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a b s t r a c t

Age-related hearing loss (or presbyacusis) is a progressive pathophysiological process. This study
addressed the hypothesis that degeneration/dysfunction of multiple nonsensory cell types contributes to
presbyacusis by evaluating tissues obtained from young and aged CBA/CaJ mouse ears and human
temporal bones. Ultrastructural examination and transcriptomic analysis of mouse cochleas revealed
age-dependent pathophysiological alterations in 3 types of neural crestederived cells, namely inter-
mediate cells in the stria vascularis, outer sulcus cells in the cochlear lateral wall, and satellite cells in the
spiral ganglion. A significant decline in immunoreactivity for Kir4.1, an inwardly rectifying potassium
channel, was seen in strial intermediate cells and outer sulcus cells in the ears of older mice. Age-
dependent alterations in Kir4.1 immunostaining also were observed in satellite cells ensheathing spi-
ral ganglion neurons. Expression alterations of Kir4.1 were observed in these same cell populations in the
aged human cochlea. These results suggest that degeneration/dysfunction of neural crestederived cells
maybe an important contributing factor to both metabolic and neural forms of presbyacusis.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Age-related hearing loss (presbyacusis) is a global public health
problem that impacts the well-being of many elderly people.
Presbyacusis is characterized by declines in hearing sensitivity and
understanding of speech, especially in noisy environments, slowed
central processing of acoustic information, and impaired localiza-
tion of sound sources (Gates and Mills, 2005). Overall, about 30% of
Americans aged 65e74 and 50% of those over 75 have impaired
hearing (Gates and Mills, 2005). There are at least 3 types of pres-
byacusis - sensory, strial (or metabolic) and neural - which can
occur alone or together in individual subjects. Studies of human
temporal bones (HTBs) strongly indicate that presbyacusis, in the
absence of significant noise trauma, stems from degeneration/
gy and Laboratory Medicine,
Avenue, PO BOX 250908,
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dysfunction of nonsensory regions of the cochlea, such as in the
stria vascularis (STV) and auditory nerve rather than sensory hair
cells in the organ of Corti (OCT) (Gates and Mills, 2005; Kusunoki
et al., 2004; Makary et al., 2011; Schuknecht and Gacek, 1993;
Suzuki et al., 2006). In the mammalian cochlea, several types of
nonsensory cells including strial intermediate cells and fibrocytes
in the lateral wall and glial cells in the auditory nerve are capable of
regeneration under stressful conditions, although their ability to
repopulate/self-repair declines with age (Lang et al., 2003, 2011;
Yamasoba et al., 2003). Neural crest cell lineages give rise to
several types of nonsensory cells in the inner ear, including strial
intermediate cells, mesenchymal cells in the spiral ligament, and
glial cells of the auditory nerve (Dupin and Sommer, 2012; Hilding
and Ginzberg, 1977; Locher et al., 2014). Previous studies in animal
models have demonstrated that degeneration of the cochlear lateral
wall and a corresponding reduction in the endocochlear potential
(EP) play a prominent role in presbyacusis (Lang et al., 2010;
Schmiedt, 1996, 2009; Schmiedt et al., 1996; Schulte and
Schmiedt, 1992; Spicer et al., 1996). In this study, we evaluated
the hypothesis that degeneration/dysfunction of neural
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crestederived cells in the cochlear lateral wall and auditory nerve is
associated with presbyacusis using both a CBA/CaJ mouse model
and temporal bones obtained from human donors.

Inwardly rectifying potassium (Kir) channels are present in a
wide variety of cell types and play critical roles in regulating many
cellular activities including signaling processes, resting membrane
potentials, neurotransmitter release and neuronal excitability,
electrolyte transport in epithelial cells, and cellular contraction and
volume changes (Chen and Zhao, 2014; Shieh et al., 2000). Kir
channels are divided into 7 subfamilies (Kir1.0-Kir7.0) and include
more than 20 members based on their molecular and electro-
physiological characteristics. The expression of Kir4.1 (KCNJ10) was
first reported in glial cells of the central nervous system and then in
the kidney, retina, and inner ear (Bond et al., 1994; Garcia et al.,
2007; Hibino et al., 1997). In the mammalian cochlea, Kir4.1 is
expressed in the cochlear lateral wall, satellite cells surrounding
spiral ganglion neurons (SGNs), and supporting cells in the OCT
(Ando et al., 1999; Hibino et al., 1997; Jagger et al., 2010; Kim et al.,
2013; Rozengurt et al., 2003). It is believed that Kir4.1 expression in
the cochlea is necessary for (1) generation and maintenance of the
EP and the high Kþ concentration in the endolymph and (2) buff-
ering by satellite cells of Kþ ions expelled from neurons during
excitation in the auditory nerve (see review by Chen and Zhao,
2014). In the central nervous system, dysregulation of astroglial
Kir4.1 has been reported to occur in animal models representing a
wide array of neurological diseases such as Huntington’s disease
(Tong et al., 2014), Rett syndrome (Lioy et al., 2011), and depression
(Cui et al., 2018). Astroglial Kir4.1 also is dysregulated in older mice
subjected to traumatic brain injury (Gupta and Prasad, 2013). In this
study, we examined changes in the pattern and levels of Kir4.1
expression to determine the functional integrity of neural
crestederived cells with age in cochleas obtained from CBA/CaJ
mice and HTBs.

