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ABSTRACT  
Animal studies of the mammalian vestibular system began at the 
University of Otago in 1987. From approximately 2000, these 
studies focused on the effects of vestibular lesions and 
stimulation, on spatial memory and the hippocampus. Our 
research has shown that, as well as the deficits in the vestibulo- 
ocular and vestibulo-spinal reflexes that occur following 
vestibular dysfunction, vestibular loss may also cause cognitive 
disorders, especially spatial memory deficits, some of which are 
related to the contribution of ascending vestibular pathways to 
the function of the limbic system and neocortex in regulating 
spatial orientation. In addition to behavioural demonstrations of 
spatial memory deficits, we have demonstrated that vestibular 
loss is associated with a variety of dysfunctional changes in the 
hippocampus, which may be responsible for the spatial memory 
deficits. These memory deficits are unlikely to be due to hearing 
loss, problems with motor control, oscillopsia or anxiety and 
depression. These animal studies have raised awareness of 
cognitive deficits associated with vestibular disorders and 
contributed to their recognition and treatment.

Abbreviations: UVL: unilateral vestibular lesion; BVL: bilateral 
vestibular lesion; VNC: vestibular nucleus complex; DG: dentate 
gyrus; VOR: vestibulo-ocular reflex; VSR: vestibulo-spinal reflex
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Introduction

Loss of vestibular function, caused by a dysfunction of the balance organs in the inner ear 
(the ‘vestibular system’), is associated with visual symptoms such as blurred vision (‘oscil
lopsia’, caused by the loss of the vestibulo-ocular reflexes (VORs)) and difficulty standing 
and walking (‘ataxia’, caused by the failure of the vestibulo-spinal reflexes (VSRs)) (see 
Vidal et al. 2014 for a review). The VORs are generated by a change in head velocity 
(i.e. an ‘acceleration’) and compensate for unintentional head movement, by generating 
eye movement that is equal and opposite, thus maintaining the stability of visual images 
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on the retina and preventing retinal slip. The VSRs, also activated by head acceleration, 
generate changes in posture to help maintain balance (see Vidal et al. 2014 for a review). 
However, an additional function of the vestibular system involves the transmission of 
head movement information to the limbic system and neocortical areas of the brain, 
in order to produce a conscious sense of head movement and a memory of it. This 
aspect of vestibular function has, historically, received much less attention than the ves
tibular reflexes; however, the vestibular system is now recognised to make important con
tributions to cognitive function, particularly spatial memory, and it has been proposed 
that vestibular dysfunction may contribute to the risk of dementia (see Agrawal et al. 
2020 for a review). Information transmitted from the peripheral vestibular endorgans 
appears to be necessary for the brain’s internal representation of the relationship 
between the self and the spatial world, integrating vestibular information with visual, 
auditory, proprioceptive and somatosensory information (see Moser et al. 2017; Jeffery 
2024 for reviews). Without vestibular information, the internal representation 
becomes degraded and cognitive performance deteriorates.

Mechanistic animal research on the mammalian vestibular system began in the 1980s 
in Aotearoa/New Zealand when two of us (Paul Smith and Cynthia Darlington) moved 
here from the University of Sydney. This research was first conducted in the Dept. of Psy
chology at the University of Otago in Dunedin (1987–1995), and then in the Dept. of 
Pharmacology at the same University (1995-present). Initially, these studies using 
guinea pigs as the experimental subjects, investigated the process of recovery from per
ipheral vestibular dysfunction (‘vestibular compensation’) using a combination of behav
ioural and electrophysiological (in vitro brain slice recording) methods. By the late 1990s, 
the focus of the research had turned to the effects of lesions of the vestibular system on 
the hippocampus, and guinea pigs had been replaced by rats. It was at this stage that 
Yiwen Zheng joined the group as a Post-Doctoral Fellow in 1998. This review will 
focus on the history of this research at the University of Otago on the association 
between the vestibular system, memory and the hippocampus, against the context of 
research outside New Zealand, and attempt to show how our research has contributed 
to the understanding of the connection between vestibular dysfunction and memory 
(see Smith et al. 2015 for a detailed review).

In the USA, vestibular disorders are estimated to occur in more than 35% of adults 
aged 40 or older, and increase to almost 50% from 60 to 69 years (Agrawal et al. 
2009). It is estimated that 3.9 million patients visited a Hospital Emergency Department 
in the USA in 2011 for dizziness or vertigo, and 25.7% of visits were associated with ves
tibular causes, costing U$757 million (Saber Tehrani et al. 2013). Agrawal et al. (2009) 
reported that patients with vestibular disorders had a 12-fold increase in the risk of 
falling, the most common cause of death in the elderly. Vestibular disorders therefore 
represent a major and increasing burden on the healthcare system.

Vestibular lesions and memory in animals

The concept that the vestibular system in the inner ear might contribute to spatial navi
gation and spatial memory is not new: in fact, it was first suggested in the 1960s by physi
ologists such as Beritoff (1965). Early studies of spatial navigation in animals showed that 
‘idiothetic’ cues (non-visual, internal ones, for example, vestibular and proprioceptive 
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stimuli), in addition to ‘allocentric’ cues (external ones, such as visual information), were 
used to remember navigation routes through space (Beritoff 1965; Potegal et al. 1977; 
Etienne 1980; Mittelstaedt and Mittelstaedt 1980). Decades later, it was reported that ves
tibular information is sent to the hippocampus, a critical brain region for spatial memory, 
and integrated with other sensory information (Wiener and Berthoz 1993; Berthoz 1996; 
McNaughton et al. 1996; Etienne and Jeffery 2004). Eventually it was reported that that 
‘place cells’ in the hippocampus, which respond to different places in the environment, 
were regulated by vestibular information (Gavrilov et al. 1995; Wiener et al. 1995). 
This finding was consistent with behavioural studies demonstrating that vestibular loss 
caused spatial memory deficits (e.g. Baek et al. 2010; Russell et al. 2003a; Stackman 
and Herbert 2002; Wallace et al. 2002; Zheng et al. 2006, 2009).

