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The extracellular potential of excitable and nonexcitable cells with respect to ground is �0 mV. One of the known exceptions in mammals
is the cochlear duct, where the potential is �80 –100 mV, called the endocochlear potential (EP). The EP serves as the “battery” for
transduction of sound, contributing toward the sensitivity of the auditory system. The stria vascularis (StV) of the cochlear duct is the
station where the EP is generated, but the cell-specific roles in the StV are ill defined. Using the intermediate cell (IC)-specific tyrosinase
promoter, under the control of diphtheria toxin (DT), we eliminated and/or halted differentiation of neural crest melanocytes after
migration to the StV. The ensuing adult transgenic mice are profoundly deaf. Additionally, the EP was abolished. Expression of melano-
cyte early marker and Kir4.1 in ICs precedes the onset of pigment synthesis. Activation of DT leads to loss of ICs. Finally, in accord with
the distinct embryology of retinal pigmented cells, transgenic mice with toxigenic ablation of neural crest-derived melanocytes have
intact visual responses. We assert that the tyrosinase promoter is the distinct target for genetic manipulation of IC-specific genes.

Introduction
The cochlear duct of the inner ear is one of the known compart-
ments in mammals where an extracellular DC potential (endo-
cochlear potential [EP] of �80 –100 mV) has been measured
(Salt et al., 1987; Nin et al., 2008), and it contributes significantly
to the acute sensitivity of the auditory system (Hibino et al.,
2010). Georg von Bekesy first recorded the EP (Von Bekesy,
1952), and subsequent extensive studies have demonstrated that
this remarkable potential is generated by three layers of cells in
the stria vascularis (StV) of the cochlear duct (Salt et al., 1987;
Takeuchi et al., 2000). These cells include marginal, intermediate,
and basal cells (MCs, ICs, and BCs, respectively). However, there
has been longstanding debate on the origin of cells of the StV and
their specific roles in conferring the EP. Recent evidence touts
that the EP is generated by the flux of K� ions from the apical
aspects of ICs into a �15-nm-space, called interstrial space (IS)
(Hibino et al., 2010) and rapid uptake of K� by transporters in
MCs. The dynamic, unidirectional flow of K� is maintained by
the flux of K� through Kv7.1 channels decorating the apical
membrane of MCs (Barhanin et al., 1996). Moreover, the pro-
duction of melanin and its precursors, such as L-DOPA, has been

implicated in age-related and noise-induced hearing loss, and it is
uncertain whether ICs confer diverse or unique roles in the inner
ear (Murillo-Cuesta et al., 2010).

Here, we took advantage of ICs as melanocytes and used the
melanocyte-specific promoter, tyrosinase promoter, to drive the
expression of the suicide gene diphtheria toxin (DT) to precisely
ablate or halt differentiation of neural crest melanocytes after
migration to the StV in mice. We found that toxigenic ablation of
ICs results in profound deafness. These findings reveal that ex-
pression of melanocyte early marker (MelEM) in ICs precedes the
onset of pigment synthesis, and it is followed by a downregula-
tion in fully differentiated melanocytes. Moreover, the expres-
sion of Kir4.1 channels in ICs occurs at low levels during the final
stages of cell migration and differentiation. Activation of DT re-
sults in loss of ICs and the retraction of MC processes. Consistent
with the etiology and embryology of pigmented cells in the retina,
mice with toxigenic ablation of neural crest-derived melanocytes
have normal retinal responses.

Materials and Methods
Subjects. All experiments were performed under a protocol approved
by the University of California Institutional Animal Care and Use
Committee. The subjects included 375 tyrosinase (tyr) (199 males and
176 females) enhancer with attenuated diphtheria toxin A transgenic
(TG) mice (tyr(hs3.6/6.1)-DT-A), heretofore denoted as (tyr-DT-A),
and their age-matched wild-type (WT) control C57 mice, 3–16 weeks
old (Camacho-Hubner and Beermann, 2001). Animals were housed
under regular 12 h light/dark cycle and in sound-attenuated chambers
with food and water. To reduce age-related complications of the re-
sults, we conducted the experiments using age-matched controls and
restricted the experiments to 3- to 16-week-old mice (Erway et al.,
1993).
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Auditory brainstem response (ABR). ABR
waveforms were recorded from anesthetized
mice, as previously described (Nie et al., 2005),
from broadband clicks and pure tones (8, 16,
and 32 kHz). The threshold of hearing was de-
termined as the lowest intensity of sound re-
quired to elicit a characteristic waveform.

