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bstract

Human anxiety and vestibular disorders have long been known to co-occur. Paralleling human clinical and non-clinical data, mounting genetic,
harmacological and behavioral evidence confirms that animal anxiety interplays and co-exists with vestibular/balance deficits. However, relatively
ew animal models have addressed the nature of this relationship. This paper examines side-by-side human psychiatric and otovestibular phenotypes
ith animal experimentation data, and outlines future directions of translational research in this field. Discussed here are recently developed specific

nimal models targeting this interplay, other traditional animal tests sensitive to altered anxiety and vestibular domains, and the existing problems
ith translation of animal data into human phenotypes. The role of hearing deficits and their contribution to anxiety and vestibular phenotypes
re also outlined. Overall, the overlap between anxiety and balance disorders emerges as an important phenomenon in both animal and clinical
tudies, and may contribute markedly to the complexity of behavioral and physiological phenotypes. Animal experimental models that focus on
he interplay between anxiety and vestibular disorders are needed to improve our understanding of this important biomedical problem.
ublished by Elsevier B.V.
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. . . .

. Introduction

Anxiety is a complex psychopathology that includes
eneralized anxiety, panic, phobic, post-traumatic stress
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nd obsessive-compulsive disorders [73,104]. Like some
ther psychiatric disorders [40,79,99,123,140], human anxiety
as long been associated with vestibular/balance dys-
unctions (VBD), suggesting their pathogenetic interplay
2,5,60–62,86,116,117,119,139]. Several reviews have compre-
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
ensively evaluated clinical data linking stress-related disorders
ith VBD, and discussed several theories of their interplay,

ncluding anxiety-evoked VBD (psychosomatic theory), VBD-
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ig. 1. Pathogenetic links between vestibular dysfunctions and anxiety, their
nterventions (see text for details).

voked anxiety (somatopsychic model) and the possibility of
ommon pathogenetic mechanisms for both states (Fig. 1)
7,8,39,42,61,62,121,139].

In addition to rich clinical evidence [11,34,38,100,159,162],
any non-clinical human studies also show that bal-

nce/postural control negatively correlates with state and trait
nxiety levels [1,15,21,22,109,132,157], implying that both
ormal and pathological brain mechanisms participate in
nxiety–VBD interplay. For example, separation anxiety in chil-

ren triggers their balance dysfunctions [34]. However, VBD in
nxious group in this study were not associated with overt neu-
ological or neurotological phenotypes, suggesting that anxiety
ed to balance defects, and not the otherwise. Although poor

b

a
t

ig. 2. Pathogenic clusters related to stress/anxiety and vestibular/balance disorders (V
erotonin reuptake inhibitors discontinuation syndrome; MARD, migraine-anxiety a
n a social embarrassment context), or that vestibular problems may be a sign of mor
play in determining behavioral phenotype, and possible ways of therapeutic

alancing and postural control is particularly pronounced in the
lderly (accompanied by increased anxiety and specific fears of
alling [34]), postural control negatively correlates with anx-
ety in both older and younger adults [21,22], implying that
nxiety–vestibular interplay represent a fundamental physiolog-
cal aspect, rather than an age-specific problem. The fact that
estibular training may reduce some forms of anxiety, while
ognitive and behavioral therapy of anxiety improves balanc-
ng performance [21,53,62,162] further supports the overlap

etween human anxiety and VBD (Figs. 2 and 3).

In line with frequent comorbidity of VBD with anxiety, they
lso show overlapping psychopharmacology, including sensi-
ivity to different classes of anxiolytics and antidepressants

BD): PTSD, posttraumatic stress disorder; PPV, phobic postural vertigo; SDS,
ssociated dizziness; **specific phobias can include fears of falling (especially
e serious or even fatal disorders.
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Fig. 3. Rodent Suok test (ST) behaviors relevant to vestibular and anxiety phenotypes. The regular ST is based on rodent balancing on a horizontal elevated rod
(mice; A) or alley (rats; B), and measures balance control (falls and missteps) and anxiety (assessed by reduced horizontal, vertical and directed exploration). The
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ight-dark ST (C) consists of the same apparatus, half of which is brightly lit (a
ote an anxiogenic freezing-like behavior and misstep (hindleg slip); (II) rat dow
eg slip) [67–69].

Table 2). Moreover, while serotonergic antidepressants (such as
SRIs; selective serotonin reuptake inhibitors) improve vestibu-

ar function in humans, their discontinuation provokes acute
estibular deficits, conceptualized as SSRI discontinuation syn-
rome (SDS) [12,138]. Other recently suggested subtypes of
BD include phobic postural vertigo (PPV) [52,118], migraine-

nxiety related dizziness (MARD) [40] and chronic psychogenic
izziness (CPD) [140], contributing to the growing recognition
f heterogeneity and complexity of VBD associated with anxiety
pectrum disorders (Fig. 2).

Animal models are indispensable tools for examining
he effects of physiological, pharmacological, behavioral and
enetic manipulations, as well as for testing neurobiological
ypotheses and finding candidate genes for human psychi-
tric and neurological disorders [9,16,23–25,28,71,72,107]. The
rowing recognition of pathogenetic link between anxiety and
BD [5,8] prompts the need for animal models that target their

nterplay and further corroborate clinical data.
Despite vast clinical literature, and well-established animal

creens for stress or vestibular functions (Table 1), relatively
ew animal studies have addressed the problem of anxiety–VBD
nterplay. The aim of the present paper is to parallel animal and
uman behavioral and neurological data in order to improve
ur understanding of anxiety–VBD pathogenesis, and to outline
urther directions of translational research in this field.
. Basic research and behavioral animal models

Recent animal data show that the vestibular system is
odulated by neuromediators (such as serotonin or gamma

t
(
t
c

e area) in the dark experimental room. (I) A mouse of anxious BALB/c strain;
rected exploration (head dip); (III) rat horizontal locomotion and misstep (hind

minobutyric acid; GABA) involved in the regulation of stress
nd anxiety responses [5,6,8,41,48,49]. Likewise, anatomic data
how that vestibular nuclei (a site of sensorimotor integration,
rucial for posture and motor activity) densely project to brain
reas that are involved in the regulation of emotional behavior
6,48,49], collectively implying that commonality of neurome-
iation and neural circuits may be one of the reasons why anxiety
nd VBD frequently co-occur.

Several animal studies have attempted to mimic specifically
he pathogenetic link between anxiety and sensorimo-
or/balancing deficits. In their pioneering studies, Chapouthier’s
roup [83,84] used the rotating beam test to assess balance con-
rol in two mouse strains that differ markedly in their anxiety
evels. Analyses of sensitive behavioral parameters (such as the
umber of falls, missteps, position of tail and trunk) showed
oorer balancing in highly anxious BALB/c (compared to non-
nxious C57BL/6 [107]) mice, confirming that anxiety–VBD
nterplay does exist in animals. Studies have established a direct
orrelation between the level of spontaneous or induced anxiety
nd performance on the rotating beam, measured by balance and
osture. Importantly, balance control and postural abilities of
nxious mice were improved by acute anxiolytic drugs, whereas
alancing performance in non-anxious mice was worsened by
nxiogenic drugs, strongly supporting the link between rodent
nxiety and balance control (Table 3).

