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Abstract

Background: Vestibular compensation is a homeostatic process that occurs in the central nervous system in
response to peripheral vestibular dysfunction. Experimental studies in rodent models have suggested that unilateral
peripheral vestibular lesions are correlated with an increase in the intrinsic excitability of central vestibular neurons.
This process may be dependent on the intrinsic properties of the neurons themselves. We aimed to conduct a
systematic review of the literature to survey the evidence for changes in intrinsic plasticity observed during the
acute phase of vestibular compensation.

Methods: We systematically reviewed the literature regarding the electrophysiological effect of experimentally
induced unilateral vestibular deafferentation (UVD) on the intrinsic membrane properties of medial vestibular nucleus
neurons in animal models. We developed tools to assess the methodological quality (precision, validity and bias) of
studies that met pre-determined inclusion and exclusion criteria. We extracted numerical data and performed a meta-
analysis of specific quantitative data pooled from these studies.

Results: We identified 17 studies that satisfied the inclusion criteria. There is moderate quality evidence to suggest a
statistically significant increase in the intrinsic excitability of medial vestibular nucleus neurons following unilateral
vestibular deafferentation. Specifically, the spontaneous discharge rate increases by 4 spikes/s on average and the
sensitivity to current stimuli increases.

Conclusion: Using this novel approach, we demonstrate that the methodology of systematic review and meta-analysis
is a useful tool in the summation of data across experimental animal studies with similar aims.

Keywords: Vestibular compensation, UVD, Intrinsic plasticity, Medial vestibular nucleus

Background
The vestibular system acts to detect changes in head
position and maintain our sense of equilibrium uncon-
sciously. The sensory information used by this system is
derived from the paired vestibular organs, visual inputs
and sensory and proprioceptive feedback from the limbs.

These signals are received by a complex of vestibular nu-
clei within the brainstem and distributed to brainstem
oculomotor and spinal locomotor effector circuits. This
integrated neural network mediates postural control
when stationary, maintains gaze stability to create a
stable visual world during movement and generates our
perception of orientation and motion in space.
Peripheral vestibular dysfunction can be caused by a

number of disease processes, including viral illnesses
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(vestibular neuritis), antibiotic toxicity (aminoglycosides)
or may be iatrogenic (vestibular neurectomy for refrac-
tory vertigo). Vestibular dysfunction is characterised by
distinct oculomotor and postural deficits that are ob-
served in human subjects [1] and can be induced experi-
mentally in animal models [2]. These deficits are static
(present when there is no applied stimulus apart from
gravity) or dynamic (revealed by movement). Static defi-
cits observed in humans include the symptom of vertigo,
a postural bias towards the lesioned side, spontaneous
nystagmus (SN) with a slow phase to the affected side
and the ocular tilt reaction [3]. When unilateral vestibu-
lar deafferentation (UVD) is induced experimentally in
animal models, the intensity of these deficits abates over
days, such that they may only be revealed in certain cir-
cumstances [3]. For example, SN typically disappears
after by one week in guinea pigs [4], rodents [5], cats [6],
monkeys [7] and humans [8]. Static deficits have been
shown to recover in the absence of visual and cerebellar
[9] inputs, consistent with the idea that this is a purely
vestibular phenomenon.
The recovery of these behaviours could be due to either

a restoration of vestibular function or a substitution of
analogous non-vestibular sensory information. Early
physiological changes appear to be insufficient to reconsti-
tute dynamic vestibular function, which remains asym-
metrical and ineffective [10] without extra-vestibular
substitutions [11]. However, the basic function of the ves-
tibuloocular reflex (VOR) does seem to recover and is
therefore a useful tool to understand the physiological
changes that restore static deficits [12]. The VOR is
dependent on a balance of activity between the paired ves-
tibular nuclei, as head movement is encoded by changes
in tonic afferent discharge depending on the direction of
movement. Therefore, one would expect that for vestibu-
lar function to be restored to normal, discharge in the de-
afferented nucleus would remain tonically active, even if
not at baseline levels.
Immediately following experimental UVD in animals,

in vivo recordings demonstrate a decrease in the propor-
tion of spontaneously active medial vestibular nucleus
(MVN) neurons, as well as a reduction in their spontan-
eous discharge rate. However, within hours to days for
most studied models, the number of recordable neurons
increases and their discharge rate increases. This occurs
despite being deprived of a large amount of sensory
afferent input and the presence of inhibitory projections
from the intact side [13]. This observation suggests that
the return of vestibular neuron activity is intrinsic to the
neuron itself and external influences may be insufficient
to explain this recovery. This intrinsic mechanism
hypothesis [12] posits that at least part of the process of
vestibular compensation is a manifestation of
experience-dependent intrinsic plasticity. A number of

in vitro studies to date have demonstrated an increase in
the spontaneous discharge rate of vestibular neurons
during this process [14–17]; however, the magnitude of
this change remains unclear [18, 19]. We performed a
systematic search of the published literature to identify
primary sources of information examining the effects of
unilateral vestibular deafferentation on the intrinsic
membrane properties of medial vestibular nucleus neu-
rons during the acute period of vestibular compensation
in animal models. Expressed in the PICOS format:

� Participants—medial vestibular nucleus neurons
following unilateral vestibular deafferentation

� Interventions—unilateral vestibular deafferentation
� Controls—medial vestibular nucleus neurons in

animals with an intact vestibular system
� Outcomes—changes in characteristics of intrinsic

membrane properties
� Study designs—animal research electrophysiological

studies

We extracted quantitative data from these sources and
performed a meta-analysis to estimate the magnitude of
the effect of UVD.

Methods
To reduce the risk of bias, the Cochrane Collaboration
guidelines were used to perform literature searches for
the systematic review [20]. The results of the systematic
review are reported using criteria adapted from the Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement [21]. While not
pre-registered, the review was performed within the
guidelines of a pre-determined study protocol and has
been made available at Open Science Framework
(https://osf.io/gbd6m).

Search strategy
The following electronic databases were searched for
relevant studies relating to the study question: MED-
LINE (OvidSP), 1 January 1946 to 1 October 2017;
Pubmed (Internet), up to 1 October 2017; and Embase
(Internet), up to 1 October 2017. Searches were not lim-
ited by publication date, language or publication status
at the time of search. The final search was performed on
2 October 2017. The search was repeated on 6 January
2020 and no new relevant articles were identified. The
references within all included studies or narrative re-
views were hand searched to identify any further studies
that may have satisfied the inclusion criteria. Titles and
abstracts from the final search were pooled into an End-
note® database and duplicates were removed. Each refer-
ence was subjected to the above inclusion criteria by two
assessors independently and any conflicts were mediated
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through discussion. Following this, the full texts of arti-
cles were obtained and assessed rigorously to ensure
they satisfied the inclusion criteria. At this stage, articles
not in English or containing previously published data
were removed. Studies were identified by the surname of
the first author and the year of publication. The follow-
ing is an example of the search strategy used to search
the MEDLINE database: 1 AND (2 or 3 or 4 or 5 or 6)
AND (7 or 8 or 9 or 10 or 11)

1. medial vestibular.mp or MVN.mp
2. labyrinthectomy.mp or labyrinthectom*
3. deafferentation.mp or deafferent*
4. neurectomy.mp
5. lesion*
6. compensation.mp
7. intrinsic.mp
8. ion channels/ or ion channel*.mp
9. Action Potentials/ or action potential*.mp
10. Membrane Potentials/ or membrane potential*.mp
11. excitability.mp

Definitions
We defined intrinsic excitability as the neuronal activity
determined by structural features of the cell membrane,
ion channel expression and intracellular buffering pro-
teins that control concentrations of ions. We restricted
analysis to active membrane properties that shape in-
coming inputs and maintain activity in the absence of
synaptic input. These properties are reflected by the rate
of spontaneous firing, or by the response to graded
current stimuli (also known as the gain). Vestibular
compensation is the gradual restoration of vestibular
function following damage to the vestibular system [22].
In animal models, the behaviours observed are changes
in posturing, spontaneous nystagmus and abnormal
turning and rolling behaviours. This process may be
acute (less than 2 weeks) or chronic (greater than 2
weeks). The animal model widely used to study vestibu-
lar compensation is experimentally induced UVD [2, 23].

