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ABSTRACT

Ascorbate potentiates the response of nicotinic-acetylcholine-
receptors containing a9 and al0 subunits found predom-
inantly in the efferent systems of the inner ear, such as
the efferent vestibular system (EVS). Prior mouse studies
have shown that an attenuated EVS results in reduced vesti-
bulo-ocular reflex (VOR) gain (=eye_velocity/head_velocity)
plasticity in intact (VOR adaptation) and surgically-lesioned
(VOR compensation) mice. We sought to determine whether
ascorbate-treatment could improve VOR recovery after ves-
tibular organ injury, possibly through potentiation of the
EVS pathway. We tested 10 cbal29 mice, 5 received ascor-
bate-treatment and 5 did not, but otherwise experienced the
same conditions. Ascorbate-treatment comprised a once-
daily intraperitoneal injection of L-form reduced ascorbate
(4 g/kg) in 0.2 ml saline starting 1 week before, and ending 4
weeks after, unilateral labyrinthectomy surgery. These were
deliberately high doses to determine the ascorbate effects on
recovery. Baseline, acute, and chronic sinusoidal VOR gains
(frequency and velocity ranges: 0.2-10 Hz, 20100 deg/s)
were measured 35 days before, 3-5 days after, and 28-31
days after labyrinthectomy. Mice treated with ascorbate had
acute ipsilesional VOR gains 12 % higher compared to
control mice (+45.2 + 14.9 % from baseline versus +33.7
+ 15.4 %, P < 0.001). Similarly, chronic ipsilesional and
contralesional VOR gains were respectively 16 % (+74.3 £
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16.3 % from baseline versus +58.1 + 15.8 %, P < 0.001)
and 13 % (+78.6 = 16.0 % versus +65.6 £ 10.9 %, P <
0.001) higher compared to control mice. These data sug-
gest ascorbate-treatment had a prophylactic effect reducing
acute loss, and helped recovery during acute to chronic
stages of compensation. One possible mechanism is that an
ascorbate-enhanced EVS drives an increase in the number
and sensitivity of irregular-discharging primary vestibular
afferents, important for VOR plasticity.

Keywords: ascorbate, efferent vestibular system,
vestibular compensation, vestibulo-ocular reflex,
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INTRODUCTION

The vestibulo-ocular reflex (VOR) is the main vision-
stabilising system during head movement. Ideally, the VOR
gain (eye_velocity/head_velocity) equals 1.0, so that the
eye movement perfectly compensates the head move-
ment. When injury to a vestibular organ/nerve occurs,
a natural process of recovery begins. After 2-3 days, the
immediate symptoms of injury abate, but the VOR gain
remains low, particularly during head rotations towards
the lesioned side.

In primates, the efferent vestibular system (EVS) cell
group comprises over 400 neurons located in the brainstem
immediately lateral to the abducens nucleus (Goldberg and
Fernandez 1980). These neurons project to the peripheral
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vestibular organs where they branch extensively to innervate
the vestibular neuroepithelia (Lindeman 1969). The pattern
of innervation in the periphery is diffuse with single efferent
fibres terminating onto multiple hair cells and afferent nerve
fibres of the vestibular sensory organs. Efferent terminals
make direct contact with vestibular type II hair cells, which
has an inhibitory effect in mammals (Poppi et al. 2018; Yu
et al. 2020), but do not contact type I hair cells directly
due to the intervening cup-like afferent terminal called the
calyx. Rather, these efferent terminals contact the outside
of the calyx and afferent fibres, which has a strong excita-
tory effect in mammals (Lindeman 1969; Goldberg and
Fernandez 1980; Poppi et al. 2020; Ramkrishna et al. 2021).

Two recent behavioural studies suggest that the a9
subunit of the nicotinic acetylcholine receptor (nAChR)
in the mammalian EVS plays an important role in VOR
gain plasticity, specifically VOR adaptation in intact mice
(Hiibner et al. 2015) and VOR compensation in mice after
unilateral labyrinthectomy (UL) (Hibner et al. 2017).
These studies showed that a9-knockout mice had ~70
% reduced capacity for VOR adaptation and ~50 %
reduced capacity for VOR compensation after UL com-
pared to control (chal29) mice. Moreover, a study in
aged mice (2-year-old mice equivalent to 70—80-year-old
humans) showed similar characteristics to a9 knock-out
mice where VOR plasticity was severely and selectively
reduced. Indeed, reduced EVS activity due to ageing
could explain why vestibular dysfunction is not well com-
pensated later in life (Khan et al. 2017).

