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Abstract
The comorbidity among balance disorders, anxiety disorders and migraine has been studied
extensively from clinical and basic research perspectives. From a neurological perspective, the
comorbid symptoms are viewed as the product of sensorimotor, interoceptive and cognitive
adaptations that are produced by afferent interoceptive information processing, a vestibulo–
parabrachial nucleus network, a cerebral cortical network (including the insula, orbitofrontal
cortex, prefrontal cortex and anterior cingulate cortex), a raphe nuclear–vestibular network, a
coeruleo–vestibular network and a raphe–locus coeruleus loop. As these pathways overlap
extensively with pathways implicated in the generation, perception and regulation of emotions and
affective states, the comorbid disorders and effective treatment modalities can be viewed within
the contexts of neurological and psychopharmacological sites of action of current therapies.
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The most commonly recognized neurologic signs and symptoms of balance dysfunction
include dizziness and autonomic symptoms, accompanied by quantifiable eye movement,
head movement and postural abnormalities. However, there is widespread recognition of the
comorbidity of balance disorders (both neuro-otologic disease and chronic subjective
dizziness) with psychiatric disorders [1–5] and with migraine [6–8], as well as of a
significant comorbidity of migraine with phobic disorders and panic disorder [9]. Migraine
is associated with vertigo [10–12], motion sickness [8,13–15], which is attenuated by triptan
treatment [16,17], and anxiety [6,7]. These clinical observations have prompted explorations
of neurological linkages between vestibular pathways, pain pathways and the control of
emotion and affect.

The current clinical classification for patients presenting with comorbid aspects of balance
disorders, migraine and anxiety disorders is shown in Table 1. These terms reflect different
diagnostic tools and symptom interpretations from the neuro-otologic and psychiatric clinic
(e.g., [1,3,6,11,18–20]). table 1 contains symptoms, signs, dimensional constructs,
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syndromes and diagnoses. Dizziness, visual sensitivity and motion sensitivity are symptoms.
Clinical signs include the results of static and dynamic balance performance (e.g., Romberg
test and dynamic posturography), caloric testing and vestibulo-ocular reflex testing. A
dimensional construct [21,22], such as space and motion discomfort (SMD) [1,23,24],
displays an ordered set of values along a continuum, rather than simply present or absent.
Normal levels of a manifestation of a dimensional construct may be benign or even
protective. For example, moderate SMD can lead normal individuals with a perception of
postural instability to avoid potentially dangerous situations. Recent studies document clear
relationships among the SMD dimensional construct and metrics of vestibular function and
balance control, which include an association of specific vestibulo-ocular findings (e.g.,
decreased horizontal vestibulo-ocular reflex time constant and increased reflex gain) with
anxiety disorder and SMD status [25], and an association of visual and somatosensory
dependence for postural control with SMD status [23,26]. Hence, SMD will be discussed in
association with these other signs of altered balance control.

A syndrome can be defined as a symptom complex, without a requirement for objective
signs. Phobic postural vertigo is an example of a syndrome. Patients with phobic postural
vertigo report vestibular symptoms and symptoms of compulsivity [27]. Space and motion
phobia is a syndrome that ensues when excessive behavioral reactions to SMD produce
situationally inappropriate avoidance and anxiety, including panic responses [1]. Visual
vertigo is a syndrome characterized by dizziness (a symptom) that is elicited particularly by
visual sensitivity of SMD, such as moving scenes in motion picture scenes, crowd motions
or open roads [28]. The chronic subjective dizziness syndrome [20,29] is defined by
subjective, persistent complaints of nonvertiginous dizziness or imbalance, without specific
or localizing signs of vestibular or balance dysfunction. The syndrome primary somatoform
vertigo [19,30] and the symptom of psychiatric dizziness [1] both designate individuals with
an anxious temperament and no association with objective evidence of a balance disorder;
secondary somatoform vertigo [19,30] is differentiated from primary somatoform vertigo by
reported vertigo (symptom) and/or balance disorder signs.

A diagnosis differs from a syndrome because it is a differentiated attribution based upon
both signs and symptoms. For example, migrainous vertigo [11] is a diagnosis defined by
signs of a balance disorder and symptoms that meet International Headache Society
migraine criteria. Migraine- and anxiety-associated dizziness [6] designates migrainous
vertigo patients with a comorbid anxiety disorder. This article summarizes our current
understanding of the bases for neurotherapeutic approaches to balance disorders associated
with migraine and/or anxiety.

A neurobiological perspective for neurotherapeutics
Figure 1 illustrates pathways that contribute to the feature of comorbid clinical features of
migraine, anxiety disorders and balance dysfunction. The balance–anxiety linkages appear
to involve integrated activity of at least six neural components:

• Afferent interoceptive information processing

• A vestibulo–parabrachial nucleus network

• Cerebral cortical vestibular and interoceptive processing

• A raphe nuclear–vestibular network

• A coeruleo–vestibular network

• A raphe–locus coeruleus loop
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In addition, a linkage of these pathways to pain pathways, including migraine-related
pathways, is provided by the trigemino–vascular reflex loop and parallel neurochemical
mechanisms in the periphery.

These pathways can be divided conceptually into cognitive–behavioral (light red box),
neurologic sensorimotor performance (yellow boxes) and interoceptive (blue boxes) domain
components. This parcellation reflects concepts of the neural bases for the comorbidity of
balance disorders, migraine and anxiety disorders [6,31,32], as well as mechanisms for
controlling the emotional components of psychiatric [33] and pain [34] syndromes. The
cognitive–behavioral domain includes: first, pathways for involuntary or homeostatic
regulation of affect by the ventral lateral prefrontal cortex, orbitofrontal cortex and the
ventral aspect of the cingulate cortex; and second, pathways for the effortful regulation of
affect in the dorsal lateral prefrontal cortex, dorsal medial prefrontal cortex, dorsal anterior
cingulate cortex and hippocampus [33]. The sensorimotor performance component includes
pathways for both the sensory perceptual responses to vestibular, visual, proprioceptive and
somatosensory information and the somatic and visceral motor response mechanisms (e,.g.,
trigeminovascular, vestibulo-ocular and vestibulospinal reflexes) [32]. Finally, the
interoceptive component of the model is mediated by ascending vestibular, visceral and
nociceptive projections to the insula and amygdala, via the parabrachial nucleus and
thalamus. These interoceptive pathways integrate information regarding ongoing sensory
processes relative to the current physiological condition of the body [35], and their
translation into the ‘sentient self’ [34] as subjective awareness and feelings.