Inclusion criteria
Studies were included if they presented original re-
search examining intrinsic neuronal properties during
the process of vestibular compensation. Reviews, ab-
stracts, conference proceedings, commentaries and
non-English articles were excluded. Analysis was re-
stricted to adult (i.e. mature) animal models. Vestibu-
lar lesions could be performed by any method,
including physical or chemical disruption of the ves-
tibular labyrinth, vestibular nerve transection or focal
ototoxic drug administration. From herein UVD will
refer to these lesions collectively. Ideally, the success
of the deafferentation procedure was confirmed with

behavioural or anatomical observations; however, this
was not a requisite for inclusion. Intrinsic properties
could be studied using direct intracellular patch
clamp or extracellular whole cell recordings of visu-
ally identified MVN neurons in vitro. Studies that in-
ferred intrinsic properties through protein expression
changes of ion channels or intracellular electrolyte
buffers were also included.
For the meta-analysis, studies were restricted to intra-

cellular patch clamp recordings taken from MVN neu-
rons. Extracellular whole cell recordings were also
included if, within the study itself, differences between
intracellular recordings were justified as similar. Studies
presenting gain measurements were included if, within
the presented data, information regarding the raw spon-
taneous firing rates was explicit or able to be derived.
Studies that performed electrophysiological recordings
but did not account for blockade of synaptic currents
were excluded. Studies included in the systematic review
and meta-analysis are listed in Table 1.

Exclusion criteria
Studies of immature animals were excluded, as changes
seen in younger animals may represent developmental
modifications, rather than plastic changes that may
occur at maturity. The effects of chronic lesions (>2
weeks) were also excluded, as changes after this time
period may not reflect the early behavioural recovery of
static deficits. Also, alternative complex network pro-
cesses are believed to govern this chronic period of com-
pensation [3]. Non-English articles were excluded as the
team did not have the capacity to analyse data from pa-
pers published in any other languages.

Assessment of methodological quality
Each study in this review was assessed for scientific pre-
cision, criterion validity (of the model) and risk of bias.
The risk of bias for each study was assessed using the
Systematic Review Centre for Laboratory Animal Experi-
mentation (SYRCLE) tool which has been validated for
use in animal studies [32]. For the assessment of validity
and precision, published tools were not strictly applic-
able. Therefore, we developed criteria to assess these
methodological domains. For each included study, ques-
tions were used by the reviewers to assign a rating based
on how well the criterion was satisfied. If the answer
was unequivocal, the relevant criterion was scored either
as yes or no. If it was unclear, then the criterion was
scored unclear. Often an unclear rating was assigned
due to a lack of an explicit statement of necessary detail
to answer the question, or ambiguous and vague de-
scriptions within the published report.

Wijesinghe and Camp Systematic Reviews           (2020) 9:145 Page 3 of 17



Ta
b
le

1
St
ud

ie
s
in
cl
ud

ed
in

sy
st
em

at
ic
re
vi
ew

St
ud

y
A
ni
m
al
m
od

el
D
ur
at
io
n
of

co
m
pe

ns
at
io
n

Re
co
rd
in
g
ty
pe

Sa
m
pl
e
si
ze

O
ut
co
m
e
m
ea
su
re

N
ot
ab
le
fe
at
ur
es

de
W
ae
le

19
94

[2
4]

Ra
t,
U
L
vi
a
is
ch
ae
m
ia

(p
ho

to
co
ag
ul
at
io
n
of

th
e
pt
er
yg
op

al
at
in
e
ar
te
ry
)

an
d
m
ec
ha
ni
ca
ld

is
ru
pt
io
n,

co
m
pa
re
d
to

un
op

er
at
ed

co
nt
ro
l

5
h

3
da
ys

3
w
ee
ks

Vi
su
al
id
en

tif
ic
at
io
n
of

ce
lls

la
be

lle
d
w
ith

an
tis
en

se
ol
ig
on

uc
le
ot
id
es

ag
ai
ns
t

N
M
D
A
or

m
et
ab
ot
ro
pi
c

gl
ut
am

at
e
re
ce
pt
or

C
on

tr
ol
—
6
an
im

al
s

5
h—

6
an
im

al
s

3
da
ys
—
un

cl
ea
r,

po
ss
ib
ly
3
an
im

al
s

3
w
ee
ks
—
6
an
im

al
s

N
um

be
r
of

si
lv
er

gr
ai
ns

pe
r
ce
ll,
si
lv
er

gr
ai
n

de
ns
ity

in
ce
lls

Su
cc
es
s
of

U
L
w
as

as
se
ss
ed

be
ha
vi
ou

ra
lly
;

ho
w
ev
er
,t
he

nu
m
be

r
of

ex
cl
ud

ed
an
im

al
s
w
as

no
t
re
po

rt
ed

.T
he

re
w
as

in
co
ns
is
te
nt

re
po

rt
in
g

an
im

al
nu

m
be

rs
pe

r
ex
pe

rim
en

ta
lg

ro
up

in
th
e
m
et
ho

ds
an
d
re
su
lts
.

C
am

er
on

19
97

[1
5]
(*
)

Ra
t,
U
L
vi
a
10
0%

et
ha
no

l
in
je
ct
io
n,
co
m
pa
re
d
to

sh
am

-o
pe

ra
te
d
co
nt
ro
l

2
h

4
h

6
h

1
da
y

2
da
ys

(P
re
su
m
ed

)
Ex
tr
ac
el
lu
la
r

re
co
rd
in
gs
,i
ps
ile
si
on

al
C
on

tr
ol
—
5
an
im

al
s,

2
sh
am

-o
pe

ra
te
d,

nu
m
be

r
un

de
rg
oi
ng

U
L
un

cl
ea
r

4
h—

32
ce
lls

6
h—

43
ce
lls

24
h—

36
ce
lls

2
h—

un
cl
ea
r

48
h—

un
cl
ea
r

M
ea
n
sp
on

ta
ne

ou
s

di
sc
ha
rg
e
ra
te

(s
pi
ke
s/
s)

Sp
ra
gu

e-
D
aw

le
y
ra
ts
us
ed

fo
r
ex
pe

rim
en

ta
tio

n
w
er
e
at

th
e
lo
w
er

en
d
of

m
at
ur
ity

(6
0–
12
0
g)

ra
is
in
g
co
nc
er
ns

ab
ou

t
de

ve
lo
pm

en
ta
ls
ta
ge

.
Th
er
e
w
as

se
le
ct
iv
e
re
po

rt
in
g
of

ou
tc
om

es
,

w
ith

2
an
d
48

h
ra
te
s
re
po

rt
ed

gr
ap
hi
ca
lly

ra
th
er

th
an

nu
m
er
ic
al
ly
.