2. Materials and methods

2.1. Animals

CBA/CaJ mice have been widely used as a model to study late-
onset hearing loss (Ohlemiller, 2009; Ohlemiller et al., 2010). For
this study, CBA/CaJ mice were divided into 2 groups; young adult
(1.5e3 months old) and aged (1.5e2.5 years old). The groups
included both sexes. The mice were derived from breeders pur-
chased from The Jackson Laboratory (Stock number: 000654; Bar
Harbor, ME). The animals were bred and housed in a low-noise
environment and maintained on a 12-h light/dark cycle at the an-
imal research facility of the Medical University of South Carolina
(MUSC). All procedures were conducted in accordance with the
guidelines of MUSC’s Institutional Animal Care and Use Committee.

2.2. Measurement of auditory brain stem response and
endocochlear potential

Auditory brain stem response (ABR) measurements were per-
formed on all mice before sacrifice. The mice were anesthetized by
intraperitoneal injectionwith a mixture of xylazine (20 mg/kg) and
ketamine (100 mg/kg) as described previously (Hao et al., 2014;
Panganiban et al., 2018). ABRs were recorded using subdermal
needle electrodes at the vertex (þ) and test-sidemastoid (�), with a
ground in the control side leg. Sound pressure levels (SPL) were
reduced in 5-dB steps from 90 dB SPL to 10 dB SPL. ABR waveforms
and thresholds were analyzed at individual frequencies ranging
from 4.0 to 45.2 kHz. ABR wave I thresholds were obtained and
defined as the lowest sound levels at which a repeatable wave I
signal could be identified in the response waveforms.
The EP was measured in the basal turn of the cochlea. The EP
was recorded with a micropipette filled with 0.2 M KCl, yielding an
impedance of 25e40 MU connected to an electrometer (Duo773;
World Precision Instruments, Sarasota, FL) for direct recording of
the potential. Themicropipettewas introduced into the scala media
via 30e50 mm holes drilled through the otic capsule in the basal
turn.

For each age group, ABR wave I thresholds, the maximumwave I
amplitudes and EP values were averaged and mean � SEM values
were calculated and plotted using Origin 6.0 software (OriginLab)
and GraphPad Prism (GraphPad Software). Data for ABR wave I
thresholds and EP levels were analyzed by Student’s unpaired t-test
or Mann-Whitney test. A value of p < 0.05 was considered to be
statistically significant. After ABR and EP measures, the mice were
deeply anesthetized, and cochlear tissues were collected for gene
array, ultrastructural or immunohistochemical analysis as
described in the following.

2.3. DNA microarray analysis

Total RNA samples were prepared from the auditory nerve and
cochlear lateral wall of young adult and aged mice. Three inde-
pendent samples consisting of tissue from 6 cochleas were pre-
pared for each group; both groups included male and female mice.
The total RNA quality was confirmed by Bioanalyzer, and then
samples were processed and hybridized to GeneChipMouse 430 2.0
microarrays (Affymetrix, Santa Clara, CA) as previously described
(Lang et al., 2015; Panganiban et al., 2018). Resulting hybridization
data were processed with GeneChip Expression Console software
(Affymetrix) to derive Robust Multi-array Average normalized
expression intensities (Irizarry et al., 2003) and MAS5 detection
calls. Microarray data are deposited with NCBI Gene Expression
Omnibus (CLW, accession GSE98070; AN, accession GSE121856).
Genes relating to neural crest cell function were assembled by
query of the Gene Ontology Database (Ashburner et al., 2000; The
Gene Ontology Consortium, 2017_PMID: 27899567) and the Wiki-
Pathways database (Slenter et al., 2018). Comparative analyses of
neural cresterelated genes were conducted using dChip software
(Li and Wong, 2001) with p < 0.05 (Student’s t-test, unpaired)
interpreted as significant. False discovery rates were estimated by
iterative comparisons involving randomized sampling groupings.

2.4. Preparation of mouse cochleas for morphological and
histochemical studies

For ultrastructural observation, deeply anesthetized mice were
sacrificed by intracardial perfusion of a mixture of 4% para-
formaldehyde and 2% glutaraldehyde in 0.1 M phosphate buffer (pH
7.4). After cochlear dissection, the oval and round windows were
opened and the same fixative was perfused into the scales through
the oval window. The cochleas were subsequently immersed in
fixative at 4 �C overnight and decalcified in 0.12 M EDTA for
2e3 days. The same procedure was used to process cochleas for
immunohistochemistry, except that the fixative was 4% para-
formaldehyde and the total exposure time to fixative was limited to
2 hours. The cochlear tissues were decalcified in EDTA, cry-
oprotected in 30% sucrose in PBS, and embedded in Tissue-Tek OCT
compound.