Afferent interoceptive & vestibular pathways: shared neurochemical
properties

Shared organizational and neurochemical features of central vestibular and nociceptive
projections to the same structures may explain some aspects of the comorbidity and
interactions among anxiety, migraine and balance disorders. The different pain pathways
show specific neurochemical characteristics. Fine polymodal afferents that express
calcitonin gene-related peptide (CGRP) and/or substance P terminate on neurons in lamina I
of the spinal cord, which both project directly to the parabrachial nucleus, to medullary
pathways that influence preganglionic sympathetic outflow, to thalamic ‘pain’ sites and to
sites in the hypothalamus (reviewed by [35]). Further studies have demonstrated that smaller
ganglion cells (trigeminal and dorsal root ganglia) and their mainly unmyelinated
peptidergic afferents express 5-hydroxy-tryptamine (5-HT)1D [36], and that many of the
postsynaptic lamina I neurons express μ opioid receptor 1 [37]. By contrast, non-peptidergic
(but nociceptive) afferents (purinergic P2X3 positive and IB4-binding cells) appear to
project to lamina II dorsal horn neurons that give rise to projections to lamina V neurons that
are connected directly with the hypothalamus, amygdala, bed nucleus of the stria terminalis
and globus pallidus. Both peptid-ergic and nonpeptidergic dorsal root and trigeminal
ganglion cells also express the so-called ‘capsaicin receptor’, TRPV1 [38,39]. Large
ganglion cells that do not contribute to these pathways express calretinin [40].

The molecular phenotypes of vestibular ganglion cells show strong parallel features with
trigeminal and dorsal root ganglion cells. The vestibular ganglion (Scarpa’s ganglion)
contains a population of small caliber cell bodies that express substance P [41], a population
of small-to-medium-sized cell bodies that express P2X3 [42] and a large-sized population
(related to calyceal endings on hair cells) that expresses calretinin. Vestibular ganglion cells
also express TRPV1 [43]. Recent data also demonstrate that a large percentage of rat and
monkey vestibular ganglion cells display 5-HT1B-receptor immunoreactivity and 5-HT1D-
receptor subunit immunoreactivity, with colocalization in at least 80% of the cells [44].
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However, unlike some trigeminal ganglion cells, the vestibular ganglion cells do not express
CGRP; rather, it is expressed by vestibular efferents [45,46].

Vestibulo–parabrachial network
Due to its important role in the formation of conditioned fear and anxiety responses, the
parabrachial nucleus has been widely cited as a substrate for panic and anxiety disorders
[47–50]. In addition, studies of spinal cord lamina I nociceptors resulted in the intriguing
suggestion that nociceptive pathways through the parabrachial nucleus mediate the
autonomic, affective and emotional aspects of pain [35,51,52]. Hence, the neurochemical
similarities between nociceptive and vestibular afferents suggest: first, that convergent,
neurochemically similar interoceptive, pain and vestibular pathways through the
parabrachial nucleus may contribute to interoceptive representations of body status; and
second, that a loss of predictability of sensations during balance control or predictable
visceral sensations may contribute to psychiatric disorders.

Two vestibular nuclear regions contribute to the vestibulo–parabrachial pathway. The caudal
medial vestibular nucleus and the inferior vestibular nucleus contribute: first, light
descending projections to the nucleus of the solitary tract, dorsal motor vagal nucleus,
nucleus ambiguus/parambiguus, the ventrolateral medullary reticular formation, nucleus
raphe magnus and the lateral medullary tegmentum; second, an ascending projection to
preganglionic parasympathetic neurons in the Edinger–Westphal and anteromedian nuclei
[53]; and third, relatively dense ascending projections to the parabrachial nucleus [54,55].
The superior vestibular nucleus and the rostral pole of the medial vestibular nucleus
contribute only dense ascending projections to the caudal aspect of the parabrachial region.
The parabrachial nucleus has descending connections to both rostral and caudal aspects of
the vestibular nuclei, which are distributed more extensively than the sites of origin of the
vestibuloparabrachial pathway [56]. The para-brachial nucleus also has reciprocal
connections with the central amygdaloid nucleus, infralimbic cortex and hypothalamus [57–
59]. The caudal parabrachial nucleus (including the vestibulo-recipient region) also projects
to several midline and thalamic intralaminar nuclei, including the centromedian nucleus,
ventromedial nucleus and ventroposterior nucleus [60], providing potential integrative input
with visceral pathways to the insular, anterior cingulate and medial prefrontal cortex.

Cerebral cortical vestibular & interoceptive processing
Vestibulo–thalamo–cortical projections [61–64] have been regarded as a gateway for
vestibular information to interact with conscious sensory and cognitive processes. Dieterich
and Brandt have reviewed imaging results with regard to the potential roles of telencephalic
regions in perceptual phenomena, navigation and limbic manifestations [65]. Functional
imaging studies during caloric irrigation or galvanic stimulation have demonstrated patterns
indicating increased blood flow in the regions corresponding to vestibular sensorimotor
processing regions (areas 3a, area 2/7 and the parietal operculum [area 44 and ventral area
6]), interoceptive regions of the insula (including parietal-posterior insular vestibular cortex
and the anterior insula) and cognition-related regions that include the posterior and anterior
cingulate gyri, orbitofrontal cortex and several prefrontal fields [65–72]. The fields
associated with sensorimotor processing and the interoceptive insula regions were activated
consistently by either caloric or galvanic stimulation; the other regions were activated less
consistently. The parahippocampal gyrus and hippocampus are also included because they
have an important role in navigation and spatial orientation [73–75], show changes in
functional imaging studies during caloric irrigation of the ear [66,71,72] and show signs of
atrophy in patients with bilateral vestibular loss [76].
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The vestibular activation of the insula is significant in light of recent evidence that the insula
serves an important role for interoceptive representations and their incorporation into
motivational, attentional and cognitive contexts [34]. Craig has proposed that the posterior
insula participates in the formation of interoceptive representations [34]. The posterior
insula information is then relayed to the mid-insula for association with homeostatic
functions and hedonistic conditions, via a network that includes the amygdala, ventral
striatum and orbitofrontal cortex. The interoceptive state from the mid-insula is then
proposed to be associated with motivational, social and cognitive contexts in the anterior
insula, via interactions with dorsal and ventral prefrontal and anterior cingulate cortices. The
activation of the anterior insula during the expression of elicited and recalled emotion in
imaging studies [33,77–79] is consistent with this role in mapping affective and emotional
components onto interoceptive representations. Hence, the anterior insula has figured
prominently in models of interoceptive aspects of visceral awareness and conscious pain
[33,35,80,81]. Of particular interest are findings that the anterior insula also shows
functional MRI activation with pain, and that cognitive aspects of pain may be associated
with activation in the mid-cingulate gyrus region (for a review, see [82]). These findings are
consistent with the influence of vestibular information on our body perception of well-being
[2,6,83].