C
am

er
on

19
99

[1
6]
(*
)

Ra
t,
U
L
vi
a
10
0%

et
ha
no

l
in
je
ct
io
n,
co
m
pa
re
d
to

sh
am

-o
pe

ra
te
d
co
nt
ro
l

4
h

6
h

Si
ng

le
un

it
ex
tr
ac
el
lu
la
r

re
co
rd
in
gs
,i
ps
ile
si
on

al
C
on

tr
ol
—
9
sh
am

-
op

er
at
ed

,4
1
ne

ur
on

s
U
L—

9
an
im

al
s,
61

ne
ur
on

s

M
ea
n
sp
on

ta
ne

ou
s

di
sc
ha
rg
e
ra
te

(s
pi
ke
s/
s)

Th
e
ty
pe

of
an
im

al
an
d
th
ei
r
ba
se
lin
e

ch
ar
ac
te
ris
tic
s
su
ch

as
se
x
an
d
ag
e
w
er
e
no

t
st
at
ed

in
th
e
re
po

rt
.A

dd
iti
on

al
in
te
rv
en

tio
ns

w
er
e
st
ud

ie
d—

no
w
ith

dr
aw

al
of

an
ae
st
he

si
a

fo
llo
w
in
g
la
by
rin

th
ec
to
m
y,
an
d
ad
m
in
is
tr
at
io
n

of
de

xa
m
et
ha
so
ne

or
de

xa
m
et
ha
so
ne

an
ta
go

ni
st
.

Vi
be

rt
19
99

[2
5]

G
ui
ne

a
pi
g,

U
L
vi
a
m
ec
ha
ni
ca
l

di
sr
up

tio
n,
co
m
pa
re
d
to

un
op

er
at
ed

co
nt
ro
l

1
da
y

3-
7
da
ys

(p
oo

le
d

fo
llo
w
in
g

an
al
ys
is
)

Si
ng

le
un

it
ex
tr
ac
el
lu
la
r

re
co
rd
in
gs

an
d
fie
ld

po
te
nt
ia
ls
,

ip
si
le
si
on

al
an
d
co
nt
ra
le
si
on

al

To
ta
lo

f
65

an
im

al
s

1
da
y—

14
an
im

al
s

3
da
ys
—
26

an
im

al
s

5
da
ys
—
10

an
im

al
s

7
da
ys
—
15

an
im

al
s

M
ea
n
sp
on

ta
ne

ou
s
di
sc
ha
rg
e

ra
te

(s
pi
ke
s/
s)
,e
vo
ke
d
fie
ld

po
te
nt
ia
ls
fo
llo
w
in
g

st
im

ul
at
io
n
of

th
e
ve
st
ib
ul
ar

an
d
ab
du

ce
ns

ne
rv
es

A
n
un

cl
ea
r
nu

m
be

r
of

an
im

al
s
w
er
e
ex
cl
ud

ed
th
e
st
at
ed

re
as
on

be
in
g
th
e
di
ffi
cu
lty

of
th
e

su
rg
ic
al
pr
oc
ed

ur
e
yi
el
di
ng

‘u
nu

sa
bl
e
da
ta
’.

Ya
m
an
ak
a

20
00

[1
4]

(*
)

Ra
t,
U
L
vi
a
et
ha
no

l
in
je
ct
io
n,
co
m
pa
re
d

to
un

op
er
at
ed

co
nt
ro
l

4
h

Ex
tr
ac
el
lu
la
r
w
ho

le
ce
ll,

ip
si
le
si
on

al
C
on

tr
ol
—
28

an
im

al
s,

77
ce
lls

4
h—

44
an
im

al
s,
12
6

ce
lls

M
ea
n
sp
on

ta
ne

ou
s
di
sc
ha
rg
e

ra
te

(s
pi
ke
s/
s)
,d

os
e
of

G
A
BA

ag
on

is
t
re
qu

ire
d
to

in
hi
bi
t

to
ni
c
re
st
in
g
ac
tiv
ity

Ro
st
ra
la
nd

ca
ud

al
M
VN

ne
ur
on

s
w
er
e

an
al
ys
ed

se
pa
ra
te
ly
in

th
e
st
ud

y
an
d
th
er
ef
or
e

an
al
ys
ed

se
pa
ra
te
ly
in

th
e
m
et
a-
an
al
ys
is
.

H
im

20
01

[1
8]

(*
)

Ra
t,
U
L
vi
a
10
0%

et
ha
no

li
nj
ec
tio

n,
co
m
pa
re
d
to

no
rm

al

1-
3
da
ys

7-
10

da
ys

In
tr
ac
el
lu
la
r
pa
tc
h
cl
am

p,
ip
si
le
si
on

al
C
on

tr
ol
—
44

an
im

al
s

1-
3
da
y—

34
an
im

al
s,

90
ce
lls

7-
10

da
y—

25
an
im

al
s,
84

ce
lls

M
ea
n
sp
on

ta
ne

ou
s

di
sc
ha
rg
e
ra
te

(s
pi
ke
s/
s)
,

ac
tio

n
po

te
nt
ia
lm

or
ph

ol
og

y

In
cl
us
io
n
cr
ite
ria

ar
e
m
en

tio
ne

d
ho

w
ev
er

ne
ve
r
ex
pl
ic
itl
y
st
at
ed

.S
om

e
da
ta

is
lo
st

w
ith

ou
t
be

in
g
ac
co
un

te
d
fo
r.

Jo
hn

st
on

20
01

[2
6]

(*
)

Ra
t,
U
L
vi
a
10
0%

et
ha
no

li
nj
ec
tio

n,
co
m
pa
re
d
to

no
rm

al

4
h

1
da
y

2
da
ys

7-
10

da
ys

Si
ng

le
un

it
ex
tr
ac
el
lu
la
r

re
co
rd
in
gs
,i
ps
ile
si
on

al
C
on

tr
ol
—
25

ce
lls

2
da
ys
—
42

ce
lls

7-
10

da
ys
—
40

ce
lls

U
nc
le
ar

ho
w

m
an
y

an
im

al
s
in

co
nt
ro
l

gr
ou

p
or

un
de

rw
en

t
U
L

M
ea
n
sp
on

ta
ne

ou
s

di
sc
ha
rg
e
ra
te

(s
pi
ke
s/
s)

C
on

tr
ol
,4

an
d
24

h
da
ta

w
as

ob
ta
in
ed

fro
m

a
pr
ev
io
us

st
ud

y
an
d
th
er
ef
or
e
no

t
in
cl
ud

ed
in

th
e
cu
rr
en

t
se
t
of

da
ta
.

