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Modulation of memory by vestibular lesions and galvanic 
vestibular stimulation
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For decades it has been speculated that there is a close association between the vestibular 
system and spatial memories constructed by areas of the brain such as the hippocampus. 
While many animal studies have been conducted which support this relationship, only in the 
last 10 years have detailed quantitative studies been carried out in patients with vestibular 
disorders. The majority of these studies suggest that complete bilateral vestibular loss results 
in spatial memory deficits that are not simply due to vestibular reflex dysfunction, while the 
effects of unilateral vestibular damage are more complex and subtle. Very recently, reports 
have emerged that sub-threshold, noisy galvanic vestibular stimulation can enhance memory in 
humans, although this has not been investigated for spatial memory as yet. These studies add 
to the increasing evidence that suggests a connection between vestibular sensory information 
and memory in humans.
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also reported that bilateral labyrinthectomy caused a disruption 
of theta rhythm, which is believed to coordinate the activity of 
hippocampal place cells (Lever et al., 2010). Taken together, these 
various sources of experimental data from animal studies support 
the view that vestibular information is fundamentally important for 
the generation of spatial memories in animals and humans (Wiener 
and Berthoz, 1993; Berthoz, 1996; McNaughton et al., 1996, 2006; 
Etienne and Jeffery, 2004; Smith et al., 2005, 2009, 2010).

There is still a great deal of debate as to how vestibular infor-
mation reaches the hippocampus. Electrical stimulation of one 
vestibular labyrinth or of the vestibular nucleus has been reported 
to evoke field potentials and single unit activity in the bilateral CA1 
region of the hippocampus, albeit with a long latency (Horii et al., 
1994, 1995, 1996, 2004; Cuthbert et al., 2000). Caloric or electri-
cal stimulation of the human labyrinth has been shown to cause 
activation of the hippocampus (Vitte et al., 1996; De Waele et al., 
2001) and glucose uptake is reduced in the hippocampus in patients 
with acute vestibular neuritis (Bense et al., 2004). The thalamus is 
certain to be one important relay station for at least some vestibular 
information; however, the number of different vestibulo-hippoc-
ampal pathways and their precise nature, remains to be determined 
(Smith, 1997; see Shinder and Taube, 2010 for a recent review). It 
must also be kept in mind that the hippocampus is only one part 
of a highly complex system of limbic-neocortical pathways that are 
responsible for spatial memory (Guldin and Grusser, 1998; Hanes 
and McCollum, 2006; Gu et al., 2007; Shinder and Taube, 2010).

One of the important limitations of the animal studies used to 
investigate vestibular disorders, is that chemical or surgical lesions 
of the vestibular labyrinth usually involve damage to the cochlea 
as well, and therefore it is possible that any cognitive effects of the 
lesions are partly due to hearing loss. For example, auditory stimu-
lation, including noise trauma, has been reported to affect place cell 

History of tHe vestibular system and spatial 
memory: animal studies
In the neurobiological literature, the vestibular system has had a 
long association with memory, in particular with spatial memory. 
Many early animal studies of spatial navigation suggested that non-
visual, idiothetic cues such as vestibular and proprioceptive infor-
mation, along with external, allocentric cues, were used by animals 
in order to remember their way through a familiar environment 
(Beritoff, 1965; Potegal et al., 1977; Etienne, 1980; Mittelstaedt and 
Mittelstaedt, 1980; Horn et al., 1981; Potegal, 1982; Miller et al., 
1983; Etienne et al., 1988). Given the importance of the hippocam-
pus for spatial memory, it was later speculated that vestibular infor-
mation must be transmitted to the hippocampus, where it would 
be integrated with other sensory information relevant to spatial 
memory (Wiener and Berthoz, 1993; Berthoz, 1996; McNaughton 
et al., 1996; Etienne and Jeffery, 2004). The discovery that the activ-
ity of place cells in the hippocampus that respond to specific places 
in the environment was modulated by vestibular stimulation, added 
a potential mechanism to this hypothesis (Gavrilov et al., 1995; 
Wiener et al., 1995), which was supported by numerous animal 
behavioral studies showing that the disruption of normal vestibular 
function resulted in spatial memory deficits (Potegal et al., 1977; 
Horn et al., 1981; Potegal, 1982; Miller et al., 1983; Petrosini, 1984; 
Mathews et al., 1988, 1989; Semenov and Bures, 1989; Chapuis et al., 
1992; Ossenkopp and Hargreaves, 1993; Stackman and Herbert, 
2002; Wallace et al., 2002; Russell et al., 2003a; Zheng et al., 2003, 
2006, 2007, 2008, 2009a,b; Baek et al., 2010).