The existence of a right hemispheric predominance for the emotional and affective
consequences of pain was supported strongly in 1996 by the demonstration of a right
dominance for cortical activation of the anterior cingulate cortex, orbitofrontal cortex and
insula during nitrogylcerine-induced cluster headache [84]. More recently, Craig has
reviewed subsequent evidence supporting a right predominance in anterior insula activation
that is associated with visceral or somatic interoception (including heart rate awareness)
[34]. In an earlier article, it was suggested that this right predominance corresponds to a
right predominance for homeostatic (autonomic) control [85]. Activation of left and right
cortical regions by vestibular stimulation is asymmetric, but without a similar right
dominance: activation tends to be stronger on the side ipsilateral to caloric vestibular
stimulation, in the nondominant hemisphere (for handedness), and in the hemisphere
ipsilateral to the slow-phase vestibular nystagmus direction (for a review, see [65]).
However, these acute findings do not preclude the recent suggestion [86] that the negative
emotional and affective consequences of dizziness reflect the more general right
hemispheric dominance for interoceptive effects.

Raphe–vestibular network
Serotonergic innervation in the CNS arises from neurons in the mesencephalic and
rhombencephalic raphe nuclei and adjacent neurons in the brainstem reticular formation
[87,88]. These nuclei contain both serotonergic and nonserotonergic neurons, which appear
to project in parallel to efferent targets. The non-serotonergic neurons utilize a variety of
transmitters. For example, 5-HT-negative cells in the dorsal raphe nucleus (DRN) include
populations that express GABA [89,90], dopamine [91,92], excitatory amino acids [93] and
neuropeptides [94,95]. The vestibular nuclei receive major serotonergic and nonserotonergic
projections from the DRN and minor serotonergic and nonserotonergic projections from the
nuclei raphe pallidus and obscurus [96].

In addition to the vestibular nuclei, the DRN projects to the amygdala. In fact,
approximately 25% of both serotonergic and nonserotonergic DRN-vestibular cells also
send collaterals to the central amygdaloid nucleus [97], a site of dense termination of DRN
afferents [98]. Significantly though, there appears to be no corresponding dorsal raphe
projection system to the spinal trigeminal nucleus (e.g., [99]). Anterograde tracing studies
[100,101] demonstrated that DRN-vestibular pathways include: fine caliber serotonergic and
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nonserotonergic pathways through the ventricular plexus; and a large caliber serotonergic
pathway via the medial longitudinal fasciculus. Immunoreactivity for 5-HT2A [102], 5-HT1B
and 5-HT1D receptors [103] are expressed fairly widely by vestibular nucleus neurons, but
5-HT1A receptors in the vestibular nuclei are expressed heavily by ventricular plexus axons.
More recently, it has been reported that 5-HT1F receptors and glutamate immunoreactivity
are colocalized extensively within the vestibular nuclei [104], with prominent staining in the
lateral vestibular nucleus. These findings suggest that circuits for vestibular sensorimotor
pathways receive regionally-specialized serotonergic inputs and include potential sites of
action for triptans and selective serotonin reuptake inhibitors (SSRIs). Functional imaging
studies have revealed prominent increases in regional cerebral blood flow in the dorsal and
dorso-lateral pons during either spontaneous or glyceryl trinitrate-induced migraine [105–
108]. Although the spatial resolution does not permit localization of specific nuclear regions,
these regional perfusion changes seem to include portions of the vestibular nuclei, medial
parabrachial nucleus, locus coeruleus and raphe nuclei (including the dorsal raphe nuclei).
These brainstem effects were suggested to be an indication of the primary migraine disorder
because they were not resolved after sumatriptan controlled the migraine pain.

In addition to innervating the amygdala and the vestibular nuclei, the DRN also has
relatively dense projections, via the ventral ascending pathway, to the cortical regions (for a
review, see [109]) that are believed to mediate interoception and provide input for cognitive
processes in conditions such as migraine and vestibular dysfunction. The insular and dorsal
frontal cortices receive the densest innervation, while moderately dense projections
terminate in orbitofrontal, entorhinal, anterior cingulate and infralimbic cortices; a
hippocampal projection has also been described. These terminal regions are additional
potential sites of a coordinated influence of SSRIs and triptans in comorbid aspects of
balance disorders, migraine and panic disorder.

Coeruleo–vestibular network
The noradrenergic coeruleo-vestibular pathway originates from the caudal pole of locus
coeruleus and the adjacent nucleus subcoeruleus [110,111]; these locus coeruleus regions
also provide innervation to the cerebellum, neocortex, hypothalamus and hippocampus
[111,112]. The superior and lateral vestibular nuclei receive a relatively dense coeruleo–
vestibular innervation [111]. The medial vestibular nucleus receives a more moderate
density of noradrenergic innervation. The inferior vestibular nucleus receives minimal
innervation. The terminals may affect vestibular nucleus neurons via postsynaptic α- and β-
adrenergic mechanisms (reviewed in [111]). The regionally differentiated pattern of
noradrenergic innervation in vestibular nuclei contrasts sharply with the relatively sparse,
undifferentiated pattern of noradrenergic innervations of neocortex [113].

Locus coeruleus and related central noradrenergic transmission have long been implicated in
the pathophysiology of panic disorder [47,49,114–116]. The recent description of dense
projections from the anterior cingulate and orbitofrontal cortices to locus coeruleus [117]
provides a substrate for regulation of affective states in parallel with modulation of postural
control. In particular, these descending projections have the potential to participate in the
strong association between the degree of SMD and postural sway in anxiety patients [23,26]
via the dense coeruleovestibular innervation of the lateral vestibular nucleus. Finally, it is
also of interest that locus coeruleus-elicited neurogenic oligemia via diffuse cortical
projections has been suggested as a potential mechanism for cortical hypofusion in active
migraine [106].
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Raphe–coeruleus interactions
Interactions between closely coupled locus coeruleus and DRN networks are a potential
substrate for coregulation of noradrenergic, serotonergic and nonserotonergic influences on
the sensorimotor, interoceptive and cognitive components of comorbid balance, migraine
and anxiety signs and symptoms. The first level of interaction is mediated by direct
connections between the locus coeruleus and the DRN, which may be termed the raphe–
coeruleus coregulatory loop. The second level of interaction is provided by their differential
relationships with brainstem and telencephalic substrates for sensorimotor, interoceptive and
affective responses. For example, the DRN provides dense innervation to the anterior
cingulate and orbitofrontal cortices [109], which in turn provides heavy innervation of the
locus coeruleus [117].