2.5. Transmission electron microscopy and quantitative analysis of
intermediate cell structural integrity

For ultrastructural analysis, mouse cochlear tissues were post-
fixed with 1% osmium tetroxide for 1 hour, dehydrated, and
embedded in Epon LX 112 resin. Semi-thin sections about 1 mm
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thick were cut and stained with toluidine blue. Ultrathin sections
were stained with uranyl acetate and lead citrate and examined by
electron microscopy as previously described (Lang et al., 2011;
Panganiban et al., 2018). Quantitative analysis of intermediate cell
structural integrity was performed by measuring the intermediate
cell functional area defined as the strial regions occupied by pro-
cesses of intermediate cells interdigitating with those of marginal
cells (the shaded areas in Fig. 1H and I). Approximately
100e600 mm2 areas (occupying the region from the apex of the
marginal cells to the bottom of the basal cell level) were randomly
selected from middle turns (n ¼ 6 ears for young adult group and
Fig. 1. Age-related alterations in ultrastructure and expression patterns of neural cresterela
the stria vascularis and root cells in the spiral ligament of young (A, B, E, H) and aged (C, D, F
and an increase in cellular debris (arrow) and vacuolization (*) around root cell processes (
intermediate cell processes (D, F, G) and abnormal intermediate cell processes (swirl-like str
occupied by intermediate cell processes occurred in the aged group compared to young contr
the aged group). (L) Heatmap of microarray data showing differential expression of 53 neura
0.05; Student’s t-test, unpaired, 2-tailed, not assuming equal variance). The false discovery ra
for representative neural cresterelated genes in the cochlear lateral wall. Scale bar: 2 mm in
Abbreviations: Bc, basal cell; Ic, intermediate cell; Mc, marginal cell; Mv, microvasculature.
n ¼ 4 ears for aged group). Area measurements were conducted
manually with the assistance of the histogram function in Adobe
Photoshop CS.

2.6. Collection and processing of human temporal bones

HTBs were selected from a collection obtained as part of a lon-
gitudinal study of age-related hearing loss conducted by the Clinical
Research Center (P50) at MUSC in partnership with the Carroll A.
Campbell, Jr., Neuropathology Laboratory (Brain Bank) at MUSC
(Xing et al., 2012; Hao et al., 2014). All procedures used for the
ted genes in the mouse cochlear lateral wall. (AeJ) TEM images of intermediate cells in
, G, I, J) mice. Partial loss (C, D, G, I) or a total loss (J) of the intermediate cell processes,
F) was seen in aged cochleas. Enlarged extracellular spaces (*) between marginal and
ucture; I) were often seen in the aged stria vascularis. (K) A significant loss in the area
ols (Mann-Whitney test; p < 0.05; n ¼ 6 mice for young adult group and n ¼ 4 mice for
l crest genes in the aged cochlear lateral wall compared with young adult controls (p <

te for this comparison approximated 15%. (M) Microarray expression values are shown
A, B, C; 1 mm in F; 500 nm in E; 10 mm in D, G; 1.5 mm in H; 800 nm in I; 2 mm in J.
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harvesting of temporal bones were approved by the MUSC Insti-
tutional Review Board under protocol E-607R and Pro00030845,
with written consent obtained in all cases. Table 1 lists the age, sex,
and postmortem time to fixation for the 12 HTBs used in this study.
Immediately after specimen removal (Schuknecht, 1968), the tem-
poral bones were fixed by perilymphatic perfusionwith 20mL of 4%
paraformaldehyde solution according to previously described
techniques (Hao et al., 2014; Xing et al., 2012). After 48 hours, the
perfused temporal bones were rinsed with PBS and decalcified
using a microwave-assisted protocol as per our previous descrip-
tion (Cunningham et al., 2001). The total time of decalcificationwas
about 3e6 weeks, and the temporal bones were gradually trimmed
to remove most of the hard bone encasing the cochlea and vestib-
ular apparatus.
2.7. Quantitative analysis of Kir4.1 immunoreactivity

Frozen sections of cochlear tissue from mouse and human
specimens were incubated overnight at 4 �C with a primary anti-
body against Kir4.1 (1:100, catalog no: APC035AN0802, Alomone
Labs). Secondary antibodies were biotinylated, and binding was
detected by labeling with fluorescein isothiocyanate-conjugated
avidin D or Texas-conjugated avidin D (Vector Laboratories, Bur-
lingame, CA), and nuclei were then counterstained with propidium
iodide or 40,5-diamidino-2-phenylindole. To further identify cells
expressing Kir4.1 as being neural crest derived, dual immuno-
staining was performed with rabbit anti-Kir4.1 and goat anti-Sox10
(1:100, catalog no: sc173 neural crestederived 42, Santa Cruz, CA).
Areas of interest included STV, root processes (RPs) in the spiral
ligament, and the auditory nerve within Rosenthal’s canal. Quan-
titative analysis of Kir4.1 staining intensity was compared by
measuring luminescence pixel areas in young adult and aged
mouse ears. Confocal images of the Kir4.1 immunostained sections
were collected using a Zeiss LSM 880 NLO microscope with ZEN
acquisition software (Zeiss). For observations of Kir4.1 expression
patterns around SGNs in themouse, confocal images were collected
using either image stacks (Figs. 2 and 3) or a single slice at the depth
level, where Kir4.1þ satellite cells were most numerous (Fig. 4). All
confocal images of the cochlear lateral wall and the auditory nerve
in HTB preparations were taken as image stacks (Figs. 5e7). Image
stacks were taken at 0.75 mm intervals with image sizes of
134.95 mm (x) 134.95 mm (y). Images were processed using ZEN
2012 Blue Edition (Carl Zeiss Microscopy), Application Suite X
(version 3.0.2.16120; Leica Microsystems), and Photoshop CC
(Adobe Systems). Data for Kir4.1 expression intensity are presented
as mean � SEM and analyzed by 2-tailed, unpaired Student’s t-test
Table 1
Summary of human donor information and Kir4.1 immunoreactivity