Another study from the same group reported a model of spa-

ial anxiety in mice, comprised of rotating tunnel and beam
controlled by computer), evoking visuo-idiothetic and kines-
hetic sensory conflict during mouse active locomotion [125]. As
an be predicted, anxious BALB/c mice (more than non-anxious
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Table 1
Traditional animal models of stress and vestibular functions

Domains and models

Anxiety Many anxiety models are based on rodent exploratory behavior, and include the elevated plus maze, the open field test, holeboard,
the light-dark test, mirrored chamber and free exploratory paradigm [33,71,72]. The elevated plus maze, based on fear of novelty
and height, is relevant to modeling human generalized anxiety as well as more specific states of interest, such as agoraphobia and
acrophobia [36] (other elevated mazes are also used in anxiety research [e.g., 33]). Widely used in behavioral neuroscience of
stress, the open field test is based on fear of novel open arenas, and is relevant to modeling human generalized anxiety and more
specific states of interest (such as agoraphobia) [25]. Conceptually similar to the open field, the holeboard test has an additional
behavioral endpoint – head dipping (exploration of holes in the floor), sensitive to anxiety. Animal performance in these tests is
sensitive to anxiolytic/anxiogenic drugs and manipulations, including anxiolytic action of chronic antidepressant [25,72,107].

Depression Commonly used models include “despair” paradigms (such as Porsolt’s forced swim, tail suspension tests and learned
helplessness), as well as maternal/social deprivation and “anhedonic” chronic stress [25,28,71]. In Porsolt’s test, rodents swim in an
inescapable water tank and display despair-like immobility, which is generally reduced by antidepressant agents. Widely used as a
test for antidepressant effects, this model also has some anxiety-related rationale (e.g., exploration, search for escape), and may be
sensitive to some anxiolytic/anxiogenic drugs [73,107]. The tail suspension test is another traditional model of depression, based on
despair-like immobility of animals suspended vertically by tail [25,28,71].
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estibular functions Testing of animal vestibular system usually inc
horizontal beam, spin, tilt and unstable platform

57BL/6 mice) reduced locomotion in this test after sensory
onflicts, suggesting that their higher spatial anxiety was asso-
iated with sensorimotor disintegration. Moreover, paralleling
linical data on efficacy of SSRIs in anxiety and vestibular disor-
ers (Table 2), SSRI antidepressants have been shown to improve
alance and postural control in anxious BALB/c mice, generally
esembling positive effects on balancing and anxiety produced
y benzodiazepine anxiolytics [153]. These findings have pro-
ided further experimental evidence for anxiety–VBD interplay,
lso implying the utility of SSRIs in treating anxiety-induced
BD.
Taking a behavior-oriented approach, a different group intro-

uced the Suok test (Fig. 3) for simultaneous profiling of
odent anxiety, activity and neurological/vestibular phenotypes
67–69]. Using this model, they assessed baseline anxiety (by
educed horizontal and side/down-directed exploration of the
od) in several mouse strains and, stressing these mice, demon-
trated their higher anxiety and poorer balancing [67] (also see

imilar results in a later study in rats [68]). The Suok test reliably
etected state and trait anxiety and balancing deficits in rodents,
s assessed in anxious (129S1) vs. non-anxious (C57BL/6)
trains, stressed vs. non-stressed groups, and anxiogenic-treated

a
t
a
e

able 2
linical pharmacology of anxiety and vestibular disorders

rugs Effects

elective serotonin reuptake inhibitorsa Effective to treat vertigo as
associated with vestibular
Discontinuation leads to di

ricyclic antidepressants Effective to treat vertiginou

5pt] Benzodiazepines Effective to treat anxiety, p
suppressants (but only for

ABAb-mimetics Phenibut (�-phenyl-GABA
exerts GABA-active anxio
origin [98,111]

a Exert anxiolytic effects after chronic administration.
b GABA: gamma-amino butyric acid.
assessment of righting reflexes, and their performance in the rotarod,
(also see [25,76,81,110,152] for details).

vs. control) animals [69]. In contrast, non-sedating doses of
nxiolytic drugs reduced rodent anxiety and improved balancing
erformance in this test (Table 3).

Collectively, these studies strengthen integrative behav-
oral and neurological research of anxiety/vestibular inter-
lay, and demonstrate its utility in modeling stress-evoked
estibular anomalies, screening potential anti-stress and
estibular-supressant drugs, phenotyping genetically modi-
ed animals, and finding candidate genes responsible for
estibular/neurological disorders and modulating anxiety–VBD
nterplay.

. Available genetic models

Genetic components regulating animal balance/sensorimotor
erformance in neurological tests [23,78,156], and animal
motionality in different behavioral paradigms [24,25], sup-
ort the importance of genetic models based on VBD and

nxiety-related phenotypes. As genetically-targeted (mutant or
ransgenic) animals are widely used to study anxiety and VBD,
nimals with disturbed vestibular system and altered anxi-
ty [26,56,81,95,102,115,158] may be a useful tool to study

sociated with anxiety and panic/phobic disorders, and anxiety and depression
deficits (including patients resistant to benzodiazepine therapy).
zziness, vertigo and motor incoordination [103,120,134,143,146]

s migraine [146]

anic disorder and phobias, but can also be used as fast-acting vestibular
a short time, due to sedative and cognitive effects) [103]

) is effective in anxiety, depression and vestibular disorders [82]. Piracetam
lytic effects, and is effective to treat vertigo of both central and peripheral
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Table 3
Experimental animal models relevant to mimicking pathogenetic link between anxiety and vestibular disorders

Experimental models and species Effects on References

Anxiety Vestibular functions

Pharmacological manipulations
Selective serotonin reuptake inhibitors (mice) ↓ ↑ [153]
Benzodiazepines (diazepam; mice, rats) ↓ ↑ [69,84,85,87]
Methyl �-carboline-3-carboxylate (mice) ↑ ↓ [153]
Pentylenetetrazole (mice, rats) ↑ ↓ [68,69]

Genetic manipulations
Anxious (vs. non-anxious) inbred stains (mice) ↑ ↓ [67,83–85]
Hdb mutant heterozygous (+/−) mice ↑ ↓ [97,122]

Behavioral manipulations
Stressed (vs. non-stressed) animals (mice, rats) ↑ ↓ [67–69]

Physiological manipulations
Poorer recovery of balance functions (after labyrinthectomy) ↑ ↓ [161]
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↑) Increased and (↓) reduced.

nxiety-balancing interplay. A comprehensive Mouse Genome
nformatics database [95] contains a growing number of mutant
ice with simultaneously altered balance and anxiety, further

llustrating the link between anxiety and vestibular dysfunctions,
nd offering genetic models potentially relevant to mimicking
nxiety–VBD pathogenesis. For example, mice lacking �3 sub-
nits of GABA-A receptors display pronounced neurological
nd balance deficits in different tests, accompanied by hyper-
rousal and higher behavioral responsivity [56]. Further useful
nformation can be obtained through other publicly available
n-line databases, analyzing spontaneous mutations (e.g., aber-
ant auditory physiology, severe motor/vestibular deficits, and
anic-like freezing in the shaker 1 (Myo7a) mice [63,122]) or
nxiety and vestibular phenotypes of different inbred mouse
trains [101].

However, as many of these genetic models display aberrant
earing (see further), this may limit the problem of anxiety–VBD
nterplay to “sensory” aspect, and be confounded by the impact
n anxiety produced by reduced sensory inputs. From this
oint of view, of particular interest are animals with abnor-
ally functioning vestibular organs, such as Headbanger (Myo6,
db) mutants, phenotypically different from the shaker 1 mice

63,97,122] (Table 3). Born with normal vestibular and behav-
oral phenotypes, Hdb+/− mice develop progressive abnormal
rrangement of the vestibular hair cells, and may allow a better
ocus on vestibular-related anxiety [97]. Indeed, neurological
esting revealed progressive development of vestibular pheno-
ype in these mice [122], while pilot behavioral tests confirmed
heir increased anxiety at the age of 1–2 months [97]. Taken
ogether, this supports the notion that a detailed analysis of sen-
orimotor integration in animal genetic, pharmacological and
ehavioral models is crucial for comparison with clinical data,
nd to increase our understanding of the link between anxiety

nd vestibular functions in both animals and humans.