The caudal pole of locus coeruleus, which is the site of origin of the coeruleo–vestibular
pathway, receives inputs from the DRN via both collateral projections of the large caliber
serotonergic pathway to superior and lateral vestibular nuclei, and the small-caliber
serotonerigic and nonserotonergic fibers that travel in the ventricular plexus [100,101]. The
raphe–coeruleus connections appear to have reciprocal components [118]. There are several
documented synaptic interactions between locus coeruleus and the DRN, reviewed by Blier
and Szabo [119,120], which can potentially coregulate their influence on the vestibular
nuclei, amygdala and the cerebral cortex. Serotonin release activates excitatory amino acid
afferent terminals via presynaptic 5-HT1A receptors, which produces a subsequent
depolarization of noradrenergic neurons in locus coeruleus. Conversely, presynaptic 5-HT2A
receptor mechanisms depolarize GABAergic terminals in locus coeruleus, producing a
depression of noradrenergic cell activity via actions at GABA A receptors. Finally,
norepinephrine release from terminals in the DRN can affect serotonergic neurons via
postsynaptic α1-adrenoreceptors.

This raphe–coeruleus coregulatory loop is likely to be affected profoundly by SSRI
administration [119,120]. It has been proposed that SSRI treatment initially decreases 5-HT
release via 5HT1A autoreceptor inhibition of raphe neurons [120]. Chronic SSRI
administration results in a desensitization of 5HT1A and presynaptic 5HT1B receptors, which
leads to increased serotonin release from the raphe neurons owing to decreased autoreceptor
inhibition. The increased serotonin release then reduces locus coeruleus activity by a 5-
HT2A receptor-mediated depolarization of GABAergic terminals.

Diagnostic & neurotherapeutic implications
Drugs that have been used in the treatment of balance- and anxiety-related clinical
designations in Table 1 include 5-HT and noradrenaline reuptake inhibitors (e.g., SSRI and
tricyclic anti-depressants), benzodiazepines and ion-gated channel blockers (e.g.,
nimodipine and flunarizine) [121]. For the migraine-associated disorders, the list of
treatment options includes triptans, non-selective β-blockers (e.g., propranolol) and
anticonvulsant medications such as topirimate (Topomax®), lamotrigine and valproate
(Depakote®) [122]. The therapeutic actions of the anticonvulsant drugs are not well
understood. Topiramate inhibits voltage-gated sodium and calcium channels, α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainite excitatory amino acid
receptor subtypes and carbonic anhydrase; the relevance of these actions to its empirical
anticonvulsant activity is unknown [123]. The bases for therapeutic activity of lamotrigine
[124] and valproate [125] are also not understood explicitly.

Selective serotonin reuptake inhibitors, tricyclic antidepressants and benzodiazepines are
efficacious in the treatment of both balance disorders and anxiety disorders [126–129].
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Different SSRIs and tricyclic antidepressants vary in their relative affinities for 5-HT and
noradrenaline (NA) reuptake inhibition [130,131]. The SSRIs have a dominant effect on 5-
HT reuptake. The tricyclic antide-pressants used in dizziness include drugs with a relatively
weak 5-HT reuptake preference (imipramine), roughly equal 5-HT and NA reuptake
inhibition (dothiepin), a relatively weak NA reuptake inhibition preference (amitriptyline)
and more selective NA reuptake effect (nortryptyline). The tricyclic antidepressant dose
ranges are typically 10–100 mg at bedtime, with effective doses usually less than 50 mg.

The integrative approach in this section is motivated by the parallel therapeutic responses
reported in the literature for components of dizziness and anxiety in different patient groups
(Table 1). For example, previous studies indicate that SSRIs have parallel effects on
dizziness symptoms and anxiety in patients with high Subjective Depression Scale scores
and clinical evidence of organic vestibular disease [132], and patients with chronic
subjective dizziness [4,128]. It is noteworthy that the three symptom scales showing
improvement in the former study [132] include the main components of SMD. A similar
parallel effect of treatments on dizziness and migraine has been reported in a substantial
proportion of patients with a diagnosis of migrainous vertigo [122,133]. These effects are
the focus of the hypotheses that follow.

In our clinical experience, the fact that effective doses of clon-azepam, diazepam and
lorazepam for balance disorders seem to be lower than for anxiety disorders suggests
differences in sites of action that are sufficient for the resolution of the respective symptoms
(Table 2). The seemingly synergistic effects of these benzodiazepines with SSRIs (e.g.,
sertraline or paroxetine plus clonazepam) in the treatment of these disorders further suggest
that effects may reflect modulation of interactions between serotonergic and GABAergic
mechanisms. For example, complex interactions between 5-HT1A, 5-HT1B and 5-HT1D
autoreceptors and heteroceptors have been discussed extensively in relation to the actions of
antidepressant drugs, including SSRIs, in the CNS [134]. These interactions have been
implicated in phenomena as diverse as anxiety, stress responses, spatial memory, cognitive
responses to complexity and migraine, and are often invoked in explaining the efficacy of
SSRIs, tricyclic antidepressants and triptans. Potential sites of action in terms of
simultaneous effects on comorbid balance disorders, migraine and anxiety disorders will
now be examined.