Distortion Product Otoacoustic Emissions
(DPOAE). Mice were anesthetized with a mix-
ture of ketamine and xylazine, and DPOAE was
measured as described previously (Wang et al.,
2009).

Endocochlear potential measurement. The EP
was measured as described previously (Nie et
al., 2005). The recording electrode passed
through the spiral ligament of the lateral wall
into the scala media. The potential difference
between the scala media and the reference elec-
trode was recorded.

Electroretinography (ERG). Mice were dark-
adapted for �2 h before testing occurred. Mice
were anesthetized using ketamine (1 mg/g) and
xylazine (0.4 mg/g). Pupils were dilated with
5% ophthalmic tropicamide (0.5%) and atro-
pine sulfate (0.04%). ERGs were recorded in a
darkened room. Stimuli were presented using a
small LED Ganzfeld stimulator positioned di-
rectly in front of the recording eye. Amplitudes
and latencies were calculated for the A- and
B-waves as a function of luminance for the
dark-adapted retina as an indicator of rod-
mediated function. In addition, light-adapted
(cone) ERGs and 30 Hz flicker responses were
recorded as an indication of cone-mediated vi-
sual function.

Light microscopic immunohistochemistry of the inner ear. Sedated
(Avertin (2,2,2-tribromethanol), 300 �g/gm BW, i.p.) mice were tran-
scardially perfused with PBS, followed by 4% paraformaldehyde in 0.1 M

PBS. The cochleae were decalcified (0.12 M EDTA, pH 7.0, 24 h, 23°C),
dehydrated in a graded ethanol series, embedded in paraffin (Paraplast),
and sectioned (5 �m) in the mid-modiolar plane. Immunohistochemis-
try was performed using the avidin-biotin complex technique using a
rabbit polyclonal antibody for Kir4.1 (Alomone Laboratories) and a
mouse anti-quail antibody for MelEM (DHSB, University of Iowa, Iowa
City, IA).

Light microscopic assessment of the retina. Retinas were removed and
fixed. Radial sections that spanned the optic disc to the peripheral edge were
taken from the temporal portion of each retina within 2 mm of the macula.
Sections were cryoprotected in 25% sucrose overnight before they were em-
bedded in OCT (Ted Pella), then cut at a thickness of 10 �m on a cryostat
(Leica), mounted, stained, and viewed under the microscope.

Transmission electron microscopy. The fixed cochleae were dehydrated
through a graded series of ethanol and propylene oxide before infiltration
and embedding in plastic resin (EmBed 812, EMS). Mid-modiolar thin
sections (70 nm) were placed on formvar-coated copper slot grids and
counterstained with uranyl acetate and lead citrate. Sections were viewed
on a JEOL 1010� transmission electron microscope.

Results
The tyrosinase (tyr) enhancer mouse with attenuated diphtheria
toxin A (DT-A) gene is restricted to neural crest-derived pigment
cells, and the TG mice (tyr(hs3.6/6.1)-DT-A), heretofore denoted
as (tyr-DT-A), have been shown to have no pigmented hair
(Camacho-Hubner and Beermann, 2001). Although inconclu-
sive, it has been suggested that ICs are melanocytes of neural crest
origin (Steel and Barkway, 1989). We surmised that tyr-DT-A
mice may have compromised StV architecture, which may raise
the hearing threshold. Response to Preyer’s reflex was negative

for the tyr-DT-A mice (for 285 10- to 16-week-old TG mice)
compared with the WT (C57) mice. To test the extent of hearing
loss, ABR measurements were performed. As shown in Figure 1,
A and B, age-matched WT mice exhibited the characteristic ABR
waveform at sound pressure levels as low as 20 –30 dB. The ABR
waveforms were not observed in tyr-DT-A mice for any of the
sound stimuli, even at 100 dB and at all frequencies tested. Sim-
ilarly, DPOAE testing showed no difference between the re-
sponses of tyr-DT-A mice and the noise floor, whereas the control
groups showed robust responses (Fig. 1C). At 3 weeks of age, the
magnitude of the EP of tyr-DT-A mice was variable but not sig-
nificant from the age-matched controls. Moreover, there was
complete loss of the EP in the tyr-DT-A mice by 16 weeks, which
parallels the hearing deficiency (Fig. 1D).

