of this tear, care was taken to
keep it less than 0.1 mm wide, and not to disturb the nearby
macula. Tearing the utricle caused a rapid and permanent decrease
in the VM, which we tentatively assume is due to a mixing of the
perilymph and endolymph on the basal surface of the utricular
macula, causing similar effects as previously reported by Kingma
and Wit (2009) who injected 150 mM KCl into the vestibule. To
clarify the effect of an increase in [K™] within the vestibule on the
function of the utricle, future studies will need to vary the [K']
within the vestibule whilst monitoring the VM.

Our results regarding changes in the BCV frequency demon-
strate that in our recording setup, the VM can be readily evoked by
vibrations between 100 Hz and 5 kHz. Higher or lower frequencies
may evoke VM responses, but we would require significantly more
acceleration. These results conflict with those reported by Trincker
(1959), who documented VMs recorded to BCV frequencies be-
tween 300 Hz and 120 kHz. Such ‘ultrasonic’ VMs beyond 100 kHz
seem questionable, as the otoliths do not appear to respond to
frequencies higher than several kilohertz (Curthoys et al., 2006,
2012), assuming that neural activity is a fair representation of
hair cell response. Curthoys et al. (2016) reported that utricular
primary afferent neurons were synchronized up to 1.5 and 3 kHz,
for BCV and ACS stimuli, respectively (Curthoys et al., 2016).
Furthermore, ex vivo, bullfrog saccular microphonics were recorded
at similar frequencies by probe displacement (Corey and Hudspeth,
1983). The fact that these afferent neurons are closely locked to the
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stimulus cycle at this high frequency suggests that their associated
stereocilia must also be mechanically responsive at these
frequencies.

In our experimental set-up, the sensitivity of the VM, deter-
mined from the slope of the I/O plots, with the VM and acceleration
evoked by continuous BCV vibrations rather than BCV bursts, was
largest at 100 Hz. Whilst low-frequency BCV stimuli produced the
steepest I/O slope, our bone-conductor was less efficient at trans-
ferring vibrations to the skull at lower frequencies, which is why
only relatively small VM amplitudes are reported for BCV stimuli at
100—200 Hz (at high intensities, there was noticeable distortion of
the acceleration).

Conversely, responses were insensitive at higher frequencies,
with the sensitivity declining steeply above 1.5 kHz. However, the
fact that our tri-axial accelerometer had a first-order low-pass filter
at approximately 1.5 kHz makes estimation of the VM sensitivity
above this frequency less reliable. This is also likely why the BCV-
pulse acceleration response (Fig. 3C) appears as a damped reso-
nance, with little high frequency content. It should be noted that
whilst in our setup the VM sensitivity was highest at lower fre-
quencies, this is largely dependent on where the acceleration is
measured. That is, without measuring the acceleration of the
utricular macula directly, which is likely to have a different fre-
quency response than the ear-bar, we cannot define the frequency
sensitivity of the guinea pig macula, which may be different in a
different experimental setup. Determining the frequency response
of the utricular hair cells will require a direct measurement of
macula vibration, in much the same way laser interferometry or
similar techniques have been applied to further our understanding
of cochlear mechanics (Ren et al., 2003). Such measurements,
performed in vivo, will potentially further our understanding of the
mechanical properties of the otolith organs.
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3.3. Conclusion
The UM? provides the means to simply and objectively measure utricular hair cell function using

clinically relevant stimuli. It also permits the simultaneous recording of gross nerve function (the VsEP) to
distinguish nerve dysfunction from sensory receptor loss, in vivo. One difficulty in interpreting the UM is
the uncertainty regarding exactly which hair cells contribute to the response. With minimal fluid overlying
the macula, the extracellular spread of the receptor current from hair cells is likely reduced greatly by the
relatively high impedance of the macular epithelia?, and we estimate, based on recordings performed
across the surface of the macula, that the UM reflects the receptor current of hair cells within
approximately 0.1mm from the tip of the pipette. Certainly, with fluid filling the vestibule, the UM
amplitude was much smaller, and the waveform more sinusoidal, suggesting a broader electrical pick-up.
This issue is less of a problem when interpreting the CM waveform recorded from the base of the cochlea,
because low-frequency (~200Hz) tones are typically used to evoke the CM, and here hair cells in the entire
basal turn are moving in unison. This generates a consistent CM response (Patuzzi, Yates et al. 1989,
Withnell 2001, Cheatham, Naik et al. 2011) reflecting ‘local’ cochlear hair cell activity. Unfortunately, the
utricular macular has a larger diversity of hair cells (Desai, Zeh et al. 2005), within a smaller region of

epithelia, and thus more effort is needed to provide a UM response that is easily interpreted.

Recordings of the UM could potentially be improved through the use of a bipolar concentric electrode,
to obtain a localized measure of hair cell activity, irrespective of how much fluid was in the vestibule. This
may permit more reliable monitoring of MET channel gating analogous to the low frequency CM in the
mammalian cochlea. For an example of Boltzmann analysis applied to a saturated low-frequency UM
response see Appendix 1, Figure 2. Presently, with minimal fluid in the vestibule, our results are consistent
with the UM being a measure of local utricular hair cell transduction. Having said that, it is likely that
recordings made on or very close to the utricular polarization zone, where the dichotomous hair cell
currents may partially cancel, may not be feasible, limiting UM responses to measures of hair cell function

in extra-striolar regions. Measurements of hair cell function in the polarization reversal zone may require

1In chapter 3, the name of the response, the Vestibular Microphonic (abbreviated as VM) was kept
somewhat broad, to not prematurely suggest the origin of the response, prior to our systematic investigation.
Moreover, the VM was recorded from several locations, including the saccular otoconia and the facial nerve
canal. For the remainder of the thesis the response is titled the Utricular Microphonic (abbreviated as the UM)
describing the localized extracellular receptor potential recorded from the surface of the utricular macula.

2 The spread of the hair cell current dipole would be larger in a low-resistance medium. Without perilymph
in the vestibule, the current is ‘forced’ to return through the macula, limiting current spread, increasing local
voltage drops.
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intracellular hair cell recordings, although it is likely that such measurements may interfere with the

vibration of the macular hair cells.

Whilst we have not attempted to do so, it may be possible to measure a microphonic from the semi-
circular canals. Given there is no polarity reversal of semi-circular canal hair cells, it may not be necessary
to drain the fluid from the canals (which would greatly interfere with their function) to obtain a localized
measure of hair cell current. Previous studies have already recorded microphonic responses from the

semicircular canals of non-mammalian species (Wit, Kahmann et al. 1986, Rabbitt, Boyle et al. 2005).

Finally, although BCV was the only stimulus used in this chapter, ACS can also be used to evoke UMs,
however it is technically more challenging to transduce ACS to the macule when there is minimal fluid in
the vestibule, and the need to preserve some of this fluid results in more electrical shorting of the UM

(see Chapter 4).
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Chapter 4: Measurement of utricular macula vibration

4.1. Introduction
Aside from the seminal work of von Békésy in the early 20" century (Békésy 1928, Békésy 1952, Von

Békésy and Wever 1960), the first quantifiable in vivo measurements of the basilar membrane vibration
in mammals was in 1967 by Johnstone and Boyle. Since then, numerous techniques have been used to
measure the vibration of the organ of Corti in response to sound (Nuttall and Fridberger 2012).
Measurements of the organ of Corti vibration, coupled with functional response measurements, have
formed our understanding of cochlear sensitivity (Johnstone, Patuzzi et al. 1986, Ruggero, Robles et al.
1986, Russell and Murugasu 1997, Robles and Ruggero 2001). Moreover, these measures have been used
to study auditory health and disease using experimental manipulations such as noise trauma (Patuzzi,
Johnstone et al. 1984), drug administrations (Ruggero and Rich 1991) and endolymphatic hydrops (Ding,
Xu et al. 2016). Importantly, they have also led to foundational discoveries such as the role of the
olivocochlear efferent system (Murugasu and Russell 1996) and the cochlear active process (Rhode 1971,
Patuzzi, Sellick et al. 1982, Manley 2001). By contrast, very little in the way of similar ‘mechanics’ research
has been performed in the vestibular system. Arguably, because the cochlea is relatively easy to access
surgically, particularly in experimental animals such as guinea pigs, whereas accessing the vestibular hair
cells typically requires more invasive surgical strategies. Nevertheless, as seen in the previous chapter, the
utricle can be accessed after removal of the cochlea, with the utricular hair cells and neurons still
appearing to function quite normally (the VSEP changes little before and after cochlear removal; (Jones,
Jones et al. 1997, Chihara, Wang et al. 2013)). With the entire utricular macula exposed, the possibility to

measure the mechanical vibration of the utricular macula in vivo is presented.

There are several methods available to record mechanical responses from the inner ear such, as using
the Mdssbauer technique, capacitance probe, laser interferometry, velocimetry/vibrometry and Charge-
couple device imaging (Ruggero and Rich 1991, Rabbitt, Boyle et al. 2010, Nuttall and Fridberger 2012).
Here, we chose to use a commercial Laser Doppler Vibrometer to measure the utricular macular vibration
for the first time, as it was the simplest to implement in our laboratory setup. Additionally, as LDV does
not require placing any probes into the vestibule, it allowed space to perform simultaneous
measurements of vestibular nerve, hair cell and mechanical function. The following manuscript
demonstrates the first recordings of utricular macula mechanics, along with simultaneous functional

measures in the UM and VsEP.
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4.2. Dynamic response to sound and vibration of the guinea pig utricular macula,

measured /n vivo using Laser Doppler Vibrometry.

Pastras, C. J., Curthoys, I. S., & Brown, D. J. (2018). Dynamic response to sound and vibration

of the guinea pig utricular macula, measured in vivo using laser Doppler vibrometry. Hearing

research, 370, 232-237.
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With the use of a commercially available Laser Doppler Vibrometer (LDV) we have measured the velocity
of the surgically exposed utricular macula in the dorsoventral plane, in anaesthetized guinea pigs, during
Air Conducted Sound (ACS) or Bone Conducted Vibration (BCV) stimulation. We have also performed
simultaneous measurements of otolithic function in the form of the Utricular Microphonic (UM) and the
Vestibular short-latency Evoked Potential (VSEP). Based on the level of macular vibration measured with
the LDV, the UM was most sensitive to ACS and BCV between 100 and 200 Hz. The phase of the UM
relative to the phase of the macular motion was relatively consistent across frequency for ACS stimu-
lation, but varied by several cycles for BCV stimulation, suggesting a different macromechanical mode of
utricular receptor activation. Moreover, unlike ACS, BCV evoked substantially distorted UM and macular
vibration responses at certain frequencies, most likely due to complex resonances of the skull. Analogous
to LDV studies of organ of Corti vibration, this method provides the means to study the dynamic response

of the utricular macula whilst simultaneously measuring function.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Whilst the mechanics of the semicircular canals are generally
understood (Rabbitt et al., 1996; Iversen and Rabbitt, 2017), with
the stimulus typically viewed as trans-cupula (Rabbitt et al., 2001),
the same cannot be said about the otolithic organs, which can
respond to head movement in almost any direction (Jaeger et al.,
2008) as well as to sound and vibration above 1000 Hz (Curthoys
et al,, 2016).

Most of our knowledge regarding the mechanical properties of
the otoliths is derived from pre-1950s in vivo studies, or more
recent ex-vivo experiments, typically from non-mammalian ani-
mals (Dunlap et al., 2012). Tullio, 1929 was the first to measure the
motion of the otolithic maculae using aluminum particles placed on
the utricular epithelium in the pigeon, in response to ACS, sug-
gesting that the utricular macula moved like a trampoline (Richard,
1916; Tullio, 1929). Later, De Vries used x-rays to measure the
displacement of the ruff (fish) sacculus, concluding it was critically
damped with a resonant frequency around 50 Hz (De Vries, 1950).
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Estimates of the smaller mammalian otolith were indirectly
approximated using differential equations suggesting a resonant
frequency around 400Hz (Goldberg and Fernandez, 1976;
Ferndndez and Goldberg, 1976a). High speed video of ex vivo
preparations of the turtle utricular maculae have also been used to
derive otolith transfer functions and suggest the end organ func-
tions as an accelerometer with a bandwidth between DC and its
natural corner frequency, around 400 Hz (Dunlap and Grant, 2014).
More recently it has been shown that guinea pig utricular and
saccular afferents respond with tightly phase locked responses to
frequencies of sound and vibration far above 400 Hz (Curthoys
et al., 2016).

It should be emphasized that to date, no studies have directly
measured the utricle's mechanical response properties in vivo, and
our understanding of otolithic mechanics continue to rely mostly
on theoretical models and numerical simulations.

From a neural response perspective, the otoliths have been
viewed as low-frequency, static transducers, however, recent studies
demonstrate the mammalian utricle produces mechanical and
neural responses to much higher frequencies (Curthoys et al., 2016;
Pastras et al.,, 2017). High-frequency BCV or ACS have been recently
used in the clinic to evoke otolithic reflex responses (Rosengren et al.,
2010), and changes in reflex tuning has been used as a diagnostic tool
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in Meniere's disease (Sandhu et al., 2012). Importantly, we currently
lack a clear understanding of how or why the mechanical response
properties of the utricle may be altered in pathological states, and
furthermore whether there are any differences in macromechanical
receptor activation of the utricle across ACS and BCV.

To better understand utricle function and mechanics we have
performed simultaneous measures of utricular responses in vivo, in
guinea pigs. The Utricular Microphonic (UM) has been measured as
an indicator of hair cell function, the Vestibular short latency
Evoked Potential (VSEP) has been measured as a gross indicator of
neural function, and Laser Doppler Vibrometry (LDV) measure-
ments have been used as an indicator of macular vibration. This
approach is similar to numerous studies in the cochlea that have
combined recordings of the cochlear microphonic, compound ac-
tion potential, and basilar membrane vibration, to provide a clearer
understanding of cochlear mechanics and function (Nuttall et al.,
1991; Ruggero et al., 1997; Fridberger et al., 2004).

2. Methods

Experiments were performed on 17 adult tri-colored guinea pigs
(Cavia porcellus), of either sex weighing between 300 and 500 g. All
experimental procedures were approved by The University of
Sydney Animal Ethics Committee. Animals received pre-
anaesthetic intraperitoneal injections of atropine sulphate
(0.6 mg/ml; Apex, Aus.), and Temgesic (buprenorphreine hydro-
chloride, 324 ug/ml; Reckitt Benckiser, NZ) and were thereafter
anaesthetized using Isoflurane (2—4%; IsoFlo). Once lacking a foot-
withdrawal reflex, animals were transferred to the surgical table,
tracheotomized and artificially ventilated with oxygen.

For details describing surgical access to the facial nerve canal
(for VSEP recording) and utricular macula (for UM recording) see
Pastras., 2017. Briefly, the cochlea was accessed from a ventral
approach, and then surgically removed leaving an unobstructed
view of the basal surface of the utricular macula (Fig. 1B). Reflective
microbeads (40 um diameter) were placed onto the macula surface
and nearby bone. A commercial LDV (Ometron — Type 8338,
Denmark) was mounted on an isolated stage, and the beam steered
onto the reflective beads with the aid of a mirror (Fig. 1A). For
methods detailing the recording of the UM (Fig. 1B) refer to Pastras
et al., 2017, and for details on the recording of the VsEP refer to
Pastras et al., 2018. Measurements of function (VsEP and UM) and
mechanics (macular velocity from the LDV and skull acceleration
from a 3-axis accelerometer fixed to the ear-bar) were performed
simultaneously, in response to both BCV and ACS. To stimulate the
utricular macula using ACS, the tympanum and ossicular chain
were left intact, and a fluid pathway between the stapes foot plate
and macula maintained. Controls to remove this fluid or dislodge
the stapes reduced responses considerably, demonstrating the
importance of this pathway for ACS stimulus coupling. The level of
fluid was kept low with the use of a nearby tissue wick, such that
the beads were not fully immersed, to avoid the artifact described
by Cooper and Rhode (1992), where fluid surface movements
introduce additional frequency shifts in the path of the LDV beam.
Thus, the experimental setup involved the non-ideal situation
where there was no fluid loading on the utricular macula because
the vestibule was largely empty.

Stimuli and responses were generated and recorded using
custom-developed LabVIEW (National Instruments, TX, USA) pro-
grams. BCV and ACS stimuli were generated using an external
soundcard (SoundblasterX7, Creative Inc., Singapore). Biopotential
responses were amplified and band-pass filtered (1 Hz—10 kHz;
IsoDAM 8, WPI, USA) before being digitized. The VSEP was evoked
by a 0.6 ms Gaussian monophasic BCV-pulse, while the UM was
evoked by continuous sinusoidal BCV and ACS tones between 100

and 2000 Hz. The amplitude and phase of the UM was directly
compared to measurements of the macula velocity or ear bar ac-
celeration amplitude and phase. In an attempt to simplify inter-
pretation and make comparison of responses evoked across
frequencies simpler, the level of the BCV or ACS stimulus was
adjusted at each frequency to maintain a fixed ‘iso-amplitude’ of
either the UM or the macular vibration. The amplitude, relative
phase, and Total Harmonic Distortion (THD) of each response
measure was recorded from a 100 ms response window.

3. Results

Continuous ACS or BCV evoked sinusoidal UM and macular ve-
locity responses (Fig. 1Ci and 1Cii), although the responses
appeared distorted at certain frequencies, particularly for BCV
stimulation. Pulsed ACS and BCV (Fig. 1D), could also be used to
evoke UM and macular vibration, along with VsEP responses.

Utricular responses to continuous ACS that evoked an iso-
macular vibration response close to 2 pum/s (a relatively low-level
of macular vibration in our setup; Fig. 2A) evoked sinusoidal UM
and utricular macula responses that had minimal distortion
(Fig. 2B) across all ACS frequencies between 100 and 1000 Hz
(Fig. 2A and B). For this level of macular velocity (2 pm/s across all
frequencies), the UM amplitude showed a tuned response, being
largest at 150 Hz, and declining with frequency (Fig. 2B). The UM
phase led the macular vibration phase by close to % cycle across all
frequencies (Fig. 2C). Unsurprisingly, the earbar acceleration in
response to ACS was almost completely absent (Fig. 2D).

In comparison to ACS, continuous BCV, which evoked macular
vibration close to 2 um/s, resulted in UM responses and macular
vibration waveforms that appeared distorted at particular fre-
quencies (Figs. 1Cii, 2E and 2F). Distortion in the UM and macular
vibration coincided with distortion in the earbar acceleration,
suggesting that at these frequencies the distortion was due to
system distortion (i.e. of the BCV transducer and skull) and was
unavoidable (Fig. 2E, F and H). Notably, for the same level of mac-
ular velocity the UM amplitude was approximately 4 times larger
during BCV compared to ACS (Fig. 2B vs. 2F), however it should be
noted that for ACS stimulation a fluid layer remained over the
macular surface (which was not the case for BCV), which can affect
the amplitude of the UM (Pastras et al., 2017).

For BCV, the UM phase was similar to the phase of the macular
vibration between 100 and 200 Hz, but as frequency increased the
UM gradually developed a phase-lag of up to 4 cycles at 1000 Hz
(Fig. 2G).

Inter-animal comparisons of iso-macular velocity recordings
indicated that the amplitude of the UM (or rather its first harmonic)
was largest between 100 and 200 Hz for both ACS (n =3, Fig. 2])
and BCV (n =7, Fig. 2L).

To further explore the sensitivity of the utricle, the stimulus
level was instead adjusted to maintain a UM amplitude close to
50 uV (an ‘iso-UM’ rather than ‘iso-vibration’ plot; Fig. 2M and 0O).
For ACS stimulation, macular velocity was small between 100 and
300 Hz, increasing to a maximum velocity of 12 pm/s between 500
and 600 Hz. BCV stimulation produced a similar trend, inducing
faster macular motion at higher frequencies (for the same UM
amplitude — although again response distortion make comparisons
difficult across frequency), but overall slower macular vibration
was required for BCV compared to ACS to induce a 50 WV UM
(Fig. 2M and O). With regards to the phase of the UM relative to the
phase of the macular vibration, the trend for iso-UM plots (Fig. 2N
and P) was similar to that observed with iso-vibration plots (Fig. 2C
and G). That is, ACS stimulation resulted in a relatively constant
phase relationship, whereas the phase relationship was more
complex with BCV stimulation.
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Fig. 1. A) Steps of surgical exposure of the basal surface of the utricular macula. B) Schematic of experimental setup showing simultaneous recording of the Utricular Microphonic
(UM) and utricular macula velocity using Laser Doppler Vibrometry (LDV), to either Air-Conducted Sound (ACS) or Bone-Conducted Vibration (BCV), in vivo. Inset: Schematic cross-
section showing 1D LDV relative to 3D Neuroepithelial and Otoconial motion, with simultaneous UM recordings. I: Type-I Hair cell, II: Type-II Hair cell, NEL: Neuroepithelial layer. C)
Continuous i) ACS and ii) BCV evoked sinusoidal UM (orange) and macula velocity (black) recordings. Di) ACS burst evoked UM and macular velocity responses. Dii) Pulsed BCV
evoked VSEP and macular velocity responses. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

To relate utricular motion to utricular nerve function, we
measured the VSEP in response to pulsed BCV over a range of levels
and compared this to macular jerk to obtain a VSEP growth curve
(Fig. 3).