Cerebral cortical targets for drug treatment
As reviewed earlier, functional imaging studies are consistent with the role of common
forebrain sites in responses during caloric or galvanic vestibular stimulation, panic disorder
and migraine. These interactions with sites of vestibular activation appear to be at the level
of the anterior insula, prefrontal cortex, cingulate cortex and parahippocampal gyrus.
Remarkably, these vestibular activation regions overlap with activation sites in functional
imaging studies of spontaneous and evoked migraine in the anterior insula, anterior
cingulate (right side), posterior cingulate cortex and prefrontal cortex [106–108]. The
anterior insula also overlaps with a region of reduced GABA A-benzodiazepine receptor
binding in individuals with panic disorder [135]. The posterior cingulate field that has been
identified in vestibular stimulation experiments overlaps with a region that is both activated
by anticipatory anxiety in CCK-4-induced panic attacks [136] and has reduced 5-HT1A
receptor binding activity in panic disorder patients [137]. Finally, the anterior aspect of the
parahippocampal gyrus also shows increased GABA A-benzodiazepine binding in panic
disorder patients [138]. The effects of SSRIs and benzodiazepines on these sites of altered
benzodiazepine and serotonin binding may provide a partial explanation for their efficacy in
the treatment of interoceptive and cognitive aspects of comorbid balance, migraine disorders
and anxiety disorders.
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Brainstem & cerebellar targets
In addition to primary sensory and sen-sorimotor reflex processing, processes that mediate
descending influences from the cerebral cortex, the brainstem and cerebellum may be
important for understanding neurothera-peutic approaches to treating the comorbid aspects
of balance and anxiety disorders. For example, the dense projections from the anterior
cingulate and orbitofrontal cortices to locus coeruleus [117] provide a potential pathway for
cortical modulation of noradrenergic effects on SMD, anxiety and height phobia on
vestibulo-ocular and postural control. We suggest that the influence of raphe–coeruleus
interactions on dorsal raphe–vestibular and coeruleo–vestibular pathways mediate both the
association of visual and somatosensory dependence for postural control with SMD status
and the association of vestibulo-ocular findings with anxiety disorders. One likely
mechanism for these interactions is modulation of noradrenergic and serotonergic output to
the vestibular nuclei and amygdala via the dorsal raphe–locus coeruleus loop. For example,
GABA-A receptor mechanisms mediate the inhibitory effects of 5-HT1A receptor agonists
on noradrenergic neurons in locus coeruleus [139]. Conversely, GABAergic inhibition of
serotonergic dorsal raphe neurons is gated by activity of 5-HT2 family receptors [140]. It is
tempting to hypothesize that the lower doses of benzodiazepines are influencing this circuit
in treatment of acute vestibular disorders. The relative density of coeruleo–vestibular
projections and raphe–vestibular projections to areas mediating vestibulo-ocular and
vestibulo-spinal responses are summarized in Table 3.

The concomitant balance and (afferent) interoceptive effects that are associated with SMD
may be mediated by a convergence of a high density of noradrenergic innervation and the
large-caliber DRN–vestibular serotonergic projections with the superior and rostral lateral
vestibular nuclei. The intersection of the rostrodorsal dorsal raphe innervation field
[100,101] and coeruleo–vestibular pathway [111] includes both the region of origin of the
lateral vestibular spinal tract (Dieters region) and the region of the superior vestibular
nucleus that gives rise to the parabrachial nucleus projection. As the increased visual and
somatosensory dependence of postural sway is associated with high SMD levels and appears
to be independent of the presence of the specific type of anxiety disorder or height phobia
[23], we speculate that the large-caliber dorsal raphe–rostrodorsal vestibular terminal field
pathway within the dorsal lateral vestibular nucleus (Deiters region) [100,101] is a mediator
of the influence of SMD on postural control, while the superior vestibular nucleus is a
mediator of the development of interoceptive representations leading to the expression of
SMD in behavior. This proposed role of the large-caliber serotonergic raphe–vestibular
pathway is a direct extension of the concept that activation of serotonergic dorsal raphe
neurons facilitates motor output (e.g., behavior) and inhibits sensory processing (e.g.,
analysis) for execution of motor programs [141].

It is important to note that the large-caliber dorsal raphe pathway to the rostrodorsal field
appears to be almost exclusively serotonergic. Furthermore, the serotonergic contributions to
activity in this network may be coordinated by the approximately 25% of dorsal raphe–
vestibular projection neurons that send collateralized projections to the central amygdaloid
nucleus [97]. The collateral innervation of locus coeruleus by the rostrodorsal DRN pathway
[100,101] also suggests that the coregulatory raphe–coeruleus loop may exert a strong
influence on these SMD-related phenomena. Consistent with this hypothesis, one expects
that SSRI treatment will either ameliorate both SMD and increased postural sway or, at very
least, attenuate the association of increased visually- and somatosensory-induced postural
sway with the degree of SMD.

A parallel analysis leads to the inference that the small-caliber DRN pathway may be an
important mediator of the shortened horizontal vestibulo-ocular reflex time constant in
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anxiety disorder patients [25]. The relatively large reduction in the horizontal vestibulo-
ocular reflex time constant in anxiety disorder is likely to be associated with information
processing in the nodulus terminal region within the vestibular nuclei and the nucleus
prepositus hypoglossi [142]. These regions receive substantial densities of both serotonergic
and nonserotonergic small-caliber DRN fibers from the ventricular plexus and an
intermediate-to-heavy density of noradrenergic innervation, and are connected reciprocally
with the DRN [143].

The flocculus terminal regions that affect vestibulo-ocular reflex gain include the ventral
aspect of the rostral medial vestibular nucleus and the ventral lateral vestibular nucleus (also
termed either pars-β or magnocellular medial vestibular nucleus) [144]. This region is
included in the caudoventral projection field of the large-caliber serotonergic pathway from
the DRN [100,101] and a light-to-intermediate density of noradrenergic innervation from the
locus coeruleus [111]. The rostral medial vestibular nucleus component of this region also
receives appreciable input from the small-caliber serotonergic and nonserotonergic raphe
projections in the ventricular plexus [100,101]. This mixed, lighter pattern of innervation
may contribute to both the small magnitude of these eye movement’s effects and the more
complex relationship between vestibulo-ocular performance, anxiety, SMD and height
phobia [23,25]. For example, the overall effect of anxiety on horizontal vestibulo-ocular
reflex gain and the magnitude of the modulation response during off-vertical axis rotation
(an otolith-ocular response) [25] may reflect involvement of both the noradrenergic locus
coeruleus and small-caliber serotonergic and nonserotonergic dorsal raphe afferents.
Furthermore, the finding that horizontal vestibulo-ocular reflex gain is elevated in anxiety
disorder patients with normal SMD, but normal in anxiety disorder patients with excessive
SMD [25], may reflect an interactive SMD-related contribution from the large caliber
serotonergic projection to the caudoventral field. The cerebellar posterior lobe is another
potential site where benzodiazepines could have a simultaneous effect on the vestibular
system and activity engaged in panic attacks. There is a significant enhancement of blood
oxygenation level-dependent signals from the cerebellar posterior lobe and culmen during
precipitation of a panic attack with CCK-4 [136]. The Purkinje cells from these cerebellar
sites project to both vestibulo-ocular and vestibulo-spinal pathways [145], and could
contribute to postural instability. Hence, benzodiazepines could inhibit the development of a
panic attack by direct actions at the level of both Purkinje cells (which receive GABAergic
inputs from basket cells) and GABAA receptors on postsynaptic targets of those Purkinje
cells in the vestibular nuclei.