The genesis of hearing occurs at �2–3 weeks, and at this stage,
the cochlear tissues of the TG and control mice appear normal,
with the exception of slight and insignificant decreases in the
width of the StV (Fig. 2A–D). Examination of the stria at higher
magnification indicated normal BC as well as MC bodies, sug-
gesting that the reduced width resulted from the decrease in area
of the ICs. By postnatal week 16, the width of the StV of the
tyr-DT-A at different levels had plummeted and there were some
sections in which MC nuclei were located in unusually close ap-
position to the BCs (Fig. 2). By week 16, the tyr-DT-A mice began
to lose outer hair cells at the basal turn of the cochlea. The cellular
architecture in the lateral wall varied. In some turns, the spiral
ligament appeared normal, and the stria had a normal density
and thickness. In other turns, the stria had atrophied, consisting
of a layer of squamous epithelial cells overlaying remnants of
capillaries and BCs. In these turns, the spiral ligament often
showed that extracellular matrix had replaced many of the fibro-
cytes. Comparison of the strial fine structure in the 4 month WT

Figure 1. Functional assessment of hearing in tyr-DT-A mice and their C57 controls. A, ABR waveforms from 8-week-old C57
mice compared with the tyr-DT-A mice. B, Average ABR threshold for C57 mice (n � 27). Age-matched TG mice did not exhibit ABR
waveform at 100 dB of sound clicks or tone pips at (in kHz) 8, 16, and 32 (n �27). C, DPgrams for C57 and tyr-DT-A mice. The DPOAE
levels for tyr-DT-A mice were indistinguishable from background (noise floor). Data were assembled from n � 16 8-week-old C57
and 16 tyr-DT-A mice. D, EPs were measured in both groups at 3 weeks (3-wks, indicated with solid line) and 16 weeks (16-wks,
indicated with dashed line) of age. For 3-week-old mice, the mean EP for C57 mice was 88.0 � 8.9 mV (n � 18) and tyr-DT-A mice
was 70.1 � 17.5 mV (n � 18; p � 0.08). C57 mice at 16 weeks maintained mean EP of 97.6 � 14.1 mV (n � 18) and tyr-DT-A
mice had mean EP of 4.6 � 1.9 mV (n � 18). *p � 0.01.
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and tyr-DT-A mice (Fig. 2E,F) confirmed
that the decreased strial width in the tyr-
DT-A mice was due to loss of the inter-
digitations among the MC and IC
processes (Fig. 2E, arrow). The MC in the
tyr-DT-A mice lacked basolateral pro-
cesses, giving them an appearance similar
to thick cuboidal epithelial cells (Fig. 2F,
asterisks). Evidence of disruption of strial
homeostasis was the presence of excessive
melanin granules present not only in the
IC and BC (Fig. 2F,H, arrowheads), but
also in the MC (Fig. 2G,H). The few re-
maining ICs were enclosed by a thick ex-
tracellular membrane (Fig. 2F, white
arrow). At higher magnification (Fig.
2G,H), evidence of autophagy in these ICs
could easily be detected.

MelEM represents the �-subunits of
glutathione S-transferase and is derived
utterly from neural crest cells and not of
those from the neural retina pigmented
cells (Nataf et al., 1993; Uehara et al.,
2009). The enzyme is activated when the
migrating neural crest cell reaches the su-
bectodermal mesenchyme. We tested
whether ICs migrate to the StV in the tyr-
DT-A mice. In control C57 mice, MelEM
was never noted in the stria at 3 weeks of
age (Fig. 3). In contrast, a strong expres-
sion of MelEM was seen in the stria of
3-week-old tyr-DT-A mice, and it per-
sisted up to 7 weeks, when it was faint. By
16 weeks, MelEM expression was not ob-
served, perhaps partly because of the loss
of melanocytes and/or thinning of the StV
resulting from loss of basolateral pro-
cesses of the MCs.