The VsEP amplitude increased with macular jerk with a slope of
2.2 mV/g/ms below 0.015 g/ms, and with slope of just 0.2 mV/g/ms
above this level. This non-linear relationship suggests the VsEP
amplitude may saturate at higher levels of vibration. Notably, the
latency of the VSEP decreased with increasing drive, whereas the
latency of the utricular macula velocity or jerk profile did not
change (Fig. 3).

4. Discussion

This is the first time both the mechanics and function of the
otoliths have been recorded simultaneously in mammals, in vivo.
We provide a simple method using a commercial LDV to monitor
epithelial motion with nanometer resolution, like previous studies
in cochlear mechanics (Ruggero and Rich, 1991). Recording from
cochlear structures requires an unobstructed view of the site of
measurement, for example, removal of the otic capsule for basilar
membrane recordings (Robles et al., 1986). Similarly, exposure of
the utricular macula for LDV measurements requires surgical
removal of the cochlea from the ventral approach leaving the

vestibular labyrinth largely dehiscent, which is likely to alter its
response properties (Songer and Rosowski, 2005). Several studies
that have used LDV to measure basilar membrane mechanics have
‘covered’ the surgical opening of the inner ear with a glass window,
to reinstate a more natural cochlear state (Recio et al., 1998), noting
significant changes in response properties particularly for low
(<2 kHz) frequencies. To date, we have not employed such an
approach in the vestibule, but it may be feasible.

It's possible that removing the vestibule fluid may alter the
biological properties of the utricular hair cells similar to the effects
that perilymph drainage had on basilar membrane vibration
(Wilson and Johnstone, 1973). It's unclear if fluid removal in our
experiments caused ionic disturbances to vestibular hair cells,
potentially altering hair cell function. Mechanical amplification of
hair cells has been observed in the toadfish semicircular canal
(Rabbitt et al., 2010), and ex vivo studies in the bullfrog sacculus
demonstrate that hair bundle electromechanical amplification does
occur (Martin and Hudspeth, 2001), however, it is presently un-
known if hair bundle electromotility exists in utricular hair cells, or
if this would alter its mechanical response properties at the fre-
quencies we have tested here. Overall, the observation that the
VSEP does not change significantly after cochlear destruction
(Pastras et al., 2018) suggests that vestibular hair cell function is
reasonably well maintained following cochlear removal.
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Fig. 2. Amplitude and phase frequency-responses of the UM and macular velocity to
ACS (left column) and BCV (right column) stimuli. A&E) The spectral amplitude of the
macular velocity and its related THD. Note that the stimulus level was automatically
adjusted to maintain macular velocity near 2um/s across frequencies (100Hz-
1000 Hz). B&F) The spectral amplitude of the UM and its THD. C&G) The phase of the
UM relative to the phase of the macular velocity. D&H) The spectral amplitude of the
ear-bar acceleration (in the direction of the applied BCV force). Responses in A-H were
from an example animal (GP#170829). I-L) Amplitude responses of the macular ve-
locity (average with standard error) and individual UM plots across 3 (ACS) and 7 (BCV)
animals. M — P) Amplitude and phase responses in an example animal (GP#170824)
where the level of the stimulus was adjusted to maintain a constant UM amplitude,
rather than a constant macular velocity.

To characterize utricular nerve sensitivity, macular vibration
and the VsEP were measured simultaneously during BCV. Since the
VSEP is primarily jerk-sensitive (Jones et al., 2011) we have pro-
vided levels in terms of macular jerk. Our measurements suggest
VSEP thresholds to macular jerk are approximately 0.0015 g/ms.
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Fig. 3. A) VsEP, B) utricular macula velocity, and C) utricular macula jerk responses to
increasing levels of a pulsed BCV stimulus. D). The N1-P1 amplitude of the VSEP
plotted against the peak-to-peak of macular jerk. Importantly, the macular motion is
measured in the transverse plane of the macula, and therefore may not accurately
represent stimulation of the utricular hair cells. GP#170913.

However, it should be stressed that we are only able to measure
dorsoventral (“up-down”) macular vibration, and that the macular
hair cells are likely to be more sensitive in the horizontal plane.
Hence VsEP thresholds to macular jerk in the horizontal plane are
likely to be lower than that reported here.

Regarding the appropriate stimulus for evoking utricular re-
sponses, BCV provided the simplest method of stimulating the
macula. Unlike ACS stimulation, BCV did not require fluid coupling
between the stapes and the macula, and thus there was less elec-
trical shorting of the UM and no fluid interference with the LDV
beam. However, at certain frequencies BCV induced UM and mac-
ular vibration responses that appeared highly distorted and
decreased in peak-to-peak amplitude. Conversely, ACS stimulation
produced minimal UM and macular velocity distortion, regardless
of stimulus frequency. We assume that the distortion seen with BCV
stimulation at certain frequencies was due to complex resonances
within the skull, resulting in a complex vibration of the macula.
Ultimately, if the purpose of the experiment is to monitor UM and
macular vibration during experimental manipulations, BCV stim-
ulation is sufficient to generate reliable responses, although in-
vestigators should be mindful of the frequency of the vibration, and
distortion within the response. Across animals, when using an iso-
vibration protocol (Fig. 21 and K), the UM was most sensitive to
sound and vibration between 100 and 200 Hz (Fig. 2] and L), and
generally at these frequencies there was minimal response distor-
tion (Fig. 2F). When the stimulus level was adjusted to preserve a
constant UM amplitude across stimulus frequency, the results were
logically similar to that observed with iso-vibration measurements,
in that again the UM was most sensitive (required the least macular
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vibration) between 100 and 300 Hz.

Some researchers may be interested in how the utricular macula
vibrates at different frequencies and for different stimuli. That is, it
is currently unknown how the otoliths respond to high-frequency
sound and vibration, which is important because it is the stim-
ulus used in otolith reflex testing (Curthoys and Grant, 2015).
Current models suggest the otoliths have complex vibrational
mode changes across frequency, acting as an accelerometer below,
and a seismometer above 400 Hz (Grant and Curthoys, 2017). For
the purposes of exploring changes in the mechanical responses of
utricular hair cells across frequency to both sound and vibration, it
may be enticing to compare UM to macular vibration responses
across frequency (examining phase-relationships in particular),
where the UM could be used as an indicator of hair cell trans-
duction, and the macular vibration used as a measure of mechanical
drive to the cell. However, it is important to appreciate that, unlike
the vibration of the organ of Corti which primarily moves in the
transverse direction (Chen et al., 2011), the utricle has a more
complex three-dimensional motion (Fernandez and Goldberg,
1976¢; Jaeger et al., 2008). Therefore, we cannot rely on our LDV
measurements of the utricular macula as a complete indicator of
the mechanical input to the utricular hair cells.

With these caveats in mind, comparisons of the phase of the UM
relative to the phase of the macular vibration was used to infer
macromechanical differences in receptor activation for ACS vs. BCV.
Whilst the amplitude component of the frequency response of the
UM was similar for ACS and BCV stimulation, (Fig. 2] and L), being
most sensitive to 100—300 Hz, the UM phase response (re. the vi-
bration phase) was markedly different between the two stimulus
modes. For ACS the UM phase response was relatively ‘flat’ across
frequency (Fig. 2C and N), whereas for BCV the UM phase signifi-
cantly lagged the macular vibration above 200 Hz (Fig. 2G and P).

One possible explanation for the UM phase response difference
between ACS and BCV could be that during ACS stimulation the
fluid pressure wave coupling the stapes motion to the utricle pri-
marily produces a transverse motion of the utricular macula, and
thus the LDV measurement closely reflects the input to the macular
hair cells, and the phase of the UM and macular vibration are
therefore similar across frequency. Conversely, BCV most likely
induces a more complex motion of the utricular macula, where
lateral motion of the macula (not well represented by our LDV
measurements) may be the dominant drive activating the hair cells,
and the relationship between the UM phase and transverse and
lateral motion of the macula measured by our LDV is complex and
frequency dependent.

Again, it should be noted that we are currently only able to
measure macular motion in the dorso-ventral plane, and therefore
we have a grossly incomplete measure of the mechanical drive to
the macular hair cells. For this reason, we cannot reliably use LDV
measurements to compare macular responses (e.g. UM) across
frequency, or for different stimuli (e.g. BCV or ACS). However, LDV
measurements, in combination with neural or UM recordings, do
provide the ability to differentially diagnose the basis of peripheral
vestibular dysfunction, which may affect mechanical, hair cell or
neural function.

In order to more accurately compare macular responses to
various stimuli, we would first need a more reliable measure of the
shearing between the neuroepithelial layer, and the otoconia.
Recent studies in cochlear physiology have used methods such as
3D Optical coherence tomography to better understand cochlear
micromechanics in 3D, and this could potentially be utilized in
future vestibular research, to enable comparisons between
different stimuli.

Overall, this preliminary study demonstrates that recording
mammalian otolith vibration in vivo is possible, and that utricular

macula motion (and hair cell activation) is driven by frequencies
used in standard clinical VEMP tests. Importantly, for the first time,
this study indicates that the macromechanical activation of the
utricular macula may be different for ACS compared to BCV, which
is likely to be an important consideration for current clinical reflex
testing incorporating both ACS and BCV stimuli. However, given
that the LDV does not provide a faithful measure of the drive to the
hair cells, and that there are subtle differences between measure-
ments of ACS and BCV evoked responses (such as the level of fluid
in the vestibule, and the level of system distortion), we are pres-
ently cautious to over interpret these results as they relate to
macular macromechanics.
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4.3. Conclusion
As an initial attempt at measuring macular response mechanics, LDV provided a relatively simple

method, once difficulties related to stimulus delivery had been addressed. As stated in the above study,
the unfortunate aspect of this measurement is that it does not provide a reliable examination of relative
vibration between the neuroepithelial layer and the otoconia, and thus results can be difficult to interpret,
particularly when trying to characterize the basic properties of macular vibrational sensitivity. That said,
LDV now allows simultaneous measurement of functional and mechanical hair cell recordings, alongside
nerve responses, providing a ‘complete’ measure of utricular function, in vivo. Despite the issue with what
the LDV measurements represent from a hair cell perspective, macular LDV measurements may be used
to understand questions of MET channel gating (as will be demonstrated in Chapter 5, Figure 6 and 7).
Moreover, these measurements provide a ‘relative’ measure of macular vibration, wherein
experimentally induced changes in vibration, unrelated to changes in the stimulus itself, most likely reflect

a pathological change in the macula’s vibration.

Other techniques may be used to study the vibration of the utricle such as Optical Coherence
Tomography (OCT), which overcome the limitations of LDV measurements, and many of these have
already been applied in cochlear research (Cooper, Vavakou et al. 2018). Such measurements would
ideally provide an indication of the differential vibration between the otoconia and the neuroepithelial
layer, although they may not be able to provide a simultaneous measure of hair cell and neural function,

which was ultimately our aim.

One aspect of our LDV measurements that we were hoping to observe was a possible active vibration
component. It is unlikely that there will be an active gain process in the mammalian utricle analogous to
the mammalian cochlea, as utricular hair cells do not possess voltage-dependent capacitance linked to
somatic electromotility like cochlear outer hair cells (Adler, Belyantseva et al. 2003). Rather, a different
mechanoamplification process may exist such as hair bundle electromotility, which has been observed in
non-mammalian tetrapods, using ex vivo hair cell recordings (Martin and Hudspeth 1999). In order to
detect such a mechanism, it may be important to develop a recording technique in close proximity to the
vestibular hair bundles. Discovery of a vestibular active gain process is desirable as it may underlie
peripheral end-organ mechanical tuning and sensitivity under physiologically healthy conditions, and

therefore may elucidate the cause of peripheral balance dysfunction, among other things.
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Chapter 5: Experimental manipulations of utricular function: examples

5.1. Introduction
Cochlear researchers have used multiple measures of peripheral auditory function to study the basis

of hearing dysfunction, increasing our understanding of auditory pathologies (see Table 1). In comparison,
vestibular researchers are only now starting to differentiate the cause of peripheral vestibular dysfunction
at the cellular level. As an example, recent studies have focused on the experimentally induced effects of
KCNQ channel disruption, to better understand the role of calyx M-currents, or efferent modulation in the
vestibular periphery (Lee, Holt et al. 2017, Lee and Jones 2018). Following pharmacological disruption of
the KCNQ channels, the VSEP amplitude is reduced, which could either indicate that the afferents were
affected (via calyx KCNQ2-5 channels) or rather KCNQ1/KCNE1 channels in the vestibular dark cells were
disrupted. Due to the lack of a technique to differentiate hair cell from neural sensitivity, the researchers
were limited to performing a systematic series of experiments, requiring more complex interpretation of
results. Had they had a measure of differential function at their disposal, the effects of their

pharmacological agents could have been more easily resolved.

The aim of this chapter is to provide several basic examples of experimental manipulations resulting
in a differential modulation of mechanical, hair cell, or neural function, and to demonstrate how the use
of these novel measures can help avoid the need to make assumptions about results or perform lengthy
experiments. Importantly, our aim here was NOT to explore the effects of our experimental manipulations
at length. As such, we provide only examples of pilot experimental manipulations, where we have
attempted to directly induce neural or hair cell dysfunction, reduce vestibular blood flow, or impose

mechanical displacements of the macula, demonstrating changes in the VsEP, UM and macular vibration.
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Experimental manipulations

Hypoxia Gentamicin
m‘ﬂ or Hair cell failure  Hair cell dysfunction

Otoliths

\\
’E ipette  Bias tube
Aconitine LF fluid bias

Macular Displacement

Figure 1: Like the cochlea, the utricle has various receptor subtypes that differentially affect peripheral
sensitivity, such as the type-I vs. type-I1 hair cell and calyx (dimorphic) vs bouton neurons. Simultaneous
recordings were undertaken using the VSEP as an index of irregular afferent activity, the UM as
primarily a measure of local extrastriolar hair cell function and LDV as an objective measure of macular
vibration. Several experimental manipulations were performed to demonstrate how peripheral utricular
disorders can arise from neural (aconitine), hair cell (gentamicin), mechanical (Low-frequency bias) and

global (hypoxia) changes, as a means to differentially diagnose utricular dysfunction, in vivo.

5.2. Neural failure
As with tetrodotoxin (Konishi and Kelsey 1968), aconitine is a potent neurotoxin that similarly interacts

with voltage-gated Na* channels, resulting in presynaptic depolarization and action potential inhibition
(Chan 2009). To provide an example of a differential diagnosis of nerve dysfunction, aconitine was added
to the macula whilst simultaneously monitoring the VSEP, UM and macular vibration. Baseline recordings
of all responses were monitored before 0.1ml of 20uM aconitine (in artificial perilymph) was applied to

the basal surface of the utricular macula and longitudinally monitored.

Application of aconitine irreversibly abolished the VSEP over a 30-minute period, but neither the UM
or macular vibration were affected (Figure 2a-f). There was a temporary reduction in the UM and LDV
amplitudes following aconitine application, however these effects were most likely due to electrical
shorting and disruption of the LDV pathway respectively, because they returned to their initial amplitudes
immediately after wicking the excess fluid from the vestibule. With the VsEP electrode in the facial nerve
canal, the response is much less affected by changes in the vestibule fluid levels. Moreover, wicking the
fluid from the vestibule did not result in recovery of the VSEP after aconitine. This result, as with the results

presented in Chapter 2, provided a simple example of a pharmacological manipulation that directly
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suppressed neural sensitivity, but did little to hair cell or mechanical function. Without hair cell or neural

measures, we would not be able to confirm that aconitine acted directly on neurons and did not have

some effect (e.g. osmotic or toxic) on utricular hair cells.
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representative animal, with longitudinal measurements of the UM (a & d), VSEP (b & ¢), and Macular
velocity (¢ & f). GP#180522.

5.3. Hair cell failure
The antibiotic gentamicin can be ‘vestibulotoxic’ (Webster 1970), and is believed to gradually affect

the function of type | hair cells (Hirvonen, Minor et al. 2005, Lyford-Pike, Vogelheim et al. 2007).

Interestingly, previous studies in the lateral-line, saccule, semicircular canal and cochlea demonstrate

aminoglycosides may have acute effects on hair cell function, causing rapid changes in the microphonic

and nerve response (Wersall and Flock 1964, Matsuura, lkeda et al. 1971, Gallais 1979, Konishi 1979,
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Kroese and van den Bercken 1980). To provide an example of an experimental manipulation affecting
utricular hair cell function, gentamicin was applied locally to the macula whilst simultaneously monitoring
the VsEP, UM and macular vibration, in vivo. In two different animals (GP#180612 & GP#180614), 50-
100ul (1-2 drops) of 0.1mg/ml and 1mg/ml gentamicin sulfate (10mg/ml, ThermoFisher, NSW) in artificial
perilymph was applied to the basal surface of the utricular macula. Baseline recordings were taken in both
animals, and in one animal the macular velocity was recorded (Figure 3b; GP#180614) before and after
drug administration to determine if gentamicin disturbed macular vibration, as previously reported in the

cochlea (Ruggero and Rich 1991).
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Figure 3: The effect of Gentamicin application (0.1mg/ml) to the surface of the macula, on the
amplitude of the UM and VsEP (a). Macular velocity (b) was measured before gentamicin
application, and after wicking it from the vestibule (velocity measurement not feasible with the
excess fluid in the vestibule), showing that it, and the earbar acceleration, were unaltered during the
treatment. Averaged UM (c)and VSEP (d) waveforms measured at semi-regular intervals during
following the gentamicin application. GP#180614.

55



Both concentrations of gentamicin initially resulted in an immediate, yet transient increase in the
amplitude of the UM and VsEP, possibly due to changes in the resistivity of the extracellular fluids in the
vestibule following the application of fluid to the macular surface (Figure 3 and 4a). Similar effects were
observed while monitoring the cochlear microphonic following perilymphatic perfusion of Neomycin in
the guinea pig (Nuttall, Marques et al. 1977). Alternatively, these biphasic effects may be explained by
altered potassium homeostasis, whereby K* channel blockade may result in an initial excitation, followed
by suppression caused by an inability to adequately remove excess potassium during accumulation
(Mann, Johnson et al. 2013, Yu, Guo et al. 2014). Shortly after this transient increase, 1mg/ml gentamicin
resulted in both the UM and VsSEP amplitudes to rapidly and irreversibly decrease (and they remained
reduced after wicking the excess fluid from the vestibule). Given the decline in both the UM and VsEP (as
opposed to just the VSEP with aconitine) these effects were likely mediated by a reduction in utricular hair
cell transduction (Figure 4a, c and d). Compared to the higher dose of gentamicin, application of 0.1mg/ml
gentamicin resulted in both the VsEP and UM decreasing, however at a slower rate (Figure 3a).
Importantly, there was little to no change in the vibration of the macula (Figure 3b), demonstrating that
the loss was not due to mechanical dysfunction. Interestingly, at this dose the VsEP declined less sharply
than the UM (Figure 3a), which was somewhat unexpected because hair cell sensitivity should underpin
neural sensitivity, and at the very least we might expect hair cell and neural responses to decrease
concurrently. Whilst there are several possible explanations for this, such as the VSEP being a response of
neurons synapsing with jerk-sensitive hair cells, whereas the UM is primarily a response of type Il hair cells
(predominantly located in the extra-striolar region), our aim here was not to explore these effects in
detail. These examples demonstrate induced changes in utricular hair cell and nerve function, while
leaving macular vibration unchanged. Further experiments would be needed to clarify the precise effects

of locally applied gentamicin on peripheral utricular function.
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Figure 4: a) Simultaneous recordings of the UM and VsEP, following adminstration of 1mg/ml
Gentamicin to the basal surface of the utrciular macula. Ear acceleration did not change during the
experiment (b). Again, representative UM and VSEP waveforms over the course of the experiment
are shown (c & d). GP#180612.

5.4. Changes vascular perfusion (Asphyxia)

Hypoxia or asphyxia has been used as an experimental manipulation to mimic disrupted cochlear
blood supply (Misrahy, Shinabarger et al. 1958, Manley and Robertson 1976) caused by cochlear
pathologies such as intense sound exposures, (Hawkins Jr 1971, Maass, Baumgartl et al. 1976) and
ototoxicity (Smith and Hawkins 1985). Hypoxia results in reduced strial blood supply, decreasing the
endocochlear Potential and hair cell standing current, causing hair cell dysfunction and loss of cochlear
sensitivity (Manley and Robertson 1976). Here we have used asphyxia as an experimental manipulation

to alter vestibular blood flow whilst simultaneously monitoring the VSEP, UM and macular vibration.

In one animal baseline recordings were taken prior to a 3-minute asphyxia, which was initiated by
clamping the animal’s ventilation tubes. Approximately 1 minute after clamping the tubes, the UM began
to decline, followed by the VsSEP, which continued to decline at a faster rate (Figure 5a). Ventilation was

re-instated 2 minutes later, where the VSEP and UM continued to decline for a short period before re-
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stabilizing towards baseline (Figure 5a). Overall the VSEP amplitude declined more than the UM (40% vs.