ID Age Sex Death to perfusion
interval

Kir4.1 immunostaining

STV RP OCT RC

H95 30 Male 13h 15 min þþ � þ �
H98 31 Male 7h þ þ þ þ
H61 36 Female 21h 19 min þ � þ �
H109 42 Male 8h 45 min þþ þ þ �
H87 55 Female 5h 50 min þ � þ �
H122 57 Female 12h 15 min þ � þ þ
H107 65 Male 5h 20 min þ � � �
H94 69 Female 5h 25 min � � � �
H114 75 Female 3h 30 min þþ � þ þ
H33 87 Female 3h 35 min þ � � �
H55 86 Male 4h 45 min þ þ þ þþ
H34 91 Female 3h 15 min þ � þ þþ

Key: STV, stria vascularis; RP, root process; OCT, organ of Corti; RC, Rosenthal’s canal.
(GraphPad Prism). A value of p < 0.05 was considered to be sta-
tistically significant.

3. Results

3.1. Age-related auditory function declines in CBA/CaJ mice

CBA/CaJ mice have been widely used as a “normal aging”
model in age-related hearing loss research (Henry and Chole,
1980; Ohlemiller et al., 2004; Sergeyenko et al., 2013; Zheng
et al., 1999). Auditory brain stem responses (ABRs) were
measured in young adult controls (n ¼ 15) and aged mice (n ¼
12). As shown in Fig. 8, significant threshold shifts of 40e60 dB
and greatly reduced maximum amplitudes were present in ABR
wave I responses in the aged group at all frequencies tested
(Student’s unpaired t-test; p < 0.001). Sharp reductions of
maximum amplitudes in ABR wave I responses indicate a decline
in the suprathreshold hearing function and suggest a loss of
auditory nerve activities (Hellstrom and Schmiedt, 1990; Lang
et al., 2003). In addition, there was an EP reduction of about
20 mV in old ears compared with young controls (Fig. 8C; Mann-
Whitney test; p < 0.001).

3.2. Age-related changes in ultrastructural morphology and neural
crest celleassociated gene expression in the mouse cochlea

Several cochlear cell types are thought to derive from neural
crest. Among them, intermediate cells in the STV are classified as
neural crestederived melanocytes because all stages of melano-
genesis, including premelanosomes, melanosomes, and melanin
granules, are found in these cells (Hilding and Ginzberg, 1977).
Genetic mutations that deplete strial intermediate cells in devel-
oping mice result in abnormal strial development and a total loss of
the EP (Steel and Barkway, 1989). Reductions in EP also occur when
intermediate cells are selectively ablated in adult mice (Kim et al.,
2013). Here we evaluated age-related ultrastructural changes in
neural crestederived cells in the cochlear lateral wall and auditory
nerve of young adult (n ¼ 6) and aged CBA/CaJ mice (n ¼ 4). As
shown in Fig. 1A, B and H, the extensive mitochondria-enriched
cytoplasmic processes of the strial intermediate cells interdigitate
tightly with the more electron-dense processes of marginal cells in
young adult CBA/CaJ mice. Close apposition of the interdigital
processes of intermediate cells with those of marginal cells is crit-
ical to proper exchange of ions across these membranes and EP
generation (Hirose and Liberman, 2003; Schulte and Steel, 1994;
Spicer et al., 2005). Structural alterations of intermediate cells in
the agedmouse STV include partial to total loss of cellular processes
(Fig. 1C, D and J) and the appearance of enlarged edematous spaces
between intermediate and marginal cells (Fig. 1C, D and G). In the
aged STV, abnormal intermediate cell processes in the absence of
marginal cell processes often formed a swirl-like structure (Fig. 1I).
To quantitatively evaluate age-related pathological alterations in
the STV, we evaluated the areas of normal appearing intercellular
interdigitations in the middle turns. The intermediate cell func-
tional area was defined as the area occupied by interdigital inter-
mediate cell processes as shown by shaded areas in Fig. 1H and I. A
significant reduction (wa 50% loss) in the intermediate cell func-
tional area was found in the aged cochleas (27� 6 mm2 per 100 mm2

STV) compared with young controls (52 � 4 mm2 per 100 mm2 STV)
(Mann-Whitney test; p < 0.05). Pathological alterations were also
seen in the outer sulcus region in the spiral ligament of aged mice,
including loss of the fibril-enriched matrix and accumulation of
degenerative debris around RPs (Fig. 1F).

Satellite and Schwann cells in the peripheral auditory nerve are
also thought to be of neural crest origin (Jessen and Mirsky, 2005;