In addition to synergistically affected anxiety and vestibu-
ar profiles, transgenic and mutant animals with differentially
ffected vestibular and anxiety domains (e.g., impaired balance

o
t
S
h

ut normal [81] or reduced [94] anxiety) may offer new insights
o the problem of genetic and environmental factors underlying
nxiety/VBD interplay, and neural mechanisms responsible for
ndividual resistance to these overlapping disorders. However,
aution is needed when interpreting these data, as genetically-
voked VBD may lead to specific animal behaviors (such as
reezing/confusion, hyperactivity, increased thigmotaxis) which
an be mistaken for increased or reduced anxiety.

In general, correct dissection between animal neurological,
otor, cognitive (e.g., motor learning), behavioral (anxiety,

tress) and vestibular deficits is becoming critical in neurobe-
avioral research using different genetic models [25,72,152].
or example, transgenic mice over-expressing amyloid precur-
or and presenilin-1, show a complex phenotype that includes
ncreased locomotion, poor memory and learning, and marked
alance deficits [3]. In a situation when several domains seem to
nterplay, this illustrates the importance of assessment of other
omains and systems (beyond anxiety and vestibular functions)
hat may contribute to a complex phenotype of interest.

Another example may be vitamin D receptor (VDR) knockout
ice that display hypoactive anxious phenotype, but normal hor-

zontal rod balancing and unaffected righting reflexes [67,70].
lthough this may be interpreted as unaffected balancing in
DR−/− mice and their resistance to anxiety-evoked balance
eficits, further detailed phenotyping revealed aberrant swim-
ing in these mice, suggesting specific vestibular deficits (also

onsistent with their aberrant inner ear development and hearing
eficits; own unpublished data; [166]). Thus, the lack of balance
eficits in some strains may be confounded by hypolocomo-
ion and anxiety (e.g., more cautious rod retention), requiring

ore specialized tests to reveal their aberrant vestibular/hearing
henotypes (which may be clinically relevant [10]).

The importance of correct domain-by-domain dissection

f complex behavioral phenotypes can also be seen in sero-
onin transporter (SERT) knockout mouse model. For example,
ERT−/− mice on different genetic backgrounds display
ypoactive anxious phenotype in many behavioral tests, also dis-
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laying poorer rotarod retention [54,74] that may be interpreted
s poor balancing associated with increased anxiety (stress-
voked VBD?), or a separate vestibular phenotype associated
ith central serotonin dysregulation. However, unaffected Suok

est performance, righting reflexes, ability to swim [74] and
nimpaired hearing functions (own unpublished data) in these
ice suggest the lack of overt impairments in the neurotolog-

cal domain. Thus, SERT−/− mice appear to have unaltered
tovestibular phenotype, although their overall behavioral per-
ormance may be confounded by reduced activity, high anxiety
nd likely neuromuscular problems. Collectively, these exam-
les further support the importance of step-by-step behavioral
issection of complex phenotypes of genetically modified ani-
als and their in-depth unbiased assessment in different tests

25,72], to minimize possible risks of misinterpretations.

. Future challenges and methodological considerations

Among many different subtypes, several forms of human
nxiety, conceptualized as “space-and-motion discomfort” (ago-
aphobia, acrophobia and fear of falling), are particularly prone
o interplay with balance disorders [60–62]. Thus, one possibil-
ty to foster translational research in this field may be developing
ew, disorder subtype-specific experimental models, such as ani-
al models of PPV or MARD. For example, mounting data

ndicates that fear of falling modifies strategies of postural con-
rol in humans [1,121,159], suggesting the need to study this
spect further, including specific animal models that target this
omain. On the other hand, recent human data showing util-
ty of vestibular therapy to alleviate acrophobia [21,96,97,159]

ay lead to interesting animal behavioral models that may be
linically relevant to such therapy.

In addition to already mentioned animal models that specif-
cally target anxiety–VBD interplay [67,83,84], many other
opular tests (commonly used to study animal behavior) appear
o be sensitive to VBD. For example, aberrant rodent swim-

ing (e.g., in Porsolt’s test; Table 1), such as frequent sinking
nd circling, is suggestive of vestibular dysfunctions in these
nimals [56,76,112,114,128]. Aberrant animal behavior in the
ail suspension test may be relevant to vestibular functions, and
BD can indeed be seen in this model (for example, manifest

n specific “spinning” phenotype) [29]. Likewise, thigmotaxis
staying close to the walls vs. open zones) and hole poking
n some traditional novelty-based anxiety tests (Table 1) are
ensitive to both vestibular anomalies and anxiety [74,141]. Sim-
larly, several anxiety-sensitive behaviors (such as elevated plus

aze head dips [down directed exploration] and vertical rears
n novel arenas [31,112,124]) strongly rely on vestibular stimuli
nd therefore are sensitive to vestibular deficits [14] in addition
o mimicking animal “agoraphobia” and/or “acrophobia” [36].
or example, experimentally induced vestibular deficits may

ead to reduced vertical activity and shift animal exploration to
ncreased horizontal activity [112]. Since these behavioral alter-

tions may be misinterpreted as “reduced anxiety”, it may be
uggested that a balance between vertical and horizontal activ-
ty is monitored in behavioral phenotyping research, to rule out
berrant behavior due to VBD.

c
h
b
t

in Research 186 (2008) 1–11

Recent studies confirming that rodents may be tested in
irtual reality models [55], may lead to further interesting behav-
oral paradigms to study anxiety–VBD interplay (consistent
ith common use of virtual reality tests to study human VBD

nd anxiety-related disorders [145,155]). The sex difference
n anxiety/vestibular phenotypes, as reported in some human
nd animal studies [86,127,155] represents another interesting
spect for further studies in this field. Given well-known sex dif-
erences in emotionality and anxiety in animals and humans, it
ill be interesting to study whether animal anxiety and balanc-

ng phenotypes may be predictably modulated by gender, and
hether steroid modulation (known to influence anxiety [73])
ay play a role in treating VBD and their comorbidity with

nxiety (see [161] for discussion).
Another interesting aspect that requires further investigation

n both animal and human studies, is the role of somatic and
ther physiological mechanisms associated with both anxiety
nd balance disorders, such as hyperventilation and sleep apnea
116] (see, for example, [9] for animal models of hyperventila-
ion; and [53] for discussion on human hyperventilation-evoked
izziness).

Finally, vestibular deficits are known to cause cognitive dys-
unctions in both humans [9,18,130] and animals [93,129,137].
rom this point of view, the role of cognitive factors has to be
onsidered in detail for both anxiety–vestibular pathogenesis
nd the search for new strategies of its therapy [43]. Given a
ey role of cognitions in anxiety and other stress-precipitated
rain disorders [73], and the important role of vestibular stimuli
or behavior and cognitive processes [18,96,129,130,137,141],
ltered cognitive domain may contribute to frequent co-
ccurrence of VBD and anxiety disorders, as has already been
uggested [60,93,131,133] (Fig. 2). Likewise, as behavioral
henotyping nowadays usually involves test batteries [25], the
ffects of prior test history on vestibular/balance control (in addi-
ion to their known effects on anxiety [152]) and anxiety–VBD
nterplay, merit further scrutiny.

. Neurotological/otovestibular perspective

Although anxiety–vestibular interplay is the main scope
f this paper, the importance of neurotological phenotypes
hould not be ignored in behavioral stress research. As
uditory and vestibular systems are anatomically and physi-
logically interrelated [37,38,57,65], and their functions and
ysfunctions sometimes share common genetic determinants
45,59,105,122], this relationship may further contribute to the
omplexity of animal and human behavioral phenotypes.

