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Previous studies in humans have shown that bilateral loss of vestibular function is asso-
ciated with a significant bilateral atrophy of the hippocampus, which correlated with the
patients’ spatial memory deficits. More recently, patients who had recovered from unilat-
eral vestibular neuritis have been reported to exhibit a significant atrophy of the left posterior
hippocampus.Therefore, we investigated whether bilateral vestibular deafferentation (BVD)
would result in a decrease in neuronal number or volume in the rat hippocampus, using
stereological methods. At 16 months post-BVD, we found no significant differences in hip-
pocampal neuronal number or volume compared to sham controls, despite the fact that
these animals exhibited severe spatial memory deficits. By contrast, using bromodeoxyuri-
dine (BrdU) as a marker of cell proliferation, we found that the number of BrdU-labeled
cells significantly increased in the dentate gyrus of the hippocampus between 48 h and
1 week following BVD. Although a substantial proportion of these cells survived for up to
1 month, the survival rate was significantly lower in BVD animals when compared with
that in sham animals. These results suggest a dissociation between the effects of BVD on
spatial memory and hippocampal structure in rats and humans, which cannot be explained
by an injury-induced increase in cell proliferation.
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INTRODUCTION
Many studies in animals and humans have shown that loss of
vestibular function, especially complete bilateral vestibular loss,
can impair spatial memory (e.g., Stackman and Herbert, 2002;
Wallace et al., 2002; Russell et al., 2003a; Brandt et al., 2005; Zheng
et al., 2006, 2007, 2009a,b; Smith et al., 2009, 2010; Baek et al.,
2010; Besnard et al., 2012). This spatial memory impairment is
likely to be related to hippocampal dysfunction, since both place
cell responses (Stackman et al., 2002; Russell et al., 2003b) and
theta rhythm have been reported to be abnormal (Russell et al.,
2006; Neo et al., 2012; Tai et al., 2012; but see Stackman et al.,
2002 for conflicting evidence regarding theta rhythm). On the
other hand, CA1 and dentate gyrus (DG) field potentials and long-
term potentiation (LTP) in vivo were not significantly affected by
bilateral vestibular loss (Zheng et al., 2010a).

Studies in humans have shown that hippocampal volume can
be modulated by spatial memory experience. For example, London
taxi drivers were reported to have increased hippocampal volume
compared to controls (Maguire et al., 2000). Consistent with this
finding, Hüfner et al. (2010) reported structural changes in the
hippocampi of professional dancers and slackliners (who traverse
a tightrope which is not held completely taut), who have unusual
spatial memory experience, including specific vestibular stimula-
tion. While dancers are subjected to extensive angular acceleration,

slackliners experience considerable linear acceleration. Hüfner et
al. found that trained subjects exhibited a smaller anterior vol-
ume, and a larger posterior volume, in the hippocampal formation,
although they showed no difference in spatial memory compared
to controls, according to the virtual Morris water maze test. These
studies suggest that spatial memory experience may regulate the
volume of different regions of the human hippocampus. By con-
trast, Brandt et al. (2005) reported that patients with bilateral
vestibular loss, 5–10 years following the surgery, exhibited a bilat-
eral atrophy of the hippocampus, of approx. 17%, which was
correlated with spatial memory deficits in a virtual Morris water
maze task. Patients with unilateral vestibular neurectomy did not
exhibit such hippocampal atrophy (Hüfner et al., 2007). How-
ever, zu Eulenburg et al. (2010) reported that patients who had
recovered from unilateral vestibular neuritis, exhibited a signifi-
cant decrease in the volume of the left posterior hippocampus,
irrespective of the laterality of the vestibular neuritis. By contrast,
in rats, Besnard et al. (2012) found no significant difference in
hippocampal volume following bilateral intratympanic injections
of sodium arsanilate.

Despite the increasing body of evidence that links bilateral
vestibular damage, learning and memory impairment, and hip-
pocampal dysfunction, the underlying mechanisms remain to be
elucidated. Using a rat model of complete bilateral vestibular
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deafferentation (BVD), the present study investigated the volume
and total number of neurons in subregions of the hippocampus
at 16 months following BVD. In addition, time course changes
in hippocampal cell proliferation following BVD were also
quantified.