20%) and took longer to recover (Figure 5a). Interestingly, macular velocity did not change (Figure 5b).
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Figure 5: The effect of transient asphyxia (shaded region highlights period where the ventilation was

clamped) on the UM and VsEP (a), and macular vibration (b). GP#180412.
5.5. Mechanical modulation

Since the 1950s, it has been suggested that changes in endolymphatic pressure (re. perilymph) can
alter the mechanical and functional sensitivity of the cochlea (Tonndorf 1957). Experimentally, auditory
researchers have used low-frequency biasing of the basilar membrane to displace hair cells and mimic
pathological changes in the cochlea such as endolymphatic hydrops, to understand effects on neural, hair
cell and mechanical function (Legouix 1962, Butler and Honrubia 1963, Allen, Dallos et al. 1971, Patuzzi,
Sellick et al. 1984, Patuzzi, Sellick et al. 1984, Fridberger, Maarseveen et al. 1997). Similar mechanical
manipulations have also taken place in the vestibular system, using techniques such as canal indentation
and low-frequency focused ultrasound (Rabbitt, Boyle et al. 1995, Iversen and Rabbitt 2017, Iversen, Zhu
et al. 2018). To explore the effects of displacement of the macula on nerve and hair cell activity, the
utricular macular was cyclically displaced using low frequency, 10Hz, pressure applied to the vestibule, via
a fluid-filled pipette sealed into the horizontal semicircular canal. A 27-gauge metal tube, coupled to a
30cm-long polyethylene tube (filled with artificial perilymph), attached to a compliant fluid-filled sac was
used to deliver the low-frequency pressure. VSEP, UM and macular velocity recordings were taken before
and after needle insertion to ensure this did not alter function or mechanics. At high intensities, the low
frequency modulation cyclically displaced the macula, slightly, which was visible through the operating

microscope.
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For low-frequency biasing, the utricular macula was exposed and measurements of the VsEP, UM
and utricular vibration performed as detailed previously (see Chapter 3 & 4). The UM and macular
vibration were stimulated using a constant, continuous BCV stimulus between 100-300Hz, and the VsEP
was evoked using a 1ms BCV pulse. The intensity of the 10Hz bias was gradually increased to a level where

there was a clear modulation of the UM and VsEP, but which did not damage the utricle.
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Figure 6: The effect of a 10Hz hydrostatic pressure on peripheral utricular functional and mechanical

hair cell responses. a) The 220Hz BCV (red) and 10Hz bias (blue) stimulus (arbitrary units). b) The
220Hz evoked UM (an averaged waveform) during a single cycle of the 10Hz hydrostatic bias. ¢)

The same waveform as shown in b, with 10Hz components in the response waveform removed. d)
Simultaneous recordings of macular velocity. €) Macular displacement (integrated from velocity).
GP#180530.
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Figure 7: Duplicates of the recordings shown in Figure 6, performed in in the same animal, using a

different BCV frequency. GP#180530.

In one animal (GP#180530), the 10Hz bias caused a cyclic modulation of the UM amplitude, with the
UM evoked by either a 145 Hz or 220Hz BCV (Figure 6 and 7b & c). Throughout the bias the UM waveform
distortion changed with the phase of the bias. To provide a clearer visualization of the UM modulation
throughout the bias we have presented the averaged UM waveform (over one full bias cycle) either with
or without the 10Hz component in the time waveform removed?. Whilst the UM response to the 145Hz
or 220Hz signal was clearly modulated, there was no cyclic modulation of the macular velocity to these
signals (Figure 6 and 7d), although there was evidence of a 10Hz displacement of the macula in the LDV
signal, which was more evident when the LDV signal was integrated from velocity to displacement (Figure

6 and 7e).

3 The 10Hz component was removed by performing an FFT on the time waveform, then nulling the 10Hz
component, then performing an inverse FFT.
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In another animal (GP#180605), the 10Hz bias resulted in a repeatable modulation of the VSEP N1-P1
amplitude (Figure 8a, b and e). Importantly, the VsEP stimulus was presented at a fixed phase relative to
the 10Hz bias pressure, such that we could explore how the VsSEP changed at various phases of the
utricular displacement, in much the same way masker-period-patterns have been used to explore low-
frequency modulation of cochlear responses (Zwicker 1977, Zwicker 1981). As a control, VSEP responses
were recorded at various phases without the bias present, though this did not demonstrate any
modulation, suggesting the cyclic changes in VSEP N1-P1 amplitude were mediated by the low-frequency

bias (Figure 8e).
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Figure 8: VsEP recordings (cochlea destroyed) during a 10Hz hydrostatic pressure bias, applied
through a fluid-filled pipette in the hSCC. a) Four example VSEPs recorded at different phases of the
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10Hz bias. b) The same recordings in a) with the 10Hz bias components removed, to highlight
changes in the VSEP amplitude. ¢) Ear-bar acceleration recordings corresponding to the VSEPSs in
a&b). d) The 10Hz bias stimulus, and e) The N1-P1 amplitude of the VSEP, when the VSEP stimulus
was presented at different phases (25 total) of the 10Hz bias (along with a duplicate) compared to no
bias. f) Overlayed VSEP responses from b) corresponding to i. 30 degree and ii. 90 degree
presentations of the 10Hz bias cycle, demonstrating large changes in VSEP sensitivity. GP#180605.

The effects of a low-frequency bias pressure applied to the vestibule were also explored with the
cochlea intact. Here, we used a 20Hz bias, which produced an observable ‘bulging’ of the round window
and cyclic modulation of the VSEP N1-P1 amplitude at various phases of the bias input (Figure 9a, b and
e). A distorted 20Hz response was also observed during the bias, which was likely a CM response as it

disappeared immediately following cochlea ablation (Figure 9a).
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Figure 9: Duplicates of the recordings shown in Figure 8, yet with the cochlea intact, and using a
20Hz bias stimulus. GP#180605.

Importantly, ear-bar acceleration was not modulated during any of the bias recordings (Figure 8 and

9¢), and removal of the 10 and 20Hz components via the inverse FFT method did not alter the VsEP
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modulation, suggesting the changes in amplitude were not an artifact of the VSEP summing with the CM

or other low-frequency response components arising from the bias.

These experiments are analogous to those previously undertaken in the cochlea, where low-frequency
tones were used to cyclically modulate auditory hair cell and afferent responses (Zwicker 1981, Patuzzi
and Sellick 1984, Patuzzi, Sellick et al. 1984, Patuzzi, Sellick et al. 1984). Biasing the position of the macula
can be used to approximate what may occur in pathologies that cause mechanical or morphological
changes in the utricle, such as endolymphatic hydrops. That is a given change in macular displacement
can be related to a specific change in functional response amplitude, which may be used to infer about
the pathophysiological mechanism of a vestibular dysfunction. Currently in the clinic, it is not clear why
patients presenting with endolymphatic hydrops have enhanced VEMP responses (Maheu, Alvarado-
Umanzor et al. 2017), or why patients with morphological abnormalities such as tumors or an enlarged
vestibular aqueduct present with abnormally low-threshold VEMPs (Zhou and Gopen 2011). Clinicians are
beginning to theorize why these changes may occur, however research is yet to validate this. Preliminary
results demonstrate that the VSEP amplitude may be enhanced with macular displacement, which may

help explain the enhanced VEMP amplitudes observed in some clinical studies.

5.6. Discussion

Previous chapters detailed the differential modulation of utricular nerve function (Chapter 2) and the
development and characterization of novel utricular hair cell and mechanical responses (Chapter 3 and
4). This section ties these three tools together and demonstrates their effective use in studying the basis
of peripheral utricular dysfunction. Importantly, these tools allow inter-subject comparisons and a

detailed assessment of various disease models across animals.

A shortcoming of these simultaneous recordings is that they only provide ‘partial’ measures of
peripheral utricular function, in that the VsEP is a gross measure of the irregular afferents, the UM is
primarily an extrastriolar hair cell response, and the LDV recording only measures macular vibration in the
dorso-ventral plane. If experimental manipulations affect regular and irregular receptors differentially, it
may be difficult to interpret the true nature and origin of a peripheral utricular dysfunction. Moreover, if
an experimental manipulation altered the function of type | hair cells, it is possible that the UM, being a
response primarily from the extra-striolar region where there is an abundance of type Il hair cells, would
show little change. By contrast, the VsEP would be affected and we would likely conclude this drug
selectively affected vestibular nerve activity directly, but in truth hair cell dysfunction may have been the

root cause. Likewise, an experimental manipulation may alter the function of regular afferent activity, yet
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produce no changes in the VsEP, UM or macular vibration, and thus we would incorrectly assume the
experimental manipulation had no effect on peripheral utricular activity. Clearly, although the tools
developed within this thesis provide an objective measure of certain aspects of peripheral vestibular
function, they do not provide information related to all receptor subtypes, and investigators must be

weary when interpreting results.

In regard to macular mechanics, although our 1-dimensional LDV recording only provides a partial
measure of utricular macula vibration (see Chapter 4), it can still be used to study the mechanical effects
of experimentally induced pathologies. That is, although we cannot use LDV measures to reliably study
utricular mechanics, as we do not have a complete measure of the mechanical drive to the hair bundles.
It can still be used to track the mechanical changes of the macula over time (relative to the stimulus)
associated with experimental manipulations, as it is unlikely that 1-dimensional macular motion will
change independently of the other 2-dimensions. The extent to which various planes of macular motion
change during experimental manipulation is currently unknown and will depend upon other recording

techniques such as 3-dimensional Optical Coherence Tomography (OCT) imaging.

Another issue with this approach, as mentioned in Chapter 3, is that to perform these measurements
the cochlear must be removed, producing an excessively large 3™ window in the vestibular labyrinth. This
is very likely to alter the fundamental response properties of the macula. For example, experiments in the
toadfish have shown that a canal dehiscence alters the way SCC afferents respond to ACS via nonlinear
fluid pumping (Iversen, Zhu et al. 2018). In order to avoid this, it may be possible to use other recording

techniques, which may permit imaging through bone.

These example experimental manipulations demonstrate that simultaneous monitoring of nerve, hair
cell and mechanical function is possible, providing the ability to study the basis of utricular dysfunction.
These tools provide the means to longitudinally study an array of vestibular pathologies and associated
treatments, analogous to previous work undertaken in the cochlea to understand the mechanisms behind
hearing loss. However, the UM, VSEP and macular vibration only provide partial measures of functional

and mechanical responses, which must be considered when interpreting results.
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Chapter 6: Thesis Discussion
6.1. Clinical relevance

Although the VEMP may help identify the existence of a vestibular disorder, researchers are left to
speculate the pathophysiological cause, as it may arise from a peripheral or central nerve dysfunction, or
a peripheral hair cell or mechanical abnormality (Murofushi 2016, Fife, Colebatch et al. 2017). For
instance, it is presently unclear why changes in VEMP tuning occur during certain pathologies such as
Meniere’s disease (Rauch, Zhou et al. 2004) or canal dehiscence (Manzari, Burgess et al. 2012), though

this is often postulated as being due to a mechanical or morphological change.

These issues may be resolved if we had access to peripheral measures of vestibular function in
humans. Unfortunately, there are several factors that preclude our ability to record the vestibular
analogue of human electrocochleography. First, ACS and BCV activate cochlear receptors, producing field
potentials that summate and obscure gross vestibular responses (Wit, Bleeker et al. 1981, Bohmer 1995).
It may be possible to use acoustic masking noise to suppress cochlear responses (Chimento and Schreiner
1990, Biron, Freeman et al. 2002), which may then allow the recording of unadulterated peripheral
vestibular responses, although the noise levels required may result in some cochlear trauma, or in a
significantly ‘noisy CM’ that negatively influences the signal-to-noise ratio of the response. A more novel
approach to reducing cochlear contributions in attempts at peripheral vestibular response recordings
could involve combining continuous, sinusoidal, low-frequency BCV and ACS (with a specific phase
difference) such that cochlear responses (i.e. CM) are cancelled (Lowy 1942), but the vestibular responses
are not (assuming there are different pathways for ACS and BCV in the vestibular system vs. the cochlea).
Alternatively, it may be possible to stimulate the vestibular system using infrasound, where the cochlear
receptors are insensitive due to the middle ear transfer function, helicotrema shunt and viscous coupling
of the inner ear hair cells (Moller and Pedersen 2004, Salt and Hullar 2010). However, it is unlikely this
stimulation method will activate ‘jerk-sensitive’, irregular receptors. Rather, a ‘static’, regular vestibular

response may be generated.

Perhaps a more pressing reason why peripheral vestibular response recordings, particularly UM, may
not be possible in humans is that otolithic hair bundles have a polarity reversal (Corey and Hudspeth
1983), and their extracellular receptor currents cancel, in addition to being reduced by approximately the
inverse-square of their distance from the recording location (Buzsaki, Anastassiou et al. 2012), making it

difficult to measure an otolithic microphonic from an non-invasive recording montage. Previous reports
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of human VsEP measurements present dubious results, with artifact and response amplitudes near the

recording noise floor (Elidan, Leibner et al. 1991, Elidan, Sela et al. 1991, Rodionov, Elidan et al. 1996).

Despite being unable to measure peripheral vestibular responses in humans, clinical therapies of
balance disorders continue to improve, yet measures of vestibular function in experimental animals have
remained relatively stagnant. With the development of the in vivo recordings presented in this thesis, it
may now be possible to assess the dissociative effects of various clinical treatments on peripheral
vestibular function, in experimental animals. Of the therapies used to treat vestibular problems, many
involve pharmacological agents that do not have clear mechanisms of action (Soto and Vega 2010). For
example, the histamine (H3 receptor) antagonist, Betahistine (Van Cauwenberge and De Moor 1997) is
currently used for controlling vertigo in Meniere’s patients (Lacour, van de Heyning et al. 2007). However,
there is no clear understanding of the differential effects on hair cell or afferent sensitivity (Soto 2001).
Moreover, the most commonly used balance drug, Scopolamine (Spinks, Wasiak et al. 2007, Golding,
Wesnes et al. 2018), works by antagonizing peripheral muscarinic acetylcholine (mACh) receptors
(Weerts, Putcha et al. 2015). Ex vivo studies have shown that mACh receptors modulate type Il vestibular
hair cells via Big Potassium (BK) channels in mice (Guo, Wang et al. 2012) and calyx-afferent neurons via
slow-mediated efferent excitation in turtles (Holt, Jordan et al. 2017). However, it is not yet clear how
these individual results translate to cohesive, mammalian vestibular functioning. Simultaneous measures
of the UM, VsEP and macular vibration may help resolve these questions, and provide a better mechanistic

understanding of vestibular treatments.

6.2. General discussion

One of the prominent advantages of these differential recordings (the VsEP, UM and macular
vibration), is an ability to investigate the tuning characteristics of otolithic afferents and hair cells to
clinically relevant stimuli. Our results support previous findings that the VsEP is sensitive to cranial jerk
(Jones, Jones et al. 2011, Jones, Lee et al. 2015), and additionally show that the VsEP is also sensitive to
macular jerk (see Appendix 1). Importantly, this suggests that there is no VSEP kinematic transfer function
from the skull to the macula. Results also indicate there is at least an order of magnitude of vibrational
loss from the ear-bar to the macula, which may be used to quantify the level of macular vibration re. VsEP

sensitivity based on ear-bar measurements.

UM recordings also demonstrate that otolithic hair cells are physiologically active up to several
kilohertz to both BCV and ACS. However, unlike the VSEP the UM appeared to be tuned to low-frequency

stimuli when controlling for macular vibration (at least in our experimental setup) and was more sensitive
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to macular displacement over other kinematic components (see Appendix 1). One reason for this
discrepancy may be that jerk-sensitive irregular afferents are not constrained by their pre-synaptic hair
cell response properties. However, it is more likely that the UM does not reflect striolar, type | hair cell
function, which supplies the irregularly discharging afferents. Like the inner hair cells of the cochlea, the
freestanding type | hair cells of the striolar may be viscously-coupled, whereas the longer, type-Ii
extrastriolar hair cells embedded in the otoconia are likely displacement sensitive like the cochlear outer
hair cells (Patuzzi and Yates 1986). This may explain the different functional response properties of the

VsSEP and the UM.

As has been inferred from CM recordings using Boltzmann analysis (Patuzzi and Moleirinho 1998),
researchers may be interested in using the UM as a tool to monitor the level and asymmetry of MET
channel transduction in utricular hair cells during experimental manipulations (see appendix 1). However,
caution is advised if LDV measurements are to be used as an indicator of the input or drive to the hair
bundle, because as stated previously, our LDV measurements are not a reliable indicator of the stereocilia
deflection. Nevertheless, analysis of the UM waveform can likely provide valuable information regarding

hair cell transduction in such experiments.

One such experiment was demonstrated in Chapter 5, where we used a 10Hz hydraulic pressure to
mechanically displace the macula and modulate a 200Hz-evoked UM waveform. As the macula was
displaced, the UM saturation varied, suggesting that the MET channel gating was being cyclically biased.
This is akin to experiments involving infrasound modulation of the CM (Salt et al., 2013), which indicated,
through Boltzmann analysis of the CM waveform, that hair cell transduction may not be governed by a

simple MET channel mechanism but may include various adaptive mechanisms.

Aside from studying the transduction properties of utricular hair cells, there remains a need to have a
better understanding of the dynamic features of otolith mechanics. The mechanics of the cochlea is well
studied (Robles and Ruggero 2001, Nuttall, Ricci et al. 2018), and research continues to reveal complex
vibrational properties of the organ of Corti such as radial shearing (Lee, Raphael et al. 2016) and
longitudinal funneling (Cooper, Vavakou et al. 2018). By comparison, the exact way the macular vibrates
to sound and vibration is unknown. Results from Chapter 4 suggest (albeit superficially) that ACS likely
displaces the macular as a unit, whereas BCV results in a more complex dynamic response of the utricle.
It has been suggested that the macular has a complex vibrational ‘wobble’ and vibrational modes change
with frequency (Land 2018). One way to test this theory is to compare macular vibration phases at

different positions across the macula. If the phases differ the macular likely has a complex vibrational
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pattern, like a ‘wobble’. This may allow characterization of the basic vibrational properties of the otoliths,

having clinical relevance to vestibular functional testing and changes in otolith tuning with pathology.

Whilst this thesis has concerned measurements of the utricle only, it may be possible, through
additional new surgical and technical approaches, to obtain differential responses of the saccule and SCCs.
Localized saccular microphonics have already been recorded (see Chapter 3), and it seems technically
possible to record SCC microphonics by altering the stimulus and recording location (Trincker and Partsch
1959, Wit, Kahmann et al. 1986, Rabbitt, Boyle et al. 2005). Moreover, it seems possible to record saccular
and SCC LDV measurements by changing the surgical approach and laser beam exposure. However, it is
not immediately clear how to record a saccular or SCC evoked VsEP, given that BCV produces a utricular
evoked VsEP (Chihara, Wang et al. 2013). As a means to selectively stimulating vestibular end-organs, it
may be possible to use a localized stimulation method such as focused ultraviolet light (Azimzadeh, Fabella
et al. 2018), or low-intensity focused-ultrasound (LiFU) (Iversen, Christensen et al. 2017). The response of
isolated vestibular hair cells to UV light appears to be mediated by the heating effects of UV, although the
heat can apparently be localized to a very small location and may provide a means to selectively stimulate
different sub-populations of hair cells. LiFU has been shown to create non-linear acoustic radiation forces
that activate otolithic primary afferent neurons in the toadfish (lversen, Christensen et al. 2017). Of
interest is how this unique stimulus differentially activates the otolithic hair cells, neurons and macular to

produce otolithic function, in vivo.

6.4. Future directions and final comment

The availability of the VSEP, UM and macular vibration measures provides the ability to study the
fundamentals of peripheral vestibular function, dysfunction, and to explore relevant clinical therapies. As
with the development of any new research tool, several new potential research projects immediately
spring to mind, and several of these are presented below. Future projects could use simultaneous

measures of the VSEP, UM and macular vibration:

1) to explore the fundamental properties of utricular macula vibration in response to ACS

and BCV,

2) in animal models of altered EVS activity, to explore if the EVS primarily alters hair cell or

neural function,

3) following noise, blast or impact trauma,

4) during galvanic stimulation, to determine its relative impact on hair cells and neurons,
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5) following vestibular implant surgery, to explore residual hair cell function following

implantation.