In general, the assessment of hearing is an impor-
ant part of phenotyping research in animals and humans
37,45,65,89,101,105,113]. However, testing hearing is not what

behavioral laboratory (involved in anxiety research) will
outinely do as their top priority. This situation is clearly unfor-
unate, since many background animal strains (including those

ommonly used for neurobehavioral research) do show various
earing deficits [50,65,101,108,151] that may affect all animal
ehaviors, including anxiety and balancing profiles in different
ests. Although the exact pathophysiological mechanisms may
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ary, analysis of hearing and vestibular phenotypes of differ-
nt inbred [13,58,101] and mutant [64,66,95,122] mice shows a
redictable overlap between these two domains. Given the grow-
ng number of animal genetic models that display both anxiety
nd hearing deficits [32,77,95,150,154], potential otovestibular
actors in anxiety-balancing interplay should be considered in
ehavioral phenotyping research.

In general, animal genetic and behavioral data discussed here
also see [35]) strikingly parallel clinical findings, supporting
verlap between human psychiatric and neurotological pheno-
ypes (Figs. 1 and 2) [45,88,90,105,135,136,147,160,163,165].
hese parallels are further corroborated by pharmacotherapy
vidence showing the effects of psychotropic drugs in ther-
py of hearing deficits in humans. For example, in addition to
heir known positive effects on anxiety and VBD, serotoner-
ic antidepressants (such as SSRIs) improve hearing abilities in
atients [27,44], and the same phenomenon may exist in animals
including experimental models with pharmacogenic or genetic
lterations in central serotonergic system [89]). Taken together,
hese data indicate the importance of audio-vestibulo-affective

echanisms (mediated through certain neuromediators, such as
erotonin [89]) in the regulation of animal and human emotional
ehaviors.

Notably, several mouse strains show simultaneous anx-
ety, vestibular and hearing deficits [101,122], and may
epresent “neurotological” models relevant to targeting
nxiety–audio–VBD interplay in humans [149]. For exam-
le, DBA/2 and BALB/c mouse strains have genetically-based
udio-vestibular and anxious phenotypes, making them a use-
ul genetic model relevant to anxiety–VBD interplay, as well
s an interesting genetic background for various mutations that
idirectionally affect these domains [13,58,83,85,151]. Since
his emphasizes the importance of in-depth parallel screening of
earing, vestibular and anxiety phenotypes, some research meth-
ds that allow simultaneous profiling of several relevant domains
e.g., acoustic startle: anxiety + hearing [30,148,152]; pre-pulse
nhibition: hearing + cognitive processes [25,148]), may be par-
icularly feasible for such high-throughput behavioral screening.
owever, mutated genes in the deaf/vestibular mouse models
ay also have other effects in the nervous system that can affect

nimal anxiety and other behaviors via mechanisms unrelated
o VBD (see [76,92] for discussion) – the possibility that has to
e considered when translating aberrant animal phenotypes into
uman behavioral disorders.

. Conclusion

Human anxiety and VBD are an increasing clinical problem
7,57,73,104,106]. Like in humans, anxiety and balance pro-
les in animal behavioral models do not exist independently,
ut frequently overlap and interplay (so in some experimental
odels “initial” anxiety phenotype may subsequently provoke

berrant vestibular phenotypes, and vise versa). To address this

roblem in detail, more specific animal models (such as sum-
arized in Table 3) may help establish common pathogenetic

nd genetic mechanisms linking anxiety and otovestibular dys-
unctions, as well as further explore mechanisms of individual
in Research 186 (2008) 1–11 7

esistance to anxiety/VBD, and find new effective treatments for
hese disorders [4,17,75,110,142,144,146]. Further research is
lso needed to understand more fully central vs. peripheral inputs
n integral pathogenesis of vestibular [11,17,46,47,143], behav-
oral [72,76] and otological [38,51,160,164] disorders, as well as
he role of other sensory modalities in the regulation and integra-
ion of anxiety [25,152] and VBD [19,20,126]. Finally, a careful
omain-oriented dissection is needed to distinguish between
sychogenic or somatopsychic types of anxiety–vestibular
athogenesis [42,147], as well as their comorbidity due to com-
on pathogenetic factors, or co-occurrence due to unrelated
echanisms (that individually affect these domains at different

evels [11,72,76,80,91]), also see Figs. 1–3. Collectively, these
trategies of research will improve the validity of experimental
odels of brain and behavioral disorders, and foster their inte-

rative modeling, importance of which is becoming recognized
n the literature [72].

cknowledgements

This study was supported by the Intramural Research Pro-
ram of the National Institute of Mental Health (NIMH/NIH),
ARSAD YI Award (to AVK) and the National Institute on
eafness and Other Communication Disorders (NIDCD/NIH).
he authors thank Mr. Justin LaPorte for his help with the prepa-

ation of this manuscript.

eferences

[1] Adkin AL, Frank JS, Carpenter MG, Peysar GW. Fear of falling modifies
anticipatory postural control. Exp Brain Res 2002;143:160–70.

[2] Ardic FN, Atesci FC. Is psychogenic dizziness the exact diagnosis? Eur
Arch Otorhinolaryngol 2006;263:578–81.

[3] Arendash GW, King DL, Gordon MN, Morgan D, Hatcher JM, Hope
CE, et al. Progressive, age-related behavioral impairments in transgenic
mice carrying both mutant amyloid precursor protein and presenilin-1
transgenes. Brain Res 2001;891:42–53.

[4] Balaban CD. Role of gene regulation during vestibular compensation: an
integrative approach. Ann N Y Acad Sci 2001;942:52–64.

[5] Balaban CD. Neural substrates linking balance control and anxiety. Phys-
iol Behav 2002;77:469–75.

[6] Balaban CD. Projections from the parabrachial nucleus to the vestibu-
lar nuclei: potential substrates for autonomic and limbic influences on
vestibular responses. Brain Res 2004;996:126–37.

[7] Balaban CD, Jacob RG. Background and history of the interface between
anxiety and vertigo. J Anxiety Disord 2001;15:27–51.

[8] Balaban CD, Thayer JF. Neurological bases for balance-anxiety links. J
Anxiety Disord 2001;15:53–79.

[9] Battaglia M, Ogliari A. Anxiety and panic: from human studies to animal
research and back. Neurosci Biobehav Rev 2005;29:169–79.

[10] Bischoff-Ferrari HA, Conzelmann M, Stahelin HB, Dick W, Carpenter
MG, Adkin AL, et al. Is fall prevention by vitamin D mediated by a change
in postural or dynamic balance? Osteoporos Int 2006;17:656–63.

[11] Best C, Eckhardt-Henn A, Diener G, Bense S, Breuer P, Dieterich M.
Interaction of somatoform and vestibular disorders. J Neurol Neurosurg
Psychiatry 2006;77:658–64.
[12] Black K, Shea C, Dursun S, Kutcher S. Selective serotonin reuptake
inhibitor discontinuation syndrome: proposed diagnostic criteria. J Psy-
chiatry Neurosci 2000;25:255–61.

[13] Bloom D, Hultcrantz M. Vestibular morphology in relation to age and
circling behavior. Acta Otolaryngol 1994;114:387–92.



8 al Bra
A.V. Kalueff et al. / Behaviour

[14] Boadas-Vaello P, Riera J, Llorens J. Behavioral and pathological
effects in the rat define two groups of neurotoxic nitriles. Toxicol Sci
2005;88(2):456–66.

[15] Bolmont B, Gangloff P, Vouriot A, Perrin PP. Mood states and anxiety
influence abilities to maintain balance control in healthy human subjects.
Neurosci Lett 2002;329:96–100.

[16] Borsini F, Podhorna J, Marazziti D. Do animal models of anxiety
predict anxiolytic-like effects of antidepressants? Psychopharmacology
2002;163:121–41.

