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ABSTRACT

Bilateral vestibular deficiency (BVD) due to gentamicin
ototoxicity can significantly impact quality of life and
result in large socioeconomic burdens. Restoring sensa-
tion of head rotation using an implantable multichan-
nel vestibular prosthesis (MVP) is a promising treatment
approach that has been tested in animals and humans.
However, uncertainty remains regarding the histopath-
ologic effects of gentamicin ototoxicity alone or in
combination with electrode implantation. Understand-
ing these histological changes is important because
selective MVP-driven stimulation of semicircular canals
(SCCs) depends on persistence of primary afferent
innervation in each SCC crista despite both the primary
cause of BVD (e.g., ototoxic injury) and surgical trauma
associated with MVP implantation. Retraction of prima-
ry afferents out of the cristae and back toward Scarpa’s
ganglion would render spatially selective stimulation
difficult to achieve and could limit utility of anMVP that
relies on electrodes implanted in the lumen of each
ampulla.We investigated histopathologic changes of the
inner ear associated with intratympanic gentamicin
(ITG) injection and/or MVP electrode array

implantation in 11 temporal bones from six rhesus
macaque monkeys. Hematoxylin and eosin-stained 10-
μm temporal bone sections were examined under light
microscopy for four treatment groups: normal (three
ears), ITG-only (two ears),MVP-only (two ears), and ITG +
MVP (four ears). We estimated vestibular hair cell (HC)
surface densities for each sensory neuroepithelium and
compared findings across end organs and treatment
groups. In ITG-only, MVP-only, and ITG + MVP ears, we
observed decreased but persistent ampullary nerve
fibers of SCC cristae despite ITG treatment and/or
MVP electrode implantation. ITG-only and ITG + MVP
ears exhibited neuroepithelial thinning and loss of type
I HCs in the cristae but little effect on the maculae.
MVP-only and ITG + MVP ears exhibited no signs of
trauma to the cochlea or otolith end organs except in a
single case of saccular injury due to over-insertion of the
posterior SCC electrode. While implanted electrodes
reached to within 50–760 μm of the target cristae and
were usually ensheathed in a thin fibrotic capsule, dense
fibrotic reaction and osteoneogenesis were each ob-
served in only one of six electrode tracts examined.
Consistent with physiologic studies that have demon-
strated directionally appropriate vestibulo-ocular reflex
responses to MVP electrical stimulation years after
implantation in these animals, histologic findings in
the present s tudy indica te that a l though
intralabyrinthine MVP implantation causes some inner
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ear trauma, it can be accomplished without destroying
the distal afferent fibers an MVP is designed to excite.

Keywords: vestibular prosthesis, vestibular implant,
gentamicin, rhesus, macaque, intratympanic,
transtympanic, cochlear implant

INTRODUCTION

The vestibular system helps maintain stable gaze and
posture. Three semicircular canals (SCCs) in each ear
encode head rotation while the saccule and utricle
detect linear acceleration due to tilt or translation.
Together, these end organs drive the angular
vestibular-ocular reflex (VOR), vestibulo-ocular,
vestibulospinal, and vestibulocervical pathways,
among others (Carey and Della Santina 2010; Uchino
et al. 1988; Wilson et al. 1990). Individuals who suffer
profound unilateral vestibular hypofunction usually
compensate well and regain nearly normal gaze and
postural stability. However, individuals with severe or
profound bilateral vestibular deficiency (BVD) typi-
cally experience chronic oscillopsia, disequilibrium,
and postural instability. These disabling effects of
BVD are associated with decreased quality of life and
significant individual and socioeconomic cost (Sun
et al. 2014). Causes of BVD include ototoxic drug
exposure (most commonly due to aminoglycosides
such as gentamicin), ischemia, infection, genetic
abnormality, trauma, and others. There is currently
no adequate therapy for patients who derive insuffi-
cient benefit from vestibular physical therapy and
cessation of vestibular suppressants (Minor 1998;
Brandt 1996).

Selective electrical stimulation of vestibular nerve
branches to evoke directionally appropriate VOR eye
movements is a promising therapeutic strategy for
patients with BVD, and several single- (Gong and
Merfeld 2000; Gong and Merfeld 2002) and multi-
channel vestibular prosthetic devices (Guyot et al.
2011; Rubinstein et al. 2012; Wall et al. 2007; Lewis
et al. 2010; Della Santina et al. 2007a) have been
developed. The multichannel vestibular prosthesis
(MVP) developed in our laboratory encodes 3D head
rotation and elicits VOR responses approximately
aligned to ideal response directions when assayed
using 3D oculographic techniques (Della Santina
et al. 2007a; Fridman et al. 2010; Davidovics et al.
2013; Dai et al. 2013). These devices have successfully
demonstrated surgical feasibility and functional resto-
ration of VOR in rhesus monkeys. Recently, two
groups have extended this approach to humans with
BVD (van de Berg et al. 2012; Perez Fornos et al.

2014) or intractable Meniere’s disease (Golub et al.
2014), with variable effects on VOR restoration and
hearing.

Despite physiologic data (Rubinstein et al. 2012;
Fridman et al. 2010; Davidovics et al. 2013; Perez
Fornos et al. 2014; Stokroos et al. 2014; Rubinstein
2014; Dai et al. 2011a) demonstrating well-aligned
electrically evoked vestibulo-ocular reflex (eVOR)
responses, and intact hearing in rhesus monkeys
treated with intratympanic gentamicin (ITG) to ablate
the natural VOR and then implanted with MVP
electrode arrays (Dai et al. 2011b), uncertainty
remains regarding the status of the neuroepithelium
after ITG injection and the extent of trauma caused
by MVP electrode implantation. In contrast to the
large body of evidence (Nadol and Eddington 2006;
Nadol et al. 2008; O’Leary et al. 2013; Shepherd et al.
1984) on the biocompatibility and tolerability of
cochlear implant electrodes and the incidence of
unfavorable tissue responses to implantation trauma
that could hinder implant performance, there is a
paucity of published data on the occurrence and
extent of adverse reactions to implantation of vestib-
ular prosthesis electrodes. Only one published study
(Lewis et al. 2010) has described histologic changes
associated with vestibular prosthesis implantation for
electrode arrays implanted in the temporal bones of
two squirrel monkeys. In those two animals, ampullary
nerves in all four implanted ears were described as
qualitatively normal. However, those animals were
normal prior to implantation and plugging of the
horizontal SCCs, so data from that study could not
reveal extent of injury due to multi-canal implantation
with and without prior ototoxic injury.

