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Abstract

An increasingly popular tool to artificially activate the human vestibular system is galvanic
vestibular stimulation (GVS), in which electrical stimulation is applied between surface electrodes
on the mastoid processes behind the ears. To date, however, while the effects of GVS, including
the perception of self-motion, eye movements, and postural sway have been well described, the
neuronal correlates remain unknown. Specifically, how the vestibular system actually responds to
GVS to drive perception and behaviour has not been established. Therefore, the focus of this thesis
is to understand the effects of GVS on vestibular afferent activity and. in turn, correlate these
neural responses to behavioural responses. To this end, | recorded the responses of individual
vestibular afferent and eye movements evoked by different GVS protocols applied between surface
electrodes on the mastoid processes of alert macaques. In response to sinusoidal stimulation, we
show for the first time that otolith afferents, much like canal afferents, displayed an increase in
both gain and phase lead as a function of frequency. In contrast, when recording eye velocity
during sinusoidal GVS with the monkeys fixating on a target, the gain of torsional eye velocity
relative to the peak GVS current amplitude remained relatively constant as a function of frequency.

Thus far, the prevailing view is that the GVS activation of the peripheral vestibular system
is linear. However, | provide evidence that suggests that afferent responses can show significant
nonlinearities in response to GVS. Notably, vestibular afferents, primarily irregular afferents,
displayed asymmetric responses to currents of opposite polarity. Furthermore, we found
discrepancies in the traditional linear analyses between sinusoidal and stochastic stimulation.
These results reveal nonlinearities in the vestibular afferent activity in response to GVS. Taken

together, the findings presented in this thesis provide the neural correlates underlying GVS-evoked



perceptual, ocular and postural responses —a fundamental step into understanding the effect of this

technique required to advance its clinical and biomedical applications.



Résumé

Un outil de plus en plus populaire pour activer artificiellement le systeme vestibulaire
humain est la stimulation vestibulaire galvanique (SVG). La SVG consiste a appliquer une
stimulation électrique entre deux électrodes de surface apposees sur les processus mastoides
derriére les oreilles. A ce jour, alors que les effets de la SVG sur la perception des mouvements
auto-généres, sur les mouvements oculaires et sur le contrdle postural ont été largement décrits,
I’activité neuronale en réponse a la SVG reste inconnue. Plus précisément, le lien entre la
dynamique des afférents vestibulaires et les réponses évoquées par la SVG n'a pas été établie. Par
conséquent, cette thése porte principalement sur la caractérisation des effets de la SVG sur I'activité
des afférents vestibulaires et sur la corrélation entre 1’activité neuronale et les réponses
comportementales. A cette effet, j'ai enregistré I’activité des afférents vestibulaires ainsi que les
mouvements oculaires chez deux singes et ce, pour différents protocoles de SVG de surface.
Premiérement, en réponse a une stimulation sinusoidale, nous montrons pour la premiere fois que
les afférents otolithiques et les afférents des canaux semicirculaires ont une augmentation de gain
et d’avance de phase en fonction de la fréquence. En revanche, I’enregistrement des mouvements
des yeux lors d’une fixation oculaire démontre que le gain de la vitesse de torsion en fonction de
I’amplitude du courant reste relativement constant et ce, indépendamment de la fréquence.

Précédemment, il était proposé que 1’activation du systéme vestibulaire périphérique par la
SGV était linéaire. Toutefois, je fournis des évidences qui suggerent que la réponse afférente peut
démontrer de la nonlinéarité en réponse a la SGV. Notamment, et de facon plus importante pour
les afférents irréguliers, les afférents vestibulaires démontrent une activité asymétrique en reponse
a des stimulations de polarité opposée. De plus, utilisant des analyses linéaires traditionnelles, nous

avons trouve des discordances entre la réponse aux stimulations sinusoidales et stochastiques,



lesquelles dénotent de la nonlinéarité dans ’activité des afférents vestibulaires lors de la SGV.
Dans leur ensemble, les résultats présentés dans cette thése établissent les corrélats neuronaux
soutenant les réponses perceptuelles et comportementales évoquées par la SGV tel que les
mouvements oculaires et le contrdle de la posture. Cette avancée fondamentale dans notre
compréhension de cette technique et de ces effets est requise pour faire avancer ses applications

cliniques et biomédicales.
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Chapter 1: Literature Review

I. General introduction

As we make movements during daily activities, our vestibular system detects the head
motion in space to generate compensatory reflexes stabilizing our gaze, controlling balance and
posture, as well as to provide a sense of spatial orientation and movements in our environment in
order to navigate the world. There are two types of motion sensors of the vestibular system (also
referred as vestibular endorgans) located within each inner ear: Semicircular canals, which detect
angular acceleration; and otolith organs, which sense linear acceleration. Primary vestibular
afferents encode and transmit motion information from these vestibular sensors to the vestibular
nuclei in the brainstem and the cerebellum, which subsequently project to eye motoneurons, the
spinal cord, and higher-order brain areas (Angelaki & Cullen, 2008; Cullen, 2012).

While the vestibular system is physiologically activated by motion of the head, there are
several artificial means — using either heat, electricity, or magnetic field — that evoke vestibular-
related responses in order to study and assess the vestibular system. One such technique is galvanic
vestibular stimulation (GVS), which is electrical current applied between surface electrodes behind
the mastoid processes of the ears. Ever since Purkyné first discovered GVS nearly two centuries
ago by (Purkyné, 1823), the technique has been shown to induce a wide range of behavioural
responses attributed to the activation of the vestibular system. This non-invasive technique has
become increasingly popular not only in probing the vestibular system but as a potential tool for
rehabilitation and navigation. To this day, however, how exactly GVS activates the peripheral
human vestibular system to evoke the wide range of observed responses remains to be elucidated.

Current views on how GVS stimulates the human vestibular afferents are based on neural

10



recordings in animals, with the caveat that electrical current was delivered inside the ear, a setup
much different from human GVS studies. The goal of my thesis is thus to bridge the gap between
the neural origins and the behavioural consequences evoked by GVS. I begin with a short overview
of the peripheral vestibular system and how vestibular afferents respond to physiological stimuli.
I will then follow with a review of vestibular afferent responses to the electrical stimulation
delivered in the ears of different animal models and the current model in human GVS-induced
responses associated with the vestibular system. Finally, | will conclude with the potential

applications of GVS in different fields.

I1. Peripheral vestibular system: Encoding motion with neural activity
A. Vestibular endorgans: Semicircular canals and otolith organs

Within the inner ear, the vestibular endorgans form the vestibular labyrinth, which is
situated in the petrous part of the temporal bone in close proximity of the cochlea, the sensory
organ of the auditory system. The vestibular labyrinth is composed of two types of hair-cell
containing vestibular endorgans: Three semicircircular canals which detect rotation, and two
otolith organs which sense translation and the force of gravity.
The three semicircular canals are roughly orthogonally oriented semicircular tubes, each sensitive
to rotations in their own plane (Fig. 1.1). When the head is facing forward, the horizontal
semicircular canals lie nearly in the horizontal plane and are most sensitive to yaw rotations (i.e.
leftward/rightward rotations about the rostral-caudal axis). The two vertical semicircular canals —
the anterior (or superior) and posterior canals — are oriented vertically at about 45 degrees relative
to the sagittal plane and are both sensitive to pitch and roll rotations (i.e. downward/upward

rotations about the interaural axis and side to side rotation about the naso-occipital axis,
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respectively). The approximate orthogonality of the three semicircular canals allows us to be able
to detect and decompose three-dimensional head angular movements based on the planes of the
three canals (Rabbitt, 1999). Each semicircular canal is a filled circular tube filled with a viscous
fluid, where at one end is the ampulla — a bulge-like structure containing a water tight, gelatinous
diaphragm called the cupula—and a neuroepithilium comprising of hair cells, the sensory receptors
of the vestibular system. Stereocilia of hair cells within one ampulla are all aligned in the same
direction and are embedded in the cupula. As a result, during head rotation when the viscous fluid,
lagging behind due to its inertia, deflects the cupula, stereocilia of the hair cells are bent in one
direction, evoking similar responses across the hair cell bundle (reviewed in Rabbitt et al., 2004).
Depending on the direction that the stereocilia are bent, mechanoreceptors found near its tips open
or close. The opening of the mechanoreceptors causes an influx of potassium and depolarizes the
hair cells. Subsequently, voltage-gated calcium channels open and the calcium influx triggers the
release of excitatory neurotransmitter (glutamate) onto innervating vestibular afferents, increasing
the afferents’ firing rate. Conversely, closing of the mechanoreceptors reduces the cation influx,
which hyperpolarizes the hair cells and consequently reduces the firing rate of the innervating
vestibular afferents (reviewed in Colclasure & Holt, 2003). Thus, depending on the
unidirectionality of the hair cells within a semicircular canal, each semicircular canal has its own
preferred direction of rotation in its plane (i.e. the direction which activates the vestibular afferents).
Furthermore, for each semicircular canal on one side, there is a semicircular canal on the other
side with the opposite preferred direction in the same plane of rotation. Therefore, yaw rotation
toward the right would increase the firing rate of vestibular afferents innervating the right

horizontal canal but simultaneously decrease the firing rate of vestibular afferents innervating the
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Figure 1.1: Diagram of the vestibular sensory organs and mechanism of hair cell activation

Semicircular canals detect rotation. Orange inset shows the organization of the hair cells within
the semicircular canals. During head rotation, the endolymph lags behind and pushes on the cupula,
deflecting the hair cells in the process. Otolith organs sense translation as well as head tilt relative
to gravity. Green inset shows the organization of the hair cells within the otolith organs. During
head translation (right), the otoconia lags behind and causes a shift between the otolithic membrane
and the macula, deflecting the hair cells in the process. During head tilt (left), the force of gravity
pulls the otoconia downward and causes a shift between the otolithic membrane, deflecting the
hair cells in the process.
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left horizontal canal. Similarly, the anterior canals form mirror symmetrical pair with their
respective contralateral posterior canals (e.g. see Resine et al., 1998).

The two otolith organs, utricle and saccule, are aligned with the horizontal and vertical
plane, respectively (Fig. 1.1). Together, they detect linear acceleration in three dimensions as well
as static head tilt relative to gravity (Fernandez & Goldberg, 1976a; b; c). The hair cells of each
otolith organ are arranged on a neuroepithilium sheet (macula) and the stereocilia are embedded
in an overlaying gelatinous matrix (otolithic membrane) containing calcium carbonate crystals
(otoconia). During linear acceleration, the otolithic membrane lags relative to the head movement
along with the membranous labyrinth due to the inertial force acting upon the otoconia. This causes
the deflection of the stereocilia of the hair cells and subsequent depolarization or hyperpolarization
in the hair cells, depending on the direction of deflection, similar to mechanotransduction of hair
cells in semicircular canals. Alternatively, during static head tilt, the force of gravity pulls down
the otolith membrane relative to the membranous labyrinth, deflecting the stereocilia in the process
(reviewed in Rabbitt et al., 2004). Unlike semicircular canals, hair cells in the otolith organs are
not all arranged in the same polarization vectors (i.e. the direction of the kinocilia). A narrow
curved region called the striola lies in the middle of the macula, dividing the hair cells into two
zones (Fig. 1.2). No matter which side of the striola, all hair cells are oriented such that the kinocila
are pointed either toward the striola, in the case of the utricular macula, or away from the striola,
in the saccular macula. This causes hair cells on either side of the striola to have opposing
orientation. In addition, due to the curved nature of the striola, the orientations of the hair cells are
arranged in a fan-like pattern, covering all directions of a plane (reviewed in Eatock & Songer,
2011). Together, linear head acceleration in one direction can simultaneously and preferentially

excite or inhibit hair cells, depending on their orientation relative to the striola.
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Figure 1.2: Diagram of the utricle and saccule

The maculae of the utricle and saccule are roughly oriented in the horizontal and vertical planes,
respectively. The striola is a narrow curved linear region across the middle of the macula (dashed
lines). In the utricular macula, hair cells are oriented towards the striola (arrows). In the saccular
macula, hair cells are oriented away from the striola. The organization of hair cells in both the
utricle and saccule forms a fan-like pattern, covering all directions of the plane.

B. Vestibular receptor cells: Hair cells

As mentioned previously, mechanotransduction from motion to neural activity occurs at
the level of hair cells in the vestibular endorgans, where the deflection of hair cells results in a
change in neurotransmitter release onto the primary vestibular afferents. There exist two types of
hair cells in the peripheral vestibular system (Fig. 1.3): Cylindrically-shaped type Il hair cells are
present in both amniotes (i.e. mammals, reptiles, and birds) and non-amniotes, while flask-shaped
type | hair cells, which are phylogenetically older, are found only in amniotes (Eatock & Hurley,
2003). In addition to their morphological differences, the two types of hair cells have different
cellular properties. For example, type | hair cells contain a higher density in potassium channels
resulting in faster responses and therefore having greater sensitivity to high frequency stimulation

compared to type Il hair cells (reviewed in Eatock & Songer, 2011).
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Furthermore, the two types of hair cells differ in innervation patterns by the primary
vestibular afferents. Each type I hair cell is enveloped by a single cup-like afferent terminal, called
the calyx. In contrast, type Il hair cells receive contacts by bouton-like afferent terminals from
multiple afferent fiber (Fig. 1.3). As elucidated in the following section, there are different
innervation patterns of primary vestibular afferents onto the two types of hair cells. Moreover, the
physiological differences between the two types of hair cells contribute to the dynamic responses

of the innervating vestibular afferents.

C. Vestibular afferents: Sensory coding of motion

Once head motion is detected by the vestibular endorgans and hair cells, the next stage of
vestibular processing is to transmit this motion information to the brain in order to generate
compensatory reflexes and estimate self-motion. Primary vestibular afferents, which innervate the
hair cells, play the fundamental role of encoding motion into neural activity and projecting to the
central vestibular areas. The following section will be a brief overview of the two different classes
of vestibular afferents, as well as our current understanding of how vestibular afferents encode
physiological vestibular stimulation.

In the absence of head motion, hair cells spontaneously release glutamate onto vestibular
afferents such that the afferents have a resting discharge. By having a resting discharge, vestibular
afferents can increase or decrease their firing rate depending on the direction of motion, and can
thus transmit bidirectional motion information to the vestibular nuclei for subsequent central
vestibular processing (Goldberg, 2000). Among vestibular afferents in both semicircular canals
and otolith organs, there is a large distribution in the resting firing rate regularity (i.e. the

distribution of the interspike intervals, ISI) which is quantified using the coefficient of variation
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(standard deviation/mean) that is normalized to be independent the mean resting discharge, CV*
(Goldberg et al., 1984). Conventionally, vestibular afferents are functionally categorized into two
groups based on their CV* (Fig. 1.3): regular afferents (CV* < 0.1) and irregular afferents (CV*
> 0.1). Aside from the regularity of the resting discharge, these two types of afferents differ in
morphology and response dynamics. While regular afferents provide bouton nerve ending onto
type Il hair cells, irregular afferents can either have calyx endings innervating type I hair cells or
dimorphic endings (i.e. mixed of calyx and boutons) innervating both hair cells types. In addition,
regular afferents have smaller axons, resulting in slower conduction velocity than irregular
afferents. Regular afferents are also less sensitive to physiological kinetic stimulation, whether it
is rotation or translation (Goldberg, 2000). Furthermore, stimulation of the efferent pathway
produces smaller and slower response in regular afferents compared to irregular afferents

(Goldberg & Fernandez, 1980; Sadeghi et al., 2009).

Irregular afferent

50ms

! Regular afferent

nﬂ%

50ms

I
i

Figure 1.3: Vestibular hair cells and primary vestibular afferents

Regular afferents, which have regularly discharging action potentials (blue trace), form bouton
nerve endings onto type Il hair cells. Irregular afferents, which have more variability in their
resting discharge (red trace), innervate type | hair cells with calyx nerve endings and synapse with
both type I and type Il hair with dimorphic (mix of bouton and calyx) nerve endings.
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Following the biomechanics of the vestibular endorgans, semicircular canal afferents
respond to rotational stimuli whereas otolith afferents are stimulated by translational movements.
Moreover, responses from both canal and otolith afferents remained consistent, regardless of
whether the motion is self-generated (i.e. active) or imposed upon (i.e. passive) (Cullen & Minor,
2002; Jamali et al., 2009). The similarity in vestibular afferent responses to active and passive
motion justifies the use of passive motion stimuli to investigate the response dynamics of canal
and otolith afferents to rotational and translational motion, respectively, which have been utilized
extensively in numerous studies (Fernandez & Goldberg, 1971; Angelaki & Dickman, 2000;
Cullen & Minor, 2002; Hullar et al., 2005; Ramachandran & Lisberger, 2006; Sadeghi et al., 2007a;
Sadeghi et al., 2007b; Jamali et al., 2013). Traditionally, sinusoidal or broadband noise motion
stimuli of low amplitude and within the physiological relevant frequency range (0 — 25 Hz) are
applied to characterize vestibular afferents. It has been shown that the firing rates of canal and
otolith afferents linearly encode angular velocity and linear acceleration, respectively. More
specifically, the frequency responses of canal and otolith afferents to their respective motion
stimuli were found to increase in gain and phase lead as a function of frequency, with the irregular
afferents having a greater frequency response (Fig. 1.4). Linear models have been established for
both canal (Fernandez & Goldberg, 1971; Hullar et al., 2005) and otolith (Angelaki & Dickman,
2000) afferents, which can be used to form a linear prediction the afferents’ firing rate in response

to motion.
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Figure 1.4: Linear response dynamics of vestibular afferents to motion

Semicircular canal afferents respond to head angular velocity (top) whereas otolith afferents
respond to head linear acceleration (bottom). The gain and phase lead for both canal (adapted from
Sadeghi et al., 2007b) and otolith afferents (adapted from Jamali et al., 20013) increase across the
physiological frequency range. There is a markedly bigger difference in gain between irregular
and regular afferents in otolith afferents than in canal afferents.