[17] Brandt T. Management of vestibular disorders. J Neurol 2000;247:491–9.
[18] Brandt T, Schautzer F, Hamilton DA, Bruning R, Markowitsch HJ, Kalla

R, et al. Vestibular loss causes hippocampal atrophy and impaired spatial
memory in humans. Brain 2005;128:2732–41.

[19] Bronstein AM. Visual and psychological aspects of vestibular disease.
Curr Opin Neurol 2002;15:1–3.

[20] Bronstein AM. Vision and vertigo: some visual aspects of vestibular
disorders. J Neurol 2004;251:381–7.

[21] Brown LA, Polych MA, Doan JB. The effect of anxiety on the regula-
tion of upright standing among younger and older adults. Gait Posture
2006;24:397–405.

[22] Carpenter MG, Adkin AL, Brawley LR, Frank JS. Postural, physiological
and psychological reactions to challenging balance: does age make a
difference? Age Ageing 2006;35:298–303.

[23] Cenci MA, Whishaw IQ, Schallert T. Animal models of neurological
deficits: how relevant is the rat? Nat Rev Neurosci 2002;3:574–9.

[24] Crabbe JC, Morris RG. Festina lente: late-night thoughts on high-
throughput screening of mouse behavior. Nat Neurosci 2004;7:1175–
9.

[25] Crawley JN. What’s wrong with my mouse? In: Behavioural pheno-
typing of transgenic and knockout mice. New York: Wiley-Liss; 2000.
p. 386.

[26] Crenshaw III EB, Ryan A, Dillon SR, Kalla K, Rosenfeld MG. Wocko, a
neurological mutant generated in a transgenic mouse pedigree. J Neurosci
1991;11:1524–30.

[27] Cruz OL, Kasse CA, Sanchez M, Barbosa F, Barros FA. Serotonin
reuptake inhibitors in auditory processing disorders in elderly patients:
preliminary results. Laryngoscope 2004;114:1656–9.

[28] Cryan JF, Slattery DA. Animal models of mood disorders: recent devel-
opments. Curr Opin Psychiatry 2007;20:1–7.

[29] Curtin JA, Quint E, Tsipouri V, Arkell RM, Cattanach B, Copp AJ,
et al. Mutation of Celsr1 disrupts planar polarity of inner ear hair
cells and causes severe neural tube defects in the mouse. Curr Biol
2003;13:1129–33.

[30] Davis M, Gendelman DS, Tischler MD, Gendelman PM. A primary
acoustic startle circuit: lesion and stimulation studies. J Neurosci
1982;2:791–805.

[31] Dawson GR, Tricklebank MD. Use of the elevated plus maze in the search
for novel anxiolytic agents. Trends Pharmacol Sci 1995;16:33–6.

[32] Dere E, De Souza-Silva MA, Frisch C, Teubner B, Sohl G, Willecke K, et
al. Connexin30-deficient mice show increased emotionality and decreased
rearing activity in the open-field along with neurochemical changes. Eur
J Neurosci 2003;18:629–38.

[33] Ennaceur A, Michalikova S, van Rensburg R, Chazot PL. Models of
anxiety: responses of mice to novelty and open spaces in a 3D maze.
Behav Brain Res 2006;174:9–38.

[34] Erez O, Gordon CR, Sever J, Sadeh A, Mintz M. Balance dysfunction in
childhood anxiety: findings and theoretical approach. J Anxiety Disord
2004;18:341–56.

[35] Drago F, Musco S, Nardo L, Grassi M, Rampello L. Behavioral and
neurochemical alterations induced by reversible conductive hearing loss
in aged male rats. Neurosci Lett 1996;205:1–4.

[36] Fernandes C, File SE. The influence of open arm ledges and maze
experience in the elevated plus-maze. Pharmacol Biochem Behav

1996;54:31–40.

[37] Frolenkov GI, Belyantseva IA, Friedman TB, Griffith AJ. Genetic
insights into the morphogenesis of inner ear hair cells. Nat Rev Genet
2004;5:489–98.

[38] Furman JM, Whitney SL. Otoneurol Neurol Clin 2005;23. pp. xi-xi10.
in Research 186 (2008) 1–11

[39] Furman JM, Balaban CD, Jacob RG. Interface between vestibular dys-
function and anxiety: more than just psychogenicity. Otol Neurotol
2001;22:426–7.

[40] Furman JM, Balaban CD, Jacob RG, Marcus DA. Migraine-anxiety
related dizziness (MARD): a new disorder? J Neurol Neurosurg Psy-
chiatry 2005;76:1–8.

[41] Gliddon CM, Darlington CL, Smith PF. GABAergic systems in the
vestibular nucleus and their contribution to vestibular compensation. Prog
Neurobiol 2005;75:53–81.

[42] Godemann F, Siefert K, Hantschke-Bruggemann M, Neu P, Seidl
R, Strohle A. What accounts for vertigo one year after neuritis
vestibularis—anxiety or a dysfunctional vestibular organ? J Psychiatr Res
2005;39:529–34.

[43] Godemann F, Schabowska A, Naetebusch B, Heinz A, Strohle A. The
impact of cognitions on the development of panic and somatoform dis-
orders: a prospective study in patients with vestibular neuritis. Psychol
Med 2006;36:99–108.

[44] Gopal KV, Briley KA, Goodale ES, Hendea OM. Selective serotonin
reuptake inhibitors treatment effects on auditory measures in depressed
female subjects. Eur J Pharmacol 2005;520:59–69.

[45] Griffith AJ, Gebarski SS, Shepard NT, Kileny PR. Audiovestibular phe-
notype associated with a COL11A1 mutation in Marshall syndrome. Arch
Otolaryngol Head Neck Surg 2000;126:891–4.

[46] Grusser-Cornehls U, Grusser C, Baurle J. Vermectomy enhances par-
valbumin expression and improves motor performance in weaver
mutant mice: an animal model for cerebellar ataxia. Neuroscience
1999;91:315–26.

[47] Grusser-Cornehls U, Baurle J. Mutant mice as a model for cerebellar
ataxia. Prog Neurobiol 2001;63:489–540.

[48] Halberstadt AL, Balaban CD. Organization of projections from the raphe
nuclei to the vestibular nuclei in rats. Neuroscience 2003;120:573–94.

[49] Halberstadt AL, Balaban CD. Serotonergic and nonserotonergic neu-
rons in the dorsal raphe nucleus send collateralized projections to both
the vestibular nuclei and the central amygdaloid nucleus. Neuroscience
2006;140:1067–77.

[50] Henry KR. Males lose hearing earlier in mouse models of late-onset age-
related hearing loss; females lose hearing earlier in mouse models of
early-onset hearing loss. Hear Res 2004;190:141–8.

[51] Herraiz C, Plaza G, Aparicio JM. Mechanisms and management of
hyperacusis (decreased sound tolerance). Acta Otorrinolaringol Esp
2006;57:373–7.

[52] Holmberg J, Karlberg M, Harlacher U, Magnusson M. Experience
of handicap and anxiety in phobic postural vertigo. Acta Otolaryngol
2005;125:270–5.

[53] Holmberg J, Karlberg M, Harlacher U, Rivano-Fischer M, Magnus-
son M. Treatment of phobic postural vertigo: a controlled study of
cognitive-behavioral therapy and self-controlled desensitization. J Neurol
2006;253:500–6.

[54] Holmes A, Yang RJ, Murphy DL, Crawley JN. Evaluation of
antidepressant-related behavioral responses in mice lacking the serotonin
transporter. Neuropsychopharmacology 2002;27:914–23.

[55] Holscher C, Schnee A, Dahmen H, Setia L, Mallot HA. Rats are able to
navigate in virtual environments. J Exp Biol 2005;208(Pt 3):561–9.