Stackman et al. (2002) reported that reversible, bilateral inactiva-
tion of the vestibular labyrinth, using intratympanic tetrodotoxin, 
resulted in a loss of the selective firing of hippocampal place cells in 
alert rats, a result replicated by Russell et al. (2003b) using perma-
nent bilateral surgical lesions of the labyrinth. Russell et al. (2006) 
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lesions indicate that they are hyperactive rather than hypoactive 
(Russell, et al., 2003; Goddard et al., 2008; Zheng et al., 2008, 2009; 
Baek et al., 2010).

While most animal studies of bilateral vestibular loss have used 
some form of memory task that has a spatial component (e.g., the 
foraging task, radial arm maze, alternating T maze), some studies 
have also reported deficits in attention (Zheng et al.,2009a) and in 

function (Sakurai, 1990, 1994; Goble et al., 2009). For this reason, 
in our behavioral studies, sham control animals have their tym-
panic membranes removed so that sound is no longer transmitted 
effectively to the malleus, incus and stapes. This can serve only as 
a partial auditory control, however, because some sound will still 
be transmitted to the cochlea. Nonetheless, we have consistently 
found that rats without vestibular lesions but with the tympanic 
membrane removed have performed significantly better in cogni-
tive tasks than animals with vestibular lesions (Zheng et al., 2006, 
2007, 2008, 2009a,b; Baek et al., 2010). This suggests that hearing 
loss is not the major cause of the spatial memory deficits in animals 
subjected to bilateral vestibular lesions. In addition, animal studies, 
using different kinds of aminoglycosides (i.e., streptomycin and 
neomycin) with different toxicities for the auditory and vestibular 
hair cells, have shown that the effects of auditory and vestibu-
lar lesions on learning and memory are different (Schaeppi et al., 
1991). In a radial arm maze task, rats treated with streptomycin, 
which lesioned the auditory and the vestibular systems, exhibited 
impaired working memory; however, rats treated with neomycin, 
which lesioned only the auditory system, did not (Schaeppi et al., 
1991). In recent studies, we have also found that rats subjected to 
acoustic trauma, which causes elevated auditory brainstem response 
thresholds and tinnitus, do not exhibit deficits in an alternating T 
maze or a five choice serial reaction time task that are similar to 
rats with vestibular lesions (Darlington et al., 2010).

Most animal studies of bilateral vestibular loss have been con-
ducted at time points long after the original lesion and the spa-
tial memory deficits still persist (Zheng et al., 2006, 2007, 2008, 
2009a,b). In the most recent study, rats that were 14 months post-
lesion were more severely impaired in a spatial memory foraging 
task than at 5 months post-op. (Baek et al., 2010; see Figure 1). 
Furthermore, the spatial memory deficits exhibited by bilateral 
vestibular deafferentation (BVD) rats manifested differently in 
different kinds of tasks and with different lesions. While oscil-
lopsia, the blurring of the visual world due to a deficient or absent 
vestibulo-ocular reflex, is an obvious explanation for poor per-
formance in cognitive tasks, there was no obvious relationship to 
the availability of visual cues that would allow for oscillopsia. For 
example, at 5–6 months post-op., rats with bilateral vestibular loss 
had only minimally impaired performance in a foraging task in 
light, but their performance deteriorated substantially in darkness 
(Zheng et al., 2009b). However, at 14 months post-op., rats with 
the same lesions were impaired in both light and darkness (Baek 
et al., 2010). By contrast, animals with unilateral vestibular loss 
showed deficits in darkness at 3 months following the lesion, but 
performed at levels similar to sham controls at 6 months post-op. 
(Zheng et al., 2006). In tasks such as the spatial alternation in a 
T maze in light, rats with bilateral vestibular loss exhibited some 
improvement in performance over time, but at 5 months post-op. 
their percentage of correct responses was still significantly less 
than normal (Zheng et al., 2007). At 6 weeks post-op., rats with 
bilateral vestibular lesions performed significantly worse in a radial 
arm maze task even in light (Russell et al., 2003). These results 
show that vestibular lesions have different effects in different 
cognitive tasks and that the deficits observed are more likely to 
be due to a reduced cognitive ability than simply reflex dysfunc-
tion. Furthermore, most studies of rats with bilateral vestibular 