In this study, we examined histopathologic changes
in the inner ears of six rhesus monkeys after ITG
injection alone at sufficient dose to ablate natural
VOR responses to whole-body rotation, after ITG
injection and subsequent MVP electrode implanta-
tion, and after MVP electrode implantation without
prior ITG treatment. Specifically, we investigated the
status of vestibular and cochlear neuroepithelia and
their innervation, quantified anatomic relationships
between implanted electrodes and neurons including
both target and nontarget branches of the
vestibulocochlear and facial nerves, and characterized
the presence and extent of inflammation, infection,
scar, and other tissue reactions to transmastoid
implantation of MVP electrodes.

METHODS

Animals

Eleven temporal bones from six adult rhesus macaque
monkeys (6–12 kg) were used in this study, which was
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performed in accordance with a protocol approved by
the Johns Hopkins Animal Care and Use Committee,
accredited by the Association for the Assessment and
Accreditation of Laboratory Animal Care Internation-
al, and consistent with European Community Direc-
tive 86/609/EEC. These included three normal/
untreated temporal bone specimens from three
animals (control), two temporal bone specimens from
two animals treated only with ITG (ITG-only), two
temporal bone specimens from two animals treated
with MVP electrode implantation without ITG (MVP-
only), and four temporal bone specimens from three
animals treated with both ITG and subsequent MVP
electrode implantation (ITG + MVP). Each was
harvested after euthanasia and transcardiac perfusion
following completion of physiologic studies resulting
in eVOR and hearing assessment data that have been
published previously (Davidovics et al. 2013; Dai et al.
2013, 2011a, 2011b; Chiang et al. 2011; Mitchell et al.
2013). Diversity of physiologic study goals led to
variation in the treatments to which each temporal
bone was subjected. The nature and timing of
interventions for each temporal bone studied is
summarized in Table 1. In the two ITG-only temporal
bones, time from final ITG treatment to euthanasia/
perfusion varied between 20 days and 3 years. The two
MVP-only temporal bones were from animals
euthanized/perfused 18 to 19 months after implanta-
tion. The four ITG + MVP temporal bones underwent
MVP implantation 5 days–4 months after final ITG
treatment and were euthanized/perfused 3 years after
implantation.

ITG Injection

Details of the ITG injection technique used in this
study have been described previously (Dai et al.
2011a; Chiang et al. 2011). Briefly, ITG injection was
performed transtympanically into the middle ear
under general inhalational anesthesia (isoflurane 1–
5 %). For each treatment, 0.3–0.5 mL of 26.7 mg/mL
buffered gentamicin sulfate solution (67 % 40 mg/ml
gentamicin sulfate, 20 % sodium bicarbonate, and
13 % sterile water) was instilled into the middle ear
using a 25-gauge needle, and the animal remained
under anesthesia with the treated ear up for 30 min
after injection to promote diffusion of drug across the
round window and into the inner ear. VOR responses
were measured weekly after each treatment, and the
treatment was repeated until VOR gain for responses
during 1000 deg/s2 whole-body transient rotations to
a plateau of 150 deg/s in darkness toward the treated
ear were G10 % of normal (Dai et al. 2013, 2011a).
This required one injection in three ears, two in three
ears, and five in one ear (due to apparent recovery of
VOR requiring re-injection) (Table 1). Specimens in

the ITG-only and ITG + MVP groups varied in the
number and timing of ITG treatments, as is typical of
subjects in series of human subjects treated with ITG
for management of Meniere’s disease (Nguyen et al.
2009; Chia et al. 2004). Histologic results of the ITG-
only specimens therefore provide a useful and clini-
cally relevant complement to the few human studies
of the primate labyrinth’s response to ITG.

MVP Implantation

MVP implantation was performed under general
anesthesia (isoflurane, 3–5 %) via a transmastoid
approach. Under sterile conditions, a mastoidectomy
was performed and the junction of the horizontal and
superior SCC (HSCC and SSCC) ampullae was
identified. A fenestration in each bony canal was
made near its ampulla, leaving a thin bone bridge as a
landmark. A two-tined, forked electrode array con-
taining three electrodes per tine to target the
ampullary nerves of those SCCs was inserted (Chiang
et al. 2011) (Appendix A). For the posterior SCC
(PSCC), a fenestration was made in the thin segment
of the bony canal near the ampulla and a second,
single-tined electrode array containing three elec-
trodes was inserted. A reference electrode was
inserted in the common crus via a second PSCC
fenestration. Throughout the procedure, care was
taken to avoid violating the membranous labyrinth or
suctioning perilymph. Pieces of fascia and bone were
used to gently plug the fenestrations, and in some
animals, dental cement was also used to stabilize the
electrode arrays in the mastoid cavity, from which
electrode leads were run in bone channels under
periosteum to a connector within a dental acrylic
head cap.

Euthanasia and Temporal Bone Preparation

Animals were euthanized under deep anesthesia via
transcardial perfusion of physiologic saline and 2 %
paraformaldehyde in four animals (F32RhD,
M067RhF, F247RhE, and MRH37x) or 10 % formalin
in two animals (M0603163RhO and M060323RhJ).
Different fixative use resulted from institutional
differences in euthanasia protocols. Temporal bones
were then harvested and prepared in a process that is
similar to that used for human specimens (Crowe
et al. 1934). Briefly, each temporal bone was cut from
the skull by a reticulating saw, post-fixed in 2 %
paraformaldehyde, repeatedly trimmed while being
decalcified in ethylenediaminetetraacetic acid
(EDTA) and embedded in paraffin after dehydration
through a series of ethanol baths. After decalcification
and immediately prior to embedding in paraffin, MVP
electrodes in implanted ears were carefully withdrawn
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without additional surgical manipulation of the inner
ear, since they would cause histologic trauma during
sectioning. Embedded blocks were serially sectioned
in a horizontal plane approximating the plane of the
stapes superstructure at a slice thickness of 10 μm.
Each slice was mounted on a glass slide and stained
using hematoxylin and eosin (H&E).