The first studies were open to some criticisms. Many studies were conducted in light, 
Therefore, the spatial memory deficits could have been caused by oscillopsia, due to the 
VOR deficits, or ataxia, caused by the VSR deficits. Some compensation occurs over time 
(i.e. ‘vestibular compensation’), but the reflex deficits never completely resolve (Smith 
and Curthoys 1989; Curthoys and Halmagyi 1995). Furthermore, some studies used 
chemical ototoxic injections into the tympanic membrane (ear drum) in order to 
lesion the vestibular system, and it was difficult to discount the possibility that some 
of the behavioural effects were due to cochlear damage. This was an important consider
ation because in the last 10 years it has been shown that hearing loss can cause spatial 
memory impairment as well (see Smith 2022 for a review). Beginning in the early 
2000s, our research group began conducting studies that controlled for some of these 
issues, by conducting spatial memory tests in darkness as well as light, and at long 
time intervals following the peripheral vestibular lesions, when at least some degree of 
compensation for the reflexive deficits had occurred. We also employed partial auditory 
controls by surgically removing the tympanic membrane in control rats. Our initial 
studies were conducted using the foraging task developed by Ian Whishaw, which he 
and his colleagues used to show that bilateral chemical vestibular lesions in rats caused 
spatial memory deficits (Wallace et al. 2002; Figure 1). Yiwen Zheng underwent specialist 
training in the laboratory of John Aggleton at Cardiff University, who had used the fora
ging task extensively, and learned how to meticulously conduct these experiments; she 
became chiefly responsible for them over the next decade. Using Whishaw’s foraging 

Figure 1. Number of errors A and heading angles B for the sham and BVD rats during the dark ses
sions of a foraging task. Data reflect a block of two sessions and are presented as mean ± SEM. Repro
duced with permission from Zheng et al. (2009).
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task, the role of vestibular information in the development of spatial memory could be 
precisely investigated by comparing the animal’s performance with and without visual 
cues (i.e. performance in light versus in darkness; Figure 1).

We focused on using 3–6 month delays after the vestibular lesion, when some reflexive 
recovery had occurred and the animals were not prevented from performing in memory 
tasks by motor deficits (Baek et al. 2010; Zheng et al. 2006, 2007, 2009, 2009b, 2012a). In 
one study we used a delay of 14 months after bilateral vestibular lesions (BVL), and 
demonstrated that rats exhibited worse memory impairment in a foraging task compared 
to 5 months post-op. In most of our studies, we have used unilateral or bilateral periph
eral vestibular surgical lesions, in which we visualised the vestibular inner ear com
ponents (the anterior, horizontal and posterior semi-circular canals, the utricle and 
saccule) using an ENT microscope, drilled into them using a fine dental drill, and aspir
ating their contents which include the sensory hair cells (Baek et al. 2010; Zheng et al. 
2006, 2007, 2009, 2009b, 2012b). This method, although much harder technically than 
chemical injections through the tympanic membrane, is more selective for the vestibular 
system. In addition, as a surgical control, we included rats that did not have a vestibular 
lesion but had the tympanic membrane removed in order to cause partial deafness (some 
sound vibrations will still reach the cochlea). By doing this, we could compare the effects 
of hearing loss with vestibular loss and whatever incidental damage to the cochlea we 
might have caused with the vestibular surgery.

Some more recent studies have examined the specific role of the semi-circular canals 
and the otoliths, in spatial memory. Yoder et al. (2015) employed ‘tilted mice’, which are 
mice that develop without otoliths but normal semi-circular canals, to demonstrate that 
the loss of the otoliths independently of the canals, can cause a dysfunction in spatial 
memory, particularly in the absence of visual information. It has been shown that 
such mice also exhibit abnormal exploration of the spatial environment (Blankenship 
et al. 2017), similar to mice with complete vestibular loss (Banovetz et al. 2021).

Spatial memory deficits for BVL rats with visual cues

We also demonstrated that rats with BVL exhibited spatial memory deficits even with 
visual information. After 6 weeks post-BVL, rats performed at a significantly poorer 
level in the radial arm maze task, another spatial memory task (Russell et al. 2003a, 
2003b; this study combined chemical and surgical lesions). In the T maze task, the per
formance of the rats improved over time, but their performance was still below sham 
controls with the tympanic membrane removed, at 5 months post-BVL (Zheng et al. 
2007, 2012a, 2012b; Figure 2).

Spatial memory impairment in light has been demonstrated with the radial arm maze 
and Y mazes in rats that were subjected to left then right, or right then left, unilateral 
chemical vestibular lesions using intratympanic sodium arsanilate (Besnard et al. 2012; 
Machado et al. 2012a, 2012b). In an attempt to assess attentional performance, we 
employed a 5 choice serial reaction time task (5- CSRTT), and observed that BVL rats 
exhibited significantly more incorrect responses and fewer correct responses than the 
control group. Nonetheless, they made the same number of omissions, and performed 
the task with a reduced latency (Zheng et al. 2009a; Figure 3). The lack of omissions 
in the surgical BVL group showed that they were capable of responding (i.e. not inhibited 
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Figure 2. Percentage of correct choices in the T maze task for bilateral vestibular deafferentation 
(BVD) and sham surgery control animals at 3 weeks A, 3 months B, and 5 months C, post-op in a 
simple alternating T maze task. Symbols represent means and bars 1 SE of the mean. Reproduced 
with permission from Zheng et al. (2007).
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Figure 3. Percentage of correct responses A, incorrect responses B and omissions C for sham (open 
square) and BVD (closed square) rats after the animals reached the criterion in a 5 choice serial reac
tion time task. Data are expressed as mean ± s.e.m. Asterisks indicate significant differences. Repro
duced with permission from Zheng et al. (2009b).
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by ataxia) even though their responses were often incorrect. This was the first evidence 
from animals that attention was impaired following vestibular dysfunction, which is con
sistent with attentional deficits in vestibular patients (Sang et al. 2006; Jauregui-Renaud 
et al. 2008a; Jauregui-Renaud et al. 2008b). A number of studies have shown that mice 
with genetic otolithic deficits, such as the tilted mouse, also exhibit spatial memory 
deficits when visual information is available (Avni et al. 2009; Machado et al. 2012a; 
Yoder and Kirby 2014). These results highlight the significance of the otoliths for 
normal performance in memory tasks. Avni et al. (2009) showed, in the mutant headban
ger mouse, which has abnormally elongated stereocilia, partially affecting both the canals 
and the otoliths, that they exhibited hyperactivity and disorientation in a spatial 
environment.

These results showed that BVL can have various effects in different cognitive tasks: the 
foraging task, radial arm maze task, Y maze and T maze and the 5-CSRTT. Nonetheless, 
all of these tasks rely on the use of visual cues, in which case oscillopsia would be expected 
to make the performance worse, and therefore the specific contribution of vestibular 
information could not be precisely delineated.

Effects of UVL and BVL in a spatial memory task without visual cues

For rats with surgical BVL who performed the foraging task in darkness, the spatial 
memory impairment was more severe than for surgical UVL (i.e. only one inner ear 
lesioned; Zheng et al. 2006, 2009; Figure 1). We found that rats with surgical UVL exhib
ited spatial memory impairment in darkness similar to those with BVL after a 3 month 
post-op, delay; however, they then performed similar to sham controls after a 6 month 
delay (Zheng et al. 2006). While BVL rats exhibited only a slight impairment in the fora
ging task in light, after a 5–6 month delay, their performance was much worse in dark
ness without visual cues (Zheng et al. 2009). This result suggests that in the absence of 
vision, rats rely mainly on vestibular cues in order to navigate spatially. Rats with BVL 
lesions were profoundly impaired in the foraging task in darkness after a 14 month 
delay (Baek et al. 2010), suggesting that complete removal of vestibular information 
may cause spatial navigation deficits; by contrast, the impairment caused by partial 
loss of vestibular function (i.e. UVL), may be reversible. These studies illustrate the fun
damental significance of the vestibular system for spatial memory. Furthermore, the 
results from the trials without visual cues indicate that oscillopsia alone is not responsible 
for the spatial memory dysfunction.