Figure 1 | rose plots of the heading angle of rats subjected to bilateral 
vestibular deafferentation (BVD) or sham surgery at 14 months post-op. 
The plots represent the animal’s direction on the homeward route in a foraging 
task in which they had to remember the location of a home base in darkness. 
In the plots, 0° represents the correct direction or heading angle. Each blue 
bar represents one animal and the black bars represent the mean heading 
angles for the group with a 95% confidence interval (for the sham group). 
Notice that the BVD animals’ heading angles were distributed equally around 
360° and that, as a result, no 95% confidence interval could be calculated. 
Modified from Baek et al. (2010).
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object recognition memory that has no spatial component (Zheng 
et al., 2004). In a five choice serial reaction time task, which is a task 
commonly used to assess attention performance, rats with bilat-
eral vestibular lesions made significantly fewer correct responses, 
significantly more incorrect responses, with no more omissions, 
and responded with a reduced latency, compared to sham controls 
(Zheng et al.,2009a).

tHe effects of vestibular dysfunction on cognition 
in Human patients
The first clinical evidence that vestibular loss might affect cog-
nition in human patients was reported by Grimm et al. (1989). 
They described patients with a perilymph fistular syndrome, who 
reported symptoms such as positional vertigo but also a variety of 
psychological symptoms, including memory and attention deficits. 
They studied a total sample of 102 patients, and more than 85% 
of them reported memory loss. The patients had a normal level of 
intellectual function; however, their performance on digit symbol, 
block design, paired associate learning and picture arrangement 
tasks, was impaired.

spatial memory
Following the study by Grimm et al. (1989), several studies in 
the 1990s examined the effects of vestibular damage on spatial 
navigation in humans. They showed that patients with vestibular 
disorders exhibited deficits in path navigation (Peruch et al., 1999; 
Cohen, 2000; Cohen and Kimball, 2002; Borel et al., 2004). However, 
because the tasks involved movement, it could be argued that the 
deficits resulted from a complex interaction between cognition and 
postural control. Other studies examined cognitive performance 
more directly.

In what was perhaps the most direct study of spatial memory, 
Schautzer et al. (2003) and Brandt et al. (2005) examined per-
formance using a spatial memory test, the virtual Morris water 
maze, in 10 patients with bilateral vestibular loss and age-, sex- 
and education-matched controls. The task involved moving only 
a cursor on a computer screen, using a mouse. The patients had 
received bilateral vestibular neurectomies 5–10 years previously 
for the treatment of neurofibromatosis type 2. Importantly, only 
one patient had a total postoperative hearing loss. They found 
that the patients with bilateral vestibular loss showed impaired 
performance in the task when they had to remember a naviga-
tion path to a previously visible target; however, they showed no 
deficit when the target was visible, therefore the effect was specific 
to memory. Brandt et al. used the Wechsler memory test to show 
that the patients had normal or above normal non-spatial memory 
performance. Compared to the controls, the patients also exhibited 
a significant decrease in the volume of the hippocampus (16.9%). 
This effect was bilateral, specific to the hippocampus and there 
was no significant reduction in the total brain volume or in the 
volume of gray matter or white matter, only a significant increase 
in cerebrospinal fluid volume.