Wijesinghe and Camp Systematic Reviews           (2020) 9:145 Page 4 of 17



Ta
b
le

1
St
ud

ie
s
in
cl
ud

ed
in

sy
st
em

at
ic
re
vi
ew

(C
on

tin
ue
d)

St
ud

y
A
ni
m
al
m
od

el
D
ur
at
io
n
of

co
m
pe

ns
at
io
n

Re
co
rd
in
g
ty
pe

Sa
m
pl
e
si
ze

O
ut
co
m
e
m
ea
su
re

N
ot
ab
le
fe
at
ur
es

Ri
s
20
01

(*
)

G
ui
ne

a
pi
g,

U
L
vi
a

m
ec
ha
ni
ca
ld

is
ru
pt
io
n,

co
m
pa
re
d
to

no
rm

al

2
da
ys

7
da
ys

Si
ng

le
un

it
ex
tr
ac
el
lu
la
r

re
co
rd
in
gs
,i
ps
ile
si
on

al
C
on

tr
ol
—
10

an
im

al
s,

57
ce
lls

2
da
ys
—
6
an
im

al
s,

11
8
ce
lls

7-
10

da
ys
—
6

an
im

al
s,
15
9
ce
lls

N
um

be
r
of

sp
on

ta
ne

ou
sl
y

ac
tiv
e
ne

ur
on

s,
m
ea
n

sp
on

ta
ne

ou
s
di
sc
ha
rg
e

ra
te

(s
pi
ke
s/
s)

A
po

te
nt
ia
lly

ot
ot
ox
ic
an
tib

io
tic

w
as

gi
ve
n

du
rin

g
th
e
su
rg
ic
al
pr
oc
ed

ur
e
(a
m
in
og

ly
co
si
de

cl
as
s)
ho

w
ev
er

su
ch

a
sh
or
t
du

ra
tio

n
of

ex
po

su
re

is
un

lik
el
y
to

ha
ve

an
y
si
gn

ifi
ca
nt

ef
fe
ct
.

Jo
hn

st
on

20
02

[2
7]

Ra
t,
U
L
vi
a
10
0%

et
ha
no

l
in
je
ct
io
n,
co
m
pa
re
d
to

no
rm

al
an
d
flo
cc
ul
ec
to
m
is
ed

an
im

al
s

4
h

2
da
ys

Si
ng

le
un

it
ex
tr
ac
el
lu
la
r

re
co
rd
in
gs
,i
ps
ile
si
on

al
C
on

tr
ol
—
5
an
im

al
s,

18
9
ce
lls

4
h—

5
an
im

al
s,
18
7

ce
lls

2
da
ys
—
5
an
im

al
s,

12
6
ce
lls

M
ea
n
sp
on

ta
ne

ou
s

di
sc
ha
rg
e
ra
te

(s
pi
ke
s/
s)

N
um

er
ic
al
da
ta

co
ul
d
no

t
be

ex
tr
ac
te
d
in

su
ffi
ci
en

t
de

ta
il
as

it
w
as

pr
es
en

te
d
gr
ap
hi
ca
lly
.

Th
er
ef
or
e,
it
w
as

ex
cl
ud

ed
fro

m
th
e
m
et
a-

an
al
ys
is
.

Ri
s
20
02

[2
8]

G
ui
ne

a
pi
g,

U
L
vi
a
m
ec
ha
ni
ca
l

di
sr
up

tio
n
an
d
ot
ot
ox
ic

an
tib

io
tic

in
je
ct
io
n,
co
m
pa
re
d

to
no

rm
al

7
da
ys

In
tr
ac
el
lu
la
r
pa
tc
h
cl
am

p
re
co
rd
in
gs
,i
ps
ile
si
on

al
C
on

tr
ol
—
38

ce
lls

7
da
ys
—
38

ce
lls

G
ai
n
(s
pi
ke
s/
s/
nA

),
dy
na
m
ic

re
sp
on

si
ve
ne

ss
(m

ax
im

al
fir
in
g
ra
te

co
m
pa
re
d
to

st
ea
dy
-s
ta
te

ra
te
)

U
nc
le
ar

ho
w

m
an
y
an
im

al
s
w
er
e
us
ed

in
th
e

ex
pe

rim
en

t.
A
ll
re
co
rd
in
gs

in
th
e
pr
es
en

ce
of

sy
na
pt
ic
an
ta
go

ni
st
s,
he

ld
fro

m
a

hy
pe

rp
ol
ar
is
ed

m
em

br
an
e
po

te
nt
ia
lt
o
ab
ol
is
h

sp
on

ta
ne

ou
s
di
sc
ha
rg
e.

Pa
tk
o

20
03

[2
9]

Ra
ts
,U

L
by

m
ec
ha
ni
ca
l

di
sr
up

tio
n,
co
m
pa
re
d
to

un
op

er
at
ed

co
nt
ro
ls

1
da
y

3
da
ys

8
da
ys

30
da
ys

In
si
tu

hy
br
id
is
at
io
n
us
in
g

m
RN

A
pr
ob

es
to

so
di
um

an
d

po
ta
ss
iu
m

ch
an
ne

ls

To
ta
l—

42
ra
ts

3
ra
ts
fo
r
ea
ch

ch
an
ne

la
nd

tim
e

po
in
t

O
pt
ic
al
de

ns
ity

of
la
be

lli
ng

Th
er
e
w
as

no
ev
id
en

ce
to

su
gg

es
t
ch
an
ge

s
in

th
e
ab
un

da
nc
e
of

th
es
e
ch
an
ne
ls
to

ex
pl
ai
n

th
e
ob

se
rv
ed

ch
an
ge

s
in

ex
ci
ta
bi
lit
y.

Ri
s
20
03

[3
0]

G
ui
ne

a
pi
g,

U
L
vi
a

m
ec
ha
ni
ca
ld

is
ru
pt
io
n

an
d
ot
ot
ox
ic
an
tib

io
tic

in
je
ct
io
n,
co
m
pa
re
d
to

no
rm

al

7
da
ys

In
tr
ac
el
lu
la
r
pa
tc
h
cl
am

p
re
co
rd
in
gs
,i
ps
ile
si
on

al
;

im
m
un

oh
is
to
ch
em

is
tr
y

la
be

lli
ng

ca
lc
iu
m

ch
an
ne
l

pr
ot
ei
ns

C
on

tr
ol
—
28

an
im

al
s,

41
ce
lls

7
da
ys
—
21

an
im

al
s,

43
ce
lls

Sp
ik
e
di
sc
ha
rg
e

ch
ar
ac
te
ris
tic
s;
ch
an
ge

s
in

im
m
un

oh
is
to
ch
em

ic
al

st
ai
ni
ng

pa
tt
er
ns

A
n
in
cr
ea
se

in
lo
w

th
re
sh
ol
d
sp
ik
in
g
ty
pe

ac
tiv
ity

w
as

ob
se
rv
ed

in
al
ln

eu
ro
ns
,w

ith
ou

t
a

de
te
ct
ab
le
ch
an
ge

in
th
e
im

m
un

ol
ab
el
lin
g
of

pr
ot
ei
n
su
bu

ni
ts
of

T-
ty
pe

ca
lc
iu
m

ch
an
ne

ls
.

El
eo

re
20
04

Ra
t,
U
L
vi
a
m
ec
ha
ni
ca
l

di
sr
up

tio
n,
co
m
pa
re
d
to

un
op

er
at
ed

co
nt
ro
l

5
h

1
da
y

3
da
ys

8
da
ys

1
m
on

th
2
m
on

th
s

In
si
tu

hy
br
id
is
at
io
n
us
in
g

m
RN

A
pr
ob

es
to

gl
yc
in
e

re
ce
pt
or

su
bu

ni
ts
an
d
an

an
ch
or

pr
ot
ei
n
ge

ph
yr
in
,

de
te
ct
ed

us
in
g
au
to
ra
di
og

ra
ph

y
or

im
m
un

of
lu
or
es
ce
nc
e

To
ta
l—

60
ra
ts

C
on

tr
ol
—
12

an
im

al
s,

6
us
ed

in
fin
al

an
al
ys
is

Ex
pe

rim
en

ta
l—

48
an
im

al
s,
36

us
ed

in
fin
al
an
al
ys
is
,w

ith
3

an
im

al
s
pe

r
ex
pe

rim
en

ta
lg

ro
up

O
pt
ic
al
de

ns
ity

of
la
be

lli
ng

;i
nt
en

si
ty

of
im

m
un

of
lu
or
es
ce
nc
e

Th
e
di
sc
re
pa
nc
y
be

tw
ee
n
th
e
or
ig
in
al
nu

m
be

r
of

an
im

al
s
in
cl
ud

ed
in

ea
ch

gr
ou

p
an
d
th
e

nu
m
be

r
us
ed

in
th
e
fin
al
an
al
ys
is
is
pr
es
um

ed
to

be
du

e
to

ex
cl
us
io
n
be

ca
us
e
of

fa
ilu
re

to
co
m
pe

ns
at
e
po

st
la
by
rin

th
ec
to
m
y;
ho

w
ev
er
,

th
is
is
no

t
ex
pl
ic
itl
y
st
at
ed

.