Histopathologic Evaluation

H&E-stained sections were examined under light mi-
croscopy. Images at ×2.5 to ×40 magnification were
acquired using a digital camera attached to the micro-
scope with image acquisition software (ProgRes,
Jenoptik). Figure 1 shows representative images of
vestibular neuroepithelia under light microscopy with
sufficient morphological detail to distinguish between
types I and II hair cells (HCs). Consistent with com-
monly accepted morphologic criteria (Lysakowski and
Goldberg 2008; Merchant 1999; Lyford-Pike et al. 2007),
type I HCs were identified based on their flask shape
and halo-like nerve calyx, whereas type II HCs were
cylindrical and lacked a clear nerve chalice. To quanti-
tatively evaluate the distribution of HCs in each
vestibular end organ, we adopted methodologies devel-
oped by Merchant (Merchant 1999) for quantification
of vestibular HCs in horizontally sectioned human
temporal bones. For each vestibular end organ, a slice
sampling fraction (ssf) was set a priori to minimize
sampling bias, resulting in a median of five selected
slices for each vestibular end organ. Selected slices were
then captured at ×20 magnification and processed off-
line using Image J (NIH, Bethesda, MD). For each

image, only the segment of neuroepithelium perpen-
dicular to the plane of sectioning was used for analysis.
Within this segment, all type I and II HCs were
individually counted using a cell counter routine, and
the ratio of the two cell types was calculated. Although
the size of each image was constant (680×512 μm2), the
counting frame size was dependent on the length of
intact neuroepithelium perpendicular to the plane of
sectioning (range, 69–789 μm). Distinction was not
made between central and peripheral zones for the
SCC cristae or between striolar and non-striolar regions
of otolith end organ maculae. For each image, the
length and height (defined as the distance between the
cuticular plate and the basement membrane) of the
neuroepithelial segment as well as HC diameters were
also measured. Neuroepithelial height was measured at
the apex of each crista. The surface density of vestibular
HCs was obtained by dividing the total cell count by the
surface area, calculated as length×thickness, using a slice
thickness of 10 μm and piecewise-linear approximations
to the curved neuroepithelium surface. Consistent with
Merchant (1999), the Abercrombie correction (1946)
(Eq. 1) was used to correct for over-counting.

H i ¼ hi � t
t þ d

ð1Þ

where Hi=corrected HC density, hi=counted HC
density, t=section thickness, and d=nucleus diameter.
Cell counts and measurements were tabulated and
averaged across slices for each vestibular end organ
of each ear. Results are presented as mean
(standard deviation, SD). Student’s t test (two-tail)

TABLE 1
Inner ear status of study animals

Animal

Left ear Right ear

Euthanasia/perfusionGentamicina MVP Gentamicina MVP

F32RhD 06/2009
10/2009

10/2009 04/2010 08/2012 11/2012

M067RhF 06/2010
06/2010

07/2010b 08/2010 None 10/2013
09/2010
09/2013
09/2013
10/2013

F247RhE 10/2009 11/2009 04/2010 None 03/2013
08/2011c

M0603163RhO None 03/2012 Normal 09/2013

M060323RhJ None 08/2010 Normal 03/2012

MRH37x Normal Not available 02/2013

MVP Multichannel vestibular prosthesis
aIntratympanic injection
bPosterior semicircular canal electrode pulled back after over-insertion
cRe-implantation after removal by animal
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was used to compare means between two groups,
and one-way analysis of variance (ANOVA) with
post hoc Tukey test was used to compare means
between groups, with PG0.05 considered statistically
significant (Stata 13, StataCorp).

RESULTS

Histopathology of SCC Cristae

Figure 2 shows representative images of SCC
cristae for each treatment group. In normal ears
(Fig. 2A–C), examination of H&E-stained sections
under l i gh t mic ro s copy showed norma l
neuroepithelia in the ampulla of each SCC. Type
I and II HCs with associated stereocilia protruding
from the cuticular plates and overlying a single row
of supporting cell nuclei located along the base-
ment membrane were distinctly visible. Although
shrunken as a result of histologic processing, the
cupula appears intact over each crista. In ITG-only

ears (Fig. 2D–F), the apex of each SCC crista
(correlating to the central zone) exhibited almost
complete loss of HCs with only support cells
remaining. There was associated loss of stereocilia
and cuticular plate, resulting in a thin and mottled
appearance for each neuroepithelium, as well as
displacement or absence of the cupula. Associated
with the almost total loss of sensory hair cells,
ampullary nerve fibers to each crista were de-
creased in density in comparison to normal ears
but still evident in each case. In MVP-only ears
(Fig. 2G–I), SCC cristae showed variable histologic
changes ranging from relatively normal with pres-
ence of HCs but diminished stereocilia (Fig. 2G),
to near-total loss of stereocilia and HCs (Fig. 2H).
In ITG + MVP ears (Fig. 2J–L), histologic changes
resembled those observed in ITG-only ears, with
significant loss of HCs, neuroepithelial thinning,
absence or displacement of cupula, and decreased
density but persistence of ampullary nerve fibers to
each crista.

