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Abstract
The vestibulo-ocular reflex (VOR), which functions to stabilize gaze and ensure clear vision
during everyday activities, shows impressive adaptation in response to environmental
requirements. In particular, the VOR exhibits remarkable recovery following the loss of unilateral
labyrinthine input as a result of injury or disease. The relative simplicity of the pathways that
mediate the VOR, make it an excellent model system for understanding the changes (learning) that
occur in the brain following peripheral vestibular loss to yield adaptive changes. This mini review
considers the findings of behavioral, single unit recording and lesion studies of VOR
compensation. Recent experiments have provided evidence that the brain makes use of multiple
plasticity mechanisms (i.e., changes in peripheral as well as central processing) during course of
vestibular compensation to accomplish the sensory-motor transformations required to accurately
guide behavior.

Introduction
The vestibular system detects motion of the head-in-space and generates reflexes during our
daily activities that result in stabilization of gaze head, and body posture (reviewed in:
Angelaki and Cullen 2008). Because other sensory systems (i.e. visual, proprioceptive, and
somatosensory) are concurrently activated during activities that stimulate the vestibular end
organs, the significance of the vestibular system in our daily lives is often less obvious when
compared to that of the “classical” five senses. Indeed, under normal conditions we are
unaware of a distinct vestibular sensation. However, the vital role played by the vestibular
system becomes immediately apparent following its loss. Patients with acute abnormal
vestibular function have extreme difficulty in performing normal activities that we take for
granted since even small head movements are accompanied by gaze instability and postural
imbalance. In cases of complete vestibular loss, even the beating of our pulse can make the
letters of a page appear to jump and become blurred. Such apparent movements of the visual
field, called oscillopsia, become even more pronounced during essential daily activities such
as walking. The loss of function also produces devastating symptoms such as dramatic,
sudden onset of vertigo.

Fortunately, most cases of vestibular dysfunction are characterized by only partial loss of
sensory input, and acute symptoms typically resolve over time, such that patients can resume
most activities. While many studies have investigated the mechanisms underlying
compensation over the past 70 years, many open questions remain. Notably, much recent
effort has focused on understanding the mechanisms that improve the performance of the
vestibulo-ocular reflex (VOR) following vestibular loss. The VOR functions to stabilize
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gaze and ensure clear vision during everyday activities, and the relative simplicity of the
pathways mediating this reflex (as well as its impressive post-lesional plasticity/
compensation) have made it an excellent model for understanding vestibular compensation
at both behavioral and neuronal levels. However, despite intense research interest, the
underlying mechanisms that mediate recovery of the VOR had remained unclear.

This minireview considers recent advances in this area, focusing on experiments in our
laboratory that have studied the mechanisms that mediate the VOR compensation following
unilateral peripheral vestibular loss. Specifically, the findings of recent behavioral and single
unit recording studies are considered. We primarily focus on findings made using two
different animal models: macaque monkeys and mice. Each preparation has its own benefits:
while monkeys are phylogenetically closer to humans, mice have the advantage of providing
genetically modifiable models and of allowing for direct comparison with a large part of in
vitro work primarily conducted on rodents. This body of work is then discussed in relation
to prior investigations, and will address the following questions: 1) How well does the VOR
compensate over the physiologically relevant range of head movements? 2) Do significant
changes at the level of the vestibular periphery mediate compensation, or is compensation
exclusively mediated by central processes? and 3) What role does the vestibular cerebellum
play in VOR compensation? We conclude by discussing the implications of these results in
relation to the sensory-motor transformations through which vestibular signals are processed
to guide behavior during self-motion.

