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Patients with dysfunction of both vestibular systems of the inner ear experience postural instability and gait disturbances.
This condition is called Bilateral Vestibular Dysfunction (BVD).
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| 1. The Saccular Substitution Hypothesis

With this saccular ES, patients show improved postural stability and gait performance and so the question of central
importance consists of how constant electrical stimulation of saccular afferents in these BVD patients could cause this
improved performance. This maintained stimulation is generating a barrage of action potentials in the saccular nerve,
which is substituting for the reduced or absent saccular afferent action potentials in these BVD patients. The saccular
macula is unique in that saccular receptors are continuously stimulated by the force of gravity. There are a large number
of primary saccular afferents (around 4000 in humans, [2) and these saccular afferents have high resting discharge
rates (probably around 50-100 spikes/s in humans Bl), so each second, a huge barrage of action potentials is
continuously reaching the vestibular nuclei and the midline cerebellum and, indirectly projecting on to other structures,
e.g., the basal ganglia. Bilateral vestibular loss will reduce or remove this sustained neural input, and it appears that the
high-frequency electrical stimulation by the implanted vestibular electrode is substituting for this lost natural neural
activation.

| 2. Saccular Projections

As is clear from the anatomical evidence of the direct and indirect central projections of saccular afferents, their neural
activity has very widespread effects in motor control systems. Saccular afferents project to brainstem vestibular nuclei, to
spinal cord, and to cerebellum and indirectly through the cerebellum to the basal ganglia and to other structures, which
have been of great recent interest in motor control, especially the pedunculopontine nucleus (PPN) of the mesencephalic
locomotor region (MLR). Therefore, the activation of saccular afferents is indirectly activating many motor control systems.

Saccular afferents travel in the inferior vestibular nerve, along with afferents from the posterior semicircular canal.
Saccular afferent fibres branch and send a thinner collateral branch to the cerebellum, with the thicker afferent branch
projecting to the vestibular nuclei. Saccular fibres terminate in the lateral and inferior vestibular nuclei. Anatomical
evidence shows that saccular afferents project both to vestibular nuclei and the cerebellum, specifically to the anterior
midline structures, including the uvula BB and deep cerebellar nuclei [ (see Figure 1).
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Figure 1. A greatly simplified schematic overview of some of the major structures involved in the control of gait and
postural stability.



| 3. The Role of the Cerebellum in Posture and Gait

There is extensive evidence of the crucial role of the cerebellum in the control of balance and locomotion (see, e.g., ).
Cerebellar circuits connect with many brain and spinal cord nuclei. Cerebellar activity is required for motor behaviours
ranging from coordination to posture and balance and gait. This is clear from the deficits in these behaviours in human
patients with localized cerebellar damage &l Projections from the deep cerebellar nuclei influence basal ganglia activity
by afferents that project to the thalamic nuclei, which project to the basal ganglia primarily the striatum €. Dijkstra
reported the cerebellum is involved in postural control as shown by image analysis [&. Mori et al. 19 demonstrated in cats
that stimulation of the midline cerebellar locomotor region (the fastigial nucleus) can independently induce locomotion.
Neuroimaging suggests a similar region exists in humans. Studies with mental imagery of gait or foot pedals showed that
active stepping during fMRI causes focal increases in the fastigial nucleus of the cerebellum and cerebellar vermis [&. The
cuneiform nucleus also appears to be of interest.

Many studies have suggested the cerebellum is implicated in aspects of the pathophysiology of Parkinson’s disease. One
of the most characteristic signs of cerebellar damage is walking ataxia. Anterior cerebellar damage (to the so-called
vestibulo-cerebellum) leads to increased postural sway BIL12 Cerebellar damage is also associated with hypermetric
postural responses to surface displacements and impaired ability to learn responses to predictable perturbations or step
initiation 2], Some of these deficits that are described for patients with cerebellar loss appear to be similar to those
described for patients with bilateral vestibular loss.

| 4. Cerebellar Locomotor Region

The cerebellar locomotor region is in the midline of the cerebellum 14! and as noted above, it is this region where
saccular afferents terminate. Neurons from the central cerebellum project back to the vestibular nuclei LIZIBIGI7LSIA6]A7T],
Physiological studies from animals suggest that cerebellar control of posture, equilibrium, and locomotion are tightly
controlled and localised in the medial zone. There are cerebellar projections to vestibular and reticular nuclei and also to
the thalamus. Thus, the medial cerebellar zone can integrate spinal and vestibular inputs and influence motor pathways
for walking.