Moreover, just as cochlear evoked responses continue to be developed, we need to further develop
objective measures of vestibular function, including saccular and canal function, and responses specific to
the various hair cell types. Given the ease of VSEP, UM and macular vibration measurements, we

anticipate a rapid expansion of experimental research using these in vivo tools in the near future.
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Appendix 1

Utricular origin of the VSEP
P1 Baseline

GP#160308

Saccule destroyed

Utricular macular push

Utricle destroyed

Death

e e —

20pV | 1ms

0.02g | 1ms

Figure 1: Evidence of the utricular origin of the VSEP in our experimental setup. Saccular destruction
(blue) did not alter the VSEP, whereas directly pressing on the utricle (grey) with a blunt pipette
immediately reduced the response. Surgical ablation of the utricle immediately irreversibly abolished
the VVSEP.
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Figure 2: An example of Boltzmann analysis performed on a saturated UM response, evoked by a
142Hz continuous BCV, with simultaneous macular velocity measurements. The Boltzmann fit
predicts utricular MET channels are 98% saturated, which corresponds to a dorso-ventral macula
displacement of 2nm. Ultimately, our macular velocity recording only provides a partial measure of
the mechanical drive to the utricular hair cells, and therefore we cannot use our LDV measure to
quantify the mechanical sensitivity during MET channel gating. The equation used for the
Boltzmann-fit was: Vum = Vsat/[1 + EXP(Z.sin(2rwt) + OP).
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Iso-earbar acceleration (changing jerk)
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Figure 3: The effect of changing peak-peak ear-bar jerk on the VSEP. This was achieved by
maintaining an iso-earbar acceleration whilst changing the stimulus length (rise-time). A. Averaged
VsEP waveforms recorded during a 4ms monophasic BCV pulse at different stimulus rise-times, B.
Simultaneous macular velocity, and its derivatives, macular acceleration and jerk. C. Simultaneous
ear-bar velocity, and its derivatives, ear-bar acceleration and jerk. Note, ear-bar acceleration was
monitored and the stimulus was adjusted manually to achieve an ‘iso ear-bar acceleration’. Results

demonstrate the VSEP is sensitive to changes in ear-bar and macular jerk. GP#180412.
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Iso-earbar jerk (changing acceleration)
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Figure 4: The effect of changing pk-pk ear-bar acceleration on the VSEP. This was achieved by
maintaining an iso-earbar jerk whilst changing the stimulus length (rise-time). A. Averaged VsEP
waveforms recorded during a 4ms monophasic BCV pulse at different stimulus rise-times, B.
Simultaneous macular velocity, and its derivatives, macular acceleration and jerk. C. Simultaneous
ear-bar velocity, and its derivatives, ear-bar acceleration and jerk. Note, ear-bar jerk was monitored
and the stimulus was adjusted manually to achieve an ‘iso ear-bar jerk’ across the 4 stimulus rise-
times. GP#180412.
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Figure 5: The amplitude of the UM, evoked by different frequency BCV stimuli (100 to 2000Hz),
at a level that evoked a consistent macular velocity (~2um/s). The recordings (presented here) were
repeated in 3 separate animals (GP#170829, 170913, 171005). Results suggest the UM is more

sensitive to macular displacement than macular velocity.
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Appendix 2

General LDV Specifications

Name
Frequency range
Dynamic range

High—pass filter

Low-pass filter
Calibration accuracy
Output impedance
Propagation delay
Power

Sensitivity

RMS

Dimensions

Weight

Laser

Optical system

Ometron Commercial Laser Doppler Vibrometer — Type 8338
0.5Hz—-22kHz
>90 dB over full bandwidth

100Hz on/off -3dB analogue, 3™ order Butterworth, 60
dB/dec)

FIR filter cut-off at 1kHz, 5kHz or 22kHz, roll-off >120 dB/dec
1%

50Q

1.2ms

11-14.5V DC, max. 1A

5-125mms? ; upto 500mm/s (p-p) over 3 ranges
<0.02um/s/vHz

299mm (11.7”) x 148mm (5.8”) x 83mm (3.2”)

3.5kg (7.711b.)

< 1mW output power, safety class I, He-Ne visible 632.8 nm

laser (red)

1. Fixed focus lens: 238mm (9.3 )
2. Variable focus lens: 90mm (3.5”) - 30m (1180)
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Figure 1: The Commercial Ometron Laser Doppler Vibrometer used to record macular vibration

measurements
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Ear-bar acceleration
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Figure 2: Comparison of the 3-axis acceleration profile recorded from the ear-bar during A. pulsatile
and B. continuous BCV stimulation. GP#170811.

85



Appendix 3

Brown, D. J., Pastras, C. J., & Curthoys, I. S. (2017). Electrophysiological Measurements of Peripheral

Vestibular Function—A Review of Electrovestibulography. Frontiers in systems neuroscience, 11, 34.
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Electrophysiological Measurements
of Peripheral Vestibular Function—A
Review of Electrovestibulography
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"Neurotology Laboratory, Sydney Medical School, The University of Sydney, Sydney, NSW, Australia, ?Department of
Psychology, The University of Sydney, Sydney, NSW, Australia

Electrocochleography (EcochG), incorporating the Cochlear Microphonic (CM), the
Summating Potential (SP), and the cochlear Compound Action Potential (CAP), has been
used to study cochlear function in humans and experimental animals since the 1930s,
providing a simple objective tool to assess both hair cell (HC) and nerve sensitivity.
The vestibular equivalent of ECochG, termed here Electrovestibulography (EVestG),
incorporates responses of the vestibular HCs and nerve. Few research groups have
utilized EVestG to study vestibular function. Arguably, this is because stimulating the
cochlea in isolation with sound is a trivial matter, whereas stimulating the vestibular
system in isolation requires significantly more technical effort. That is, the vestibular
system is sensitive to both high-level sound and bone-conducted vibrations, but so is
the cochlea, and gross electrical responses of the inner ear to such stimuli can be difficult
to interpret. Fortunately, several simple techniques can be employed to isolate vestibular
electrical responses. Here, we review the literature underpinning gross vestibular nerve
and HC responses, and we discuss the nomenclature used in this field. We also discuss
techniques for recording EVestG in experimental animals and humans and highlight how
EVestG is furthering our understanding of the vestibular system.

Keywords: vestibular, VSEP, electrovestibulography, electrocochleography, microphonic

ELECTROVESTIBULOGRAPHY BACKGROUND

The history of Electrocochleography (ECochG) as a technique for recording cochlear field
potentials is well established (Eggermont, 2017), beginning with Wever and Bray’s (1930)
recordings of the Cochlear Microphonic (CM) in response to air conducted sound (ACS) stimuli
in cats, and the 8th nerve compound action potential (CAP) response shortly after by Fromm
et al. (1935). Predominantly, ECochG is used to objectively monitor cochlear sensitivity to ACS
in animal experiments. During the 1970s, ECochG evolved as a clinical tool for diagnosing 8th
nerve schwannomas, for monitoring 8th nerve function during surgery, and for diagnosing
endolymphatic hydrops, where the ratio of the Summating Potential (SP) to CAP ratio was of
primary interest (Gibson et al., 1977). More recently, variants of ECochG have been used to
monitor 8th nerve and hair cell (HC) function during cochlear implantation using the electrically
evoked CAP (Scott et al., 2016), or have used the acoustically evoked auditory nerve neurophonic
(Lichtenhan et al., 2014; Koka et al., 2017; Rampp et al., 2017) or the CM (Campbell et al,
2016) during surgery. It should be made clear that ECochG is not the name of a response per se
(the response is the CM, CAP, ANN or SP), but rather the process of monitoring electrical potentials
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from excitable cochlear cells. Today, there is a decreasing reliance
of ECochG in the clinical setting (Hornibrook et al.,, 2016),
with the Auditory Brainstem Response (ABR; and variants of)
and otoacoustic emissions primarily being used to objectively
monitor patient hearing and an increasing reliance on diagnostic
imaging.

Whilst ECochG is an established tool in hearing research,
there is less appreciation for the vestibular analog of ECochG,
which has been infrequently termed Electrovestibulography
(EVestG; Charlet de Sauvage et al., 1990; Lithgow, 2012). EVestG
may be considered the process of measuring electrical responses
of the peripheral vestibular system. Analogous to the CM and
CAP or ABR in ECochG, EVestG responses consist of both
vestibular HC and vestibular nerve field potentials. Fluctuations
in the extracellular potential due to movement induced changes
in the vestibular HC conductance and receptor current has
been termed the “Vestibular Microphonic” (VM), whereas
the vestibular afferent nerve response (or central vestibular
neuron response) to movement has been termed the short-
latency Vestibular Evoked Potential (VSEP). This review article
will focus on the VM and VsEP, as fundamental EVestG
components.

EVestG has not been extensively used by inner ear
researchers. That is, although the VM and the VsEP have
been characterized, they are used far less often and rarely
compared to their cochlear counterparts. A simple PubMed
search for “vestibular VSEP” returns a list of just 49 publications,
whereas a search for “cochlear CAP” or “cochlear CM”
returns a list of 570 and 930 publications respectively'.
Moreover, Electrocochleography is an established term, with
more than 4000 publications listed on Pubmed, whereas the term
Electrovestibulography has only been used in 20 publications,
18 of which were from the same research group. Some of this
discrepancy may be due to variation in the nomenclature of these
responses.

Over the last 20 years, the term Electrovestibulography has
only been used to describe a recent controversial response
that forms part of a patented recording technique (Lithgow,
2006, 2012). Here, Lithgow (2006) claim that the stochastically
occurring field potential of the vestibular nerve can be
extracted from the biological noise measured from the ear
canal (i.e, this is not a stimulus evoked response per se).
The authors use a signal analysis process to localize any
stochastically occurring field potentials that have characteristics
resembling the VsEP, occurring within the raw electrical
recording from the ear canal. They then average these
asynchronous field potentials, somewhat similar to the methods
involving spike-triggered averaging (Kiang et al, 1976). To
obtain a response that is dominated by vestibular activity, they
accelerate the subject in a given direction for approximately
1 s. By subtracting the averaged field potential recorded
during movement, from that without movement, the resulting
difference waveform theoretically resembles a response of
stimulated vestibular neurones. At present, there is only weak

No attempt has been made to perform a validated systematic review, but the
large discrepancy in the numbers do not warrant such an approach.

evidence to support the claim that such a response faithfully
represents the activity of vestibular neurones, and other clinical
or experimental researchers have not adopted the technique.
Furthermore, the technique requires a complex system capable
of performing a controlled acceleration of a person many
times, synchronized with the recording condition. Fortunately,
researchers have demonstrated much simpler techniques for
objectively measuring peripheral vestibular function, via the
VM and VSEP. Most of these studies have been performed
in experimental animals, with a limited number of human
studies.

RESPONSE NOMENCLATURE

Prior to reviewing how EVestG and ECochG measurements
compare, there is perhaps a need to revisit, or clarify some of
the terminology used in this field. Inner ear evoked responses,
and more broadly electrophysiological responses, are rife with
inappropriate nomenclature, although it would be impractical
to alter their use today because they have been used for
several decades. Nevertheless, it is necessary to have a clear
understanding of how the electrical activity of excitable cells
relate to extracellular potentials (Bressler, 2011; Buzsdki et al.,
2012). A brief description of the major cochleovestibular
electrophysiological responses, and stimulus “typically” used to
evoke them is listed in Table 1.

These responses are all field potentials, generated by a subset
of cells, evoked by a given ACS or bone conducted vibration
(BCV) stimulus, whose response waveform differs with recording
location and stimulus protocol. Unfortunately, most ACS or
BCV stimuli will evoke a response from multiple cell-types
(e.g., cochlear or vestibular neurons or HCs). For example, the
CAP and VsEP can both be measured with electrodes in or near
the inner ear, evoked by a BCV stimulus. Therefore, researchers
might employ a technique, such as using moderate level transient
ACS stimuli, with a low stimulation rate (e.g., 11/s), to maximize
the contribution of the cochlear nerve to the field potential, and
we may call this technique ECochG. EVestG is the technique of
recording field potentials that predominantly reflect vestibular
nerve or vestibular HC activity. Specifically, EVestG responses
include the VM and the VsEP.

However, even the VM and VsEP may contain responses
from different cell types. As discussed later, the VM may
originate from either semicircular canal (SCC), utricular, or
saccular HCs, and the VsEP may either reflect the compound
activity of the 8th nerve, or central vestibular activity. It
could be argued, for the purpose of consistency and to
avoid confusion, that the VM should ideally be separated
into SCC microphonic, utricular microphonic, or saccular
microphonic, and that the VSEP recorded from the periphery
should be re-termed the vestibular nerve CAP (as opposed
to the cochlear nerve CAP), and that the VSEP recorded
from the scalp should be re-termed the vestibular brainstem
response. However, within this review we will continue to use
the commonly accepted more general terminology, explicitly
defining the recording location and origin of the response where
appropriate.
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TABLE 1 | Common cochlear and vestibular electrophysiological activity used to objectively measure inner ear function.

Response Stimulus Latency (ms) Source Origin
Unitary potential Spont. N/A Neuron(s) The spontaneous field potential of a single neuron, or
collection of neurons, measured distant to the cell. Requires
special recording techniques to extract it from noise.
Neural noise or neurophonic Spont. N/A Nerve The ensemble electrical activity related to stochastic or
or ACS cyclic activity of the 8th nerve.
Compound action potential (CAP) ACS ~1 Nerve The compound summation of synchronously
occurring unitary potentials.
Cochlear microphonic (CM) ACS <0.1 Hair The field potential generated by hair cells. Typically
cells recorded from the cochlear fluids.
Summating potential (SP) ACS <0.1 Hair The charge imbalance (i.e., asymmetry) of the hair cell
cells field potential, which is obtained by removing the
symmetric components of the CM (either by stimulus
inversion and averaging, or low-pass filtering).
Auditory brainstem response (ABR) ACS 1-7 Nerve/ The compound summation of synchronously occurring
Brainstem neural activity in the auditory brainstem.
eCAP Current 0-0.5 Nerve An electrically evoked CAP
Middle and long latency response ACS 10-500 Cortex The compound summation of synchronously occurring
neural activity in the auditory cortex.
Post-auricular muscle response ACS 12-20 Myocytes A compound summation of the electrical response of the
post-auricular muscle.
Frequency following response ACS N/A Nerve/ The ensemble electrical activity related to cyclic activity of
Brainstem the auditory brainstem.
Vestibular short latency evoked BCV 0.5 Nerve/ The compound summation of synchronously
potential (VSEP) Brainstem occurring neural activity of the vestibular nerve and
brainstem.
Vestibular microphonic (VM) BCV <0.1 Hair The field potential generated by hair cells. Typically
cell recorded from the vestibule fluids.
Vestibular evoked myogenic potential BCV 10-20 Myocytes A compound summation of the electrical activity of the

(VEMP)

extra-ocular or sternocleidomastoid muscles.

Also provided is the typical stimulus for each response (Spont., Spontaneous; ACS, Air Conducted Sound; BCV, Bone Conducted Vibration, N/A, not applicable), and a

brief explanation of the origin of each activity. Highlighted responses refer to those typically forming parts of ECochG and EVestG responses. The latency refers to the time

after the onset of the stimulus, where the stimulus is evoked by the onset of a stimulus.

THE VM AND VsEP

Arguably, the greatest obstacle with performing EVestG
measures and using them as a faithful measure of peripheral
vestibular function is that both ACS and BCV stimuli can evoke
cochlear field potentials (i.e., CM and CAP), which are an order
of magnitude larger than vestibular responses, and will summate
with the VSEP or VM. Selectively destroying the cochlea, which
does not abolish the VSEP or VM, or destroying the vestibule,
which does abolish them, provides clear evidence that these
responses originate from vestibular sources. Researchers wishing
to use EVestG without destroying the inner ear either need to
suppress cochlear responses, or record responses at a location
where cochlear activity is not present, or use a stimulus that
does not stimulate the cochlea. There are a number of technical
considerations when measuring EVestG responses, and a clear
understanding of recording techniques is necessary when using
EVestG as an objective measure of peripheral (or central)
vestibular function.

EVestG BCV Stimuli

Some form of transient or cyclic translation or rotation of the
skull is commonly used to evoke the VSEP and VM. Often,

this stimulus is transmitted to the head via an electromagnetic
transducer or “modal shaker”, rigidly attached to the head.
Whether the stimulus is a pulsed, cyclic, or angular translation
of the head, here we consider all forms of head movement to be
BCV stimuli. Other forms of vestibular stimulation include ACS,
manual force applied to the head, or even force directly applied
to the HC stereocilia, although this last method requires surgical
exposure of the inner ear.

For the purposes of reproducibility and interpretation, it is
necessary to measure the stimulus delivered to the vestibular
system. Ideally, researchers could measure the movement of the
vestibular end-organ directly (as has been performed in cochlear
mechanics studies; Sellick et al., 1982; Chen et al., 2007), however
this is impractical in most scenarios because the vestibular system
is housed deep inside the inner ear. The next best, albeit indirect,
option is to measure the movement of the skull, which can be
achieved by rigidly attaching an accelerometer to the bone, skin,
or to the modal shaker directly. However, with these indirect
methods, the property of vibration through the skull needs to be
considered.

The mechanical properties of BCV are complex, because
the skull consists of rigid and compliable bone, combined
with soft tissue and fluids. Additionally, the skull is segmented
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and separated by sutures, and has complex resonance features
(Hakansson et al., 1994). Various attempts have been made to
model and measure the properties of vibration transmission
through the head, primarily in humans, and primarily aimed
at understanding BCV hearing (Stenfelt, 2015, 2016). For the
human head at least, the skull approximately moves as a rigid
structure for BCV below 400 Hz (Stenfelt and Goode, 2005),
as a resonant structure between 400 Hz to 2 kHz (Hakansson
et al., 1994), and as a wave-propagating structure above 2 kHz
(Stenfelt, 2015). These parameters solely relate to the propagation
of vibration through the bone, and do not include the additional
compliance of soft tissues like skin, or the fluid dynamics
of the inner ear known to play a role in HCs stimulation
(Sohmer et al., 2000; Sohmer and Freeman, 2004; Stenfelt, 2015).
Moreover, there is little information regarding BCV through
experimental animal heads, which will have vastly different
mechanical properties to that of human skulls. Ultimately, it
should be made clear that, particularly for pulsed or cyclic
(>100 Hz) BCV in experimental animals, that movements
measured on or near the skull are unlikely to faithfully represent
the vibration of the vestibular HCs. Moreover, particularly for
high-frequency (>400 Hz) BCV, the head movement is likely
to differ when measured at different locations (Durrant and
Hyre, 1993). Without a standard BCV measurement technique,
it can be difficult to compare head movements between studies.
Thus, whilst researchers can directly measure otolith sensitivity
to different BCV frequencies, caution should be taken when
interpreting the response properties of the end-organ itself,
particularly when the BCV stimulus is delivered to the head at
different locations and under different conditions.

At one level, ACS stimulation of the vestibular system may be
easier to interpret, because the bulk of the energy is transmitted
through the ear canal where sound levels can be measured as
a standard, and a great deal of work has been done on ACS
transmission through the middle-ear (Ravicz et al., 2010). The
frequency response of ACS stimulation of the otolith neurons
closely resembles middle-ear transmission frequency response,
although there are differences in the sensitivity of the different
vestibular end-organs. How ACS stimulates the vestibular system
is less clear, although it presumably involves fluid pressure waves
inducing displacements of the vestibular HCs or their stereocilia.
The problem with ACS stimulation for EVestG measurements
however, is that cochlear HCs are 100 dB more sensitive to ACS
than vestibular HCs, and relatively large ECochG responses will
be present in ACS evoked field potential recordings.

VM Recordings

The VM was first reported just 8 years after the CM in 1938, albeit
in an ex vivo preparation (Adrian et al., 1938; Zotterman, 1943;
Lowenstein and Roberts, 1951; Wever and Vernon, 1956). Since
then, the VM has been recorded in vivo in zebrafish (Trapani and
Nicolson, 2010; Yao et al., 2016), toadfish (Rabbitt et al., 1995),
bullfrogs (Eatock et al., 1987), pigeons (De Vries and Vrolijk,
1953; Wit et al., 1986, 1990), and guinea pigs (Trincker and
Partsch, 1959). The VM reflects changes in the receptor current
through the mechano-electrical transduction channels located on
the stereocilia of the vestibular HCs, which are displaced due to

inertial drag, resulting from a shearing force that displaces the
otoconia or cupula (Ferndndez and Goldberg, 1976).

Ex Vivo VM

Much of our knowledge regarding the properties of HCs comes
from ex vivo recordings of the VM from bullfrog otolithic HCs
(Corey and Hudspeth, 1983; Azimzadeh and Salvi, 2017). Here,
the otolithic maccula (most studies have used the sacculus) is
extracted and placed between perilymph/endolymph filled baths
in an Ussing chamber (Figure 1A; from Corey and Hudspeth,
1983), with a region of the epithelia exposed to both baths.
Vibration is directly applied to the macula, or overlying otolithic
membrane (OM), via a stiff probe (Figures 1A,B). Recording the
bath potential provides a global measure of the VM generated
from the HCs exposed to both baths (i.e., a summed response
of all HCs), or alternatively intracellular potentials can be
recorded with glass microelectrodes. VM recordings have been
made with either the OM intact (Figure 1C), partially removed
so as to only stimulate HCs with stereocilia of a particular
orientation (Figure 1D), or totally removed. Removing the OM
uncouples hair bundle motions from neighboring HCs, and has
substantial effects on their excitability and sensitivity (Benser
et al., 1993; Dierkes et al.,, 2008; Fredrickson-Hemsing et al,,
2012; O Maoiléidigh et al., 2012). With the otolith membrane
intact and all HCs are stimulated, the global VM will exhibit
a response with twice the frequency of the vibration stimulus
(Figures 1C,E). This is because HCs of both polarities are
stimulated (Flock, 1965; Corey and Hudspeth, 1983). When
only HCs on one side of the line of polarity reversal (Li
et al, 2008) are stimulated the VM is cyclic, following the
vibration stimulus (Figures 1D,E), although it will saturate at
high stimulus levels (Hudspeth and Corey, 1977; Corey and
Hudspeth, 1983).