Ascorbic acid (ascorbate; vitamin C) has been shown to
potentiate acetylcholine (ACh; the main neurotransmitter
of the EVS) responses in Xenopus laevis oocytes express-
ing a9 and al0 (but not a4, B2, or a7) nAChRs in a
concentration-dependent manner (Boffi et al. 2013). Since
a9 and al0 nAChRs are largely confined to the auditory
and vestibular efferent systems, they provide a promising
therapeutic target (Elgoyhen et al. 1994; Hiel et al. 1996).
Acute exposure of peripheral vestibular organs to ascor-
bic acid, at the cellular level, is not feasible because the
a9 and al0 nAChRs cannot be specifically targeted
without affecting other channels present, such as acid-
sensing ion channels (ASICs). Attempts to block ASICs
and other potentially affected channels would compro-
mise results. The Xenopus oocyte study (employing an
effective concentration range of 1-30 mM) found that
ascorbate did not affect the receptor’s current-voltage
profile or its apparent affinity for ACh, but it signifi-
cantly enhanced the maximal evoked currents, increasing
them by 140 %. This effect was specific to the L-form of
reduced ascorbate. Ascorbate is a likely agonist of a9 and
a10 nAChRs due to a positive allosteric mechanism of
action rather than its better recognized antioxidant effect
(Boffi et al. 2013) and is one of the few known agents
that activates or potentiates a9 and al0 nAChRs and
thus is likely to stimulate efferent pathways. The effect
of an ascorbate-enhanced EVS on VOR compensation

is unlikely to be immediate because compensation is a
slow and long-term process. In addition, for VOR com-
pensation to become evident, EVS enhancement must
be accompanied by days of regular activity in a normal
visual environment to provide the needed feedback to
stimulate change.

The aim of this initial study was to determine whether
high-dose ascorbate can enhance the EVS to significantly
improve VOR recovery after vestibular organ injury.
Specifically, we asked whether a once-daily high dose
of intraperitoneal ascorbate provided for 1 week before
and 4 weeks after unilateral labyrinthectomy (5 weeks
in total) results in improved acute and chronic VOR
compensation.

MATERIALS AND METHODS

Animal Groups and Surgical Preparation

All surgical and experimental procedures were approved
by the Animal Care and Ethics Committee of the Uni-
versity of New South Wales. Data were obtained from
10 cbal29 mice (both sexes, aged 11-14 weeks). The
baseline, acute, and chronic responses for each mouse
were respectively measured 3-5 days before, 3-5 days
after, and 28-31 days after unilateral labyrinthectomy
(UL). Each mouse was implanted with a head immo-
bilisation device that consisted of a metal adapter plate
permanently attached to the skull and a removable head
pedestal attached via magnet and screw to the adapter
plate before each experiment (for more details of the
adapter plate surgery and setup see Hiibner et al. 2014,
2017). UL was performed 4-7 days after adapter plate
attachment (for more details on UL surgery, see Hubner
et al. 2017). After UL, all animals were placed in a nor-
mal visual environment and closely monitored.

Ascorbate Treatment

Five mice were assigned to the intervention (ascorbate +
surgery) group and five to the control (surgery only) group.
The intervention group mice received ascorbate treat-
ment for 1 week prior to UL and for 4 weeks after UL
(5 weeks in total). Other than ascorbate treatment, living
conditions were identical for both control and intervention
mice. Ascorbate treatment consisted of a once daily (at 9
am each morning) intraperitoneal (IP) (0.2 ml, i.e., 1 %
body weight) injection of L-form reduced ascorbate (4 g/
kg, Sigma-Aldrich) in saline. The ascorbate concentration
threshold required for significant potentiation of the EVS
1s unknown, so rather than multiple low dose njections of
ascorbate each day, a single high-dose daily injection was
used to obtain the highest peak plasma level. The trade-off
with a single high dose was reduced duration of exposure,
which is preferable to multiple low doses that may be
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below threshold, thus resulting in no effect. The dosage
was based on two mouse studies that examined the effects
of daily IP injections of ascorbate on tumour growth (4
g/kg once daily for 4 weeks: Pollard et al. 2010; 4 g/
kg once daily for 57 weeks and 4 g/kg twice daily for 3—4
weeks: Yun et al. 2015). Neither study reported adverse
events. Because ascorbate is water soluble, it is excreted
rapidly from the body, so build-up of toxicity is gener-
ally not a problem (Elmore 2005). When blood ascorbate
levels are high, additional treatment will only increase the