Possible relationship between spatial memory deficits and locomotor 
hyperactivity

Many researchers have observed that rats with BVL show locomotor hyperactivity (Baek 
et al. 2010; Besnard et al. 2012; Goddard et al. 2008; Machado et al. 2012a; Russell, et al., 
2003a, 2003b; Stiles et al. 2012; Zheng et al. 2009, 2012a, 2012b). It is, therefore, concei
vable that this prevents rats with BVL from correct performance in cognitive tasks. In 
order to investigate this further, we used regression analyses to determine whether hyper
activity could predict the cognitive deficits exhibited in the foraging task. However, we 
found no statistically significant relationship between the BVL rats’ poor performance 
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in the foraging task and their hyperactivity (Baek et al. 2010). We have also investigated 
this question using multiple linear and random forest regression and found that hyper
activity was not related to the performance deficits in a spatial T maze alternation task. 
The most effective predictors of poor performance were BVL itself and the duration of 
open field maze rearing (Smith et al. 2013). Therefore, the spatial memory deficits of 
BVL rats cannot simply be explained by their hyperactivity.

Possible relationship between spatial memory deficits and anxiety

Many patients with vestibular dysfunction have affective disorders and it is conceivable 
that anxiety and depression have some causal role in the cognitive dysfunction associated 
with vestibular lesions (Balaban and Thayer 2001; Balaban 2002; Staab 2006).

It is more difficult to dissociate anxiety/depression from cognitive deficits presenting 
in patients with vestibular disorders; however, in animal studies, there have been some 
attempts to do this. Using the black and white box test of anxiety, Machado et al. 
(2012a) investigated whether BVL rats exhibited increased anxiety which could be 
reversed by the benzodiazepine anxiolytic drug, diazepam. The diazepam significantly 
decreased the animals’ anxiety; however, it did not affect their deficits in the radial 
eight-arm maze spatial memory task. If the memory deficits were caused by anxiety, 
then a drug that reduces anxiety should also have reduced the memory deficits. This 
result implies that the rats’ anxiety is independent of their spatial memory deficits.

Vestibular versus auditory damage

As mentioned previously, it is difficult to avoid damage to the cochlea when lesioning the 
vestibular system, because they are located so closely. Consequently, it becomes difficult 
to exclude the possibility that hearing loss rather than vestibular loss is responsible for the 
cognitive deficits. Noise trauma has been reported to cause hippocampal place cell dys
function (Sakurai 1990, 1994; Goble et al. 2009). We have often used sham animals 
without their tympanic membranes so that sound could not be transmitted effectively 
to the ossicles (the malleus, incus and stapes) and then transduced by the cochlear 
hair cells. This can only serve as a partial auditory control because some sound will 
still be transmitted to the cochlea. However, we have consistently observed that rats 
who have the tympanic membranes removed, with their vestibular systems intact, per
formed more effectively in spatial memory tasks than animals with vestibular loss 
(Baek et al. 2010; Zheng et al. 2006, 2007, 2009, 2009b, 2012a, 2012b). Therefore, 
hearing loss is unlikely to be responsible for the spatial memory deficits in rats with 
BVL. Although hearing loss can cause cognitive deficits in humans, patients without 
hearing loss and with vestibular dysfunction still exhibit cognitive deficits (e.g. Brandt 
et al. 2005; see Smith 2022 for a review). Animal studies which have used aminoglycoside 
antibiotics to lesion the vestibular or auditory systems (i.e. streptomycin, neomycin, gen
tamicin), have reported that the effects of auditory and vestibular lesions have different 
effects on cognition (Schaeppi et al. 1991). Using the radial arm maze task, rats that 
received streptomycin, which is toxic to the auditory and the vestibular systems, exhib
ited impaired working memory; on the other hand, rats that received neomycin, which is 
mainly toxic to the auditory system, performed normally (Schaeppi et al. 1991). In 
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general, this is a difficult issue because disorders such as Meniere’s Disease often present 
with both vestibular (e.g. vertigo) and auditory (e.g. tinnitus) symptoms, and some ami
noglycosides such as gentamicin can lesion both auditory and vestibular hair cells.

There has been debate as to whether spatial memory dysfunction is the only cogni
tive deficit in animals caused by vestibular loss. We have demonstrated that BVL can 
also cause attention deficits (Zheng et al. 2009) and deficits in an object recognition 
memory task (Zheng et al. 2004). Nonetheless, others have not observed object recog
nition memory deficits (Besnard et al. 2012); therefore, this issue remains to be 
resolved.

Vestibular lesions and spatially responsive neurons

In the 1990s, bilateral vestibular lesions caused by intratympanic tetrodotoxin (TTX), 
were shown to cause a disordered firing of thalamic head direction cells, which are 
known to be important in encoding sense of direction (Stackman and Taube 1997 for 
a review). The activity of head direction cells also became abnormal during inverted loco
motion (Calton and Taube 2005) and with selective loss of otolithic (Yoder and Taube 
2009) or semi-circular canal function (Muir et al. 2009; Valerio and Taube 2016). 
Using the same method to reversibly lesion the peripheral vestibular system bilaterally, 
Stackman et al. (2002) reported that bilateral vestibular loss caused fragmented firing 
of hippocampal place cells. Hippocampal place cells, in addition to entorhinal grid 
cells, are known to be pivotal to the brain’s ability to navigate through the spatial 
environment, and two Nobel Prizes were awarded for these discoveries in 2014 (see 
Jeffery 2024 for a review). A striking feature of Stackman et al.’s (2002) finding was 
that the abnormal firing of the place cells was immediate; however it started to recover 
as the TTX wore off. This suggested that hippocampal place cells rely on continuously 
updated information from the vestibular system and delayed structural changes in the 
hippocampus were unnecessary for the place cells to become dysfunctional. Using per
manent surgical BVL, we also found that the aberrant place cell activity did not 
recover even 6 weeks later (Russell et al. 2003b; Figure 4). More recently, Harvey et al. 
(2018) have demonstrated that place cell function is abnormal in mice with a genetic 
otolith dysfunction.

