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Key points

� Human activity exposes the vestibular organs to a wide dynamic range of motion.
� We aimed to discover whether the CNS regulates sensitivity to vestibular afference during

exposure to ambient motion.
� Balance and perceptual responses to vestibular stimulation were measured before and after a

10 min period of imposed, moderate intensity, stochastic whole-body rotation.
� After this conditioning, vestibular balance reflexes evoked by galvanic vestibular stimulation

were halved in amplitude.
� Conditioning doubled the thresholds for perceiving small rotations, and reduced perceptions

of the amplitude of real rotations, and illusory rotation evoked by galvanic stimulation.
� We conclude that the CNS auto-regulates sensitivity to vestibular sensory afference and that this

probably involves central and peripheral mechanisms, as might arise from vestibular efferent
regulation.

� Failure of these regulatory mechanisms at different levels could lead to disorders of movement
perception and balance control during standing.

Abstract With the hypothesis that vestibular sensitivity is regulated to deal with a range of
environmental motion conditions, we explored the effects of passive whole-body motion on
vestibular perceptual and balance responses. In 10 subjects, vestibular responses were measured
before and after a period of imposed passive motion. Vestibulospinal balance reflexes during
standing evoked by galvanic vestibular stimulation (GVS) were measured as shear reaction forces.
Perceptual tests measured thresholds for detecting angular motion, perceptions of suprathreshold
rotation and perceptions of GVS-evoked illusory rotation. The imposed conditioning motion
was 10 min of stochastic yaw rotation (0.5–2.5 Hz � 300 deg s−2) with subjects seated. This
conditioning markedly reduced reflexive and perceptual responses. The medium latency galvanic
reflex (300–350 ms) was halved in amplitude (48%; P = 0.011) but the short latency response was
unaffected. Thresholds for detecting imposed rotation more than doubled (248%; P < 0.001) and
remained elevated after 30 min. Over-estimation of whole-body rotation (30–180 deg every 5 s)
before conditioning was significantly reduced (41.1 to 21.5%; P = 0.033). Conditioning reduced
illusory vestibular sensations of rotation evoked by GVS (mean 113 deg for 10 s at 1 mA) by 44%
(P < 0.01) and the effect persisted for at least 1 h (24% reduction; P < 0.05). We conclude that
a system of vestibular sensory autoregulation exists and that this probably involves central and
peripheral mechanisms, possibly through vestibular efferent regulation. We propose that failure
of these regulatory mechanisms at different levels could lead to disorders of movement perception
and balance control during standing.
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Introduction

The vestibular system, alone and in combination with
other sensory systems, detects head movement and
contributes to sensations of whole-body movement,
orientation and balance. The paired vestibular organs
comprise the semicircular canals and the otolith organs
(sacculus, utriculus), which are sensitive to angular and
linear motion, respectively. Hair cells, the basic sensory
units of these organs, transduce the gravito-inertial forces
associated with movement into nerve impulses that
provide an awareness of head alignment and movement
and drive motor reflexes to maintain balance.

Consider a boat or bus trip. In modern life we are
commonly exposed to such environments in which we
are moved and jostled. For some animals, particularly
the avian and aquatic, strong passive motion must be
common. A highly sensitive vestibular system seems
beneficial in a stationary environment, but excessive
sensory inflow in a moving environment could be
detrimental. Peripherally, sensory transduction could
be overwhelmed, adversely affecting the perceptual and
motor responses. Centrally, excessive stimulation in the
vestibular sensory channel could mask behaviourally
important signals in other sensory channels.

The vestibular system has central adaptive mechanisms
that reduce the response to a sustained directional stimulus
over time (Guedry & Lauver, 1961; St George et al. 2011)
but the opposite after-effect on cessation of this stimulus
indicates an increased sensitivity to a stimulus in the
reverse direction. Such a mechanism is unsuitable to
regulate the sensory inflow and consequences of rocking
or random motion that has no net direction. However, a
range of neural processes have been identified that could
serve this function.

