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ABSTRACT

Although drug-induced and age-related hearing los-
ses are frequent otologic problems affecting millions
of people, their underlying mechanisms remain
uncertain. The inner ear is exclusively endowed with
a positive endocochlear potential (EP) that serves as
the main driving force for the generation of receptor
potential in hair cells to confer hearing. Deteriora-
tion of EP leads to hearing loss or deafness. The
generation of EP relies on the activity of many ion
transporters to establish active potassium (K+) cycling
within the inner ear, including K+ channels, the Na–
K–2Cl co-transporter (NKCC1), and the a1 and a2

isoforms of Na,K–ATPase. We show that heterozygous
deletion of either NKCC1, a1-Na,K–ATPase, or a2–
Na,K–ATPase independently results in progressive,
age-dependent hearing loss with minimal alteration
in cochlear morphology. Double heterozygote dele-
tion of NKCC1 with a1–Na,K–ATPase also shows a
progressive, though delayed, age-dependent hearing
loss. Remarkably, double heterozygote deletion of
NKCC1 with a2–Na,K–ATPase demonstrates a strik-
ing preservation of hearing threshold both initially
and with age. Measurements of the EP confirm the
anticipated drop in potential for genotypes that

demonstrate age-dependent hearing loss. The EP
generated by the NKCC1 + a2-Na,K–ATPase double
heterozygote, however, is maintained at a level
comparable to that of the control condition, suggest-
ing a potential advantage in this combination of ion
transporter modification. These observations provide
insight into the detailed mechanisms of EP genera-
tion, and results of combination-knockout experi-
ments may have important implications in the future
treatment of drug-induced and age-related hearing
losses.

Keywords: age-related hearing loss, endocochlear
potential, gene targeting, potassium transport, stria
vascularis

INTRODUCTION

The exquisite sensitivity of cochlear hair cells is
derived from the unique, organ-specific endoco-
chlear potential (EP; Davis 1957; von Bekesy 1950).
The EP provides the driving force for hair cell
transduction, and its elimination results in profound
deafness (Davis 1957; Flagella et al. 1999). It is
believed that the EP is generated by the high
throughput of K+ across the intermediate cells (IC)
of the stria vascularis (StV) into the intrastrial (IS)
space of the inner ear (Kuijpers and Bonting 1970;
Salt et al. 1987).
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At the lateral wall, perilymphatic K+ is taken up by
type II and IV fibrocytes within the spiral ligament by
means of a2–Na,K–ATPase and NKCC1 (Crouch et al.
1997; Ichimiya et al. 1994; McGuirt and Schulte 1994;
Mizuta et al. 1997; Schulte and Steel 1994). These
fibrocytes are coupled to strial basal cells and
intermediate cells by gap junctions through which
K+ passes (Kikuchi et al. 1995; Spicer and Schulte
1996; Xia et al. 1999). The extrusion of K+ from the
ICs into the IS space is facilitated by Kir4.1 (a.k.a.
KCNJ10), and pharmacologic blockade or genetic
knockout of this channel has been shown to diminish
EP and cause deafness (Marcus et al. 2002; Nie et al.
2005; Wangemann et al. 2004). Potassium is trans-
ported out of the IS space and into the marginal cells
(MC) of the StV by a1–Na,K–ATPase in conjunction
with Na–K–2Cl co-transporter (NKCC1), both located
on the MC basolateral membrane (Offner et al. 1987;
Salt and DeMott 1999). K+ secretion into the
endolymph is completed via KCNQ1 in MC apical
membranes (Casimiro et al. 2004; Lee et al. 2000;
Takeuchi and Ando 1998; Takeuchi et al. 2000).

Inhibitors of NKCC1 and Na,K–ATPase (such as
furosemide and ouabain) produce a sharp but
reversible decline in EP, suggesting dynamic regula-
tion (Rybak and Morizono 1982; Shugyo et al. 1990).
Besides a1–Na,K–ATPase, which is expressed in the
mammalian body ubiquitously, a2–Na,K–ATPase and
NKCC1 are expressed in a predominantly cell-specific
manner, suggesting distinct cellular function (Kaplan
et al. 1996; Lingrel et al. 2003). The decline in activity
of the Na,K–ATPase isoforms within the inner ear has
been shown to correlate well with the decline in EP
with aging (Gratton et al. 1996; Gratton et al. 1997;
Gratton et al. 1995; Sakaguchi et al. 1998). In
addition, a reduction in the level of NKCC1 expres-
sion, as seen in heterozygote mutant NKCC1+/_ mice,
results in elevated hearing threshold relative to wild-
type littermates (Flagella et al. 1999). These findings,
coupled to the evidence of age-related dependence
of NKCC1 expression in the StV, adds to the mount-
ing evidence that age-induced hearing loss and the
activity of NKCC1 and Na,K–ATPase are strongly
linked (Hequembourg and Liberman 2001; Schulte
and Schmiedt 1992; Spicer et al. 1997).

Based on the two-cell model of EP generation, we
propose that the rate-limiting steps in K+ throughput
within the StV lie in the transport dynamics of both
absorption at the spiral ligament fibrocytes by a2–
Na,K–ATPase and NKCC1 and secretion at the stria
via a1–Na,K–ATPase and NKCC1 in the MC. Disrup-
tion of either transport mechanism would lead to an
imbalance in K+ flux through the StV, a reduction in
EP, and hearing loss. However, we propose that
downregulation of both absorption and secretion
simultaneously may decrease the overall K+ through-

put yet still preserve the overall balance in K+ absorp-
tion and secretion, thus, maintaining EP generation
more successfully than single site disruption alone.