[56] Homanics GE, DeLorey TM, Firestone LL, Quinlan JJ, Handforth A,
Harrison NL, et al. Mice devoid of gamma-aminobutyrate type A receptor
beta3 subunit have epilepsy, cleft palate, and hypersensitive behavior. Proc
Natl Acad Sci USA 1997;94:4143–8.

[57] Hughes I, Thalmann I, Thalmann R, Ornitz DM. Mixing model sys-
tems: using zebrafish and mouse inner ear mutants and other organ
systems to unravel the mystery of otoconial development. Brain Res
2006;1091:58–74.

[58] Hultcrantz M, Spangberg ML. Pathology of the coclea following a
spontaneous mutation in DBA/2 mice. Acta Otolaryngol 1997;117:689–

95.

[59] Hurle B, Lane K, Kenney J, Tarantino LM, Bucan M, Brownstein BH,
et al. Physical mapping of the mouse tilted locus identifies an associ-
ation between human deafness loci DFNA6/14 and vestibular system
development. Genomics 2001;77:189–99.



l Bra
A.V. Kalueff et al. / Behavioura

[60] Jacob RG, Furman JM. Psychiatric consequences of vestibular dysfunc-
tion. Curr Opin Neurol 2001;14:41–6.

[61] Jacob RG, Furman JM, Durrant JD, Turner SM. Panic, agoraphobia, and
vestibular dysfunction. Am J Psychiatry 1996;153:503–12.

[62] Jacob RG, Whitney SL, Detweiler-Shostak G, Furman JM. Vestibular
rehabilitation for patients with agoraphobia and vestibular dysfunction: a
pilot study. J Anxiety Disord 2001;15:131–46.

[63] Jackson Laboratory Mouse Strain database (http://jaxmice.jax.org;
accessed April 2007).

[64] Johnson KR, Cook SA, Zheng QY. The original shaker-with-syndactylism
mutation (sy) is a contiguous gene deletion syndrome. Mamm Genome
1998;9:889–92.

[65] Jones SM, Jones TA, Johnson KR, Yu H, Erway LC, Zheng QY. A com-
parison of vestibular and auditory phenotypes in inbred mouse strains.
Brain Res 2006;1091:40–6.

[66] Kaiser A, Fedrowitz M, Ebert U, Zimmermann E, Hedrich HJ, Wedekind
D, et al. Auditory and vestibular defects in the circling (ci2) rat mutant.
Eur J Neurosci 2001;14:1129–42.

[67] Kalueff AV, Tuohimaa P. The Suok (“ropewalking”) murine test of anxi-
ety. Brain Res Protoc 2005;14:87–99.

[68] Kalueff AV, Minasyan A, Tuohimaa P. Behavioural characterization in
rats using the elevated alley Suok test. Behav Brain Res 2005;165:52–7.

[69] Kalueff AV, Minasyan A, Keisala T, Tuohimaa P. A new behavioral
paradigm for anxiety research in rodents – the Suok ropewalking test.
Trends Brain Res 2006:89–115.

[70] Kalueff AV, Minasyan A, Keisala T, Tuohimaa P. Vitamin D as a neu-
rosteroid hormone: from neurobiological effects to behavior. In: Stoltz V,
editor. New topics in vitamin D research. New York: Nova Science; 2006.
p. 29–65.

[71] Kalueff AV, Tuohimaa P. Experimental modeling of anxiety and depres-
sion. Acta Neurobiol Exp 2004;64:439–48.

[72] Kalueff AV, Wheaton M, Murphy DL. What’s wrong with my mouse
model? Strategies and perspectives of experimental modeling of anxiety
and depression. Behav Brain Res 2007;179:1–18.

[73] Kalueff AV, Nutt DJ. Role of GABA in anxiety and depression. Depress
Anxiety; 2007, in press.

[74] Kalueff AV, Fox MA, Gallagher P, Murphy DL. Hypolocomotion, anx-
iety and serotonin syndrome-like behavior contribute to the complex
phenotype of serotonin transporter knockout mice. Genes Brain Behav
2007;6:389–400.

[75] Kanashiro AM, Alexandre PL, Pereira CB, Melo AC, Scaff M. Vestibular
paroxysmia: clinical study and treatment of eight patients. Arq Neurop-
siquiatr 2005;63:643–7.

[76] Khan Z, Carey J, Park HJ, Lehar M, Lasker D, Jinnah HA. Abnormal
motor behavior and vestibular dysfunction in the stargazer mouse mutant.
Neuroscience 2004;127:785–96.

[77] Klein E, Steinberg SA, Weiss SR, Matthews DM, Uhde TW. The rela-
tionship between genetic deafness and fear-related behaviors in nervous
pointer dogs. Physiol Behav 1988;43:307–12.

[78] Koch LG, Britton SL. Genetic component of sensorimotor capacity in
rats. Physiol Genom 2003;13:241–7.

[79] Kohen-Raz R, Volkmar FR, Cohen DJ. Postural control in children with
autism. J Autism Dev Disord 1992;22:419–32.

[80] Koo JW, Balaban CD. Serotonin-induced plasma extravasation in the
murine inner ear: possible mechanism of migraine-associated inner ear
dysfunction. Cephalalgia 2006;26:1310–9.

[81] Lalonde R, Le Pecheur M, Strazielle C, London J. Exploratory activity
and motor coordination in wild-type SOD1/SOD1 transgenic mice. Brain
Res Bull 2005;66:155–62.

[82] Lapin IP. Phenibut (beta-phenyl-GABA): a tranquilizer and nootropic
drug. CNS Drug Rev 2001;7:471–81.

[83] Lepicard EM, Venault P, Perez-Diaz F, Joubert C, Berthoz A, Chapouthier
G. Balance control and posture differences in the anxious BALB/cByJ

mice compared to the non anxious C57BL/6J mice. Behav Brain Res
2000;117:185–95.

[84] Lepicard EM, Venault P, Negroni J, Perez-Diaz F, Joubert C, Nosten-
Bertrand M, et al. Posture and balance responses to a sensory challenge
are related to anxiety in mice. Psychiatry Res 2003;118:273–84.
in Research 186 (2008) 1–11 9

[85] Lepicard EM, Venault P, Abourachid A, Pelle E, Chapouthier G,
Gasc JP. Spatio-temporal analysis of locomotion in BALB/cByJ and
C57BL/6J mice in different environmental conditions. Behav Brain Res
2006;167:365–72.

[86] Levinson HN. A cerebellar-vestibular explanation for fears/phobias:
hypothesis and study. Percept Mot Skills 1989;68:67–84.

[87] Maksimovich IaB, Khinchikashvili NV. Effect of tranquilizers on ani-
mal resistance to adequate stimulus exposure of the vestibular apparatus.
Farmakol Toksikol 1979;42:606–10.

[88] Marciano E, Carrabba L, Giannini P, Sementina C, Verde P, Bruno C,
et al. Psychiatric comorbidity in a population of outpatients affected by
tinnitus. Int J Audiol 2003;42:4–9.

[89] Marriage J, Barnes NM. Is central hyperacusis a symptom of 5-hydroxy-
tryptamine (5-HT) dysfunction? J Laryngol Otol 1995;109:915–21.

[90] Marler JA, Elfenbein JL, Ryals BM, Urban Z, Netzloff ML. Sensorineural
hearing loss in children and adults with Williams syndrome. Am J Med
Genet A 2005;138:318–27.

[91] Matthews BL, Ryu JH, Bockaneck C. Vestibular contribution to spatial
orientation. Evidence of vestibular navigation in an animal model. Acta
Otolaryngol Suppl 1989;468:149–54.

[92] McCullough BJ, Tempel BL. Haplo-insufficiency revealed in deafwaddler
mice when tested for hearing loss and ataxia. Hear Res 2004;195:90–102.