Although vestibular afferent responses are often considered to linearly encode motion, as
described above, the motion stimuli used to characterize afferents have typically been constrained
to low intensity. However, there are reports where high amplitude vestibular stimuli can drive
vestibular afferents into a nonlinear regime, where afferents cannot have a negative firing rate (i.e.
cutoff) and they have a maximum firing rate (i.e. saturation) (Fernandez & Goldberg, 1976b;
Sadeghi et al., 2007b). Similarly, it was recently demonstrated that naturalistic motion (i.e. motion
whose time course matching that of naturally occurring motion) falls outside the linear region of
vestibular afferents such that linear models fail to predict the saturated and cutoff responses
(Schneider et al., 2015). In order to correctly model the nonlinearities in vestibular afferent

responses to motion of high intensity, a linear-nonlinear cascade was used, where the linear
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prediction estimated from previously established transfer function of the afferents was
subsequently transformed by a static nonlinearity in the form of a sigmoid. This particular
nonlinear transformation, which took into account the cutoff and saturation of vestibular afferents’
firing rates, was able to accurately predict afferents response to higher intensity motion stimuli
(Schneider et al., 2015). In addition to high motion amplitude, motion at higher frequencies was
also found to drive both semicircular canal (Ramachandran & Lisberger, 2006) and otolith
afferents (Jamali, 2015), especially irregular afferents, into a different nonlinear regime known as
phase-locking. In other words, during high intensity motion, vestibular afferents adopt a different
coding strategy where instead of using their firing rate to encode the motion, they fire temporally
precise action potentials at specific phases of the motion. Altogether, while in most situations
vestibular afferents can be considered as a linear system, it is important to acknowledge that

nonlinear responses can be generated under more challenging conditions.

I11. Galvanic vestibular stimulation

A. Overview of galvanic vestibular stimulation

Galvanic vestibular stimulation (GVS) is one of a few techniques that is used to artificially
activate the vestibular system, which evokes stereotype behavioural responses (reviewed in
Fitzpatrick & Day, 2004). In the case of GVS, electrical current is applied between surface
electrodes, placed on the mastoid processes behind the ears of human subjects, where it is relatively
near to the vestibular labyrinth located in the inner ear. Compared to other techniques to artificially
activate the vestibular system such as caloric and magnetic vestibular stimulation, GVS is more
practical in the sense that it is non-invasive (in contrast with the ear irrigation for caloric vestibular

stimulation), as well as portable (as opposed to the use of a magnetic resonance imaging scanner
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for magnetic vestibular stimulation). Over the past 50 years, GVS studies in humans have used
several possible setups of the stimulating electrodes, each activating the vestibular system in a
different way. The most typical approach is to deliver currents of opposing polarity, cathodal
versus anodal, between the two ears. The applied current then generates a vestibular signal,
activating central vestibular processing of a virtual head movement, which in turn evokes
vestibular-related behavioural responses. Considering that the vestibular system has three core
functions: gaze stabilization, postural and balance control, and self-motion, GVS-evoked
behavioural responses can be categorized into three groups of similar nature. First, it has been
observed that GVS evokes distinct types of eye movements in the horizontal and torsional plane
(Zink et al., 1997; Watson et al., 1998; Kleine et al., 1999; Schneider et al., 2000; MacDougall et
al., 2003). Second, there are well-defined postural responses during GVS such as temporally
defined postural electromyographic responses in the leg muscles (Nashner & Wolfson, 1974;
Britton et al., 1993; Fitzpatrick et al., 1994) and body sway (Lund & Broberg, 1983; Inglis et al.,
1995b; Day et al., 1997a; Wardman et al., 2003a). Third, in the presence of GVS, subjects have
reported different perception of self-motion, including rotation (reviewed in Reynolds & Osler,
2012) and rocking, as well as the sensation of being tilted (reviewed in Cohen et al., 2011) despite
the fact that the subjects were physically static.

As described above, early vestibular processing of physiological stimuli has been well
established. In contrast, less is known about how the vestibular system responds to artificial
electrical stimulation. Despite the growing popularity of GVS to manipulate the vestibular system
of human subjects, how this technique activates the peripheral vestibular system remains a topic
of debate. Previous human studies have attempted to infer the underlying mechanisms mediating

GVS-evoked behavioural responses. However, it is difficult to interpret the effects of this type of
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stimulation at the neuronal level because of the wide variety in GVS-evoked responses to consider.
While there have also been neurophysiological studies in animals directly investigating the
vestibular afferent activity to electrical stimulation, as discussed in the following section, there are
certain limitations in deducing the effects of GVS on the human vestibular system based on prior
animal studies. Hence, the central focus of this thesis is to investigate the neuronal mechanisms
underlying the GVS activation of the peripheral vestibular system. To do so, | recorded from
primary vestibular afferents in nonhuman primates during GVS. It has been previously shown that
nonhuman primates are an optimal model for humans, in particular, having similar oculomotor and
visual systems. As such, to validate that the effects of GVS in nonhuman primate are similar to
those experienced in humans, | also recorded eye movements in the animals under similar
stimulation paradigm as previously done in humans. Taken together, the findings presented in this

thesis would provide a neural correlate for GVS-evoked ocular responses in humans.

B. Electrical stimulation of vestibular afferents in animal models

The current understanding of how GVS activates the peripheral vestibular system is based
on neurophysiological recordings performed in a number of species including cats (Ezure et al.,
1983), pigeons (Lifschitz, 1973), rodents (Courjon et al., 1987; Baird et al., 1988; Kim & Curthoys,
2004; Kim et al., 2011) and squirrel monkeys (Goldberg et al., 1982; Goldberg et al., 1984).
Although there exists the caveat that most of the aforementioned studies delivered electrical
current to electrodes implanted inside the ear (only one study had used surface electrodes (Kim &
Curthoys, 2004); see Fig. 1.5), which is a situation much different than transmastoid stimulation
conducted in human GVS studies, their results to date provide the only source of insight in how

GVS activates the human vestibular system.
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Figure 1.5: Literature overview of the effects of electrical stimulation of vestibular afferents
The top diagram shows the stimulating electrode sites and species from previous animal studies
that have recorded vestibular afferents in response to electrical current stimulation. The bottom
schematic what is currently known in terms of current polarity (cathode versus anode), discharge
variability of afferents (irregular versus regular), and responses to static and dynamic current
stimulation of afferents innervating different vestibular endorgans (canal versus otolith). Straight
arrows indicate an increase or decrease in firing rate. Wavy arrow (bottom) indicates modulation
of firing rate following the dynamic current waveform.
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First, based on the results of prior animal studies using internally implanted electrodes,
there are three widely accepted conclusions concerning vestibular afferent responses to electrical
current stimulation (Fig. 1.5, pink box). (1) it has been consistently shown that cathodal current
causes an increase in the firing rate of vestibular afferents while an anodal current elicits a decrease
in firing rate (Goldberg et al., 1984; Kim & Curthoys, 2004). (2) There are many reports that
irregular afferents are more sensitive to electrical stimulation compared to regular afferents, which
as reviewed above is one functional difference between the two types of afferents. Furthermore,
several groups have demonstrated that the normalized galvanic sensitivity of afferent responses to
constant current stimulation had a strong positive correlation with CV*, following a power law
(Goldberg et al., 1984; Baird et al., 1988; Kim & Curthoys, 2004). (3) Constant current stimulation
evokes responses from both canal and otolith afferents as they share similar relationships between
normalized galvanic sensitivity and CV* (Goldberg et al., 1984; Kim & Curthoys, 2004). Although
it is often assumed that human vestibular afferents demonstrate these three characteristic responses
during GVS (Fitzpatrick & Day, 2004), there remains the limitation in associating internal
electrical stimulation in animal to surface transmastoid stimulation in humans. Hence, the first goal
of this thesis is to investigate whether these response characteristics of vestibular afferents hold
true during electrical stimulation delivered on the surface. To test this, | recorded the activity of
canal and otolith afferents during constant current transmastoid stimulation, a paradigm typically
conducted in humans.

Second, to date, the dynamic responses of vestibular afferents to electrical stimulation have
not been well described. Our understanding of the dynamic responses of vestibular afferents to
electrical stimulation is limited to a few animal studies, which have delivered sinusoidal modulated

electrical stimulation at the level of the inner ear, focused only on semicircular canal afferents
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(Goldberg & Smith, 1982; Ezure et al., 1983; Kim et al., 2011). While these studies demonstrated
that canal afferents modulate their firing rate to the sinusoidal electrical current, from which the
frequency responses were found to be markedly less than the frequency response to natural
vestibular stimulation (Goldberg et al., 1982; Kim et al., 2006), it remains unknown whether
otolith afferents share the same response dynamic as canal afferents. Hence, the second goal of
this thesis is to characterize the frequency response to electrical stimulation of both otolith and
canal afferent over the physiological relevant frequency range (0-25 Hz) and to determine whether
they display similar gain and phase lead as a function of frequency. Accordingly, since our
stimulation setup is analogous to those used to apply GVS in humans, the findings presented in
this thesis provide a better representation of the dynamic effects of GVS in humans.

In addition, as reviewed above, vestibular afferents encode physiological stimulation (i.e.
motion of low intensity) in a linear regime, which has been modelled with established transfer
functions. This raises the question whether we can build linear models to predict afferent responses
to GVS. In this context, prior animal studies present conflicting results regarding the linearity of
vestibular afferent responses to electrical stimulation. On the one hand, Goldberg et al. (1984)
found a largely linear relationship between changes in afferents’ firing rate and constant current
amplitude (-70 to +70 pA). On the other hand, Kim and Curthoys (2004) observed that although
normalized galvanic sensitivities also linearly correlated with cathodal current amplitudes,
irregular afferents in particular had an asymmetrical response to currents of opposing polarity: The
magnitude of increase in firing rate to cathodal current was greater than the magnitude of the
decrease in responses to anodal current. While the former study suggests that linearity in afferent
responses is continuous between the cathodal and anodal current, the latter study proposes that

afferents have different linear regimes to currents of opposing polarity. Thus, in my thesis, I will
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also explore whether vestibular afferents respond linearly to GVS by means of linear system
identification previously used to assess linearity of vestibular afferents to motion (Sadeghi et al.,
2007a; Jamali et al., 2013). Furthermore, | address whether there is polarity-induced asymmetry
in vestibular afferent responses.

Notably, the mechanism mediating the artificial activation of early vestibular processing
by electrical stimulation, including GVS, remains a controversial topic. From one point of view, it
is thought that electrical stimulation bypasses both the vestibular endorgans and the hair cells to
stimulate directly on the trigger site of vestibular afferents. Goldberg et al. (1984) found that
cathodal current delivered either in the perilymphatic space or the endolymphatic space (which
has a positive electrical potential, opposite to the perilymph) of the vestibule evoked an increase
in vestibular afferent responses. Since an increase in afferent firing rate is independent of the site
of stimulation, they argued that hair cells were not involved in mediating vestibular afferent
responses to electrical stimulation. Alternatively, results from a recent GVS human study suggests
that electrical current modulates directly the transmembrane potential in vestibular hair cells on
the basis that GVS-evoked ocular reflex was reduced in patients with damaged and loss of hair
cells due to gentamicin vestibulotoxicity, compared to normal subjects (Aw et al., 2008). While
this thesis does not address the issue in the site of activation in the peripheral vestibular system,
recognizing that there are different potential sites is necessary to fully understand the vestibular

afferent responses to electrical stimulation of any form, particularly GVS.
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C. Modelling the GVS-evoked behavioural responses in humans

It is widely accepted that GVS activates the human vestibular system. As discussed
previously, GVS evokes three main categories of vestibular-related behavioural responses: Eye
movements, postural responses, and virtual motion perception. To better understand the
mechanism mediating GVS-evoked behavioural responses, Fitzpatrick and Day (2004) first
developed a model of GVS activation of the peripheral vestibular system under the assumptions
largely based on electrical stimulation studies in animals reviewed above: (1) Cathodal and anodal
current GVS elicit equal increase and decrease, respectively, in the firing rate of vestibular
afferents. (2) GVS activates non-selectively all vestibular afferents (canal and otoliths). (3) With
previously described anatomical organizations of the organizations of the semicircular canals
(Blanks et al., 1975) and otolith organs (Tribukait & Rosenhall, 2001; Tribukait et al., 2005), the
motion encoded by each canal and otolith afferents are equally summed together, resulting in a net
vector of virtual head rotation and translation. (4) The resulting virtual rotational and translational
vectors evoked by GVS are interpreted as head perturbations by the brain, which in turn would
generate the compensatory vestibular-related reflexes. According to these assumptions, different
net virtual motion vectors — and consequently, different behavioral responses — are expected under
different GVS setups (see Fig. 1.6; semicircular canal model: (Fitzpatrick & Day, 2004); otolith
model: Supplementary materials in (Mian et al., 2010)). Thus, the observed patterns in GVS-
evoked behavioural responses in humans — in particular, the direction of the evoked responses —
have been compared with the model prediction as a means of validating the neurophysiological

assumptions in the model.
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Figure 1.6: Model of GVS activation of the peripheral vestibular system

Orange boxes: Vector summation of semicircular canals responses to GVS. (Top) The resultant
rotation vector for the sum of the rotation vectors for the horizontal (yellow), anterior (green) and
posterior (purple) canals in the left labyrinth in response to cathodal current. (Middle) Bilateral
bipolar stimulation (cathode on the left and anode on the right) would result in a net rotation vector
that is tilted ~19 degrees above the Reid’s line (dashed line in side view), where rotation is towards
the cathode stimulation side. (Bottom) Bilateral unipolar stimulation (anode on both sides) would
result in a net rotation vector aimed at the right ear, which equals to a pitch rotation toward the
back of the head (bottom two panels adapted from Fitzpatrick & Day, 2004). Cathode stimulation
on both side would result in a pitch rotation toward the front of the head. Green boxes: Vector
summation of otoliths responses to GVS. (Top) The resultant translation vector for the sum of the
translation vectors for the utricle (light green) and saccule (light purple) in the left labyrinth in
response to cathodal current (adapted from supplementary materials in Mian et al., 2010). (Middle)
Bilateral bipolar stimulation (cathode on the left and anode on the right) would result in a net
translation vector toward the left ear (or a tilt vector toward the right ear). (Bottom) Bilateral
unipolar stimulation (anode on both sides) would result in a net translation vector toward the back
and the ground. Cathodal stimulation on both sides would result in a net translation vector of the
opposite direction. Note here that the amplitude and direction of translation vectors in bottom two
panels are not accurate. They are rough sketches based on supplementary materials in (Mian et al.,
2010).
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There is evidence in favour of this model and its assumptions (Fitzpatrick & Day, 2004).
Under the commonly used bilateral bipolar GVS, it is predicted the equal activation (cathodal side)
and inhibition (anodal side) of all semicircular canal afferents would result in a virtual rotation
toward the cathodal stimulation side whose axis would be tilted upward by about 19 degrees above
the Reid’s line (Fitzpatrick & Day, 2004). When subjects pitched their head down by about 71
degrees such that the virtual axis of rotation is aligned with the earth vertical axis, a perception of
whole-body yaw rotation toward the cathode stimulation side is expected and has been confirmed
experimentally in multiple studies (Fitzpatrick et al., 2002; Day & Fitzpatrick, 2005; St George et
al., 2011, Peters et al., 2015). This model also predicts that during head upright position, the virtual
rotation towards the cathode stimulation side is compensated by evoked-reflexes that are directed
toward the anode. This agrees with the observed behavioural responses: Induced postural sway
(Inglis et al., 1995b; Day et al., 1997a; Day & Cole, 2002; Wardman et al., 2003a) and
compensatory eye movements ((Zink et al., 1997; Watson et al., 1998; MacDougall et al., 2003)
were consistently found to be directed toward the anode stimulation side.

