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Abstract

Hypothesis: Cochlear implantation may result in an increase in the density of macrophages in
vestibular endorgans in the human.

Background: Vestibular symptoms are a common complication of cochlear implantation. In a
previous study, we demonstrated histological evidence of a foreign body response caused by
silicon and platinum in the human cochlea following cochlear implantation. The objective of the
current study was to seek evidence of a possible immune response in vestibular endorgans after
cochlear implantation.

Methods: The density of macrophages immunostained with anti-lbal antibody in the vestibular
endorgans (lateral and posterior semicircular canals, utricle and saccule) in ten human subjects
who had undergone unilateral cochlear implantation was studied by light microscopy. The
densities of macrophages in the neuroepithelium, subepithelial stroma, and among dendritic
processes in the mid-stromal zone in four vestibular endorgans in the implanted and the opposite
unimplanted ears were compared. The distributions of macrophage morphology (amoeboid,
transitional and ramified) were also compared.

Results: The densities of macrophages in implanted ears in four vestibular endorgans were
significantly greater than that in opposite unimplanted ears except in the subepithelial zone of the
utricle and posterior semicircular canal. In contrast to the neuroepithelium, the subepithelial
distribution of amoeboid macrophages in implanted ears was significantly less than in unimplanted
ears.

Conclusion: An increase in the density of macrophages in four vestibular endorgans after
implantation was demonstrated. The transition among phenotype of macrophages suggested
possible migration of amoeboid macrophages from the subepithelial stroma into the
neuroepithelium.
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Introduction

Cochlear implantation (CI) is an established treatment for the rehabilitation of profound
sensorineural hearing loss. A common postoperative complication is the development of
vestibular symptoms (1-3), which in some cases may occur with a delayed onset and
episodes of vertigo similar to Meniere’s disease (4, 5). Given the increasing use of bilateral
implantation, characterizing the effects of CI surgery on the vestibular system is clinically
important. The pathogenesis of vestibular dysfunction during or after CI surgery has been
postulated to include direct trauma due to cochleostomy and electrode insertion (6), acute
serous labyrinthitis (1), endolymphatic hydrops (1, 5), unintentional spread of electrical
stimulation (7) and foreign body reaction with labyrinthitis (5).

Nadol et al. (8) and O’Malley et al. (9) demonstrated evidence of chronic inflammation
caused by a foreign body reaction in the cochlea after cochlear implantation. However, to
date there has been no report of a possible chronic inflammatory process in the vestibular
system caused by a foreign body response after cochlear implantation.

Macrophages play an important role in the immune responses during inflammation, wound
healing, disease progression and foreign body reaction (10-13). Macrophages are found in
various tissues of the body, and recently macrophages were described in the cochlea and in
the vestibular endorgans (14). Since macrophages play important roles in the inflammatory
response, we hypothesized that macrophages in the vestibular endorgan after cochlear
implantation may be more numerous and activated than in the opposite unimplanted ear. In
this study, we undertook a histopathological analysis of the vestibular system in 10 patients
with a history of unilateral cochlear implantation. The aim of the study was to evaluate the
effects of cochlear implantation surgery on the vestibular system by characterizing the
expression of macrophages in implanted and contralateral unimplanted ears. It was assumed
that macrophages with ramified, transitional and ameboid morphologies represented an
increasing gradient of immune activity (15, 16).

Materials and Methods

Selection of cases

Both temporal bones of 10 patients who in life had undergone unilateral cochlear
implantation from the collection of the Otopathology Laboratory of the Massachusetts Eye
and Ear Infirmary were studied. All patients were operated by cochleostomy approach
including round window enlargement approach. The demographic data of these 10 cases are
presented in Table 1. This study was approved by the Institutional Review Board of the
Massachusetts Eye and Ear Infirmary.
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Histologic Preparation

Temporal bones were removed and fixed in 10% buffered formalin. The specimens were
decalcified in ethylene/diamine tetra acetic acid. After decalcification, the cochlear implant
electrode was removed. The specimens were then dehydrated in graded alcohols followed by
embedment in celloidin. Specimens were then serially sectioned in the axial (horizontal)
plane with an average thickness of approximately 20 um. Every tenth section was stained
with hematoxylin and eosin and mounted on glass slides for histologic examination and 2-
dimensional graphic reconstruction.

Immunohistochemistry methods

A total of 80 sections including the four vestibular endorgans (cristae of lateral and posterior
semicircular canals and the two maculae) were selected for immunostaining. Evaluation of
the crista of the superior semicircular canal was not included because of the sectioning angle
in these horizontal sections. An antibody against the ionized calcium-binding adaptor
molecule 1 (Ibal), made in rabbit, (Wako chemicals USA, Inc, Richmond, VA) was used to
label macrophages in the same manner as was previous reported (14).