MATERIALS AND METHODS
HIPPOCAMPAL VOLUME AND NEURONAL NUMBER ESTIMATION
Six male Wistar rats were used in this part of the study and
were randomly allocated to the BVD (n = 3) and sham surgery
(n = 3) conditions and sacrificed at 16 months post-surgery. We
considered that these smaller sample sizes were justified in this par-
ticular case, based on the precision of stereological analysis, which
involves minimal measurement error and therefore reduces vari-
ation (Gundersen and Jensen, 1987; West and Gundersen, 1990;
Zhang et al., 2005). Although averages across animals were used in
the Section“Statistical Analyses”(see below), error in the estimates
for individual animals contributes to the overall variation around
the group means, and objective and precise counting procedures
can minimize this error. In addition, the two surgery conditions
combined with five hippocampal subregions resulted in a 2 × 5
factorial design, which further increased statistical power (Cohen,
1992; Zheng et al., 2011; see Statistical Analyses).

At 14 months post-surgery, these animals were tested on a for-
aging task, in which they had been shown to exhibit severe spatial
memory deficits (Baek et al., 2010; Figure 1).

The surgery was conducted under a general anesthetic of ket-
amine hydrochloride (760 μg/kg, s.c.), medetomidine hydrochlo-
ride (300 μg/kg, s.c.), and atropine sulfate (80 μg/kg, s.c.). The
wound margins were anesthetized locally with xylocaine. Under
an operating microscope, the tympanic membrane was exposed
using a retro-auricular approach and the tympanic membrane,
malleus, and incus were removed. The stapedial artery was cauter-
ized and the horizontal and anterior semicircular canal ampullae
drilled open. The contents of the canal ampullae and the utricle
and saccule were aspirated and the surgical opening of the tempo-
ral bone was sealed with dental cement. Carprofen (5 mg/kg, s.c.)
was used for post-operative analgesia and atipamezole hydrochlo-
ride (5 mg/kg, s.c.) was used to reverse the effect of medetomidine
hydrochloride. Our previous studies have shown that the BVD sur-
gical procedure produces a complete and permanent lesion of the
vestibular labyrinth with no damage beyond the temporal bone
(Zheng et al., 2006).

Sham surgery consisted of exposing the temporal bone and
removing the tympanic membrane without producing a vestibu-
lar lesion. This procedure provided a partial auditory control that
involved damage to the tympanic membrane only with no other
surgical trauma. All other procedures such as anesthesia and recov-
ery remained the same as for the lesioned animals. All procedures
were approved by the University of Otago Committee on Ethics in
the Care and Use of Laboratory Animals (AEC 07/06).

At 16 months following the surgery, the rats were anesthetized
with sodium pentobarbitone (100 mg/kg, i.p.) and perfused tran-
scardially with 4% paraformaldehyde. The brain was removed
from the cranial cavity and post-fixed with 4% paraformaldehyde
containing 30% sucrose for 4 h. The brain was then cryoprotected
in 30% sucrose overnight at 4˚C and frozen by completely covering

FIGURE 1 | Rose diagram showing the initial heading angles of the

sham and BVD animals for the dark training at 14 months post-op. The
plots represent the animals’ directions 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.
The mean vector is indicated by the black line and 95% confidence interval
(CI) for the mean is indicated by the line extending either side. The 95% CI
values for the BVD animals were unreliable due to low concentration of
vectors, hence the red line. The inner circles (dotted line) indicate the
number of observations for the given vectors (blue triangles). Notice that
the BVD animals’ heading angles were distributed equally around 360˚.
Reproduced from Baek et al. (2010) with permission.

it with O.C.T. compound and then immersing it in n-hexane solu-
tion in liquid nitrogen. The frozen tissue was stored at −20˚C until
required.

Forty micrometer sagittal sections throughout the hippocam-
pus were collected using a random, systematic design. Briefly, the
first section was selected by a random number generator and
then every eighth section throughout the hippocampus was sys-
tematically collected. The sections were placed in a 24 well plate
containing 30% sucrose with 30% ethylene glycol in a 0.1-M phos-
phate buffer solution (PBS) and stored at −20˚C until use. Sections
were collected from the left and right hippocampi in a counterbal-
anced fashion so that any left/right differences were controlled for
in the design.
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The sections were washed with PBS and incubated in cre-
syl violet (0.01%) for 30 min. The sections were then washed
with distilled water, transferred onto glass microscope slides,
dehydrated, and coverslipped with mounting media.