individual half-wave of the head velocity stimulus and
eye velocity response were least-square fit to pure sine
waves. The amplitudes of the eye and head velocity fits
were used to calculate the gain (for more detail on the
half-wave analysis technique see Hiibner et al. 2017,
Khan et al. 2019b). Side asymmetry was calculated
using a variation of the Jonkees formula so that posi-
tive (+) asymmetry indicated that the ipsilesional gain
was smaller than the contralesional gain, side asymmetry
= 0 denotes no asymmetry and 100 denotes complete
asymmetry.

'contralesional gain’ —' ipsilesional gain’

Side asymmetry index = 100 x

'contralesional gain’ 4’ ipsilesional gain’

level temporarily — it takes 24 h for blood serum levels
to return to normal — which is why once-daily doses were
administered.

Adaptation and Eye Movement Recording

During each of the three experimental sessions per mouse,
the mouse was restrained in a cylindrical capsule attached
to a platform driven by a high torque rotatory servo-
motor (GOLDLINE DDR D083, Danaher) (for more
details on this high-speed mouse rotary system please see
Hiubner et al. 2013, 2014, 2015, 2017; Khan et al. 2017,
2019a, b). The VOR gain was measured for each eye
in complete darkness using a three-dimensional video-
oculography system that tracked a thin-filmed marker
array placed on each eye. This technique allows accurate
measurement of each component (horizontal, vertical, and
torsional) of the VOR evoked eye movement (for more
details on the high-speed video-oculography system, see
Hiubner et al. 2013, 2014; Migliaccio et al. 2005, 2010).
The VOR was measured during whole-body horizontal
sinusoidal oscillation at 0.2, 0.4, 0.5, 0.8, 1, 1.6, 2, 5, and
10 Hz with peak-velocities of 20, 50, and 100 °/s (i.e., 9
X 3 = 27 rotary stimuli).

Data Analysis

Three-dimensional eye movements measured in eye-
coordinates were converted to rotation and velocity vec-
tors in head-coordinates. The slow phase component of
eye velocity was inverted so that the ideal VOR gain,
calculated as eye velocity divided by head velocity, would
yield unity (+1) (for more details on three-dimensional
binocular eye movement recording and processing using
video-oculography see Migliaccio et al. 2010; Hitbner
et al. 2013, 2014, 2015, 2017; Khan et al. 2017,
2019a, b). VOR gain responses were expected to vary
between ipsilesional and contralesional rotations, so
eye velocity traces were divided into positive and nega-
tive half-waves. The slow-phase VOR response to each

Statistical Analysis

Statistical analysis was performed using SPSS version 23
(IBM, Armonk, NY) and Excel 2013 (Microsoft) software.
A linear mixed model (LMM) with repeated measures
was used to analyse the data. The independent variables
were mouse group (control, intervention), test time (base-
line, acute, chronic), rotation side (ipsilesional, contral-
esional), rotation peak velocity (20, 50 or 100 °/s), and
rotation frequency (0.2, 0.4, 0.5, 0.8, 1.0, 1.6, 2, 5, 10 Hz)
with VOR gain as the dependent variable. A separate
LMM, with the independent variable side removed, was
performed on dependent variable side asymmetry. All vari-
ables were included in the model initially and those found
insignificant were subsequently removed. Post hoc tests
were performed using paired {-tests with multiple—
comparison correction (least significant difference) in case
of significant LMM results. Unless otherwise stated all
results are reported as mean £ 1 SD.