To test these hypotheses, we performed targeted
gene mutation for NKCC1, a1–Na,K–ATPase, and a2–
Na,K–ATPase individually. We measured the effects
that single gene mutations had on hearing function
and cochlear morphology. We then performed
double targeted deletion of NKCC1 in combination
with either a1–Na,K–ATPase or a2–Na,K–ATPase and
documented the effects on hearing function and
cochlear morphology in each of these double muta-
tion states. Finally, we measured the EP in each of the
single and double knockout models to assess the
effects of each set of genetic manipulations on EP
generation. Results of these experiments confirm the
vital importance of each of these ion transporters in
the generation and maintenance of EP, as heterozy-
gote mutation of each of these ion transporters
produces a model for age-related hearing loss. In
addition, double heterozygote experiments indicate a
cooperative crosstalk between NKCC1 and Na,K–
ATPase, which may confer a greater degree of
hearing conservation with age. This benefit was
greatest in the a2–Na,K–ATPase and NKCC1 interac-
tion, suggesting the relative importance of the role
that a2–Na,K–ATPase plays in lateral wall K+ flux.

METHODS

All procedures described were approved by the
University of California, Davis Institutional Animal
Care and Use Committee, and adhered to the
principles of the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Generation of mutant mice by embryonal stem
cell/gene targeting technology

Conventional gene targeting technology was used to
generate NKCC1_/_, a1–Na,K–ATPase_/_, and a2–Na,K–
ATPase_/_ null mutants, and NKCC1+/_, a1–Na,K–
ATPase+/_, and a2–Na,K–ATPase+/_ heterozygote
mutants in Black Swiss–129/SvJ mice, as described in
previous studies (Flagella et al. 1999). Homozygous
NKCC1_/_ mice have been studied in previous experi-
ments and show a 28% incidence of death around the
time of weaning, whereas homozygous a1–Na,K–
ATPase_/_ and a2–Na,K–ATPase_/_ null mutations are
uniformly lethal at birth (Flagella et al. 1999; Moseley
et al. 2003). Homozygous mutants were, therefore,
not used in this investigation.

Heterozygote NKCC1+/_, a1–Na,K–ATPase+/_, and
a2–Na,K–ATPase+/_ mutants generated were used for
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experimentation. These heterozygotes were also used
for further interbreeding. Heterozygote crossbreed-
ing between NKCC1+/_ and a1–Na,K–ATPase+/_ and
a2–Na,K–ATPase+/– produced the double heterozy-
gote mutants NKCC1þ=��þ=�1 and NKCC1þ=��þ=�2 .
Germline transmission for all mutant variations was
verified by polymerase chain reaction genotyping of
DNA from tail samples. All mice analyzed in this
study were from F3 to F6 generations of the originally
generated mutant mice.

Several mice strains, including Black Swiss–129/
SvJ, our original background strain used for targeted
gene knockout, are known to have inherent age-
related hearing loss (AHL; Zheng et al. 1999). To
minimize intrinsic age-related hearing loss effects in
our background strain, we performed backcrossing of
NKCC1, a1-Na,K-ATPase, and a2-Na,K-ATPase mutant
mice with Cast-AHL congenic strains, which have
been shown to be free of such age-related hearing
loss (Erway et al. 1996; Erway et al. 1993). In addition,
we crossed our original background strain Black
Swiss–129/SvJ with Cast-AHL to generate an equiva-
lent non-mutated strain, which was immune to age-
related hearing loss to facilitate comparison of
auditory brainstem response (ABR) and EP data
from each mutant group with a control.

Genotyping of all mice was achieved by polymerase
chain reaction and Southern blot analysis of tail
DNA, as described in previous experiments (Flagella
et al. 1999).

Measurement of ABR

Control, NKCC1+/_, a1–Na,K–ATPase+/_, a2–Na,K–
ATPase+/_, NKCC1þ=��þ=�1 , and NKCC1þ=��þ=�2 ge<
notyped mice were tested for auditory threshold by
measurement of ABR at 5–10 weeks of age and were
repeated every 10 weeks to age 90 to 105 weeks. Six to
12 mice per genotype were tested. Student_s t test
analysis was used to determine significance of hear-
ing threshold changes with age. ABR methodology
was performed in similar fashion to previously
published experiments by our group and is summa-
rized below (Bautista et al. 2006; Dou et al. 2004;
Flagella et al. 1999).

Mice were anesthetized with tribromoethanol (Aver-
tin; Sigma-Aldrich Corp., St. Louis, MO) at 0.5 mg/g
body weight injected intraperitoneally. Anesthetized
mice were then placed in a sound attenuated chamber
on a custom holder. Core body temperature was
maintained at 36.5T0.5-C using a homeothermic
blanket control unit (Harvard Apparatus, Inc., Hollis-
ton, MA) and rectal probe feedback. Ground and
recording electrodes were placed subcutaneously in
the scalp and a calibrated transducer (Intelligent
Hearing Systems, Miami, FL) placed in the right pinna.

At a rate of 20 Hz, with intensity from 0–90 dB sound
pressure level (SPL; rms for click stimuli) in 10 dB
increments, 0.1 ms broadband clicks, and 3 ms pure
tone pips at 8, 16, and 32 kHz were presented. ABR
activity was extracted from 128–1,024 stimuli. Hearing
threshold was defined as the minimum sound intensity
that elicited a characteristic ABR waveform.

Measurement of distortion product otoacoustic
emissions

NKCC1+/_, a1–Na,K–ATPase+/_, a2–Na,K–ATPase+/_,
NKCC1þ=��þ=�1 , and NKCC1þ=��þ=�2 genotyped
mice were tested for distortion product otoacoustic
emissions (DPOAE) at 20–30 weeks of age and were
repeated at 40–60 weeks of age. Three to five mice
per genotype group were tested. DPOAE methodol-
ogy was performed in similar fashion to previously
published experiments by our group and is summa-
rized below (Bautista et al. 2006; Dou et al. 2004).