The optical fractionator method was used to estimate the neu-
ronal number in different subregions of the hippocampus (West
et al., 1991). Cell counting was carried out in five different sub-
regions: (1) the granule cells of the DG; (2) the hilar cells; (3)
the pyramidal cell layer of CA2/CA3; (4) the pyramidal cell layer
of CA1; and (5) the subiculum. All of the stereological analysis
was conducted blind to the experimental treatment groups. The
sections were first viewed with a 4× objective lens, and the bound-
aries of each cell layer were outlined and recorded. Then the cells
were counted under a 100× oil immersion objective using a frac-
tionator scheme (Gundersen, 1986, 1988; West et al., 1991; Korbo
et al., 1996), which involved counting cells in a known fraction of
the thickness and the area of the region of interest in a known
fraction of the sections throughout the hippocampus. A BH2
Olympus Optical Dissector microscope with programmable step-
ping motors attached was used to move the sections in x, y steps
through a raster pattern covering each subregion of interest. The
area of a step was 100 μm × 100 μm in the DG, 80 μm × 80 μm in
the hilus and CA3, 70 μm × 70 μm in CA1, and 120 μm × 120 μm
in the subiculum. A counting frame generated by a CAST-GRID
software system (Olympus) was superimposed on the image at
each step. The areas of the counting frames used were 129 μm2 in
the DG, 387 μm2 in the hilus, 344 μm2 in CA3, 129 μm2 in CA1,
and 473 μm2 in the subiculum. The height of the count frame was
10 μm. The top focal plane of the counting frame was positioned
at 3 μm below the upper surface of the section and neuronal nuclei
that came into focus within the counting frame through a depth
of 10 μm were counted with the unbiased counting rules. Cells
were counted as neurons if they had a clearly defined neuronal
cytoplasm and a membrane-bound nucleus. Using this sampling
scheme, an average of 175 neuronal nuclei was counted in each
subregion with a coefficient of error (CE) of less than 0.10.

The total number of neurons (N ) in each subregion was
estimated using the equation:

N −
∑

Q− · t

h
· 1

asf
· 1

ssf

where Q− is the total number of cells actually counted, asf is
the fraction of the counting frame area [a (frame)] to the area
of the step [a(x, y) step] and ssf is the fraction of the number
of sections sampled to the total number of sections throughout
the hippocampus. The height (h) of the counting frame is also a
fraction of the thickness of the section (t ).

The volume of each subregion of the hippocampus or the whole
hippocampus was estimated by a point (step) count method using
the same sampling scheme: Volume(V ) = Σp·a(p)·t ·1/ssf, where
Σp = Total number of points (steps) in each subregion or the
whole hippocampus, a(p) = the area associated with each point
(step), t = the thickness of the section.

CELL PROLIFERATION FOLLOWING BVD
Twenty-eight Wistar rats were used in this part of the study. Bro-
modeoxyuridine (BrdU), a marker for DNA replication or repair,

was injected (300 mg/kg, i.p.) at 24 h (n = 2), 48 h (n = 1), or 72 h
(n = 3) after the sham surgery and 24 h (n = 3), 48 h (n = 3), 72 h
(n = 3), or 1 week (n = 3) after the BVD surgery. The animals were
sacrificed at 24 h after BrdU injection for assessing cell prolifera-
tion. The results from the three sham groups were pooled since
there were no significant differences between them. In addition,
the survival of BrdU+ cells was investigated by injecting BrdU
at 72 h after sham or BVD surgery and sacrificing the animals at
4 weeks after BrdU injection, using an additional five sham and
five BVD animals. Small sample sizes were considered appropriate
due to the use of stereological cell counting and also because the
sham and four BVD groups generated a five factor design with a
total of 28 degrees of freedom, thereby increasing statistical power
(Zheng et al., 2011; see Statistical Analyses).

Rats were overdosed with sodium pentobarbital and per-
fused transcardially with 4% paraformaldehyde. The brains were
dissected out, post-fixed, and frozen. Forty micrometer serial
sections throughout the hippocampus were collected accord-
ing to a random, systematic sampling design for free floating
immunolabeling.