The prevailing model for the genera-
tion of the EP asserts that outflow of K�

from ICs into the IS is conferred by Kir4.1

Figure 2. StV morphology at 16 weeks of age. A, The C57 StV shows a normal appearance in which the basolateral processes of
MCs interdigitate with cytosolic processes of ICs. The top, mid, and bottom locations at which strial thickness were measured (black
lines). B, The StV of tyr-DT-A mice is visibly thinner. A consistent feature in the TG mice was cellular debris adjacent to Reissner’s

4

membrane (arrow). Scale bar, 50 �m. SpL, Spiral ligament.
Strial width at 3 weeks and 16 weeks of age. C, No significant
difference in strial width exists between C57 (black bar) and
tyr-DT-A (hatched bar) mice at 3 weeks of age. C, D, Width of
the StV in 4-month-old tyr-DT-A mice is significantly thinner
than that of the age-matched C57 mouse ( p � 0.001). E, The
StV of a 4-month-old WT (C57) mouse shows MCs with the
expected apically located nucleus and basal processes that in-
terdigitate with processes of medially located ICs. The inter-
digitations appear as light and dark striations (arrows). BCs
underlie the ICs. Fibrocytes and extracellular matrix of the spi-
ral ligament (SpL) abut the abluminal border of the basal cell.
F, The StV of the 4-month-old tyr-DT-A mouse is visibly thin-
ner, and the striated pattern of MCs/ICs interdigitations is ab-
sent (asterisks). Few ICs are noted, many of which are in stages
of autophagy and surrounded by basement membranes
(white arrow). Clusters of melanin (arrowheads) are noted in
the few ICs and BCs. G, Higher magnification showing degen-
erating ICs surrounded by basement membranes (white ar-
rows). H, MC shows the unusual incorporation of melanin
granules (arrowhead). Scale bars: E–G, 10 �m; H, 5 �m.
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channel being expressed at the apical aspects of ICs (Marcus et al.,
2002) and that mutations associated with the channel result in
sensorineural hearing loss (Scholl et al., 2009). We examined
whether melanocytes that migrate to the stria are decorated with
Kir4.1. As shown in Figure 3, Kir4.1 expression in the spiral liga-
ment was equivalent to background staining. Traces of Kir4.1
expression can be seen in 3-week-old tyr-DT-A mice stria. In
contrast, there was strong expression of Kir4.1 in the C57 mouse,
regardless of age (Fig. 3).

The vestibular dark cells in the vestibular labyrinth and the
strial MCs share common traits and functions (Wangemann,
2002). Indeed, a potential of �5 mV has been reported in the
vestibular labyrinth. Thus, it is not uncommon that malfunction
of K� homeostasis in the cochlear duct results in vestibular defect
as well (Delpire et al., 1999; Flagella et al., 1999). Moreover,
whereas vestibular dark cells form single-layered epithelia, MCs
form one cellular component of the StV. We performed gross
evaluation of vestibular functions using swimming performance
and balance test as described in our previous studies (Dou et al.,
2004). WT C57 and tyr-DT-A mice (5- to 16-week-old) yielded
similar scores for the swim and balance test (data not shown).

The retina pigmented epithelium consists of a monolayer of
pigmented cells at the back of the eye between the neuroretina
and the choroids. The retina pigmented epithelium is recognized
as cells of a different kind compared with neural crest-derived
melanocytes (Simo et al., 2010; Bharti et al., 2011). We examined
the functional status of the retina in 8- to 16-week-old tyr-DT-A

mice and their age-matched controls. As demonstrated in Figure
4, there were no discernible differences in retinal responses be-
tween the TG and control mice, including responses to light in-
tensities, cone functions, and light sensitivity. Consistent with the
functional data, the morphology of the retina in control and TG
mice was noticeably similar (Fig. 4).