The vestibular afferent signal generated by constant
velocity rotation rapidly returns to baseline (time constant
�6 s) through the physical properties of the semicircular
canals. Within the vestibular nuclei and brainstem a
velocity storage integrator prolongs this afferent signal with
resultant longer lasting (time constant �16 s) ocular and
perceptual responses (Robinson, 1986; Vibert et al. 1997).
Through vestibulocerebellar regulation, repeated passive
movement reduces the velocity storage time constant and
attenuates the vestibulo-ocular response to movement
(Cohen et al. 1992). Vestibular efferent neurons make
pre- and post-synaptic connections with hair cells and
primary afferents (Boyle et al. 2009) and could also

play a role in altering vestibular sensitivity to prolonged
random motion. Well known but not specific to the
vestibular system are non-associative learning processes
of habituation and sensitisation involving synaptic
depression at central interneurons. These processes can
either reduce or enhance the subjective experience to
repeated stimuli (Thompson & Spencer, 1966; Groves &
Thompson, 1970).

Although not yet clearly implicated in the patho-
physiological aetiology of any specific clinical disorder,
failure of any of these regulatory processes could result
in disorders of motion perception and balance control.
Mal de debarquement syndrome is an uncommon clinical
disorder in which sufferers experience rocking or swaying
sensations of self-motion after an event of passive motion,
classically a boat trip (Cha et al. 2008). Its pathophysiology
is uncertain but is commonly believed to be a central
disorder as patients do not experience rotatory vertigo and
standard vestibular tests are essentially normal. A working
hypothesis of the aetiology of this disorder is an inability
to regulate and attenuate vestibular activity in response to
a changing motion environment.

Prompted by these observations, the present study
of normal subjects was designed to determine whether
exposure to a period of vestibular (semi-circular canal)
stimulation alters vestibular perceptual responses and
balance reflexes. A key element of the study is the
use of galvanic vestibular stimulation (GVS) to assess
vestibular responses. Natural activation of the vestibular
system requires a real movement of the head in space
and inevitably affects other sensory systems. GVS over-
comes this problem by creating a signal of virtual head
motion without a real movement (Fitzpatrick & Day,
2004). A small, percutaneous current delivered behind
the ears modulates vestibular afferent firing, increasing
it on the cathodal side and decreasing it on the anodal
side (Goldberg et al. 1982), which evokes characteristic
motor and illusory responses (Fitzpatrick et al. 1994a,
1999). The signal evoked from the semi-circular canals
dominates human GVS responses (Fitzpatrick et al. 2002;
Schneider et al. 2002; Wardman et al. 2003; Cathers et al.
2005) and is interpreted by the CNS as earth-horizontal
rotation when the head is flexed with Reid’s stereotaxic
plane inclined at �72 deg (Fitzpatrick & Day, 2004; Day
& Fitzpatrick, 2004).

In this study we explore the effects of passive
whole-body motion on human vestibular sensibility with
a null hypothesis that it would not affect the perceptual
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or reflexive balance responses to a vestibular stimulus.
The results show that a brief 10 min period of random
rotatory motion markedly reduces both perceptual and
balance responses. We conclude that a powerful system
of vestibular sensory autoregulation exists and that this
probably involves central mechanisms. We propose that
failure of these regulatory mechanisms could lead to
disorders of movement perception and balance control
during standing.

Methods

Ten subjects (23–59 years, four female) were recruited
from staff and students at the University of New
South Wales to participate in this study. The tests were
approved by the Human Research Ethics Committee of
the University of New South Wales and were conducted in
accord with the Declaration of Helsinki. Subjects provided
written informed consent before participating. No subject
had a history of neurological or vestibular disease. Seven
subjects were naı̈ve to the purpose and methods of the
study and three had participated in previous studies that
used GVS to study motion perception or balance reflexes.

The study was designed to examine the effects of a
conditioning period of whole-body motion on vestibular
balance reflexes and on vestibular perception of angular
motion. Four vestibular assessments were made before and
after a period of motion conditioning (Fig. 1).