Fig. 2. Expression of Kir4.1 in neural crestederived cells of the young adult mouse cochlea. Immunostaining patterns for Kir4.1 (red) and Sox10 (a neural crestederived cell marker;
green) are illustrated in the middle turn of a 2-month-old mouse. (A) Kir4.1 and Sox10 proteins were colocalized in the intermediate cells of the stria vascularis (STV). (B) Outer
sulcus cells (OSCs) and their root processes also coexpressed Sox10 and Kir4.1. (C) Immunoreactive Kir4.1 and Sox10 were also found in supporting cells in the organ of Corti (OCT).
(D) A honeycomb-like staining pattern for Kir4.1 is clearly shown by the Sox10þ satellite cells ensheathing spiral ganglion neurons in Rosenthal’s canal (RC). Nuclei were coun-
terstained with Dapi (blue). Scale bars, 25 mm in A; 12 mm in B (applies to C and D). Abbreviation: Dapi, 40 ,5-diamidino-2-phenylindole. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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Woodhoo and Sommer, 2008). Evaluation of the auditory nerves
from the same group of mice described previously revealed a
number of age-related pathological alterations in the myelinating
satellite cells ensheathing SGNs. These changes included disruption
of myelin sheaths (Fig. 9D, H, I, K and L), the presence of multiple
vacuoles in the intralamellar regions (Fig. 9D, F, IeK), electron-
dense inclusion particles (Fig. 9H, J and K), myelin segmentation
(Fig. 9F, G and J) and a separation between the external mesaxon
members (Fig. 9D). Lipofuscin-like material aggregates were often
seen in the cell bodies of SGNs in the aged mice (Fig. 9E). The
accumulation of lipofuscin aggregates has been reported in aged
neurons in numerous locations and is considered to be a hallmark
of aging. (Moreno-García et al., 2018).

Age-related alterations in the expression pattern of neural
cresterelated genes were examined by microarray transcriptional
profiling of lateral wall and auditory nerve preparations fromyoung
adult and aged CBA/CaJ mice. Differential expression analysis
identified 53 and 50 neural cresterelated genes that were
expressed in an age-dependent manner in the cochlear lateral wall
and auditory nerve, respectively (Figs. 1L and 9M; Supplementary
Tables 1 and 2). A number of these differentially expressed genes,
such as Cdh2, Ednrb, and Myl9, were downregulated in both the
aged lateral wall and auditory nerve (Figs. 1M and 9N). Other genes
were downregulated in one but not the other region. For example,
Notch4, Sox5, Efnb1, Fgfr1, and Fgfr2 were selectively down-
regulated in the aged lateral wall, whereas Dix5, Sox9, Gfap, Mpz,
and Olig1 were downregulated in the aged auditory nerve (Figs. 1M
and 9N).

3.3. Kir4.1 expression in neural crestederived cells in the mouse
cochlea

Sox10 is a neural crest transcription factor with a conserved
high-mobility group DNA-binding domain that plays important
roles in differentiation and maintenance of melanocytes and pe-
ripheral glial cells (Herbarth et al., 1998; Britsch et al., 2001).



Fig. 3. Age-related reduction of Kir4.1 expression in the mouse cochlear lateral wall. (A-C) Semiquantitation of Kir4.1 expression levels in the STV as judged by measurements of
fluorescence intensity in the middle and basal turns of the young versus aged group, revealed a significant decline in the basal but not the middle turns of aged mice. (DeF)
Immunostaining for Kir4.1 also declined in OSC root processes of the spiral ligament. A significant reduction of Kir4.1 fluorescence intensity was found in both the middle and basal
turns of the aged mice. Data are presented as mean � SEM (*p < 0.05, **p < 0.01, Student’s t-test, unpaired, 2-tailed; 5 mice for young adult group and 4 mice for aged group). Nuclei
were counterstained with PI (red). Scale bar: 25 mm in A (applies to B-E). Abbreviations: OSC, outer sulcus cell; STV, stria vascularis. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Anti-Sox10 was used to label nuclei of cochlear neural
crestederived cells in dual staining experiments with Kir4.1 in
the CBA/CaJ mouse cochlea (Fig. 2). In agreement with previous
studies on the expression of Kir4.1 in animal models (Hibino
et al., 1997; Ando et al., 1999; Rozengurt et al., 2003; Jagger
et al., 2010; Kim et al., 2013), Kir4.1 immunoreactivity in the
mouse cochlea was present in several cell types of neural crest
origin including intermediate cells in the STV (Fig. 2A), outer
sulcus cells in the spiral ligament (Fig. 2B), and satellite cells in
the spiral ganglion (Fig. 2D). In addition, Sox10þ supporting cells
in the OCT expressed Kir4.1 as previously reported (Hibino et al.,
1997).
3.4. Kir4.1 immunostaining in neural crestederived cells undergoes
alterations with age in the mouse cochlea

Cochlear Kir4.1 immunoreactivity was semiquantitatively
analyzed by measuring relative fluorescence intensity of sections
through the middle and basal turns of young and old mice. The
intensity of Kir4.1 immunostaining was reduced in strial interme-
diate cells of the STV (Fig. 3AeC) and outer sulcus (Fig. 3DeF) in
agedmice. The average pixel density of Kir4.1 expression in the STV
of young versus aged mice was 0.74 and 0.64 gray/um2 in the
middle turn and 1.26 and 0.52 gray/um2 in the basal turn, respec-
tively (Fig. 3C). This reduction in Kir4.1 immunostaining pixel