Several other studies have examined the microphonic from
the SCC HCs using an ex vivo preparation (De Vries and Bleeker,
1949; Van Eyck, 1951a,b,c; Masetto et al., 1995; Botta et al,,
1998; Rabbitt et al,, 2005). Here, the polarity of mechanical
sensitivity is the same for all hair bundle stereocilia, such that
mechanical displacements of the cupula either increases the
conductance of all SCC HCs, or decreases it. This results in an
asymmetrically distorted microphonic, which can be recorded
some distance from the cristae in the vestibular fluids (Botta et al.,
1998).

In Vivo VM

Few studies over the last 50 years have recorded the VM
in vivo. This is arguably because evoking the VM requires
low-frequency (10-1000 Hz) stimulation, which induces hair
bundle displacements (Huizinga and Van Der Meulen, 1951;
Trincker and Partsch, 1959; Bleeker et al., 1980; Wit et al,
1981, 1990), yet this will evoke a CM that will dominate
the inner ear fluid potentials. That is, compared to VM
responses, the CM is large (1-2 millivolts in the perilymph,
and several times larger in endolymph; Honrubia et al., 1973)
because there is a large electrochemical driving potential
for the receptor current through cochlear HCs of +150mV
(involving a +90 mV electrogenic potential on the apical
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FIGURE 1 | (A) Ex vivo Vestibular Microphonic (VM) recordings from a bullfrog’s saccular maccula. The macula has been extracted and placed between two
fluid-filled baths, sealed with a washer (W) in an Ussing-chamber format. A thin plastic film (F) isolates a region of the macula exposed to the bath. The fluid potential
between the baths is used to provide a measure of the VM. The macula is vibrated via a stimulating probe (SP) directly attached to the otolithic membrane (OM),
which is either intact, or partially removed from the macula such that it only adheres to hair cells (HCs) of a single orientation. (B) A schematic illustrating of the
saccular macula, with arrows indicating HCs polarities, and highlighting the location of the probe (dark shaded circle) and the area where the OM remains intact
(shaded region on right of macula). (C) The VM response with the OM covering all HCs, demonstrating a response with twice the frequency of the vibration stimulus.
(D) The saturated VM response, with the OM peeled back so that only HCs of a single orientation were stimulated. (E) The 16.5 Hz vibration stimulus. Reproduced

with permission from Corey and Hudspeth (1983).

surface, and a transmembrane potential of —60 mV; Davis,
1965), whereas the driving potential for the receptor current
through HCs in the SCCs, utricle or saccule is most likely
to be closer to +65 mV due to a much lower endolymphatic
potential (Schmidt, 1963; Ono and Tachibana, 1990; He et al,,
1997). Additionally, the CM is large because the polarization
of HCs stereocilia sensitivity, within a given region of the
cochlea, are aligned in the same direction (Russell, 1983),
and cochlea scalae are separated by an epithelium with
an electrical impedance of 40-50 kOhm (Johnstone et al,
1966). Conversely, the otolith HCs microphonic will cancel
in the fluids due to opposite polarity of HCs either side
of the line of polarity reversal, which generates microphonic
potentials in the fluids which are 180° out of phase (Corey
and Hudspeth, 1983). Furthermore, vestibular HCs are either
supported by bone-anchored epithelia, or in the case of the
utricle, suspended on a membrane which most likely has an
electrical impedance close to 13 kOhm, and therefore the
circuit potential related to vestibular HC stimulation will be
comparatively low.

Most in vivo studies of the VM have necessarily abolished
cochlear function prior to monitoring the VM, and have
measured the VM within the inner ear fluids (Adrian et al.,
1938; Wever and Vernon, 1956; Trincker and Partsch, 1959;
Wit et al,, 1981, 1986, 1990). Only a few studies, mostly using
fish, have recorded the VM without destroying the cochlea
(Zotterman, 1943; Furukawa and Ishii, 1967; Fay and Popper,
1974; Rabbitt et al., 2005; Sisneros, 2007; Yao et al., 2016).
VM recordings in fish, particularly zebrafish, are emerging as
a powerful tool for studying inner ear developmental biology
(Trapani and Nicolson, 2010; Yao et al., 2016). Here, both the
lateral line organ and the inner ear (the otic capsule) will respond
to alternating pressures and generate microphonic potentials,
and differentiating the source of the VM (i.e., explicitly which
HCs generate the VM), will be complex due to the small size of
the organ.

De Vries and Bleeker (1949) and Van Eyck (1949) were the
first to measure VM in vivo, from the SCCs of pigeons. De
Vries and Vrolijk (1953), used sinusoidal tympanic membrane
displacements to evoke SCC microphonics in pigeons after the
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cochlea and otoliths had been destroyed. The otoliths were
destroyed because they too were stimulated by displacement of
the tympanic membrane, and the otolith responses contaminated
the SCC responses. Here, the VM was recorded both in the
vestibule, and in the SCC after a small hole had been made
in the canal wall, which was shown to induce the Tullio effect
and enhance SCC responses. Ultimately, the VM from the SCCs
demonstrated phase relationships which supported Ewald’s laws,
demonstrating highly nonlinear microphonic potentials, where
each SCC was maximally stimulated for fluid motion in a given
direction. Later Wit et al. (1986) used ACS stimuli, with a SCC
fenestration and cochlear extirpation, to evoke VM responses in
pigeons (Figure 2). Increasing the level of the stimulus resulted
in the response frequency doubling, similar to that obtained
with ex vivo experiments where the whole otolith was stimulated
(Figure 1C), suggesting that additional vestibular HCs were
being recruited with high level ACS, which had a response phase
difference of 180°. No attempt was made to separate the response
components.

Trincker and Partsch (1959) performed arguably the most
extensive in vivo assessment of the VM in mammals, using
guinea pigs, and stimulated microphonic potentials from the
SCCs, utricle, and saccule, using both BCV and ACS tones,
after the cochlea was completely destroyed. Recordings were
performed with electrodes within the cochlear fluids, within the
SCCs, or within the ampulla. Selective ablation of each end organ
was used to confirm the specific origin of the microphonic.
VM responses from all vestibular end organs were evoked with
sinusoidal stimuli of frequencies between 300 Hz and 120 kHz.
Given that CM responses are known to be evoked in mammals by
sinusoidal stimuli up to 30 kHz (Cheatham et al., 2011), it seems
highly unlikely that either cochlear or vestibular microphonic

700 Hz. stim.
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FIGURE 2 | Scala tympani recordings of the VM recordings in pigeons,
in response to a 700 Hz air conducted sound (ACS) tone (upper trace)
after cochlear extirpation and semicircular canal (SCC) fenestration. At
low sound levels, the VM (lower three traces) is a slightly distorted sinusoid,
and as the stimulus level increases, so does the distortion, generating a
response whose frequency is twice that of the stimulus. Reproduced with
permission from Wit et al. (1986).

acoust.

response

responses would have been evoked by the ultrasonic stimuli by
Trincker and Partsch, and suggests that potentially some of the
ultrasonic responses in their study may have included an artifact
component.

Ultimately, whilst much research continues to utilize ex vivo
measurements of vestibular HCs function, there is a need to
substantiate the use of such ex vivo preparations as a reliable
measure of the in vivo properties of vestibular HCs. Certainly for
cochlear research, the CM remains a mainstay of experimental
research measures, and has been used to support and further
our understanding of the properties of HCs transduction, derived
from intracellular receptor potential measurements (Patuzzi and
Sellick, 1983; Patuzzi et al., 1989). For example, the in vivo
CM has been used to demonstrate the underlying HCs related
cause of many forms of sensorineural hearing loss (Patuzzi
et al., 1989), which may have otherwise been attributed to
neural dysfunction. Unfortunately, there has been little work
done to establish techniques for measuring the VM in vivo,
and most in vivo animal studies of the vestibular system are
limited to measuring single-unit afferent responses (Fernandez
and Goldberg, 1976; Curthoys et al., 2006; Curthoys and Vulovic,
2011), single cell receptor potentials (Rabbitt et al., 2005), and
VsEP responses (see below). Thus, our understanding of the
origin of many forms of vestibular dysfunction may be lacking,
as we have not utilized methods that may separate vestibular HCs
from neural dysfunction. VM recordings offer an opportunity to
perform simple recordings of vestibular HCs sensitivity in vivo,
and may demonstrate changes that drive or differ from neural
dysfunction.

VsEP Recordings

The VSEP was arguably first demonstrated in 1949 in pigeons
(De Vries and Bleeker, 1949). The VSEP has been further
demonstrated in pigeon (Wit et al., 1981), chicken (Jones and
Pedersen, 1989; Jones and Jones, 1996, 2000; Nazareth and Jones,
1998), canary (Jones S. M. et al, 1998), quail (Jones et al.,
1997), mouse (Jones and Jones, 1999; Jones et al., 2006), rat
(Lange, 1988; Plotnik et al., 1999a,b), chinchilla (Bohmer, 1995;
Bohmer et al., 1995; Plotnik et al., 2005), guinea pig (Cazals
et al., 1987; Jones and Jones, 1999; Oei et al, 2001; Kingma
and Wit, 2010; Brown et al., 2013; Chihara et al., 2013; Bremer
et al., 2014), rhesus monkey (Bohmer et al., 1983) cat (Elidan
et al., 1987a,b; Bohmer, 1995), and human (Elidan et al., 1991a,b;
Knox et al., 1993; Pyykko et al.,, 1995; Rodionov et al., 1996;
Loose et al,, 2002). The VsEP has predominantly been evoked
by a brief (2 ms) “linear” BCV pulse stimulus, with the response
evoked by skull jerk rather than acceleration (Jones T. A. et
al,, 2011). It has mostly been recorded in experimental animals
with a non-inverting electrode placed at the vertex, or within
the facial nerve canal. The VsEP reflects the compound field
potential of vestibular neurons (either peripheral or central),
firing synchronously to the onset of a motion.

It is important to note that there are various VSEP recording
procedures, and as a result, responses can reflect activity from
different sources. Some recording protocols use linear-BCV
pulses, whereas others use rapid head rotations. Moreover, the
location of the recording electrodes significantly determines the
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VsEP waveform. The non-inverting VSEP recording electrode
has been placed at various locations including the vertex
(Elidan et al., 1982; Jones, 1992; Bremer et al., 2014), at
different sub-cranial locations (Jones et al., 2002), within
the vestibular nucleus (Cazals et al., 1987), within the facial
nerve canal (Bohmer, 1995; Kingma and Wit, 2009; Bremer
et al.,, 2012; Chihara et al., 2013), or on the round window
(Aran et al., 1980). The inverting electrode is typically placed
subcutaneously at a relatively non-responsive area such as the
pinna or mastoid, and the ground (or common) electrode
is placed at a distal location on the body, such as the
neck. The characteristics of these different VSEPs, such as
latency, waveform, and stimulus related phenomena also change
with recording protocol. Importantly, all responses have short
latencies (starting 1 ms to 2 ms) and remain after cochlear
extirpation, but are abolished by damage of the vestibule or
8th nerve, or death (Jones and Jones, 1999). Moreover, the
response is abolished via the application of neural blockers such
as tetrodotoxin (Weisleder et al., 1990; Jones, 1992; Jones and
Jones, 1999; Chihara et al., 2013), demonstrating that the VsEP is
a neurogenic response. Any new VsEP recording protocol should
first demonstrate that the response reflects the activity of the
vestibular nerve.

Central vs. Peripheral VSEPs

The majority of VSEP studies have recorded the response with
the non-inverting electrode placed subcutaneously at the vertex,
or sub-cranially at different locations overlying the cortex. Here,
responses typically start with a small (~0.5-1 pV) P1 peak
(Figure 3A; which corresponds to the initial peak in facial
nerve recordings; (Aran et al., 1980; Jones, 1992; Nazareth and
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FIGURE 3 | Vestibular evoked potential (VSEP) responses recorded
from sub-cranial vertex electrodes in mice. (A) VSEP responses evoked
by a 2 ms bone conducted vibration (BCV) jerk pulse, with and without
forward acoustic masking, which does not alter the response. (B) Auditory
brainstem response (ABR) responses with and without forward masking,
demonstrating that ABR responses are forward masked. Reproduced with
permission from Jones and Jones (1999).

Jones, 1998), and a series of slightly larger positive and negative
peaks thereafter (Elidan et al., 1987a; Jones and Pedersen, 1989;
Jones and Jones, 1999; Plotnik et al., 1999b; Bremer et al.,
2014). This VSEP primarily reflects the response of various
vestibular brainstem nuclei and nerves (Nazareth and Jones,
1998), much the same way the ABR reflects central auditory
neuron responses (Figure 3B). Importantly, ACS evoked ABR
responses are suppressed by acoustic forward-masking noise
(Figure 3B), whereas BCV evoked VSEP responses are not
(Figure 3A).

VsEP recordings performed with the non-inverting electrode
within the cochlea or facial nerve canal will appear similar in
waveshape to the cochlear CAP, with an initial negative and
positive peak (with amplitudes between 20 pV and 100 wV),
termed N1 and P1, with a few smaller peaks thereafter (Bohmer,
1995; Bremer et al., 2012; Chihara et al., 2013); Figure 4A). That
said, other studies have suggested that VsEPs recorded within
the facial nerve begin with a large positive peak (Oei et al., 2001;
Kingma and Wit, 2009), and appear similar to an inverted version
of a cochlear CAP. Regardless of the polarity of the first VSEP
peak, this activity primarily reflects the compound field potential
of the vestibular nerve.

VsEP Stimulus

The most widely utilized stimulus for evoking the VsEP involves
delivering a rapid, linear-BCV impulse to the skull, in a
naso-occipital direction, transduced by a large electrodynamic
shaker bolted or clamped to the skull (Figure 5A). This
theoretically permits a controlled, rapid push-pull of the
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FIGURE 4 | (A) Facial nerve canal recordings of the VSEP in an anesthetized
guinea pig, in response to a brief, linear BCV click. Recordings were
performed with the cochlea intact, and in the presence of continuous ACS
masking noise. The VSEP consists of an initial negative peak (N1) and positive
peak (P1), and a series of smaller peaks thereafter. (B) The acceleration of the
skull, where the stimulus was designed to produce minimal oscillation of the
head. Reproduced with permission from Chihara et al. (2013).
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of the head. Reproduced with permission from Jones and Jones (1999).

FIGURE 5 | (A) The typical experimental setup used to evoke VSEP responses in animals. An electrodynamic modal shaker is attached to the animal’s skull via a
screw or clamp. The acceleration is measured on the modal shaker connector. (B) Acceleration pulses rise gradually over 2 ms, producing a monophasic 2 ms jerk

animal’s entire head (with <100 pm displacement) in the
naso-occipital direction. An extensive examination of the
appropriate parameters for evoking the VsSEP in mice and rats
using this setup has been performed by Jones et al. (Jones and
Jones, 1999; Jones et al., 2002; Jones T. A. et al., 2011). Here,
it has been suggested that a rapid acceleration of the head,
producing a 1 ms to 4 ms pulsed “jerk” (the derivative of
acceleration; Figure 5B) is ideal for evoking the VsEP. Indeed, the
level of BCV jerk, rather than the level of acceleration, velocity,
or displacement, appears to be the main factor determining
the amplitude of the VSEP response, and suggests the VSEP
is a response of the primary afferents that innervate otolith
jerk-sensitive HCs (Jones T. A. et al.,, 1998; Jones T. A. et al.,
2011). Jones T. A. et al. (2011) also suggest that an ideal duration
of the linear BCV jerk pulse is approximately 2 ms, which
preferentially stimulates the vestibular system, with less cochlear
activation. Most studies have demonstrated a reliable VSEP in
response to a linear BCV stimulation between 0.5 g and 8 g, or
0.1 g/ms to 6 g/ms.

It should be noted that a 2 ms duration jerk pulse requires an
acceleration pulse that increases from zero, peaks at 2 ms, and
slowly declines thereafter (Figure 5B). The head velocity change
will peak several milliseconds after the onset of the movement,
and the peak displacement will occur several milliseconds
after that (typically well after the VSEP has occurred). Such a
movement of the head can be difficult to produce (particularly
for larger heads), but may be necessary to maximally stimulate
the jerk-sensitive HCs of the otoliths with minimal cochlear
stimulation. Importantly, the head acceleration in this setup is
measured on the mechanism attached to the shaker and skull,
which arguably may not faithfully represent the acceleration of
the vestibular system (Jones et al., 2015). That is, the otolith
acceleration may be more complex than that recorded elsewhere
in the system, given that the skull can compress and resonate
in a complex manner in response to BCV pulses (Durrant and
Hyre, 1993), and viscous forces act on the otolith organs (Jones
et al., 2015). Moreover, it is not clear how much inter-aural or

rostro-caudal movement of the skull is induced by a BCV pulse
applied directly to the vertex in a naso-occipital direction.

Other studies have utilized a linear BCV pulse without
necessarily controlling for jerk, and most often recording the
VsEP from the facial nerve canal (Bohmer, 1995; Kingma and
Wit, 2009, 2010; Brown et al., 2013; Chihara et al., 2013). These
later studies have all utilized simultaneous acoustic masking to
suppress ECochG responses evoked by the BCV click stimulus.
Importantly, click-like BCV stimulation can induce a highly
synchronized response of the vestibular afferents (Figure 6;
Curthoys et al., 2006), where typically only one spike is initiated
by the BCV pulse, but the latency of this spike relative to the
peak skull acceleration may vary slightly (by 0.2 ms to 0.5 ms)
between afferent neurons. This latency variability is most likely
related to the indirect nature of measuring skull acceleration as a
means of interpreting the displacement of otolith HCs, although
it may also demonstrate variability in the response of different
HC:s to a given vibration of the vestibular end-organ. Regardless
of this slight variability, single-unit recordings suggest that the
histogram of afferent responses to a BCV-click should be highly
synchronized, and therefore the VSEP response should provide a
faithful representation of the vestibular nerve field potential. This
raises a question—what are the later peaks in the VSEP recorded
from the facial nerve canal (Figure 4A)? Are they derived from
brainstem activity, or are they a result of a complex resonance of
the skull producing multiple successive VSEP responses, or are
they the result of different vestibular afferent nerve responses to
the BCV stimulus?

Chihara et al. (2013) attempted to determine if the later
peaks were the result of a skull-resonance, evoking multiple
vestibular nerve responses. Here, we (the experiments were
performed in the author’s laboratory) used an audiometric bone
conductor rigidly attached to the skull of a guinea pig, with
an accelerometer placed nearby on the skull, to deliver a brief
linear-BCV stimulus that resulted in an acceleration profile
that had minimal later peaks or resonant features (Figure 4B).
Acoustic masking was used to suppress cochlear responses. This
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FIGURE 6 | Repeated single-unit responses from two pitch-static sensitive otolith afferent neurones, evoked by a BCV click (acceleration shown
below the unit responses). Reproduced with permission from Curthoys et al. (2006).
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approach reduced some, but not all of the later components
in the VsEP response. Again, it should be realized that skull
acceleration responses, particularly at high frequencies, are
unlikely to represent the vibration of the end-organ. We have
now abandoned this approach, and instead simply deliver brief
(0.2-4 ms) monophasic pulses to the bone conductor, which is
attached to the ear-bar (Brown et al,, 2016). The later peaks in
the VSEP responses remain, but we have so far been unable to
clarify their origin.

Regardless of the exact vibration of the vestibule, using
variants of this setup, several studies have demonstrated that
the linear-BCV evoked VSEP is a response of otolith organs.
That is, the VSEP remains after cochlear extirpation, or SCC
plugging, but is abolished after death (Jones and Jones, 1999;
Plotnik et al., 1999b). Moreover, selective otolith destruction
abolishes the linear VSEP (Chihara et al., 2013), and otoconia
deficient mice have absent or reduced VSEP responses (Jones
et al., 1999, 2004). A few studies (Freeman et al., 1999a; Plotnik
et al, 1999a) have attempted to stimulate selected vestibular
end-organs with pulsed BCV applied in either the naso-
occipital, dorso-ventral, or inter-aural directions (along with
rotatory pulses), and found similar VSEP response waveforms
evoked by all stimuli, but with different response amplitudes.
Moreover, Jones et al. (2001) demonstrated in chickens that
the initial directional polarity of the linear BCV (relative
to the vestibular system), particularly for inter-aural directed
stimuli, significantly alters the response waveform. It is not
clear if such selective linear BCV stimulation permits a selective
activation of the different vestibular end-organs, but this result
highlights that that the VsEP is, at least partly, directionally
sensitive.