Methods
Experiments were preformed on rhesus monkeys and mice (wild-type and the Lurcher (Lc/
+) mutant). All animals we chronically implanted with a post for head restraint. In addition,
monkeys were implanted with a recording chamber and scleral coils for eye movement
recordings as has been previously described (Beraneck and Cullen 2007; Sadeghi et al.
2006). After recovery, we recorded VOR evoked eye movements in all animals (i.e.
monkeys and both mouse strains), as well as the activity of single units in monkeys. All
animal surgeries and experimental procedures were approved by the McGill University
Animal care Committee and were in strict compliance with the guidelines of the Canadian
Council on Animal Care.

Characterization of VOR compensation in Monkeys: Behavioral Experiments
To quantify the dynamics of VOR responses in macaque monkeys, we recorded eye and
head movements using the search coil technique before and 1–39 days after unilateral
labyrinthectomy (Sadeghi et al. 2006). Responses were characterized over the range of head
movements encountered during natural activities. To this end, applied movements included
transient rotations of the head-on-body with accelerations up to 12,000 °/s2, rapid rotations
with velocities up to 500 °/s, as well as sinusoidal rotations with frequencies up to 15 Hz. In
addition, rotations of the body under a stationary head were used to test whether neck
proprioceptive inputs contributed to the recorded eye movement responses either before or
after lesion.

Characterization of VOR compensation in Monkeys: Single Unit Experiments
To study the neural mechanisms underlying compensation in macaque monkeys, the
responses of vestibular-nerve afferent fibers on the contralesional side were recorded before
and after unilateral labyrinthectomy (Sadeghi et al. 2007). Afferent responses were
characterized during passive whole-body rotations, passive head-on-body rotations and
active head-on-body rotations. To verify the functionality of efferent vestibular pathways in
alert behaving macaques (Sadeghi et al. 2009), we also recorded efferent-mediated
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responses in single afferent fibers of alert macaques during rotations with trapezoidsal
velocity profiles (peak velocity, 320 °/s) in both directions of rotation, similar to those used
by Plotnik et al. in anesthetized animals (2002).

VOR Compensation in Normal versus Cerebellar-Deficient Mice
Finally, to investigate the contribution of the cerebellum to the compensation process, we
compared the recovery of VOR responses in wild-type (WT) versus cerebellar-deficient
Lurcher (Lc/+) mice (Beraneck et al. 2008). The lurcher strain is characterized by the early
degeneration of the cerebellar cortex within the first 3 post-natal weeks and mice show
pronounced ataxia among various other motor skill deficits (for review see Vogel et al.
2007). Thus, the Lc/+ provides a model of cerebellar cortex ablation (Van Alphen et al.
2002). To compare VOR compensation in wild-type (WT) and Lurcher mice, eye
movements were recorded using the noninvasive video-oculography method (Beraneck and
Cullen 2007; Stahl et al. 2000). As for monkeys, the VOR was characterized over the range
of head movements encountered during natural activities, including yaw rotations (0.2-4Hz;
40 °/s) and transient impulses (∼400 °/s; ∼2,000 °/s2). Wt and Lc/+ mice were tested before
the labyrinthectomy to obtain pre-lesion VOR data as well as on days 1, 5, 10, and 20
following the lesion.

Results and Interpretations
How well does the VOR compensate over the physiologically relevant range of head
movements?

Unilateral labyrinthectomy produces a complete loss of inputs from vestibular end organs on
one side and leads to profound static symptoms as well as changes in both the dynamics and
symmetry of the VOR. Acutely, the static symptoms include involuntary eye movements
with slow components toward the lesioned side and fast components toward the intact side
(i.e., spontaneous nystagmus), as well as head tilt and falling toward the lesioned side. These
static symptoms usually resolve within the first week following lesion. The VOR also shows
remarkable recovery following the loss of unilateral labyrinthine input. Notably, for lower
frequencies and accelerations of head movement, VOR response dynamics recover to
normal values within 1 week (Allum et al. 1988; Curthoys and Halmagyi 1995; Fetter and
Zee 1988; Lasker et al. 2000; Paige 1983; Sadeghi et al. 2006).