Brainstem targets affecting migraine & balance disorder linkages
Migrainous vertigo has recently been cited as the second most frequent cause of recurrent
vertigo after benign paroxysmal positional vertigo [18]. We propose that the comorbidity of
migraine with balance disorders [7,11] and the increased susceptibility to motion sickness
and SMD in migraineurs [8,14] can be understood as additive effects in preparabrachial and
prethalamic processing of the afferent information to vestibular and pain pathways. These
mechanisms can include both descending cortical projections and intrinsic parallel
neurochemical features of brainstem vestibular and spinal trigeminal nuclei. For example,
the activation of the anterior insula, anterior cingulate (right side), posterior cingulate cortex
and prefrontal cortex [106–108] in migraine is likely to produce the same effects as SMD on
vestibular processing through descending projections from the orbitofrontal, frontal and
anterior cingulate cortex to the locus coeruleus. Koo and Balaban demonstrated parallel
plasma extravasation in the vestibular periphery and meninges in a murine model of
neurogenic migraine, and sites of action of triptans are present in both the vestibular and
trigeminal ganglia and the vestibular and trigeminal nuclei (Figure 1). Finally, either
spontaneous or glyceryl trinitrate-induced migraine are accompanied by increased cerebral
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blood flow in a region of the dorsal and dorsolateral pons [96–99,124] that appears to
include portions of the vestibular nuclei, medial parabrachial nucleus, locus coeruleus and
raphe nuclei. These findings support the concept of parallel activation of vestibular and
cranial nociceptive pathways as an explanation for the otologic features of migrainous
vertigo.

Phenomenological additivity of multisensory information has been demonstrated clearly.
Drummond reported that trigeminal pain, pain sensitivity in the fingers and photophobia are
augmented in migraineurs by simultaneous optokinetic stimulation motion [13]. They have
also reported that motion sickness is augmented by simultaneous painful trigeminal
stimulation in migraineurs [15]. This effect of trigeminal pain is blocked by rizatriptan [16].
In a similar vein, Marano et al. reported that painful trigeminal stimulation has significant
effects on nystagmus in migraine patients [146]. The efficacy of triptans against motion
sensitivity in migraineurs is consistent with both peripheral effects and central effects at the
level of ganglion cell processes and early processing of afferent information in the vestibular
and trigeminal nuclei and the dorsal horn.

Although SSRIs are effective for comorbid balance and anxiety disorders, a systematic
literature review indicates that a 2-month course of treatment is no more effective than
placebo in migraine headache prophylaxis [147]. Thus, the most likely reason that SSRIs
have not become popular for migraine is the fact that the vast majority of migraine patients
complain of headache, not dizziness. In addition, in our clinical experience, the relatively
common undesirable side effects of SSRIs, especially sexual dysfunction, have been a major
limiting factor. An even higher prevalence of side effects has also limited the popularity of
tricyclic antidepressants in migraine treatment, despite evidence that they show greater
efficicacy than SSRIs in preventing migraine headache [148]. The high prevalence of side
effects with SSRIs and tricyclic antidepressants probably reflects the fact that they affect
serotonin and norepinephrine turnover [130,131], rather than the classes of receptors
involved in migraine headache generation.

Periphery & ganglion cells as sites of action
Vestibular ganglion cells and nociceptors in the trigeminal ganglia show remarkable
similarities in distribution of functional markers for potential therapeutic targets for
comorbid headache (migraine) and neuro-otological complaints. For example, the vast
majority of vestibular and spiral ganglion cells are immunopositive for targets of triptans
[44,149], as are small-to-medium-sized trigeminal and dorsal root ganglion cells [27,127–
130], where they are believed to be primary sites of triptan-related antinociceptive activity in
migraine. Furthermore, the high proportion of cells expressing these receptors raises the
likelihood that many of the TRPV1-immunopositive vestibular ganglion cells [43,150] also
express 5-HT1B, 5-HT1D, 5-HT1F and P2X3 receptors [44,149]. However, the known
differences in the spontaneous activity and occurrence of the physiological drive to
trigeminal versus vestibular ganglion cells may provide a partial explanation for differential
responses of headache and vertigo to antimigraine medications. First, the spontaneous
activity of trigeminal nocicecptive afferents innervating dura mater [151] is approximately
an order of magnitude lower than the spontaneous activity vestibular ganglion cells [152].
Second, the vestibular afferents are activated by any head movement; nociceptive afferents
are not. We suggest that these factors can plausibly contribute to differences in efficacy of
particular drug regimens for headache and dizziness in migrainous vertigo. Within the inner
ear, the serotonin receptor subunits are expressed in association with blood vessels in
regions that show extensive protein extravasation in an intravenous serotonin infusion model
of migraine [153], as well as blood vessels associated with the vestibular ganglion and
vestibular nerve and the margin of the spiral ganglion. This localization of protein is
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consistent with a previous report of mRNA for 5-HT1B receptors in the lateral wall of mouse
cochlea [154]. Because the trigeminal ganglion provides sensory innervation to the
vertebrobasilar, anterior inferior cerebellar and labyrinthine arteries [155,156], it seems
likely that vascular innervation is associated with axons originating in 5-HT1B and 5-HT1D
receptor immunopositive cell bodies in the trigeminal ganglion [127–130].

Triptans have the greatest affinity for 5-HT1B and 5-HT1D receptors, but also have a
reasonably strong affinity for 5-HT1A receptors [157,158] and 5-HT1F receptors [159]. The
accepted peripheral antimigraine effects of triptans include selective constriction of pain-
producing intracranial extracerebral blood vessels, reduction of trigeminal sensory nerve
activation, and inhibition of vasoactive neuropeptide release and inhibition of
neurotransmitter release from activated trigeminal nerves in the brainstem and upper
cervical spinal column [160,161]. Parallel effects in the ear might be expected to contribute
to concomitant reduction in the vertigo symptoms in patients with migrainous vertigo.