Whilst the linear-BCV evoked VsEP is believed to originate
from otolith afferent neurons, several studies have suggested
that different stimuli, such as a rapid rotation of the head may
generate a SCC afferent VSEP response (Elidan et al., 1982,
1987b; Li et al, 1993; Freeman et al., 1999b; Sohmer et al,
1999). Other studies have used brief low-frequency sinusoidal

ACS tones, with fenestration of a given SCC canal, to stimulate
a nerve response from the SCC (Wit et al., 1981; Curthoys,
2017). Some studies have suggested that high-intensity ACS
can stimulate SCC afferent neurons (Zhu et al., 2014), whereas
others have suggested that it does not (Curthoys et al., 2006;
Curthoys, 2017). Certainly, it would seem that the otoliths are
far more sensitive to transient ACS or BCV than the SCCs.
Ultimately, the majority of VsEP studies that have performed
additional experimental measures to investigate the origin of
the VsEP response, such as selective end-organ ablation, have
used a linear-BCV stimulus, and currently more evidence is
required to demonstrate that a VSEP can be evoked via a
stimulus designed to selectively, or preferentially activate the
SCCs afferent neurons.

Reducing Artifacts and Cochlear Contributions

There are several potential pitfalls that need to be considered
when recording EVestG responses. First, most EVestG responses
are evoked using BCV stimuli generated by an electrodynamic
shaker. This can produce a significant amount of electromagnetic
radiation, which should be prevented from radiating to the
electrodes using standard techniques such as shielded or twisted
cables, and electrical and magnetic shielding of the shaker with
grounded MU-metal shielding (Ford et al., 2004). Moreover,
BCV of the head can produce significant electrode movement
artifact, although electrode stabilization techniques can be of
benefit (Comert and Hyttinen, 2015). Using alternating polarity
(i.e., reverse direction) BCV stimulation can attenuate much
of the artifact in VSEP measurements, but this should only
be employed if the VSEP has the same waveshape and latency
for either polarity stimuli, otherwise responses may partially
cancel. Jones et al. (2002) demonstrated that the VSEP amplitude
changed slightly with stimulus polarity, but the latency did
not,> and therefore alternating polarity responses could be

2It should be noted that Jones et al. (2002) were able to push and pull the
skull, and that under different stimulus conditions, there may be a difference
in the latency of the VSEP due to a difference in the BCV transduction.
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averaged together to minimize any electrical or movement
artifact, with minimal changes to the VSEP waveshape. Both
Plotnik et al. (1997) and Jones et al. (2002) demonstrated
that the amplitude of the VSEP decreased by up to 15% with
increasing stimulus presentation rates, suggesting that an ideal
rate should be around 16 per second, which is similar to the
ideal repetition rate used for ECochG responses (Eggermont,
1974).

In order to suppress ECochG responses from VsEP
recordings, most studies have utilized broad-band acoustic
masking noise. This is often necessary because transient BCV
stimuli can produce an acoustic click that is transmitted
to the cochlea either as an ACS or through direct BCV
(Puria and Rosowski, 2012). Acoustic masking noise can
either be presented simultaneously with BCV stimulus (Bohmer,
1995; Jones and Jones, 1999; Oei et al., 2001; Chihara et al,,
2013), or it can be silenced immediately prior to it (Jones T. A.
et al., 2011; King et al., 2017),where forward-masking effects
are sufficient to suppress any cochlear responses (Verschooten
et al., 2012). It’s not clear if the primary purpose for silencing
the masking noise just prior to the BCV stimulus is because
the masking noise itself generates CM or electrical artifact,
which can contaminate the VsSEP response, or if it is believed
that the acoustic masking noise may directly interfere with
the BCV stimulation of the vestibular system. Several studies
have suggested that high levels of noise (>110 dB SPL) can
reduce the linear-VsEP amplitude (Bohmer, 1995; Sohmer
et al, 1999), particularly if there is a fenestration of the
SCC (Wit et al, 1981; Biron et al, 2002). This suggests
that the otolith jerk-responsive HCs may be sensitive to
high levels of ACS, as is known from single-unit recordings
(Curthoys and Vulovic, 2011), and studies have demonstrated
that loud noise exposure can produce a permanent reduction
in the VsEP (Biron et al, 2002), although this conflicts
with previous studies (Sohmer et al, 1999). Nevertheless,
moderate continuous or forward-masking acoustic noise most
likely provides an adequate suppression of cochlear activity,
without overly attenuating otolith responses. Interestingly,
Jones and Jones (1999) and Jones et al. (2002) suggest that
VSEP responses, recorded with sub-cranial electrodes, are
often unaffected by forward masking noise, suggesting that
there is little contamination from ABR. This likely reflects
the fact that they use a stimulus designed to maximize
jerk stimulation of the otoliths, whilst minimizing cochlear
stimulation.

Lastly, whilst several studies have demonstrated that the
VSEP is a response of peripheral and central vestibular neurones
(Nazareth and Jones, 1998; Jones and Jones, 1999; Jones et al.,
2002), some studies have suggested that the VSEP measured
within the inner ear can contain components that reflect
vestibular HCs activity (Wit et al,, 1986, 1990). This raises
the possibility that there may be an SP-like component of
the VSEP when it is measured close to the vestibular HCs.
Moreover, it suggests that it may be possible to measure
vestibular HCs responses, such as VM, from electrode montages
that enable recording of both vestibular nerve and HCs
activity.

Interpretation of the VSEP

A concern with interpreting VSEP responses is the uncertainty
of which vestibular end-organs contribute to the response.
That is, BCV stimuli can induce neural responses from all
vestibular end-organs, despite primarily activating otolithic
irregular afferent neurons (Curthoys et al., 2006). Whilst
researchers have attempted to use the direction of the applied
BCV to activate selected vestibular HCs, it is unlikely that this
circumvents the complex 3-dimensional vibration of the inner
ear and the complex transduction pathways (Stenfelt, 2015, 2016;
Chhan et al., 2016). Mechanical engineers are well aware of the
complexity of interpreting the vibrational response of a structure
via its “impulse response”. An alternative method involves
measuring the “steady-state” or continuous vibrational response,
where the complexities of the impulse response have dissipated.
For the vestibular system, this would involve measuring its
response to a continuous sinusoidal linear (or rotatory) BCV
stimulus, which should provide a stimulation of the vestibule that
is easier to interpret, and would provide a response that could
be more readily compared to single-unit recordings obtained
during sinusoidal BCV (Curthoys et al., 2006; Curthoys and
Vulovic, 2011). Indeed, a few studies have demonstrated that
a continuous sinusoidal stimulus can evoke both a sinusoidal
VM (Wit et al., 1986) and cyclic neural responses (Wit et al.,
1981, 1986 Figure 7). These responses are reminiscent of
the auditory nerve neurophonic, used to assess low-frequency
sensitivity of the cochlea during a tone (Henry, 1995; Lichtenhan
et al., 2014). It may therefore be possible to use sinusoidal
ACS or BCV to evoke vestibular neurophonic, and this may
provide a means to obtain responses from vestibular neurones
which are most sensitive to vibration in a specific direction.
Meanwhile, the VSEP obtained using impulse stimuli should
assume that the VSEP is “mostly” a response of the afferent
neurons synapsing with the jerk-sensitive HCs in the otoliths,
with some potential contributions from all vestibular end-organs
(see “VsEP Stimulus” Section).

Whilst it may be tempting to use static tilts to probe the origin
of the VsEP response, the issue of static head position during
VsEP measurements is one which still needs to be resolved.
Plotnik et al. (1999a) suggested that, in addtion to changes related
to stimulus delivery direction, VSEP responses were altered by the
static orientation of the head, suggesting that gravity may alter
the sensitivity of the jerk-sensitive HCs. This contrasts with a lack
of static head-orientation changes in similar measures otolith
function in humans (Kastanioudakis et al., 2016).

Encouragingly, for researchers using the VSEP as a measure of
peripheral vestibular function in longitudinal studies, Honaker
et al. (2015) demonstrated that the VsEP amplitude and
threshold do not change significantly across repeated recordings,
which includes repositioning of electrodes (at fixed/standardized
positions). Thus, as long as the delivery of the BCV stimulus
is consistent between successive recording sessions, the VsEP
should provide a sensitive measure of changes in peripheral
vestibular sensitivity. It should be noted that response variability
will also depend on the signal-to-noise ratio of the response,
which greatly depends on the number of averages. For the
VsEP measured at the vertex, the response is typically averaged
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FIGURE 7 | Vestibular nerve responses, measured from a scala
tympani electrode in pigeons, after cochlear extirpation and SCC
fenestration, evoked by a 500 Hz ACS toneburst (upper trace) of sound
levels between 85 dB SPL and 105 dB SPL. It is thought that these
responses reflect a neurophonic of the vestibular nerve. Reproduced with
permission from Wit et al. (1981).

of over 200 times, due to the low signal-to-noise ratio (Jones
et al., 2002). To reduce variability in the responses due to the
noise-floor of the recording, responses can be band-pass filtered
between 300 kHz and 10 kHz (Jones et al., 2002), although
these filter settings were obtained for VSEP responses recorded
at the vertex, and may differ for VsEP responses measured in the
periphery.

An important factor to consider when monitoring VsEP
responses during an intervention, is how to assess changes.
Previously, many studies have monitored the peak-to-peak
amplitude of the response, however because the later peaks in
the VSEP reflect central responses, they may be altered without
an equivalent change in the 8th nerve’s sensitivity, resulting in
changes in the VSEP waveform (Jones et al., 2000; Morley et al.,
2017). Therefore, VSEP thresholds should ideally be used to
assess changes in the sensitivity of the irregular otolith afferents,
although changes in the VSEP waveform, such as changes in
inter peak intervals and peak latencies, may provide additional
information. That said, the source of the later peaks in VSEP
responses recorded from the vertex is not as well defined as the
origin in the later peaks in ABR responses (Kaga et al., 1997),
although several studies have used electrical source analysis to
localize VEP activity (Todd et al., 2014, 2017).

One final issue to consider is the potential influence of
anesthetics on EVestG responses (Gaines and Jones, 2013).
Although anesthesia is known to suppress certain cortical
activity, there seems to be little difference in the VSEP measured
at the vertex, between anesthetized and awake animals, other
than a suppression of a late (>7 ms) component, which
may potentially reflect cortical vestibular activity (Jones, 1992).
Nonetheless, it is possible that different anesthetics may induce
changes in the VsEP response, particularly of the later, central
components.

HUMAN EVestG RECORDINGS

Other than the recent controversial asynchronous-EVestG
responses recorded on the tympanum in humans (Lithgow, 2006;
Lithgow et al., 2008; Dastgheib et al., 2016), several studies
have reported on VsEP responses measured in humans, with
virtually no human VM recordings. Elidan et al. (1991b), and
Rodionov et al. (1996) recorded small (0.5 uV peak to peak) short
latency potentials from the forehead (with a mastoid inverting
electrode), in response to rapid angular rotations of the head
(10,000°/s%). Similarly, Pyykko et al. (1995) measured small VSEP
responses evoked by brief linear BCV stimulation in people. Both
short-latency (starting 2 ms to 3 ms) and larger middle-latency
(starting 8 ms to 10 ms) responses were observed in these studies,
and it was suggested that the first positive peak of the short-
latency responses reflected activity of the peripheral vestibular
nerve. The responses were not present in cadaver heads, or
subjects with bilateral vestibular loss, but they were present
in deaf subjects. These rotationally evoked human responses
were compared to the VSEP responses measured in cats using
a similar stimulus and measurement protocol (Li et al., 1993),
and were believed to reflect responses of the SCC afferents and
central vestibular neurons. Knox et al. (1993) recorded similar
short latency vestibular responses to rapid whole-body linear
accelerations, measured between the forehead and mastoid, and
suggested the early components of their responses reflected the
activity of the peripheral vestibular nerve from otolith neurons.
Ultimately, each of these human VsEP displayed a poor signal-
to-noise ratio, and required an elaborate setup to produce
controlled acceleration of the head, which induced significant
artifact.

de Waele et al. (2001) electrically stimulated the 8th nerve
in 11 patients undergoing vestibular nerve section for Meniere’s
disease, and recorded evoked responses occurring 3-5 ms after
stimulation, with 30 subcutaneous electrodes placed on the
scalp. Electrical source analysis was used to localize the response
activity to various regions of the brain, including an early
component localized to the region of the vestibular nucleus.
This study supported the theory that vestibular information is
processed in spatially distributed central pathways, rather than
at a focal cortical region (Cullen, 2016). It should be noted that
de Waele etal. (2001) suggested their electrically evoked response
reflected the activity of central vestibular neurones only, and that
the activity of the peripheral vestibular system, including the 8th
nerve, was not represented in the response.

More recently, several studies have suggested that vestibular
responses, termed VsEPs, to loud (>100 dB SPL), low frequency
(e.g., 500 Hz) acoustic tone bursts can be recorded with
electrodes placed at the vertex (Todd et al., 2003, 2014; McNerney
et al, 2011). Certainly it has been shown that the human
vestibular system, particularly the otoliths, is sensitive to acoustic
tones (Chihara et al., 2009; Murofushi et al., 2010). Moreover,
the origin of these short latency scalp potentials were localized
to various brain regions known to be related to central vestibular
pathways (Todd et al., 2003, 2014). However, like the responses
reported by de Waele et al. (2001), no components were localized
to the peripheral vestibular system, such as the 8th nerve. Here, it
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appears that human scalp VSEP responses are similar to the later
components observed in experimental animal VsEPs (Nazareth
and Jones, 1998). Moreover, recent human scalp VsEP recordings
have demonstrated that the amplitude of components of this
response can be modulated by head and eye position (Todd et al.,
2017), which reflects their central origin. Thus, caution should
be taken when using human VsEP responses as an estimate
of peripheral vestibular function, because like vestibular reflex
responses, central vestibular activity may not faithfully reflect the
sensitivity of the peripheral vestibular system.

Here we ask the question, what is the advantage of EVestG
as a measure of vestibular sensitivity compared to several
reflex measures of vestibular function clinically (Curthoys, 2012;
Colebatch et al., 2016). For experimental animal researchers the
answer is clear—it can be difficult, but not impossible, to measure
vestibular reflexes in anesthetized animals because central
reflex pathways and myogenic activity is heavily suppressed
(Vulovic and Curthoys, 2011). Experimental animal research has
traditionally relied on objective measures of vestibular activity,
such as single-unit recordings or gross HCs and nerve responses.
However, the modulation of vestibular reflexes highlights an
additional need to develop objective measures of peripheral
vestibular function in humans. These responses, whilst typically
robust and incorporating only three or four neurons in the
reflex pathway, can adapt and may be modulated by central
mechanisms (Mantokoudis et al.,, 2016). Thus, the clinical
diagnosis of vestibular disorders would likely benefit from
measures of peripheral vestibular function, similar to how
ECochG has been used in the diagnosis of several inner ear
disorders, such as Meniere’s disease, 8th nerve schwannomas,
auditory neuropathy, and sudden sensorineural hearing loss (see
Eggermont, 2017).

UTILITY OF EVestG IN RESEARCH

Increasingly, the linear BCV evoked VSEP is being used in
experimental animals to improve our understanding of both
fundamental and pathological peripheral vestibular function.
The VsEP has been studied in animal models of otoconia
deficiencies (Jones et al., 1999, 2004; Zhao et al., 2008), aging
(Mock et al, 2011; Vijayakumar et al., 2015), hyper-gravity
(Jones et al., 2000), gentamicin treatment (Perez et al., 2000;
Bremer et al., 2014; King et al., 2017), endolymphatic hydrops
(Kingma and Wit, 2009, 2010; Chihara et al., 2013), diuretic
effects (Bremer et al., 2012), anesthetics (Gaines and Jones,
2013), pharmacological agents (Irons-Brown and Jones, 2004),
inner ear genetic disorders (Jones S. M. et al., 2011; Lee
et al.,, 2013; Robertson et al., 2008; Mathur et al., 2015), and
noise trauma (Sohmer et al.,, 1999; Biron et al., 2002). More
recently, studies have demonstrated abnormal VSEP responses in
knockout mice lacking nicotinic acetylcholine receptors (Morley
et al., 2017), which are expressed at the peripheral vestibular
efferent synapse (Holt et al., 2015), on vestibular HCs (Simmons
and Morley, 2011), and within peripheral and central vestibular
neurons (Happe and Morley, 1998). Additionally, there is an
increasing interest in utilizing EVestG as a means to uncover
the functional role of the vestibular efferent system, in much

the same way the cochlear CAP and CM have been used to
study the functional role of the olivocochlear efferent neurones
(Gifford and Guinan, 1987; Elgueda et al., 2011; Lichtenhan et al.,
2016).

Importantly, it should be recognized that the VSEP provides
only a limited measure of peripheral vestibular function. That
is, research suggests that the BCV evoked VSEP is primarily
a response of the neurons innervating jerk-sensitive HCs on
the otoliths. The corollary of this is that the VSEP does not
provide a measure of neurones innervating static-sensitive HCs,
such as those in the extra-striola regions, or the SCCs, and
moreover it does not provide a measure of HCs function.
Therefore, the VSEP should not be used as a measure of
overall vestibular sensitivity. Experimental manipulations or
pathologies that alter the function of extra-striola or SCC HCs,
are unlikely to produce significant changes in the VSEP. There
are several pathologies that affect SCC but not otolith function
(e.g., Meniere’s disease; McGarvie et al, 2015), or affect the
superior nerve (which innervates the SCC and most of the utricle;
Curthoys et al., 2009), but not inferior nerve (e.g., superior
vestibular neuritis; Curthoys et al., 2011). Moreover, the VSEP
is a neural response, and should not be used as a definitive
indicator of vestibular HCs function. Auditory neuropathy
spectrum disorder is an example pathology of a pathology
which affects peripheral nerve but not HCs function (Stuermer
et al, 2015; Kim et al,, 2016). Lastly, precisely which HCs
and neurones are responsible for generating the VsEP is still
not entirely clear. That is, whilst evidence points towards the
VSEP being a response of jerk-sensitive HCs/neurons, this
may need further clarification, particularly given that different
forms of BCV stimulation, in different experimental animals,
may stimulate various the sub-sets of the peripheral vestibular
system.

As studies continue to demonstrate changes in the VSEP
due to genetic abnormalities or pharmacological treatments,
with little or no change in tissue morphology (Lee et al,
2013; King et al, 2017; Morley et al, 2017), there may
be a need to differentiate the cause of the functional loss
as either HCs or neural dysfunction, and it is here that
VM may be employed. When recorded from the inner ear
fluids, the VM is a “global” response from all vestibular HCs
types, because all vestibular HCs respond to low-frequency
stimulation, and the extracellular potentials will summate in
the fluids. Such a global VM measure is of limited use as
a measure of peripheral vestibular function. However, it may
be possible to obtain a “local” VM measure from specific
HCs, if the VM is recorded with glass micropipettes localized
in close proximity to the HCs (Pastras et al., under review).
Currently, there is a need to further develop techniques
for measuring vestibular HCs receptor potentials or currents
in vivo.

Lastly, there are few studies monitoring evoked EVestG
responses in humans. One area in which both ECochG and
EVestG are rapidly developing is as an intraoperative monitor of
inner ear function during inner ear surgeries such as the insertion
of cochlear and vestibular implants (Frijns et al., 2002; Campbell
et al,, 2015, 2016; Scott et al., 2016). Like the electrically evoked
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CAP (eCAP) component of “neural response telemetry”, the
electrically evoked VsEP (vestibular eCAP, or eVSEP) represents
the electrically evoked response of the vestibular nerve (Nie
etal, 2011). As the vestibular implant continues to be developed
for chronic vestibular disorders, the eVsEP is likely to play
an important role in the surgical positioning of the implant
electrodes within the vestibular system, and objectively assessing
the implants efficacy over time, as a supplement to monitoring
the electrically evoked vestibular reflex responses when patients
are awake.

CONCLUSION

Foremost, EVestG presents a simple tool to monitor vestibular
function in animal experiments. Currently, VSEPs are the
most prevalent EVestG responses measured in experimental
research, and the test setup and protocol developed by Jones
and Jones (1999), for use in mice and rats, largely dominate
the field. Gradually more research laboratories, such as ours, are
incorporating VSEP measurements, and experience suggests that
it is vital to have a clear understanding of the potential pitfalls
of EVestG measurements. That is not to suggest new EVestG
techniques cannot be developed to suit individual research needs,
and certainly we anticipate that EVestG measurement techniques
will evolve much the same way new ECochG techniques are being
developed. Particularly, techniques for measuring both the VM
and the VsEP simultaneously (Wit et al., 1981, 1986), as in the
case of the cochlear CAP and CM, are likely to help address
several key “unknowns” in vestibular research, such as the role
the vestibular efferents play (Morley et al., 2017).