Mice were anesthetized with Avertin as for ABR
measurements. After visual inspection to ensure
adequate health of external and middle ear, mice
were placed in a sound attenuated chamber and dual
acoustic probe/microphone assembly (Etymotic Re-
search, Inc., Elk Grove Village, IL) placed in the ear.
Primary tones with an f 2/f 1 ratio of 1.25 were
presented at equal sound pressure levels at 55, 65,
and 75 dB SPL over 92 ms, and tones were routed to
independent transducers and allowed to mix acous-
tically in the ear canal. Ear canal sound pressure
level was sampled and synchronously averaged by
digital signal processor for geometric mean frequen-
cies below 20.1 kHz. Above 20.1 kHz, sampling input
was automatically switched to dynamic signal analyz-
er for frequency analysis to avoid DSP aliasing
artifacts above 22.1 kHz. Cubic (2f 1_f 2) DPOAE
levels and corresponding noise floor levels were
calculated.

DPOAE levels were plotted as a function of the
primary tones_ geometric mean frequency GM=
(f 1�f 2)0.5, from 5.6–48.5 kHz (f 2=6.3–54.2 kHz) in
0.1 octave increments. DP grams were generated for
each stimulus level and were evaluated for presence of
DPOAE95 dB above noise floor.

Light microscopy

Histology was performed on the cochleae of
NKCC1+/_, NKCC1þ=��þ=�1 , and NKCC1þ=��þ=�2 ge<
notyped mice at ages 20–30 weeks and 60–80 weeks.
Three to five cochleae per genotype group at each
age group were examined under light microscopy.
Light microscope analysis was performed using
previously described procedures and is described
below (Kozel et al. 1998).
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Mice were deeply anesthetized with sodium pen-
tobarbital (Sigma-Aldrich Corp., St. Louis, MO) and
transcardially perfused with 2% glutaraldehyde and
2% paraformaldehyde in 0.1 M sodium cacodylate
buffer, pH 7.3. Temporal bones were harvested and
perfused with the same fixative through oval and
round windows and kept in fixative overnight. The
temporal bones were decalcified in 0.1 M ethyl-
enediaminetetraacetic acid (EDTA) solution for 1
week. Specimens were post-fixed in buffered 1%
osmium tetroxide at room temperature for 1–2 h,
dehydrated in graded ethanol solutions followed by
propylene oxide, and embedded in Spurr resin.
Serial 1- and 2-um sections were cut with a diamond
knife and stained with toludine blue.

Scanning electron microscopy

Scanning electron microscopy was performed on the
cochleae of NKCC1+/ _, NKCC1þ=��þ=�1 , and
NKCC1þ=��þ=�2 genotyped mice at ages 20–30 and
60–80 weeks. Three to five cochleae per genotype
group at each age group were examined under elec-
tron microscopy.

Mice were anesthetized with sodium pentobarbital
and transcardially perfused with fixative with similar
technique as for light microscopy specimens. Tem-
poral bones were harvested, fixed, decalcified, and
dehydrated as for histology. Prepared specimens were
critical-point dried from liquid CO2, sputter-coated
with gold–palladium, and examined in a scanning
electron microscope (Philips Electronics NV, Eind-
hoven, The Netherlands).

Measurement of EP

Control, NKCC1+/_, a1–Na,K–ATPase+/_, a2–Na,K–
ATPase+/_, NKCC1þ=��þ=�1 , and NKCC1þ=��þ=�1 ge<
notyped mice underwent EP measurement at 60
weeks of age. Five to six mice per genotype group
were measured for EP.

Mice were anesthetized with urethane (Sigma-
Aldrich Corp., St. Louis, MO) at 2 mg/g body weight
injected intraperitoneally. The temperatures of the
mice were monitored and controlled as described
above for ABR recordings. Anesthetized mice then
underwent tracheostomy and tracheal cannulation. A
ground electrode was sutured to cervical muscula-
ture, and the tympanic bulla was opened by ventral
approach. Under a dissecting microscope, a small
fenestration was made at the basal turn of the
cochlea, and a glass recording microelectrode filled
with 150-mM KCl and mounted on a micromanipu-
lator was slowly passed through the lateral wall and
into the StV. The recording electrode was connected
to a current-clamp amplifier (Warner Instrument),

and potential measurements were recorded through-
out insertion and until a stable potential was identified.

RESULTS

NKCC1+/_ single heterozygote mice develop
progressive age-related hearing loss

ABR results from NKCC1+/_ single heterozygote mice
demonstrated an early hearing loss that progressed
with age. We performed initial ABR at 5–10 weeks of
age. At this early age, NKCC1+/_ mice revealed ABR
thresholds comparable to age-matched control mice
for broadband, as well as across all tone pip stimuli.
Heterozygote mice were retested at bi-weekly intervals,
and subsequent results indicated worsening hearing
function by progressively elevated ABR thresholds,
with severe hearing loss of greater than 80 dB SPL
thresholds (for click stimuli) at 51–60 weeks of age
and profound hearing loss on the order of 100 dB SPL
(for click stimuli) at 100+ weeks, with concomitant
threshold elevations across all tone stimuli.

ABR thresholds were compared at advanced ages
to the initial ABR threshold at 5–10 weeks, and
threshold differences were found to be statistically
significant as early as 21–30 weeks of age (pG0.05),
retaining statistical relevance throughout the remain-
der of life. Elevated thresholds were consistently
observed across all stimulus frequencies: click burst,
8, 16, and 32 kHz (Fig. 1a).

DPOAE testing for these mice revealed persistent
DPOAE levels above the noise floor even at late age. All
tested mice revealed DPOAE present at all stimulus
equilevels of 55, 65, and 75 dB SPL, and across all tested
geometric mean frequencies of 5 to 50 kHz (Fig. 1b).
These results suggest integrity of electromechanical
transduction and competence of outer hair cell func-
tion throughout the cochlear duct despite declining
hearing threshold indicated by the ABR results.