Although the evidence presented above suggests that the model correctly assumes the
physiological mechanisms mediating GVS-evoked responses, there remain shortcomings in the
model and its assumptions based on other behavioural and neurophysiological studies. First, the
semicircular canal model under unipolar bilateral GVS fails to predict the correct direction of the
anteroposterior sway (Cauquil et al., 2000; Day et al., 2010). It was suggested that this discrepancy
could be resolved if the model assumes instead that afferents of the three canals are activated with
different sensitivity (Day et al., 2011). Second, while it is presumed that both canal and otolith
afferents are activated equally, the expected translational vector from the otolith afferents under

different GVS setups repeatedly fails to predict the direction of the observed evoked reflexes
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(Fitzpatrick & Day, 2004; Mian et al., 2010). This raises the issue whether GVS equally activates
the semicircular canal and otolith pathways (Mian et al., 2010; Day et al., 2011). Notably, it
remains an ongoing debate whether GVS-evoked vestibular reflexes are the outputs of the
semicircular canals, or otolith pathways, or a combination of both? (Cohen et al., 2011; 2012;
Curthoys & MacDougall, 2012; Reynolds & Osler, 2012). Third, the assumption that cathodal and
anodal current have equal but opposite effects on vestibular afferents does not agree with the prior
animal study that have shown there is an asymmetrical change in the firing rate of vestibular
afferent to cathodal and anodal current (Kim & Curthoys, 2004). Finally, as discussed previously,
there are limitations in predicting the effects of GVS on human vestibular afferents using
neurophysiological results in animals receiving internal electrical stimulation.

Taken together, there are uncertainties in the three assumptions of the GVS model proposed
by Fitzpatrick and Day (2004). Since the experimental setup presented in this thesis is analogous
to that used in human studies, our findings provide a more accurate depiction of how GVS would
activate the vestibular afferents. Accordingly, by characterizing the responses of all vestibular
afferents (canal versus otolith and irregular versus regular) to different stimulation protocols (e.g.
GVS steps of opposing polarity), | address the validity of two current assumptions used to model
the GVS activation of the peripheral system: (1) Is there equal activation among all vestibular

afferents, and (2) are there equal magnitude changes in firing rate to currents of opposing polarity?

D. Current and potential applications of GVS
There is a growing number in research on GVS in various fields, from the basic science of

understanding the function of the vestibular system to GVS as a potential entertainment device. In
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this section | provide an overview of a few current and potential applications of GVS, as well as
the importance of neurophysiological recordings in advancing GVS technology.

First, GVS is presently a common tool to study the function of the vestibular system
because it has the advantage of activating solely the vestibular system, unlike natural vestibular
stimulation requiring head motion in space and most likely activating other sensory channels such
as somatosensory and proprioception. Another advantage of GVS over natural vestibular
stimulation is that sinusoidal and stochastic GVS can cover a wider range of frequencies,
exceeding the capability of any motor normally used to generate motion. Accordingly, recent
studies have applied dynamic GVS in order to understand the frequency responses of vestibular
reflexes responsible for postural control (Forbes et al., 2015). For instance, the typical GVS-
evoked electromyogram responses consisting of short and medium latency responses were shown
to cover different frequency ranges (Dakin et al., 2007). Furthermore, GVS-evoked reflexes in
appendicular and axial muscles are found to be responsive to stimulation of low (up to 25 Hz) and
high (up to 70 Hz) frequency ranges, respectively (reviewed in Forbes et al., 2015). However, the
frequency response of vestibular afferents to transmastoid stimulation remains unknown, leading
to inaccurate computational models of the dynamics of GVS activation of the vestibular system
(Forbes et al., 2013; Héroux et al., 2015). Hence, as mentioned above, one focus of this thesis is
to characterize the response dynamics of vestibular afferents to GVS with the goal in developing
a correct model of GVS-to-afferent system.

Second, there is increasing interest in using stochastic GVS for other clinical and
biomedical applications. Recently, it was found that the magnitude of destabilization in postural
sway (but not eye movements) evoked by stochastic GVS can be reduced after multiple

presentations of the artificial stimulation, suggesting that GVS can induce central vestibular
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adaptation (Dilda et al., 2014b). Therefore, it is thought that central vestibular adaption to repeated
stimulation of stochastic GVS on astronauts prior to flight (Moore et al., 2011; Dilda et al., 2014b;
Moore et al., 2015) or pre-habilitating patients prior to vestibular lesion (Magnusson et al., 2011)
would reduce the destabilizing effects of a new disorienting environment or perturbations in the
vestibular system, respectively. While GVS is often known to disturb our balance, as in the case
above, it may be possible to improve postural and locomotor stability using stochastic GVS of sub-
threshold level (i.e. low current amplitude), which was demonstrated both in balance-deficient
patients and normal subjects (Mulavara et al., 2011; Iwasaki et al., 2014; Goel et al., 2015; Kataoka
et al., 2015; Mulavara et al., 2015; Samoudi et al., 2015; Wuehr et al., 2016). It is believed that
improvement to balance is due to stochastic resonance, a phenomenon where the presence of the
low non-zero noise (GVS) in a nonlinear system enhances the detection of a normally undetectable
signal (vestibular input). Despite the growing number in human studies investigating these two
different applications of stochastic GVS, there is an absence of physiological evidence. Do central
vestibular neurons, but not vestibular afferents, adapt to repeated presentation of stochastic GVS?
And is there stochastic resonance at the level of vestibular afferents if presented with low levels of
stochastic GVS and weak physiological vestibular stimulation (i.e. motion)? While I do not address
these questions directly, they motivate future works (discussed in Chapter 4) using the
experimental setup described in this thesis.

Finally, in addition to the clinical applications, GVS may potentially be used as a
navigation tool (Maeda et al., 2005a; Fitzpatrick et al., 2006). Based on the GVS model for
semicircular canals described above, when the head is pitched downward such that the net virtual
rotation would occur in the yaw plane, it was shown that GVS can cause deviation to the walking

path (Fitzpatrick et al., 2006). This demonstrates the possibility of applying GVS in navigation,
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where a walking individual is steered to the correct direction with the appropriate current stimulus.
Besides navigation, illusory perception of motion evoked by GVS may help to improve virtual
reality simulations, either for training or entertainment purposes (Maeda et al., 2005b; Reed-Jones
et al., 2007; Cevette et al., 2012). In particular, to reduce the sickness during simulation, such as
dizziness and disorientation due to mismatch between visual and vestibular signals during
simulations, it was suggested that GVS can evoke the matching vestibular responses (Cevette et
al., 2012). However, as discussed in the section above, there are uncertainties in current models of
predicting GVS-evoked virtual motion. Furthermore, the latter application requires an
understanding of how GVS activates the vestibular system relative to physiological vestibular
stimulation (i.e. motion). Accordingly, in addition to characterizing the vestibular afferent
responses to GVS, | also compare these effects to those induced by motion. While the findings
presented in this thesis will provide new insights necessary in establishing a more physiological
model of GVS-activation of the vestibular periphery, it is important to note that more
neurophysiological work in central vestibular processing areas is needed to fully understand how

GVS activates of the vestibular system.

IV. Thesis goals summary

The overarching objective of my thesis is to characterize the vestibular afferent responses
under transmastoid GVS, a stimulation setup used in humans. My results have important
implications not only in furthering our basic understanding of the human vestibular system during
transmastoid GVS but also in advancing GVS as a tool for numerous applications. The first aim
of this thesis is to validate the nonhuman primate model for the effects of GVS in humans by

comparing GVS-evoked eye movements in nonhuman primates to those previously reported in
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humans. I provide evidence that the effects of GVS on nonhuman primates’ behaviour are similar
to humans. This important finding allows us to justify our assumption that vestibular afferent
responses recorded under transmastoid stimulation in nonhuman primates would be similar to
those of the human vestibular system (Chapter 2 and 3). The second aim of this thesis is to
characterize both semicircular canal and otolith afferents, consisting of both regularly and
irregularly discharging afferents under the application of dynamic (Chapter 2) and static (Chapter
3) currents to determine whether the effects of transmastoid GVS differ between the innervating
endorgans and/or discharge variability of the vestibular afferents. | present findings that the
response dynamics of canal and otolith afferents are comparable but these responses depend on
the type of afferents (i.e. regular versus irregular). In meeting the second aim, this thesis also
provides the dynamics of vestibular afferents to GVS necessary in future models of GVS-evoked
vestibular reflexes, as well as the neurophysiological evidence to resolve the controversy of the
vestibular origins mediated GVS-evoked behavioural responses. The third aim of this thesis is to
compare vestibular afferent responses to physiological (i.e. rotational and translational motion)
versus artificial (i.e. GVS) stimuli (Chapter 2). This information is important in developing GVS
techniques as an alternative to natural vestibular stimulation. The final aim of this thesis is then to
determine whether there are nonlinearities in vestibular afferent responses to GVS (Chapter 3).
Altogether, the findings of this thesis provides new insights in how the transmastoid GVS is
encoded by vestibular afferents, which yields necessary information in developing accurate models

of the vestibular pathways and improving the clinical and biomedical application of GVS.
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Chapter 2: Dynamics of vestibular afferents to transmastoid galvanic

vestibular stimulation

I. Introduction

As we move around in the world, the vestibular system in the inner ear detects head motion
in space providing the brain with vital information needed for our sense of balance. Investigating
the vestibular system in isolation is complicated however because natural vestibular stimuli (i.e.
motion) often activate other sensory inputs (i.e. tactile and proprioception). In this context,
galvanic vestibular stimulation (GVS), which is current applied on surface electrodes on the
mastoid processes behind the ears (Fitzpatrick & Day, 2004), has become an increasingly popular
strategy to selectively activate the vestibular system. This non-invasive tool evokes vestibular
reflex pathways evoking both ocular (Watson et al., 1998; Zink et al., 1998; MacDougall et al.,
2005) and postural (Nashner & Wolfson, 1974; Lund & Broberg, 1983; Day et al., 1997a)
responses, and can produce a sensation of self-motion (Wardman et al., 2003b; St George et al.,
2011; Hammam et al., 2012).

Numerous human GVS studies have attempted to deduce the physiology underlying the
induced behavioural responses and addressed whether GVS-evoked vestibular reflexes are
predominately driven by the activation of the semicircular canals or otoliths, or a combination of
both. One view is that GVS predominantly activates the otolith system (Cohen et al., 2011; 2012)
because it evokes behaviours including tonic ocular torsion (Watson et al., 1998; Zink et al., 1998;
MacDougall et al., 2005) and static postural sway (Lund & Broberg, 1983; Inglis et al., 1995b;
Day et al., 1997a), which are attributed to the activation of otolith afferents. On the other hand,

reports of subjects sensing rotation during GVS (reviewed in Reynolds & Osler, 2012) and results
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suggesting that canal afferents play a role in GVS-evoked ocular torsion (Schneider et al., 2000;
2002) support the view that GVS stimulates preferentially canal system. Finally, there is
accumulating evidence that GVS activates both the semicircular canal and otolith afferents. For
example, constant current GVS produces horizontal and torsional nystagmus, as well as tonic
ocular torsion (MacDougall et al., 2002a; MacDougall et al., 2003; MacDougall et al., 2005), and
also generates postural sway comprising of static and dynamic components (Wardman et al.,
2003a). Despite many efforts in interpreting these evoked behavioural responses, how vestibular
afferents respond to GVS remains unknown.

In this study we sought a more direct approach to examine the effects of GVS on vestibular
afferent activity. In human studies, the vestibular afferents are activated via transmastoid
stimulation. Yet so far, studies aimed at understanding the influence of electrical stimulation on
vestibular afferents in animal models delivered stimulation inside the ear such that current is
applied in much closer proximity to the vestibular endorgans (Goldberg & Smith, 1982; Ezure et
al., 1983; Courjon et al., 1987; Kim & Curthoys, 2004; Kim et al., 2011). This has become a
limitation for models that have made assumptions based on these prior animal studies to
understand the physiological basis of GVS-evoked behaviours (Fitzpatrick & Day, 2004; Day et
al., 2011). Accordingly, we recorded directly from canal and otolith afferents while we delivered
GVS to surface electrodes placed behind the ears of macaque monkeys in a bilateral bipolar
configuration, a setup typically used in humans, and delivered single sinusoidal GVS. To validate
this primate-based model, we recorded eye movements and established that responses were
comparable to those evoked in humans. Then, we recorded from individual vestibular afferents
and found similar changes in firing rates of both canal and otolith afferents. Importantly, both canal

and otolith afferents displayed a noticeable increase in both gain and phase lead that were less
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marked than for natural stimuli. These findings demonstrate that semicircular canal and otolith
systems are equally activated by transmastoid GVS, with similarly high-pass tuning, and thereby
providing for the first time knowledge of these dynamics required for understanding the

representation and use of such information in the brain.

I1. Materials and Methods

Three male macaque monkeys (2 Macaca fascicularis, Monkey B and H, and 1 M. mulatta,
Monkey D) were prepared for chronic extracellular recording using aseptic surgical techniques.
All experimental protocols were approved by the McGill University Animal Care Committee and

were in compliance with the guidelines of the Canadian Council on Animal Care.

Surgical procedures

The surgical preparation for Monkey B and D followed the procedures described
previously (Dale & Cullen, 2013). Under new protocol, Monkey H was administered loading doses
of carprofen (4 mg/kg sq) and cefazolin (22 mg/kg iv), the latter of which was administered slowly
and repeated every two hours for the duration of the surgery, to reduce swelling and prevent
infection, respectively. In all three animals, aseptic surgical techniques were used. Under
isofluorane anesthesia (0.8 — 1.5%), we secured a stainless steel post to the animal’s skull with
stainless steel screws and dental acrylic, permitting complete immobilization of the animal’s head
during the experiment, and implanted a chamber for chronic extracellular recording. Finally, an
eye coil, consisting of three loops of Teflon-coated stainless steel wire, was implanted in the right
eye behind the conjunctiva (Fuchs & Robinson, 1966). Post-surgery protocol for Monkeys B and

D was described previously (Dale & Cullen, 2013). For Monkey H, carprofen (2 mg/kg)
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administration was continued daily for 5 days. Buprenorphine (0.01-0.02 mg/kg im) was
adminstered postoperative analgesia every 12 hours for 2-5 days, depending on the animal’s pain
level. In addition, cefazolin (22 mg/kg im) was injected twice within 24 hours after surgery.

Animals were given at least 2 weeks to recuperate from the surgery before any experiments began.

Data acquisition

During the experiments, monkeys were head-restrained and seated comfortably in a
primate chair mounted on top of a vestibular turntable. The left vestibular nerve was found as
described (Jamali et al., 2013). Extracellular single-unit activity of primary vestibular afferents
(semicircular canal and otolith) was recorded using tungsten microelectrodes (7-10 MQ and 20-
25 MQ, Frederick-Haer Co., Bowdoinham, ME) (Fig. 2.2A). Neural signals were band-pass
filtered from 300 Hz to 3 kHz and sampled at 30 kHz. Head linear acceleration and angular velocity
was measured by a three-dimensional linear accelerometer and a one-dimensional angular
gyroscope (Watson Inc., Eau Claire, WI), respectively, both firmly secured to the animal’s head
post. Horizontal and vertical eye positions were measured using the magnetic search-coil technique
(Fuchs & Robinson, 1966; Judge et al., 1980). Head linear acceleration, head angular velocity and
galvanic vestibular stimulation signals were low-pass filtered at 250 Hz (eight-pole Bessel filter)
and sampled at 1 kHz. Neural, behavioural and stimulation data were collected through the
Cerebus Neural Signal Processor (Blackrock Microsystems, Salt Lack City, UT). Neural data was
imported into either Offline Sorter (Plexon, Dallas, TX) as previously described (Dale & Cullen,
2015) or into a custom-written algorithm in MATLAB (The MathWorks, Natick, MA) to extract

action potentials.
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Horizontal and vertical eye positions were also measured separately using a modified eye
tracker (Chronos Vision, Berlin, Germany) fixed onto the monkey’s head post. Offline analysis
software Iris (Chronos Vision) was later used to calculate torsional eye position from markers
applied near the limbus. Markers consisted of an infrared absorbing cosmetic pigment, Eisenoixid
316/Schwarz (Carl Jager Tonindustriebedarf GmbH, Erlen, Germany), dissolved in distilled water

and were applied near the limbus using a sterile surgical marking pen.

Experimental design

Physiological vestibular stimulation: Once a unit was isolated, the vestibular endorgan innervated
by that fiber was determined based on the responses of the afferent to rotations or translation. To
assess that semicircular canal afferents recorded in this study have similar sensitivity to previous
studies, these afferents were stimulation with yaw sinusoidal rotation at frequencies 0.5, 1, 2, 4, 8,
10, 12, and 16 Hz with peak velocity of ~40 deg/s. Similarly, otolith afferents were stimulated with
translation in the fore-aft (90°) and lateral (0°) axes at ~2 Hz. Because of limitations in our
experimental setup, afferents that were predominantly sensitive to stimulation along the vertical

axis were not included in our dataset.