[93] McGauran AM, O’Mara SM, Commins S. Vestibular influence on water
maze retention: transient whole body rotations improve the accuracy of
the cue-based retention strategy. Behav Brain Res 2005;158:183–7.

[94] Metz GA, Schwab ME. Behavioral characterization in a comprehensive
mouse test battery reveals motor and sensory impairments in growth-
associated protein-43 null mutant mice. Neuroscience 2004;129:563–74.

[95] MGI, 2007. Mouse Genome Informatics (http://www.informatics.jax.
org/, accessed June 2007).

[96] Mintz M, Visman E, Bar-Haim Y, Bart O, Sadeh A. Comorbidity of bal-
ance and anxiety disorders: amelioration by balance treatment. In: Proc.
3rd Conf. Pol. Isr. Neurol. Soc. 2003. p. 34.

[97] Mintz M. Department of Psychology, Tel-Aviv University, Israel. www
(http://freud.tau.ac.il/∼mintz/Interest4.html) accessed April 2007.

[98] Molodavkin GM, Voronina TA, Neznamov GG, Maletova OK, Eliava
NV. Participation of GABA-benzodiazepine receptor complex in the anx-
iolytic effect of piracetam. Eksp Klin Farmakol 2006;69:7–9.

[99] Molloy CA, Dietrich KN, Bhattacharya A. Postural stability in children
with autism spectrum disorder. J Autism Dev Disord 2003;33:643–52.

[100] Monzani D, Marchioni D, Bonetti S, Pellacani P, Casolari L, Rigatelli M,
et al. Anxiety affects vestibulospinal function of labyrinthine-defective
patients during horizontal optokinetic stimulation. Acta Otorhinolaryngol
Ital 2004;24:117–24.

[101] MPD, 2007. Mouse Phenome Project (http://phenome.jax.org/pub-
cgi/phenome/mpdcgi?rtn=docs/home, accessed April 2007).

[102] Murakami DM, Erkman L, Hermanson O, Rosenfeld MG, Fuller CA.
Evidence for vestibular regulation of autonomic functions in a mouse
genetic model. Proc Natl Acad Sci USA 2002;99:17078–82.

[103] Nagaratnam N, Ip J, Bou-Haidar P. The vestibular dysfunction and anxiety
disorder interface: a descriptive study with special reference to the elderly.
Arch Gerontol Geriatr 2005;40:253–64.

[104] Nash JR, Nutt DJ. Pharmacotherapy of anxiety. Handb Exp Pharmacol
2005;169:469–501.

[105] Naz S, Griffith AJ, Riazuddin S, Hampton LL, Battey Jr JF, Khan SN, et
al. Mutations of ESPN cause autosomal recessive deafness and vestibular
dysfunction. J Med Genet 2004;41:591–5.

[106] Neuhauser HK. Epidemiology of vertigo. Curr Opin Neurol
2007;20:40–6.

[107] Ohl F, Sillaber I, Binder E, Keck ME, Holsboer F. Differential anal-
ysis of behavior and diazepam-induced alterations in C57BL/6N and
BALB/c mice using the modified hole board test. J Psychiatr Res 2001;35:
147–54.
[108] Ohlemiller KK. Contributions of mouse models to understanding of age-
and noise-related hearing loss. Brain Res 2006;1091:89–102.

[109] Ohno H, Wada M, Saitoh J, Sunaga N, Nagai M. The effect of anxiety
on postural control in humans depends on visual information processing.
Neurosci Lett 2004;364:37–9.

http://jaxmice.jax.org/
http://www.informatics.jax.org/
http://www.informatics.jax.org/
http://freud.tau.ac.il/~mintz/Interest4.html
http://phenome.jax.org/pub-cgi/phenome/mpdcgi?rtn=docs/home


1 al Bra
0 A.V. Kalueff et al. / Behaviour

[110] Oosterveld WJ. The use of vestibular tests for the selection of anti-vertigo
drugs. Acta Otolaryngol Suppl 1988;460:94–8.

[111] Oosterveld WJ. The effectiveness of piracetam in vertigo. Pharmacopsy-
chiatry 1999;32(Suppl 1):54–60.

[112] Ossenkopp KP, Eckel LA, Hargreaves EL, Kavaliers M. Sodium
arsanilate-induced vestibular dysfunction in meadow voles (Microtus
pennsylvanicus): effects on posture, spontaneous locomotor activity and
swimming behavior. Behav Brain Res 1992;47:13–22.

[113] Ouagazzal AM, Reiss D, Romand R. Effects of age-related hearing loss
on startle reflex and prepulse inhibition in mice on pure and mixed C57BL
and 129 genetic background. Behav Brain Res 2006;172:307–15.

[114] Paffenholz R, Bergstrom RA, Pasutto F, Wabnitz P, Munroe RJ, Jagla W,
et al. Vestibular defects in head-tilt mice result from mutations in Nox3,
encoding an NADPH oxidase. Genes Dev 2004;18:486–91.

[115] Pau H, Hawker K, Fuchs H, De Angelis MH, Steel KP. Characterization
of a new mouse mutant, flouncer, with a balance defect and inner ear
malformation. Otol Neurotol 2004;25:707–13.

[116] Perna G, Dario A, Caldirola D, Stefania B, Cesarani A, Bellodi L. Panic
disorder: the role of the balance system. J Psychiatr Res 2001;35:279–
86.

[117] Perna G, Alpini D, Caldirola D, Raponi G, Cesarani A, Bellodi L. Sero-
tonergic modulation of the balance system in panic disorder: an open
study. Depress Anxiety 2003;17:101–206.

[118] Pollak L, Klein C, Stryjer R, Kushnir M, Teitler J, Flechter S. Phobic
postural vertigo: a new proposed entity. Isr Med Assoc J 2003;5:720–3.

[119] Pratt RT, Mc KW. Anxiety states following vestibular disorders. Lancet
1958;2:347–9.

[120] Ramos RT. Antidepressants and dizziness. J Psychopharmacol
2006;20:708–13.

[121] Redfern MS, Furman JM, Jacob RG. Visually induced postural sway in
anxiety disorders. J Anxiety Disord 2007;21:704–16.

[122] Rhodes CR, Hertzano R, Fuchs H, Bell RE, de Angelis MH, Steel KP,
et al. A Myo7a mutation cosegregates with stereocilia defects and low-
frequency hearing impairment. Mamm Genome 2004;15:686–97.

[123] Ried AM, Aviles M. Asymmetries of vestibular dysfunction in major
depression. Neuroscience 2007;144:128–34.

[124] Rodgers RJ, Cole JC, Aboualfa K, Stephenson LH. Ethopharmacologi-
cal analysis of the effects of putative ‘anxiogenic’ agents in the mouse
elevated plus-maze. Pharmacol Biochem Behav 1995;52:805–13.

[125] Rudrauf D, Venault P, Cohen-Salmon C, Berthoz A, Jouvent R,
Chapouthier G. A new method for the assessment of spatial orientation
and spatial anxiety in mice. Brain Res Protoc 2004;13:159–65.

[126] Russolo M. Sound-evoked postural responses in normal subjects. Acta
Otolaryngol 2002;122:21–7.

[127] Santos M, Silva-Fernandes A, Oliveira P, Sousa N, Maciel P. Evidence for
abnormal early development in a mouse model of Rett syndrome. Genes
Brain Behav 2007;6:277–86.

[128] Sawada I, Kitahara M, Yazawa Y. Swimming test for evaluating vestibular
function in guinea pigs. Acta Otolaryngol Suppl 1994;510:20–3.