A main goal of research in our laboratory has been to understand how well the VOR
compensates for peripheral loss over the full range of movements naturally encountered
during daily life. For example, previous work by our lab and other laboratories has shown
that the frequency content of head movements made during common activities such as
running or making orienting head movements contain significant power up to frequencies of
20 Hz for both humans and monkeys (Armand and Minor 2001; Grossman et al. 1988;
Huterer and Cullen 2002). Moreover, during these same movements head accelerations and
velocities can easily reach 25,000 °/s2 and 400-500 °/s, respectively (Armand and Minor
2001; Huterer and Cullen 2002). Similarly, we have shown that the head rotations produced
by mice during natural exploratory behaviors have frequency content of up to 20Hz, and
reach accelerations of 10,000 °/s2 and velocities of up to 400 °/s (Beraneck et al. 2008).

Under normal conditions (i.e., where vestibular function is fully intact), we have further
shown that the VOR produces compensatory responses (i.e., gain of unity) over the full
range of head movements encountered in daily life in both monkeys (Sadeghi et al. 2006)
and mice (Beraneck et al. 2008). In contrast, following unilateral lesion in macaque
monkeys, we found that although responses to sinusoidal rotations with low frequencies and
velocities recovered in ∼1 month, compensation was not complete for the most challenging
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stimuli (Fig 1A) and response gains only reached values of ∼ 0.7 and 0.3 for
contralesionally versus ipsilesionally-directed rotations, respectively (Fig 1B). Interestingly,
this was the case regardless of the type of stimulus that was applied; responses with
comparable gains were evoked by transient head-on-body perturbations with accelerations
of ∼12,000 °/s2, sinusoidal whole body rotations with velocities of ∼500 °/s, and sinusoidal
head-on-body rotations at 15 Hz with a peak velocity of 100 °/s. Moreover, lack of eye
movements during body-under-head rotations showed that no neck inputs contributed to the
generation of eye movements during head-on-body rotations. For these challenging stimuli,
no significant compensation was observed in the responses to contralesionally or
ipsilesionally-directed rotations beyond the first day that followed the lesion. This finding is
illustrated for the VOR evoked after lesion by transient head-on-body perturbations in Fig
1B.

The results of our parallel experiments in mice revealed even more pronounced deficits in
VOR performance immediately following unilateral lesion. Notably, responses to
ipsilaterally directed rotations were reduced by nearly 75% on day 1, and this value was
constant across the physiologically-relevant range of head motion such that it did not
improve when more moderate (i.e. less transient, lower acceleration/frequency) stimuli were
applied (Beraneck et al. 2008). As in rhesus monkeys, the VOR evoked by contralesional
responses was relatively less affected on day 1 (∼20% reduction), and recovery was nearly
complete one week following lesion. Over the longer term, mice showed similar
compensation to rhesus monkeys. Response gains recovered to ∼80% of control values for
ipsilaterally directed rotations and showed close-to-normal response gains for
contralesionally directed movements when tested with frequencies up to 4Hz at velocities of
40 °/s. However, when rapid impulses were applied to test responses to more dynamically
challenging stimuli (∼2000 °/s2), we found limited recovery for contralesional, characterized
by VOR gains of ∼0.7 rotations (Beraneck et al. 2008).

Thus our findings show that the vestibular system is not able to fully compensate following
unilateral labyrinthectomy - particularly for higher frequency/acceleration rotations towards
the contralesional side. We furthered this by testing whether a single model formulation of
the response dynamics of the VOR pathway could predict the responses measured over our
complete range of stimuli. To do this, we adapted a previously published model of the
squirrel monkey VOR (Lasker et al. 2000) to our rhesus monkey data. Notably, a single
parameter set could be used to account for VOR responses across the range of sinusoidal and
transient head rotations that were applied indicating that there are no fundamental
differences between responses to transient head rotations and sinusoidal head movements.
Moreover, modeling the VOR compensation required not only changes in the properties of
central cells, but also an increase in the gain of the inputs from the phasic peripheral
pathway (i.e. irregular afferents). One possible mechanism that could underlie this latter
change is a drive from the vestibular efferent system. This possibility is further discussed in
the next section below.