Galvanic vestibular stimulation: Electrical vestibular stimulation was applied to animals using
carbon rubber electrodes (~6 cm?) in a binaural bipolar configuration. The electrodes were coated
with Spectra 360 electrode gel (Parker Laboratories, Fairfield, NJ) and secured over the animal’s
mastoid processes with surgical tape. The stimuli were generated using MATLAB and were
delivered as analog signals to a constant current isolation unit (STMISOLA,; Biopac Systems Inc.,

USA) via a QNX-based real-time data acquisition system (Hays Jr et al., 1982) or an arbitrary
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waveform generator (Keysight Technologies, Santa Rosa, CA). The current polarity of the
stimulation is referred to the polarity of the left stimulating electrode, which was on the same side
of the vestibular afferents recorded. In the figures, cathodal and anodal currents are depicted as
positive and negative values, respectively. For neural recordings, animals were exposed to a series
of sinusoidal current (sinusoid GVS) of frequencies 0.1, 0.2, 0.5, 1, 2, 4, 8, 16, and 25 Hz with
peak amplitude of 1 mA. For eye movement recordings, animals were placed in the dark with a
target, to which the animal was trained to fixate. Stimulation included sinusoidal current of
frequencies from 0.5 to 8 Hz with peak amplitude of 1 mA, and 2 Hz sinusoidal current of peak-
to-peak amplitude of 0.5, 0.75, 1, 1.25, and 1.5 mA. Rightward horizontal, upward vertical, and

clockwise torsional (i.e. toward the right ear) eye movements are expressed as positive values.

Data analysis
Data were imported into MATLAB for analysis using custom-written algorithms.

Behavioural signals were digitally filtered at 125 Hz.

Background discharge: Afferents were classified based on the regularity of resting discharge,
which is evaluated by the normalized coefficient of variation (CV*) as done previously (Goldberg
etal., 1984; Massot et al., 2011). Afferents with CV* <0.1 were considered as regular, while those
with CV* > 0.1 were considered as irregular (Sadeghi et al., 2009). The afferents’ resting discharge

was calculated as well.

Firing rate estimation: The time-dependent firing rate FR(t) was estimated as follows. First, the

spike train R(t) was set as the binary sequence of action potentials with bin width of 1 ms. Then,
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R(t) was convolved with a Kaiser window whereby the cut-off frequency was set to 0.1 Hz above

twice the sinusoidal stimulus frequency to obtain the estimated FR(t) (Cherif et al., 2008).

Response dynamic — Sinusoid GVS: For each afferent, a least-squares regression analysis was used
to determine its resting discharge (bias, spk/s), its sensitivity to sinusoidal GVS waveform, and its
phase shift relative to sinusoidal GVS waveform, using > 10 cycles of the stimulus. For each
frequency of stimulation, the bias, sensitivity (Sc) and phase shift (0) of each afferent in response
to sinusoidal GVS were calculated by estimating the coefficients of the following model:
FR(t) = bias + Sg x GVS(t + ) [eq. 2.1]

Linear time invariant model were estimated for the four categories of vestibular afferents from the
population frequency responses to sinusoid GVS using the function tfest in Matlab. The best
transfer function were chosen using the Akaike information criterion, which optimized goodness

of fit and minimal number of parameters.

Canal response dynamic — Rotation: For each canal afferent, a least-squares regression analysis
was used to determine its resting discharge (bias, spk/s), its sensitivity to head velocity, and its
phase shift relative to head angular velocity. For each frequency of rotation, the bias, sensitivity
(S) and phase shift (8) of each afferent in response to sinusoidal head angular velocity H were
calculated by estimating the coefficients of the following model:

FR(t) = bias + S x H(t + 6) [eq. 2.2]
To correct the gain for the preferred rotation plane for horizontal, anterior and posterior canals, the

angular yaw velocity was projected onto the semicircular canal planes as done previously (Carriot
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et al., 2014). For each semicircular canal afferent, the decomposed angular velocity of the

appropriate plane was then used to estimate the corrected gain.

Spatial tuning of otolith afferents: For each otolith afferent, a least-squares regression analysis was
used to determine its resting discharge (bias, spk/s), its sensitivity to head acceleration, and its
phase shift relative to head linear acceleration. For direction of translational motion (foreaft and
lateral) the bias, sensitivity (S) and phase shift (0) of each afferent in response to sinusoidal head
linear acceleration H were calculated by estimating the coefficients of the following model

FR(t) = bias + S x H(t + 0) [eq. 2.3]
The maximum sensitivity and preferred direction was estimated using a cosine fit (Angelaki &

Dickman, 2000; Purcell et al., 2003; Jamali et al., 2009).

Comparison of sensitivity to GVS and motion: In order to compare the sensitivity of vestibular
afferents to two different stimuli, the gain was normalized by dividing the values with the gain at
0.5 Hz. Additionally, this allows us to pool all semicircular canal afferents together, as

normalization compensates for the difference in preferred axis of rotation.

Eye movement: Segments of eye velocity trace (horizontal, vertical and torsional) without saccades
were first chosen over at least three cycles of the sinusoidal stimulation. Similar to afferent
responses, a least-squares regression analysis was then used to determine the sensitivity and phase
shift of the eye velocity relative to sinusoidal GVS waveform using the chosen segments. Torsional

eye velocity gain to sinusoidal stimulation of different frequencies and amplitude of torsional eye
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velocity to sinusoidal stimulation of different current amplitudes were normalized at the values of

0.5 Hz and 0.5 mA, respectively. The values reported were averaged across five trials.

Statistical analysis: Statistical analysis was performed in SPSS (IBM, Armonk, NY) and Excel
(Microsoft, Redmond, WA). Statistical significance was set at p < 0.05. To analyze the eye
movements in response to sinusoidal GVS, a two-way mixed ANOVA with the Greenhouse-
Geisser correction was conducted. Animal was the between factor whereas frequency stimulation
or current amplitude was the within factor. To analyze the relationship of the gain and phase of
vestibular afferent responses to sinusoidal GVS as a function of CV*, linear regressions were

conducted. To account for multiple comparisons, a Bonferroni’s correction was applied.

Reporting data: In terms of the data of vestibular afferent responses to sinusoidal stimulation
across frequency, the number of samples are expressed as (min, max), where min and max
represents the lowest and higher number of afferents across the frequencies tested. All values are

expressed as mean + SEM.

I11. Results

GVS in humans evokes vestibular-related behavioural responses such as reflexive eye
movements. To characterize the effects of GVS on primary vestibular afferents and to determine
neural correlates mediating GVS-evoked behaviours, we recorded eye movements and neuronal
activity of vestibular afferents during GVS in awake behaving monkeys. The neuronal data set
consists of a total of 203 afferents, whose resting discharge and innervated endorgans were

characterized prior to GVS. N = 119 were classified as semicircular canal afferents among which

43



N = 63 were considered regular (mean CV* = 0.06+0.00) and N = 56 were considered irregular
(mean CV* =0.35+0.02). The mean resting discharge rates were 111.24+3.07 spk/s for the regular
canal afferents and 96.26+4.40 spk/s for the irregular canal afferents. The remaining N = 84
afferents were classified as otolith afferents, among which N = 30 were considered regular (mean
CV* = 0.05+0.00) and N = 54 were considered irregular (mean CV* = 0.38+0.02). The mean
resting discharge rates were 79.30+5.22 spk/s for the regular otolith afferents and 62.14+4.20 spk/s
for the irregular otolith afferents. The dataset was categorized into the four groups described above

for subsequent characterization of afferent responses.

Sinusoidal eye movements to sinusoidal GVS

To determine whether transmastoid GVS on nonhuman primate is a useful model for the
GVS activation of the human vestibular system, we first assessed whether transmastoid GVS in
nonhuman primates evokes comparable eye movements with those reported in humans. Prior
human GVS studies have shown that while human subjects fixated at a target, sinusoidal GVS
evoked sinusoidal modulated torsional eye movements. Hence, under similar experimental setup,
we recorded eye movements in the dark with a fixation target during sinusoidal modulated GVS
(Fig. 2.1A). In the presence of 2 Hz single sinusoidal stimulation, we observed eye velocity
predominantly in the torsional plane (Fig. 2.1B). First, we characterized the torsional eye velocity
as a function of stimulation frequency while keeping the current amplitude at 1 mA. We found that
the normalized gain of the torsional eye velocity remained relatively constant across frequencies
(two-way mixed ANOVA, F(2.89, 34.6) = 1.16, p > 0.05) while phase decreased as a function of
frequency (two-way mixed ANOVA, F(1.92, 23.04) = 91.74, p < 0.001), consistently lagging

behind the stimulation (Fig. 2.1C).
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Figure 2.1. Torsional eye movements in response to sinusoidal GVS. (A) While we applied
sinusoidal GVS between surface electrodes placed on the mastoid processes behind the ears, we
recorded the animal’s eye movements while it is fixating. (B) Example traces of horizontal, vertical
and torsional velocity for three animals to a 2 Hz sinusoidal stimulation of 1 mA in current
amplitude. Note that the primary eye component is in the torsional plane because the animals were
fixating on a target. (C) Population averaged of the normalized gain and phase of the torsional eye
velocity for each of the animal across five trials to sinusoidal stimulation that varied in frequency.
The gain was normalized based on the responses at 0.5 Hz. The inset shows the population gain
prior to normalization. (D) Population averaged of the normalized magnitude and phase of the
torsional eye velocity for each of the animal across five trials to sinusoidal stimulation that varied
in current amplitude. The magnitude was normalized based on the responses at 0.5 mA. The inset
shows the population gain prior to normalization.

Second, we measured torsional eye velocity during 2 Hz sinusoidal GVS at varying current
amplitude. Across the current amplitude (Fig. 2.1D), the normalized magnitude of torsional
velocity increased (two-way mixed ANOVA, F(2.09, 25.07) = 44.308, p < 0.001), while the phase
remained constant (two-way mixed ANOVA, F(3.26, 39.08) = 0.59, p > 0.05) which agrees with
human behavioural data (Kleine et al., 1999). Note here that Monkey B had greater evoked eye
movements compared to Monkey H (and Monkey D), shown in the insets in Fig. 2.1C and D.
Interestingly, as will be discussed below, the difference in magnitude of torsional eye movements
between the two animals agreed with the difference in sensitivities of their vestibular afferent
responses, where vestibular afferents in Monkey B had a greater sensitivity than those recorded in

Monkey H (Fig. S2.1).

Vestibular afferents respond to sinusoidal GVS

We next characterized the effects of sinusoidal GVS on the vestibular afferent activity (Fig.
2.2A) to establish any difference in vestibular afferent responses that may dependent on their
discharge regularity and/or the innervated endorgans. First, we stimulated semicircular canal

afferents with sinusoidal GVS of a broad range of physiologically relevant frequencies (0.1-25 Hz)
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of the vestibular system. The responses of the example regular and irregular canal afferents both
innervating the posterior semicircular canal during single sinusoidal current of 1 Hz and 4 Hz are
shown in Fig. 2.2B. The example canal afferents had firing rates that modulate with the sinusoidal
stimulation, with the irregular canal afferent showing a greater modulation compared to regular
canal afferent (1 Hz: 25.9 vs 6.2 spk/s/mA; 4 Hz: 28.4 vs 6.7 spk/s/mA). This difference in
modulation amplitude between the two types of canal afferents was consistent across our dataset.
On average, irregular canal afferents (N = 27-56) displayed a higher gain as a function of frequency
than regular canal afferents (N = 28-63, Fig. 2.2D). Furthermore, both regular and irregular canal
afferents showed on average similar phase lead increase as a function of frequency. Canal afferents
were nearly in-phase with the GVS waveform at low frequencies, and they gradually increased its
phase lead to over 40 degrees at 25 Hz. This finding implies that sinusoidal current delivered on
the mastoid processes evokes frequency-dependent responses in canal afferents. Furthermore, the
frequency response of canal afferents to transmastoid stimulation presented here contrasts
previously characterized dynamics of canal afferents to sinusoidal current delivered directly inside
the ear (Goldberg et al., 1982; Baird et al., 1988; Kim et al., 2011), which suggests that there are
different effects of electrical stimulation delivered inside the ear versus on the surface of the ear.
We next addressed the question whether otolith afferents are also stimulated by sinusoidal
GVS and how their responses compared to that of canal afferents. The responses of the example
regular and irregular otolith afferents during single sinusoidal current of 1 Hz and 4 Hz are shown
in Fig. 2.2C. Both these otolith afferents modulated their firing rates with electrical stimulation,
with the irregular otolith afferent firing more spikes per second compared to regular otolith afferent
(1 Hz: 16.1 vs 4.5 spk/s/ImA,; 4 Hz: 17.2 vs 5.2 spk/s/mA). This difference in modulation amplitude

was also observed across our dataset. Irregular otolith afferent population (N = 18-54) responded
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Figure 2.2. Response dynamics of vestibular afferents to sinusoidal GVS. (A) We recorded
extracellular single-unit activity from vestibular afferents using tungsten electrodes during
sinusoidal GVS. (B) Firing rate (gray) of example regular (blue) and irregular (red) canal afferents
to 1 Hz (left) and 4 Hz (right) sinusoidal GVS. Firing rate estimates (solid blue and red line) are
found using eq. 2.1. The right insets show the interspike interval (ISI) histogram for the resting
discharge of the example canal afferents. Regular afferents have a narrow ISl distribution whereas
irregular afferents have a broader ISI distribution. (C) Firing rate (gray) of example regular (blue)
and irregular (red) otolith afferents to 1 Hz (left) and 4 Hz (right) sinusoidal GVS. (D) Population
averaged gain (left) and phase (right) of regular (blue, N = 28-63) and irregular (red, N = 27-56)
canal afferents. (E) Population averaged gain (left) and phase (right) of regular (blue, N = 11-30)
and irregular (red, N = 18-54) otolith afferents.

with a higher gain as a function of frequency then regular otolith afferent population (N = 11-30,
Fig. 2.2E). Furthermore, both groups had generally a similar phase lead to the GVS as a function
of frequency. On average, regular and irregular otolith afferent populations, comparable to their
canal counterparts, display a gradual increase in phase lead starting from being nearly in-phase
with the GVS waveform at low frequencies to 40 degrees at 25 Hz.