Quantitative assessment of macrophages

Macrophages were counted using Excelis HD camera & monitoring system (AccuScope,
Inc., Commack, NY), coupled to an Olympus BX51 light microscope and imaging software
(CaptaVision: AccuScope Inc.) to capture the images at 40x (1920 x 1080 pixels). One axial
(horizontal) section through each of the lateral and posterior cristae, macula utriculi, and
macula sacculi were examined in both temporal bones in all 10 subjects (Table.1).

Neuroepithelial, Subepithelial and Mid- Stromal Zones

The densities of cells immunostained by anti-Ibal in the neuroepithelium, in the
subepithelial stroma, and in the mid-stromal zone containing peripheral vestibular dendrites
were calculated in each representative section through the endorgans. Only cells containing
nuclei were counted as seen focusing through the 20 um sections.

The area of the entire neuroepithelial zone was outlined using CaptaVision imaging
software. A subepithelial zone of equivalent area was then outlined (Fig.1A). In the mid-
stromal zone, counting frames approximately 150 pm x 200um resulting in an area of
30,000 pm?2 were outlined (Fig. 1B). The number of counting frames used in the mid-
stromal zones was 2-3 in the lateral crista, 2-3 in the posterior crista, 3—7 in the macula
utricli, and 3-5 in the macula sacculi. The number of Ibal-positive cells and total areas in
the neuroepithelial and subepithelial zones and in the counting frames in the mid-stromal
zone were calculated. The density of Ibal-positive macrophage cells was expressed as the
number of cells per area of 30,000 um? in each of the four vestibular endorgans and three
Zones.

Macrophage Morphology

Macrophages were morphologically classified into three types: amoeboid, transitional and
ramified (Fig.1C) (15, 16). The amoeboid type was defined by an amoeba-like shape with
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few branched processes. The ramified type was defined as containing a cell body and highly
branched processes. The transitional type included all other macrophages. The proportions
of these three types were calculated in the areas of the neuroepithelial, subepithelial, and
mid-stromal zones.

Statistical Analysis

Results

The density of Ibal-positive macrophages in each of the four vestibular endorgans in the
implanted ear and the contralateral unimplanted ear was statistically compared using the
paired-t test or Wilcoxon matched-pairs signed rank test. The densities of Ibal-positive
macrophages in the neuroepithelial, subepithelial, and mid-stromal zones were compared
using one-way repeated measures ANOVA followed by Tukey’s multiple comparisons test
or Friedman test followed by Dunn’s multiple comparisons test. The distribution of each of
the three types of macrophage was statistically compared between implanted and
unimplanted ears using paired-t test or Wilcoxon matched-pairs signed rank test. To evaluate
the correlation of duration of implantation (months after implantation) with the density of
macrophages, Pearson’s or Spearman’s coefficients of correlation test was used. All
statistical analyses were performed using GraphPad software (GraphPad Prism version 7.02;
GraphPad Software, Inc., LaJolla, CA).

Clinical variables

The demographics of the ten studied cases are presented in Tablel. There were four females
and six males with an average age at death of 85 years and ranging from 70 to 96 years.
There were four Advanced Bionics electrodes (Sylmar, CA, USA) and six Cochlear Nucleus
electrodes (Cochlear Corp., Sydney, Australia). The average duration of implantation was
101 months, ranging from 12 to 210 months. There were no re-implantation cases. In case 1,
there was post-operative dizziness lasting two days after implantation, and in the other nine
cases, there were no recorded vestibular symptoms.

Densities of Macrophages

Macrophages were found within or adjacent to the neuroepithelium in both ears (Fig.2).
Macrophages were commonly found immediately beneath the basement membrane in the
subepithelial zone. There were many macrophages in the mid-stromal zone in both ears. The
densities of macrophages in the three zones (neuroepithelial, subepithelial and mid-stromal)
in four vestibular endorgans are shown Fig.3. The densities in the implanted ears were
significantly greater than those in unimplanted ears in all three zones and in all endorgans
except for the subepithelial zone in the posterior crista ampularis and in the utricle. The
densities in the subepithelial zone were significantly greater than in the neuroepithelial zone
except for the utricle of the implanted ears.

Macrophage Morphology

Distributions of the three macrophage morphologies in the three zones are shown Fig.4. The
proportion of amoeboid macrophages in the neuroepithelial zone in implanted ears tended to
be greater than in the contralateral unimplanted ears. The proportions of amoeboid
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macrophages in the utricle and the saccule were significantly greater in the neuroepithelial
zone of the implanted ears than in the unimplanted ears. In the lateral crista ampularis, the
proportion of amoeboid macrophages tended to be greater in implanted ears than
unimplanted ears. In contrast, in the subepithelial zone of all organs, the proportions of
amoeboid macrophages were significantly less in implanted ears than unimplanted ears.
There was no difference in the distributions of the three macrophage morphologies in the
mid-stromal zone between implanted and unimplanted ears.