In a study of patients with unilateral vestibular deafferenta-
tion (UVD), Hufner et al. (2007) reported that the results from 
the virtual Morris water maze task were more complex. During 
place learning, males with a right UVD and females with a left 
UVD exhibited a significantly smaller decrease in heading error 

over the repeated trials compared to the control and other UVD 
groups. In addition, inspection of the swim paths showed that only 
2 out of the 8 right UVD patients used direct paths to the plat-
form, compared to 12 out of the 16 control subjects, a difference 
that was statistically significant. In the probe trial, the right UVD 
patients were found to have a greater heading error than the left 
UVD patients or control subjects. Finally, in the cued navigation, 
females with left UVD performed worse than the other groups 
in the first visible platform trial. By contrast with the study of 
Brandt et al. (2005) of patients with BVD, Hufner et al. (2007) 
found no significant differences in the hippocampal volume of 
UVD patients compared to controls. In a later study, Hufner et al. 
(2009) reported some subtle deficits in spatial memory in patients 
with UVD as well as an atrophy of the ipsilateral supramarginal 
nucleus, the postcentral and superior temporal gyrus and the MT/
V5 area, as well as the contralateral thalamus and tegmentum of 
the mesencephalon.

By contrast, zu Eulenburg et al. (2010) have recently reported 
that patients who had recovered from left- or right-sided unilateral 
vestibular neuritis exhibited a significant decrease in the volume of 
the left posterior hippocampus, compared to healthy controls.

In support of the notion that the human hippocampus may 
increase or decrease in volume depending upon behavioral experi-
ence, Hufner et al. (2010, in press) have also reported that profes-
sional dancers and slackliners showed an increase in the volume of 
the posterior hippocampus and a relative atrophy of the anterior 
hippocampus, relative to controls. There was a negative correlation 
between the right anterior hippocampal volume and the degree of 
experience of the dancers and slackliners and a positive correla-
tion between the right posterior hippocampal volume and their 
degree of experience. However, there were no significant differences 
in either general memory or spatial memory. To what extent the 
changes in hippocampal volume reflect differences in vestibular 
information processing as opposed to other sensory experience, is 
unclear. It is also important to consider the possible effect of sensory 
stimulation in general, on hippocampal structure. For example, 
it is well known that exercise and environmental stimulation can 
alter neurogenesis in the hippocampus via neuromodulators such 
as brain-derived neurotrophic factor (BDNF) (e.g., Olson et al., 
2006; Clark et al., 2008; Lou et al., 2008).

As with the animal studies, it is obvious to think that any 
memory impairment following vestibular damage might simply 
be a result of vestibular reflex deficits, for example oscillopsia 
or the inability to move properly as a consequence of impaired 
vestibulo-spinal reflexes (Gizzi et al., 2003). However, studies 
such as those by Schautzer et al. (2003) and Brandt et al. (2005) 
were conducted 5–10 years following bilateral vestibular neu-
rectomy. Although it is clear that the patients would never have 
recovered normal vestibulo-ocular reflex and vestibulo-spinal 
reflex function, by this time they would have compensated for 
the severe acute symptoms (Smith and Curthoys, 1989; Curthoys 
and Halmagyi, 1995).

Given the severity of some vestibular disorders such as Ménière’s 
disease, it is possible that cognitive dysfunction is an indirect con-
sequence of symptoms such as vertigo. However, studies of patients 
with chronic vestibular loss without vertigo, have reported that the 
patients exhibit spatial memory impairment (Guidetti et al., 2008). 
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studies involving single neuron recordings from the vestibular 
nerve have confirmed that GVS directly affects the discharge of 
Scarpa’s ganglion neurons in the vestibular nerve (Goldberg et al., 
1984; Courjon et al., 1987; Kim and Curthoys, 2004; Kim, 2009). 
GVS modulates the spontaneous firing of vestibular afferents in a 
manner which either increases (cathodal stimulation) or decreases 
(anodal stimulation) the afferents’ firing frequency (Lowenstein, 
1955; Goldberg et al., 1984; Courjon et al., 1987; Kim and Curthoys, 
2004; Kim, 2009). Although it is commonly believed that cathodal 
GVS works by activating the spike trigger site of the vestibular 
nerve (Goldberg et al., 1984), the fact that it does not elicit a vesti-
bulo-ocular reflex in patients with gentamicin vestibulotoxicity, in 
whom the vestibular hair cells are missing but the vestibular nerve 
is intact, suggests that it may work via the hair cells themselves 
(Aw et al., 2008).