G
ui
ld
in
g

20
04

Ra
t,
U
L
vi
a
10
0%

et
ha
no

li
nj
ec
tio

n,
co
m
pa
re
d
to

sh
am

-o
pe

ra
te
d

co
nt
ro
l

4
h

Th
in
-la
ye
r
ch
ro
m
at
og

ra
ph

y
qu

an
tif
ie
d
by

op
tic
al

de
ns
ito

m
et
ry

C
on

tr
ol
—
16

an
im

al
s

4
h—

16
an
im

al
s

C
ha
ng

e
in

de
ns
ity

on
ch
ro
m
at
og

ra
ph

y
N
o
di
ffe
re
nc
es

in
th
e
ex
pr
es
si
on

of
an

en
zy
m
e

in
vo
lv
ed

in
th
e
pr
od

uc
tio

n
of

gl
uc
oc
or
tic
oi
ds

fo
llo
w
in
g
la
by
rin

th
ec
to
m
y.

Wijesinghe and Camp Systematic Reviews           (2020) 9:145 Page 5 of 17



Ta
b
le

1
St
ud

ie
s
in
cl
ud

ed
in

sy
st
em

at
ic
re
vi
ew

(C
on

tin
ue
d)

St
ud

y
A
ni
m
al
m
od

el
D
ur
at
io
n
of

co
m
pe

ns
at
io
n

Re
co
rd
in
g
ty
pe

Sa
m
pl
e
si
ze

O
ut
co
m
e
m
ea
su
re

N
ot
ab
le
fe
at
ur
es

G
ui
ld
in
g

20
05

[3
1]

Ra
t,
U
L
vi
a
et
ha
no

l
in
je
ct
io
n,
co
m
pa
re
d
to

un
op

er
at
ed

co
nt
ro
l

4
h

2
da
ys

7
da
ys

Ex
tr
ac
el
lu
la
r
w
ho

le
ce
ll

re
co
rd
in
gs
,i
ps
ile
si
on

al
,

be
fo
re

an
d
af
te
r
ap
pl
ic
at
io
n

of
a
co
ck
ta
il
of

ne
ur
ot
ra
ns
m
itt
er

an
ta
go

ni
st
s
(fo

r
bl
oc
ka
de

of
G
A
BA

A
,

G
A
BA

B
,g

ly
ci
ne

,A
M
PA

an
d

N
M
D
A
re
ce
pt
or
s)

U
nc
le
ar

ho
w

m
an
y

an
im

al
s
w
er
e
us
ed

in
ex
pe

rim
en

t
co
nt
ro
l—

85
ce
lls
,7
5

ce
lls

sy
na
pt
ic

bl
oc
ka
de

4
h—

76
ce
lls
,7
0
ce
lls

sy
na
pt
ic
bl
oc
ka
de

48
h—

82
ce
lls
,8
0

ce
lls

sy
na
pt
ic

bl
oc
ka
de

7
da
ys
—
90

ce
lls
,9
0

ce
lls

sy
na
pt
ic

bl
oc
ka
de

M
ea
n
sp
on

ta
ne

ou
s

di
sc
ha
rg
e
ra
te

(s
pi
ke
s/
s)

Ro
st
ra
la
nd

ca
ud

al
M
VN

ne
ur
on

s
w
er
e

an
al
ys
ed

se
pa
ra
te
ly
in

th
e
st
ud

y.
N
um

er
ic
al

da
ta

co
ul
d
no

t
be

ex
tr
ac
te
d
in

su
ffi
ci
en

t
de

ta
il

fro
m

th
e
st
ud

y
fo
r
in
cl
us
io
n
in

th
e
m
et
a-

an
al
ys
is
as

it
w
as

pr
es
en

te
d
gr
ap
hi
ca
lly
.

N
el
so
n

20
17

[1
9]

M
ou

se
,U

L
vi
a

m
ec
ha
ni
ca
ld

is
ru
pt
io
n,

co
m
pa
re
d
to

sh
am

-o
pe

ra
te
d

co
nt
ro
l

1
da
y

3
da
ys

1
w
ee
k

3
w
ee
ks

In
tr
ac
el
lu
la
r
pa
tc
h
cl
am

p,
ip
si
le
si
on

al
;i
on

ch
an
ne

l
pr
ot
ei
n
ex
pr
es
si
on

;o
cu
la
r

vi
de

og
ra
ph

y

A
t
le
as
t
6
an
im

al
s

8
h
-1
40

co
nt
ro
l,
15
6

U
L
ce
lls

1
da
y—

14
2
co
nt
ro
l,

13
1
U
L
ce
lls

3
da
ys
—
91

co
nt
ro
l,

11
2
U
L
ce
lls

7
da
ys
—
96

co
nt
ro
l,

10
5
U
L
ce
lls

21
da
ys
—
63

co
nt
ro
l,

62
U
L
ce
lls

M
ea
n
sp
on

ta
ne

ou
s

di
sc
ha
rg
e
ra
te

(s
pi
ke
s/
s)
,

ga
in

(s
pi
ke
s/
s/
nA

),
fir
in
g

ra
te

po
te
nt
ia
tio

n

Th
is
w
as

th
e
on

ly
st
ud

y
to

bl
in
d
in
te
rv
en

tio
n

al
lo
ca
tio

n
fro

m
in
ve
st
ig
at
or
s.
It
w
as

un
cl
ea
r

ho
w

m
an
y
an
im

al
s
w
er
e
us
ed

th
ro
ug

ho
ut

th
e

ex
pe

rim
en

t
an
d
ho

w
m
an
y
w
er
e
in

ea
ch

ex
pe

rim
en

ta
lg

ro
up

.