A comparison of canal and otolith afferents’ frequency responses to GVS suggests that
both canal and otolith afferents are activated in a similar manner (compare Fig. 2.2C and D). To
quantify this observation between canal and otolith afferents, we conducted linear regressions for
gain and phase as a function of CV* separately at each individual frequency for both canal and
otolith afferents, and compared their slopes. For example, Fig. 2.3. shows the plots of gain and
phase versus CV* at 2 Hz for canal (open black circles) and otolith (filled gray circles) afferents.
First, both canal and otolith afferents were separately found to exhibit an increase in gain as a
function of CV*. The gains of canal and otolith afferents can be grouped together (i.e. linear
regressions for canal and otoliths were not significantly different, F(2,195) = 1.03, p > 0.0056,
Bonferroni’s correction for comparisons at each frequency) and were found to be linearly
correlated with CV* (y = 37.55 x + 3.04, r =0.84). Second, both canal and otolith afferents had

phase lead showing no linear relationship with CV*. Again, the phase leads of canal and otolith
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afferents are not significantly different from one another (F(2,195)=1.27, p > 0.0056, Bonferroni’s
correction for comparison at each frequency) and the phase leads of both afferent populations
formed the following relationship with CV*:y = 4,19 x + 13.41, r = 0.09, whose slope was not
significantly different from zero. The comparison between canal and otolith afferents for all
frequencies are summarized in Table 2.1. Note that “Common ?” column in the table refers to
whether the linear regressions of canal and otolith afferents separately were different. We found
that at each frequency, that gains of all afferents were linearly correlated with the regularity of the
vestibular afferents’ resting discharge, whereas their phase leads were generally found to be
constant over CV*. This suggests that the main difference among vestibular afferent responses to
GVS is that irregular afferents (innervating both canals and otoliths) have a much higher sensitivity

to the stimulation compared to regular afferents.
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Figure 2.3. Comparison of canal and otoliths afferent responses to sinusoidal GVS (A) Gain (left)
and phase (right) of canal (open black circles, N = 118) and otolith (filled grey circle, N = 81) to
1 Hz sinusoidal as a function of the resting discharged variability, quantified as CV*.
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Comparison of vestibular afferent response to GVS and motion

One open question about the GVS activation of the vestibular system is whether afferent
responses evoked by GVS are equivalent to those evoked by motion stimuli. Therefore, to compare
vestibular afferent responses to GVS versus motion, we also stimulated the afferents with
sinusoidal modulated motion stimuli of similar frequencies. We first recorded individual canal
afferent during yaw rotation of frequencies within the physiological relevant range (0.5-16 Hz), as
done previously (Sadeghi et al., 2007b; Massot et al., 2011). The responses of the example regular
and irregular canal afferents during sinusoidal yaw rotation of 1 Hz and 4 Hz are shown in Fig.
2.4A, where we found, as expected, that the irregular canal afferent was more sensitive compared
to regular canal afferent (1 Hz: 0.3 vs 0.1 spk/s/deg/s; 4 Hz: 0.6 vs 0.2 spk/s/deg/s). These results
were consistent across our dataset (regular, N = 21-26; irregular, N = 17-21) and were in agreement
with previous studies (Sadeghi et al., 2007b; Massot et al., 2011). Fig. 2.4B shows the comparison
between the population response dynamics of canal afferents to GVS (data from Fig. 2D) and to
yaw rotation. We first noticed that both the normalized sensitivity and phase lead relative to
rotation were markedly higher when compared to GVS. Interestingly, we found that while the
normalized sensitivity and phase lead relative to rotation were greater in irregular canal afferents
than in regular canal afferents, there was no such difference between irregular and regular canal
afferent responses to GVS. The evident discrepancies between the canal afferent response
dynamics to physiological and artificial vestibular stimuli were most likely caused by the
difference in activation of the vestibular system; GVS activates the canal afferents by bypassing
the biomechanics of the semicircular canals, which normally mechanically transduces motion into

neural activity in the canal afferents.
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Figure 2.4. Comparison of motion and GVS for canal afferents. (A) Firing rate (gray) of example
regular (blue) and irregular (red) canal afferents to 1 Hz (left) and 4 Hz (right) head velocity. Firing
rate estimates (solid blue and red line) are found using eq. 2.2. (B) Comparison of canal afferent
responses to physiological (yaw rotation) and artificial (GVS) stimuli. Population normalized gain
(left) and phase (right) to motion for regular (blue dashed line and open circles, N = 21-26) and
irregular (red dashed line open circles, N = 17-21) canal afferents. Population normalized gain
(left) and phase (right) to sinusoidal GVS for regular (solid blue line) and irregular (solid red line)
canal afferents.
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We next compared the response dynamics of otolith afferents to GVS and linear head
acceleration. Here, we used previously published otolith afferent responses to translational motion
(Jamali et al., 2013) to compare with sinusoidal GVS-evoked otolith afferent responses presented
here. To ensure that our otolith afferent population was consistent with the previous study, we
compared the gain to linear acceleration in the preferred direction at 2 Hz of the otolith afferents
in the current and previous datasets. Specifically, we first recorded individual otolith afferent

during translation motion (~2 Hz) in both the foreaft and lateral direction, and estimated the gain
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at 2 Hz corresponding to the preferred direction of the otolith afferents (see Methods). Fig. 2.5A
shows the responses of the example regular and irregular otolith. As expected, these otolith
afferents respond differently to translational motion in the foreaft and lateral direction because of
its spatial tuning (regular: 33.1 vs 133.5 spk/s/G; irregular: 209.8 vs 253.0 spk/s/ G). We found
that in our dataset, irregular otolith afferents have a higher sensitivity to their preferred direction
compared to regular afferents (2 Hz: 223.4+31.2 spk/s/G vs 68.6£17.3 spk/s/G), which is
consistent with those previously reported (2 Hz: 212.8+25.4 spk/s/G vs 50.6+10.2 spk/s/G; Jamali
et al., 2013)). Since our otolith afferent population was not significantly different from those in
the previous study (t-test, p = 0.44 and p = 0.77 for regular and irregular otolith afferents,
respectively), we used the normalized sensitivity and phase of otolith afferents to linear
acceleration from (Jamali et al., 2013) in order to compare with the otolith afferent responses to
sinusoid GVS obtained here, shown in Fig. 2.5B. Once again, we found an evident difference
between the otolith response dynamics to physiological and artificial stimuli. As is the case in
canal afferents, irregular and regular otolith afferents demonstrated similar normalized sensitivity
and phase lead to GVS, but not to linear acceleration. However, unlike canal afferents, the
difference in relative frequency-dependent increase in the normalized gain was much smaller.
Overall, the observed difference in dynamics between artificial and physiological stimuli implies
that GVS also bypasses the mechanics of the otolith endorgans, and thereby producing the

differences in otolith afferent response dynamics to physiological and artificial motion.
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Figure 2.5. Comparison of motion and GVS for otolith afferents. (A) Firing rate (gray) of example
regular (blue) and irregular (red) otolith afferents to ~ 2 Hz foreaft (left) and lateral (right) head
acceleration. Firing rate estimates (solid blue and red line) are found using eq. 2.3. (B) Comparison
of otolith afferent responses to physiological (translation motion) and artificial (GVS) stimuli.
Population normalized gain (left) and phase (right) to motion (Jamali et al., 2013) for regular (blue
dashed line and open circles, N = 6-30) and irregular (red dashed line open circles, N = 4-26)
otolith afferents. Population normalized gain (left) and phase (right) to sinusoidal GVS for regular
(solid blue line) and irregular (solid red line) otolith afferents.

To better understand the relative activation of vestibular afferents by artificial versus
physiological stimuli, we computed the ratio between the gains of vestibular afferents to motion
(either rotation or translation) and to GVS as a function frequency. This motion-GVS ratio gives
a sense of the equivalent motion corresponding to the current amplitude. Fig. 2.6 shows the
population averaged motion-GVS ratio for canal and otolith afferents across the matching

frequencies for both stimuli. In general, we found that vestibular afferents, with the exception of

regular otolith afferents, show a frequency-dependent increase in the motion-GVS ratio, indicating
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that for the same current, the amplitude of equivalent motion increased as a function of frequency.
Instead, the equivalent translation in regular otolith afferents for a given current amplitude was
independent of frequency (Table 2.2). This result demonstrates that, at the level of individual
afferents, it is necessary to take into account the difference in dynamics of vestibular afferent

responses to GVS versus motion in order to make predictions of how GVS activates the vestibular

system.
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Figure 2.6. Motion-GVS ratio for canal (right) and otolith (left) afferent responses. The motion-
GVS ratio of both regular and irregular canal afferents, as well as of irregular otolith afferents,
increases as a function of frequency. In contrast, the motion-GVS ratio of regular otolith afferents
is independent of frequency.

Table 2.2. The relation between the motion-GVS ratio and frequency for vestibular afferents.

Canal Otolith
Regular | ratio = 0.02f + 0.22 ratio = 14.95
Irregular | ratio = 0.01f + 0.13 | ratio = 0.78f + 10.55

The comparison of vestibular afferent responses to physiological and artificial stimulation
demonstrates that established linear models of canal and otolith afferents with angular head

velocity and linear head acceleration, respectively, cannot be used to model vestibular afferent
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responses to GVS. Therefore, we estimated transfer functions to the population frequency
responses to sinusoidal GVS from Fig. 2.2D and E. Here, since we cannot make any assumption
on the number of parameters to include in the model, we fitted the frequency responses to multiple
models, each of different form (i.e. varying the number of poles and zeros of the transfer function).
We found that the responses of irregular canal afferents were best fitted with a one pole and one
zero transfer while the other three afferent groups were modelled after a two poles and two zeros
transfer function (Table 2.3). These estimated models provide an approximate representation of
how vestibular afferents dynamically respond to GVS as well as the necessary information in

developing computational models of vestibular processing of artificial stimulation.

Table 2.3. Transfer function of GVS-evoked responses.

Canal Otolith
25.1(s + 92.7)(s + 13.6) | 16.4(s +47.9)(s + 1.5)

Regular | = (5 + 438.0)(s + 18.4) (s + 194.5)(s + 2.1)
85.4(s + 73.3) 88.0(s + 107.0)(s + 4.7)

Irregular (s + 404.5) (s + 456.3)(s + 7.3)

IV. Discussion

In the present study, we recorded eye movements and the activity of primary vestibular
afferents in nonhuman primates during electrical stimulation applied between surface electrodes,
a setup comparable to human GVS studies. Similar to human behaviour, we observed sinusoidal
modulated torsional eye movements in response to sinusoid GVS. We characterized the frequency
responses of primary vestibular afferents to GVS of frequencies within the physiological range
(0.1-25 Hz) and found that both semicircular canal and otolith afferents showed similar frequency
responses in which their gains and phase leads increased monotonically as a function of frequency.
Although both canal and otolith afferents are known exhibit high-pass tuning to physiological
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stimulation (i.e. motion) (Sadeghi et al., 2007a; Jamali et al., 2013), here, we demonstrated the
difference in activating the vestibular system between physiological and artificial stimulation.
Altogether, our results provide insights to the first component in modelling the GVS activation of

the vestibular system.

Comparison with previous animal studies

Here, we have shown that transmastoid GVS can evoke vestibular afferent responses, both
in canal and otolith afferents. Consistent with previous animal studies, which have stimulated
vestibular afferents with current mostly delivered inside the ear (Lifschitz, 1973; Goldberg et al.,
1984; Baird et al., 1988; Cullen & Minor, 2002; Kim & Curthoys, 2004), we found that irregular
afferents were more readily responsive compared to regular afferents. Specifically, we found that
the sensitivity of canal and otolith afferents is linearly related to their discharge variability. This
finding suggests that regardless of the location of the stimulating electrodes (i.e. on the surface or
inside the ear), the effects of electrical stimulation are highly dependent on the discharge variability
of the vestibular afferents.

In contrast, we found that the dynamics of vestibular afferent responses differ from those
previously reported for internal electrical stimulation (Goldberg et al., 1982; Baird et al., 1988;
Kim et al., 2011). Specifically, we found that both canal and otolith afferents shared comparable
response dynamics to sinusoidal GVS, where the gain increased by over two folds and the phase
lead increased by ~30 degrees across the physiological frequency range (0.1 — 25 Hz). Furthermore,
the difference in responses between regular and irregular afferents was only found in the sensitivity
but not in the phase lead. This result contrasts with a recent animal study, which showed that canal

afferents had smaller and more variable increases in gain and phase lead as a function of frequency
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to internally delivered sinusoidal modulated current (Kim et al., 2011). The robust high-pass
tuning of vestibular afferents to transmastoid stimulation is unexpected, if we were to consider that
current delivered internally is in much closer proximity to activate the vestibular afferents
compared to current delivered on the mastoid processes. Specifically, the underlying skin, bone
and cerebrospinal fluid together are known to act as a low-pass filter to the electrical activity
generated in the brain when recording using external techniques, such as electroencephalography
(Srinivasan et al., 1998). Following the same principle, when current is instead delivered on the
surface, it should also be low-pass filtered by the skin-bone-CSF ensemble. If that were the case,
currents delivered at higher frequencies would be attenuated and the predicted frequency response
of vestibular afferents to transmastoid stimulation should be reduced when compared to the
dynamics of afferents in response to internal stimulation. This, however, is the opposite of what
we observed, with vestibular afferents frequency responses to transmastoid stimulation generally
displaying larger gain and phase lead increases. This result indicates that vestibular afferent
dynamic responses to GVS cannot be predicted from previously reported responses to internal

stimulation.

Vestibular afferent dynamics: Motion versus GVS

Our finding that vestibular afferents display different dynamic responses to GVS and
motion highlights how these two types of stimuli have different mechanisms of activating the
vestibular system. This is consistent with previous animal studies which showed that the dynamics
of canal afferent responses to direct electrical stimulation and rotation were dissimilar (Goldberg
et al., 1982; Kim et al., 2011). Here, we also found that although canal and otolith afferents have

distinct dynamics to their preferred motion, the two types of vestibular afferents have comparable
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frequency responses to GVS. This result provides a stronger evidence that GVS activates
vestibular afferents by bypassing the biomechanics of both the semicircular canals and otolith
organs, which are responsible for the different dynamics to rotation and translation, respectively
(Sadeghi et al., 2007a; Jamali et al., 2013). However, it remains to be resolved whether GVS-
evoked afferent responses involve the hair cells as well (Goldberg et al., 1984; Aw et al., 2008;
Mitchell et al., 2013).

It is also noteworthy to address the question of whether there is an equivalent motion
corresponding to GVS-evoked vestibular afferent responses. Previous predictions comparing
human behavioural and vestibular afferent responses evoked by motion or electrical stimulation
(GVS in humans and direct electrical stimulation in animals) fail to consider that the dynamics of
vestibular afferent activity are different during GVS versus motion (Schneider et al., 2000;
Fitzpatrick & Day, 2004). Notably, one study has simply assumed that the frequency response of
canal afferents to GVS was equivalent to a well-established canal afferent transfer function to
rotation, scaled by a constant factor (Héroux et al., 2015). As these estimations are physiologically
incorrect, we developed more accurate relationships between motion-evoked and GVS-evoked
vestibular responses as a function of frequency. Therefore, the results presented in this study have
important implications in estimating the equivalent motion corresponding to GVS-evoked neural
activity (Stephan et al., 2005; Schneider et al., 2009) as well as modelling the neural dynamic

responses within vestibular pathways activated by GVS (Forbes et al., 2013).

Behavioural correlates of GVS-evoked vestibular afferent responses
Here, we demonstrated that the nonhuman primate is a valid model for investigating the

effects of GVS on vestibular afferents because the evoked torsional eye movements in animals

60



during sinusoidal simulation were similar to those reported in humans (Kleine et al., 1999;
Schneider et al., 2000; MacDougall et al., 2002b). More importantly, as in human studies
(MacDougall et al., 2002b), we observed variability in the gain of torsional eye movements among
animals, for example Monkey B produced greater torsional eye velocity compared to Monkey H.
The difference in the sensitivity between these animals was also found in afferents. This result
suggests that the magnitude in GVS-evoked eye movements (and most likely other behavioural
responses) is dependent on the sensitivity of vestibular afferents to GVS. Thus, between-subject
variability of GVS-evoked behaviours in humans may in part be explained by afferent responses
to GVS differed between subjects.

However, there are certain limitations in linking GVS-evoked vestibular afferent responses
to the downstream behaviour, in particular higher-order functions like perception. For instance,
Peters et al. (2015) recently recorded the frequency-dependent discrimination threshold and phase
of virtual rotation perception and attempted to predict the frequency responses of vestibular
afferents, where the gain of the vestibular afferents is related to the inverse of discrimination
threshold. Since the direction discrimination threshold of virtual motion was found to worsen as a
function of frequency (i.e. more current is need for higher frequencies), the authors hypothesized
that the gain of the vestibular afferents to GVS would decrease as a function of frequency.
However, this contradicts our findings in which we observed a robust increase in gain and phase
lead as a function of frequency to transmastoid stimulation. Thus, to model the dynamics of GVS-
evoked perception of motion, it is insufficient to solely use the dynamics of vestibular afferent
responses to GVS. Motion perception is the result of higher-order brain areas integrating vestibular
inputs (Sadeghi et al., 2007a; Massot et al., 2011; Jamali et al., 2013). Here, we have shown that

GVS activates all vestibular afferents — both canals and otoliths — in a similar fashion. However,
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this type of activation is non-physiological. For example, under physiological vestibular stimuli,
half of the otolith afferents would be excited, whereas the other half would be inhibited. Therefore,
the integration of vestibular afferents that are unnaturally all activated would likely explain the
decline in GVS-evoked motion perception as a function of frequency, even though individually,

vestibular afferents show a frequency-dependent increase in gain.

Implications for future work

One novelty of the experimental approach used in the present study is that we were able to
characterize the dynamics of vestibular afferent responses to transmastoid GVS in a primate-based
model and thereby provide more physiologically-relevant mechanisms mediating GVS-evoked
responses in humans. Here we have demonstrated that afferent responses to transmastoid
stimulation cannot be predicted from responses to internal electrical stimulation nor to natural
vestibular stimulation. Notably, both canal and otolith afferents have similar dynamic responses
to transmastoid stimulation. In contrast, models of how GVS activates the human peripheral
vestibular system to evoke behavioural responses have focused primarily on the semicircular canal
afferents, without considering their dynamics to the stimulation (Day et al., 2010; Day et al., 2011;
Héroux et al., 2015). Yet, there are other views suggesting that otolith afferents primarily mediate
GVS-evoked behaviours (Cohen et al., 2011; 2012). Since our results imply that GVS activate
both canal and otolith afferents, we first suggest that both canal and otolith afferent responses do
indeed contribute to the evoked responses. However, we also propose that the more important
question to now address is how higher-order vestibular areas integrate the combined activity of

vestibular afferents to drive GVS-evoked behaviours. In this context, future work will be required
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to determine the effects of transmastoid stimulation on central vestibular areas, including the

vestibular nuclei, the next stage of vestibular processing.