Theta rhythm in the hippocampus is a large amplitude, approximately 5–12 Hz sinu
soidal EEG rhythm which serves to integrate the firing of hippocampal place cells (Has
selmo 2005; Vertes 2005). Very few studies have examined the effects of vestibular loss on 
theta rhythm. Although Stackman et al. (2002) observed no changes in one rat with BVL 
using intratympanic TTX, we used permanent surgical BVD to investigate the effects of 
vestibular loss on theta rhythm (Russell et al. 2006). In contrast to Stackman et al. (2002), 
we found that hippocampal theta rhythm was severely disrupted in terms of the power of 
the sinusoidal character of the waveform. Although the BVD animals were hyperactive, 
theta rhythm was abnormal across a wide range of velocities. We have replicated these 
findings in a study in which we tried, but failed, to reverse the spatial memory and 
emotional deficits caused by BVD by electrically stimulating the septum in order to gen
erate an artificial theta rhythm (Neo et al. 2012). Tai et al. (2012) also demonstrated that 
rats with BVL due to intra-tymapnic sodium arsanilate exhibited a decrease in theta 
power.
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Figure 4. Firing rate maps for the cells recorded over a 6 week period. Control complex spiking cell. B, 
Lesion complex spiking cell. Reproduced with permission from Russell et al. (2003b).
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Figure 5. Proposed pathways from the peripheral vestibular organs to the hippocampus on a diagram 
of a horizontally sliced rat brain. Thalamo-cortical pathway (brown). Theta generating pathway (green). 
Cerebello-cortical pathway (red). Head direction path-way (yellow). ADN anterior dorsal nucleus, DTN 
dorsal tegmental nucleus, EC entorhinal cortex, FN fastigial nuclei, HCF hippocampal formation, Int 
interpositus nuclei, LMN lateral mammillary nucleus, MS medial septum, Parietal parietal cortex, PH 
posterior hypothala – mus, PrH prepositus hypoglossi, PPTg pedunculopontine tegmen – tal 
nucleus, PS postsubiculum, RPO reticularis pontis oralis, SUM supramammillary bodies, Temporal tem
poral cortex, VLN ventral lat – eral nucleus of the thalamus, VNC vestibular nuclei. Reproduced with 
permission from Aitken et al. (2017).
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Taken together, these animal studies support the hypothesis that vestibular information 
is pivotal for the generation of normal hippocampal function and spatial cognition 
(Wiener and Berthoz 1993; Berthoz 1996; McNaughton et al. 1996; McNaughton et al. 
1996; Etienne and Jeffery 2004; Smith et al. 2005; Smith et al. 2009; Smith et al. 2010).

Information transmission from the vestibular inner ear to the hippocampus

How does vestibular information reach the hippocampus? The answer to this question Is 
incomplete, although it is likely that there are multiple neural pathways involved. Elec
trical stimulation of one vestibular labyrinth or the vestibular nucleus in the brainstem 
has been demonstrated to generate field potentials, single neuron activity and neuro
transmitter release in the hippocampus. These responses occur with long latencies, 
suggesting many synapses are involved (Cuthbert et al. 2000; Hitier et al. 2021; Horii 
et al. 1994, 2004; Figure 5). Stimulation of the human vestibular system has also been 
shown to cause hippocampal activation (Vitte et al. 1996; De Waele et al. 2001); 
glucose uptake is reduced in the hippocampus in acute vestibular neuritis patients 
(Bense et al. 2004). The thalamus is an important integrative relay for ascending vestib
ular information (Figure 5).

However, there may be a number of different pathways from the vestibular nucleus 
and cerebellum to the hippocampus (Smith 1997; Hitier et al. 2021; see Shinder and 
Taube 2010 and Hufner et al. 2011 for reviews). Selective electrical stimulation of the 
anterior, horizontal, or posterior semi-circular canals or the utricle or saccule, has 
been shown to activate many subregions of the hippocampus (Hitier et al. 2021). Further
more, the hippocampus is only part of the limbic-neocortical network involved in spatial 
memory (Gu et al. 2007; Guldin and Grusser 1998; Hanes and McCollum 2006; Lopez 
and Blanke 2011; Shinder and Taube 2010; Figure 5). In humans, galvanic vestibular 
stimulation (GVS) during fMRI has demonstrated significant activation of the posterior 
insula, the retroinsular regions, the superior temporal gyrus, the inferior parietal lobule, 
the intraparietal sulcus, the post-central and pre-central gyrus, the anterior insular, the 
inferior frontal gyrus, the anterior cingulate gyrus, the precuneus as well as the hippo
campus (Lobel et al. 1998; see Karnath and Dieterich 2006 for a review).

Conclusions

Over the last 24 years, our behavioural and electrophysiological studies have contributed 
to a substantial body of data indicating that a loss of vestibular function causes cognitive 
disorders, in particular related to memories for space, that are related to the way that 
parts of the brain like the hippocampus normally rely on information about movement 
from the vestibular system. This research has significant implications for the treatment of 
dementia, and the probability of falls in the elderly, who suffer from age-related vestib
ular dysfunction (‘presbyvestibulopathy’).

Acknowledgements

We thank our collaborators in no particular order, Prof. David Bilkey, Prof. Neil McNaughton, 
Prof. Cliff Abraham, Prof. Arata Horii, Prof. Martin Hitier, Assoc. Prof. Stephane Besnard, Dr. 

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND 435



Yanfeng Zhang, Dr. Go Sato, Prof. Ping Liu, Dr. Matthew Goddard, Dr. Jean-ha Baek, Dr. Noah 
Russell, Dr. Lucy Stiles, Dr. Philip Aitken, Assoc. Prof. Steve Kerr, Dr. Ian Appleton, Prof. Thomas 
Brandt, Prof. Michael Strupp, Dr. Catherine Gliddon, Assoc. Prof Ruth Napper and Ms. Georgina 
Wilson. The research itself has been funded by a variety of research grants from the Health 
Research Council of New Zealand, the New Zealand Neurological Foundation, Lottery Health 
Research grants and the Marsden Fund.

Disclosure statement

No potential conflict of interest was reported by the author(s).

References

Agrawal Y, Carey JP, Santina D, Schubert CC, Minor MC. 2009. Disorders of balance and vestib
ular function in US adults: data from the National Health and Nutrition Examination Survey, 
2001–2004. Arch Int Med. 169(10):938–944. doi:10.1001/archinternmed.2009.66.

Agrawal Y, Merfeld DM, Horak FB, Redfern MS, Manor B, Westlake KP, Holstein GR, Smith PF, 
Bhatt T, Bohnen NI, Lipsitz LA. 2020. Aging, vestibular function, and balance: proceedings of a 
National Institute on Aging/National Institute on Deafness and Other Communication 
Disorders Workshop. J Gerontol A Biol Sci Med Sci. 75(12):2471.