A
st
er
is
ke
d
st
ud

ie
s
w
er
e
in
cl
ud

ed
in

th
e
m
et
a-
an

al
ys
is
.A

M
PA

α-
am

in
o-
3-
hy

dr
ox
y-
5-
m
et
hy

l-4
-is
ox
az
ol
ep

ro
pi
on

ic
ac
id
,C

co
nt
ro
l,
G
A
BA

γ-
am

in
ob

ut
yr
ic
ac
id
,N

M
D
A
N
-m

et
hy

l-D
-a
sp
ar
ta
te
,U

L
un

ila
te
ra
ll
ab

yr
in
th
ec
to
m
y

Wijesinghe and Camp Systematic Reviews           (2020) 9:145 Page 6 of 17



Model validity
This tool assessed reporting of details of the animal
model, its routine handling and the control used for ex-
periments in each study. Model validity ratings are pre-
sented in Table 2. The following questions were asked of
each study:

1. Was an ethical statement provided for animal
handling and the use of biological tissue?

2. Were there clear descriptions of the model used to
study vestibular compensation?

3. Was there a clear description of the routine
maintenance of the model during
experimentation?

4. Were details provided of how the model was
prepared for the experimentation?

5. Did the authors prove the success of
deafferentation?

6. Was there an appropriate and comparable control?

Precision
This tool assessed the reporting of technical details of
experimental structure, statistical methods used to
analyse the significance of data and sample sizes.
Some of these particular assessments (for example,
calculation of sample sizes to achieve an appropriately
powered study) are not routine in such non-clinical
experimental work, however, do affect the precision
of the conclusions made. Over and above the SYR-
CLE risk of bias tool, this specifically assessed for
outlying data to make a valid assessment of the het-
erogeneity of data. Precision ratings are presented in

Table 2 Ratings for domains assessing the validity of the model in studies included in the systematic review

Asterisked studies were included in the meta-analysis. N not satisfied, U unclear or insufficient evidence to make an assessment, Y criterion satisfied
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Table 3. The following questions were asked of each
study:

1. Were repeats of experiments performed per animal?
This is referred to as technical variability

2. Did the experiment give the same result when it
was repeated in a different animal? This is referred
to as observer variability

3. Is it clear whether repeatability is a combination of
technical and observer variability? I.e. where these
two repeats reported individually or as a pooled
result?

4. Did the result include an appropriate measure of
variability?

5. Did the authors pool data from previous
experiments? If so, did they assess for heterogeneity
between experiments?

6. Were sample sizes required for significance
calculated prior to experiments being conducted?

7. Were indeterminate, missing or outlying results
handled appropriately?

8. Was the study appropriately powered to reach
statistical significance?

9. Was there a clear statement or description of the
statistical method?

10. Was the chosen statistical method appropriate?
11. Was there any evidence of data dredging?

Risk of bias
This tool is adapted from the SYRCLE risk of bias
tool, which is modelled along the criteria used to as-
sess human trial data [32]. It should be noted that
many of the criteria listed below are still not routine
for animal studies (for example, random allocation or

Table 3 Ratings for domains assessing imprecision in included studies

N not satisfied, U unclear or insufficient evidence to make an assessment, Y criterion satisfied
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sequence generation) and this was taken into account
when assessing risk of bias. Risk of bias ratings are
presented in Table 4. The following questions were
asked of each study:

1. Were participants allocated randomly to
experimental and control groups? If so, was this
sequence adequately generated and applied?

2. Were the groups similar at baseline or were they
adjusted for confounders in the analysis? The
baseline characteristics considered to be important
were the age of animal, sex of animal and housing
arrangements.

3. Was the allocation adequately concealed?
4. Were the animals randomly housed during the

experiment?

5. Were the caregivers and/or investigators blinded
from knowledge of which intervention each animal
received during the experiment? This is also known
as allocation concealment.

6. Were animals selected at random for outcome
assessment? In other words, were control
animals and experimental animals recorded in
groups?

7. Was the outcome assessor blinded? This could be
either during analysis or data collection.

8. Were incomplete outcome data adequately
addressed?

9. Are reports of the study free of selective outcome
reporting?

10. Was the study apparently free of other problems
that could result in high risk of bias?

Table 4 Ratings for domains assessing the risk of bias in studies included in the systematic review

Asterisked studies were included in the meta-analysis. N not satisfied, U unclear or insufficient evidence to make an assessment, Y criterion satisfied
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Outcome measures
The primary outcome measure for this work was the
raw mean difference in spontaneous discharge rate of
MVN neurons following vestibular labyrinthectomy.
Secondary outcomes included changes in MVN neur-
onal gain, variation in ion channel expression on the
MVN neuron cell membrane and modulation of sen-
sitivity to neurotransmitters.

Meta-analysis
The primary outcome was measured as the raw mean
difference in spontaneous discharge rate between the ex-
perimental group (UVD) and the control group (either
sham-operated or unoperated). This measure was used
as the reported mean differences in studies were pre-
sented in a scale that was directly comparable between
studies (spikes per second). Raw mean difference was
calculated using the equation:

yRMD ¼ XE−XC

where yRMD is the raw mean difference (referred to as
the effect size), XE is the sample mean for the experi-
mental group and XC is the sample mean for the
control group. Outcomes were weighted using a
pooled variance, which was calculated from the re-
ported standard error of the mean (SEM) for each ex-
periment. Pooled variance was calculated using the
equation:

vRMD ¼ s2pooled
1
nE

þ 1
nC

� �

where v is the approximate sampling variance, s2pooled is the

pooled sampling variance across both experimental and
control groups and nE and nC the number of recorded
neurons in the experimental and control groups respect-
ively. s2pooled is calculated from the equation:

s2pooled ¼
nE−1ð Þs2E þ nC−1ð Þs2C

nE þ nC−2

The aim of the review was to determine whether
UVD has an effect on the MVN neuron population
as a whole. To determine an estimate of the mean
effect across a population of all possible studies (μ),
we performed a meta-analysis of the data manually
in Microsoft Excel® using a random effects model.
When pooling data from multiple experiments, the
random effects model assumes that the observed ef-
fect in each experiment (y) is made up of the true
effect in that study and some sampling error, which

is dependent on a number of factors such as study
design and execution. For example, in a pool of ex-
periments, the model assumes that in the ith
experiment:

θi ¼ μþ δi

where θi is the true effect in the ith study, μ is the
mean effect across a population of all possible stud-
ies and δi is the deviation of the ith study’s effect
from the population mean. Here, the studies that
met the inclusion criteria are considered to be a
sample from the population of possible evaluations of
the effect of UVD on MVN neurons. From this, the
mean effect (μ) and population variance (Δ2), which
is roughly equivalent to the variance of δ, can be es-
timated. Since this estimate is made across studies,
there may be variation in the pool of experiments,
termed heterogeneity. The test statistic (Q) can be
used to assess the degree of heterogeneity between
studies and incorporates the observed treatment ef-
fects and an estimate of treatment effect weighted by
the observed variance. Q is calculated using the
equation:

Q ¼
Xk
i

wi yi−ywð Þ2

where k is the number of observations or studies, yi is
the ith observation of the effect of UVD, wi is the inverse
of the ith sampling variance:

wi ¼ 1
vRMD

and yw is weighted estimator of treatment effect:

yw ¼

X
i

wiyiX
i

wi

The test statistic Q approximates a χ2 statistic with
k − 1 degrees of freedom [33] and can be used to test
the null hypothesis H0: Δ

2 = 0. If Δ2 ≠ 0, Q can be
used as an estimate of Δ2, to yield a new weighted
estimator w∗ that accounts for the variability in the
population of studies. w∗ is calculated using the
equation:

w�
i ¼

1

w−1
i þ Δ2

w

where Δ2
w is given by:
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Δ2
w ¼ Q− k−1ð ÞX

i

w−
X
i

w2
i =

X
i

wi

This new weight is used to calculate an estimate of the
average effect (μw):

μw ¼

X
i

w�
i yiX

i

w�
i

and its standard error:

s:e: μw
� � ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1X

i

w�
i

vuut

Since some studies distinguished between neuron sub-
types and anatomical location, the random effects model
was used to account for study-specific effects (which are
accounted for by the additional random effects variable)
and improve the generalisability of the conclusions of
the analysis. Confidence intervals (set at 95%) were cal-
culated for each outcome measure and the estimate of
the average effect μw. Cohen’s D statistics were calcu-
lated as a further indication of the magnitude of the ef-
fect size [34]. In addition to Q, heterogeneity was
estimated using the H statistic which describes the rela-
tive excess of Q over its degrees of freedom [35] and is
calculated by:

H2 ¼ Q
k−1

Further, the inconsistency, I2, which describes the per-
centage of total variation across studies that is due to
heterogeneity rather than chance [36] was calculated by:

I2 ¼ Q− k−1ð Þ
Q

Results
A search of the published literature yielded 130 refer-
ences. This was narrowed to 67 references after pooling
and elimination of duplicates. Of these, 15 reviews and 5
references not available in English were excluded, leav-
ing 47 relevant references. Three of the 5 references not
available in English were review articles and were also
excluded on this basis. English translations were found
for the remaining 2 non-English articles and were ex-
cluded as they did not fulfil the study inclusion criteria.
The abstracts of the remaining references were also
screened and subjected to pre-specified inclusion and
exclusion criteria (see the “Methods” section), leaving 22
references relevant to the posed review question. After

critiquing the full text (and supplementary materials
when available) of each of the remaining references, 5
more studies were excluded, leaving 17 references in-
cluded in the final systematic review. Of these, 6 studies
had data that was presented in sufficient detail to be
comparable between studies and therefore suitable for
meta-analysis (Fig. 1).

Quality assessment
To determine the quality of the evidence, each study was
assessed on three methodological domains: criterion val-
idity of the model (Table 2), precision of experimental
technique (Table 3) and risk of bias (Table 4). The de-
tails of how each assessment was made are presented in
the appendix. Across all studies, there was insufficient
data to make appropriate assessments for a relatively
large proportion of questions. Specifically, the risk of
bias was unclear in 76% of studies, the risk of impreci-
sion was unclear in 71% of studies and the risk of model
invalidity was unclear in 41%. This precluded an accur-
ate assessment of the quality of certain studies. This sug-
gests that there is only a small amount of evidence with
relatively low risk of suffering from invalidity, bias or
imprecision.

Model validity
All studies clearly reported the animal model used
and the methods employed to prepare the model for
experimentation. However, a number of early experi-
ments did not provide an explicit statement of proce-
dures or codes used to guide safe and ethical
handling of animals used in experiments. Further, 5
studies did not adequately state the routine mainten-
ance of the model during experiments. It was unclear
in 4 reports whether deafferentation was successful or
confirmed. In some cases, this was implicit through
references to methods sections in previous papers
reporting similar experiments by the same group of
experimenters.

Precision
All studies clearly reported statistical methods used to
assess significance of effects, utilised appropriate mea-
sures of variability and reported clear hypotheses to as-
sess causality. However, there were consistent issues
between studies in all domains assessed. No published
study reported whether calculations of sample sizes or
power required to reach significance were performed.
No study clearly accounted for missing data and 5 stud-
ies had discrepancies between numbers of cells and ani-
mals published within the report raising concerns about
loss of data. Only one study attempted to justify exclu-
sion of data based on pre-specified criteria; however, the
numbers of animals or cells excluded on this basis were
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not clearly reported. Only 2 studies reported the number
of repeats of each experiment performed on a per animal
and per cell basis, complicating the assessment of vari-
ability within studies.

Risk of bias
All studies were free from obvious problems that could
act as sources of bias. Only 2 studies provided enough
information regarding the details of the experimental
animals to ensure similar characteristics at baseline;
however, no study clearly reported between-group differ-
ences. Only 1 study generated a random, concealed allo-
cation sequence and blinded outcome assessors during
data collection and analysis. Data was reported clearly
for most measured outcomes studied in 6 studies, while
4 studies only reported data for certain outcomes in cer-
tain experimental groups. An assessment could not be
made for many of the criteria due to the lack of relevant
information presented in most reports.
Together, these assessments suggest that there is often

incomplete reporting of important methodological char-
acteristics in reports on UVD and intrinsic properties.
Therefore, it is difficult to assess the quality of the evi-
dence testing the hypothesis; however, it is generally
weak based on methodological criteria alone.

Meta-analysis
Studies presenting electrophysiological studies used ei-
ther mean spontaneous discharge rates or the gradients
of input-output curve functions (gains) to describe
changes in intrinsic excitability following UVD. Six of
the included studies [14–17, 26, 37] reported spontan-
eous spike discharge rates, while 2 [19, 28] reported
input-output gains. Unfortunately, there was not enough
numerical data within the latter 2 reports to derive
spontaneous spike discharge rate measures and this data
was not included in the meta-analysis.
Each of the 6 studies presented spike discharge rates

at various time points (between 4 h and 7 days) following
the lesion. One study [18] reported differences in firing
between the two subtypes of MVN neuron, while an-
other study [14] distinguished neurons based on relative
anatomical location. All data sets were treated as distinct
experiments and analysed separately, creating 14 individ-
ual sets of data (see the “Discussion” section for validity
of this pooling). The data sets reported spike discharge
rates for a total of 1216 neurons (405 control, 811
experimental) across at least 116 animals. Raw mean dif-
ferences in discharge rates between experimental condi-
tions and control were calculated and used as the effect
size for the meta-analysis (Table 2). Data was plotted on
a forest plot comparative purposes (Fig. 2). The majority

Fig. 1 Flow chart outlining how studies were included in or excluded from the final analysis. The reasons for exclusion are detailed on the right
side of the chart. This chart was generated using principles outlined in the PRISMA guideline (see main text for details)
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of data sets (11 of 14, 79%) reported an increase in the
mean difference between spontaneous spike discharge
rates at time points up to 1 week following labyrinthect-
omy compared to intact or sham-operated controls (Fig.
2). The only studies reporting decreases found this was
isolated to type A neurons [18] or those found in the
caudal aspect of the MVN [14], a region which is
thought to contain a higher proportion of type A neu-
rons. Other studies did not explicitly distinguish be-
tween neuronal subtype or anatomical location and this
difference could not be explored any further using the
current data set. Using a random effects model, the
mean difference in spontaneous discharge following
labyrinthectomy was estimated to be 4.06 ± 1.14 (n = 14,
95% CI) compared to the control rate. The Q statistic
was not significant (14.2, p = 0.36, χ2 statistic with 13
degrees of freedom) and the H statistic was 1.1, both
suggesting a moderate degree of heterogeneity. However,
the I2 value was 8% suggesting that a large proportion of
the heterogeneity across studies is due to chance. The
Cohen D statistic estimated the average effect size to be
0.48, consistent with a moderate size of effect. Together,
this is strong evidence of a moderate increase in the in-
trinsic excitability of MVN neurons following UVD.
Subgroup analyses were performed based on the

time post UVD. Data was divided into groups of less
than or equal to 1 day from lesioning or between 1

and 10 days from lesioning. For the less than or equal
to 1 day subgroup, the mean difference in spontan-
eous discharge following labyrinthectomy was esti-
mated to be 4.24 ± 1.81 (n = 6, 95% CI) compared to
the control rate (Fig. 3). The Q statistic was not sig-
nificant (5.69, p = 0.34, χ2 statistic with 5 degrees of
freedom) and the H statistic was 1.14, suggesting a
moderate degree of heterogeneity. However, the I2

value was 12% suggesting that a large proportion of
the heterogeneity across studies is due to chance. The
Cohen D statistic was 0.46, consistent with a moder-
ate size of effect. This result is strong evidence of a
moderate increase in the intrinsic excitability of MVN
neurons in the acute period following UVD.
For the 1 to 10 days subgroup, the mean difference in

spontaneous discharge following labyrinthectomy was
estimated to be 3.94 ± 1.48 (n = 8, 95% CI) compared to
the control rate (Fig. 4). The Q statistic was not signifi-
cant (8.47, p = 0.29, χ2 statistic with 7 degrees of free-
dom) and the H statistic was 1.21, suggesting a moderate
degree of heterogeneity. However, the I2 value was 17%
suggesting that a large proportion of the heterogeneity
across studies is due to chance. The Cohen D statistic
was 0.49, consistent with a moderate size of effect. This
is evidence that the increase in the intrinsic excitability
of MVN neurons persists outside of the acute and into
the subacute period following UVD.