Cochlear specimens were harvested for processing
and histologic review. Light microscopy revealed
normal appearance to the cochlear architecture.
There was normal positioning and appearance of
the Reissner_s membrane; preservation of the endo-
lymphatic volume and scala media; compact, dense
appearance of the stria vascularis; and preservation of
the architecture of the tunnel of Corti and organ of
Corti (Fig. 1c). In contrast, previous work on the
NKCC1_/_ null mutant has demonstrated complete
collapse of the scala media and atelectasis of
Reissner_s membrane onto the lateral wall, vacuola-
tion or spongy appearance to the stria vascularis, and
abnormal architecture of the tunnel and organ of
Corti (Flagella et al. 1999).

Scanning electron microscopy of the apical surface
of the organ of Corti demonstrated normal morphol-
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ogy to the inner and outer hair cell bundles. Hair cell
bundles retained their structure and orientation, and
there was only sporadic hair cell loss along the length
of the cochlea (Fig. 1d). Scanning microscopy was
performed at later age (80 weeks).

a1–Na,K–ATPase+/_ single heterozygote mice
develop age-related hearing loss

The group of a1–Na,K–ATPase+/_ heterozygote mice
exhibited similar phenotypic patterns of hearing loss
on ABR as did the NKCC1+/_ mice. These mice
demonstrated ABR thresholds at early age (5–10
weeks) comparable to those of the NKCC1+/_ hetero-
zygotes. This group_s hearing loss deteriorated with
age more rapidly than the NKCC1+/_ mice, with severe
elevations in ABR threshold greater than 80 dB SPL
(for click stimuli) as early as 31–40 weeks of age. This
degree of hearing loss was not seen in NKCC1+/_ mice
until 51–60 weeks of age. Thus, we find in the a1–
Na,K–ATPase+/_ group a large jump from baseline
hearing to severe hearing loss at mid-age, whereas in
the NKCC1+/_ mice, we find a gradually progressive
drop in hearing function over time.

ABR thresholds were measured in this group at bi-
weekly intervals, as with the NKCC1+/_ counterparts.
Effects on hearing were consistent across all stimulus
frequencies: click, 8, 16, and 32 kHz. ABR thresholds
at age were compared to the group_s ABR thresholds
at 5–10 weeks. Thresholds measured as early as 31–40
weeks of age were shown to be statistically significant-
ly different from the initial ABR threshold (pG0.05).
Although there was a slight drop off in ABR thresh-

FIG. 1. NKCC1+/_ single heterozygote mice exhibit progressive
hearing loss with age without gross deterioration in cochlear or hair
cell morphology. a ABR thresholds indicate initial mild hearing loss
at 5–10 weeks of life with progressive deterioration with age,
displayed at bi-weekly intervals to age 60 weeks (105 weeks for
click stimuli). Progressive hearing loss occurs comparably across all
tested stimulus frequencies: click, 8, 16, and 32 kHz. pG0.05,
statistically significant difference compared to baseline threshold at
5–10 weeks; error bars standard deviation. b Representative DP
gram at 75 weeks, showing presence of DPOAE levels for 2f 1

_
f 2

distortion products across the frequency range. 65 dB SPL DP gram
is representative and is shown. DPOAE were present at 55 and 75 dB
SPL as well (data not shown). c Histology of cochlear cross-section of
representative animal at 21 weeks reveals gross conservation in
cochlear morphology, with normal positioning and appearance of
the Reissner_s membrane, preservation of the endolymphatic
volume and scala media, dense and compact appearance of the
stria vascularis, and preservation of the tunnel of Corti and organ of
Corti. d Scanning electron microscopy of the organ Corti of a
representative animal at 80 weeks appears grossly unremarkable,
with normal morphology, spacing, and population density of inner
and outer hair cell hair bundles. Sporadic hair cell loss is noted
along the length of the cochlea (not shown)

R
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old from 31–40 weeks to 51–60 weeks, these compar-
ative thresholds were not statistically significantly
different (p90.05; Fig. 2a).

DPOAE recordings for this genotype group dis-
played no significant DPOAE levels above noise floor
at all stimulus levels used (55, 65, and 75 dB SPL;
Fig. 2b). The lack of measurable DPOAE levels suggests
failure of electromechanical, or reverse, transduction
to produce intermodulation distortion robust enough
for detection (Liberman et al. 2004). Presence of
intermodulation distortion from stereociliary trans-
duction by the use of higher level stimuli was not
investigated in this study.

a2–Na,K–ATPase+/_ single heterozygote mice
develop age-related hearing loss

The group of a2–Na,K–ATPase+/_ heterozygote mice
exhibited phenotypic hearing responses comparable
to that of their a1–Na,K–ATPase+/_ heterozygote
counterparts. Again, we found initial ABR thresholds
at 5–10 weeks approximately equal to those of age-
matched controls. Hearing loss progressed slightly at
11–20 weeks but deteriorated rapidly at 31–40 weeks
to a threshold on the order of 90 dB SPL (click
stimuli). This severe-to-profound hearing loss was
maintained at 51–60 weeks, with ABR threshold on
the order of 90 dB SPL (click stimuli). This pattern of

FIG. 2. a1–Na,K–ATPase+/_ single heterozygote mice exhibit pro-
gressive hearing loss with age. a ABR thresholds demonstrate initial
mild hearing loss at 5–10 weeks of life with progressive deterioration
with age, displayed at bi-weekly intervals to age 60 weeks.
Progressive hearing loss occurs comparably across all tested stimulus
frequencies: click, 8, 16, and 32 kHz. *pG0.05, statistically
significant difference compared to baseline threshold at 5–10 weeks;
error bars standard deviation. b Representative DP-gram at 75
weeks, showing absence of DPOAE levels for 2f 1

_
f 2 distortion

products across the frequency range. 65 dB SPL DP gram is
representative and is shown. DPOAE were absent at 55 and 75 dB
SPL as well (data not shown)