Fig. 4. Age-related alterations in the Kir4.1 immunostaining pattern in satellite cells. The honeycomb-like Kir4.1 expression pattern reflects satellite cells ensheathing SGNs in the
basal turn of young (A) and aged (B) CBA/CaJ mice. Notable alterations in the immunostaining pattern for Kir4.1 were seen in satellite cells of aged mice including discontinuities and
thinning of Kir4.1þ components (arrows). The far right panels show regions randomly selected from images in the left panels. Nuclei were counterstained with PI (red). Scale bar:
8 mm in A (applies to B, except for the panels at far right). Abbreviations: PI, propidium iodide; SGN, spiral ganglion neuron. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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density in aged mice was significant in the basal turn (p < 0.05) but
not the middle turn. A reduction in the Kir4.1 immunostaining in-
tensity was also seen in the outer sulcus region of agedmice (Fig. 3D
and E). The average Kir4.1þ pixel density in root cells in young and
aged mice was 1.06 versus 0.74 gray/um2 for the middle turn and
1.07 versus 0.65 gray/um2 for the basal turn. These pixel densities in
root cell processes were significantly different between the young
and aged mice in both the middle and basal turns (p < 0.05 and
<0.01, respectively) (Fig. 3F).
Fig. 5. Immunolocalization of Kir4.1 in the human cochlea. (AeD) Similar to the mouse, the
Organ of Corti (C) and satellite cells surrounding SGNs within RC (D, arrows). The cochlear se
(red). Scale bar: 12 mm in A (applies to B-D). Abbreviations: OCT, Organ of Corti; OSC, Outer
STV, stria vascularis. (For interpretation of the references to color in this figure legend, the
The number of SGNs is reduced in aged mice (Fig. 4A and B),
in agreement with previous observations of CBA/CaJ mice at a
similar age (Ohlemiller et al., 2010). A honeycomb-like Kir4.1þ

satellite cell staining pattern was present in the auditory nerve of
both young and old mice (Fig. 4A and B). However, a slight but
noticeable difference was seen in the immunostaining pattern of
satellite cells in the aged spiral ganglion. These differences
included discontinuity and thinning or blurred areas (Fig. 4B),
which may also reflect structural changes in the myelin sheath
Kir4.1 immunoactivity was present in cells of the STV (A), OSCs (B), support cells in the
ctions were taken from an 86-year-old donor (A-D). Nuclei were counterstained with PI
sulcus cells; PI, propidium iodide; RC, Rosenthal’s canal; SGN, spiral ganglion neuron;
reader is referred to the Web version of this article.)



Fig. 6. Immunostaining patterns for Kir4.1 in the STV from 6 temporal bones of different ages. (AeF) Kir4.1 immunoreactivity for intermediate cells in the STV generally appeared
stronger and more uniform in the ears from the 31-, 42-, and 55-year-old donors (AeC). (DeE) There was a partial loss or reduction of Kir4.1 immunoreactivity in the STV (ar-
rowheads) of the 3 human temporal bones from the 75-, 86-, and 91-year-old donors. All images were taken from the middle turn of the cochlea. Nuclei were counterstained with PI
(red). Scale bar: 12 mm in A (applies to BeF). Abbreviations: PI, propidium iodide; STV, stria vascularis. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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formed by the satellite cells as reported in our previous study
(Xing et al., 2012).

3.5. Kir4.1 expression in neural crestederived cells of the human
cochlea

As shown in Table 1, a total of 12 temporal bones from 7 female
and 5 male donors aged from 30 to 91 years were examined in this
study. The postmortem fixation interval ranged from around
3e21 hours. Immunoreactive Kir4.1 was present in HTBs in the
same cell types as the mouse namely intermediate cells, outer
sulcus cells, and satellite cells (Figs. 5e7). Fig. 6 depicts Kir4.1 im-
munostaining patterns in the STV of cochleas from middle-aged
(younger than 55 year-old) and elderly (greater than 75 year old)
donors. A notable reduction (or absence) of Kir4.1 immunoreac-
tivity was present in some areas of the STV in the older ears (Fig.
6DeF). The finding that Kir4.1þ regions in the STV appeared
thinner in the older than the younger temporal bone is consistent
with previous studies showing age-related progressive atrophy of
the STV in HTBs (Suzuki et al., 2006).

In the auditory nerve, Kir4.1 immunoreactivity was also
observed in satellite cells of the human cochleas examined (Fig. 7;
Table 1). The percentage of SGNs ensheathed by Kir4.1þ cells was
determined in the middle and basal turns of these HTBs (Table 2)
and ranged from 15%e32% in the middle turn and 19%e30% in the
basal turn. The younger specimens (aged 31 and 57 years; Fig. 7A
and B) had higher percentages of SGNs associated with Kir4.1þ cells
in the basal auditory nerve than did the older ears (aged 86 and 91
years; Fig. 7C and D). Because the postmortem interval between
death and fixation was much longer in the younger as compared to
the older specimens, we did not attempt to quantify these
differences.

4. Discussion

In this study, we examined age-dependent alterations of Kir4.1
expression in neural crestederived cells in the mouse and human
cochlea. The data demonstrate that Kir4.1 immunoreactivity de-
clines significantly with age in strial intermediate cells and outer
sulcus cells and their root processes in the mouse cochlear lateral
wall. Age-related changes in Kir4.1 immunostaining were also seen
in satellite cells ensheathing SGNs in the mouse auditory nerve.
However, these changes were less pronounced than those in the
lateral wall and most probably were associated with neuronal cell
loss with age. The distribution of Kir4.1 in the human cochlea was
similar to that in the mouse. Age-related declines in immuno-
staining intensity appeared to be present in the STV but evaluation
of more specimens will be required to confirm this and to deter-
mine if alterations in the staining patterns of satellite cells occur in
older humans.