Fig. 2 Forest plot of raw mean difference in discharge rates following labyrinthectomy observed in different studies. In the inset are calculated
measures of heterogeneity. Error bars are 95% confidence intervals
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Discussion
We present the results of the first comprehensive, system-
atic review of the published literature regarding the effect
of UVD on the intrinsic properties of MVN neurons. We
found strong evidence that the intrinsic properties of
MVN neurons change during UVD, as evidenced by an in-
crease in their spontaneous discharge rates at rest. The
magnitude of the effect is on average 4 spikes/s higher
than pre-lesion rates. There is insufficient evidence to de-
termine whether intrinsic plasticity changes differ between
anatomical location or animal model.

The role of systematic reviews of laboratory data
A systematic review integrates different sources and
types of evidence to generate a summary estimate of the
effect of a particular intervention or technology [38]. It

derives its evidentiary power over the commonly used
narrative review from its transparent and rigid method-
ology, designed to critically appraise included data and
reduce sources of systematic bias. It is held to be one of
the highest standards of evidence in medicine; however,
they are rarely conducted in the analysis of primary data
obtained from laboratory-based research studies [39]. In
particular, meta-analysis, which allows the pooling of
quantitative data to compare the effects of a particular
intervention across studies [40, 41], is underutilised. The
strength of the conclusions of a systematic review is ul-
timately dependent on the quality of the evidence base.
We assessed methodological quality across three do-
mains—precision, model validity and the risk of bias.
This approach has been used in the systematic reviews
of other basic experimental data [42].

Fig. 4 Forest plot of raw mean difference in discharge rates following labyrinthectomy performed between 1 and 10 days prior. In the inset are
calculated measures of heterogeneity. Error bars are 95% confidence intervals

Fig. 3 Forest plot of raw mean difference in discharge rates following labyrinthectomy performed less than 1 day prior. In the inset are calculated
measures of heterogeneity. Error bars are 95% confidence intervals
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Model validity
The models chosen for the assessment of the study
question were very similar across studies. All studies
used appropriate animals (mouse, rat, guinea pig) that
are known to experience a resolution in static symptoms
following vestibular compensation within a week. Most
experiments performed unilateral labyrinthectomies,
while one study utilised a more rigorous sham-operated
control. Technically, a sham operation is the most ap-
propriate control and should be considered the gold-
standard control for future studies; however, the ethics
of this need to be considered [43, 44]. Three studies [28,
30, 31] were assessed to have a high risk of model inval-
idity due to a lack of reporting of routine model main-
tenance. In particular, there were no details of housing
or ages of animals (or a surrogate such as weight) that
may influence experience-dependent changes. Reporting
of whether the success of the procedure to achieve UVD
was confirmed was not consistent across these three
studies; however, references to previous work were made
suggesting that the chosen methods were likely
appropriate.

Precision
One major issue in this assessment of precision was dis-
tinguishing between technical and observer variability.
The former is a function of the number of repeats per-
formed within each animal, attesting to potentially
modifiable issues with recording techniques. Meanwhile,
the latter is dependent on the number of animals used
for all experiments and reveals more random uncontrol-
lable differences between animals. In all included studies,
recordings were made from multiple individual neurons
in multiple animals. However, there was no reporting of
comparisons between animals, nor was there consistent
reporting of the number of slices created from each ani-
mal. All reports presented results as a single pool of re-
corded neurons, such that measures of variability were
probably a combination of technical and observer vari-
ability, precluding an assessment of these domains inde-
pendently. This raises the concern of pseudoreplication
[45]. The question posed in most studies was whether
UVD changed the intrinsic excitability of MVN neurons.
This question can be answered by using the neuron as
the experimental unit, as was done in each of the in-
cluded studies. However, this does not address whether
there are between-animal differences in the effect of
UVD that have not been explicitly addressed. This do-
main can be accounted for using multi-level statistical
models that take into account this animal factor during
analysis. Alternatively, an experiment can be performed
whereby the animal is the experimental unit and neu-
rons from each animal are pooled into an average [46].
This would have to be appropriately powered with a

prior calculation of sample sizes to ensure sufficient ani-
mals to achieve a meaningful result.

Meta-analysis
Meta-analysis is a powerful tool for averaging effects
across multiple studies. The main benefit of this proced-
ure over arithmetic averaging is the systematic evalu-
ation of heterogeneity between studies and the
weighting of studies based on the degree of observed
variation. In this pool of data, there was very little calcu-
lated heterogeneity between studies as calculated by the
H statistic, which is particularly effective for analyses of
more than 8 studies [35]. A question remains as to
whether it is appropriate to consider MVN neurons as a
uniform neuronal subtype. There is evidence that, at
least chronically, MVN neuronal subtypes ipsilaterally
appear to become homogenised, approaching a more
type A-like profile with linear characteristics [47]. How-
ever, this work has not been conducted in the acute
stage. Studies did not consistently differentiate between
neuronal subtype and therefore it is not possible to make
a conclusive determination of the validity of this
pooling.

Limitations
There are a number of limitations in this approach. The
search strategy used to find evidence revealed a very
large number of studies. Using more restrictive search
terms, searches revealed less reports that may have po-
tentially excluded some relevant studies. For example,
phrases ‘damage’ and ‘lesion’ revealed many more irrele-
vant studies than using the more specific terms ‘deaffer-
entation’ and ‘labyrinthectomy’. However, some reports
used the word ‘damage’ in their title and abstract to gen-
eralise their findings and were only found by a manual
search of references from other papers. Further, certain
phrases are not used consistently between studies to de-
scribe the changes they observed. A number of reports
describe either increase in spontaneous discharge or fir-
ing rate and do not describe this consistently as a change
in ‘intrinsic excitability’. These inconsistencies in vo-
cabulary within the field could skew the range of evi-
dence found by the search strategy; however, all efforts
were made to be as inclusive as possible.
Some studies presented all data graphically while

reporting only numerical values for positive results. This
precluded some of the results that demonstrated no
change following UVD from being included in the meta-
analysis. This potentially skews the results towards a
false-positive assessment. Further, this prevented the
analysis of data from 2 studies which were of high meth-
odological quality, reducing the power of the meta-
analysis. Incomplete reporting should therefore be
avoided in the future to permit such analyses that
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integrate findings across studies and may potentially
help reduce publication bias.

Conclusions
There is a corpus of evidence demonstrating that UVD
increases neuronal excitability. Using the systematic re-
view and meta-analysis technique, we conclude that this
evidence is robust and concordant, lending strong sup-
port to the hypothesis that intrinsic mechanisms play a
role in vestibular compensation. Our analysis also high-
lights the inherent utility of collating and pooling data
from disparate sources to enhance the strength of asser-
tions made through laboratory-based experiments.
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