Discussion
Almost six decades after the EP was first reported and described
as the powerhouse for cochlear transduction (Von Bekesy, 1952),
details of the mechanisms of its generation and maintenance have
remained an enigma. Recent reports, including the present study,
are revealing not only the cellular components of the StV that
confer the EP, but also the contribution of the cellular syncytia
and the K� channels and transporters/pumps that operate to
orchestrate unidirectional (basal to apical) flux of K� to produce
the EP (Salt et al., 1987; Wangemann, 2006; Nin et al., 2008). In
this study, we have used genetic and molecular strategies to con-
firm the indispensable role of ICs in the generation of the EP.
Additionally, by ratifying that ICs are indeed melanocytes and
that the tyrosinase promoter is restricted to ICs in the inner ear,
the findings revealed serendipitously an untapped genetic ma-
nipulation approach that can be used to study cell-specific ion
channels/transporters in ICs. Moreover, the use of the tissue-
specific tyrosinase promoter to drive expression of a suicide gene
in ICs halts the final migration and differentiation of these cells
from the neural crest. Meanwhile, the expression of MelEM in
ICs precedes the onset of pigment synthesis, followed by a down-
regulation in fully differentiated melanocytes. Activation of the
DT gene produced significantly decreased strial width resulting
from the loss of ICs and retraction of MC processes. The expres-
sion of Kir4.1 occurs at low levels during the final stages of mi-
gration and differentiation of the ICs. Finally, analyses of retinal
function in the tyr-DT-A mice demonstrate that the tyrosinase
promoter can be used to genetically modify neural crest-derived
melanocytes without compromising the retina.

The width of the StV of tyr-DT-A mice at 3 weeks after birth
was comparable with their C57 controls. The EPs were reasonably
higher than at later stages (e.g., at weeks 8 –16). The most likely
explanation for these findings is that neural crest-derived mela-
noblasts migrate to the StV before activation of the Tyr gene and
synthesis of melanin in the inner ear, and that the role of ICs as
pigment producers is independent of their function as generators
of the EP. Evidently, StV of albino animals have been found to be
functional in producing the EP and have intact hearing (Steel and
Barkway, 1989; Conlee and Bennett, 1993; Gill and Salt, 1997),
suggesting that perhaps, in the inner ear, expression of Kir4.1
precedes activation of the Tyr gene. Hence, for the mouse model
used in this study, the process of the EP generation may occur
before IC death. The retraction of the interdigitations of ICs from
MCs increases the IS, abolishing/reducing its impedance. Addi-
tionally, loss of Kir4.1 channels is expected to abolish the EP
(Marcus et al., 2002). Finally, because retinal functions appear
intact in the tyr-DT-A mice, these findings dovetail well with
reports that retina pigmented epithelium and pigment synthesis
are of a different embryonic origin and biochemistry (Simo et al.,
2010).

The three cells in the StV can be categorized into two because
BCs are electrically coupled to ICs by gap junctions (Kikuchi et
al., 1995). Because the IC-BC cellular unit would be endowed
with the tyrosinase promoter, it is conceivable that selective ge-
netic manipulations of K� channels suspected to be expressed in

Figure 3. Immunoreactivity for Kir4.1 and MelEM as a function of age. A, B, With the excep-
tion of a low level of immunoreactivity in the abluminal side of the 3-week-old stria, Kir4.1 is not
expressed in the tyr-DT-A (TG/TT) mice. C, D, MelEM, a protein specific to immature neural
crest-derived melanoblasts, is present in high levels in the tyr-DT-A mouse at 3 weeks of age
compared with the age-matched controls. E, F, Reactivity for Kir4.1 is noted at all ages in the C57
StV, with the most intense expression present at 7 weeks of age. G, H, MelEM continues to be
present in high levels in the tyr-DT-A mouse at 7 weeks of age. I, J, No Kir4.1 reactivity is noted
at 16 weeks of age. K, L, MelEM expression decreases in the C57 as a function of age. The
expression is highest at 2 weeks of age (data not shown) and decreases to a low level by 7 weeks
of age, with no expression of the protein at 16 weeks of age. Scale bar, 20 �m.
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this cellular complex can be achieved using the promoter. Similar
strategies may be adapted for cell-specific genetic alteration of ion
transporters and channels in MCs. The chloride channel ClC-Kb
promoter is distinctly expressed in MCs and can be used to drive
MC-specific expression of genes (Sage and Marcus, 2001; Ko-
bayashi et al., 2002). A cautionary note from the conclusions of
the present findings is that the histological data indicated loss of
blood vessels in the StV of the tyr-DT-A mice. Whereas the de-
crease in capillary beds may result from loss of ICs, it is conceiv-
able, albeit unlikely, that the loss of IC function is secondary, or at
least worsened, by loss of vascularization. Assessment of the dif-
ferences in vascularization of other organ systems with robust

capillary beds in the TG mouse model
may be necessary to address this caveat in
future studies.
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