Vestibular assessments

Vestibular balance reflexes. Ag–AgCl electrodes (3 cm2)
were attached bilaterally over the mastoid processes. Sub-
jects stood barefoot and blindfolded with feet together on
a force plate (Kistler 9286B Zürich) with an instruction to
stand still (Fig. 1A). Bipolar GVS was applied bilaterally
through a computer-controlled high compliance current
source. Twenty step stimuli of 1 mA intensity and 2 s
duration, 10 of each polarity, were delivered in randomised
order at 5–10 s intervals. Reactive lateral shear forces were
recorded from the force plate to measure the evoked reflex
responses.

Rotation detection thresholds. Subjects sat in a chair on
a servo-controlled motorised platform that rotated about
a vertical axis (whole-body yaw), positioned so that the
head was in the axis of rotation. Throughout, the subject
had his or her head flexed, facing the ground between the
feet (Fig. 1B). The subject wore ear defenders and was
blindfolded and the room was dimly lit. The feet were
placed on a block of foam to exclude any small tactile cues
that might come from the platform. In individual trials, the
platform was rotated between 1 and 15 deg over 5 s with a
sine-square velocity profile and the subject was instructed

to report the direction of any detected movement. A
wrong direction or no response within 3 s after the end
of the movement was recorded as not detected. When
movements were detected correctly the next test rotation
was reduced and when not detected the rotation was
increased. In these stimuli, angular displacement (θ),
velocity (ω) and acceleration (α) all co-vary such that:
ωpeak = θ/2.5 deg s−1, and αpeak = θ/4 deg s−2.

Perception of real rotation. Subjects sat on the motorised
platform, blindfolded and with ear defenders (Fig. 1B).
Larger rotations of θ = 30, 60, 90, 120 and 180 deg
with a sine-square velocity profile were delivered, with
ωpeak and αpeak co-varying as above. Rotations were both
clockwise and anticlockwise, in randomised order, and
superimposed on a small background stochastic motion
(2–6 Hz, zero mean, ω < 0.1 deg s−1). After each
rotation, subjects reported its direction and displacement
by pointing to the perceived start position, which
the experimenter measured (5 deg resolution) with a
protractor scale on the platform perimeter. The room was
silenced and instructions were always given from directly
behind the subject.

Perception of virtual rotation. GVS was used to create an
illusory horizontal rotation (Fig. 1C). Subjects sat on the
platform with the head flexed and facing between the feet.
In this posture, GVS creates a vestibular afferent signal
that is interpreted as whole-body yaw (Day & Fitzpatrick,
2005). Bipolar GVS was delivered as 10 s step stimuli of
either 0.5 or 1.0 mA intensity (six trials, three of each
polarity). They were told that they would be rotated with
the same instructions as for the real rotation (above) and
during application of the galvanic stimulus, the platform
was driven with the same small stochastic motion (2–6 Hz,
zero mean, ω < 1 deg s−1) that was superimposed on
the real rotations (above) to encourage a sense that the
platform could be moving. They were never informed that
they had not been physically rotated. As above, subjects
reported direction and displacement by pointing to the
start position.

Protocol and conditioning

Figure 1D shows the study timeline. The four vestibular
assessments were made before conditioning in the
order described above (1, 2, 3, 4). Immediately after
conditioning, the assessments were repeated beginning
with the perceptual assessments (2, 3, 4, 1). The entire
assessment protocol typically took �25 min. Detection
thresholds and virtual rotation (2, 4) perception were
assessed 30 and 60 min after conditioning. This sequence
was chosen to avoid interference between tests. The
thresholds need to be done before exposure to the larger
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movements, and the virtual motion before exposure to the
real motion.

Conditioning was 10 min of stochastic rotation
(0.5–2.5 Hz, –40 dB per decade roll-off) with a peak
velocity of �100 deg s−1 and a peak acceleration of
�300 deg s−2. Subjects were seated blindfolded and
wearing ear defenders on a platform in the same posture
and head inclination as during the vestibular assessments
(2, 3, 4). Subjects leaned with the forehead resting on the
hands to lessen head-on-neck motion.