Do changes at the level of the vestibular periphery mediate compensation or is
compensation exclusively mediated by central processes?

Vestibular compensation is a distributed process which most likely includes changes not
only at the level of the vestibular-related structures located throughout the brain, but also at
the level of the vestibular periphery (i.e. hair cells and associated afferent fibers).
Accordingly, the recovery in VOR which follows a unilateral labyrinthectomy is likely
associated with modifications in i) the peripheral signals received by neurons in the
vestibular nuclei, ii) the response dynamics of these same neurons, as well as iii) inputs from
other central vestibular neurons including those in the cerebellum – a structure long known
to play a critical role in VOR plasticity. In this and the following sections, we present recent
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experimental findings which establish the nature of changes that occur at the level of
vestibular afferents/efferents and which document the vital role of the cerebellum in the
vestibular compensation process.

The peripheral vestibular organs have long been known to receive a bilateral efferent
innervation via a group of neurons located in the brainstem neighboring the abducens
nucleus (Gacek and Lyon 1974; Goldberg and Fernandez 1980; Rasmussen and Gacek
1958). Prior neurophysiological studies have confirmed the integrity of these projections via
electrical activation and rotational stimulation of efferents in anesthetized, decerebrate
animals (Bricout-Berthout et al. 1984; Goldberg and Fernandez 1980; Plotnik et al. 2001;
2002) as well as alert fish (Boyle et al. 1991; Boyle and Highstein 1990; Highstein and
Baker 1985). Furthermore, previous studies have provided evidence for compensatory
changes in Scarpa's ganglion neuronal proteins following unilateral labyrinthectomy
(Kitahara et al. 2007). Nevertheless, the functional role of the vestibular efferent system
however has remained poorly understood. Accordingly, in our studies we tested whether the
vestibular efferent system might play a role in the long-term changes associated with
compensation following unilateral labyrinthectomy over the range of natural head
movements. For example, an efferent-mediated increase in the resting discharge and a
decrease in the sensitivity of afferents could theoretically result in an increase in the working
range of the vestibular afferents in the intact side (see also: Cullen and Minor 2002).

We first demonstrated that efferent-mediated rotational responses could be obtained from
vestibular-nerve fibers innervating the semicircular canals in alert behaving macaque
monkeys (Sadeghi et al. 2009). Notably, we found that such responses were larger in
irregular afferents (CV*>0.1, Goldberg et al. 1984) compared to regular afferents (CV*<0.1,
Goldberg et al. 1984), were excitatory, and were of vestibular origin. Next, to address
whether efferent inputs might mediate compensatory changes in the activity of afferents
following vestibular lesion we investigated the long-term changes associated with
compensation following unilateral labyrinthectomy. Afferent responses on the contralesional
side were recorded before and after unilateral labyrinthectomy for stimulation over the
frequency range where compensation is the most complete (i.e. < 4 Hz), as well as for more
challenging (i.e., higher frequency/acceleration) stimulation (Sadeghi et al. 2007). We found
that response sensitivities and phases were comparable before and after lesion regardless of
the stimulation that was applied. This finding is illustrated in Fig 2A; the responses of
regular and C irregular afferents to sinusoidal head-on-body rotations are comparable before
and after lesion (t-test, p> 0.4 for all groups). Furthermore, we established that all classes of
vestibular-nerve afferents were driven into inhibitory cutoff or excitatory saturation at
similar velocities before and after lesion (t-test, p> 0.8 for all groups) (Fig 2B).