Fig. 1. Representative H&E-stained, light microscopy images of
vestibular neuroepithelia from a normal control ear. SCC crista
(A) neuroepithelium shows linear array of hair cells (HCs) and
support cells arranged between the basement membrane and
cuticular plate. Stereocilia (arrows) and cupula are visible. High
magnification view (box) of the central zone of the crista (B)
shows characteristic appearance of type I and II HCs. Type I HCs
are flask shaped with spherical nuclei and surrounded by a
single calyx that appears as a clear Bhalo,^ whereas type II HCs
are cylindrical without a nerve chalice. Both type I and II HCs
reside above a layer of supporting cell nuclei (arrowheads). The

abundance of type I compared to type II HCs in the central zone
of the crista is evident. The thickness of the neuroepithelium is
measured from the basement membrane to the cuticular plate
(H). A similarly cellular architecture is observed in the saccule
macula (C). BBlebs^ (arrows) occurring over the cuticular plate
are a result of cellular autolysis during histologic processing.
High magnification view (box) of the macula (D) again shows
the distribution of type I and II HCs and support cells
(arrowheads). The ratio of type I to II HCs is lower than that in
the central zone of the crista shown in B.
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Histopathology of Otolith End Organ Maculae

Representative images of otolith maculae in study
animals are shown in Figure 3. In normal ears
(Fig. 3A, B), utricular and saccular maculae showed
cellular architecture similar to normal SCC crista
neuroepithelia, with type I and II HCs located above
a single row of support cells. Stereocilia and
otoconia were also visible. In ITG-only ears
(Fig. 3C, D), type I and II HCs, associated stereocilia,
and overlying otoconia continued to be present. In
MVP-only ears (Fig. 3E, F), otolith maculae resem-
bled those in normal and ITG-only ears, with intact
neuroepithelium, stereocilia, and otoconia. In ITG +
MVP ears, the maculae appeared similar histologi-
cally to other treatment groups except in a case of

saccular trauma by an electrode array inserted
~3 mm beyond its intended target during PSCC
ampullary implantation, which resulted in otoconial
loss and macular thinning of that saccule (specimen
M067RhF left ear, Fig. 3F). In this instance, the over-
inserted PSCC electrode was pulled back in a
subsequent operation. Neither fibrosis in the vesti-
bule nor hydrops of the otolith organs was observed
in any specimen.

Histopathology of Auditory Regions
of the Temporal Bone

In MVP-only and ITG + MVP ears, gross examination
revealed preservation of the ossicular chain, stapes

Fig. 2. Representative ×10 and ×40 (inset) light microscopy images
of Rhesus monkey semicircular canal cristae. Normal ears (A–C)
show a high ratio of type I to II hair cells (HCs) in the central zone of
each crista, with intact stereocilia and cupula, and presence of
ampullary nerve fibers. In ITG-only ears (D–F), there is almost
complete loss of central zone HCs and stereocilia, with displacement of
the cupula (arrow). The neuroepithelium is thinned and cuticular
plate absent. There appears to be persistent innervation (asterisk) to
each crista, albeit decreased in density, even up to 3 years (D and E)
after final ITG injection and abolishment of angular vestibular-ocular

reflex. In MVP-only ears (G–I), there is variable presence of type
I and II HCs in the central zone. In ITG + MVP ears (J–L), there
is consistent thinning of the central zone neuroepithelium with
complete loss of type I and II HCs. Again, nerve fibers (asterisk) of
each crista are evident. MVP multichannel vestibular prosthesis.
Scale bars are 100 and 50 μm (inset). Specimens shown: MRH37x
left ear for normal, F247RhE right ear for ITG-only, M0603163RhO
left ear for MVP-only, and M067RhF left ear (J), F32RhD left ear (K),
and F32RhD right ear (L) for ITG + MVP.
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footplate, and cochlea. Histologic examination also
revealed preservation of cochlear structures such as inner
and outer HCs, tectorial membrane, and scalae tympani
and vestibuli (Fig. 4). These findings were also consistent
with those observed in normal and ITG-only ears.

Quantitative Analysis of SCC Cristae and Otolith
end Organ Maculae

Quan t i t a t i v e ana l y s i s o f each ve s t i bu l a r
neuroepithelium corroborated the qualitative histo-
pathologic observations described above. Figure 5

Fig. 3. Representative ×10 and ×40 (inset) light microscopy images
of Rhesus monkey otolith end organ maculae. Normal ears (A and B)
show utricular and saccular maculae with type I and II hair cells
(HCs), intact stereocilia (inset), and presence of otoconia. In an ITG-
only ear treated just 20 days prior to euthanasia, the utricular (C) and
saccular (D) maculae both appear remarkably healthy, with minimal
HC loss, preserved neuroepithelial height, and intact stereocilia and
otoconia. This is in contrast to evidence of cristae injury from the
same specimen in Figure 2D–F. In MVP-only ears (E and F), or those
that received ITG injection followed by MVP implantation (G and H),

preservation of HCs, stereocilia, and otoconia are again demonstrat-
ed. However, in an ear with surgical trauma to the saccule as a result
of PSCC electrode insertion (F), thinning of the neuroepithelium and
overlying otoconia, with decreased HCs and almost complete loss of
stereocilia, is observed. MVP multichannel vestibular implant. Scale
bars are 100 and 50 μm (inset). Specimens shown: MRH37x left ear
for normal, M067RhF right ear for ITG-only, M0603163RhO left ear
for MVP-only, and M067RhF left ear (G) and F32RhD right ear (H) for
ITG + MVP.

Fig. 4. Representative image of stapes footplate and cochlea in a
rhesus monkey that underwent intratympanic gentamicin (ITG)
injection and MVP implantation. Image of the oval window (A)
shows intact stapes footplate (arrow, folding due to histologic artifact)
and adjacent structures, including facial nerve (FN), cochlea (Co),
incus (I, fractured during histologic processing), utricle (U), and
saccule (S). Cochlea (B) in the same animal also appears grossly

intact. Inset (C) shows scala tympani (ST), scala vestibuli (SV), and
scale media (SM). Intact tectorial membrane (arrowhead), inner, and
outer hair cells (arrows) are visible. Light microscopic images of
H&E-stained tissue acquired under ×2.5–×20 magnification. Scale
bars are 500 μm (A and B) and 100 μ (C). Specimen shown: F32RhD
right ear.
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shows the height and vestibular HC surface density of
each neuroepithelium for each treatment paradigm.
Normal ears had mean total HC surface densities of
84.6±10.0 (mean±standard deviation), 85.5±14.7,
73.7±16.6, 76.6±11.0, and 78.6±13.2 HCs/0.01 mm2