Human EVestG responses haven’t shown much promise to
date; either because they are exceptionally small compared to
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and Leonardo Manzari*
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Air-conducted sound and bone-conduced vibration activate otolithic receptors and
afferent neurons in both the utricular and saccular maculae, and trigger small electro-
myographic (EMG) responses [called vestibular-evoked myogenic potentials (VEMPS)]
in various muscle groups throughout the body. The use of these VEMPs for clinical
assessment of human otolithic function is built on the following logical steps: (1) that
high-frequency sound and vibration at clinically effective stimulus levels activate otolithic
receptors and afferents, rather than semicircular canal afferents, (2) that there is differ-
ential anatomical projection of otolith afferents to eye muscles and neck muscles, and
(8) that isolated stimulation of the utricular macula induces short latency responses in
eye muscles, and that isolated stimulation of the saccular macula induces short latency
responses in neck motoneurons. Evidence supports these logical steps, and so VEMPs
are increasingly being used for clinical assessment of otolith function, even differential
evaluation of utricular and saccular function. The proposal, originally put forward by
Curthoys in 2010, is now accepted: that the ocular vestibular-evoked myogenic potential
reflects predominantly contralateral utricular function and the cervical vestibular-evoked
myogenic potential reflects predominantly ipsilateral saccular function. So VEMPs can
provide differential tests of utricular and saccular function, not because of stimulus selec-
tivity for either of the two maculae, but by measuring responses which are predominantly
determined by the differential neural projection of utricular as opposed to saccular neural
information to various muscle groups. The major question which this review addresses
is how the otolithic sensory system, with such a high density otoconial layer, can be
activated by individual cycles of sound and vibration and show such tight locking of the
timing of action potentials of single primary otolithic afferents to a particular phase angle
of the stimulus cycle even at frequencies far above 1,000 Hz. The new explanation is that
it is due to the otoliths acting as seismometers at high frequencies and accelerometers
at low frequencies. VEMPs are an otolith-dominated response, but in a particular clinical
condition, semicircular canal dehiscence, semicircular canal receptors are also activated
by sound and vibration, and act to enhance the otolith-dominated VEMP responses.

Keywords: vestibular, utricular, saccular, vestibular-evoked myogenic potential, cervical vestibular-evoked
myogenic potential, ocular vestibular-evoked myogenic potential, sound, vibration
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PREFACE

In thelast 5 years, there has been a very rapid growth of knowledge
concerning vestibular-evoked myogenic potentials (VEMPs) and
their physiological basis (1, 2). This includes new understanding
of how sound and vibration activate otolithic receptors. The pre-
sent review seeks to provide a concise comprehensive overview, as
accurate as we can make it at May 2018, of the basic physiological
mechanisms underlying VEMPs.

INTRODUCTION

Before the 1990s, the usual way to probe the function of the
otoliths was to measure responses, such as eye movements or
perception, to maintained or low-frequency linear acceleration
stimuli provided by sleds or centrifuges or tilting chairs (3-8).
Such tests were clinically impractical because of the small, vari-
able, unreliable responses, as well as safety issues in delivering
the stimuli. Since then there has been a major change: now
surface electrodes on the skin are being used to record myogenic
potentials in response to sound and vibration to probe otolith
function, simply, quickly, reliably, and safely. These are called
vestibular-evoked myogenic potentials (VEMPs). It is now
clear that because of extensive indirect projections of vestibular
neurons there are a host of VEMPs throughout the body (9,
10), with the two most frequently studied being the cervical
vestibular-evoked myogenic potential [cVEMP—recorded
from above the tensed sternocleidomastoid muscle (SCM)] and
the ocular vestibular-evoked myogenic potential (0VEMP—
recorded from above the inferior oblique as the patient looks
up) (11-14) (see Figure 1).

The primary question is: are VEMP responses to sound (ACS)
or bone-conducted vibration (BCV) really due to vestibular acti-
vation, since obviously sound and vibration stimulate cochlear
receptors? That question was answered by showing the presence
of VEMPs in patients without hearing but with vestibular func-
tion, and the absence of VEMPs in patients with hearing but
without vestibular function after systemic gentamicin (11, 13,
17). These data show conclusively that VEMP tests are vestibular
and not cochlear, and that evidence is supported by physiologi-
cal research showing primary otolithic neurons are activated by
sound and vibration. However, the next major question is how
sound and vibration activate otolithic receptors and afferents, and
that is the main focus of this review—the physiological basis for
using these myogenic potentials to index otolith function, and the
rationale for using these tests to test utricular or saccular function
differentially.

The traditional view of the otoliths has been that they are flat
sheets of tissue (called maculae—Figure 2) in which there are

Abbreviations: ABR, auditory brainstem response; ACS, air-conducted sound;
BCV, bone-conducted vibration; Fz, the midline of forehead at the hairline; 10,
inferior oblique eye muscle; VEMP, vestibular-evoked myogenic potential; cVEMP,
cervical vestibular-evoked myogenic potential; 0VEMP, ocular vestibular-evoked
myogenic potential; OL, otoconial layer; NEL, neuroepithelial layer; SCD, semicir-
cular canal dehiscence; n10, the negative potential of the oVEMP at about 10 ms
latency; SCM, sternocleidomastoid muscle; SPL, sound pressure level.

embedded thousands of receptor hair cells with their hair bundles
projecting into the gelatinous otoconial layer (OL) covered by
crystals of dense otoconia [specific gravity of 2.73—similar to
granite (18)]. In the human, there are around 33,000 receptors in
each utricular macula and 18,000 in each saccular macula, with
about 5,000 utricular afferents and 4,000 saccular afferents (19,
20). The stimulus for causing vestibular hair cell transduction
is deflection of the hair bundle with respect to the cell body of
the receptor in the neuroepithelial layer (NEL) of the macula or
crista. The traditional view is that the otoliths are stimulated by
linear accelerations (such as head tilt) because the linear accelera-
tion drags the otoconia and so deflects the hair bundles of the
otolithic receptors (21) (Figures 2B-E). Because of the high den-
sity of the otoconia, the otoliths have been regarded as a sensory
system responsive to static tilts and fairly low frequencies of linear
acceleration—up to a few hundred Hertz [e.g., Ref. (21-26)].

Physiological evidence shows the otoliths do respond to
maintained tilts and low-frequency linear accelerations, and
here, we call this the accelerometer mode of otolith operation.
But there is now abundant evidence that some otolithic receptors
and afferents can be activated by air-conducted sound (ACS)
and BCV up to frequencies of thousands of Hertz. This is shown
by neural recordings of otolithic afferents with irregular resting
discharge in squirrel monkey, cat, rat, and guinea pig (28-41).
This neural evidence of otolithic activation by high frequencies
is the foundation on which VEMPs to ACS and BCV are used to
test otolith function.

The maculae are (moderately) curved structures (Figure 2)
(42). The receptor cells, embedded in the neurepithelium of the
maculae, fall into two types: amphora-shaped type I receptors or
cylindrical type I receptors, and these two types are intermingled
across the maculae (43, 44). Otolithic receptors are activated by
hair bundle deflection toward the longest cilium (the kinocilium),
and so each receptor has a preferred direction which is termed
its morphological polarization. The receptors have opposite
morphological polarization on either side of a dividing line now
called “the line of polarity reversal” (Figure 2).

The receptors in a band (called the striola) straddling the line
of polarity reversal are especially important—they have short stift
cilia with tenuous attachment to the otoconial membrane (27,
45), and there is a greater concentration of type I receptors in
the striola (44, 46). The type I receptor cell bodies are enveloped
by the calyx ending of afferents with irregular resting discharge
(31, 47, 48). It appears that the attachment of the hair bundles of
striolar receptors to the overlying otoconial membrane is tenu-
ous (27, 49, 50). Extracellular recordings from primary otolithic
afferents with irregular resting discharge have shown that these
afferents are sensitive to sound and vibration, and histological
tracing has shown these afferents contact type I receptors at the
striola (31, 33).

Songer and Eatock (51) used intracellular recording from
isolated type I otolithic receptors and showed that mammalian
type I receptors could respond to displacements at frequencies
of hundreds of Hertz (and probably higher). The size of these
displacements is small, but only small displacements are needed
since individual vestibular receptors are almost as sensitive as
individual cochlear receptors. Using intracellular recordings
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FIGURE 1 | Vestibular-evoked myogenic potentials (VEMPs). There are a host of VEMPs since vestibular input projects indirectly to many muscle groups. The two
VEMPs which have received the most attention are cervical vestibular-evoked myogenic potentials (cVEMPs) and ocular vestibular-evoked myogenic potentials
(oVEMPs). cVEMPs are recorded by surface electromyographic (EMG) electrodes over the tensed sternocleidomastoid muscles (SCMs) (11). The cVEMP consists of
a short latency (13 ms from onset to peak) positive (i.e., inhibitory) EMG potential in response to high-intensity air-conducted sound (ACS) or bone-conducted
vibration (BCV) (15). oVEMPs consist of a small (5-10 uV) negative (i.e., excitatory) potential recorded by surface electrodes on the skin beneath the eyes from the
inferior oblique in response to BCV or ACS (12, 13). To record the oVEMP, the subject must be looking up. (A) Electrode placement for oVEMPs and cVEMPs; the
ground electrode (not shown) is typically on the chin or sternum. (B) [Reprinted from Iwasaki et al. (16) © 2009, with permission from Elsevier.] Typical oVEMP and
cVEMP traces for a healthy subject: the magnitude of the n10 response is approximately equal beneath both eyes for the oVEMP, and similarly the magnitude of the
p13-n23 response is approximately equal in both SCMs for the cVEMP.

from individual receptors stimulated by hair bundle deflection,
Geleoc et al. (52) have shown that isolated vestibular receptors
have similar thresholds for hair bundle displacement as cochlear
receptors—deflections of the receptor hair bundles of around
10 nm generate intracellular potentials in both cochlear and
vestibular receptors.

Throughout both utricular and saccular maculae, there are
receptors (probably cylindrical type II receptors) with long cilia
projecting into the otolithic membrane (45). Afferent neurons
with regular resting discharge make extensive contacts with
extrastriolar type I and II receptors (47), but guinea pig otolithic
afferents with regular resting discharge do not respond to ACS
and BCV at reasonable levels [2 g peak to peak max or 130 dB
sound pressure level (SPL) (31)].

Extracellular recordings of single primary otolithic afferents
with irregular resting discharge show that they have a stimulus-
locked increase in firing rate to ACS or BCV stimulation up to
frequencies of thousands of Hertz (31) (Figure 3). The threshold
as a function of frequency is very different for ACS vs BCV. For
ACS, the lowest thresholds are at around 90 dB SPL at 1,000 Hz,
with cells still responding with relatively low thresholds to 2,000
and 3,000 Hz ACS stimuli. For BCV, the lowest threshold is around
0.02 g at frequencies from 100 to 500 Hz. For BCV frequencies
above 750 Hz, there is a very steep increase in threshold beyond
750 Hz, so that few neurons are activated by BCV at 2,000 Hz
(even at 2 g peak to peak). At lower frequencies such as 500 and
750 Hz, BCV is a much more effective and reliable stimulus than
ACS—the threshold for single neurons to BCV is around 0.02 g
peak to peak, which is around the level for auditory brainstem

response (ABR) threshold, whereas vestibular neural thresholds
for ACS are at levels about 70 dB above ABR threshold (29, 31).

PHASE LOCKING

The exact response of these primary otolithic irregular neurons to
BCV and ACS reveals a vital principle in the mechanism of trans-
duction of high frequencies. For all neurons activated by ACS or
BCYV, the neurons do not fire an action potential on every single
cycle, but the moment when the neuron fires is locked to a narrow
band of phase angles of the stimulus waveform (Figure 4) (31, 38,
53). This is true up to very high frequencies even >3,000 Hz. For
individual afferents, the measured optimum phase angle system-
atically changes with frequency for both ACS and BCV, reflecting
the latency of the afferent. Also the optimum phase angle for an
individual afferent neuron at a given frequency is not constant but
varies from neuron to neuron (38, 53).

The phenomenon of phase locking shows that for both BCV
and ACS, every single cycle of the sine wave stimulus is the
effective stimulus for the afferent (31), even up to frequencies of
3,000 Hz where the duration of an individual cycle is so short
(0.3 ms). It means that the receptors are being displaced at this
very high frequency (3,000 times/s in this example), but when
they fire is tightly locked to a particular phase angle of the sine
wave stimulus even at this high frequency (38). Phase locking
is very well established for cochlear receptors and afferents—the
action potentials in cochlear afferent neurons are locked to each
displacement of the basilar membrane. Phase locking of cochlear
afferents is recognized as being a major code for the transmission
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either side of the lpr (27). Schematics of type | (B,D) and type Il receptors
(C,E) show how linear acceleration acts on otoliths and so deflects the hair
bundles of individual receptors.

of auditory frequency information (54, 55), see Fettiplace (56) for
arecent excellent review. It is now clear that phase locking applies
to otolithic neurons with very tight locking to particular phase
angles up to high frequencies. This may be due to the fact that
irregular afferents are excellent detectors of change in stimulation
(jerk detectors) (31, 38).

How can such an apparently sluggish system as the otoliths
with such dense otoconia exhibit phase locking to stimulus
frequencies of thousands of Hertz? One answer comes from
recording the vestibular microphonic, which shows that mam-
malian utricular receptors are activated at such high frequen-
cies (57, 58). The vestibular microphonic is a field potential to
sound or vibration and is a direct electrophysiological indicator

of otolithic receptor hair cell function. The vestibular micro-
phonic has been recorded in vivo in anesthetized guinea pigs
by electrodes piercing the underside of the utricular macula
with a glass microelectrode and then measuring the vestibular
microphonic to BCV or ACS stimuli of varying frequency and
amplitude (Figure 5) (57). Most importantly, in these animals,
the cochlea has been completely removed, so there is no contribu-
tion from the cochlear microphonic. The recent paper (57) gives
the evidence that the vestibular microphonic is a field potential
due to otolithic receptor hair cell activation—reporting all the
correct controls—such as chemically silencing afferent neurons
and showing that the vestibular microphonic remains, and
conversely chemically silencing the receptors and showing that
the vestibular microphonic disappears, leading to the conclusion
that the vestibular microphonic is a field potential generated by
otolithic hair cells (utricular hair cells in this case) (Figure 5).
The vestibular microphonic (strictly the utricular microphonic)
has been recorded up to frequencies of 3,000 Hz. Those results
complement the results from single neuron recordings: mamma-
lian utricular receptors really do respond to very high frequencies
(up to 3,000 Hz), far above what the otoliths are usually thought
to be capable of transducing. But how? The simple answer is that
the macula moves.

Many years ago, Tullio used fine aluminum particles on the
surface of the utricular macula to demonstrate visually that
sound caused rabbit utricular macula to move (60). We have
confirmed Tullio’s results by using laser Doppler vibrometry to
measure the velocity of guinea pig utricular macula movement
during ACS and BCV stimulation. A tiny glass bead was placed
on the exposed underside of the utricular macula and a laser
beam aimed at it. The Doppler shift in the wavelength of the
reflected beam during BCV or ACS stimulation (59) confirms
that the macula is moving and gives the macula velocity. These
measures show thatboth ACSand BCV cause the macula to move
as Tullio had reported, and at frequencies up to 3,000 Hz. The
actual displacements are small—nanometers—but the results of
Geleoc et al. (52) show how very sensitive vestibular receptors
are, so that deflections of the macula of nanometers can activate
vestibular receptors.

Irregular otolithic afferents respond to the time rate of change
of acceleration (jerk) rather than to acceleration itself. That jerk
sensitivity has been demonstrated in otolithic evoked potentials
(61) to pulses of linear acceleration. That jerk sensitivity adds
to the puzzle—now this “sluggish” system not only transduces
maintained linear accelerations but also this evidence shows it
really does respond to extremely fast stimuli. The puzzle to be
explained is that the one sensory system is responding over a large
range of frequencies—from DC up to 3,000 Hz. How could high
frequencies of BCV cause macula and hair bundle displacements
at 3,000 Hz, given the very large specific gravity of the otoconia
and the viscosity of the otolithic membrane?

Grant and Curthoys (62) have put forward a model of the oto-
liths which addresses that question. The model holds that there
are two modes of otolithic operation: the traditional accelerom-
eter mode and the new seismometer mode. At low frequencies
of BCV, the otoconia move relative to the skull, while the macula
stays stationary, and so the hair bundles of the receptor cells
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FIGURE 3 | Time series of firing of an irregular otolith neuron during stimulation by bone-conducted vibration (BCV) and air-conducted sound (ACS) at 500 Hz—
both stimuli cause stimulus-locked activation. The top trace (a) shows the command voltage indicating when the stimulus is on. The second trace shows the
extracellular recording. The three bottom traces (x, y, z) show the triaxial accelerometer recording of the stimulus. The left panel is an example of BCV stimulation
and the right of ACS stimulation of the same neuron. Note the scale of stimulus intensity in g at the left margin between traces x and y. Reprinted by permission
from Springer Nature, Curthoys and Vulovic (29), © 2011.
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FIGURE 4 | (A) Time series of action potentials in response to a bone-conducted vibration stimulus (shown by the red acceleration trace). Traces which contain a
spike of neural firing are aligned using the timing of the stimulus pulse. (B) Circular histogram (rose plot) of the phase of each spike; the small and large concentric
circles represent n = 25 and n = 50 spikes, respectively. The Rayleigh test of circular uniformity was performed on the 142 spikes, and was significant (o < 0.001),
showing that the time when an afferent is activated is phase locked to the stimulus. Here, the neuron misses many cycles (A), as can be seen from the value of the
action potentials which contain no spikes in the cycles preceding each instance of firing, but the time when the neuron fires is locked to a narrow band of phase
angles of the stimulus (B). Clearly each individual cycle of the stimulus is acting to activate the receptor/afferent.

are deflected (Figure 6). This is the “traditional” accelerometer
mode of operation. In the accelerometer mode, the otoconia
move relative to the macula, while the macula is accelerated
with the skull motion. At high frequencies, the system operates
in the seismometer mode: the otoconia remain at rest (due to
their inertia) while the macula is in motion, again producing a
relative displacement between the otoconia and macula. In both

cases, there is relative motion between the otoconia and macula,
displacing hair bundles. We explain this in more detail below.
Otoliths are biological-mechanical sensors that measure the
acceleration of the head in the plane of the otolith. The accelera-
tion that is measured is the vector sum of gravity and the inertial
acceleration and is called the gravitoinertial acceleration, but is
generally just referred to as the head acceleration. The otolith
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FIGURE 5 | Microphonic recording and laser Doppler measurement of macula movement, showing the relation between the vestibular microphonic and the velocity
of macula movement during bone-conducted vibration (BCV) or air-conducted sound (ACS) stimulation. A microelectrode on the surface of the utricular macula

(A) records a microphonic potential from the utricular receptors in response to BCV (B) or to ACS (C). There is no contribution from the cochlea since it has been
completely ablated. (B) Vestibular microphonic responses to a BCV tone burst (40 ms, 400 Hz sinusoid) prior (top trace) and following (middle trace) lignocaine
application to the vestibule to block the vestibular nerve. The microphonic remains after lignocaine injection showing it is a receptor field potential. Bottom trace: the
BCV stimulus; the linear acceleration as recorded by a triaxial linear accelerometer on the ear bar. (C) Laser Doppler vibrometry. A laser beam is projected onto a
reflective glass bead on the macula and the Doppler shift of the wavelength of the reflected beam shows the velocity of macula movement during BCV or ACS
stimulation. Panel (C) shows the simultaneous measurement of vestibular microphonic and macula velocity. (B) Reprinted from Pastras et al. (57), © 2017, with
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moves. In both cases, the hair bundles are deflected and the receptors are
activated.

acceleration value is a measurement of the relative displacement
between the otolithic membrane and the NEL. This displacement
measurement is made by the hair cells in the NEL and reported
to the brain via the otolithic afferents.

Static or low-frequency linear acceleration causes the otoco-
nia to move relative to the NEL of the utricular macula. During
amaintained head tilt (a DC stimulus), the linear acceleration of
gravity acts on the otoconia and displaces the otoconia relative
to the NEL, so the hair bundles of the otolithic receptor hair
cells (both type I and type II receptors) are deflected relative to
their cell bodies and a neural signal is transmitted to the brain

via the otolithic afferents, signaling that linear acceleration has
occurred. This is the “traditional” accelerometer mode of otolith
operation.

If a high-frequency vibration (e.g., 2,000 Hz) is applied to the
skull, it causes the NEL to move at the same 2,000 Hz frequency.
But because of their mass, the otoconia remain stationary. The
consequence is that again the hair bundles will be deflected and
action potentials will be propagated in otolithic afferent neurons.
This is the seismometer mode of otolith operation. The differ-
ence is that in the first (accelerometer) mode, the otoconia move
relative to the skull and in the second (seismometer) mode, the
macula moves relative to the skull. In both modes, the otoconia
and macula move with respect to each other, so the hair bundles
of the receptors are displaced relative to the cell body. In this
way, linear acceleration and high-frequency vibration can both
stimulate the otolithic receptors.

Neurons cannot fire at such high rates (2,000 spikes/s), but
at all frequencies the hair bundles of the receptors are deflected
and activated once per cycle, and the neural evidence shows that
when the afferent neurons fire, the action potentials show phase
locking to the individual cycles of the stimulus at both low and
high frequencies.

Given the usual stimulus strength used in VEMP testing
to BCV, we estimate that the magnitude of these deflections
is probably in the 50-80 nm range. With such small deflec-
tions, it is only the type I hair cells in the striolar region, that
are stimulated. These type I hair cells are stiff (45) due to their
large number of stereocilia and are stimulated with these small
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displacements seen in the high-frequency seismometer mode
stimulus. The type II hair cells are less stiff and require larger
deflections for stimulation. Afferents with regular resting dis-
charge receive input predominantly from type II receptors, but
are not activated by high-frequency BCV or ACS at the levels
tested experimentally.