[129] Schaeppi U, Krinke G, FitzGerald RE, Classen W. Impaired tunnel-maze
behavior in rats with sensory lesions: vestibular and auditory systems.
Neurotoxicology 1991;12:445–54.

[130] Schautzer F, Hamilton D, Kalla R, Strupp M, Brandt T. Spatial memory
deficits in patients with chronic bilateral vestibular failure. Ann N Y Acad
Sci 2003;1004:316–24.

[131] Semenov LV, Bures J. Vestibular stimulation disrupts acquisition of
place navigation in the Morris water tank task. Behav Neural Biol
1989;51:346–63.

[132] Sibley KM, Carpenter MG, Perry JC, Frank JS. Effects of postural anxiety
on the soleus H-reflex. Hum Mov Sci 2007;26:103–12.

[133] Simon NM, Pollack MH, Tuby KS, Stern TA. Dizziness and panic dis-
order: a review of the association between vestibular dysfunction and
anxiety. Ann Clin Psychiatry 1998;10:75–80.
[134] Simon NM, Parker SW, Wernick-Robinson M, Oppenheimer JE, Hoge
EA, Worthington JJ, et al. Fluoxetine for vestibular dysfunction and anx-
iety: a prospective pilot study. Psychosomatics 2005;46:334–9.

[135] Sinanovic O, Brkic F, Salihovic N, Junuzovic L, Mrkonjic Z. Anxiety and
depression in deaf and hard-of-hearing adults. Med Arh 2004;58:87–90.
in Research 186 (2008) 1–11

[136] Skovronsky O, Boleloucky Z, Bastecky J. Anxiety and other neurotic
symptoms in patients suffering from acoustic and vestibular disorders.
Agressologie 1981;22:25–6.

[137] Smith PF, Horii A, Russell N, Bilkey DK, Zheng Y, Liu P, et al. The effects
of vestibular lesions on hippocampal function in rats. Prog Neurobiol
2005;75:391–405.

[138] Staab JP, Ruckenstein MJ, Solomon D, Shepard NT. Serotonin reuptake
inhibitors for dizziness with psychiatric symptoms. Arch Otolaryngol
Head Neck Surg 2002;128:554–60.

[139] Staab JP, Ruckenstein MJ. Which comes first? Psychogenic dizziness
versus otogenic anxiety. Laryngoscope 2003;113:1714–8.

[140] Staab JP. Chronic dizziness: the interface between psychiatry and neuro-
othology. Curr Opin Neurol 2006;19:41–8.

[141] Stackman RW, Clark AS, Taube JS. Hippocampal spatial representations
require vestibular input. Hippocampus 2002;12:291–303.

[142] Straube A. Pharmacology of vertigo/nystagmus/oscillopsia. Curr Opin
Neurol 2005;18:11–4.

[143] Strupp M, Arbusow V. Acute vestibulopathy. Curr Opin Neurol
2001;14:11–20.

[144] Strupp M, Brandt T. Pharmacological advances in the treatment of
neuro-otological and eye movement disorders. Curr Opin Neurol
2006;19:33–40.

[145] Suarez H, Suarez A, Lavinsky L. Postural adaptation in elderly patients
with instability and risk of falling after balance training using a virtual-
reality system. Int Tinnitus J 2006;12:41–4.

[146] Swartz R, Longwell P. Treatment of vertigo. Am Fam Physician
2005;71:1115–522.

[147] Szirmai A, Kisely M, Nagy G, Nedeczky Z, Szabados EM, Toth A.
Panic disorder in otoneurological experience. Int Tinnitus J 2005;11:77–
80.

[148] Tarantino LM, Gould TJ, Druhan JP, Bucan M. Behavior and mutagenesis
screens: the importance of baseline analysis of inbred strains. Mamm
Genome 2000;11:555–64.

[149] Tecer A, Tukel R, Erdamar B, Sunay T. Audiovestibular functioning in
patients with panic disorder. J Psychosom Res 2004;57:177–82.

[150] Teubner B, Michel V, Pesch J, Lautermann J, Cohen-Salmon M, Sohl
G, et al. Connexin30 (Gjb6)-deficiency causes severe hearing impair-
ment and lack of endocochlear potential. Hum Mol Genet 2003;12:13–
21.

[151] Turner JG, Parrish JL, Hughes LF, Toth LA, Caspary DM. Hearing in
laboratory animals: strain differences and nonauditory effects of noise.
Compar Med 2005;55:12–23.

[152] Van Meer P, Raber J. Mouse behavioural analysis in systems biology.
Biochem J 2005;389:593–610.

[153] Venault P, Rudrauf D, Lepicard EM, Berthoz A, Jouvent R, Chapouthier
G. Balance control and posture in anxious mice improved by SSRI treat-
ment. Neuroreport 2001;12:3091–4.

[154] Vetter DE, Li C, Zhao L, Contarino A, Liberman MC, Smith GW, et al.
Urocortin-deficient mice show hearing impairment and increased anxiety-
like behavior. Nat Genet 2002;31:363–9.

[155] Viaud-Delmon I, Ivanenko YP, Berthoz A, Jouvent R. Adaptation as a
sensorial profile in trait anxiety: a study with virtual reality. J Anxiety
Disord 2000;14:583–601.

[156] Vidal PP, Degallaix L, Josset P, Gasc JP, Cullen KE. Postural and
locomotor control in normal and vestibularly deficient mice. J Physiol
2004;559(Pt 2):625–38.

[157] Wada M, Sunaga N, Nagai M. Anxiety affects the postural sway of the
antero-posterior axis in college students. Neurosci Lett 2001;302:157–
9.

[158] Weil ZM, Huang AS, Beigneux A, Kim PM, Molliver ME, Blackshaw S,
et al. Behavioural alterations in male mice lacking the gene for d-aspartate
oxidase. Behav Brain Res 2006;171:295–302.

[159] Whitney SL, Jacob RG, Sparto PJ, Olshansky EF, Detweiler-Shostak G,

Brown EL, et al. Acrophobia and pathological height vertigo: indications
for vestibular physical therapy? Phys Ther 2005;85:443–58.

[160] Wu ZM, Zhang SZ, Zhou N, Liu XJ, Ji F, Chen AT, et al. Neurootological
manifestation of migrainous vertigo. Zhonghua Er Bi Yan Hou Tou Jing
Wai Ke Za Zhi 2006;41:726–30.



l Bra
A.V. Kalueff et al. / Behavioura

[161] Yamamomo T, Yamanaka T, Matsunaga T. The effect of stress appli-
cation on vestibular compensation. Acta Otolaryngol 2000;120:504–
7.
[162] Yardley L, Redfern MS. Psychological factors influencing recovery from
balance disorders. J Anxiety Disord 2001;15:107–19.

[163] Zhao F, Stephens D. Hearing complaints of patients with King-Kopetzky
syndrome (obscure auditory dysfunction). Br J Audiol 1996;30:397–
402.
in Research 186 (2008) 1–11 11

[164] Zoger S, Svedlund J, Holgers KM. Psychiatric disorders in tinnitus
patients without severe hearing impairment: 24 month follow-up of
patients at an audiological clinic. Audiology 2001;40:133–40.
[165] Zoger S, Svedlund J, Holgers KM. Relationship between tinnitus severity
and psychiatric disorders. Psychosomatics 2006;47:282–8.

[166] Zou J, Barth S, Minasyan A, Keisala T, Wang JH, Lou YR, et al. Hearing
loss in mice with partially-deleted vitamin D receptor gene. In: Proceed-
ings of the 43rd inner ear workshop. 2006.


	Anxiety and otovestibular disorders: Linking behavioral phenotypes in men and mice
	Introduction
	Basic research and behavioral animal models
	Available genetic models
	Future challenges and methodological considerations
	Neurotological/otovestibular perspective
	Conclusion
	Acknowledgements
	References