In the cochlear lateral wall, both strial intermediate cells and
outer sulcus cells contribute to the maintenance of Kþ ion



Fig. 7. Kir4.1 immunoreactivity in satellite cells of human spiral ganglion. (A, B) Kir4.1þ satellite cells (arrows) around SGNs seen in the human temporal bones from a 31-year-old
donor and a 57-year-old donor. Arrowheads point to SGNs devoid of Kir4.1þ satellite cells. (C, D) An increase in Kir4.1- satellite cells was seen in sections from an 86- and 91-year-old
donor. Additional information concerning the percentage of Kir4.1þ satellite cells in the spiral ganglion from the younger and older donor groups is provided in Table 2. Nuclei were
counterstained with PI (red). Scale bar: 10 mm in A (applies to BeF). Abbreviations: PI, propidium iodide; SGN, spiral ganglion neuron. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Declines in auditory nerve function in aged CBA/CaJ mice. (A, B) ABR wave I thresholds were elevated, and maximum amplitudes were decreased in aged mice (2e2.5 years
old) at all frequencies tested. Differences between young and old CBA/CaJ mice in wave I thresholds (A) and maximum amplitude (B) were significant at all frequencies (Student’s
unpaired t-test, *p < 0.001). (C) An EP reduction was seen in aged compared with the young control group (Mann-Whitney test; *p < 0.001). All data are presented as mean � SEM.
Abbreviations: ABR, auditory brain stem response; EP, endocochlear potential.
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Table 2
Percentages of SGNs with Kir4.1þ cells in human cochleas

ID Age Sex Death to perfusion
interval

Percentage of SGNs with
Kir4.1þ cells (%)

Middle turn Basal turn

H98 31 Male 7h 32.47 26.03
H122 57 Female 12h 35 min 15.32 30.44
H114 75 Female 3h 30 min 27.03 25.68
H55 86 Male 4h 45 min 23.14 24.24
H34 91 Female 3h 15 min 15.08 18.92

Key: SGN, spiral ganglion neuron.

Fig. 9. Age-related ultrastructural alterations and changes in neural cresteassociated gene expression patterns in the mouse auditory nerve. (AeC) Normal ultrastructural
morphology of satellite cells ensheathing type I spiral ganglion neurons of young adult mice. Surrounding axons are enclosed by multiple layers of myelin and only narrow gaps are
present between members of external mesaxons (arrow). (DeL) Pathological alterations in satellite cells of aged mice include enlarged spaces or vacuoles between myelin layers.
Electron-dense cytoplasmic inclusions (an arrow in H, J, K), segmented myelin or myelin debris (F, G, I, J, K, L) and a separation of external mesaxon members (arrow in D). A cluster
of lipofuscin-like bodies appears in the spiral ganglion neurons of aged mouse cochleas (E). (M) Heatmap of microarray data showing differential expression of 50 neural
cresterelated genes in the aged cochlear auditory nerve compared with young adult controls (genes scored p < 0.05; Student’s t-test, unpaired, 2-tailed, not assuming equal
variance). The false discovery rate for this comparison approximated 24%. (N) Expression values are shown for representative neural crest celleassociated genes in the auditory
nerve. Scale bar: 2 mm in A, E, I; 500 nm in B, F, H, K, L; 100 nm in C, D, G; 800 nm in J.
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homeostasis and recycling, which is needed for generation and
maintenance of the EP (Jagger and Forge, 2012; Schulte and Steel,
1994; Spicer and Schulte, 1996; Wangemann, 2002). Unlike mar-
ginal and basal cells, intermediate cells are melanocytes of neural
crest origin (Hilding and Ginzberg, 1977; Steel and Barkway, 1989).
During development, intermediate cells migrate to the STV and,
together with marginal cells, form a unique extracellular space
termed the “intrastrial space” (Salt et al., 1987).

Pathological alteration such as edema were often seen in these
intermediate celleassociated structures after acute cochlear
injury such as ototoxic drug administration (Santi et al., 1985) or
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noise exposure (Hirose and Liberman, 2003). The Kir4.1 channels
located in the apical membrane of intermediate cells are needed to
keep a very low Kþ concentration within the intrastrial space while
maintaining a high Kþ concentration within the intermediate cells,
both of which are critical for generation and maintenance of the EP
in this compartment (Hibino and Kurachi, 2006; Wangemann,
2002). Unlike the well-studied strial cells in the lateral wall, the
function of outer sulcus cells in the spiral ligament is less well
understood (Jagger and Forge, 2012; Shodo et al., 2017). These cells
are connected by tight junctions apically and together form a
multicellular branched epithelial structure similar to the roots of a
tree. The root-like processes project into the spiral ligament where
they are surrounded by and closely associated with type 2 fibro-
cytes and their numerous cellular processes (Galic and Giebel, 1989;
Kimura, 1984; Spicer and Schulte, 1996). The expression of Kir4.1 in
outer sulcus cells and their root processes was first reported in the
guinea pig by Jagger et al. (2010) and later in rat and human cochlea
by Eckhard et al. (2012). A three-dimensional reconstruction study
has confirmed that the root processes provide an enlarged baso-
lateral cell surface area in close apposition to type 2 fibrocytes,
allowing more efficient exchange of Kþ in the lateral wall (Shodo
et al., 2017). The number and size of individual root processes in-
creases from the apex to the base of the cochlea, along with the
increased volume density of type 2 fibrocytes, theoretically sup-
porting the greater level of Kþ reabsorption needed in the higher
frequency encoding regions (Galic and Giebel, 1989; Jagger et al.,
2010; Jagger and Forge, 2012; Kimura, 1984; Spicer and Schulte,
1996). Our results revealed that both strial intermediate cells and
outer sulcus cells stain positively for Sox10, a marker of neural
crestederived cells. This coexpression of Sox10 and Kir4.1 in the
outer sulcus strongly suggests that similar to strial intermediate
cells, they play an important role in Kþ circulation andmaintenance
of the EP.