This head position of forward tilt brought Reid’s
plane and the horizontal canals close to vertical so
that the vertical (anterior, posterior) semicircular canals
are stimulated by the rotation but not the horizontal
canals. The semicircular canals were activated in the same

way during both the conditioning and the vestibular
assessments (below). This position was used as GVS evokes
a sensation of whole-body yaw rotation with this head
alignment, thus allowing the effects of conditioning on a
specific vestibular sensation to be assessed.

A control experiment was performed in five subjects
who sat still (without the 10 min of passive motion) during
the conditioning phase with all else the same.

Measurements and analysis

To measure the vestibular reflex responses, lateral shear
forces were recorded from the force plate at 1 kHz.
Anode-left and anode-right trials were normalised to the
anodal direction and pooled for within-subject averaging.

Figure 1. Method
A, vestibular balance reflexes. The blindfolded subject stood on a force plate while galvanic stimuli having a step
profile were delivered. Medio-lateral shear forces were recorded. B, real rotation. Subjects sat blindfolded on a
motorized rotating platform with the head aligned closely with the rotation axis and tilted forward to face the
feet. This set-up was used to assess rotation detection thresholds and perceptions of rotation (illustrated as ‘start’
and ‘end’), and to apply the stochastic motion conditioning. C, virtual (GVS) rotation. The blindfolded subject sat
in the platform chair with head tilted forward. The platform motor was engaged to create the small ‘noise’ motion
that existed during real rotation but without any net rotation. Bipolar GVS was delivered and subjects reported the
perception of rotation by pointing to the ‘start’ position. D, experimental protocol. Standing vestibulospinal reflex,
detection threshold, GVS and real perceptions were obtained before administering 10 min of passive stochastic
rotation, and then immediately after in the same order. Detection threshold and GVS perceptions were obtained
30 and 60 min after conditioning.
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From these, the peak shear force of the short latency
response (at �120 ms) and the medium latency response
(300–350 ms) were identified for each subject. Pre-
and post-conditioning responses were compared using a
paired t test.

Detection thresholds were determined by fitting a cum-
ulative Gaussian psychometric function to individual
responses (0 = wrong, 1 = correct) and identifying the
rotation amplitude estimated to produce 50% correct
responses (P50, with its SEM). Repeated-measures ANOVA
with Dunnett’s post hoc test was used to identify significant
effects of motion conditioning on detection thresholds
(four times; Fig. 1A), on perceptions of virtual (GVS)
rotation (four times, with stimulus intensity as a factor)
and on perceptions of real rotation (four times, with
rotation angle as a factor). Significance was set at
Pα = 0.05.

Results

Vestibular balance reflexes

Reflexive force responses evoked by electrical stimulation
of vestibular afferents were recorded before and after
conditioning. Both showed typical biphasic shear reaction
force responses (Fig. 2). The short latency response
(�120 ms) was unaffected by motion conditioning
(t18 = 0.44, P = 0.66) whereas the medium latency
response (300–350 ms) was halved in amplitude (–6.64
to –3.18; t18 = 2.86, P = 0.011). The control condition
in which the motion conditioning was replaced by sitting
still had no effect on responses (black curves, Fig. 2).

Figure 2. Galvanic reflexes
Subject mean (n = 10) lateral shear force reactions to a bipolar 1 mA
stimulus, before (green) and after (red) motion conditioning. Trials
are normalized for anode–cathode direction with force in the
direction of the anodal electrode plotted as positive values. Black
curves are the mean (n = 5) of a control experiment before (broken)
and after (unbroken) a conditioning period of sitting stationary.