RESULTS

Linear mixed model (LMM) analysis revealed the factors
that affected the VOR gain were mouse group (control,
intervention) (LMM: F| 45 = 86.02, P < 0.001), rotation
side (ipsilesional, contralesional) (LMM: F| ;5 = 240.73,
P < 0.001), rotation velocity (20~100 °/s) (LMM: Fy 460 =
341.94, P < 0.001), frequency (0.2-10 Hz) (LMM: Fy 454
= 90.57, P < 0.001), and time (baseline, acute, chronic)
(LMM: F, 465 = 3412.23, P < 0.001). There were also sig-
nificant interactions between mouse group and tzme (LMM:
F, 668 = 94.53, P < 0.001), and between mouse group, side,
and time (LMM: Fy ¢s0 = 7.41, P = 0.001), suggesting
that the VOR gain recovery time course was different
between mouse groups, particularly on the ipsilesional
side. Figure 1 shows the baseline (left column), acute
(middle column), and chronic (right column) ipsilesional
VOR gain across frequencies and peak velocities 20 (top
row), 50 (middle row), and 100 °/s (bottom row) for each
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Fic. 1 Baseline (left column), acute (middle column), and chronic (right column) ipsilesional VOR gain across frequencies and peak velocities
20 (top row), 50 (middle row), and 100 °/s (bottom row) for each mouse group. The asterix (*) denotes a statistically significant difference of P

< 0.05 between control and intervention mice

mouse group. Figure 2 shows the ipsilesional (top row)
and contralesional (bottom row) baseline (left column),
acute (middle column), and chronic (right column) VOR
gains across peak velocities 20, 50, and 100 °/s pooled
across frequencies for each mouse group. For both mouse
groups, the VOR gain decreases acutely after unilateral
labyrinthectomy surgery with evidence of recovery at the
chronic stage.

The baseline VOR gain was not significantly different
between mouse group (LMM: Fy 45 = 1.11, P = 0.29) or
between rotation side (LMM: F| 45 = 2.91, P = 0.09)
averaging 0.88 + 0.15 (across mouse group, side, velocity,
and frequency). As shown in prior mouse studies, VOR
gain significantly increased with velocity (LMM: F, 445 =
234.16, P < 0.001) and frequency (LMM: Fy 405 = 12.34,
P < 0.001) (e.g., Migliaccio et al. 2010).
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Fic. 2 Ipsilesional (top row) and contralesional (bottom row) baseline (left column), acute (middle column), and chronic (right column) VOR
gains across peak velocities 20, 50, and 100 °/s (pooled across frequencies) for each mouse group. The asterix (*) denotes a statistically signifi-

cant difference of P < 0.05 between control and intervention mice

The VOR gain after acute injury was significantly dif-
ferent between mouse group (LMM: F| 535 = 32.63, P <
0.001) and between rotation side (LMM: F| 535 = 363.40,
P < 0.001). For the control mouse, the respective ipsile-
sional and contralateral VOR gains (pooled across veloc-
ity and frequency) were 0.30 + 0.13 (33.72 £ 15.36 % of
baseline) and 0.49 + 0.14 (54.09 £ 14.57 % of baseline),
whereas for the intervention mouse, the gains were 0.38
+ 0.12 (45.21 £ 14.87 % of baseline) and 0.50 £ 0.12
(58.11 £ 15.47 % of baseline). There was a significant
interaction between mouse group and side (LMM: Fy 435 =

18.94, P < 0.001), suggesting that the difference in gain
between sides was greater in the control mouse. VOR
gain side asymmetry index was significantly larger in the
control mouse at 26.52 + 13.28 compared to the inter-
vention mouse at 14.44 + 12.72 (LMM: F| |53 = 55.52,
P < 0.001). Figure 3 shows the baseline (left column),
acute (middle column), and chronic (right column) side
asymmetries across peak velocities 20, 50, and 100 °/s
for each mouse group.