V. Conclusion

We conclude that dynamic GVS evokes similar responses in both semicircular canal and
otolith afferents. In addition, comparison with the dynamics to kinetic stimuli provides new insight
into how vestibular afferents are activated artificially. Therefore, our findings are necessary in the

development of physiological and accurate model of GVS activation of the vestibular system.
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Figure S2.1. Comparison of vestibular afferents recorded from two animals. (A) Population
averaged gain and phase of regular (Monkey B: light blue, N = 21-36; Monkey H: dark blue, N =
6-27) and irregular (Monkey B: red, N = 21-40; Monkey H: pink, N = 6-16) canal afferents to
sinusoidal GVS. (A) Population averaged gain and phase of regular (Monkey B: light blue, N = 8-
18; Monkey H: dark blue, N = 3-12) and irregular (Monkey B: red, N = 17-41; Monkey H: pink,
N = 1-13) otolith afferents to sinusoidal GVS.
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Chapter 3: Asymmetry in vestibular afferent responses to transmastoid

galvanic vestibular stimulation

I. Introduction

Galvanic vestibular stimulation (GVS) is a technique where current applied to surface
electrodes placed on the mastoid processes behind the ears stimulates the vestibular system and
consequently evokes behavioural responses in humans such as: eye movements (Watson et al.,
1998; Zink et al., 1998; MacDougall et al., 2002b; MacDougall et al., 2003; MacDougall et al.,
2005; Dilda et al., 2014a), postural changes (Nashner & Wolfson, 1974; Lund & Broberg, 1983;
Dayetal., 1997b), and the sensation of self-motion (Wardman et al., 2003b; St George et al., 2011,
Hammam et al., 2012). Because GVS is a non-invasive tool that can be used to selectively activate
the vestibular system, there is a growing interest in its utility as a clinical tool for the diagnosis of
vestibular disorders (Kim et al., 2006; Aw et al., 2013). In addition, the ability of GVS to drive
the vestibular system has potential biomedical applications, such as controlling navigation by
biasing the trajectory of locomotion via the electrical perturbation of the vestibular system (Maeda
et al., 2005a; Fitzpatrick et al., 2006).

To date, however, the physiological mechanisms mediating GVS-evoked responses remain
to be fully elucidated. An assumption inherent to most previous studies is that the effects of GVS
on the vestibular system can be estimated from neuronal activity recorded during natural vestibular
stimulation (i.e. self-motion) or in response to direct electrical stimulation of the inner ear
(Fitzpatrick & Day, 2004; Forbes et al., 2013; Héroux et al., 2015). As a result, the prevailing view
is that the GVS activation of the peripheral vestibular system is linear because (1) vestibular

afferent responses to physiological stimuli (i.e. motion) can be well modelled using linear systems
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approaches (Fernandez & Goldberg, 1971; Angelaki & Dickman, 2000; Hullar et al., 2005), and
similarly (2) vestibular afferent responses to electrical stimulation of the inner ear are linearly
related to current amplitude (Goldberg et al., 1984). Importantly, however, there are many reasons
to believe that afferent responses can show significant nonlinearities in response to GVS. First, it
has been reported that direct electrical stimulation with currents of opposite polarity produces
asymmetrical changes in vestibular afferents’ firing rates (Kim & Curthoys, 2004). In addition,
high frequency and amplitude self-motion stimuli will drive vestibular afferents into a nonlinear
regime (Ramachandran & Lisberger, 2006; Schneider et al., 2011; Schneider et al., 2015). Such
nonlinearities may also play a vital role in explaining why low levels of stochastic transmastoid
GVS may improve postural and locomotor stability in patients (Mulavara et al., 2011; Iwasaki et
al., 2014; Goel et al., 2015; Kataoka et al., 2015; Mulavara et al., 2015; Samoudi et al., 2015;
Wuehr et al., 2016). While it has been proposed that stochastic resonance, a phenomenon where
adding a low level of noise to a nonlinear system improves the detection of a weak input underlies
improvements in patients, there is no direct evidence for this proposal. Thus, an important and
open question is whether the peripheral vestibular system shows non-linear responses to
transmastoid GVS.

Thus, here we directly investigated whether vestibular afferent responses show significant
nonlinearities in response to GVS. To do so, we applied current stimulation onto surface electrodes
placed behind the ears of macaque monkeys in a bilateral bipolar configuration and delivered two
different but common stimulation paradigms: constant current and stochastic GVS for frequencies
(0-25 Hz) that spanned the physiologically relevant range of the vestibular system. We first
demonstrated that constant current transmastoid GVS stimulation evoked eye movements in

monkeys comparable to those observed in humans. Then to establish the neural correlates
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mediating GVS-evoked behaviour, we recorded responses from individual vestibular afferents
during the constant current stimulation and found comparable asymmetries in the responses at the
onset versus the offset of the stimulation. Similarly, vestibular afferents displayed asymmetric
responses to currents of opposite polarity. Notably, response asymmetries were more significant
for irregular than regular afferents, for both the semicircular canal and otolith systems. Using a
second approach to evaluate linearity, we recorded vestibular afferent responses to stochastic
stimulation and determined whether the response dynamics are comparable to those observed
when single sinusoidal stimulation are applied individually (Chapter 2). Interestingly, we found
deviations in the vestibular afferent responses to these two separate stimuli. These findings reveal
nonlinearities in the vestibular afferent activity in response to GVS, which provide new insights in

developing of physiologically relevant models and advancing the applications GVS.

I1. Materials and Methods

Three male macaque monkeys (2 Macaca fascicularis, Monkey B and H, and 1 M. mulatta,
Monkey D) were prepared for chronic extracellular recording using aseptic surgical techniques.
All experimental protocols were approved by the McGill University Animal Care Committee and

were in compliance with the guidelines of the Canadian Council on Animal Care.

Surgical procedures

The surgical preparation for Monkey B and D followed the procedures described
previously (Dale & Cullen, 2013). The surgical preparation for Monkey H followed new protocol
procedures described in Chapter 2. Briefly, in all animals, aseptic surgical techniques were used,

and under isofluorane anesthesia (0.8 — 1.5%), we secured a stainless steel post to the animal’s
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skull with stainless steel screws and dental acrylic, permitting complete immobilization of the
animal’s head during the experiments, and implanted a chamber for chronic extracellular recording.
Finally, an eye coil consisting of three loops of Teflon-coated stainless steel wire was implanted
in the right eye behind the conjunctiva (Fuchs & Robinson, 1966). Post-surgery protocol for
Monkeys B and D followed that described previously (Dale & Cullen, 2013); for Monkey H, the
procedures are detailed in Chapter 2. Animals were given at least 2 weeks to recuperate from the

surgery before any experiments began.

Data acquisition

During the experiments, monkeys were head-restrained and seated comfortably in a
primate chair mounted on top of a vestibular turntable. The left vestibular nerve was found as
described (Jamali et al., 2013). Extracellular single-unit activity of primary vestibular afferents
(semicircular canal and otolith) was recorded using tungsten microelectrodes (7-10 MQ and 20-
25 MQ, Frederick-Haer Co., Bowdoinham, ME) (Fig. 3.2A). Neural signals were band-pass
filtered from 300 Hz to 3 kHz and sampled at 30 kHz. Head linear acceleration and angular velocity
was measured by a three-dimensional linear accelerometer and a one-dimensional angular
gyroscope (Watson Inc., Eau Claire, WI), respectively, both firmly secured to the animal’s head
post. Horizontal and vertical eye positions were measured using the magnetic search-coil technique
(Fuchs & Robinson, 1966; Judge et al., 1980). Head linear acceleration, head angular velocity and
galvanic vestibular stimulation signals were low-pass filtered at 250 Hz (eight-pole Bessel filter)
and sampled at 1 kHz. Neural behavioural and stimulation data were collected through the Cerebus
Neural Signal Processor (Blackrock Microsystems, Salt Lack City, UT). Neural data was imported

into either Offline Sorter (Plexon, Dallas, TX) as previously described (Dale & Cullen, 2015) or
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into a custom-written algorithm in MATLAB (The MathWorks, Natick, MA) to extract action
potentials.

Horizontal and vertical eye positions were also measured separately using a modified eye
tracker (Chronos Vision, Berlin, Germany) fixed onto the monkey’s head post. Offline analysis
software Iris (Chronos Vision) was later used to calculate torsional eye position from markers
applied near the limbus. Markers consisted of an infrared absorbing cosmetic pigment, Eisenoixid
316/Schwarz (Carl Jager Tonindustriebedarf GmbH, Erlen, Germany), dissolved in distilled water

and were applied near the limbus using a sterile surgical marking pen.

Experimental design
Galvanic vestibular stimulation: Electrical vestibular stimulation was applied to animals using
carbon rubber electrodes (~6 cm?) in a binaural bipolar configuration. The electrodes were coated
with Spectra 360 electrode gel (Parker Laboratories, Fairfield, NJ) and secured over the animal’s
mastoid processes with surgical tape. The stimuli were generated using MATLAB and were
delivered as analog signals to a constant current isolation unit (STMISOLA,; Biopac Systems Inc.,
USA) via a QNX-based real-time data acquisition system (Hays Jr et al., 1982) or an arbitrary
waveform generator (Keysight Technologies, Santa Rosa, CA). The current polarity of the
stimulation is referred to the polarity of the left stimulating electrode, which was on the same side
of the vestibular afferents recorded.

For neural recordings, once a unit was isolated, the vestibular endorgans innervated by that
fiber was determined based on the responses of the afferent to rotations or translation. Animals
were then exposed to two different electrical stimuli. The first stimulation consists of a repeated

sequence of three consecutive constant cathodal or anodal current pulses of 1 mA lasting 40 s and
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20 s off period. The second stimulation consisted of a broadband Gaussian stochastic (0-25 Hz)
current of maximum peak amplitude of 1 mA.

For eye movement recordings, animals were placed in the dark while exposed to constant
cathodal current pulse stimulation of 1 mA. A fixation laser was present in conditions where
torsional eye movements were recorded. Rightward horizontal, upward vertical, and clockwise

torsional (i.e. toward the right ear) eye movements are expressed as positive values.

Data analysis
Data were imported into MATLAB for analysis using custom-written algorithms.

Behavioural signals were digitally filtered at 125 Hz.

Background discharge: Afferents were classified based on the regularity of resting discharge,
which is evaluated by the normalized coefficient of variation (CV*), as done previously (Goldberg
et al., 1984; Massot et al., 2011). Afferents with CV* < 0.1 were considered regular, while those
with CV* > 0.1 where considered irregular (Sadeghi et al., 2009). The afferents’ resting discharge

was calculated as well.

Response dynamic — constant current GVS: The time-dependent firing rate FR(t) was first
estimated by convolving the spike train r(t) with a Gaussian (SD = 50 ms). Responses to the
constant current pulse were normalized by removing the baseline firing rate calculated two seconds
prior to the onset of the stimulation. For each afferent, the average response across the three pulses
were taken. We characterized the afferent responses to the pulses into three phases: onset (the

maximum or minimum response within the first second after at the start of cathodal or anodal
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current stimulation, respectively), steady-state (the mean responses within the last five seconds of
the stimulation), and offset (the minimum or maximum responses within the first second after the
cathodal or anodal current stimulation was turned off, respectively). We next computed the percent
difference between the peak responses at onset and offset. Specifically, we calculated the percent

difference for responses to cathodal current stimulation as follows:

Onset — Offset eq. 3.1
nse se % 100 [eq ]

Percent difference cathodal =
Onset

The percent difference for responses to anodal current stimulation is calculated using

_ Offset — Onset [eg. 3.2]
Percent difference anodal = x 100
Offset

since we observed that the offset of anodal current stimulation evoked a greater change in
vestibular afferent activity compared to the onset of the stimulation. We then further described the
responses with a model with a two exponential decay with time delay:
FR(t) = ¢; + cye~ ("t 4 ¢, e=Cs(t-ta) [eg. 3.3]

The model coefficients and 95% confidence intervals were computed using a bootstrap technique
(Carpenter & Bithell, 2000). Briefly, 1999 “new data sets” were generated by random sampling
with replacement from the original set of afferents’ average responses to the constant current
stimulation, for instance irregular canal afferents. For each of iteration, the coefficients were
estimated at each time delay, incrementing from 0 ms relative to the onset of the stimulus to 50 ms
after the peak response. The estimated coefficients were constrained to be positive. In particular,
the bias (c1) is set to be above 0.001. The time delay and corresponding coefficients with the best
variance accounted for (VAF) which is calculated by

var(FR — est FR) [eq. 3.4]
var(FR)

VAF =1 —
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were taken as the estimates for that particular iteration. The distribution were obtained for each

model coefficient.

Response dynamic — Broadband stochastic GVS: For each afferent, response to the stochastic GVS
of at least 30 seconds was used to estimate the transfer function using:

H(f) = Ps,(£)/Pss() [eq. 3.5]
where P,.(f) is the cross-spectrum between the stochastic stimulation and the spike train, and
P (f) is the power spectrum of the stochastic stimulation. The gain and phase were then estimated
from the transfer function. All spectral quantities were estimated using multitaper techniques with

32 Slepian functions.

Response dynamic — Sinusoid GVS: We reanalyzed the data from Chapter 2 to take into account
the vestibular afferent responses to constant current stimulation. For each afferent, a least-squares
regression analysis was performed to determine the sensitivity (S;) of the cathodal and anodal
cycle of the sinusoidal GVS.

FR(t) = bias + S; X GVS(t + 0) [eq. 3.6]
Here, the resting discharge (bias, spk/s) was kept constant across frequency while the phase shift

(0), determined previously, was kept constant between the fits to cathodal and anodal half-cycles.

Eye movement: Segments of eye movement trace (horizontal, vertical and torsional) without
saccades were first chosen over at least 20 trials. Slow phase velocity was computed from these
segments. Tonic ocular torsion was computed relative to a time point within a one second range

before the onset of the stimulation.
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Statistical Analysis: Statistical analysis was performed in SPSS (IBM, Armonk, NY) and Excel
(Microsoft, Redmond, WA). Statistical significance was set at p < 0.05.

To assess the dynamics of afferent responses to cathodal current GVS, we conducted a
three-way mixed ANOVA with a Greenhouse-Geisser correction, where endorgan (canal versus
otolith) and type (regular versus irregular) were the between factors, and phase (onset, steady-state,
and offset) was the within factor. Since a two-way significant interaction was revealed for type
and phase (F(1,109)=1.2, p > 0.05), we conducted simple main effects tests. Post-hoc Tukey’s tests
were conducted and are reported below. To evaluate whether the percent difference at the onset
and offset of the stimulation differed among different classes of vestibular afferents, a two-way
between factor ANOVA (endorgan and type) was conducted.

To assess the difference in the afferent responses to cathodal versus anodal current GVS,
we conducted a three-way mixed ANOVA with a Greenhouse-Geisser correction, where endorgan
and type were the between factors, and current polarity was the within factor for each of the three
phases. For afferent responses at onset, there was a three-way significant interaction (F(1, 51) =
6.33, p < 0.05). For afferent responses at steady-state, there was a two-way significant interaction
between type and current polarity (F(1, 51) = 4.20, p < 0.05). For afferent responses at offset, there
was a two-way significant interaction between type and current polarity (F(1, 51) = 12.49, p <
0.005). Simple main effects were conducted for these interactions and are reported below. To
evaluate the percent difference at the onset and offset of the stimulation, a two-way between factor
ANOVA, endorgan and type, was conducted. To evaluate whether the cathodal and anodal percent

difference were similar, we conducted a three-way mixed ANOVA with a Greenhouse-Geisser
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correction, where endorgan and type were the between factors, and current polarity was the within

factor.

Reporting data: All values are expressed as mean + SEM unless otherwise stated.

I11. Results

The goals of this study were to (1) determine whether the patterns in GVS-evoked eye
movements to constant current GVS can be predicted by vestibular afferent activity, and (2)
establish whether vestibular afferents exhibit nonlinear responses. To address these questions, we
first characterized eye movements and vestibular afferent responses to steps of constant current
applied between surface electrodes behind the ears. We then stimulated vestibular afferents with
stochastic current and compared to afferent responses to sinusoidal stimulation (Chapter 2) in order

to determine nonlinearity in their responses.