Rotation detection thresholds

Subjects could detect the direction of whole-body rotation
of a few degrees (threshold P50 = 3.9 deg, SD 1.5 deg)
when delivered as a sine-square function over 5 s (Fig. 3).
For this threshold movement, peak angular velocity was
1.6 deg s−1, and peak angular acceleration was 1.0 deg s−2.
As thresholds had to be established rapidly with a
limited number of presentations (due to time constraints
imposed by the overall protocol), the confidence intervals
for individual estimates were relatively wide compared
with customary psychophysical estimates (mean 95%
CI = ± 0.22%). There was a significant main effect of
conditioning (pre-, post-) on threshold (F3,39 = 24.0,
P < 0.001). Immediately after motion conditioning
detection thresholds more than doubled (subject mean
248%, SD 31%). At 30 min after conditioning, thresholds
were still elevated significantly (151%, 19%) but at 60 min
the increase was no longer significant (141%, 23%).

Perception of real rotation

Subjects reported their perceived rotation by pointing
to their start positions for each rotation. In Fig. 4,
clockwise and anticlockwise results are pooled as there
was no difference in their reported errors (F1,189 = 0.15,
P = 0.70). For each movement, perceived rotation
error was calculated as a proportion of the actual
rotation. Before conditioning subjects overestimated the
real rotation by a mean of 41.1% (range 33.3–48.8%)
but after motion conditioning this was reduced to
a 21.5% (13.0–30.0%) overestimation (F1,189 = 6.4,

Figure 3. Thresholds for motion detection
Group mean ± SEM rotation at the detection threshold before
conditioning (3.88 deg), immediately after (8.88 deg), and at 30 min
(5.33 deg) and 60 min (4.88 deg) after conditioning. ∗∗∗P < 0.001,
∗P < 0.05 by Dunnett’s test.
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P = 0.033), which represents a 16.1% mean reduction
in the perception of the imposed movement. There was a
statistically significant effect of the test displacement angle
(F1,187 = 9.5, P < 0.001) with greater proportional errors
with the smaller displacements (30 and 60 deg).

Perception of virtual rotation (GVS)

All subjects reported strong sensations of illusory motion
when the galvanic stimulus was applied in the absence
of real rotation (Fig. 5). For a 1 mA stimulus delivered
for 10 s, the mean reported rotation was 113 deg

Figure 4. Perception of real rotation.
Group mean (n = 10) ± SEM perceptions of rotation after different
whole-body rotations, before and after motion conditioning. Broken
lines are regressions through the raw data. The solid line is the line
of equality. Motion conditioning reduced perceived rotation
although it remained greater than actual motion.

Figure 5. Perception of virtual rotation
Group mean (n = 10) ± SEM perceptions of rotation after 10 s
exposure to GVS (0.5 and 1.0 mA). Motion conditioning resulted in
an immediate reduction in perceived rotation that only partly
recovered over 1 h. Before and after conditioning. ∗∗P < 0.01,
∗P < 0.05 by Dunnett’s post hoc test.

(range 53−205 deg). No difference was found between
anode-left and anode-right trials and data are pooled
after normalizing to the anodal direction. Reported
displacements were on average 54% greater for 1.0 mA
than for 0.5 mA stimulus intensity (F1,79 = 22.5,
P = 0.001). After motion conditioning, perceived
rotations to the same stimuli were reduced by 44%
overall and at 1 h was still reduced (24% reduction)
to pre-conditioning levels (P <0.01 and P < 0.05,
respectively, by repeated-measures ANOVA and Dunnett’s
test).

Discussion

The results of this study show that even a relatively
brief exposure to passive motion significantly attenuates
vestibular signals used for perception and reflexive
balance control. The passive movement imposed during
conditioning was vigorous but not extreme and in
the physiological range with peak angular velocity
(�100 deg s−1) and acceleration (�300 deg s−2) typical of
running or jumping activities such as playing basketball
(Ng et al., 2006). The duration, however, was relatively
brief – just 10 min. The doubling of detection thresholds,
halving of the motion sensitivity (gain) to a pure vestibular
stimulus and halving of the force developed by automatic
balance reflexes indicate that this is a potent regulatory
mechanism.