in the saccule, utricle, SSCC, HSCC, and PSCC,
respectively. Across all normal cristae and maculae,
the mean type I to II HC density ratios were 2.3±0.8
and 1.1±0.4, respectively (T81=9.42, PG0.001). In ITG-
only ears, compared to SCC cristae, the otolith
maculae contained significantly greater HC surface
density (one-way ANOVA, F5,44=52.20, PG0.001;
Tukey’s multiple comparison test: PG0.01 between
each crista and macula) and larger neuroepithelial
height (one-way ANOVA, F5,44=47.20, PG0.001;
Tukey’s multiple comparison test: PG0.01 between
each crista and macula). Mean type I to II HC ratios
were 1.5±0.8 and 1.4±0.3 in ITG-only cristae and
maculae, respectively (T21=0.31, P=0.76). Comparing
ITG-only to normal cristae, the decreased type I to II
ratio in ITG-only cristae (T32=4.04, PG0.001) suggests
selective loss of type I HCs. In MVP-only ears, there

was variable preservation of neuroepithelial height
and HC surface density between vestibular end organs
due to varying degrees of electrode trauma. In ITG +
MVP ears, HC density (one-way ANOVA, F5,39=28.73,
PG0.001; Tukey’s multiple comparison test: PG0.01
between each crista and macula) and neuroepithelial
height (one-way ANOVA, F5,39=64.78, PG0.001;
Tukey’s multiple comparison test: PG0.01 between
each crista and macula) were attenuated in the SCC
cristae relative to otolith end organ maculae, similar
to observations in ITG-only ears.

Histopathology of Electrode Tracts

Because electrode arrays were necessarily withdrawn
from each specimen prior to sectioning, we assayed
histopathologic changes associated with electrode inser-
tion in temporal bones that received MVP implantation
by examining the fibrous capsules left behind after
electrode removal. Within each SCC, electrode tracts
were typically characterized by thin fibrous capsules that
were within 760 μm of the target crista as measured on

Fig. 5. Neuroepithelial height (top) and vestibular hair cell (HC)
surface density (bottom) of each vestibular end organ for each
treatment group. Compared to normals, ITG-only ears showed a
decrease in neuroepithelial height and HC density in the semicircu-
lar canal (SCC) cristae, but not in the otolithic end organ maculae.

Similarly, in ITG + MVP ears, the ototoxic effects of gentamicin
appeared to be attenuated in otolith maculae compared to SCC
cristae. Variability in HC density and neuroepithelial height in MVP-
only ears reflects spectrum of surgical trauma.
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histologic sections (e.g., Fig. 6A, B). One implanted ear
exhibited evidence of osteoneogenesis around an elec-
trode tract (M0603163RhO left ear, Fig. 6C) while
another had a vigorous fibroblastic response around
the electrode tract in the PSCC ampulla (F32RhD left
ear, Fig. 6D). We did not observe extension of scar tissue
beyond the ampulla into the vestibule, on the stapes
footplate, or in the cochlea in any ear. However, all
implanted specimens showed signs of either pre- or post-
mortem tissue damage, which typically consisted of
shearing and/or destruction of the crista. In some cases,
cell-level findings clearly indicate pre-mortem damage.
For example, Figure 6B shows the complete loss of both
HSCC and SSCC crista. In other cases, relative preserva-
tion of cellular architecture despite the presence of a
cleavage plane across a structure suggests post-mortem
damage due to electrode removal during histologic
processing. Figure 6D shows partial shearing of the PSCC
crista, apparently as a result of electrode removal. In both
MVP-only and ITG + MVP ears, ampullary nerves were
present at the site of stimulation despite injury to the
overlying crista. Neither bacteria, polymorphonuclear

inflammation, nor granulomatous giant cell reactions
were observed in any specimen.

DISCUSSION

Effects of Intratympanic Gentamicin
on the Labyrinth

Histopathologic changes observed in this study provide an
anatomic context for interpretation of physiologic data
previously reported for the same animals (Davidovics et al.
2013; Dai et al. 2013, 2011a, 2011b; Mitchell et al. 2013).
Consistent with previous studies in rodents (Lyford-Pike
et al. 2007; Hirvonen et al. 2005; Lopez et al. 1997), we
observed loss of type I HCs in the central zone of each
rhesus SCC crista after ITG injection, indicated by a
decrease in type I:II HC ratio from 2.3 in normal ears to
1.5 in ITG-only ears. The ototoxic effects of ITG appear to
be less severe in the otolith maculae, however, as we
observed relative preservation of neuroepithelial height,
HC density, and type I:II HC ratio in ITG-treated maculae
compared to normal ears. Although not previously

Fig. 6. Histopathology of electrode array tracts. Typically, a thin
fibrotic capsule (arrow) surrounds the electrode tract (asterisk),
terminating adjacent to an superior semicircular canal (SSCC) crista
(A). The electrode tract is seen traversing through the surgical
fenestration into the SSCC ampulla (S). In B, the orientation of an
horizontal semicircular (HSCC) electrode tract (asterisk) and its
fibrous capsule (arrow) are seen in relation to other adjacent
structures, including the HSCC ampulla (H), SSCC ampulla (S), facial
nerve (FN), and Scarpa’s ganglion (SG). The close proximity of the
HSCC electrode tract to the SSCC ampullary nerve is evident,
demonstrating the anatomic basis for current spread between HSCC
and SSCC ampullary nerves. In one monkey (C), osteoneogenesis
(arrow) was found adjacent to an electrode tract (asterisk) in the