Correlation coefficients between macrophage density and duration of implantation

(months)

To evaluate the effect of duration of implantation (months after implantation) on the density
of macrophages, a comparison of difference of the density between ears (implanted minus
unimplanted) from 12 to 210 months was done (Fig. 5). The density of macrophages did not
show significant correlation with the duration of implantation in the three zones in the four
vestibular endorgans.

Discussion

Previous studies have reported that cochlear implantation may cause inflammation and a
foreign body response within the cochlea (1, 3-9). Although the possible inflammatory
effect in the vestibular system following cochlear implantation is poorly understood, recently
Banakis Hartl et al. (6) pointed out the possibility that changes in inner ear fluid pressure
during electrode insertion may damage vestibular endorgans as well as the cochlea.
Activated macrophages migrate into the damaged tissue in both acute and chronic
inflammation (17-21). We hypothesized that there are more macrophages in the vestibular
endorgans after cochlear implantation due to a chronic inflammatory response.

Density of Macrophages

This study demonstrated a significantly greater density of macrophages in implanted ears in
the neuroepithelial and mid-stromal zones compared to unimplanted ears. In the
subepithelial zone of the lateral crista ampularis and saccule, the density of macrophages
was significantly greater in implanted ears. These results suggested an increase of immune
activity in the vestibular endorgans following cochlear implantation.

Macrophage Activity and Macrophage Morphology

In the neuroepithelial zone of the utricle and saccule, the proportion of amoeboid
macrophages in implanted ears was significantly greater than in unimplanted ears and also
tended to be greater in the lateral crista ampularis. This result is consistent with activation of
macrophage activity in the neuroepithelium in the implanted ear. In contrast, in the
subepithelial zone the proportion of amoeboid macrophages in the implanted ear was
significantly less than in implanted ears. This inversion of distribution might be explained by
migration of activated macrophages from the subepithelial stroma into the neuroepithelium
similar to the putative migration of activated macrophages after hair cell damage (16-18).
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Function of macrophages in the neuroepithelium

Various possible roles of macrophages, such as phagocytosis (16), antigen presentation (22,
23) and immunoregulation (24, 25), have been described. However, phagocytosis of
vestibular hair cells would seem to be inconsistent with a previous study demonstrating no
difference in number of hair cells of vestibular endorgans between implanted and
unimplanted ears (26). In the current study, some macrophages were present at the basement
membrane and extended into the neuroepithelium by long processes (Fig. 2G, H). Although
this was more common in implanted ears, it also occurred in unimplanted ears. Therefore,
other possible roles of macrophages such as homeostasis and resolution of inflammation
may be occurring in the neuroepithelium.

Correlation between macrophage density and duration of implantation

There were neither significant positive nor negative correlations between macrophage
density and duration after implantation in the vestibular endorgans. This result is consistent
with the finding of Nadol et al. (27), and Mohammad and Nadol (28) reporting no
correlation between the degree of foreign body response and the duration of implantation in
the cochlea.

Conclusion

This study demonstrated an increase in the density of macrophages in the vestibular
endorgans after cochlear implantation. Our findings suggest that activation of the immune
system after cochlear implantation is evident within the vestibular endorgans and can remain
so for several years.
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Figurel.
Ibal- immunostaining of vestibular endorgans: quantification and subtyping of

macrophages. (A) Crista ampularis of posterior semicircular canal of unimplanted right ear
in case 7. The neuroepithelial and subepithelial zones are outlined. The areas studied in the
mid-stromal zone are outlined into the two boxes, each boxed area measuring 150x200 pm2.
The densities of Ibal-positive macrophages in these areas were calculated.

(B) Saccule of implanted left ear in case 2. The stromal areas studied within the mid-stromal
zone are outlined by the six boxes. (B1) A higher magnification of left red box seen in (B) is
shown. Immunostained macrophages (M) were seen.

(C) Macrophage subtypes. The amoeboid type has few processes and a relatively round cell
body with a large nucleus. The ramified type has long branching processes. The transitonal
type displays intermediate morphology.
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‘ H (Unimplanted) 2 et

Figure 2.
(A) Crista ampularis of the lateral semicircular canal of implanted left ear in case 4. Ibal-

immunostaining of vestibular endorgans: implanted (A, C, E, G) and unimplanted (B, D, F,
H) ears. There were several macrophages (M) immediately beneath the basement membrane
(BM) and a few macrophages were seen in the neuroepithelium (arrows). (Al) and (A2) A
higher magnification of boxes in (A).