Aitken P, Zheng Y, Smith PF. 2017. Effects of bilateral vestibular deafferentation in rat on hippo
campal theta response to somatosensory stimulation, acetylcholine release, and cholinergic 
neurons in the pedunculopontine tegmental nucleus. Brain Struct Funct. 222(7):3319–3332. 
doi:10.1007/s00429-017-1407-1.

Avni R, Elkan T, Dror AA, Shefer S, Eilam D, Avraham KB, Mintz M. 2009. Mice with vestibular 
deficiency display hyperactivity, disorientation, and signs of anxiety. Behav Brain Res. 202 
(2):210–217. doi:10.1016/j.bbr.2009.03.033.

Baek J-H, Zheng Y, Darlington CL, Smith PF. 2010. Evidence that spatial memory deficits in rats 
following bilateral vestibular loss is probably permanent. Neurobiol Learn Memory. 94:402– 
413. doi:10.1016/j.nlm.2010.08.007.

Balaban CD. 2002. Neural substrates linking balance control and anxiety. Physiol Behav. 77:469– 
475. doi:10.1016/S0031-9384(02)00935-6.

Balaban CD, Thayer JF. 2001. Neurological bases for balance-anxiety links. J Anxiety Disord. 15(1– 
2):53–79. doi:10.1016/S0887-6185(00)00042-6.

Banovetz MT, Lake R, Blackwell AA, Oltmanns JRO, Schaeffer EA, Yoder R, Wallace DG. 2021. 
Effects of acquired vestibular pathology on the organization of mouse exploratory behavior. 
Exp Brain Res. 239(4):1125–1139. doi:10.1007/s00221-020-06032-1.

Bense S, Bartenstein P, Lochmann M, Schlindwein P, Brandt T, Dieterich M. 2004. Metabolic 
changes in vestibular and visual cortices in acute vestibular neuritis. Ann Neurol. 56(5):624– 
630. doi:10.1002/ana.20244.

Beritoff JS. 1965. Neural mechanisms of higher vertebrates. Boston: Little, Brown and Co.
Berthoz A. 1996. How does the cerebral cortex process and utilize vestibular signals? In: Baloh R, 

Halmagyi GM, editors. Disorders of the vestibular system. New York: Oxford University Press; 
p. 113–125.

Besnard S, Machado ML, Vignaux G, Boulouard M, Coquerel A, Bouet V, Freret T, Denise P, 
Lelong-Boulouard V. 2012. Influence of vestibular input on spatial and nonspatial memory 
and on hippocampal NMDA receptors. Hippocampus. 22(4):814–826. doi:10.1002/hipo.20942.

Blankenship PA, Cherep LA, Donaldson TN, Brockman SN, Trainer AD, Yoder RM, Wallace DG. 
2017. Otolith dysfunction alters exploratory movement in mice. Behav Brain Res. 325(Pt A):1– 
11. doi:10.1016/j.bbr.2017.02.031.

Brandt T, Schautzer F, Hamilton DA, Bruning R, Markowitsch H, Kalla R, Darlington CL, Smith 
PF, Strupp M. 2005. Vestibular loss causes hippocampal atrophy and impaired spatial memory 
in humans. Brain. 128:2732–2741. doi:10.1093/brain/awh617.

436 P. F. SMITH ET AL.

https://doi.org/10.1001/archinternmed.2009.66
https://doi.org/10.1007/s00429-017-1407-1
https://doi.org/10.1016/j.bbr.2009.03.033
https://doi.org/10.1016/j.nlm.2010.08.007
https://doi.org/10.1016/S0031-9384(02)00935-6
https://doi.org/10.1016/S0887-6185(00)00042-6
https://doi.org/10.1007/s00221-020-06032-1
https://doi.org/10.1002/ana.20244
https://doi.org/10.1002/hipo.20942
https://doi.org/10.1016/j.bbr.2017.02.031
https://doi.org/10.1093/brain/awh617


Calton JL, Taube JS. 2005. Degradation of head direction cell activity during inverted locomotion. J 
Neurosci. 25(9):2420–2428. doi:10.1523/JNEUROSCI.3511-04.2005.

Curthoys IS, Halmagyi GM. 1995. Vestibular compensation: a review of the ocular motor, neural 
and clinical consequences of unilateral vestibular loss. J Vest Res. 5:67–107.

Cuthbert PC, Gilchrist DP, Hicks SL, MacDougall HG, Curthoys IS. 2000. Electrophysiological 
evidence for vestibular activation of the guinea pig hippocampus. Neuroreport. 11:1443– 
1447. doi:10.1097/00001756-200005150-00018.

De Waele C, Baudonniere PM, Lepecq JC, Tran Ba Huy P, Vidal PP. 2001. Vestibular projections 
in the human cortex. Exp Brain Res. 141:541–551. doi:10.1007/s00221-001-0894-7.

Etienne AS. 1980. The orientation of the golden hamster to its nest-site after the elimination of 
various sensory cues. Experientia. 36:1048–1050. doi:10.1007/BF01965961.

Etienne AS, Jeffery K. 2004. Path integration in mammals. Hippocampus. 14:180–192. doi:10. 
1002/hipo.10173.

Gavrilov VV, Wiener SI, Berthoz A. 1995. Enhanced hippocampal theta EEG during whole body 
rotations in awake restrained rats. Neurosci Lett. 197:239–241. doi:10.1016/0304-3940 
(95)11918-M.

Goble TJ, Møller AR, Thompson LT. 2009. Acute high-intensity sound exposure alters responses 
of place cells in hippocampus. Hear Res. 253(1-2):52–59. doi:10.1016/j.heares.2009.03.002.

Goddard M, Zheng Y, Darlington CL, Smith PF. 2008. Locomotor and exploratory behaviour in 
the rat following bilateral vestibular deafferentation. Behav Neurosci. 122:448–459. doi:10.1037/ 
0735-7044.122.2.448.

Gu Y, DeAngelis GC, Angelaki DE. 2007. A functional link between area MSTd and heading per
ception based on vestibular signals. Nat Neurosci. 10(8):1038–1047. doi:10.1038/nn1935.

Guldin WO, Grusser OJ. 1998. Is there a vestibular cortex? Trends Neurosci. 21(6):254–259. 
doi:10.1016/S0166-2236(97)01211-3.

Hanes DA, McCollum G. 2006. Cognitive-vestibular interactions: a review of patient difficulties 
and possible mechanisms. J Vestib Res. 16(3):75–91. doi:10.3233/VES-2006-16301.

Harvey RE, Rutan SA, Willey GR, Siegel JJ, Clark BJ, Yoder RM. 2018. Linear self-motion cues 
support the spatial distribution and stability of hippocampal place cells. Curr Biol. 28 
(11):1803–1810. doi:10.1016/j.cub.2018.04.034.