FIG. 3. a2–Na,K–ATPase+/_ single heterozygote mice exhibit
progressive hearing loss with age. a ABR thresholds again show an
initial mild hearing loss at 5–10 weeks of life with significant and
progressive deterioration with age, displayed at bi-weekly intervals
to age 60 weeks. Progressive hearing loss occurs comparably across
all tested stimulus frequencies: click, 8, 16, and 32 kHz. *pG0.05,
statistically significant difference compared to baseline threshold at
5–10 weeks; error bars standard deviation. b Representative DP
gram at 75 weeks, showing absence of DPOAE levels for 2f 1

_
f 2

distortion products across the frequency range. 65 dB SPL DP gram
is representative and is shown. DPOAE were absent at 55 and 75 dB
SPL as well (data not shown)

DIAZ ET AL.: Conservation of Hearing by Simultaneous Mutation 427



hearing loss is similar in temporal pattern to that of
the a1–Na,K–ATPase+/_ group, with a large deterio-
ration in ABR threshold at mid-age rather than a
progressive deterioration in threshold over time as
seen in the NKCC1+/_ group.

ABR thresholds were measured at bi-weekly inter-
vals, as with the NKCC1+/_ and a1–Na,K–ATPase+/_

single heterozygote groups. Effects on hearing were
again consistent across all stimulus frequencies: click,
8, 16, and 32 kHz. ABR thresholds at each age
interval were compared to the group_s initial ABR
threshold at 5–10 weeks. Thresholds at 31–40 weeks
and older were shown to be statistically significantly
different from the 5- to 10-week threshold (pG0.05)
across all stimulus frequencies. Thresholds at 51–60
weeks were maintained from the 31- to 40-week
interval (Fig. 3a).

DPOAE recordings for the a2–Na,K–ATPase+/_

heterozygote mice also did not demonstrate measur-
able intermodulation distortion above the noise floor
(Fig. 3b). As for the a1–Na,K–ATPase+/_ heterozy-
gotes, the lack of measurable intermodulation distor-
tion up to 75 dB SPL stimulus level implies failure of
reverse transduction at the outer hair cells. Integrity
of passive stereociliary transduction at higher level
stimuli was not investigated.

NKCC1+/_a1+/_ double heterozygote mice show
delayed age-related hearing loss

ABR measurements of the NKCC1þ=��þ=�1 double
heterozygote group demonstrate terminal hearing
loss with age comparable to that of the single
heterozygote groups NKCC1+/_, a1–Na,K–ATPase+/_,
and a2–Na,K-ATPase+/_, but with a delay in onset of
progression. These double heterozygotes demonstrat-

FIG. 4. NKCC1þ=��þ=�1 double heterozygote mice exhibit pro-
gressive hearing loss with age without gross deterioration in
cochlear morphology. a ABR thresholds indicate initial mild
hearing loss at 5–10 weeks of life with mild deterioration at 61–70
weeks, but with gross threshold shift at 71–80 weeks. Hearing loss
occurs comparably across all tested stimulus frequencies: click, 8,
16, and 32 kHz. *pG0.05, statistically significant difference com-
pared to baseline threshold at 5–10 weeks; error bars standard
deviation. b Representative DP gram at 39 weeks, showing presence
of DPOAE levels for 2f1

_
f2 distortion products at low frequencies

but not at higher. Shown is the representative 65 dB SPL DP gram.
Similar results were found at 55 and 75 dB SPL (data not shown). c
Histology of cochlear cross-section of representative animal at 60
weeks reveals gross conservation in cochlear morphology, compa-
rable to that seen in NKCC1+/_

: normal appearance of Reissner_s
membrane and scala media, dense and compact appearance of the
stria vascularis, and preservation of the organ of Corti. d Scanning
electron microscopy of the organ of Corti of a representative
animal at 80 weeks appears grossly unremarkable, with normal
morphology, spacing, and population density of inner and outer
hair cell hair bundles. Sporadic hair cell loss is noted along the
length of the cochlea (shown at top), comparable to NKCC1+/_

R
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ed initial thresholds at 5–10 weeks of age equivalent
to control mice across all frequencies. Progression of
ABR threshold shift and hearing loss occurred fairly
later in life compared with the single heterozygote
groups. Thresholds at age were compared with the
initial ABR threshold at 5–10 weeks, and statistically
significant progression in threshold change (pG0.05)
did not occur until 61–70 weeks of age. This hearing
loss then accelerated over time to terminate at a severe
degree of hearing loss at 71–80 weeks, on the order of
100 dB SPL (click stimuli), comparable to the ter-
minal threshold for all groups of single heterozygote
mutants. These effects were seen across all stimulus
frequencies: click, 8, 16, and 32 kHz (Fig. 4a).

DPOAE measurements demonstrated the pres-
ence of DPOAE levels above the noise floor for low
geometric mean frequencies from 5–20 kHz, but loss
of DPOAE amplitude above 20 kHz (Fig. 4b). This
finding suggests some preservation in reverse trans-
duction at the cochlear duct apex, but with possible
loss of some function at the base.

Histologic analysis of the cochlea was grossly
unremarkable. There was good preservation of the
volume of the scala media and endolymph space
without collapse of Reissner_s membrane; compact,
dense appearance to the stria vascularis; and normal
architecture of the organ of Corti (Fig. 4c). These
results are similar to those seen in the histology for
the NKCC1+/_ single heterozygote group.

Scanning electron microscopy of the apical surface
of the organ of Corti appeared grossly unremarkable
as well. There appeared to be normal morphology to
the inner and outer hair cell bundles across the
cochlear length, with only scattered loss of hair cells;
this was comparable in comparison to the NKCC1+/_

group (Fig. 4d).