The membranous labyrinth of the inner ear is a specialized endolymph-filled structure that is
surrounded by a perilymph-filled extension of the subarachnoid space. The perilymph
communicates freely with the cerebrospinal fluid in the sub-arachnoid space through the
cochlear aqueduct [162], and bathes the interstitial spaces around the sensory hair cells and
the ganglion cells. This relationship is analogous to the location of the trigeminal ganglion in
an extension of the subarachnoid space within Meckel’s cave [163], in the sense that
ganglion cells can be exposed to molecules in communicating fluid compartment. The blood
supply of these ‘subarachnoid’ inner ear structures is derived from the cerebral circulation,
similar to the blood supply of the trigeminal ganglion. The similarities between trigeminal,
vestibular and spiral ganglion cells may be particularly germane to understanding acute and
delayed effects of subarachnoid hemorrhage [164,165] and deleterious effects of
subarachnoid hemorrhage in the inner ear [166]. Stated simply, both the neurons and blood
vessels of the trigeminal ganglion and the inner ear are very likely to be influenced directly
by molecules in the surrounding cerebrospinal fluid. For example, subarachnoid hemorrhage
produces acute increases in concentrations of both serotonin and 20-
hydroxyeiscosatetraenoic acid (20-HETE; an arachidonic acid metabolite and TRPV1
agonist) in the cerebrospinal fluid, which produce a drop in regional cerebral blood flow by
synergistic vasoconstrictor actions involving 5-HT1B receptors and direct responses to 20-
HETE [167].

We have suggested recently that the enhanced motion sickness susceptibility in migraineurs
may be a function of the net vestibular nuclear and solitary nucleus effects of trigeminal
nucleus activity associated with trigeminovascular reflex sensitivity and parallel effects in
the vestibular periphery [153]. In this context, a triptan (e.g., rizatriptan) can act on ganglion
cell and brainstem trigeminal, solitary nucleus and vestibular nuclear neuronal 5-HT1B and
5-HT1D receptors to reduce nociceptive activity [168–170]. The peripheral vascular effects
of the triptan would also be expected to simultaneously impact on migraine and motion
sickness sensitivity via the trigeminal nerve innervation of the inner ear vascular supply
[155,156]. Thus, parallel activation of vestibular and cranial nociceptive pathways may
contribute to the otoneurologic features of migrainous vertigo, reinforcing the view that
motion sickness may be a form of interoceptive discomfort akin to pain [32,171].

Expert commentary
Over the previous 20 years, clinical observations and basic research have provided evidence
that the prevalent comorbidity of balance disorders, motion sickness, migraine and anxiety
disorders is not a chance occurrence. Many comorbid combinations have been reported.
Balance disorders (both neuro-otologic disease and chronic subjective dizziness) are often
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comorbid with psychiatric disorders [1–5] and with migraine [6–8]. Migraine is often
associated with vertigo [10–12]. The increased motion sickness susceptibility in migraineurs
[8,13–15] is attenuated by triptan treatment [16,17]. Migraine is also associated with phobic
disorders and panic disorder [9]. Migraine and balance disorders are comorbid with anxiety
disorders [6,7]. We suggest that three mechanisms may contribute to the comorbidity and
overlap in treatment regimens. First, the parallel patterns of serotonin, TRPV1 and
purinergic receptor expression in trigeminal, vestibular and spiral ganglion cells are
consistent with parallel therapeutic effects at the level of primary afferents. Second, parallel
behavior of protein extravasation in inner ear, meningeal and peripheral tissues and
activation of central trigeminal and vestibular pathways may contribute to comorbid
migraine, vestibular disorders and hyperacusis or tinnitus. Since these migraine and
audiovestibular symptoms share common peripheral mechanisms, they are expected to
respond in parallel to treatment that reduces extravasation. Finally, the parallel organization
of vestibular and nociceptive pathways through the parabrachial nucleus and thalamus to the
amygdala and cerebral cortex is consistent with a common central representation of
interoceptive well-being, which influences control of affect. The clinical picture that
emerges is a balance disorder–migraine–anxiety syndrome that can manifest differentially in
different patients, with comorbid components that can respond to similar treatment
regimens.

Five-year view
Both basic and clinical studies will continue to probe the hypothesis that parallel neural
mechanisms are a substrate for comorbid balance disorders, migraine and anxiety disorders.
From the basic science perspective, there are likely to be more detailed examinations of
phenomena that include parallel molecular phenotypes of trigeminal, vestibular and spiral
ganglion cells, parallel organization of vestibular and nociceptive pathways through the
parabrachial nucleus and thalamus and parallel activation of central trigeminal and
vestibular pathways in an animal model of neurogenic migraine. From a therapeutic
perspective, intranasal ergotamine is worth testing as an alternative for triptans in the
prevention of motion sickness in migraineurs.

Because recent clinical studies indicate that the CGRP antagonists BIBN4096BS [172] and
MK-0974 (telcagepant) [173,174] are very efficacious in the acute treatment of migraine,
clinical studies of the efficacy of these agents against comorbid balance disorders will be of
great interest. Trigeminal ganglion cells that express 5-HT1B/1D receptors also express
CGRP, such that triptans can inhibit CGRP release from both central and peripheral
terminals of these afferents [175]. It is believed that the antimigraine activity of CGRP
antagonists reflect effects at both peripheral and central release sites. Although CGRP is
present in nerve terminals in the vestibular periphery, termed vestibular efferents [45,46], it
appears to be absent in vestibular ganglion cells. The actions of CGRP on cells are mediated
by an unusual class of G-protein-coupled receptor, formed as a heterodimer of calcitonin
receptor-like protein (CLR or CRLR) and an accessory transmembrane protein from the
receptor activity modifying protein (RAMP) family. The original type 1 CGRP receptor is
formed by CRLR and RAMP1, but CGRP also has significant binding to adrenomedullin
formed by heterodimers of CRLR and either RAMP2 or RAMP 3. The distribution of these
CGRP receptor forms will need to be mapped in the inner ear tissues in basic studies to
elucidate potential sites of action against neuro-otologic findings in clinical studies.

Another area of evolution of the field will probably be the systematic exploration of whether
there is a migrainous tinnitus, which would be predicted by the similar receptor repertoire
between trigeminal nociceptive neurons and spiral ganglion cells. The clinical explorations
of this issue will likely include testing the hypothesis that the subjective and objective
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findings of tinnitus will improve concomitantly with migraine symptoms during
antimigraine therapy.