In humans, functional magnetic resonance imaging (fMRI) has 
revealed that areas of significant activation by GVS include the 
posterior insula, the retroinsular regions, the superior temporal 
gyrus, parts of 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 
and the hippocampus (Lobel et al., 1998; see Karnath and Dieterich, 
2006 for a review). Activation of cortical networks during GVS is 
not symmetrical; it is stronger in the non-dominant hemisphere, 
in the hemisphere ipsilateral to the stimulated ear, and in the hemi-
sphere ipsilateral to the fast phase of vestibular nystagmus (see 
Karnath and Dieterich, 2006 for a review). The overlaying of a 
noise signal on a galvanic stimulus, termed “noisy GVS”, is a con-
cept based upon the principle of stochastic resonance, in which 
a sub-threshold sensory stimulus can be made to exceed a fixed 
threshold if a Gaussian noise signal, with a frequency much higher 
than the sub-threshold stimulus, is superimposed upon it (Moss 
et al., 2004). It has been shown in the visual, auditory and tactile 
sensory systems that stochastic resonance increases the ability of 
the CNS to extract signals (see Moss et al., 2004 for a review). Soma 
et al. (2003) suggested the hypothesis that 1/f noise might optimize 
the brain’s responsiveness, since, when coupled with GVS, it was 
more effective at inducing the baroreflex at lower intensities than 
white noise (Soma et al., 2003).

A small literature has emerged on the use of low amplitude, 
noisy GVS to enhance memory in humans. This work is related to 
a number of intriguing studies in human patients in which caloric 
vestibular stimulation (CVS) and noisy GVS have been used to treat 
patients with various neurological disorders, ranging from prosop-
agnosia (Wilkinson et al., 2005), hemi-spatial neglect (Rorsman 
et al., 1999), akinesia (Pan et al., 2008) and autonomic dysfunction 
(Yamamoto et al., 2005), to neuropathic pain (Ramachandran et al., 
2007a,b; McGeoch and Ramachandran, 2008; McGeoch et al., 2008, 
2009). In one of the earliest studies, Rorsman et al. (1999) dem-
onstrated that subliminal GVS could reduce visuo-spatial neglect 
in patients with stroke.

Batchtold et al. (2001) first reported that CVS could improve verbal 
and spatial memory in humans, and the effect was greater for right 
ear irrigation. However, CVS induces vestibular reflexes and therefore 
it is difficult to separate those effects from cognitive performance. 
Wilkinson et al. (2008) investigated whether noisy, low intensity, bipo-

Overall, there is increasing and convincing evidence that patients 
with vestibular disorders suffer from spatial memory problems (see 
Smith et al., 2005; Hanes and McCollum, 2006 for reviews).

non-spatial memory and otHer cognitive symptoms
It is not clear whether the cognitive deficits associated with vestibu-
lar dysfunction are limited to spatial memory impairment. While 
some human studies have reported that other aspects of memory, 
attention and general intelligence are normal (Schautzer et al., 2003; 
Brandt et al., 2005), others have reported deficits in attention and 
concentration (Sang et al., 2006; Jauregui-Renaud et al., 2008a,b) 
and even dyscalculia (Risey and Briner, 1990; Yardley et al., 2002; 
Andersson et al., 2002, 2003). Black et al. (2004) found that general 
memory problems were common in patients with vestibular loss 
due to gentamicin ototoxicity. Jauregui-Renaud et al. (2008a,b)
have published a number of studies reporting that patients with 
vestibular disorders have high rates of depersonalization/derealiza-
tion symptoms, which include difficulty focussing attention and 
thoughts seeming blurred (Sang et al., 2006; Cheyne and Girard, 
2009). Other studies have shown that as postural tasks become more 
challenging, patients with vestibular disorders exhibit deficits in 
reaction time and memory (Yardley et al., 2001, 2002; Redfern et al., 
2004). In a study by Redfern et al. (2004), patients with unilateral 
vestibular loss showed large increases in complex and inhibitory 
reaction time, even while seated. A similar result was reported by 
Talkowski et al. (2005).