HSCC ampulla (H). In another monkey (D), a vigorous fibrosis
reaction (arrow) is seen adjacent to a posterior semicircular canal (P)
electrode tract (asterisk). Osteoneogenesis and fibrosis may be due
to electrode insertion or surgical placement of bone paté and/or
fascia around labyrinthotomies during implantation. In all speci-
mens, existent ampullary nerve innervation to crista was evident,
even in cases that suffered surgical destruction of the crista during
implantation (B). There was no evidence of granulomatous inflamma-
tion, hydrops, or extension of fibrosis into the vestibule in any
specimens. H&E-stained images captured at ×2.5–×10 magnification
under light microscopy. Specimens shown: M0603163RhO left ear (A
and C), F32RhD right (B), and left (D) ears.
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demonstrated in rhesus monkeys, attenuation of amino-
glycoside ototoxicity in the otolith organs has also been
observed in other mammals. Similar findings have been
reported with streptomycin in cat (Wersall and Hawkins
1962), squirrel monkey (Igarashi et al. 1965), and guinea
pig (Lindeman 1969) and with gentamicin in guinea pig
(Sera et al. 1987) and rabbit (Kim et al. 2013). In humans,
one study observed less decrease in HC density in the
utricular macula compared to SCC crista after ITG
injection for Ménière’s disease in one patient (Ishiyama
et al. 2007). Other human temporal bone histopathology
studies have also found relative sparing of otolithic
maculae in cases of systemic aminoglycoside ototoxicity
(Nadol 1981; Schuknecht 1993; Tsuji et al. 2000).
Proposed mechanisms of otolithic sparing include de-
creased HC sensitivity in the macula and/or regeneration
or repair following injury (Baird et al. 1993; Golub et al.
2012; Carey et al. 1996). It is worth noting that in the one
animal of the present study that was euthanized only
20 days after final ITG treatment, both the utricular and
saccular maculae appeared healthy and intact (Fig. 3A, B)
despite abolishment of physiologic VOR. In this instance,
the time elapsed between ITG treatment and sacrifice was
short enough that the relatively normal appearance of the
maculae compared to the cristae is unlikely to be due to
ototoxic injury (which typicallymanifests in symptoms and
signs of acute vestibular loss about 1–2 weeks after ITG in
rhesus and human (Carey 2004)) followed by regenera-
tion or repair. Since prospective, quantitative physiologic
measurements of postural reflexes or VOR to head
translation were not performed to interrogate otolith
function in these animals (which were implanted with
electrodes intended to stimulate the SCCs, not the otolith
end organs), the physiologic significance of these histo-
pathologic findings awaits further investigation.Moreover,
since tissues were not prepared for electron microscopy,
whether differential calyceal changes exist in the crista
compared to the macula as reported in rodents (Lopez
et al. 1997) could not be determined.

Effects of MVP Electrode Implantation
on the Labyrinth

Histologic exams in this study revealed electrode tracts
within 50–760 μm of the targeted crista in each SCC of
each animal, providing histologic corroboration of previ-
ously reported VOR data in these animals (Davidovics
et al. 2013;Dai et al. 2013, 2011a; Chiang et al. 2011). Apart
from the proximity of an electrode to its target nerve
branch, the relative distance from an electrode to target vs
nontarget ampullary nerves is a key determinant of 3D
eVOR performance because restoration of a directionally
appropriate 3D VOR requires selective stimulation of the
target ampullary nerve and minimization of current
spread to nontarget neurons. The anatomic proximity of
HSCC and SSCC ampullary nerves is such that achieving

selective stimulation of one without inadvertently exciting
the other has been a central challenge in designing
electrode arrays, implantation techniques and stimulation
protocols (Fridman et al. 2010; Della Santina et al. 2005;
Della Santina et al. 2007b; Davidovics et al. 2011). In one
specimen (F32RhD/right), the HSCC electrode capsule
was situated 452 and 928 μm from the targetedHSCC and
SSCC ampullary nerves, respectively, representing a
difference in distance of only 476 μm (Fig. 6B).

Although prior studies have not found evidence of
neuronal loss in Scarpa’s ganglion in human temporal
bones after aminoglycoside ototoxicity (Tsuji et al.
2000), uncertainty exists regarding whether ampullary
nerves may serve as viable targets of stimulation in
subjects who have suffered ototoxic injury, conse-
quent HC loss, and possible ampullary nerve degen-
eration (van de Berg et al. 2012; Wall et al. 2002). In
this series of rhesus monkeys, those that received ITG
injection (ITG-only) with near complete ablation of
physiologic VOR (Davidovics et al. 2013; Dai et al.
2013, 2011a; Chiang et al. 2011) demonstrated
histologic evidence of decreased but persistent am-
pullary nerve fibers associated with each crista despite
loss of HCs in the overlying neuroepithelium
(Fig. 2D–F, J–L). In fact, presence of ampullary nerve
fibers was evident even 3 years after ITG treatment
sufficient to cause profound loss of VOR (Fig. 2D, E).

Two different surgical approaches to position stimulat-
ing electrodes near their target ampullary nerves have
been reported: intralabyrinthine and extralabyrinthine.
The former has effectively become the de facto standard
used by all three currently active research groups
performing vestibular electrode implantation (van de
Berg et al. 2012; Perez Fornos et al. 2014; Golub et al.
2014; Dai et al. 2011a). The latter, which Kos et al. (2006)
proposed and called the Bextraampullar^ approach,
involves attempts to access each ampullary nerve branch,
without opening the labyrinth, by performing a lateral
approach to the PSCC ampullary nerve just below the
round window (previously described by Gacek and Gacek
(2002) to accomplish singular neurectomy for control of
intractable PSCC benign paroxysmal positional vertigo)
and a separate superolateral approach to the superior and
horizontal SCC’s ampullary nerves. That approach has
largely been abandoned due to the risks it poses to the
tympanic segment of the facial nerve in humans (Stokroos
et al. 2014); however, it would merit reconsideration if
histologic exams of ears implanted by the
intralabyrinthine approach were to reveal neuronal
degeneration to such an extent that target neurons no
longer extend their distal axons into the cristae near
which intralabyrinthine electrodes are placed (Wall et al.
2002). The intralabyrinthine approach can be further
specified as either ampullary—in which electrode arrays
are deliberately inserted into each ampulla, with an intent
to place them close to target neurons at the expense of
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membranous labyrinth disruption (as was done here)—or
thin segment, in which the surgeon creates a small opening
in each SCC’s thin segment and then advances electrode
arrays toward each crista while attempting to avoid
disruption of the membranous labyrinth. Histologic
evidence of persistent ampullary innervation and lack of
trauma to the auditory regions of the temporal bone in
MVP-only and ITG + MVP ears in the present study
support the use of the ampullary surgical approach
employed here and apparently render the
extralabyrinthine approach unnecessary when the goal is
to position electrodes near their targets while avoiding loss
of vestibular afferents and cochlear trauma.