Hasselmo ME. 2005. What is the function of hippocampal theta rhythm? Linking behavioural data 
to phasic properties of field potential and unit recording data. Hippocampus. 15:936–949. 
doi:10.1002/hipo.20116.

Hitier M, Zhang Y, Sato G, Besnard S, Zheng Y, Smith PF. 2021. Stratification of hippocampal elec
trophysiological activation evoked by selective electrical stimulation of different linear and 
angular acceleration sensors in the rat peripheral vestibular system. Hear Res. 403(1- 
12):108173. doi:10.1016/j.heares.2021.108173.

Horii A, Russell N, Smith PF, Darlington CL, Bilkey DK. 2004. Vestibular influences on CA1 
neurons in the rat hippocampus: an electrophysiological study in vivo. Exp Brain Res. 
155:245–250. doi:10.1007/s00221-003-1725-9.

Horii A, Takeda N, Mochizuki T, Okakura-Mochizuki K, Yamamoto Y, Yamatodani A. 1994. 
Effects of vestibular stimulation on acetylcholine release from rat hippocampus: an in vivo 
microdialysis study. J Neurophysiol. 72:605–611. doi:10.1152/jn.1994.72.2.605.

Hufner K, Strupp M, Brandt T, Smith PF, Jahn K. 2011. Spatial separation of visual and vestibular 
processing in the human hippocampus. Ann New York Acad Sci. 1233:177–186. doi:10.1111/j. 
1749-6632.2011.06115.x.

Jauregui-Renaud K, Ramos-Toledo V, Aguilar-Bolanos M, Montano-Velazquez B, Pliego- 
Maldonado A. 2008a. Symptoms of detachment from the self or from the environment in 
patients with an acquired deficiency of the special senses. J Vestib Res. 18:129–137. doi:10. 
3233/VES-2008-182-306.

Jauregui-Renaud K, Sang FY, Gresty MA, Green DA, Bronstein AM. 2008b. Depersonalisation/ 
derealisation symptoms and updating orientation in patients with vestibular disease. J Neurol 
Neurosurg Psychiatry. 79:276–283. doi:10.1136/jnnp.2007.122119.

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND 437

https://doi.org/10.1523/JNEUROSCI.3511-04.2005
https://doi.org/10.1097/00001756-200005150-00018
https://doi.org/10.1007/s00221-001-0894-7
https://doi.org/10.1007/BF01965961
https://doi.org/10.1002/hipo.10173
https://doi.org/10.1002/hipo.10173
https://doi.org/10.1016/0304-3940(95)11918-M
https://doi.org/10.1016/0304-3940(95)11918-M
https://doi.org/10.1016/j.heares.2009.03.002
https://doi.org/10.1037/0735-7044.122.2.448
https://doi.org/10.1037/0735-7044.122.2.448
https://doi.org/10.1038/nn1935
https://doi.org/10.1016/S0166-2236(97)01211-3
https://doi.org/10.3233/VES-2006-16301
https://doi.org/10.1016/j.cub.2018.04.034
https://doi.org/10.1002/hipo.20116
https://doi.org/10.1016/j.heares.2021.108173
https://doi.org/10.1007/s00221-003-1725-9
https://doi.org/10.1152/jn.1994.72.2.605
https://doi.org/10.1111/j.1749-6632.2011.06115.x
https://doi.org/10.1111/j.1749-6632.2011.06115.x
https://doi.org/10.3233/VES-2008-182-306
https://doi.org/10.3233/VES-2008-182-306
https://doi.org/10.1136/jnnp.2007.122119


Jeffery KJ. 2024. The mosaic structure of the mammalian cognitive map. Learn Behav. 1:19–34. 
doi:10.3758/s13420-023-00618-9.

Karnath H-O, Dieterich M. 2006. Spatial neglect–a vestibular disorder? Brain. 129:293–305. doi:10. 
1093/brain/awh698.

Lobel E, Kleine JF, Bihan DL, Leroy-Willig A, Berthoz A. 1998. Functional MRI of galvanic ves
tibular stimulation. J Neurophysiol. 80:2699–2709. doi:10.1152/jn.1998.80.5.2699.

Lopez C, Blanke O. 2011. The thalamocortical vestibular system in animals and humans. Brain Res 
Rev. 67(1-2):119–146. doi:10.1016/j.brainresrev.2010.12.002.

Machado ML, Kroichvili N, Freret T, Philoxène B, Lelong-Boulouard V, Denise P, Besnard S. 
2012a. Spatial and non-spatial performance in mutant mice devoid of otoliths. Neurosci Lett. 
522(1):57–61. doi:10.1016/j.neulet.2012.06.016.

Machado ML, Lelong-Boulouard V, Smith PF, Freret T, Philoxene B, Denise P, Besnard S. 2012b. 
Influence of anxiety in spatial memory impairments related to the loss of vestibular function in 
rat. Neuroscience. 218:161–169. doi:10.1016/j.neuroscience.2012.05.029.

McNaughton BL, Barnes CA, Gerard JL, Gothard K, Jung MW, Knierim JJ, Kudrimoti H, Qin Y, 
Skaggs WE, Suster M, Weaver KL. 1996. Deciphering the hippocampal polyglot: the hippo
campus as a path integration system. J Exp Biol. 199:173–185.

Mittelstaedt ML, Mittelstaedt H. 1980. Homing by path integration in a mammal. 
Naturwissenschaften. 67:556–567. doi:10.1007/BF00450672.

Moser EI, Moser MB, McNaughton BL. 2017. Spatial representation in the hippocampal for
mation: a history. Nat Neurosci. 20(11):1448–1464. doi:10.1038/nn.4653.

Muir GM, Brown JE, Carey JP, Hirvonen TP, Della Santina CC, Minor LB, Taube JS. 2009. 
Disruption of the head direction cell signal after occlusion of the semicircular canals in the 
freely moving chinchilla. J Neurosci. 29(46):14521–14533.

Neo P, Carter D, Zheng Y, Smith PF, Darlington CL, McNaughton N. 2012. Septal elicitation of 
hippocampal theta rhythm did not repair the cognitive and emotional deficits resulting from 
vestibular lesions. Hippocampus. 22:1176–1187. doi:10.1002/hipo.20963.

Potegal M, Day MJ, Abraham L. 1977. Maze orientation, visual and vestibular cues in two-maze 
spontaneous alternation of rats. Physiol Psychol. 5:414–420. doi:10.3758/BF03337846.

Russell N, Horii A, Smith PF, Darlington CL, Bilkey D. 2003a. Effects of bilateral vestibular deaffer
entation on radial arm maze performance. J Vestib Res. 13:9–16. doi:10.3233/VES-2003-13102.

Russell N, Horii A, Smith PF, Darlington CL, Bilkey D. 2003b. The long-term effects of permanent 
vestibular lesions on hippocampal spatial firing. J Neurosci. 23:6490–6498. doi:10.1523/ 
JNEUROSCI.23-16-06490.2003.