The findings of prior investigations in frog had suggested that extravestibular signals (e.g.,
somatosensory, proprioceptive, and/or motor efference copy signals) transmitted through
efferent neurons can be used to change afferent responses under specific behavioral
conditions (Bricout-Berthout et al. 1984; Caston and Bricout-Berthout 1984; Precht et al.
1971; Schmidt 1963). Thus, we also tested this possibility by characterizing afferent
responses to such extravestibular signals during passive stimulation of neck somatosensory
and proprioceptive inputs, as well as during active head movements during which a
command to move the head was produced (Sadeghi et al. 2007). We found that in primates,
unlike frog, the efferent system does not encode extravestibular information that influences
the response of vestibular afferents. The responses of afferents on the contralesional side
were completely insensitive to each of the aforementioned extravestibular signals both
before and after unilateral labyrinthectomy.
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Strikingly, however, we did observe a change in the overall distribution of afferent types
after unilateral labyrinthectomy (Sadeghi et al. 2007). This change was characterized by an
increase in the proportion of irregular afferents (z statistics, p< 0.001) and a decrease in the
proportion of regular afferents (z statistics, p< 0.01) (Fig 2C). Given that irregular afferents
have more phasic responses than do regular afferents, this result suggests a re-weighting of
phasic versus tonic input from the periphery to the central pathways after lesion. The most
plausible mechanism underlying this change is a modification of the responses of regular
dimorphic afferents, which contact both type I and type II hair cells peripherally and
comprise the majority of regular afferents in intact animals (Baird et al. 1988). This is
supported by recent studies showing that the discharge regularity of afferents can be
modulated through activation of GABAB receptors (Holstein et al. 2004a; Holstein et al.
2004b), which are predominately expressed in the efferent nerve endings (Kitahara et al.
1994; Kong et al. 1998a; b; Usami et al. 1987).

The role of the cerebellum in the VOR compensation - lessons from cerebellar-deficient
mice: What role does the vestibular cerebellum play in VOR compensation?

The vestibulo-cerebellar pathway effectively provides a parallel inhibitory side loop which
can modulate the gain of the direct VOR pathway (Fukuda et al. 1972; Highstein 1973; Ito et
al. 1977; Sato et al. 1988). However, while the vestibular cerebellum's role in motor leaning
is well established (reviewed in: Broussard and Kassardjian 2004), only a few investigations
have explicitly addressed whether this region plays a comparable role in the VOR
compensation process following peripheral lesions. The findings of lesion studies in cats
(Courjon et al. 1982; Haddad et al. 1977) and rats (Kim et al. 1997a; b; Kitahara et al. 2000;
Kitahara et al. 1997; Kitahara et al. 1998) suggest a role of the cerebellum in the resolution
of static symptoms and initiation of behavioral recovery. However, the contribution of the
vestibular cerebellum to the VOR recovery across the full range of physiologically
significant head movements, its implication in restoration of VOR during ipsi- versus
contralesionally directed movements, and the precise time course of its contribution had,
until recently, remained open questions (reviewed in: Darlington and Smith 2000).

To investigate these issues, we recently took advantage of a well characterized strain of
cerebellar deficient mice (i.e. the Lurcher (Lc/+) mouse; (Aleisa et al. 2007; Beraneck et al.
2008). In normal (i.e. wild-type (WT) mice), most of the VOR recovery observed during
compensation was achieved by day 10 after unilateral labyrinthectomy such that ∼80% of
pre-lesion gain was restored for ipsilesionally directed movements and ∼100 % for
contralesionally directed movements (Fig 3A). While the VOR of Lurcher mice was similar
to that of WT before lesion, we found that recovery following unilateral labyrinthectomy
was compromised (Fig 3B). Notably, recovery in Lurcher mice followed the same time
course as that of WT for the first 5 days but then plateaued in response to ipsilesionally
directed movements, remaining at less than 60% of pre-lesion values (p<0.05 at day 10 and
20). In response to contralesionally directed rotations, Lurcher mice showed up to ∼80%
recovery in VOR gain such that relative improvement was comparable to that observed for
WT mice (p>0.3 for all tested time points and conditions). Taken together, our findings show
that cerebellar pathways are critical for the long-term restoration of the VOR during head
movements directed toward the lesioned side, whereas non-cerebellar pathways are
sufficient to restore proper gaze stabilization during contralesionally directed head
movements in cerebellar-deficient mice.