It is possible and even probable that the association between 
vestibular dysfunction and anxiety/depression has some connec-
tion with the observed cognitive deficits that accompany vestibular 
disorders (Balaban and Thayer, 2001; Balaban, 2002; Staab and 
Ruckenstein, 2003; Staab, 2006). There seems to be a complex, two-
way interaction between vestibular function and affective state, 
which is also mediated in part by hippocampal function, therefore 
it is difficult to separate the cognitive from the emotional effects 
of vestibular loss. Vestibular impairment may cause a multitude of 
changes in cognition, emotion and personality, which are difficult 
if not impossible to disentangle.

noisy galvanic vestibular stimulation and memory 
in Humans
The evidence that vestibular loss in humans can give rise to memory 
deficits, raises the interesting question of whether activating the 
vestibular system could enhance memory? At first, this possibility 
appears paradoxical. The theory behind the effects of vestibular 
loss on spatial memory is that during movement, the hippocampus 
uses vestibular information in order to form memories concerning 
the spatial environment (Wiener and Berthoz, 1993; Berthoz, 1996; 
McNaughton et al., 1996; Etienne and Jeffery, 2004; Smith et al., 
2005, 2009, 2010; McNaughton et al., 2006). Activating the vestibu-
lar system in the absence of self-motion would seem, if anything, 
to be likely to confuse the brain regarding spatial memory.

Galvanic vestibular stimulation (GVS) involves stimulation of 
the vestibular system by means of small galvanic (DC) currents, 
often passed transcutaneously through the mastoid processes to the 
vestibular system (Goldberg et al., 1984; Kim and Curthoys, 2004; 
see Utz et al., 2010 in press for a recent review). Neurophysiological 
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future directions
The studies linking vestibular disorders with cognitive impair-
ment in humans that have been conducted to date, suggest that 
various types of dysfunction of the vestibular system can lead 
to memory deficits and perhaps the most striking, are deficits in 
spatial memory following bilateral vestibular loss (Brandt et al., 
2005). On the other hand, studies are emerging that suggest 
that specific types of sub-threshold, noisy GVS may enhance 
some kinds of memory, perhaps through the mechanism of 
stochastic resonance. Whether these two lines of evidence are 
directly related remains to be seen, and one interesting question 
is whether noisy GVS could be used to resolve spatial memory 
deficits in cases where the vestibular nerves are still intact. Some 
progress has been made in understanding the mechanisms by 
which vestibular damage results in spatial memory deficits, 
in terms of the disruption of hippocampal place cell firing 
(Stackman et al., 2002; Russell et al., 2003) and theta rhythm 
(Russell et al., 2006). However, our understanding of precisely 
how the hippocampus might use vestibular information and 
through which pathways, remains incomplete. By contrast, we 
know very little about why sub-threshold, noisy GVS might 
enhance memory. Whether it has specific effects on areas of the 
brain involved in memory remains to be determined. It will be 
important for animal studies to investigate this using neuronal 
recording from limbic and neocortical regions. Nonetheless, 
the current literature relating to memory, vestibular lesions and 
noisy GVS, supports the view that memory and the vestibular 
system are inextricably linked.
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lar GVS, which was sub-threshold for the activation of the vestibular 
reflexes, would affect memory for faces. Wilkinson et al. (2008) found 
that the mean reaction time was shorter for the GVS groups compared 
to the sham controls, but that the largest reduction was for the anode 
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