Sections were treated with 4 M HCl and Proteinase K (1:4000)
at 37˚C and neutralized with Borax at room temperature. A mouse
monoclonal anti-BrdU antibody (Dako, 1:40) was incubated with
the sections at 4˚C overnight followed by a goat anti-mouse HRP
conjugated secondary antibody (1:200) incubation for 2 h at room
temperature. The immunolabeling was visualized using a DAB kit.

For each animal, every BrdU+ nucleus was counted under a
63× oil objective lens throughout the thickness of the section
in one set of the serial sections collected. Since the DG, but not
other areas (CA1, CA2, CA3, hilus, and subiculum) of the hip-
pocampus, is one of the major neurogenic regions of the CNS (see
Abdipranoto et al., 2008 for a review), we counted the number of
BrdU+ nuclei in the DG separately and grouped BrdU counting
in the other areas of the hippocampus together. The side of the
hippocampus examined was counterbalanced in both the lesioned
and sham groups. The total number of BrdU+ cells was then esti-
mated using a modified fractionator method (Malberg et al., 2000;
Nixon and Crews, 2004; Yang et al., 2008; Zheng et al., 2011).

STATISTICAL ANALYSES
Statistical analyses were performed in SPSS 19.0. The data were
first tested for normality and homogeneity of variance, and, if
necessary, natural log transformed. Two-way ANOVAs followed
by Tukey’s post hoc tests were performed in order to compare the
BVD and the sham animals for different hippocampal subregions
and the interaction between surgery and subregion (Rice, 2007).
Partial η2 values were used in addition, to estimate the strength of
the effect of the factors on the dependent variables (Gamst et al.,
2008). In order to estimate the survival rate of proliferating cells,
the number of BrdU+ cells at 4 weeks was expressed as a ratio
of the average number of proliferating cells in the BVD or sham
groups at 72 h post-op. P < 0.05 was considered significant.

Because of the lack of previous studies using the same meth-
ods, we could calculate statistical power only using the data from
the present study. We therefore estimated observed (i.e., post hoc)
power using SPSS19 for an α rate of 0.05 with the ANOVA designs
we employed (Gamst et al., 2008). Although observed power for
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FIGURE 2 | Cresyl violet stained sections showing no difference in the

morphology of the cells in the CA3 region in the hippocampus between

the sham (A) and (B) BVD animals. (C) Estimated total number of neurons
in the subregions of the hippocampus in animals at 16 months post-BVD or

sham surgery. (D) Estimated volume (in cubic millimeter) of the subregions of
the hippocampus in animals at 16 months post-BVD or sham surgery. (E)

Estimated total volume of the entire hippocampus (in cubic millimeter) in
animals at 16 months post-BVD or sham surgery. Bars show means + 1 SEM.

the effect of surgery on neuronal number and volume, where
no significant differences were actually found, was only 14.2 and
26.6%, respectively, estimated power for subregion differences was
100% in both cases, suggesting that the ANOVAs were powerful
enough to detect differences where they existed. Furthermore, in
the case of the cell proliferation data, the observed power was
90.6% for surgery, 96.2% for subregion, and 100% for the interac-
tion between surgery and subregion. These power analyses indicate
that, despite the small sample sizes, the use of factorial designs
provided sufficient power to detect differences where they existed.

RESULTS
HIPPOCAMPAL VOLUME AND NEURONAL NUMBER ESTIMATION
When examined under the light microscope, no changes in
hippocampal gross morphology were identifiable in BVD rats
(Figures 2A,B) The total number of neurons estimated in the
subregions of the hippocampus of the six rats were analyzed
and the corresponding mean CE are listed in Table 1. There
was no significant difference in the total number of neurons

between the BVD and sham animals (Figure 2C), no significant
interaction between surgery and subregion, but, as expected, a
large and significant difference across the five hippocampal sub-
regions [F(4,20) = 141.71, P = 0.000; Figure 2C]. The partial η2

for subregion was 0.97, indicating that it had a major effect on
neuronal number.

Analysis of the volume data showed that there was no signifi-
cant difference between the BVD and sham animals, no significant
interaction between surgery and subregion, but a large and sig-
nificant difference in volume across the five hippocampal subre-
gions [F(4,20) = 20.83, P = 0.000; Figure 2D]. The partial η2 for
subregion was 0.81, indicating that it had a large effect on volume.