(B) Crista ampularis of the lateral semicircular canal of unimplanted right ear in case 4.
There were several macrophages (M) seen beneath the basement membrane and one
macrophage was seen in the neuroepithelium (arrow). (B1) A higher magnification of box in
(B).

(C) Crista ampularis of the posterior semicircular canal of implanted left ear in case 2. There
were several macrophages (M) seen beneath the basement membrane (BM) and a few
macrophages were seen in the neuroepithelium (arrows). [See (C1)]. (C1) A higher
magnification of box in (C).

(D) Crista ampularis of the posterior semicircular canal of unimplanted right ear in case 2.
There were several macrophages (M) seen beneath the basement membrane (BM), and a few
macrophages were seen in the neuroepithelium.
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(E) Utricle of implanted right ear in case 1. Many macrophages (M) were seen in the
neuroepithelium (arrows).

(F) Utricle of unimplanted left ear in case 1. There were some macrophages (M) in the
subepithelial stroma and a single macrophage was seen in the neuroepithelium (arrow).

(G) Saccule of implanted left ear in case 7. There were some macrophages (M) below the
basement membrane (BM) in the subepithelial stroma and long processes of some
macrophages extended into the neuroepithelium (arrows). [See (G1) and (G2)]. (G1) and
(G2) A higher magnification of boxes in (G) by Nomarski (differential interference contrast)
microscopy.

(H) Saccule of unimplanted right ear in case 7. There were some macrophages (M) in the
subepithelial stroma. There is a single macrophage below the basement membrane (BM) and
long process of the macrophage extended into the neuroepithelium (arrow). [See (H1)] (H1)
A higher magnification of box in (H) by Nomarski microscopy.
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Figure 3.

Density of macrophages in vestibular endorgans in the three zones (neuroepithelium,
subepithelal stroma, and mid-stroma). Black circles and gray squares indicate implanted and
unimplanted ears, respectively. LSC= lateral semicircular canal; PSC= posterior semicircular
canal; Ut = utricle; Sac = saccule. Asterisks (*) indicate the statistical significance between
implanted and unimplanted ear (*, p<0.05; **, p<0.01; paired-t test or Wilcoxon matched-
pairs signed rank test) and asterisks (*) indicate the statistical significance among the three
zones (*, p<0.05; **, p<0.01; **** p<0.0001; one-way repeated measures ANOVA
followed by Tukey’s multiple comparisons test or Friedman test followed by Dunn’s
multiple comparisons test).
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Distribution of macrophage morphology. The proportion of the three macrophage
morphologies in the three zones of vestibular endorgans. Amoeboid, transitional and
ramified types are shown. The columns of implanted ear (1) and unimplanted ear (U) are
indicated side by side. The asterisks (*) indicate the statistical significance between
implanted and unimplanted ears (*, p<0.05; **, p<0.01; paired-t test or Wilcoxon matched-
pairs signed rank test). The daggers (T) indicate a significant tendency (F, 0.05< p<0.1).

Otol Neurotol. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Okayasu et al.

Difference of Macrophage Density
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Figure5.

Correlation between density of macrophages vs duration after implantation. Scatter plot of
difference of macrophage density (implanted minus unimplanted) verses duration (months
after cochlear implantation) in the three zones in the four vestibular endorgans. No
significant correlations were found (Pearson’s or Spearman’s coefficients of correlation
test).
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Demographics of case studied.

TABLEL1.

Page 24

Case Ageat Death/Sex  Etiology of Hearing L oss Cochlear Implant-Ear Approach  Duration of Implantation
(months)
1 84/F Presbycusis Nucleus 22-R RWE 151
2 76/M Unknown Nucleus 22-L RWE 210
3 89/M Unknown AB Hi Res 90K-R RWE 33
4 78/M Unknown/Noise exposure Nucleus 24-L RWE 83
5 89/F Genetic (suspected) Nucleus 24-L Cochl 127
6 Genetic (suspected)/Noise Nucleus Freedom-R Cochl 61
96/ M exposure
7 93/F Unknown AB Hi Res 90K-L RWE 110
8 81/ M Unknown/Noise exposure AB Hi Res Advantage 1J-R  RWE 12
9 70/M Unknown/Noise exposure Nucleus hybrid S8-L Cochl 75
10 94/F Genetic (suspected) AB ClI positioner-R RWE 143
Average 85 101

F, female; M, male; L, left; R, right, AB; Advanced Bionics; Cochl, cochleostomy; RWE, round window enlargement
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