The results of previous investigations of vestibular compensation in cerebellar mutant mice
differ from our study in several aspects (Faulstich et al. 2006; Funabiki et al. 1995; Kitahara
et al. 1998; Murai et al. 2004). First, Faulstich et al. (2006) proposed that the vestibular
compensation process initially depends on an intact cerebellar circuitry. However, in their
experiments these investigators were only able to quantify recovery of VOR during the first
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5 days following unilateral vestibular damage (see Faulstich et al. 2006; Beraneck et al.
2008 for a discussion). In particular, their use of scleral search coils, which are known to
reduce the gain and timing of the reflex in mouse (Van Alphen et al. 2002), made longer
duration experiments unfeasible. In contrast, in our studies we used video-oculography and
thus were able to follow vestibular compensation in WT and Lc/+ over a ∼3 week period
thereby allowing the characterization of chronic as well as acute compensation processes.
While, the difference between the two studies could partly be related to the different types of
lesion performed, our results suggest that the cerebellum is more instrumental for the long
term recovery of the VOR.

Second, our study was the first to describe the asymmetry inherent to the recovery of VOR
responses following labyrinthectomy. Previous studies had reported response gains which
were calculated by averaging across ipsilesionally- and contralesionally-directed rotations –
a process which would have effectively reduced the apparent differences between strains
(Faulstich et al. 2006; Funabiki et al. 1995; Kitahara et al. 1998; Murai et al. 2004). Third,
another important consideration is the important differences between the mutant strains that
have been tested across studies. Notably, while Murai et al. (2004) described delayed but
complete recovery of VOR in the cerebellar deficient GLURδ2 (δ2 -/-) mutant, it is
important to note that GLURδ2 mice do not lack Purkinje cells (as the Lurcher mutant).
Instead GLURδ2 mice have defects in Purkinje cell synapse formation. This difference most
likely underlies the apparent discrepancy between our results and those from studies of
GLURδ2 mice.

Finally, it is noteworthy that the plateau in recovery that we reported for VOR in Lc/+ mice
during ipsilesionally directed movements was also qualitatively similar to that reported for
the vestibulo-spinal reflex studied in another cerebellar deficient strain (the GLURδ2 knock-
out mouse; δ2 -/-; Funabiki et al. 1995). This correspondence suggests that cerebellar
regions (e.g. nodulus uvula) implicated in other vestibular related reflexes (Barmack 2003)
could play a role in the compensation of balance similar to that of flocculus in VOR
recovery. Note that other extravestibular pathways, such as proprioceptive inputs from the
spinal cord (Straka and Dieringer 1995), could potentially also contribute to the behavioral
compensation observed following vestibular lesions.