Figure 2D shows the volume of each subregion of the hip-
pocampus and Figure 2E the volume of the whole hippocampus
of the six rats analyzed.

CELL PROLIFERATION FOLLOWING BVD
Following BVD, there was a time-dependent increase in the
number of cells containing the proliferation marker, BrdU, in
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Table 1 |Total number of neurons in different subregions of hippocampus (×105).

Animal Treatment Dentate gyrus Hilus CA3 CA1 Subiculum

2 Sham 2.8 (0.03) 0.16 (0.08) 0.66 (0.04) 0.91 (0.06) 0.50 (0.03)

4 Sham 3.3 (0.03) 0.25 (0.05) 0.79 (0.02) 0.94 (0.03) 0.63 (0.05)

6 Sham 2.9 (0.04) 0.37 (0.03) 0.8 (0.04) 1.1 (0.03) 0.44 (0.04)

Mean N (CE) 3.0 (0.06) 0.26 (0.10) 0.75 (0.06) 0.98 (0.07) 0.58 (0.07)

1 BVD 2.5 (0.02) 0.29 (0.15) 0.66 (0.04) 0.85 (0.04) 0.56 (0.08)

3 BVD 2.8 (0.04) 0.28 (0.02) 0.70 (0.04) 1.7 (0.02) 0.63 (0.05)

5 BVD 3.4 (0.03) 0.24 (0.06) 0.76 (0.03) 1.0 (0.02) 0.82 (0.05)

Mean N (CE) 2.9 (0.05) 0.27 (0.16) 0.71 (0.06) 1.18 (0.05) 0.67 (0.11)

Data are expressed as N(CE). N is the total number of neurons estimated.

CE is the estimated intra-animal coefficient of error (i.e., SEM/mean).

The mean CE of an estimate is
√

mean(CE2
).

FIGURE 3 | Examples of BrdU immunostaining in sham animals (A)

and animals at 48 h (B), 72 h (C), and 1 week (D) following BVD.

Inserted picture (E) showing a cluster of BrdU+ nuclei in the subgranular
layer of the DG (single arrow) and two BrdU+ nuclei in the hilus of the

hippocampus (double arrow) under high magnification. (F,G) Showing time
course changes in the total number of BrdU+ nuclei estimated in the DG
and other areas of the hippocampus, respectively. Data are expressed as
mean ± SEM.

the DG, compared to sham animals (Figure 3). The BrdU+ve

nuclei were observed not only in the subgranular layer of the
DG, but also in other areas of the hippocampus in both sham
and BVD rats (Figures 3A–E). There were significant surgery
[F(4,28) = 4.65, P = 0.005] and subregion effects [F(1,28) = 15.0,
P = 0.001], with a significant interaction between surgery and sub-
region [F(4,28) = 14.57, P = 0.000]. However, the partial η2 values
for surgery and subregion were only 0.40 and 0.35, respectively;
nonetheless, η2 for the interaction between surgery and subregion
was 0.68, indicating that it had a large effect on cell proliferation.

Post hoc tests showed that in the DG there were significant dif-
ferences in the number of BrdU+ve nuclei between sham and BVD
groups at 48 h (T = −3.86,P = 0.02),72 h (T = −6.99,P = 0.000),
and 1 week post-op. (T = −5.64, P = 0.0002), with no significant
difference at 24 h (Figures 3F,G). However, for the other areas

of the hippocampus, the sham condition was not significantly
different to the BVD groups.

Furthermore, a substantial proportion of these BrdU+ve cells
survived at least for 4 weeks. However, there was a significantly
lower survival rate in BVD animals compared to sham controls
[F(2,16) = −7.69, P = 0.01]. Survival rates were also significantly
lower in the DG compared to other areas of the hippocampus
[F(1,16) = 8.12, P = 0.01], with no significant interaction between
treatment and region (Figure 4).

DISCUSSION
The results of this study show that, unlike humans with BVD,
who exhibit a significant bilateral atrophy of the hippocampus
(Brandt et al., 2005) and with unilateral vestibular neuritis who
exhibit a significant atrophy of the left posterior hippocampus
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FIGURE 4 | Survival rate of BrdU+ cells in different subregions of the

hippocampus. Data are expressed as mean ± SEM.