The surgical technique and electrodes employed in
this study appear not to engender a significant inflamma-
tory response. The lack of inflammatory tissue reactions
to MVP electrode implantation in this series is consistent
with histologic findings in two implanted ears from two
squirrel monkeys implanted with similar electrode arrays
(Lewis et al. 2010) and observations from the human
cochlear implant (CI) experience. Based on animal and
humanpost-mortem studies, CI electrode implantation in
the scala tympani typically elicits fibrosis with capsule
formation (Nadol and Eddington 2006; O’Leary et al.
2013; Shepherd et al. 1984). Osteoneogenesis and dense
fibrosis around the electrode capsule, which were each
observed in one ear in the current study, may have
occurred as a result of tissue reaction to electrode
insertion or the surgical placement of autologous graft
materials consisting of bone paté and/or fascia around
labyrinthotomies for stabilization of electrode arrays,
during implantation. In the present study, the two ears
with osteoneogenesis and dense fibrosis had MVP
implants in place for 1 and 3 years, respectively. In
contrast, human studies described these effects 10–
12 years after cochlear implantation (Nadol and Edding-
ton 2006; Shepherd et al. 1984), although the post-
mortem nature of these studies precludes accurate
determination of time-to-occurrence. Other histopatho-
logic changes associated with CI insertion include
granulomatous and foreign body giant cell reaction
(Nadol et al. 2008; O’Leary et al. 2013), cellular inflam-
mation associated with bacterial inoculation (Shepherd
et al. 1984), and hydrops (Tien and Linthicum 2002).
Such changes have been theorized to play a role in Bsoft^
failures after cochlear implantation (Nadol et al. 2008) or
to cause other deleterious effects on inner ear function
(Tien and Linthicum 2002), but no such changes were
observed in the present study. This may be partially
attributable to the small sample size, use of sterile
technique, and the fact that the aforementioned histo-
pathologic changes seen in some CI cases occur on time
scales that could not be captured in the present study. For
instance, foreign body giant cell reactions are more likely
to occur early after implantation (4 weeks after cochlear
implantation in guinea pigs) (O’Leary et al. 2013),

whereas osteoneogenesis may appear years later (Nadol
and Eddington 2006).

Trauma observed in implanted specimens may be an
effect of surgery (e.g., disruption of structures as a direct
result of electrode array insertion) or histologic artifact
(e.g., due to post-mortem removal of electrodes for tissue
processing). Apparent stability of VOR responses during
life and the post-mortem presence of afferent axons
suggest that much of the observed tissue damage may be
attributable to post-mortem processing rather than sur-
gery or electrode insertion. The temporal bone sectioning
technique employed in this study required the withdrawal
of electrode arrays immediately prior to sectioning, which
may lead to disruption of anatomical structure in
proximity to the electrode tracts. Shearing and/or
destruction of the crista observed in certain specimens
on histology are consistent with the degree of surgical or
histologic processing trauma observed in a previous study
utilizing squirrel monkeys (Lewis et al. 2010).

Effects of MVP Electrode Implantation
on the Cochlea

A previous study on hearing outcomes after unilateral
left ear ITG and MVP implantation employing ani-
mals F32RhD, M067RhF, and F247RhE showed a
maximum 10 dB decrease in hearing thresholds as
measured by auditory brainstem reflex (ABR) to clicks
and 1–4 kHz tone bursts and 2–14 dB decrease on
distortion product otoacoustic emissions (DPOAE) for
1–4 kHz stimuli in the implanted ear (Dai et al.
2011b). The histopathologic changes observed in this
study corroborate those findings. There was no
evidence of surgical disruption or scar tissue forma-
tion in auditory regions of the inner ear, such as the
cochlea and oval window, in those specimens, and
osteoneogenesis was either absent or confined to the
area where bone dust was used to facilitate closure of
the surgical entry into a canal.

Effects of Hair Cell Counting Technique

In estimating vestibular HC densities in study ears,
the Abercrombie correction (Abercrombie 1946)
was used to correct for over-counting. While less
rigorous than the dissector stereological technique
(Sterio 1984), its accuracy has been validated in
multiple studies of archived human temporal bones
that underwent sectioning and processing using
techniques similar to those employed in this study
(Merchant 1999; Richter 1980; Rauch et al. 2001),
and yielded results similar to more labor-intensive
stereological methods (Lopez et al. 2005). More-
over, although optical (Severinsen et al. 2010) and
physical dissector techniques (Lysakowski and
Goldberg 2008) have been employed with success
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in other studies, pilot studies in our specimens
indicated that the slice thickness we employed
(10 μm) was too thin for optical sectioning and
too thick for physical dissector techniques, relative
to the average size of an HC (5 μm). The typical
nucleus size was measured in each section and
found to be comparable across all tissues exam-
ined, minimizing the effect of varying nucleus size
on cell estimates. Moreover, since unbiased stere-
ology relies on unbiased sampling of the anatomic
area of interest in a uniform plane of section, its
application to labyrinthine tissues such as those in
this study would have had limited value when
competing histologic goals require that one serially
section the entire labyrinth in a single, fixed
orientation. For instance, due to the fixed plane
of sectioning, only a small fraction of a certain
region is available for counting (e.g., 8 % of utricle
when sectioned in the axial plane) (Merchant
1999). In fact, where unbiased stereological
methods have been successfully applied to vestibu-
lar neuroepithelia, each neuroepithelium of inter-
est was microdissected before sectioning to ensure
that the sectioning plane was perpendicular
throughout the region of interest to maximize
yield (Ishiyama et al. 2007; Lopez et al. 2005;
Gopen et al. 2003). This was not possible in the
present study, as it would have led to the destruc-
tion of anatomical areas of interest relevant to
MVP implantation.