General Discussion
VOR compensation following unilateral lesion is relatively complete within the first month
after lesion and provides a simple model for studying post lesional plasticity and its neural
correlates. Prior investigations had characterized VOR compensation in a variety of
mammalian species including humans, monkeys, cats, and guinea pigs (Fetter and Zee 1988;
Galiana et al. 2001; Lasker et al. 2000; Maioli et al. 1983; Paige 1983; Smith and Curthoys
1989). These studies showed that while the VOR is compensated for rotations towards the
contralesional side, it remains incomplete for rotations towards the lesioned side. Important
differences across studies had led to the suggestion that deficits in the VOR are more
pronounced in response to impulses than to sinusoids (see: Gilchrist et al. 1998). However,
our recent behavioural results in monkeys and mice indicate that this is not the case. In our
studies we were able to address these apparent discrepancies by applying an extensive range
of stimuli, with dynamics that extended over the full range of natural head movements. In
monkeys, long term deficits occurred at the higher end of accelerations, velocities, or
frequencies of rotation, independent of the type of stimulus. In mouse our findings were
even more striking; the time course of recovery was relatively consistent across the range of
stimuli that were tested.
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While changes at the level of the central vestibular system are known to contribute to VOR
compensation following unilateral labyrinthectomy (see review: Smith and Curthoys 1989),
whether changes at the level of the vestibular periphery also contribute to compensation had
remained unclear. Our single unit recording results suggest a small contribution at the level
of the vestibular periphery with an increase in the proportion of irregular afferents compared
to regular afferents on the contralesional side. These findings are consistent with the
predictions of previous studies, which have proposed an enhancement of the phasic
properties of both the afferents and central vestibular neurons located on the contralesional
side after lesion. The resulting modification of the pathway response dynamics is likely to be
an important component of the long term compensation process for high frequency/
acceleration movements. Interestingly, similar changes to the proportion of irregular/regular
afferents parallel the changes observed in central vestibular neurons recorded in slices one
month after unilateral labyrinthectomy: synaptic and intrinsic membrane properties of
central neurons co-adapted in a way to produce more phasic discharge properties in the
contralesional vestibular nuclei (Beraneck and Cullen 2007; Beraneck et al. 2004; Pfanzelt
et al. 2008; Straka et al. 2005).

Our results in cerebellar deficient Lurcher mice further indicate that vestibular pathways
through the cerebellum also have a significant role in the long term restoration of VOR
observed following unilateral lesions. However, while recovery was impaired in Lurcher
mice, compensation was not completely abolished demonstrating that cerebellar-
independent mechanisms play an important role in the recovery of the VOR. As such, we
suggest that the adaptive changes during motor learning as well as compensatory
mechanisms following UL are generated independently of the cerebellum, but the intensity
of these modifications is cerebellar dependant. Support for this idea also comes from studies
by Porras-Garcia and colleagues (2005) using classical conditioning eye blinks in Lurcher
mice, which were still capable of motor learning, but with reduced performances of the
generated conditioned response.

Prior work had shown substantial changes in the intrinsic membrane properties of central
vestibular neurons (Beraneck et al. 2003; Beraneck et al. 2004; Cameron and Dutia 1997;
1999; Darlington et al. 2002; Him and Dutia 2001; Ris et al. 2002; Straka et al. 2005), and
synaptic reorganization of the brainstem vestibular pathways (Dieringer 2003; Goto et al.
2000; 2002; 2001; Johnston et al. 2001; Vibert et al. 2000; Yamanaka et al. 2000) following
unilateral labyrinthectomy. Notably, Johnston and colleagues (2002) have suggested that the
increase in intrinsic excitability that develops in ipsilesional vestibular nuclei neurons during
vestibular compensation is cerebellar-dependent, while the concurrent down-regulation of
functional efficacy of GABA receptors is not. Because the most dramatic changes in
intrinsic membrane properties occur more than one week after unilateral labyrinthectomy
(Beraneck et al. 2003; Beraneck et al. 2004; Vibert et al. 1999), we propose that the plateau
we observe in the Lurcher's recovery (i.e., after week 1) reflects the absence of floccular-
mediated effects on the intrinsic membrane properties of the deafferented neurons.