The model is essentially the result of application of engineer-
ing principles for the design of accelerometers and seismom-
eters, to the otoliths. Importantly, engineering analysis shows
that the one system can operate both as an accelerometer
and as a seismometer. On this “accelerometer-seismometer”
model, the one sensory system, the otoliths, transduces both
low-frequency (even DC) linear accelerations and also very
high-frequency stimuli. The empirical evidence that this hap-
pens comes from recordings of single otolithic afferents to a
wide range of frequencies varying from 37 to 2,000 Hz (31) and
showing that the one afferent is activated by stimuli across such
a large frequency range, and from measuring (and modeling)
the stimulus thresholds needed to activate the neuron across
this large range.

Commercial accelerometers have an undamped natural fre-
quency in the 10-20 kHz range and seismometers in the 5-10 Hz
range. Otoliths have undamped natural frequencies in between
these frequencies, which allows them to operate in both modes
(accelerometer and seismometer) over the frequency ranges that
have been shown to activate otoliths. It is the unique undamped
natural frequency that allows the otoliths to make the transition
over the two operating modes.

While this model accounts for the fact that receptor hair
bundles can be displaced at various frequencies, we need to
drill down into the micromechanics of hair bundle deflection to
answer the final question: exactly how do the hair bundle deflec-
tions occur for both BCV and ACS stimuli? This comes down to
what happens at the interface between the receptor cilia and the
otolithic membrane during stimulation.

Atthestriola the short, stiffhair bundles of the receptors project
into holes in the otolithic membrane (49, 50, 63-65). So any wall
motion of the holes in the column filament-gel layer structure
of the otolithic membrane will produce endolymph fluid motion
within the hole. In the striolar region, the hair cell bundles are
only weakly attached at the top of the kinocilium (27), or not
attached at all and are free standing (49). This fluid motion within
the hole produces a drag force on the bundle, causing it to deflect.
The fluid environment is so viscously dominated (Reynold’s
numbers—the ratio of inertial to viscous forces of 10~*~1072) that
bundles move instantaneously with any fluid movement. In other
words, this coupling of fluid motion to hair bundle is so strong
that the hair bundle displacement follows the fluid displacement
almost exactly. The viscous dominated environment results in
bundle displacement matching fluid displacement almost exactly,
so fluid displacement is synonymous with hair bundle displace-
ment. This account would also apply to receptor activation by
ACS, since the vibrometry shows that the utricular macula moves
during high-frequency ACS as well as during BCV. In sum, we
suggest that the actual stimulus causing hair bundle deflection
is the fluid displacement around the cilia of the type I receptors
(see Box 1).

BOX 1 | Transduction model of Grant and Curthoys (62).

1. The otolithic system is underdamped. The transition from accelerometer
mode to seismometer mode would not take place if the system were not
underdamped.

2. The transition from accelerometer to seismometer takes place at the
system undamped natural frequency (estimated to be around 600 Hz for
humans).

3. In the accelerometer mode, head acceleration causes the otoconial layer
(OL) to lag behind the neuroepithelial layer (NEL), producing a relative
displacement between NEL and OL. This relative displacement deflects
receptor hair bundles which activates the receptors.

4. In the seismometer mode at high frequencies, the OL remains at rest due to
its inertia and the NEL is in motion, again producing relative displacement
between the two layers and so again activating receptors.

5. Using vestibular-evoked myogenic potential (VEMP) test frequencies and
acceleration magnitudes, we estimate the relative displacement between
the two layers is around 50-80 nm. This displacement is small but sufficient
to stimulate the short, stiff, loosely attached type | hair cell bundles in the
striolar regions, while not large enough to activate extrastriolar type Il hair
bundles.

6. The model has implications for clinical testing: the ideal stimulus for oto-
liths and thus VEMPs is one with a very rapid rise time since the otolithic
receptors are jerk detectors. That agrees with animal experimental (61) and
clinical data (98) (see below) that short rise times are optimal for eliciting
ocular vestibular-evoked myogenic potentials. Modeling of the neural
data (62) indicates 750 Hz is probably the optimum frequency for testing
VEMPs.

PHYSIOLOGY RELEVANT FOR CLINICAL
TESTING

Suzuki et al. electrically stimulated the utricular nerve in cats
and showed it caused eye movements with torsional, vertical,
and horizontal components (66). We reasoned that if 500 Hz
BCV is a specific otolithic stimulus, it should generate a similar
pattern of eye movements to those reported by Suzuki et al,,
and Vulovic and Curthoys (67) showed that brief 500 Hz
BCV pulses of the skull of an alert guinea pig generated eye
movements with horizontal vertical and torsional components
similar to those Suzuki et al. found (Figure 7). These eye move-
ments are due to vestibular as opposed to cochlear activation,
because after intratympanic injection of gentamicin to the
guinea pig, a procedure which selectively kills vestibular type I
receptor cells (68, 69), the BCV evoked eye movements disap-
pear but the indicator of cochlear function, the ABR response,
remains (67).

Do these conclusions apply to human otolith-induced eye
movements? In some healthy subjects (without any symptoms
of superior canal dehiscence) we used fast high resolution video
recording to record eye movements, and found that brief bursts
of 500 Hz BCV of one mastoid delivered by a small clinical bone
oscillator (Radioear B-71) caused small but systematic and reli-
able stimulus-locked eye movement responses with horizontal,
vertical, and torsional components (Figure 7) at a short latency of
about 20 ms or less (70). In these experiments, the subjects were
biting on a bite-bar during the BCV stimulation to minimize head
rotation and so minimize semicircular canal stimulation. Prior to
such eye movements there would be electromyographic (EMG)
potentials in the ocular muscles to cause the eye movement

Frontiers in Neurology | www.frontiersin.org

May 2018 | Volume 9 | Article 366



Curthoys et al.

Neural Basis of VEMPs

Torsional eye position
Extorsion

10.3 deg

A Guinea pig B Guinea pig
before ITG after ITG
Left Eye Left Eye

¢ Human

Left Eye, BCV to R mastoid
while looking up

Jo5 deg

CCwW

-
e q NS

e

ntorsion

Vertical eye position
Elevation

e
===
CyV\V/“\AD

Up

Horizontal eye position
Adduction

HRITAE
/ K/

Down

Left

AN 2,
~ o

Abduction

HAAHARE

Right

25 50
Time (ms)

Curthoys (67), © 2011, with permission from Elsevier.

25
Time (ms)
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response, and it is these potentials in eye muscles which are
recorded in VEMPs.

Air-conducted sound and BCV both activate both utricular
and saccular afferents (29, 31, 33). Saccular afferents in guinea
pigs do have alower threshold to ACS than utricular afferents. But
afferents from both maculae respond to both ACS and BCV (30,
31, 33). So how then is it possible to differentially assess utricular
as opposed to saccular function? Curthoys put forward the origi-
nal idea that the differential assessment of utricular and saccular
function can come from the largely differential neural projections
of these two systems (71). Physiology shows that short latency
saccular projections to inferior oblique are weak, whereas saccular
projections to neck and spinal motoneurons are strong (72). The
work of Suzuki et al. (66) had shown that utricular projections

to inferior oblique are strong, so Curthoys suggested that meas-
uring the contralateral oVEMP—from the inferior oblique eye
muscles—largely reflects the activation of contralateral utricular
afferents by either ACS or BCV. Saccular projection to ipsilateral
neck motoneurons is strong, so it was suggested that measuring
the ipsilateral cVEMP from stretched neck muscles shows largely
ipsilateral saccular function (71) (Figure 8). In this way, VEMPs
can provide tests of utricular and saccular function not because of
stimuli which selectively activate one or other of the two maculae,
but by measuring responses which are predominantly determined
by the differential neural projection of utricular as opposed to
saccular projections to various muscle groups (Figure 8). This
suggestion caused considerable controversy at the time (73, 74);
however, data from patients with partial unilateral vestibular
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neuritis have provided evidence confirming those suggestions.
In response to ACS or BCV some patients show selective loss of
the contralateral oVEMP n10, but preservation of the ipsilateral
cVEMP pl13-n23 (75, 76). Other patients show the converse:
symmetrical oVEMPs but asymmetrical cVEMPs: the ipsilateral
cVEMP is reduced or eliminated, yet the oVEMP is not detect-
ably affected (77). The logical consequence of that dissociation is
that the two responses, oVEMP and cVEMP, must be generated
from different sense organs—because to the same stimulus one
response is affected, the other is not. Since the utricular afferents
travel in the superior nerve and project to contralateral inferior
oblique, it is most likely the utricular afferents which are affected.
In light of these results, the Curthoys (71, 74) suggestion is
now accepted: “Ocular vestibular evoked potentials are mainly

dependent on utricular pathway function” [(78), p. 1843] and
“The oVEMP originates predominantly from utricular afferents”
[(79), p. 1051].

The stimulus frequency usually used for clinical testing of
VEMPs is 500 Hz, and that frequency causes fairly selective
activation of otolithic irregular neurons: at 500 Hz semicircular
canal afferents with irregular resting discharge are not usu-
ally activated by sound or vibration in animals with normally
encased bony labyrinths, at least up to BCV stimulus levels of
2 gor 130 dB SPL ACS (28, 31). Carey et al. reported that to
elicit phase locking in irregular canal afferents in the chinchilla
with a normally encased labyrinth required an extremely high
intensity (135 dB SPL) (82). We have confirmed that result in
guinea pigs (81, 83). Regular canal and otolith afferents are not
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activated usually by physiological levels of ACS and BCV. Higher
level stimuli may cause them to be activated, but such levels are
not clinically realistic. So usually there is little or no contribu-
tion from regular or irregular semicircular canal afferents during
VEMP testing. That is changed in patients with a thinning—a
dehiscence or window (fenestra or SCD) of the bony wall of
the semicircular canal, who show very large VEMP potentials
(discussed below).

The physiological results show that an SCD changes the
neural response. After making an opening into the bony wall
of the anterior canal, the procedure resulted in phase-locked
activation of irregular canal afferents at a much lower intensity
(96 dB SPL) than with the labyrinth encased (135 dB SPL) (82).
These SCD-enhanced vestibular neural responses are consist-
ent with the results from patients with a CT-verified SCD who
show enhanced VEMPs to sound and vibration and nystagmus
in the plane of the dehiscent canal during maintained tonal
stimulation (84). However, it should be emphasized that both
the neural and clinical results are variable; not all patients with
CT-verified SCD develop the same classic symptoms, and there
is considerable variability in the neural results (85). This is not
surprising since the fenestra varies from patient to patient in
humans and animals, and many other factors have the potential
for influencing the results, such as collapse of the membranous
duct (86).

The definitive evidence about the neural response in SCD
comes from the response of individual neurons where the same
neuron was recorded both before and after the SCD and in some
cases after resealing the SCD (Figure 9). After SCD, guinea pig
irregular semicircular canal afferents, previously unresponsive
to ACS or BCV in animals with fully encased labyrinths, respond
vigorously with low threshold to the same stimulus magnitude
which was ineffective before SCD (83, 87). Maintained sound
or vibration results in a maintained high firing rate in irregular
anterior canal neurons. This has been confirmed by Iversen
et al. (88), who also confirmed the report by Curthoys and
Grant (53) that an SCD causes a slow change in firing of regular
canal afferents to maintained sound. This change in neural fir-
ing corresponds to the cupula deflection caused by endolymph
movement due to the SCD causing an impedance pumping
type of action. Such a high firing rate would cause a maintained
nystagmus in human patients (the Tullio phenomenon) (81).
Nystagmus caused by such phase-locked activation in human
patients would be expected to have abrupt onset and offset, as in
fact happens in some patients in the clinical test called vibration-
induced nystagmus (89).

Why should an SCD cause semicircular canal neurons
previously unaffected by ACS or BCV now to respond to
ACS and BCV? The SCD is a third window and so ACS and
BCV cause larger fluid displacement in the duct (90, 91),
and irregular canal afferents synapsing on type I receptors at
the crest of the crista (43, 92, 93) are activated by these fluid
displacements (83). Although similar structurally and physi-
ologically to otolith type I receptors, canal type I receptors are
not usually activated by ACS or BCV, because the sealed bony
wall of the canal limits the amplitude of the sound-induced or
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FIGURE 9 | The response of the one anterior canal neuron to high-frequency
air-conducted sound (ACS), before and after a small dehiscence in the bony
wall of the anterior canal. (A) The response of the neuron to pitch angular
acceleration identifies the neuron as being an anterior canal afferent.

(B) Before semicircular canal dehiscence (SCD), an 8 s burst of 1,483 Hz
ACS has no effect on the neural response. (C) After SCD, a 10 s burst of an
ACS of 1,479 Hz causes strong activation. Resealing the SCD causes that
enhanced response to disappear. Reprinted by permission from Springer
Nature, Curthoys (81), © 2017.

vibration-induced fluid displacement in the canal. We reasoned
that after an SCD, the increased fluid displacement is sufficient
to deflect the short stiff cilia of type I semicircular canal recep-
tors on the crista, and so irregular canal afferents would show
phase-locked activation after SCD to both ACS and BCV, and
in humans, canal neurons would thus contribute to the VEMP
response as was found (83).

Such an outcome in human SCD patients would result in
lower VEMP thresholds, as is observed. In addition, irregular
anterior canal neurons project to contralateral inferior oblique,
and so after SCD these neurons would now contribute to and
enhance the oVEMP nl0 response in the contralateral inferior
oblique after SCD (Figure 10). Also by virtue of their ipsilateral
(inhibitory) projection to SCM (72) (Figure 8), the activity of
these canal afferents would enhance the cVEMP over the ipsi-
lateral SCM.

In summary, the physiological evidence predicts the enhanced
VEMP response seen after SCD. Patients with CT-verified SCD
show VEMPs in response to very high-frequency stimula-
tion which is ineffective in healthy subjects with intact bony
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FIGURE 10 | Recordings of ocular vestibular-evoked myogenic potentials (0VEMPS) (A,C) and cervical vestibular-evoked myogenic potentials (cVEMPSs) (B,D) to
500 Hz bone-conducted vibration (BCV) from a healthy subject (A,B) and a patient with semicircular canal dehiscence (SCD) (C,D). In each record, the stimulus
onset occurred at time 0. In the healthy subject, BCV at the midline of forehead at the hairline (Fz) causes symmetric oVEMP beneath both eyes, with approximately
equal amplitude oVEMP n10 components (arrowheads). By contrast, the same Fz stimulus causes an asymmetric n10 component of the oVEMP response in the
patient: the oVEMP n10 recorded from beneath the contralesional eye is much larger than the oVEMP n10 recorded from beneath the ipsilesional eye, and is also
much larger than seen in the healthy subject. In response to BCV at Fz, both subjects show clear cVEMP p13-n23 [arrowheads in (B,D)]. The response in the
ipsilesional sternocleidomastoid muscle (SCM) in the patient is larger than in the patient’s contralesional SCM, but the asymmetry is not as great as in the same
patient’s oVEMP traces. The cVEMP responses of the normal subject are more symmetrical than in the SCD patient. Reprinted by permission from Wolters Kluwer

SCD Patient

v

labyrinth (95): a single VEMP test using 4,000 or 8,000 Hz elicits
clear oVEMPs in such patients. Patients may have trouble even
hearing the 8,000 Hz stimulus, which produces clear oVEMP
n10 (95).

Afferents from other canals would probably not be affected
by the SCD in one canal because after SCD the enhanced fluid
displacement is apparently mainly directed to the canal with
the new “third window.” This is in accord with what is usu-
ally found with human patients—the nystagmus produced by

sound usually aligns with the canal in which the fenestra is
located (96).

So how is an oVEMP n10 in human subjects to ACS or BCV
normally caused? Probably the most effective otolithic stimulus
is a light tap with a tendon hammer to the skull at the midline of
forehead at the hairline, because that is a high-jerk stimulus (97),
and that pulse of jerk would be expected to cause simultaneous
activation in many otolithic irregular afferents. We know it is the
very onset of the stimulus which is effective in generating human
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FIGURE 11 | Ocular vestibular-evoked myogenic potential (0VEMP)
responses [(A) time series for each stimulus type; (B) amplitudes of the n10
peak] from a subject receiving 500 Hz bone-conducted vibration stimuli at
the midline of forehead at the hairline. Tone bursts of varying rise times
(ramps) were presented in random order. The size of the n10 component of
the oVEMP depends on the rise-time of the tone burst stimulus: increasing
the rise time causes a systematic reduction of the n10 amplitude. This is
quantified in panel (B), where n10 amplitude is plotted against rise-time.
Reprinted by permission from Wolters Kluwer Health, Inc.: Burgess et al. (98),
© 2013.

oVEMP n10. Using very short rise-times (ramps) increases the
magnitude of the oVEMP n10 (98) (Figure 11). Also, if a long
duration 500 Hz stimulus is used and then its duration progres-
sively reduced, the size of the oVEMP n10 for a stimulus duration
of 2 ms is about the same as for a stimulus lasting 10 ms (99).
The paradoxical aspect is that such a short stimulus sounds (and
feels) pathetically weak, but the EMG measures show it is just as
effective at eliciting an oVEMP n10 response as a long duration
10 ms stimulus (99) which subjectively appears to be a much
stronger stimulus. Both results point to the very onset of the
stimulus as being of great importance in determining the size of
the oVEMP n10.

The widespread use of these tests together with the use of the
video head impulse test of the function of all the semicircular
canals has refined vestibular diagnosis of peripheral vestibular
disorders. It is now clear that some patients have normal semi-
circular canal function bilaterally but total loss of otolith func-
tion unilaterally—as shown by reduced or absent oVEMP and
cVEMP from one labyrinth. Even with unilateral loss of just the
utricular macula with completely normal canal function and
normal saccular function (100). These selective deficits support
the contention that any individual sense organ of the vestibular
labyrinth can exhibit dysfunction while the remainder of the
labyrinth functions normally.

There is strong physiological evidence underpinning the initial
step of VEMP—the activation of vestibular receptors by sound
or vibration. The extensive projection of vestibular nuclei allow
for many VEMP to be recorded. These with very short latency
(cVEMPs and oVEMPs) have been favored for clinical evaluation
of otolithic function (see Box 2 for summary).

BOX 2 | Summary.

e There are two kinds of otolithic receptor hair cells—amphora-shaped type
| receptors and barrel-shaped type Il receptors—and they are intermingled
across the utricular and saccular maculae. There is a special band of recep-
tors called the striola, on both the utricular macula and the saccular macula,
where there is an increased concentration of receptors with short stiff cilia
and poor attachment to the overlying otolithic membrane.

Afferent neurons from the striolae form calyx synapses on type | receptors
and have irregular resting discharge. It is these afferents which are activated
by both sound and vibration. In animals with normally encased bony laby-
rinths, neurons with regular resting discharge are not activated by ACS or
bone-conducted vibration (BCV) up to the maximum levels which were used.
Bone-conducted vibration is @ much more effective and reliable stimu-
lus—vestibular neural thresholds to BCV are around the level for auditory
brainstem response (ABR) threshold, whereas vestibular neural thresholds
for ACS are around 70 dB above ABR threshold.

The action potentials in the irregular afferents activated by sound and vibra-
tion are phase-locked to a particular band of phase angles of the stimulus
waveform, up to frequencies well above 1,000 Hz for both ACS and BCV.
In order to elicit this tight phase locking, each cycle of the waveform is the
effective stimulus—each cycle is deflecting the hair bundles of the receptors.
Grant and Curthoys (62) have suggested that the utricular macula operates
both as an accelerometer at low frequencies and as a seismometer at high
frequencies. On this model, at low frequencies the otoconia move relative
to the receptor cell body (accelerometer mode), but at high frequencies
the otoconia are stationary and the receptors move relative to the otoconia
(seismometer mode).

In both cases, the hair bundles are deflected relative to the cell body, so the
receptors are activated both at low (accelerometer) and at high (seismome-
ter) frequencies. That is confirmed by recording of the field potential of the
utricular receptor hair cells—the utricular microphonic—which shows that
utricular receptors are activated by the BCV stimulus up to high frequencies.
It is stressed that the vestibular microphonic occurs without any input from
the cochlea.

Direct measures of utricular macula movement show that the macula moves
up and down during vibration stimulation (and sound) up to frequencies of
thousands of Hertz. The movements are very small, but in vitro studies (52)
have shown that individual vestibular receptors have thresholds of nanome-
ters of displacement, similar to the thresholds of cochlear receptors.

In this way, 500 Hz mastoid vibration activates otolithic receptors and
results in eye movements with horizontal, vertical, and torsional compo-
nents, in human subjects consistent with utricular nerve activation at such
high frequencies.

Surface electrodes over muscle groups can record the electromyographic
potentials evoked by abrupt simulation by ACS and BCV, and thus these
vestibular evoked myogenic potentials (VEMPs) are being used in the clinic
to indicate otolithic function.

Because of the largely differential projection of the utricular macula to eye
muscles and of the saccular macula to neck muscles, it has been possible
to index predominantly utricular function by measuring the ocular vestibular-
evoked myogenic potential by surface electrodes beneath the eyes as the
subject looks up. Surface electrodes over tensed neck muscles record the
cervical vestibular-evoked myogenic potential which indexes predominantly
saccular function.
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