(zu Eulenburg et al., 2010), at 16-months post-BVD rats did not
exhibit a significant decrease in either hippocampal volume or
neuronal number in the different hippocampal subregions. These
rats did exhibit spatial memory deficits which were similar to
the human patients with BVD (Baek et al., 2010; see Figure 1).
Recently, Besnard et al. (2012) analyzed hippocampal volume
using MRI and found no significant difference in rats treated with
intratympanic sodium arsanilate compared to sham-treated con-
trols. Our results extend their observation to show that there was
also no hippocampal neuronal loss following BVD.

It could be argued that the neuronal numbers might be over-
estimated since cresyl violet also stains the basket and glial cells in
the granule and pyramidal cell layers. However, glial cells are very
easy to exclude from counting based on their smaller size, large
nuclei, and sparse cytoplasm (Ling et al., 1973). Although basket
cells are morphologically similar to the surrounding neurons, they
comprise less than 1% of the neurons in these layers (Seress, 1978).
Therefore, including the basket cells should not have significantly
affected the estimation of the total number of neurons.

Given the profound hyperactivity reported in rats with BVD
(Goddard et al., 2008; Baek et al., 2010; Stiles et al., 2012), one
possible explanation for the lack of hippocampal atrophy and
neuronal loss might be that BVD increased cell proliferation, since
exercise has been shown to increase hippocampal cell proliferation
and neurogenesis (Olson et al., 2006). Interestingly, in this study
we found a significant increase in the number of BrdU+ve cells in
the DG of the hippocampus following BVD, in a time-dependent
manner. Although BrdU has been widely used as a marker of cell
proliferation, BrdU can also be incorporated into damaged DNA
during the process of DNA repair (Landgren and Curtis, 2011).
Therefore, we cannot exclude the possibility that the increase
in BrdU labeling following BVD reflects DNA repair processes
rather than cell proliferation. However, the fact that a substan-
tial proportion of these BrdU+ve cells survived, at least up to
1 month post-BVD, and no neuronal loss was found, suggests pos-
sible cell proliferation rather than DNA repair. Indeed, peripheral
nerve damage-induced cell proliferation has been reported in
the brainstem vestibular nucleus and cochlear nucleus following
vestibular and cochlear lesions, respectively (Tighilet et al., 2007;
Dutheil et al., 2009; Zheng et al., 2010b, 2011). While both the
vestibular nucleus and cochlear nucleus are only one synapse

away from the peripheral damage, the present results suggest that
changes in cell proliferation can be induced in the hippocampus,
a site that is several synapses away from the damage, following
BVD. It is also noteworthy that a large proportion of BrdU+ve cells
were located in areas other than the DG, the neurogenic region
of the hippocampus. This raises the question of to what extent
this cell proliferation reflects neurogenesis as opposed to gliogen-
esis? Although BVD induced a significant increase in the number
of BrdU+ve cells at acute time points, the survival rate of these
cells was much lower than that in sham rats. This suggests that
significantly more BrdU+ve cells had been eliminated in BVD rats
than in sham rats. In theory, this would result in neuronal loss in
BVD rats. However, this was not the case. Further investigations
are necessary to elucidate the underlying mechanisms. However,
the decrease in the number of surviving BrdU+ve cells may explain
the spatial memory deficits in these rats. It has been suggested that
the generation of newborn neurons in the DG may be involved in
spatial memory, since these cells have a lower threshold for LTP
and are therefore suitable to form functional synaptic connections
that could provide the framework for spatial memory to occur
(refer to Aimone et al., 2010; Lucassen et al., 2010 for review).

It must be recognized that differences in hearing between the
BVD and sham rats may have contributed to the results observed in
this study. While the BVD rats received a surgical labyrinthectomy
which would have resulted in damage to the cochlea, sham animals
had only the tympanic membrane removed, and therefore would
have retained some auditory function. We used tympanic mem-
brane removal in the sham animals as a partial control for hearing
loss in the BVD animals, reasoning that if differences caused by the
BVD were due simply to hearing loss, then sham animals should
exhibit similar effects (Baek et al., 2010). It is conceivable that dif-
ferences in hearing loss could have contributed to the observed
results. However, acoustic trauma has recently been reported to
inhibit cell proliferation and neurogenesis in the rat hippocampus
(Kraus et al., 2010).