FIG. 5. NKCC1þ=��þ=�2 double heterozygote mice exhibit relative
preservation in hearing function with age. a ABR thresholds
indicate initial mild hearing loss at 5–10 weeks of life with minimal
progression with age. *pG0.05, statistically significant difference
compared to baseline threshold at 5–10 weeks; error bars standard
deviation. b Representative DP gram at 110 weeks, showing
presence of DPOAE levels for 2f 1

_
f 2 distortion products at all

frequencies. Shown is the representative 65 dB SPL DP-gram.
DPOAE were present at 55 and 75 dB SPL as well (data not shown).
c Histology of cochlear cross-section of representative animal at 88
weeks reveals gross conservation in cochlear morphology, compa-
rable to that seen in both NKCC1+/_

and NKCC1þ=��þ=1 genotypes:
normal appearance of Reissner_s membrane, scala media, stria
vascularis, and organ of Corti. d Scanning electron microscopy of
the organ of Corti of a representative animal at 80 weeks appears
grossly unremarkable, as with NKCC1+/_

and NKCC1þ=��þ=1 , with
normal morphology, spacing, and population density of inner and
outer hair cell hair bundles. Sporadic hair cell loss is noted along
the length of the cochlea, comparable to NKCC1+/_

and
NKCC1þ=��þ=1

R
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NKCC1þ=��þ=�2 double heterozygote mice have relative
preservation of hearing

ABR threshold measurements of NKCC1þ=��þ=�2

double heterozygotes reveal equivalent hearing as
compared with control mice at 5–10 weeks of age.
With age, we again see a progression in hearing loss
beginning at 51–60 weeks, which is statistically
significant compared to the group_s own baseline
threshold (pG0.05) (Fig. 5a). However, the magni-
tude of this hearing loss is in stark contrast to that
seen with all other mutant groups. Terminal thresh-
olds are on the order of 80–90 dB SPL for NKCC1+/_,
a1–Na,K–ATPase+/_, and a2–Na,K–ATPase+/_ single
heterozygotes, as well as for the NKCC1þ=��þ=�1
double heterozygote group. The terminal threshold
of NKCC1þ=��þ=�2 mice, on the other hand, is only
50 dB SPL, approximate to that of age-matched
control mice (Fig. 6). This contrast in terminal hearing

thresholds between the NKCC1þ=��þ=�2 double het-
erozygote group and the other mutant groups is
significant and preserved across all three tone pip
stimuli. Of interest, at 30–40 weeks, the two double
heterozygote groups both exhibit similar levels of
hearing to that of the age-matched control group.
However, after 1 year of age, the two groups diverge
drastically, with the NKCC1þ=��þ=�1 mice demonstrat-
ing age-related hearing loss as opposed to the
NKCC1þ=��þ=�1 mice, whose hearing remains stable
relative to control.

DPOAE response measurements were performed
on NKCC1þ=��þ=�2 mice for stimulus equilevels of 55,
65, and 75 dB SPL, as with previous groups. DPOAE
responses above the noise floor were evident and
robust for all geometric mean frequencies tested,
from 5–50 kHz (Fig. 5b). As with the NKCC1+/_

single heterozygote mice, this finding suggests com-
petency of reverse transduction and outer hair cell
somatic motility.

Histology of cochlear architecture is comparable
to that seen in the NKCC1+/_ single heterozygote
and NKCC1þ=��þ=�1 double heterozygote groups.
Cross-sectional examination of the cochleae of
representative specimens reveals normal appearance
and positioning of the Reissner_s membrane, full
volume to the scala media, a densely staining,
compact stria vascularis, and normal appearance
and configuration to the organ of Corti (Fig. 5c).

FIG. 6. Comparison of ABR thresholds over time between control
and single and double heterozygote mutant groups. At 5–10 weeks,
all single and double heterozygote groups have thresholds compa-
rable to those of the control strain. At 31–40 weeks, single
heterozygote groups (NKCC1+/_, a1–Na,K–ATPase+/_, a1–Na,K–
ATPase+/_) have already begun to display threshold shifts and
hearing loss. However, both double heterozygote groups
(NKCC1þ=��þ=�1 and NKCC1þ=��þ=�2 ) maintain stable hearing
thresholds compared to the control. At 51–70 weeks,
NKCC1þ=��þ=�1 mice now display threshold shifts comparable to
single heterozygotes, but NKCC1þ=��þ=�2 mice continue to main-
tain hearing levels stable and comparable to control. Graph
displays results from click stimuli; 8, 16, and 32 kHz tone pip
stimuli demonstrate comparable results (data not shown). *pG0.05,
statistically significant difference compared to control threshold at
the same age

FIG. 7. Measurement of EP in all genotype groups confirms
functional data. EP were measured in all genotype groups at 60
weeks of age. Control mice at 60 weeks maintained potentials
comparable to those seen in young wild types. NKCC1+/_, a1–Na,K–

ATPase+/_, a1–Na,K–ATPase+/_ single heterozygotes, and

NKCC1þ=��þ=�1 double heterozygote mice exhibit significantly
diminished but still existent positive amplitude of EP compared
to the control (*pG0.05, **pG0.005). The NKCC1þ=��þ=�2 double
heterozygote condition demonstrates potentials that are compara-
ble to similarly aged control mice (p=0.4) and in the normal range
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Scanning electron microscopy of the NKCC1þ=�

�
þ=�
2 group also demonstrates normal stereociliary

architecture. Inner and outer hair cell stereocilia are
present and hair cells have normal spacing and
appearance with only sporadic hair cell loss, consis-
tent with the light microscopy of this group (Fig. 5d).

EP is preserved in NKCC1þ=��þ=�2 double
heterozygote mice

EP were recorded in the control group and all
mutant groups at 60 weeks. Results were consistent
with ABR threshold findings for each group, as
measured EP amplitudes correlated well with the
degrees of threshold shift observed between initial
and terminal ABR measurements. The aged control
mice group demonstrated a mean EP amplitude of
79T4 mV, within the normal range for young wild-
type mice, thus, signifying their immunity to age-
related hearing loss. EP were significantly depressed
but were not completely absent for the single
heterozygote groups, as mean EP amplitudes were
roughly half of normal range: NKCC1+/_=45T12 mV;
a1–Na,K–ATPase+/_=46T7 mV; and a2–Na,K–
ATPase+/_=45T14 mV. The mean EP for the
NKCC1þ=��þ=�1 double heterozygote condition was
also half of normal at 48T6 mV. Curiously, the
NKCC1þ=��þ=�2 group again demonstrated preserva-
tion in cochlear function with a 60-week mean EP
amplitude of 81T4 mV (Fig. 7).