| 5. Cerebellum to Basal Ganglia

Manto elaborated on the short latency connections between the cerebellum and the basal ganglia L8120 These
connections may explain the cerebellar involvement in disorders commonly associated with basal ganglia dysfunction, for
example, Parkinson’s disease. Recently, cerebellar neurons are being stimulated in human patients by brain stimulation
techniques, including transcranial magnetic stimulation and transcranial direct current stimulation, to alleviate
disturbances of motor control LA2L[221[231[24] |4 an animal model, Miterko reported that neuromodulation of the cerebellum
rescues movement in a mouse model of ataxia [,

| 6. The Pedunculopontine Nucleus (PPN)

The mesencephalic locomotor region (MLR) consists of the pedunculopontine tegmental nucleus (PPN), the cuneiform
nucleus, and the sub-cuneiform nucleus. It receives input from cerebellar nuclei and basal ganglia 222827 |maging of
the PPN during imagined walking shows that it is involved in control of postural stability 28123391 and electrical stimulation
of PPN is a target for treating locomotion deficits (211,

| 7. Vestibular Nuclei to Basal Ganglia

The most convincing evidence that there may be disynaptic projections from the vestibular nuclei to the basal ganglia was
published by Lai et al. B2, Using neuronal tracers, they reported that projections from the medial vestibular nucleus to the
parafascicular nucleus (PFN) of the thalamus synapse on neurons that project to the dorsolateral putamen of the striatum.
This anatomical evidence suggested the possibility of a disynaptic pathway between the vestibular nuclei and the striatum
albeit from the medial vestibular nucleus rather than the inferior and lateral vestibular nuclei, where saccular afferents are
known to terminate. The PFN is also strongly connected to the PPN [l Although there have been a small number of
electrophysiological studies investigating whether electrical stimulation of the peripheral vestibular system can evoke field
potentials and single-unit activity in the striatum [B3l34] none of these can exclude the possibility that any responses arise
via the cerebellum, and none of them are involved selective saccular stimulation. Nonetheless, there are many regions of
the striatum that have not been explored, such the striatal tail, which is known to receive substantial visual and auditory



sensory input and may also receive vestibular input 2, Whether saccular information is transmitted to this multisensory
integration centre remains to be determined but seems very likely.

| 8. Gait

Normal gait is a complex process that involves concomitant balance and locomotion processes. A hierarchy of supraspinal
regions send signals to the central pattern generators (CPGs) of the spinal cord BYE8l Supraspinal regions modify
stereotyped locomotion in certain situations, such as initiating gait, turning, stopping, and avoiding obstacles. The
locomotor network involves CPGs, mesencephalic locomotor region, the cerebellar locomotor areas, subthalamic
locomotor region, and various cortical areas, including frontal and parietal supplementary motor and motor areas 29,

| 9. Contribution of the Otoliths to Spatial Awareness

Part of any qualitative improvement in BVD patients following ES may be attributable to its effects on higher centres of the
brain concerned with the cognitive processing of vestibular information, especially spatial awareness and memory
(“spatial cognition”). The effects of inferior vestibular nerve ES on spatial cognition have not been investigated
guantitatively in humans; therefore, the only evidence available is from rodents.

There has been increasing evidence that the otoliths, independently of the semi-circular canals, may be important for
spatial cognition. It is difficult to surgically manipulate the saccule in animal models without affecting the other vestibular
sensors. Therefore, the only evidence available is restricted to mutant mice, which do not generate otoconia (e.g., tilted
Het and Otop mice 24]). Inevitably, this means that the mice are devoid of both utricular and saccular function rather than
just saccular function. However, due to its role in the perception of gravity, the saccule might be expected to be particularly
important in providing a gravitational reference frame for other sensory information. A recent study in rats reported that
selective electrical stimulation of the saccule resulted in widespread activation of the bilateral hippocampus, a structure
that is important for spatial memory BZ. Quantitative gait analysis has not been performed on these otolith-deficient
mouse models as yet; however, they do exhibit substantial deficits on the rotarod, in exploration and in performance in Y
maze, radial arm maze, elevated plus maze, and place recognition tasks 4. These results suggest that loss of otolithic
function, including saccular function, results in deficits in spatial cognition. Studies of the first 10 days of development
indicate that Het mice develop abnormally, exhibiting abnormal responses in the righting reflex, cliff drop aversion, and
negative geotaxis tests 28, There is also evidence that thalamic head direction cells and hippocampal place cells function
abnormally in otolith-deficient mice B4l Taken together, these studies suggest that the saccule is important for spatial
awareness and orientation and that saccular ES may have a beneficial effect in BVD patients.
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