Eye movements to constant cathodal current GVS

To evaluate the effects of constant current GVS, we first characterized the evoked eye
movements, in a similar setting compared to human studies. We found that large eye movements
were robustly evoked at the onset of the stimulation. In the presence of a target to which the animal
was trained to fixate, evoked eye movements were predominantly in the torsional plane. The onset
of GVS induced torsional eye movements in the clockwise direction (opposite side of the cathodal
side of stimulation) while the stimulation offset caused weaker torsional eye movements in the
opposite direction (Fig. 3.1B). During the stimulation, there was an attenuation of eye movements

across time (Fig. 3.1C). When the fixation target was absent, GVS elicited horizontal nystagmus,
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Figure 3.1. Eye movements in response to constant current GVS. (A) While we applied constant
current GVS between surface electrodes placed on the mastoid processes behind the ears, we
recorded the animal’s eye movements in the presence or absence of a fixation target. (B) GVS-
evoked torsional eye movements with a fixation target. Average torsional eye position and slow
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phase velocity (spv) trace at the onset (right) and the offset (left) of the stimulation (thick black
bar at the bottom). (C) GVS-evoked eye movement with a fixation target. The average eye
movements binned at every one second. Note that there are large eye movements right after the
onset of the stimulation and at the offset of the stimulation, primary in the torsional direction, as
zoomed in panel above. (D) GVS-evoked eye movements without a fixation target. The average
eye movements binned at every one second. Note that in the absence of a fixation target, torsional
eye movements were not recorded. Horizontal nystagmus was the dominant evoked-pattern.

with a contralateral slow phase component relative to the cathodal stimulation side (Fig. 3.1D),
which were suppressed during trials with fixation (compare with Fig. 3.1C). Except for the onset
and offset of the stimulation, vertical nystagmus was less prominent during the stimulation, even

without fixation.

Vestibular afferent dynamics mediate behaviour evoked by constant cathodal current GVS

Under the same stimulation, we next recorded vestibular afferent activity (Fig. 3.2A)
responsible in mediating GVS-evoked eye movements shown in Fig. 3.1. In response to GVS, the
example regular (CV*= 0.05) and irregular (CV* = 0.12) canal afferents (Fig. 3.2B, middle row),
as well as the regular (CV*=0.05) and irregular (CVV* = 0.26) otolith afferents (Fig. 3.2C, middle
row) all increased their firing rate relative to the resting discharge within the two seconds prior to
the stimulation. Furthermore, irregular afferents had a more robust response compared to their
regular counterparts. These response characteristics were consistent across the population of canal
afferents (regular N = 37; irregular N = 33; Fig. 3.2B, bottom row) and otolith afferents (regular
N =20; irregular N = 23; Fig. 3.2C, bottom row). Across the vestibular afferent population, afferent
responses to constant current can be qualitatively decomposed into three phases relative to the
stimulation: (1) A large transient response at the stimulation onset, (2) a steady-state response
during the stimulation, and (3) a large transient response, but of the opposite direction, at the
stimulation offset. We next quantified whether the responses within these three phases (Fig. 3.2D-
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F) differed across the classes of vestibular afferents. Canal and otolith afferents have comparable
responses to the stimulation (a three-way mixed ANOVA, F(1, 109) = 1.2, p > 0.05) consistent
with previous findings (Chapter 2). In addition, we found that irregular afferents had a significantly
greater change in activity at the onset versus the offset of the stimulation (post-hoc Tukey’s test, p
< 0.05), but this was not observed for regular afferents (post-hoc Tukey’s test, p > 0.05). This
asymmetry is also illustrated in Fig. 3.2G, which shows the percent difference of the peak
responses at the onset and offset of the stimulation was greater for irregular afferents compared to
regular afferents (two-way ANOVA, F(1,109) = 18.6, p < 0.001). Notably, this asymmetrical
pattern between onset versus offset was also observed in the eye movements (Fig. 3.1), suggesting
that irregular afferents are most likely the source of this asymmetry.

Next, we characterized the dynamics of the vestibular afferent responses to the constant
current stimulation by estimating the time constants of the decay. The population step responses
were well described with two exponential curves with two time constants (eq. 3.3). Bootstrap
technique (see Methods) was used to determine whether the estimated parameters were significant.
For each model parameter, we obtained 95% confidence intervals using the percentile method. The
estimated bias and the both constants are shown in Table 3.1. Note that the estimated biases agree
with the steady-state responses shown in Fig. 3.2E. Interestingly, the large peak and subsequent
adaptation found in vestibular afferent responses provide a neural correlate for eye movement
responses, which were initially large, but attenuated over the duration of the stimulation (Fig. 3.1C

and D).
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Figure 3.2. Response characteristics of vestibular afferents to constant cathodal current GVS. (A)
We recorded extracellular single-unit activity from vestibular afferents using tungsten electrodes
during constant current GVS. (B) The top row shows the constant cathodal current stimulation and
the zoomed-in schematic of the three phases: (1) onset, (2) steady-state, and (3) offset. The middle
row shows the average firing rate across three constant current pulses of an example regular (blue)
and irregular (red) canal afferents relative to a 2 second baseline prior to the onset of the
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stimulation (top row). The bottom row shows the population responses of the regular (N = 37) and
irregular (N = 33) canal afferents to the cathodal current, which can be described of having
transient and static components. (C) The top row shows the constant cathodal current stimulation
and the zoomed-in schematic of the three phases: (1) onset, (2) steady-state, and (3) offset. The
middle row shows the average firing rate across three constant current pulses of an example regular
(blue) and irregular (red) otolith afferents relative to a 2-second baseline prior to the onset of the
stimulation. The bottom row shows the population responses of the regular (N = 20) and irregular
(N = 23) otolith afferents to the cathodal current, which can also be described of having transient
and static components. (D) The population peak response within the first second after the onset of
the stimulation for the different classes of vestibular afferents. (E) The population steady-state
response of the last 5 seconds of the stimulation. (F) The population steady-state response of the
last 5 seconds of the stimulation. In all three phases, there is a significant difference in response
between the discharge regularity of the afferents (regular versus regular; p < 0.001), but not the
endorgans (canal versus otolith; p > 0.05). (G) The population averaged percent difference between
the onset and offset responses.

Table 3.1. Bias and two time constants estimated from vestibular afferents step responses.

Bias Short TC Long TC
Afferents M 95% ClI M 95% ClI M 95% ClI
Irregular canal 8.26 | [4.77,10.47] 0.25 [0.17, 0.33] 17.78 [7.07, 29.18]
Regular canal 2.88 [0.73, 3.85] 0.28 [0.17, 0.40] 20.25 [3.97,50.18]
Irregular otolith | 10.13 | [6.18, 12.74] 0.25 [0.12, 0.37] 7.64 [1.31, 15.37]
Regular otolith | 1.92 [0.03, 3.08] 0.32 [0.12, 0.63] 10.74 [0.53, 35.11]

Current polarity asymmetry in vestibular afferent responses

We next investigated whether there were asymmetries in vestibular afferent responses to
constant cathodal and anodal current stimulation. Since the change in current flow at the offset of
cathodal current stimulation is the same as the change at the onset of anodal current stimulation,
the unbalanced responses described above could be linked to asymmetrical responses to currents
of opposite polarity. Accordingly, we recorded a separate set of vestibular afferents in responses
to cathodal and anodal constant current GVS (regular canal, N = 22; irregular canal, N = 12; regular

otolith, N = 9; irregular otolith, N = 12). As expected from previous findings (Chapter 2), constant
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anodal current GVS evoked a decrease in firing rate in all vestibular afferents. Again, we can
categorized these responses into three phases: Onset, steady-state and offset (Fig. 3.3A).

We then determined whether changes in vestibular afferent activity within the three phases
(shown in Fig. 3.3B — D) were different during the cathodal versus anodal stimulation. As expected,
changes in the firing rates of irregular afferents were significantly greater than regular afferents
(simple main effect tests, p < 0.05 for onset, p < 0.01 for steady-state, and p < 0.001 for offset). In
addition, we found that canal and otolith afferents generally exhibit the same responses to constant
current stimulation, with the exception of the irregular otolith afferents having greater responses
at the onset compared to irregular canal afferents (simple main effect test, p < 0.05 for both current
polarities). More importantly, in all three phases, irregular afferents, more so than regular afferents,
showed unequal responses to currents of opposite polarity (simple main effect test, p < 0.05).
Notably, changes in firing rates of irregular afferents were greater at the offset of anodal
stimulation compared to the offset of cathodal stimulation. At both the onset and the offset of the
stimulation, irregular afferents evoked a biased response to a change in current flow toward the
cathode. Moreover, the cathodal percent difference in afferent activity was similar to the anodal
percent difference (Fig. 3.3E, three-way mixed ANOVA, p > 0.05). These results suggest that
cathodal and anodal current stimulation have differential effects in vestibular afferent responses,
primarily irregular afferents, thereby increasing the complexity of modelling the GVS activation

of the peripheral vestibular system.
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Figure 3.3. Comparison of vestibular afferent responses to constant cathodal versus anodal current
GVS. (A) Population responses to cathodal (middle trace) and anodal (bottom trace) of the four
classes of vestibular afferents (regular canal: N = 22; irregular canal: N = 12; regular otolith: N =
9; irregular otolith: N = 12). The three phases: (1) Onset, (2) steady-state, and (3) offset, are shown
on top with the dark line representing the constant current stimulation. (B) The difference in
population peak response within the first second after the onset of the stimulation for the different
classes of vestibular afferents. (C) The difference in population steady-state response of the last 5
seconds of the stimulation. (D) The difference in population steady-state response of the last 5
seconds of the stimulation. Note here that for B and C, a positive difference indicates that the
changes in response to the cathodal condition is greater. In D, a positive difference indicates that
the changes in responses to the anodal condition is greater. (E) The difference in the onset/offset
asymmetry during cathodal versus anodal current.
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Primary vestibular afferents responds to stochastic stimulation

A second approach to assess linearity is by using broadband stochastic input and perform
standard linear system analysis — a standard method to describe the linearity of the vestibular
system to physiological stimuli (Sadeghi et al., 2007a). Moreover, stochastic GVS has been used
previously in numerous settings, such as to characterize the frequency responses of muscles
associated with the outputs of the vestibular pathways (Forbes et al., 2015). Thus, we examined
the activity of vestibular afferents during this type of stimulation. The responses of the example
regular and irregular canal afferents to a segment of the stochastic GVS are shown in Fig. 3.4A.
We next estimated the frequency response of all vestibular afferents to stochastic stimulation and
compared these responses to those observed during sinusoidal GVS (Chapter 2), which are shown
in Fig. 3.4B and E for canal (regular, blue, N = 58; irregular, red, N = 48) and otolith (regular, blue,
N = 27; irregular, red, N = 37) afferents. We observed that the response dynamics of both regular
and irregular canal afferents to the two different GVS paradigms had similar trends: Gain and
phase leads increased as a function of frequency. However, the response dynamics to sinusoid and
stochastic GVS deviated at low and high frequencies, suggesting that the system is nonlinear.

Based on our finding above that there is an asymmetry in the firing rate change evoked by
cathodal and anodal current (i.e. Fig. 3.3), we reanalyzed the vestibular afferent responses to
sinusoidal GVS to determine whether these asymmetries were present. First, we computed the
difference between the bias estimated in Chapter 2 using eg. 2.1 and the resting discharge of
individual afferents. This difference is a measure of asymmetry, where a greater value indicates
that the vestibular afferent responds more readily to the cathodal cycle than to anodal cycle.

Interestingly, we noticed that this difference increased as a function of frequency, suggesting that
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Figure 3.4. Response dynamics of vestibular afferents to broadband stochastic GVS. (A) Response
of canal afferents. The right panel shows firing rate (gray) of example regular (blue) and irregular
(red) canal afferents to segments of broadband stochastic GVS. (B) Population averaged gain (left),
and phase (right) for regular (blue, N = 58) and irregular (red, N = 48) canal afferents.
Superimposed gain and phase (dots) are the population response dynamics to sinusoidal GVS from
Chapter 2. Inset shows estimated bias using eq. 2.1 as a function of frequency for regular (blue)
and irregular (red) afferents. (C) The gains using the cathodal (red filled circles) and anodal (pink
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open circle) cycles of sinusoidal GVS compared to the gain to the stochastic stimulation. (D)
Response of otolith afferents. The right panel shows firing rate (gray) of example regular (blue)
and irregular (red) otolith afferents to segments of broadband stochastic GVS. (D) Population
averaged gain (left), and phase (right) for regular (blue, N = 27) and irregular (red, N = 37) otolith
afferents as a function of frequency. Superimposed gain and phase (dots) are the population
response dynamics to sinusoidal GVS from Chapter 2. Inset shows estimated bias using eq. 2.1 as
a function of frequency for regular (blue) and irregular (red) afferents. (C) The gains using the
cathodal (red filled circles) and anodal (pink open circle) cycles of sinusoidal GVS compared to
the gain to the stochastic stimulation.

the level of asymmetry between cathodal and anodal currents were frequency-dependent (top inset
in Fig. 3.4B and E). To test this proposal, we next estimated the gain to the cathodal and anodal
cycles of GVS separately (Fig. 3.4C and F), and, consistent with our hypothesis, found that
vestibular afferents had greater gains for cathodal versus anodal current (Fig. 3.4C and F). Notably,
the gain estimated from the stochastic stimulation mostly fell in between the gains to the cathodal
and anodal cycles of sinusoidal GVS. Taken together, these results suggest that traditional linear
analysis of vestibular afferent responses to stochastic and sinusoidal GVS washes out

nonlinearities due to asymmetric responses during cathodal versus anodal current applications.

IV. Discussion

In the current study, we delivered current to surface electrodes placed behind the ears of
macaque monkeys while recording eye movements and primary vestibular afferent activity in
order to investigate whether there are nonlinear mechanisms in early vestibular processing of GVS.
We first found that constant cathodal current stimulation evoked eye movements, predominantly
torsional nystagmus and horizontal nystagmus, with and without a fixation target, respectively.
These eye movements were transient with asymmetrical peaks in the response at the onset and
offset of the stimulation. Single unit recordings revealed that stimulation evoked similar patterns

of asymmetry in vestibular afferent responses. Notably, response asymmetries were more
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significant for irregular than regular afferents, for both the semicircular canal and otolith systems.
In addition, we found deviations between afferent modulation produced by stochastic GVS versus
sinusoidal GVS that is traditionally applied to study behavioural responses using linear system
analyses (Chapter 2). This finding provides further support for our conclusion that that vestibular

afferents respond nonlinearly to GVS, that had not previously been explored (Chapter 2).

Polarity dependence of vestibular afferent responses to GVS

Here, we have shown that constant current cathodal GVS evoked a greater change in
vestibular afferent activity than anodal stimulation, primarily for irregular afferents. This is
consistent with a previous report showing that irregular afferents had asymmetrical changes in
firing rate to currents of opposite polarity delivered directly to the middle ear (Kim & Curthoys,
2004). In contrast, an earlier animal study using electrical stimulation within the inner ear reported
a linear relation between vestibular afferent responses and current that was symmetrical across
current polarity (Goldberg et al., 1984). One likely explanation for the apparent discrepancy is that
the authors excluded irregular afferents that were completely inhibited (i.e. cutoff) to anodal
current in their dataset to estimate the linear relationship. Silencing irregular afferents is
physiologically easier than to cause saturation of their firing rate (i.e. the magnitude of an
inhibitory stimulus is lesser than that of an excitatory stimulus). This property of irregular afferents
thus contributes to the asymmetry in their responses to anodal versus cathodal current. However,
in most of the vestibular afferent responses reported here, anodal GVS did not drive the vestibular
afferents into cutoff, which suggests that additional mechanisms drive the unbalanced responses.
Since vestibular afferents show no such asymmetrical response to natural vestibular stimulation

(i.e. linear response to motion (Sadeghi et al., 2007a; Jamali et al., 2013)), we speculate that the
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amount of depolarization and hyperpolarization at the cellular level caused by cathodal and anodal
current, respectively, is unequal. Moreover, the morphological differences between the regular and
irregular afferents as well as the hair cell types that the afferents innervate may explain why
predominantly irregular afferents have asymmetrical responses. More importantly, the presence of
polarity-induced asymmetry would also provide an explanation for why responses at the onset and

offset of the constant current stimulation characterized in this study were asymmetric.

Behavioural correlates of constant current GVS-evoked vestibular afferent responses

With our finding that constant cathodal and anodal current GVS evoke unbalanced changes
in vestibular afferent activity, primarily irregular afferents, it raises the question of whether the
asymmetries are reflected in evoked behaviours. Here, we found that the magnitude of transient
eye movements evoked at the onset and offset of the cathodal stimulation was asymmetrical,
agreeing with the neural responses. Similar patterns of asymmetry in the eye movements between
the onset and offset of GVS have also been reported in humans (MacDougall et al., 2003).
However, in the same study, MacDougall et al. (2003) found that the average magnitude of eye
movements during the cathodal current stimulation was comparable to that during the anodal
current stimulation. Similarly, postural responses in humans during GVS are reported to be
symmetrical when evoked by cathodal and anodal current (Cauquil et al., 1997; Day et al., 2010).
One possibility for this inconsistency between neural responses and behaviours evoked by GVS
of opposite current polarity is that the behavioural responses are driven by the combined activity
of all vestibular afferents. Thus, how central vestibular processing areas integrate both regular
afferent input, which shows less asymmetrical responses, and irregular afferent input, which shows

asymmetrical responses, would influence whether behavioural responses exhibit symmetrical
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and/or asymmetrical patterns. Accordingly, more physiological models in predicting behaviours
induced by GVS should allow for the differences between regular and irregular afferents, such as
their sensitivity to GVS and the symmetry/asymmetry to current polarity.