DISCUSSION

The remarkable dynamic range of the mammalian
inner ear relies on the exceptional sensitivity of hair
cells, which are critically dependent on the existence
a unique, organ-specific, positive EP (Davis 1957;
Hudspeth 1997). Processes that are associated with
disruption of K+ transport and recycling within the
inner ear—and therefore, with the generation of the
EP—are associated with hearing loss (Carlisle et al.
1990; Salt and DeMott 1999). Recent work studying
the knockout of specific K+ channel KCNJ10 (Kir4.1)
demonstrates abolition of EP with profound hearing
loss, whereas pharmacologic inhibition of KCNJ10
confers reduction in EP and concomitant reduction
in hearing thresholds (Marcus et al. 2002; Nie et al.
2005; Wangemann et al. 2004). By far, the most
clinically relevant process for neurosensory hearing
loss in humans is age-related hearing loss. Age-related
hearing loss, or presbycusis, affects one in three
persons over 60 years of age and one in two persons
over 85 years of age (Gratton and Vazquez 2003).

Histopathological evidence exists, from cadaveric
evaluation of temporal bones of human patients with
presbycusis, that age-related hearing loss can be
described by four types of cochlear histopathology:
(1) sensory presbycusis involving hair cell loss, (2)
neural presbycusis involving loss of spiral ganglion
cells and axons, (3) mechanical or conductive
presbycusis thought to be conferred by stiffening of
the basilar membrane, and (4) metabolic or strial
presbycusis, whereby atrophy of the StV is thought to
confer hearing loss (Schuknecht and Gacek 1993).
Clinically, however, presbycusis is rarely found to
present as one specific audiometric pattern correlat-
ing to one specific histopathologic process, but it is
commonly considered to be an amalgamation of
patterns—and hence, a combination of several pro-
cesses (Shih 1994).

Considerable experimental evidence exists to sug-
gest that age-related hearing loss may be associated
with progressive metabolic and structural changes
within the lateral wall of the cochlea. Animal models
of age-related hearing loss demonstrate progressive
alteration of biochemical and structural integrity of
the cochlear lateral wall, including reduction in
expression and activity of Na,K–ATPase, reduction
in expression of NKCC1, involution and atrophy of
the stria vascularis, degeneration of spiral ligament
fibrocytes, segmental degeneration of capillary vascu-
lature, and decline in EP associated with such changes
(Gratton et al. 1996, 1997, 1995 Gratton and Schulte
1995; Hequembourg and Liberman 2001; McGuirt
and Schulte 1994; Sakaguchi et al. 1998; Schulte and
Adams 1989; Schulte and Schmiedt 1992; Schulte and
Steel 1994; Spicer et al. 1997).

FIG. 8. K+ cycling and ion transport in the inner ear—diagram-
matic representation of the two-cell model for the generation of EP
in the StV. We have targeted the NKCC1, a1–Na,K–ATPase, and a2–
Na,K–ATPase ion transport proteins with gene targeting. Our results
suggest a crosstalk between a2–Na,K–ATPase and NKCC1, and to a
limited extent between a1–Na,K–ATPase and NKCC1, implicating
these proteins as rate limiting steps in the influx and efflux of K+

through the StV, respectively
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In this series of genetic experiments, these same
key ion transport mechanisms were identified and
targeted for gene deletion and systematically nulled,
individually and in combination, to investigate effects
on hearing, cochlear function and structure, and EP
generation.

Homozygote deletion of NKCC1 has previously
been studied and showed 28% incidence of death at
the time of weaning. Those mice that survived
demonstrated immediate profound hearing loss with-
out measurable thresholds on ABR (Flagella et al.
1999). Homozygote deletion of a1–Na,K–ATPase and
a2–Na,K–ATPase both were uniformly fatal at birth,
indicating the critical role that the Na,K pump plays for
the viability of mammalian organisms (Moseley et al.
2003; unpublished data).

Heterozygote mutations of these three critical
transporters, on the other hand, are not partially or
uniformly fatal, and they display audiometric charac-
teristics analogous to that of mammalian forms of
age-related hearing loss. Heterozygote mutation of
NKCC1 individually demonstrates a mild to moderate
hearing loss across all frequencies early in age that
progresses with age. Heterozygote mutation of a1–
Na,K–ATPase and a2–Na,K–ATPase individually show
similar age-progressive hearing loss, comparable in
severity to the NKCC1+/_ heterozygote at later age
but with an earlier onset of severity. In addition,
terminal EP amplitude measurements demonstrate
significant depression, but still, existence of a positive
EP amplitude in each of the single heterozygote
models. This finding is consistent with EP measure-
ments obtained from quiet-aged mammals (Gratton
et al. 1996, 1997). The normal appearance of the
cochlear duct and organ of Corti from light and
scanning electron microscopy imply that changes to
hearing function as a result of these genetic manip-
ulations are dynamic or metabolic in origin rather
than static or structural.

Considered individually, each of these single
heterozygote mutations can serve as a potential
genetic and molecular biologic model for age-related
hearing loss based on ABR threshold and EP data.
Each model is not necessarily equivalent, however, as
the earlier disruption in hearing thresholds in the
Na,K–ATPase heterozygotes implies a relative prima-
cy of Na,K–ATPase over NKCC1 in the preservation
of hearing.