There are at least six possible explanations for the apparent
discrepancy between the data on hippocampal volume in human
and rat following BVD. First, it may be due to the difference in
time post-BVD. In the Brandt et al. (2005) study, the patients
were between 5 and 10 years post-BVD, whereas in the current rat
study, the animals were at 16 months post-BVD. It is difficult to
compare the life spans of rats and humans, but considering that
24 months of age is regarded as “aged” for a rat (Liu et al., 2010),
16 months of age is equivalent to a long-term time point. Given
that the humans and rats both exhibited spatial memory deficits
and were at long time intervals following BVD, the difference in
time post-op. seems the least likely explanation for the discrep-
ancy. Furthermore, Besnard et al. (2012) also observed no change
in hippocampal volume at shorter time intervals following bilat-
eral vestibular loss. Second, it may be due to the effect of sex.
Brandt et al. (2005) analyzed brains from both males and females,
whereas our study and that of Besnard et al. (2012) were restricted
to males. However, Brandt et al. (2005) found no significant inter-
action between surgery status and sex; therefore, there was no
evidence that the inclusion of females in the current study would
have made any difference. Third, there may be a difference between
the sides of the hippocampus. By analyzing sections from both the
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left and right hippocampus, we obscured differences that might
have occurred on one side but not the other. Once again, however,
Brandt et al. (2005) found a significant decrease in volume in both
the left and right hippocampi. Furthermore, we counterbalanced
our sampling of sections across the two sides; therefore this expla-
nation does not seem likely. Besnard et al. (2012) analyzed the left
and right hippocampi using MRI and also found no significant
difference compared to sham controls. Fourth, it is interesting to
consider potential differences between humans and rats in terms
of their response to BVD. One obvious explanation for hippocam-
pal atrophy in humans with BVD is that chronic stress from the
disability leads to high circulating levels of cortisol. Short-term
increases in cortisol have been reported in patients with vestibular
disorders (Horii et al., 2007); however, long-term increases have
been reported only in the case of Meniere’s disease and acoustic
neuroma (Horner and Cazals, 2005; van Cruijsen et al., 2005). To
date, every rat or guinea pig study that has examined corticos-
terone or cortisol levels (respectively) following unilateral or BVD
has found no significant difference compared to sham controls up
5 months post-op. (Gliddon et al., 2003; Lindsay et al., 2005; Zhang
et al., 2005; Russell et al., 2006; Zheng et al., 2008). It is conceiv-
able that BVD causes a long-term increase in glucocorticoids only
in humans, as a result of the psychosocial impact of living with-
out a balance system. This might explain why humans but not
rats exhibit hippocampal atrophy despite similar spatial memory
deficits. If this is true, the important implication might be that
hippocampal atrophy following BVD is not directly related to the
dysfunction of place cells or theta activity, but is an indirect con-
sequence of the difficulties that humans with bilateral vestibular
loss experience in their life (Zingler et al., 2008). One important

point is that the laboratory animals only concern is the lack of
a functional vestibular system. Food, warmth and social contact
are all provided within their home environment. It is possible
that hippocampal atrophy may occur in vestibular-deficient ani-
mals in their natural environment where food, warmth and social
interaction are not provided and the animal must obtain them.
This hypothesis is consistent with the fact that hippocampal place
cell activity is disrupted rapidly and reversibly after intratympanic
injection of tetrodotoxin, long before major structural changes
could take place in the hippocampus (Stackman et al., 2002). A
fifth possibility is that the lack of hippocampal atrophy in rats
is somehow related to their unusual locomotor hyperactivity fol-
lowing BVD, which is not seen in humans (Stiles et al., 2012).
Locomotor activity has been reported to increase hippocampal
cell proliferation and neurogenesis (Olson et al., 2006) and it is
conceivable that it minimizes neuronal loss in rats following BVD.

A further possibility is that hippocampal atrophy in humans
following BVD is partially due, not to a reduction in the number
of neurons, but to other structural changes, such as an atrophy of
dendritic trees. This hypothesis will require further investigation
using Golgi labeling of dendrites.
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