One possible outcome we anticipated was worsened
perceptual performance after motion exposure, parti-
cularly elevated detection thresholds, through non-
specific masking or decreased attentiveness. However, the
automatic balance reflexes evoked by GVS have latency to
force production of < 100 ms (Fitzpatrick et al. 1994a)
and are thus too rapid to be based on a response driven
by perception (St George et al. 2007). The main vestibular
projection to the leg muscles is from the lateral vestibular
nucleus via the ipsilateral lateral vestibulospinal tract
(Wilson & Peterson, 1981), which, with the reticulospinal
tract, is thought to mediate the GVS balance reflex (Britton
et al. 1993; Watson & Colebatch, 1997, 1998). Thus,
the large reduction in the size of the automatic balance
reflex evoked by GVS shows vestibular specificity and
indicates that the regulation is not purely a consequence
of attention, volition or perception. Indeed, perceptual
responses after conditioning showed increasing sensitivity
at 30 and 60 min when attention would probably be
declining.

Despite the change in vestibular reflex gain, subjects
had no overt problem with balance. Comprehensive post-
urographic measures were not made after conditioning
because of the time constraints of the study, but sub-
jects had no difficulty standing blindfolded for the
duration of the GVS reflex testing, their sway during the
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pre-stimulus epochs was unchanged and none reported
disturbed balance. It is possible that challenging balance
tasks that depend more on vestibular afference would
have demonstrated abnormalities. During quiet standing
on a stable base, vestibular signals do not contribute
much to the detection or reflex control of body sway
(Fitzpatrick & McCloskey, 1994; Fitzpatrick et al. 1994)
with vestibulospinal GVS reflexes becoming many times
larger when standing on unstable supports (Fitzpatrick
et al. 1994a). With vestibular thesholds for detecting
motion increased by conditioning to above their already
high levels (i.e. further reduced sensitivity), it is not
surprising that we did not observe balance problems
after conditioning. One could speculate that an enhanced
vestibular sensitivity to detecting motion (i.e. opposite to
the findings of the current study) could bring it into the
range of normal body sway during standing and thereby
create disordered perception of sway such as exists in
conditions such as mal de debarquement syndrome.

Vestibular stimulation

The natural adequate vestibular stimulus of head
motion in space inevitably affects other sensory systems.
Important for this study, mechanoreceptors throughout
the body will be stimulated by real motion. GVS over-
comes this problem by creating a pure signal of ‘virtual’
head motion without a real movement (Fitzpatrick &
Day, 2004). The small, percutaneous current that is
delivered behind the ears modulates vestibular afferent
firing, increasing it on the cathodal side and decreasing
it on the anodal side (Goldberg et al. 1982), which
creates characteristic motor responses during standing
and locomotion and illusory motion when stationary
(Fitzpatrick et al. 1994a, 1999). The human GVS (bipolar)
response is dominated by a net signal from the semi-
circular canals of head rotation towards the cathodal side
about a sagittal axis inclined �20 deg down anteriorly
(Wardman et al. 2003; Fitzpatrick & Day, 2004; Cathers
et al. 2005; Day & Fitzpatrick, 2004). Thus, in this
study we positioned the head facing down by �70 deg
with this GVS axis vertical so that the evoked vestibular
afference represented horizontal rotation – equivalent to
the real rotation of the plate (Fig. 1C). For consistency
and to control potential confounding influences (e.g. neck
proprioception, attention), we positioned the head at this
same angle during the tests using real rotation studies
(perception and threshold; Fig. 1B). This meant that the
conditioning had to be done with the head in identical
orientation to ensure that the movements of testing and
conditioning activated the same canals (anterior and post-
erior bilaterally). It is accepted that the relatively vigorous
conditioning rotation will have resulted in a greater degree
of stimulus contamination (e.g. neck proprioception) than

for the specific vestibular assessments and thus stimulus
matching is imperfect. It has yet to be determined whether
there is canal specificity to this desensitization process
or whether motion in any plane desensitizes all canal
afference. Similarly it is possible that the same profile
of linear motion driving utricular and saccular afferents
might influence canal sensitivity, and vice versa.