The VOR gain after chronic injury remained signifi-

cantly different between mouse group (LMM: F| 55, =
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Fic. 3 Baseline (left column), acute (middle column), and chronic (right column) side asymmetries across peak velocities 20, 50, and 100 °/s
(pooled across frequencies) for each mouse group. The asterix (*) denotes a statistically significant difference of P < 0.05 between control and
intervention mice
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208.19, P < 0.001) and between rotation side (LMM:
F 354 = 102.39, P < 0.001). For the control mouse,
the respective ipsilesional and contralateral VOR gains
(pooled across velocity and frequency for comparison pur-
poses) were 0.51 + 0.13 (58.06 £ 15.83 % of baseline)
and 0.60 + 0.14 (65.58 £ 10.89 % of baseline), whereas
for the intervention mouse the gains were 0.63 + 0.14
(74.28 + 16.28 % of baseline) and 0.69 + 0.15 (78.55
1+ 16.00 % of baseline). The change in VOR gain from
acute to chronic was significantly different between mouse
group (LMM: F, 450 = 1067.47, P < 0.001) and between
rotation side (LMM: Fy 430 = 44.51, P < 0.001). For the
control mouse, the respective ipsilesional and contralat-
eral VOR gain changes from acute to chronic (pooled
across velocity and frequency for comparison purposes)
were 0.22 £ 0.18 (24.24 £ 13.66 %) and 0.12 £ 0.15
(11.16 £ 12.55 %), whereas for the intervention mouse,
the gain changes were 0.27 + 0.11 (30.54 * 13.06 %) and
0.20 + 0.12 (22.26 £ 12.48 %). The significant interac-
tion between mouse group and side (LMM: Fy 55, = 6.19,
P =0.013) remained due to the difference between sides
being greater in the control mouse. VOR gain asymmetry
was significantly smaller in the intervention mouse at 4.29
+ 5.96 compared to the control mouse at 8.67 £ 6.37
(LMM: F| 995 = 28.31, P < 0.001).

DISCUSSION

We sought to determine whether high dose ascorbate
treatment could significantly improve VOR recovery after
vestibular organ injury. Our findings suggest that mice
treated with ascorbate for 1 week prior to unilateral laby-
rinthectomy (UL) had acute ipsilesional VOR gains that
were 12 % higher compared to control mice, suggesting
a prophylactic effect of ascorbate. In addition, chronic
ipsilesional and contralesional VOR gains were respec-
tively 16 % and 13 % higher compared to control mice,
suggesting that ascorbate also helped recovery from the
acute to chronic stage of recovery. Side asymmetry was
smaller in the ascorbate treated mouse during both acute
and chronic stages of compensation.

The present study is the first to examine the effects
of a putatively enhanced EVS on VOR compensation.
However, prior studies have examined the effect of an
inhibited EVS on VOR adaptation and compensation
using the a9 knock-out mouse model. Studies in a9
knock-out mice suggest that the EVS modifies the prop-
erties of the two types of primary vestibular afferent sig-
nals, referred to as the regular discharging and irregular
discharging afferent pathways (Han et al. 2007; Hibner
et al. 2015, 2017). Specifically, when the EVS action is
attenuated by the loss of a9 receptors the regular path-
way sensitivity is increased, while ‘irregular pathway’ sen-
sitivity is decreased, and there is an apparent reduction in
the proportion of irregular versus regular afferents (Han

et al. 2007). Primate studies have shown that the VOR
eye movement response has a component that matches
the dynamic characteristics of the irregular discharging
vestibular afferent pathway (Hullar and Minor 1999;
Migliaccio et al. 2004, 2008). In addition, this ‘irregular’
component is highly adaptable, has a short latency, and
appears to be responsible for most of the changes in
VOR gain that occurs during adaptation training (Minor
et al. 1999). Therefore, because ascorbate is a demon-
strated agonist of a9 and al0 nAChRs that potentiates
a9 and al0 nAChRs, it plausibly stimulates the EVS
resulting in an increase in irregular afferent activity lead-
ing to improved compensation. This putative mechanism
could explain why ascorbate worked both as a prophy-
lactic and a treatment.

Pharmacological Treatment of Vestibular
Compensation

The majority of pharmaceuticals used to treat vestibu-
lar conditions, control symptoms via vestibular suppres-
sants (e.g., reduce intensity of vertigo and nystagmus
evoked imbalance) or antiemetics (e.g., reduce vomit-
ing and nausea) (e.g., Yacovino et al. 2016). There are
also anti-inflammatory, anti-migraine, anti-convulsant,
anti-Menieres’s, and antidepressant drugs (Yacovino
et al. 2016; Strupp et al. 2011). However, most relevant
to our study are pharmaceuticals that modify the main
neurotransmitters/receptors in the vestibular system that
affect compensation. Glutamate is an excitatory neuro-
transmitter for vestibular afferents, which interacts with
several subreceptors including N-methyl-D-aspartic acid
(NMDA) (Serafin et al. 1992; Soto et al. 2013). NMDA
excitatory amino acids (EEA) receptors affect the basal
discharge and tonic response of primary afferent input
signals at vestibular nucleus (VN), whereas non-NMDA
receptors affect responses to high-frequency head motion
(Soto et al. 2013). EAA receptor-acting drugs, such as
nermexane, block a9a10 nAChRs of rat inner ear cells
and are thought to improve neuroprotection and com-
pensation after lesions to the cochlea or balance organ
(Plazas et al. 2007). Acetylcholine, centrally, mostly affects
muscarninc receptors in VN, whereas peripherally, it
mediates efferent synapses (Soto et al. 2013). Anticho-
linergics which affect muscarinic receptors, such as sco-
polamine, improve habituation to motion sickness in rats
(Morita et al. 1990) and affect vestibular compensation,
producing overcompensation if provided late during the
natural compensation process (Zee 1988). Nitric oxide,
affected by cholinergic neurons, also seems to play a role
in vestibular compensation depending on the species (rat,
frog, guinea pig: Smith et al. 2001). Antihistamines, such
as betahistine, target histamine receptors in VN and are
often used in conjuction with anticholinergics to prevent
motion sickness and reduce symptom severity (Takeda
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et al, 1989; Serafin et al. 1992). Finally, activation of
glucocorticoid receptors via neuroactive steroids, such as
dexamethasone, have been shown to improve vestibular
plasticity in lesioned rats (Cameron and Dutia 1999).