Age-related atrophy of the STV has been documented in animal
models (Gratton and Schulte, 1995; Ohlemiller, 2009; Schulte and
Schmiedt, 1992) and in HTBs (Schuknecht et al., 1974; Schuknecht
and Gacek, 1993). Ultrastructural examination has also revealed
degeneration of strial marginal, intermediate and basal cells in
cochleas obtained from older human donors (Takahashi, 1971).
Although marginal cells have long been considered as the prime
target for degenerative changes in the aged cochlear lateral wall, a
combination of marginal and intermediate cell degeneration and/or
loss is frequently seen in the late phases of strial atrophy
(Thomopoulos et al., 1997; Spicer and Schulte, 2005; Ohlemiller
et al., 2010; Hao et al., 2014). The results presented here demon-
strating declines in immunostaining for Kir4.1 with age in both
strial intermediate and outer sulcus cells, together with quantita-
tive analysis of an age-related decrease in the intermediate cell
functional area suggests that both of these cell types, although they
may act independently, play a major role in lateral wall Kþ ho-
meostasis. Together, these observations indicate that age-
dependent dysfunction of at least 2 different populations of neu-
ral crestederived cells is associated with the EP reduction in the
aged CBA/CaJ mouse model of presbyacusis, as shown in this study
(Fig. 8C) and a previous study (Ohlemiller et al., 2010). Patho-
physiological alterations of neural crestederived cells in the lateral
wall may also contribute to the declines of auditory nerve func-
tion seen in animal models of metabolic presbyacusis (the strial
form of presbyacusis) as demonstrated in previous studies (Lang
et al., 2003; Schmiedt, 2009). Chronic mild to moderate re-
ductions in the EP have been shown to decrease auditory nerve
activity, particularly the activity of low spontaneous rate fibers,
which is the key auditory nerve fiber subpopulation contributing
to the suprathreshold functions of the auditory nerve (Schmiedt,
2009).
Another interesting, but not totally unexpected, finding of this
study was the age-related change in Kir4.1 immunostaining pat-
terns of satellite cells ensheathing SGNs in both mouse and human
cochleas. Mutations in the Kir4.1 (KCNJ10) gene have been linked to
a wide range of neurological diseases, such as SeSAME/EAST syn-
drome (including sensorineural hearing loss), epilepsy, and autism
spectrum disorders. Evidence is accumulating that Kir4.1 activity
contributes to several key functions of glial cells in the central
nervous system, including the control of resting and hyperpolarized
membrane potentials, the maintenance of Kþ homeostasis, and the
regulation of cell volume and glutamate uptake (Guglielmi et al.,
2015; Milton and Smith, 2018; Nwaobi et al., 2016). Kþ released
during neuronal activity is taken up by nearby glial cells via Kir4.1
channels and then extruded from glia into extracellular sinks. The
initiation and growth of Kir channel activity was found to be
coincident with the maturation of glial cell populations (Butt and
Kalsi, 2006; Newman, 1985; Sontheimer et al., 1989). In certain
pathological conditions such as injury to the trigeminal ganglion or
spinal cord, decreases in Kir4.1 channel activity cause changes in
neuronal excitability, which may lead to abnormal sensory
perception and the death of motor neurons (Kaiser et al., 2006; Vit
et al., 2008). Here, our data show age-dependent alterations in
Kir4.1 expression in satellite, but not Schwann cells, in both the
mouse and human auditory nerve. These results, together with the
demonstration of ultrastructural abnormalities in satellite cells,
imply that dysfunction of cochlear glial cells plays a role in
abnormal function of the auditory nerve with age and is a
contributing factor to neural presbyacusis.

At least 3 types of human presbyacusis have been described
based primarily on pathological changes in specific cell types in the
cochlea. They are termed (1) sensory, mainly involving sensory hair
cells and supporting cells in the OCT; (2) neural, demonstrated by
the loss of neurons or their peripheral processes in the auditory
nerve; and (3) strial (metabolic), as a result of the loss/dysfunction
of cells within the cochlear lateral wall (Schuknecht et al., 1974;
Schuknecht and Gacek, 1993). The findings reported here show
that abnormalities of Kir4.1 expression can occur with age in
several types of nonsensory cells of neural crest origin in different
regions of the cochlea. Together, these observations provide a
cellular basis for the pathophysiological processes associated with
both metabolic and neural phenotypes of presbyacusis, which have
often been observed together and are most likely to occur as a
mixed phenotype.

5. Conclusion

Age-related changes in Kir4.1 immunoreactivity were identified
in 3 different cell types of neural crest origin residing in the lateral
wall and spiral ganglion of both the mouse and human cochlea. The
results reveal that degeneration/dysfunction of these nonsensory
cells in the cochlea is associated with the onset of both metabolic
and neural forms of presbyacusis. These observations also support
previous studies indicating that 2 ormore forms of presbyacusis can
coexist in the same ear.
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