Differences between the rotation-evoked and galva-
nic-evoked signals should be considered. Because it is
a pure vestibular signal, the overall pattern of sensory
inflow across modalities will be different. For virtual
motion resulting from GVS, the vestibular organs signal
movement but somatic inflow does not signal the contact
and inertial forces that would have produced an equivalent
real motion. All subjects could reliably detect both the
suprathreshold virtual and real motions and a direction
error was never reported. As seen in the error bars (Figs 4
and 5) variability of the reported perception is greater
with the virtual than with the real rotations (coefficients of
variation �0.4 and 0.2, respectively). Probable reasons for
this include the sensory conflict and a greater variability
in the stimulus delivered at the hair cells. The absence
of this coherent signal of contact force signal should, if
anything, diminish the sensation of movement. As this
potential effect would result in a greater attenuation of the
larger pre-conditioning responses, the influence of motion
conditioning on vestibular responses would be under-
estimated. Alternatively, could we have desensitized the
somatic sensory pathways that signal contact force through
the conditioning process? This would lead to an opposite
bias with the vestibular effect overestimated. Overall the
consistency between all measures of the response to real
and galvanic stimulation indicates that these potential
biasing effects are small and the finding of response
attenuation is genuine.

Mechanisms

Vestibular signals of rotation are transformed by several
mechanisms. Peripherally, the canal cupula mechanics
form a high pass filter that integrates the angular
acceleration with an �6 s time constant (Steinhausen,
1933; Goldberg & Fernandez, 1971; Rabbitt et al. 1994;
Dai et al. 1999; Dickman & Angelaki, 2004), thus tuning
the response to detect transitory changes in head motion.
In the vestibular nucleus complex, a velocity storage
integrator ‘lengthens’ the afferent signal to a time constant
of �16 s (Robinson, 1986; Vibert et al. 1997) making
ocular and perceptual responses last longer. With sustained
angular acceleration and cupula deflection, perceived
rotation and compensatory eye movements slowly decay
over minutes and after-rotations are experienced in the
opposite direction (Guedry & Lauver, 1961) showing a
long-term vestibular adaptation. GVS generates a similar
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motion perception (St George et al. 2011), indicating that
the afferent signal it evokes is interpreted by the brain as
angular acceleration.

Unlike somatic mechanoreceptors that are dormant
without an adequate stimulus and desensitize with
sustained stimulation, hair cells have a high resting firing
rate that is modulated up and down by motion (Goldberg
& Fernandez, 1971). Cyclical or random motion of
the type we delivered does not produce sustained
stimulation, making hair cell desensitization of this type
an unlikely candidate to explain these observations. For
the same reason, velocity storage and long-term filtering
mechanisms are unlikely have this effect on perceptual and
reflex responses. However, it is possible that some of the
fundamental synaptic activity on which these processes
are based could contribute to the effects we have observed.

The vestibular receptors, like other sensory systems
(visual, auditory, proprioceptive), receive efferent
innervation that modulates afferent flow. Efferent neurons
in the reticular formation receive dendritic input from
the vestibular nuclei and other sensory centres and make
pre- and post-synaptic connections with the hair cells
and primary afferent (Boyle et al. 2009). In the pre-
sence of continuous sound, feedback through the auditory
efferent system modulates and tunes incoming signals and
produces a long-lasting inhibition of cochlear afferents so
that a larger sound stimulus is required to evoke a response
(Vlajkovic et al. 2006). The function of the vestibular
efferent system is less well understood but electro-
physiological studies have shown that efferent activity,
driven in large part by afferent feedback, can increase
or decrease the responsiveness of vestibular afferents to
motion stimulation (Goldberg & Fernandez, 1980; Rossi
et al. 1980; Holt et al. 2006). This suggests that the
vestibular system, through efferent control on its sensors
and afferents, can autoregulate its own afferent inflow,
perhaps to keep it within a functional dynamic range
and sensitivity for the prevailing conditions (Boyle et al.
2009). Recent work in alpha9 knockout mice that lack a
vestibular efferent system reveals a markedly diminished
adaptation to imposed head rotation. Such a crucial role
of vestibular efferents in vestibular adaptation strengthens
the argument for efferent involvement in the phenomenon
we describe.