Russell N, Horii A, Smith PF, Darlington CL, Bilkey D. 2006. Lesions of the vestibular system 
disrupt hippocampal theta rhythm in the rat. J Neurophysiol. 96:4–14. doi:10.1152/jn.00953. 
2005.

Saber Tehrani AS, Coughlan D, Hsieh YH, Mantokoudis G, Korley FK, Kerber KA, Frick KD, DE 
N-T. 2013. Rising annual costs of dizziness presentations to U.S. emergency departments. Acad 
Emerg Med. 20(7):689–696. doi:10.1111/acem.12168.

Sakurai Y. 1990. Hippocampal cells have behavioral correlates during the performance of an audi
tory working memory task in the rat. Behav Neurosci. 104:253–263. doi:10.1037/0735-7044.104. 
2.253.

Sakurai Y. 1994. Involvement of auditory cortical and hippocampal neurons in auditory working 
memory and reference memory in the rat. J Neurosci. 14:2606–2623. doi:10.1523/JNEUROSCI. 
14-05-02606.1994.

Sang FY, Jáuregui-Renaud K, Green DA, Bronstein AM, Gresty MA. 2006. Depersonalisation/ 
derealisation symptoms in vestibular disease. J Neurol Neurosurg Psychiatry. 77(6):760–766. 
doi:10.1136/jnnp.2005.075473.

Schaeppi U, Krinke G, FitzGerald RE, Classen W. 1991. Impaired tunnel-maze behavior in rats 
with sensory lesions: vestibular and auditory systems. Neurotoxicology. 12(3):445–454.

Shinder ME, Taube JS. 2010. Differentiating ascending vestibular pathways to the cortex involved 
in spatial cognition. J Vestib Res. 20:3–23. doi:10.3233/VES-2010-0344.

438 P. F. SMITH ET AL.

https://doi.org/10.3758/s13420-023-00618-9
https://doi.org/10.1093/brain/awh698
https://doi.org/10.1093/brain/awh698
https://doi.org/10.1152/jn.1998.80.5.2699
https://doi.org/10.1016/j.brainresrev.2010.12.002
https://doi.org/10.1016/j.neulet.2012.06.016
https://doi.org/10.1016/j.neuroscience.2012.05.029
https://doi.org/10.1007/BF00450672
https://doi.org/10.1038/nn.4653
https://doi.org/10.1002/hipo.20963
https://doi.org/10.3758/BF03337846
https://doi.org/10.3233/VES-2003-13102
https://doi.org/10.1523/JNEUROSCI.23-16-06490.2003
https://doi.org/10.1523/JNEUROSCI.23-16-06490.2003
https://doi.org/10.1152/jn.00953.2005
https://doi.org/10.1152/jn.00953.2005
https://doi.org/10.1111/acem.12168
https://doi.org/10.1037/0735-7044.104.2.253
https://doi.org/10.1037/0735-7044.104.2.253
https://doi.org/10.1523/JNEUROSCI.14-05-02606.1994
https://doi.org/10.1523/JNEUROSCI.14-05-02606.1994
https://doi.org/10.1136/jnnp.2005.075473
https://doi.org/10.3233/VES-2010-0344


Smith PF. 1997. Vestibular-hippocampal interactions. Hippocampus. 7:465–471. doi:10.1002/ 
(SICI)1098-1063(1997)7:5<465::AID-HIPO3>3.0.CO;2-G.

Smith PF. 2022. Hearing loss versus vestibular loss as contributors to cognitive dysfunction. J 
Neurol. 269:87–99. doi:10.1007/s00415-020-10343-2.

Smith PF, Brandt T, Strupp M, Darlington CL, Zheng Y. 2009. Balance before reason in rats and 
humans. Ann New York Acad Sci. 1164:127–133. doi:10.1111/j.1749-6632.2008.03726.x.

Smith PF, Curthoys IS. 1989. Mechanisms of recovery following peripheral vestibular lesions: a 
review. Brain Res Rev. 14:155–180. doi:10.1016/0165-0173(89)90013-1.

Smith PF, Darlington CL, Zheng Y. 2010. Move it or lose it: is stimulation of the vestibular system 
necessary for normal spatial memory? Hippocampus. 20:36–43. doi:10.1002/hipo.20588.

Smith PF, Darlington CL, Zheng Y. 2015. The effects of complete vestibular deafferentation on spatial 
memory and the hippocampus in rat: the Dunedin experience. Multisens Res. 28(5-6): 1–25.

Smith PF, Haslett SJ, Zheng Y. 2013. A multivariate statistical and data mining analysis of spatial 
memory-related behavior following bilateral vestibular deafferentation in the rat. Behav Brain 
Res. 246:15–23. doi:10.1016/j.bbr.2013.02.033.

Smith PF, Horii A, Russell N, Bilkey D, Zheng Y, Liu P, Kerr DS, Darlington CL. 2005. The effects 
of vestibular damage on hippocampal function in rats. Progr Neurobiol. 75:391–405. doi:10. 
1016/j.pneurobio.2005.04.004.

Staab JP. 2006. Chronic dizziness: the interface between psychiatry and neuro-otology. Curr Opin 
Neurol. 19(1):41–48. doi:10.1097/01.wco.0000198102.95294.1f.

Stackman RW, Clark AS, Taube JS. 2002. Hippocampal spatial representations require vestibular 
input. Hippocampus. 12:291–303. doi:10.1002/hipo.1112.

Stackman RW, Herbert AM. 2002. Rats with lesions of the vestibular system require a visual land
mark for spatial navigation. Behav Brain Res. 128:27–40. doi:10.1016/S0166-4328(01)00270-4.

Stackman RW, Taube JS. 1997. Firing properties of head direction cells in the rat anterior thalamic 
nucleus: dependence on vestibular input. J Neurosci. 17(11):4349–4358. doi:10.1523/ 
JNEUROSCI.17-11-04349.1997.

Stiles L, Zheng Y, Darlington CL, Smith PF. 2012. The D2 dopamine receptor and locomotor 
hyperactivity following bilateral vestibular deafferentation in the rat. Behav Brain Res. 
227:150–158. doi:10.1016/j.bbr.2011.11.006.

Tai SK, Ma J, Ossenkopp KP, Leung LS. 2012. Activation of immobility-related hippocampal theta 
by cholinergic septohippocampal neurons during vestibular stimulation. Hippocampus. 
22:914–925. doi:10.1002/hipo.20955.

Valerio S, Taube JS. 2016. Head direction cell activity is absent in mice without the horizontal 
semicircular canals. J Neurosci. 36(3):741–754. doi:10.1523/JNEUROSCI.3790-14.2016.