Experiment Limitations

Since this initial study design was meant to determine if
there were effects of high dose ascorbate on VOR recov-
ery, the individual effects of prophylacsis and treatment
were not separated. To determine the effects of each,
two further groups would need to be tested: one group
that received ascorbate treatment only before UL, and
another group that only received it after UL. Using this
approach, one could determine the extent prophylac-
tic treatment affected the compensation process, i.e., the
period between acute and chronic stages of compensation.
Another set of experiments would be to study compensa-
tion beyond one month after UL. Although unlikely, it is
possible that the effects of ascorbate treatment plateau
causing a halt in improvement, whereas non-treated mice
continue to improve so that eventually recovery is the
same in both mouse groups. However, based on our expe-
rience and data from other mouse studies, recovery seems
to mostly occur during the first 20 days after labyrinthec-
tomy (see figure 6 in Beraneck et al. 2008). We did not
measure the effect of ascorbate on an unoperated animal;
however, based on our studies in a9 knock-out mice, the
EVS seems to mostly affect VOR plasticity rather than
the baseline VOR (Hiibner et al. 2015). In addition, we
did not provide control mice with daily IP injections of
0.2 ml saline to control for the effect of saline alone. In
both cases, we conjectured there would be no observable
effects; however, those results will still need to be con-
firmed. Finally, to determine an effective therepautic dose,
rather than using the maximum safe dose as determined
by other non-related mouse studies (Pollard et al. 2010;
Yun et al. 2015), in future experiments, measure of effec-
tive ascorbate blood serum levels will be needed.

Clinical Implications

Although the high doses of ascorbic acid used in this
mouse study cannot be directly applied to humans, i.e.,
4 g/kg/day translates to 320 g/day of ascorbate for an
80-kg human, it provides the first evidence that putatively
stimulating the EVS results in significant improvement
in VOR recovery. Our findings suggest the development
of derivative drugs that stimulate the human EVS could
result in improved VOR compensation if delivered pro-
phylactically, e.g., patients about to undergo surgical (ves-
tibular nerve section, canal plugging: Carey et al. 2007;
Migliaccio et al. 2008) or chemical (gentamicin: e.g.,
Migliaccio et al. 2004) treatment that affect the vestibular
organ, or as a treatment for patients where the vestibular

loss was unforeseen. The results from this mouse study
encourage the investigation of the efficacy of lower doses
of ascorbate in humans; e.g., 5 g/day is considered com-
pletely safe in humans, which could be explored in a
cohort of patients about to undergo a vestibular lesion.

CONCLUSION

This initial study using high-dose intraperitoneal ascor-
bate results in improved VOR gain recovery both dur-
ing the acute and chronic stages of compensation. The
likely mechanism of improvement is that ascorbate
potentiates a9 and a 10 subunits of the nicotinic acetyl-
choline receptors in the efferent vestibular system. This
potentiation leads to efferent vestibular system stimu-
lation that in turn drives an increase in the number
and sensitivity of irregular primary vestibular afferents,
which likely mediate most of the plasticity changes that
occur during VOR compensation.

Funding A. A. Migliaccio and this work were supported by a
National Health and Medical Research Council of Australia
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568736 and NHMRC Project Grant APP1010896.
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