Intermodulation distortion from low-level stimuli
is observed only in the NKCC1+/_ single heterozygote
model and not measurable in either of the Na,K–
ATPase heterozygote models. This divergence between
NKCC1 and Na,K–ATPase is not fully understood at
this time. One potential mechanism for the effects of
heterozygote mutation on DPOAE would involve
depression in OHC function and subsequent reduc-

tion in DPOAE level secondary to depressed EP
amplitude. However, as terminal EP amplitudes are
comparable between the three heterozygote groups,
there is no reason why the degree of intermodulation
distortion produced would be favored for one group
over the others. Conversely, as low-level intermodu-
lation distortion is generated by reverse transduction
at the OHC, it is plausible that neuronal pathways,
rather than strial/lateral wall metabolism, are the
dominant site of disruption causing this phenomena.
Na,K–ATPase has been identified in high levels both
in spiral ganglion neurons and in unmyelinated nerve
fibers within the organ of Corti, whereas NKCC1 has
been identified only weakly in satellite cells within the
spiral ganglion (Crouch et al. 1997; Schulte and
Adams 1989). This differential expression of Na,K–
ATPase over NKCC1 within the cochlear neuronal
pathways makes the latter proposition more plausible.
It is evident from these data, however, that genera-
tion of low-level stimuli intermodulation distortion is
more sensitive to disruption in Na,K–ATPase activity
than NKCC1 activity.

Functional results from double heterozygote muta-
tions of NKCC1 with either a1–Na,K–ATPase and a2–
Na,K–ATPase demonstrate even more fascinating
results. The NKCC1þ=��þ=�1 double heterozygote
mice exhibit age-related ABR threshold shifts and
hearing loss comparable to each of the single
heterozygote conditions NKCC1+/_, a1–Na,K–
ATPase+/_, and a2–Na,K–ATPase+/_, but with a
delayed progression of severity compared to the
single heterozygotes. NKCC1þ=��þ=�2 double hetero-
zygote mice demonstrate an even more remarkable
effect of ABR threshold stability and complete
hearing preservation with age. The NKCC1þ=��þ=�1
double heterozygote mice proceeded to a profound
hearing loss after 1 year of age, whereas the
NKCC1þ=��þ=�2 double heterozygote mice main-
tained ABR thresholds equivalent to age-matched
controls at all times. Mean terminal EP amplitude of
the NKCC1þ=��þ=�2 group was preserved, suggesting
preservation of the mechanisms for EP generation
within the cochlear lateral wall.

Intermodulation distortion was present in both
double heterozygote models, only at low frequencies
for NKCC1þ=��þ=�1 but throughout the frequency
range for NKCC1þ=��þ=�2 . This is contrasted with
the complete absence of low-level stimuli DPOAE in
a1–Na,K–ATPase+/_ and a2–Na,K–ATPase+/_ single
heterozygotes.

Modulation of the activity of NKCC1 simultaneous-
ly with Na,K–ATPase appears to confer a beneficial
crosstalk or rescue effect within the cochlear meta-
bolic architecture over that of either ion transporter
alone: Reverse transduction and OHC function are
reinstated, and age-related hearing loss is delayed. In
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addition, the specific combination of NKCC1 modu-
lation with a2–Na,K–ATPase appears to confer the
greatest advantage, as EP is preserved and age-related
hearing loss is completely mitigated.

The results of these double heterozygote experi-
ments have implications beyond modeling for age-
related hearing loss, as they help to verify predictions
of the roles of NKCC1, a1–Na,K–ATPase, and a2–
Na,K–ATPase in K+ cycling within the inner ear.
Based on the two cell model of EP generation, these
transport proteins serve in balancing the K+ flux
through the lateral wall, a2–Na,K–ATPase + NKCC1
in spiral ligament absorption from the perilymph at
types II, IV, and V fibrocytes, and a1–Na,K–ATPase +
NKCC1 in strial secretion back into the endolymph
through the MC (Fig. 8). Downregulation of one
mechanism causes disruption in EP generation and
hearing loss, but coincident downregulation of both
mechanisms—as is done in the double heterozygote
models—results in stability of hearing, presumably
from downregulated but balanced K+ flux and, thus,
successful regulation of EP generation over time.
Based on the single heterozygote experiments, Na,K–
ATPase appears to be the more relevant rate-limiting
factor over NKCC1, and based on the double
heterozygote experiments, a2–Na,K–ATPase appears
to be the more relevant rate-limiting factor over a1–
Na,K–ATPase.

The development of this multiple targeted gene
deletion framework continues to expand upon our
knowledge and understanding of the complex bio-
chemical machinery necessary for the development
and maintenance of the proper intracochlear envi-
ronment requisite for hearing and balance. It is clear
that each of these key ion transporters is critical to
the proper functioning of this machinery. The
relative primacy of Na,K–ATPase over NKCC1 within
this milieu, and the implication of spiral ligament a2–
Na,K–ATPase as the rate-limiting element for K+ flux
within the lateral wall, is proposed based on the
functional results of the series of single and com-
pound knockout experiments performed.

From these results, we gain a better understanding
of the pathophysiology of strial-related mechanisms
of hearing loss. Further, we identify multiple poten-
tial loci for intervention in certain forms of hearing
loss imparted by ion transport defects, such as
ototoxicity and age-related hearing loss. For example,
it may be conceivable to counter the effects of a
diuretic-induced ototoxicity at NKCC1 by administer-
ing a titrated dose of a cardiac glycoside to differen-
tially inhibit Na,K–ATPase. As genetic identification
of an individual_s hearing loss becomes reality, it may
be possible to pharmacologically or genetically coun-
terbalance an inherited predisposition to age-related
hearing loss. Should a patient have an inherited

defect in one of these ion transporters within the ear,
it is conceivable that future therapy may involve ge-
netic means of upregulating the gene for that
transporter, or, perhaps more elegantly, downregu-
lating the gene for its counterbalancing transporter.
In a more general sense then, if inhibition or down-
regulation at one of these K+ transporters represents
a molecular site of hearing loss, then deliberate
inhibition at the counterbalancing site may provide
a mechanism to preserve hearing or mitigating the
hearing loss that would otherwise ensue.
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