Total HC surface density in the cristae and maculae
has been shown to decrease with increasing body size,
being approximately 120–200/0.01 mm2 in chinchillas
(Fernandez et al. 1995; Desai et al. 2005a; Desai et al.
2005b), 100–130/0.01 mm2 in squirrel monkeys
(Fernandez et al. 1995), and 60–80/0.01 mm2 in
humans (Richter 1980; Lopez et al. 2005). Although
normative data have not been published for the
rhesus monkey, the mean total HC estimate of 79/
0.01 mm2 (SD 3.0/0.01 mm2) we measured for cristae
and maculae of normal rhesus ears in this study is
consistent with this trend when compared to human
and small animal data obtained using unbiased
stereology.

The mean type I:II HC ratios of 2.3 (SD 0.8)
and 1.1 (SD 0.4) in the crista and macula,
respectively, estimated in this study are in range
of ratios of approximately 1.6–2.4 in the central
zone of the crista (Rauch et al. 2001; Lopez et al.
2005) and 1.4–1.7 in the otolith end organ macula
(Gopen et al. 2003; Merchant et al. 2000) in
humans. Methods employed in this study cannot
consistently distinguish between the central and
peripheral zones in the cristae or striolar and non-
striolar regions in the maculae. In normal humans,
there is decreased HC density in the central zone

and striolar region (Lopez et al. 2005; Gopen et al.
2003) and increased type I:II HC ratio in the
central zone (Lopez et al. 2005). Although consis-
tent with our qualitative observations, these differ-
ences could not be quantified in the present study
due to the lack of well-defined anatomic bound-
aries. Therefore, estimates reported here represent
gross estimates of the entire neuroepithelium.

Study Limitations

The whole-temporal bone sectioning approach and
tissue staining techniques employed for histologic
study prevented rigorous quantification of ampul-
lary nerve fibers in ears with and without MVP
implantation via axonal counts and verification via
immunohistochemistry. Loss of afferents may also
be underestimated due to the limited time span
between ITG injection and sacrifice in some
animals. Indeed, in ears that were exposed to
ototoxic treatment or surgical trauma, it is not
surprising that loss of overlying neuroepithelium
may lead to consequential loss of afferent nerve
fibers. The number of residual nerve fibers,
specific extent of retraction of their nerve termi-
nals, or the Scarpa’s ganglion cell bodies from
which these fibers originate, could not be quanti-
fied in the present study. Moreover, in instances
where persistence of ampullary fibers was observed,
changes to their terminal structures as a result of
loss or injury of the overlying HCs may have
important implications for prosthetic stimulation
and await further investigation.

This study is also limited by its retrospective
nature and sample size. Since animals were studied
in the context of an iterative process of MVP
device development, interventions were heteroge-
neous and uncontrolled with respect to histopath-
ologic evaluation. Furthermore, because the use of
paraffin as an embedding medium prevented
sectioning of temporal bones with electrodes in
situ without sustaining a large degree of histologic
trauma on native tissues, position of electrodes was
necessarily inferred from examination of the fibrot-
ic capsule surrounding electrode tracts, which may
not reflect the true position of electrode arrays
during physiologic experiments. Finally, the ob-
served osteoneogenesis and fibrosis may not reflect
tissue reaction to electrode insertion but rather
placement of free grafts for electrode stabilization.
Unfortunately, the extent to which bone chips,
bone pate, and/or fascia were used was variable
and was not documented in the surgical record
with sufficient precision to permit a rigorous
comparison between cases with and without delib-
erate insertion of such grafts. Despite these caveats,
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our findings nonetheless provide histopathologic
correlates to MVP electrode implantation in the
temporal bone.

CONCLUSION

In a series of six rhesus monkeys that underwent
ITG injection and/or MVP implantation, histologic
exams demonstrated that ITG injection at doses
sufficient to result in near-total ablation of VOR
responses to high-acceleration ipsiversive whole-
body rotation was associated with HC loss in the
SCC cristae but less impact on the otolith end
organ maculae, raising important clinical implica-
tions regarding the use of ITG for treatment of
Ménière’s disease and the role of ITG in creating
animal models for the study of unilateral vestibular
loss. Observations also demonstrated the safety of
MVP imp l an t a t i on v i a a t r a n sma s t o i d ,
intralabyrinthine, ampullary approach, with mini-
mal histopathologic impact on inner ear structures
occurring beyond each implanted SCC crista
ampullaris. Moreover, histologic examination re-
vealed decreased but persistent ampullary nerve
fibers near the stimulating electrodes despite prior
ITG treatment, electrode implantation, and deliv-
ery of prosthetic currents in repeated sessions for
up to 3 years, further strengthening the scientific
foundation for efforts toward developing MVP
devices intended to stimulate vestibular afferents
in humans disabled by BVD.
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APPENDIX

Fig. 7. Electrode array placement. A Posterolateral view of 3D CT
surface reconstruction showing electrode array leads implanted in
the left labyrinth of a rhesus monkey via the mastoid cavity. a lead to
anterior and horizontal ampullae; b lead to posterior ampulla; c
common crus reference electrode; d neck reference electrode; M
mandibular ramus; Z zygomatic arch; ANT, POST, SUP, INF anterior,
posterior, superior, inferior. B Oblique CT cut through the plane of
the basal turn of the cochlea [Co], showing bifurcated electrode
array [a] entering the ampullae of the superior [s-scc] and horizontal
[h-scc] semicircular canals. Part of the neck reference electrode [d] is
also visible, but the posterior SCC electrode array is not included in
this section. AM, PL anteromedial, posterolateral. C Image of forked
electrode arrays for h-scc and s-scc ampullas (1), posterior SCC (2),
and common crus reference (inset) electrodes. A and B reproduced
with permission from Dai et al. 2011b.
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