Vertes RP. 2005. Hippocampal theta rhythm: a tag for short-term memory. Hippocampus. 15:923– 
935. doi:10.1002/hipo.20118.

Vidal PP, Cullen K, Curthoys IS, Du Lac S, Holstein G, Idoux E, Lysakowski A, Peusner K, Smith 
PF. 2014. The vestibular system. In: Paxinos G, editor. The rat nervous system, 4th ed. San 
Diego: Academic Press; p. 805–864.

Vitte E, Derosier C, Caritu Y, Berthoz A, Hasboun D, Soulie D. 1996. Activation of the hippocam
pal formation by vestibular stimulation: a functional magnetic resonance imaging study. Exp 
Brain Res. 112:523–526. doi:10.1007/BF00227958.

Wallace DG, Hines DJ, Pellis SM, Whishaw IQ. 2002. Vestibular information is required for dead 
reckoning in the rat. J Neurosci. 15:10009–10017. doi:10.1523/JNEUROSCI.22-22-10009.2002.

Wiener SI, Berthoz A. 1993. Forebrain structures mediating the vestibular contribution during 
navigation. In: Berthoz, A, editor. Multisensory control of movement. Oxford: Oxford 
University Press; p. 427–456.

Wiener SI, Korshunov VA, Garcia R, Berthoz A. 1995. Inertial, substratal and landmark cue 
control of hippocampal CA1 place cell activity. Eur J Neurosci. 7:2206–2219. doi:10.1111/j. 
1460-9568.1995.tb00642.x.

Yoder RM, Goebel EA, Köppen JR, Blankenship PA, Blackwell AA, Wallace DG. 2015. Otolithic 
information is required for homing in the mouse. Hippocampus. 25(8):890–899. doi:10.1002/ 
hipo.22410.

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND 439

https://doi.org/10.1002/(SICI)1098-1063(1997)7:5%3C465::AID-HIPO3%3E3.0.CO;2-G
https://doi.org/10.1002/(SICI)1098-1063(1997)7:5%3C465::AID-HIPO3%3E3.0.CO;2-G
https://doi.org/10.1007/s00415-020-10343-2
https://doi.org/10.1111/j.1749-6632.2008.03726.x
https://doi.org/10.1016/0165-0173(89)90013-1
https://doi.org/10.1002/hipo.20588
https://doi.org/10.1016/j.bbr.2013.02.033
https://doi.org/10.1016/j.pneurobio.2005.04.004
https://doi.org/10.1016/j.pneurobio.2005.04.004
https://doi.org/10.1097/01.wco.0000198102.95294.1f
https://doi.org/10.1002/hipo.1112
https://doi.org/10.1016/S0166-4328(01)00270-4
https://doi.org/10.1523/JNEUROSCI.17-11-04349.1997
https://doi.org/10.1523/JNEUROSCI.17-11-04349.1997
https://doi.org/10.1016/j.bbr.2011.11.006
https://doi.org/10.1002/hipo.20955
https://doi.org/10.1523/JNEUROSCI.3790-14.2016
https://doi.org/10.1002/hipo.20118
https://doi.org/10.1007/BF00227958
https://doi.org/10.1523/JNEUROSCI.22-22-10009.2002
https://doi.org/10.1111/j.1460-9568.1995.tb00642.x
https://doi.org/10.1111/j.1460-9568.1995.tb00642.x
https://doi.org/10.1002/hipo.22410
https://doi.org/10.1002/hipo.22410


Yoder RM, Kirby SL. 2014. Otoconia-deficient mice show selective spatial deficits. Hippocampus. 
24(10):1169–1177. doi:10.1002/hipo.22300.

Yoder RM, Taube JS. 2009. Head direction cell activity in mice: robust directional signal depends 
on intact otolith organs. J Neurosci. 29(4):1061–1076. doi:10.1523/JNEUROSCI.1679-08.2009.

Zheng Y, Balabhadrapatruni S, Chung P, Gliddon CM, Zhang M, Napper R, Baek J-H, Brandt T, 
Strupp M, Darlington CL, Smith PF. 2012a. The effects of bilateral vestibular loss on hippocam
pal volume, neuronal number and cell proliferation in rats. Front Neuro Otol. 3(20):1–8.

Zheng Y, Balabhadrapatruni S, Munn O, Masumura C, Darlington CL, Smith PF. 2009b. Evidence 
for deficits in a 5 choice serial reaction time task in rats with bilateralvestibular deafferentation. 
Behav Brain Res. 203:113–117. doi:10.1016/j.bbr.2009.04.027.

Zheng Y, Cheung I, Smith PF. 2012b. Performance in anxiety and spatial memory tests following 
bilateral vestibular loss in the rat and effects of anxiolytic and anxiogenic drugs. Behav Brain 
Res. 235:21–29. doi:10.1016/j.bbr.2012.07.025.

Zheng Y, Darlington CL, Smith PF. 2004. Bilateral vestibular deafferentation impairs object rec
ognition in rat. NeuroReport. 15:1913–1916. doi:10.1097/00001756-200408260-00016.

Zheng Y, Darlington CL, Smith PF. 2006. Impairment and recovery on a food foraging task fol
lowing unilateral vestibular deafferentation in rat. Hippocampus. 16:368–378. doi:10.1002/ 
hipo.20149.

Zheng Y, Goddard M, Darlington CL, Smith PF. 2007. Bilateral vestibular deafferentation impairs 
performance in a spatial forced alternation task in rats. Hippocampus. 17:253–256. doi:10.1002/ 
hipo.20266.

Zheng Y, Goddard M, Darlington CL, Smith PF. 2009. Long-term deficits on a foraging task after 
bilateral vestibular deafferentation in rats. Hippocampus. 19:480–486. doi:10.1002/hipo.20533.

440 P. F. SMITH ET AL.

https://doi.org/10.1002/hipo.22300
https://doi.org/10.1523/JNEUROSCI.1679-08.2009
https://doi.org/10.1016/j.bbr.2009.04.027
https://doi.org/10.1016/j.bbr.2012.07.025
https://doi.org/10.1097/00001756-200408260-00016
https://doi.org/10.1002/hipo.20149
https://doi.org/10.1002/hipo.20149
https://doi.org/10.1002/hipo.20266
https://doi.org/10.1002/hipo.20266
https://doi.org/10.1002/hipo.20533

	Abstract
	Introduction
	Vestibular lesions and memory in animals
	Spatial memory deficits for BVL rats with visual cues
	Effects of UVL and BVL in a spatial memory task without visual cues
	Possible relationship between spatial memory deficits and locomotor hyperactivity
	Possible relationship between spatial memory deficits and anxiety
	Vestibular versus auditory damage

	Vestibular lesions and spatially responsive neurons
	Information transmission from the vestibular inner ear to the hippocampus

	Conclusions
	Acknowledgements
	Disclosure statement
	References