Finally, comorbid signs and symptoms of balance disorders, migraine and anxiety are also
components of mild traumatic brain injury. This is defined operationally by the appearance
of temporary symptoms, such as headache, nausea, vomiting, dizziness/balance problems,
fatigue, sleep disturbances, difficulty remembering and difficulty concentrating following
exposure to blunt or blast trauma [176,201]. Dizziness and headache are reported in more
than 70% of cases presenting acutely (<72 h), subacutely (4–30 days) and chronically (30–
360 days) postexposure [177]; vertigo emerges subacutely. Other significant sequelae are
hearing loss and emergent and delayed post-traumatic balance disorders, and chronic
migrainous disorders in the absence of clinical radiological evidence of damage. These mild
traumatic brain injury symptoms are often accompanied by ringing in the ears, sensitivity to
light and sensitivity to sound [176]. Recent animal studies have reported inner ear
hemorrhage after mild blast exposure [202], which could contribute to these signs and
symptoms. It will obviously be an area for more intensive investigation over the next 5
years.
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Key issues

• The current clinical terms for patients presenting with comorbid aspects of
balance disorders, migraine and anxiety disorders reflect different diagnostic
tools and symptom interpretations from the neuro-otologic and psychiatric
clinic.

• The comorbid aspects of balance, migraine and anxiety disorders reflect shared
mechanisms in afferent interoceptive information processing, central processing
in pathways involving the amygdala and neocortex, serotonergic raphe nuclear-
vestibular and noradrenergic coeruleo-vestibular networks, and interactions
between the vestibular and trigeminal systems. These pathways can be divided
conceptually into cognitive-behavioral, neurologic sensorimotor performance
and interoceptive components.

• The parallel organization of vestibular and nociceptive pathways through the
parabrachial nucleus and thalamus to the amygdala and cerebral cortex is
consistent with the concept that these pathways maintain a common central
representation of interoceptive well-being that influences effect.

• The synergistic effects of low doses of benzodiazepines and selective serotonin
reuptake inhibitors on interoceptive and cognitive aspects of comorbid balance
and anxiety disorders may involve sites of benzodiazepine and serotonin binding
in the prefrontal cortex, insula, cingulate cortex and parahippocampal gyrus.

• We hypothesize that direct effects and interactions between dorsal raphe-
vestibular and coeruleo-vestibular pathways may contribute to the parallel
effects of selective serotonin reuptake inhibitors on dizziness symptoms and
anxiety in some patient groups, the association of visual and somatosensory
dependence for postural control with space and motion discomfort status and the
association of vestibulo-ocular findings with anxiety disorders.

• Vestibular ganglion cells and nociceptors in the trigeminal ganglia show
remarkable similarities in distribution of transmitter receptors (e.g., 5-HT1B, 5-
HT1D, 5-HT1F, TRPV1 and P2X3) that are potential shared therapeutic targets
for comorbid headache (migraine) and neurotologic complaints.

• Parallel activation of vestibular and cranial nociceptive pathways may contribute
to the otoneurologic features of migrainous vertigo.
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Figure 1. Neurological bases for the comorbidity between signs and symptoms of balance
disorders, space and motion discomfort and migraine
Components related to sensorimotor (yellow), interoceptive (blue) and cognitive (light red)
networks are color-coded. The boxes that represent brainstem sensorimotor structures
include peripheral parallels between vestibular pathways and migraine mechanisms [6,8].
The cross-cutting modulatory noradrenergic contributions from LC and serotonergic
contributions from the DRN are shown in gray and red, respectively. See text for further
discussion.
5-HT1A,B,D or F : Serotonin receptors 1A, 1B, 1D or 1F; C1/C2: Cervical spinal cord
segments C1 and C2; DRN: Dorsal raphe nucleus; LC: Locus coeruleus; N: Nucleus; PAG:
Periaqueductal gray; PBN: Parabrachial nucleus; SMD: Space and motion discomfort.
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Table 2

Comparison of effective benzodiazepine doses for balance and anxiety disorders.

Benzodiazepine Balance disorder dose (typical) Anxiety disorder dose Route of administration

Clonazepam 0.25–0.5 mg b.i.d. 0.5 mg b.i.d. – 1 mg t.i.d. Oral

Diazepam 2–10 mg acutely, then1–2 mg b.i.d. 2–10 mg t.i.d. Oral

Lorazepam 0.25–0.5 mg b.i.d. 2–6 mg/day divided into 2–3 daily doses Oral

Doses are based upon the authors’ experience.

b.i.d.: Two-times daily; t.i.d.: Three-times daily.
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Table 3

Vestibular nuclear monoaminergic terminal regions in relation to association between space and motion
discomfort, anxiety and balance function.

Anatomical region NE from LC

Large-
caliber
DRN (5-HT
only via
MLF)

Small-caliber DRN
(5-HT and non-5-
HT) via
ventricular plexus

Influences on CNS (including
VOR and postural control)

Deiters/dorsal LVN (LVST origin) Heavy Dense Sparse Postural sway

SVN-PBN path origin Intermediate- to-heavy Dense Sparse Interoceptive and autonomic

Nodulus terminal region in MVN and
SVN

Intermediate Sparse Heavy medially,
lighter laterally

VOR time constant

Nucleus prepositus hypoglossi Intermediate- to-heavy Sparse Heavy medially,
lighter laterally

VOR time constant

Flocculus terminal region in MVN and
ventral LVN

Low-to-intermediate Dense MVN only HVOR gain

Caudal MVN-PBN path origin Minimal-to-low Dense Light Interoceptive and autonomic

IVN-PBN path origin Minimal-to-low Sparse Sparse Interoceptive and autonomic

The NE data are from monkeys [111], but the 5-HT data are from rats [97,100] because primate data are unavailable.

5-HT: Serotonin; DRN: Dorsal raphe nucleus; HVOR: Horizontal vestibuloocular reflex; IVN: Inferior vestibular nucleus; LC: Locus coeruleus;
LVN: Lateral vestibular nucleus; LVST: Lateral vestibulospinal tract; MLF: Medial longitudinal fasiculus; MVN: Medial vestibular nucleus; NE:
Norepinephrine; PBN: Parabrachial nucleus; SVN: Superior vestibular nucleus; VOR: Vestibulo-ocular reflex.
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