In contrast to the medium latency balance reflex,
the short latency reflex was unaffected by motion
conditioning. Short latency responses are less dependent
on postural set (Britton et al. 1993; Fitzpatrick et al.
1994a) and dissociation between short latency and
medium latency responses has been noted in a range of
experimental contexts (Fitzpatrick et al. 1994a; Watson
& Colebatch, 1997; Watson & Colebatch, 1998). Indeed, a
more recent study showed that the short latency reflex does
not respond to head alignment like the medium latency
reflex and as expected from a vestibular reflex (Mian et al.

2010), leading the authors to speculate on a non-vestibular
origin. If, however, we accept its vestibular origin, the
absence of modulation in the present study argues that
not all vestibular pathways are modified equally by passive
motion. Other fast and ‘hard-wired’ vestibular reflexes,
such as short latency vestibulo-collic reflexes (Colebatch
et al. 1994) and the vestibulo-ocular reflex, might also
prove relatively immune to motion conditioning. If
this proves to be the case it would argue against an
exclusive or predominant role of the efferent system
on receptors and primary afferents and suggest a more
nuanced alteration of central vestibular pathways.

Active, reactive and passive motion

Although the intensity of our imposed conditioning
movement might correspond to common activities such
as running, the nature of the movement should be
considered. Being supported, our subjects had little
or no need to react and maintain balance. Had they
stood or otherwise had to control themselves in space,
detecting the imposed motion would take on a different
functional significance and the outcomes might have
been different. While canal afferents themselves appear to
respond similarly to active and passive head movement
(Cullen & Minor, 2002), within the vestibular nuclei
are neurons that receive semicircular canal afferents but
respond less to active than to passive head movement
(McCrea et al. 1999; Roy & Cullen, 2001). Thus, active
head movement might also give different outcomes from
the passive motion used here. These considerations are
relevant to potential clinical correlates of the changes
shown here, such as mal de debarquement syndrome (Cha
et al. 2008) and motion sickness (Money, 1972), where
the nature of motion and subject intention are recognized
determinants of syndrome and symptom development.

Clinical implications

By exposure to passive motion we have demonstrated
for the first time a powerful regulatory process that
attenuates vestibular sensitivity. Altered activity in the
neural pathways subserving this regulation could form a
pathophysiological basis for overly sensitized or desen-
sitized vestibular balance and perceptual responses.
During quiet standing on a stable support, vestibular
signals do not contribute to the sensation of body sway
or the reflex control of body sway as vestibular sensitivity
is weaker than other sensory modalities (Fitzpatrick &
McCloskey, 1994; Fitzpatrick et al. 1994b). Failure of the
regulatory process described here could increase vestibular
sensitivity and create an entirely different experience
during standing, with increased vestibular signals reaching
perception. Thus, the perception of rocking, swaying
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and bobbing during standing described by patients with
mal de debarquement syndrome, despite an absence of
outward signs, could be a manifestation of a failure of this
regulatory process.

Typically after acute loss of vestibular function, there
is a fairly rapid recovery of vertiginous symptoms and
objective deficits of balance and gaze stability. A range
of compensatory behaviours can contribute to functional
recovery but adaptation and compensation in central
vestibular pathways are probably the most significant.
The regulatory process identified here, which has the
potential to modulate strongly the sensitivity and dynamic
range of the vestibular response in the short term, is
likely to contribute to early compensation and drive
longer term plastic changes. Regulating exposure to passive
motion, restricting or increasing it, could modify these
compensatory processes and is clearly relevant to patient
management.

Conclusions

This study has provided an initial description of a powerful
short-term regulation of vestibular sensitivity by passive
whole-body motion in normal subjects. It could serve
to maintain vestibular sensitivity and dynamic range,
keeping it aligned with other sensory modalities and with
ambient sensorimotor conditions.
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