Conclusion
Here, we focused on the contributions of the peripheral vestibular system (vestibular nerve
afferents and efferents) and the vestibular-cerebellar pathway to the recovery of the VOR
following unilateral labyrinthectomy. Sites in which we demonstrate the neural substrates
underlying vestibular compensation are indicated by stars in schematic shown in Figure 4.
Our studies were carried out using two different animal models: macaque monkeys and
mice, and provided evidence that the loss of vestibular nerve input triggers a cascade of
events along the VOR pathway to facilitate compensation over the physiologically relevant
range of head movements. We first provided evidence that the VOR does not fully
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compensate over the physiologically relevant range of head movements - responses to
rotations towards the side of the lesion can remain substantially attenuated in both monkeys
and mice. Next, we addressed the question of whether significant changes at the level of the
vestibular periphery mediate compensation, or if instead compensation is exclusively
mediated by central processes. Our findings provide evidence that, after lesion, the
distribution of vestibular afferents shifts such that, on average, afferents have more phasic
properties. We suggest that this change is mediated through the efferent vestibular system
and may contribute to driving concurrent changes that have been measured in the intrinsic
membrane properties of central vestibular neurons (reviewed in: Straka et al. 2005). In turn
the altered response dynamics of the VOR pathway are likely to support of the long term
compensation during high frequency /acceleration rotations. Finally, we considered the role
of the vestibular cerebellum in VOR compensation and showed that compensation is very
limited in cerebellar-deficient mice. Overall, the results of our recent investigations indicate
that vestibular compensation is a process consisting of plastic changes at several locations in
the VOR pathway – notably, changes at both peripheral and central levels are likely to make
important contributions to the recovery of the VOR that is observed in behavioral and
clinical studies.
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Figure 1.
Compensation in the VOR response following unilateral labyrinthectomy in macaque
monkeys. A. Response to sinusoidal rotations at 0.5 (red), 10 (blue), and 15 (green) Hz
(peak velocity of 40 °/s) before (left) and 39 days (right) after lesion. Traces are offset from
their zero eye velocity (cross) for clearer presentation. Light colors show data points and the
dark line is fitted to the points using the 3rd order equation. Dashed lines have a slope of -1
(i.e., perfect VOR response). Note that even at this late stage after labyrinthectomy,
responses gains become increasingly attenuated with rising frequency for ipsilesional half-
cycles. B. Mean VOR gain elicited by transient head perturbations before and at different
days after lesion. Head perturbations reached peak accelerations of 3,000, 8,000, and 12,000
°/s2. Responses reach steady-state levels by around day 18. Error bars represent standard
error of the mean.
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Figure 2.
Response of vestibular-nerve afferents innervating the semicircular canals before and after
unilateral labyrinthectomy in macaque monkeys. A. Response of afferents as a function of
frequency. Sensitivity and phase lead(relative to velocity) of responses during sinusoidal
rotations with frequencies of 0.5 to 15 Hz (±50°/s) before (continuous lines, filled symbols)
and after (dashed lines, empty symbols) labyrinthectomy. B. Average response of irregular
and regular afferents during rotations with velocities of up to 500 °/s, before (blue lines) and
after lesion (red lines). Light colored areas represent the SE of the responses. Differences in
each group were not significant under the two conditions. C. Comparison of the distribution
of afferents based on the regularity of the resting discharge (measured by the normalized
coefficient of variation, CV*) before (filled red bars) and after (empty blue bars) lesion.
There was a slight increase in the percentage of irregular afferents following lesion.
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Figure 3.
Compensation in the VOR response following unilateral labyrinthectomy in mice during
sinusoidal rotations. A. Normalized VOR gain (re. prelesion value) in control mice. For both
contra- and ipsilesional rotations, VOR responses showed compensation, reaching normal
values in about 10 days. B. Normalized VOR gain (re. prelesion value) in cerebellar
deficient mice. While contralesional VOR responses reached normal values in ∼10 days,
ipsilesional responses did not show an improvement after the first week and remained lower
than normal. Asterisks on B show significant differences between control and cerebellar
deficient mice (p< 0.05).
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Figure 4.
Direct and indirect VOR pathways. Vestibular nuclei receive direct inputs from the
vestibular-nerve afferents, as well as indirect inputs from the cerebellum and contralateral
vestibular nuclei. Signals cross the midline to the abducens neurons on the other side, which
are then transmitted to the eye muscles. A feedback loop carries signals through the
vestibular efferents from the vestibular nuclei to the periphery.
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