It is also noteworthy to elucidate how the dynamics of vestibular afferents to constant
current GVS drive the dynamics in evoked responses. Here, we characterized the vestibular
afferent responses into the three phases relative to the stimulation: A large transient response at
the stimulation onset, a steady-state response during the stimulation, and a large transient response,
but of opposite direction, at the stimulation offset. This is consistent with the time course of GVS-
evoked postural sway, which begins with a rapid change in tilt position at the GVS onset, then
becomes more stable during the stimulation, and finally ends with a fast sway movement in the
opposite direction at the GVS offset (Inglis et al., 1995a; Day et al., 1997a; Wardman et al., 2003a).

In addition, we found that canal afferents had a longer time constant to steps of cathodal
current stimulation than to rotations of constant angular velocity. Under rotational stimulation,
canal afferents have a time constant of 5 s, which is extended centrally, by means of velocity
storage, to 20 s. The prolonged time constant corresponds to the decay in vestibulo-ocular reflex
and perception of rotation in response to a rotation of constant angular velocity (Raphan et al.,
1979; Shaikh et al., 2013). In contrast, we found that afferent responses to constant currents
showed a transient decrease and then remained relatively stable. Consistent with these dynamics,
the time constants of the decay in eye movements (MacDougall et al., 2002b) and perception of
virtual rotation induced by GVS (St George et al., 2011) during constant GVS exceeded 80 s.
Notably, the slower dynamics of GVS-evoked responses compared to those induced by motion
suggests that there is a limitation in applying GVS as an exact replicate for natural vestibular

stimuli.
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Stochastic GVS, vestibular afferent activity, and its implications for future work

One novelty in this study is that we recorded vestibular afferent responses to stochastic
GVS — an increasingly popular stimulation protocol to activate the human vestibular system for a
growing number of applications. Here, comparison of vestibular afferent responses to the
stochastic and sinusoidal stimulation (Chapter 2) revealed that afferents exhibited nonlinear
responses to GVS, in contrast to our previous assumptions that afferent responses to the
transmastoid stimulation can be modelled by linear transfer functions (Chapter 2). Furthermore,
since this nonlinearity cannot be predicted by their responses to natural stochastic vestibular
stimulation (i.e. motion), where there exists a linear regime (Sadeghi et al., 2007a; Massot et al.,
2011; Jamali et al., 2013), our results have important implications in understanding the effects of
stochastic GVS in humans. For example, many studies have recorded responses in muscle
associated with vestibulo-spinal reflex during stochastic GVS to elucidate the frequency response
of the vestibular system (reviewed in Forbes et al., 2015). Our findings provide evidence that these
responses are indeed driven by the vestibular system, at least within the physiological frequency
range (0-25 Hz). However, recent studies have used GVS stimulation of frequency range up to 75
Hz (Forbes et al., 2013; Forbes et al., 2014). Thus, additional work is needed to determine whether
vestibular afferents can be electrically driven at much higher frequencies than their relevant
frequency range of the vestibular system.

In one potential biomedical application, stochastic GVS of low current amplitude has
recently been used to improve postural and locomotor stability (e.g. (Pal et al., 2009; Mulavara et
al., 2011; Mulavara et al., 2015)). The hypothesized mechanism mediating these improvements is
known as stochastic resonance, where a subthreshold noise helps a nonlinear system detect a weak

signal. Our findings address two key elements necessary in stochastic resonance: A nonlinear
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system, and subthreshold noise. First, we have shown the vestibular afferent responses to GVS in
a nonlinear fashion, which supports that stochastic resonance may be evoked in the vestibular
system with artificial stimuli. Second, since we have shown that vestibular afferents respond to the
stimulation of 1 mA in peak amplitude, this suprathreshold noise sets an upper limit of the optimal
current amplitude. This upper limit is consistent with prior human studies, which on average, have
observed postural and locomotor stability with stochastic stimulation under 1 mA (Pal et al., 2009;
Mulavara et al., 2011; Mulavara et al., 2015). However, future experiments will be needed to
investigate whether low amplitude stochastic GVS undetectable by vestibular afferents can elicit

stochastic resonance.

V. Conclusion

We conclude that the effects of GVS upon vestibular afferent responses are more complex
than is commonly assumed. Specifically, our results provide evidence that GVS produces
nonlinear responses in the peripheral vestibular system, most notably substantive asymmetries in
the responses of irregular vestibular afferent for cathodal versus anodal currents. Thus, taken
together, our findings provide new insights into how GVS activates of the vestibular system, which

will be vital to advancing our development of new clinical and biomedical applications.
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Chapter 4. General Summary and Discussion

The purpose of this thesis was to elucidate the effects of transmastoid GVS on primary
vestibular afferent responses in order to provide a more accurate neural correlate to GVS-evoked
behavioural responses in humans. The four main goals of this thesis were to (1) validate the
primate-based model, (2) characterize both canal and otolith afferents to static and dynamic GVS,
typically used in human GVS studies, (3) determine the similarities and differences in afferents
response dynamics to GVS versus motion, and finally (4) assess linearity in vestibular afferent
responses to GVS in order to better understand how GVS-evoked behavioural responses arise.

First, by using single-unit recording of all vestibular afferents (i.e. both canal and otolith
afferents of a wide range of discharge variability) under different GVS protocols, | showed that
both canal and otolith afferents have similar response dynamics that cannot be predicted by their
responses to natural vestibular stimuli (i.e. motion). Second, by recording eye movements during
similar stimulation paradigms, | validated the nonhuman primate as a useful model for studying
the physiological basis of GVS, since the patterns of eye movements evoked by GVS are
comparable to those previously reported in humans (Zink et al., 1997; Watson et al., 1998; Kleine
et al., 1999; Schneider et al., 2000; MacDougall et al., 2003). My results show similar patterns in
the dynamics of eye movements and vestibular afferent activity in response to GVS, and thereby
providing the neural correlates mediating evoked eye movements. These findings and their
implications in modelling GVS-activation of the vestibular system and in advancing GVS for

clinical and biomedical applications are discussed below.
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I. Modelling GVS activation of the vestibular system

One main finding in my research is the remarkable similarity between canal and otolith
afferent responses to static (constant current) and dynamic (e.g. sinusoidal) GVS. Yet to date, there
remains an ongoing debate of whether GVS-evoked behavioural responses observed in humans
are a result of the activation of primarily otolith pathways (Cohen et al., 2011; 2012), canals
pathways (Reynolds & Osler, 2012), or the contributions from both (Curthoys & MacDougall,
2012). Given my results, it is evident that GV S-evoked behaviours are driven by the activation of
all vestibular afferents. | suggest instead that there exist conflicting views because interpreting the
neural mechanisms from a wide range of GVS-evoked behavioural responses is a daunting task. It
becomes more challenging as the contexts in which these experiments were conducted have
additional effects influencing the evoked responses. For example, as in other studies (MacDougall
et al., 2002b; MacDougall et al., 2003), | found that eye movements evoked in the presence of a
fixation target suppressed the movements in the horizontal plane, which were observed in the
darkness. Therefore, the direct approach used in the present study is more reliable in elucidating
the physiological basis of GVS-evoked behaviour. As discussed below, it would be of interest in
the future to investigate how higher order vestibular neurons integrate the combined activity of all
vestibular afferents during GVS.

In my thesis research, | further found that the dynamics of vestibular afferent responses to
GVS differ markedly from their responses to motion. Thus, we estimated a relationship between
the equivalent motion corresponding to GVS-evoked vestibular afferent responses as a function of
frequency, since GVS has become an increasingly popular alternative to activate the vestibular
system. For instance, as GVS evokes perception of self-motion, this technique could potentially

be used to create sensations of motion in virtual reality. Often the mismatch between the self-
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motion induced by the immersive visual but virtual environment and the self-motion detected by
the vestibular system causes symptoms of motion sickness (Johnson, 2005). In this context,
emulating motion-evoked vestibular responses using GVS has been suggested necessary to create
a “realistic” experience in the virtual environment of flight and driving simulators (Malcik, 1968;
Reed-Jones et al., 2007; Cevette et al., 2012) as well as virtual reality headsets (Entrim 4D,
Samsung). Thus, my findings of a frequency-dependent equivalency between motion- and GVS-
evoked vestibular afferent responses (Fig. 2.4 — 2.6) have provided an initial starting place for
developing GVS stimuli that would produce more physiological dynamics in afferent activity.
However, it is important to note that this advance will likely not be sufficient to fully equate motion
perception evoked by kinetic stimuli versus GVS since the artificial stimulation simultaneously
activates all vestibular afferents in a non-physiological manner. Thus, more work is needed to
determine whether GVS can be manipulated to induce sensation of motion similar to those induced
physiologically. One key element to apply GVS in virtual reality is the ability to generate
perception of self-motion in three dimensions. Thus far, it has been demonstrated that perception
of rotation in three dimensions is possible with the addition of GVS electrodes placed on the
temples (Aoyama et al., 2015). However, it would be of interest to investigate whether further
innovations to GVS including approaches to optimize stimulation between multiple electrodes can
provide a sense of physiologically realistic motion. Further development of the approach combined
with psychophysical studies will be needed to determine the limits of this technology. In addition,
neurophysiological studies in higher-order areas such as cortex and cerebellum — which integrate
the vestibular afferent inputs to generate motion perception — will provide insight into how the

brain actually combines inputs are integrated during GVS versus actual motion.
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I1. Nonlinearity in GVS activation of the peripheral vestibular system

It is commonly assumed that vestibular afferent responses to GVS are linear based on the
assumptions that (1) well-established linear model can predict the afferent responses to
physiological vestibular stimuli (Fernandez & Goldberg, 1971; Angelaki & Dickman, 2000; Hullar
et al., 2005) and (2) the relationship between changes of firing to internal electrical stimulation
and current amplitude have been shown to be linear (Goldberg et al., 1984). Subsequently, many
studies have modelled GVS activation of the vestibular afferents as a linear system (Fitzpatrick &
Day, 2004; Forbes et al., 2013; Héroux et al., 2015). For example, in the model proposed by
Fitzpatrick and Day (2004), the authors assumed that cathodal and anodal GVS evokes equal but
opposite changes in the firing rate of vestibular afferents. Furthermore, behavioural studies have
generally reported symmetrical responses to GVS currents of opposite polarity (Cauquil et al.,
1997; MacDougall et al., 2003; Day et al., 2010). Thus, our initial assumption in Chapter 2 was
that linear models can well predict vestibular afferent responses to GVS. However, the main
finding presented in Chapter 3 of this thesis is that vestibular afferents, primarily irregular afferents,
showed asymmetrical responses to cathodal versus anodal current, with a bias toward the cathode.
In light of this result, we re-examined the vestibular afferent responses to sinusoidal GVS and
found that vestibular afferents (and again primarily irregular afferents), had a higher sensitivity to
the cathodal compared to the anodal cycle of the stimulation. Interestingly, the level of asymmetry
seems to be frequency-dependent.

It is also noteworthy that motion of high frequency and intensity can drive vestibular
afferents into nonlinearities including cutoff (i.e. completely silenced the afferent responses),
saturation (i.e. vestibular afferents have a maximum firing rate), and phase-locking

(Ramachandran & Lisberger, 2006; Schneider et al., 2011; Jamali, 2015; Schneider et al., 2015).
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Therefore, it would not be surprising that for a sufficiently large GVS current, the activated
vestibular afferents would exhibit similar nonlinear responses. Since | did not observe strong
evidence of these nonlinearities in my study, it is most likely that the current amplitude and the
stimulation frequency were too low. Other studies using more direct and thus stronger electrical
stimulation inside the ear have reported that anodal current silenced irregular afferent activity
(Goldberg et al., 1984; Baird et al., 1988) and signs of saturation to cathodal current (Goldberg et
al., 1984). Thus, it would be of interest to determine the intensity of GVS required to elicit similar
nonlinearities. Finally, it is important to emphasize that since changes in vestibular afferent
responses to inhibitory and excitatory motion stimuli were comparable, the asymmetrical
responses to cathodal versus anodal current reported in this thesis are inherent to the artificial
stimulation that bypasses the receptor cells to directly activate the afferents. Accordingly, further
work aimed at understanding GVS responses nonlinearities will need to consider the cellular

mechanisms of GVS activation at the level of the peripheral vestibular system.

[11. Future work

The findings presented in my research are necessary in elucidating the physiological basis
of GVS-evoked behavioural responses. Interestingly, in recent years, numerous studies have
applied increasingly complex GVS protocols to activate the vestibular system. In this context,
further research will be needed to uncover the neural basis of the behavioural and perceptual effects
of these novel GVS paradigms. For example, stochastic GVS of high frequency content (reaching
up to 75 Hz) is currently used to investigate the frequency responses of the vestibular pathways
(Forbes et al., 2013; Forbes et al., 2014). In this thesis, | focused my investigation on GVS within

the physiological relevant frequency range of the vestibular system (up to 25 Hz). Further work
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will be required to determine whether higher frequency stimulation (i.e., up to 75 Hz) would (1)
elicit robust vestibular afferent responses, and if so, (2) drive vestibular afferents into phase-
locking regime.

In addition, an increasingly popular area of research is improving postural and locomotor
stability in balance deficient patients with the application low levels of stochastic GVS (e.g. (Pal
et al., 2009; Mulavara et al., 2011; Iwasaki et al., 2014; Goel et al., 2015; Kataoka et al., 2015;
Mulavara et al., 2015)). The predominant hypothesis is that adding a low level of noise to a
nonlinear system improves the detection of a weak input — a phenomenon known as stochastic
resonance. Although my finding that vestibular afferent responses to stochastic GVS are nonlinear,
which is one of the key elements of stochastic resonance, it remains a question of whether
subthreshold stochastic GVS would in fact enhance the detection of a weak vestibular signal.

One benefit of the experimental approach presented in this study is that it can directly test
whether vestibular afferents exhibit stochastic resonance. As such, | propose the following
experiment. Since the stochastic GVS used in this thesis is suprathreshold, | would need to first
determine current amplitudes that are low enough to not evoke vestibular afferent responses. To
do so, I could gradually decrease the amplitude of the stochastic stimulation. By characterizing the
coherence between the vestibular afferent responses to the stimulation, | would then find the range
of low amplitudes that are subthreshold level. To then investigate whether stochastic resonance
occurs in early vestibular processing, | would record vestibular afferents being simultaneously
stimulated by low levels of stochastic GVS, in which the amplitude ranges would be determined
above, and sinusoidal motion stimuli whose amplitude is right at the neuronal detection threshold

(Sadeghi et al., 2007a; Massot et al., 2011; Jamali et al., 2013). If indeed stochastic resonance
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does occur, then the low current amplitude stochastic GVS should improve the vestibular afferent
responses to detect the weak motion stimuli.

It is important to note that while my findings provide better understanding in vestibular
afferent responses to GVS, it is also fundamental to explore how these evoked responses are
integrated at the next stage of vestibular processing. There are still many questions that require
more than just the dynamics of vestibular afferents to resolve. For instance, how are otolith and
canal afferents, which are demonstrated in this thesis to be non-selectively activated by GVS,
integrated by the vestibular nuclei and higher order processing to generate the complexity and
diversity in GVS-evoked behavioural responses? Although previous animal studies have recorded
vestibular nuclei neurons during electrical stimulation inside the ear (Wilson et al., 1979; Courjon
etal., 1987), assumptions based on these results face the same limitations that vestibular responses
to GVS cannot be predicted by those to internal electrical stimulation. Accordingly, future
experiments focused on recording neurons in the vestibular nuclei under similar GVS paradigms
presented in this thesis are crucial. Analysis of such recordings, would provide new insight into a
fundamental question: Are nonlinearities in neural responses to GVS more evident at the level of

vestibular nuclei? And if so, what are the underlying mechanisms?

IV. Concluding remarks

Despite the growing literature on GVS and its multiple potential applications, how the
vestibular system responds to GVS is not fully understood. To date, studies have attempted to infer
the effects of GVS on the human vestibular system using predictions based on GVS-evoked
behavioural responses or assumptions based on neurophysiological recordings during internal

electrical stimulation (reviewed in Fitzpatrick & Day, 2004). However, the former assessment
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lacks the direct investigation of vestibular pathways while the latter estimation lacks the GVS
electrodes setup as performed in humans. My Master’s thesis provides a direct link between
transmastoid stimulation and neurophysiological recordings of the vestibular system — specifically
the vestibular afferents that normally convey motion information to the brain. Last but not least,
the characterization of the effects of GVS on vestibular nerve activity has important implications

to further develop model of GVS activation and advance GVS-based technologies.
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