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ABSTRACT

Kv3.1b channel protein is widely distributed in the
mammalian auditory brainstem, but studies have
focused mainly on regions critical for temporal
processing, including the medial nucleus of the
trapezoid body (MNTB) and anteroventral cochlear
nucleus (AVCN). Because temporal processing de-
clines with age, this study was undertaken to deter-
mine if the expression of Kv3.1b likewise declines, and
if changes are specific to these nuclei. Immunocyto-
chemistry using an anti-Kv3.1b antibody was per-
formed, and the relative optical density of cells and
neuropil was determined from CBA/CaJ mice of four
age groups. Declines in expression in AVCN, MNTB,
and lateral superior olive (35, 26, and 23%) were
found, but changes were limited to neuropil. Interest-
ingly, cellular optical density declines were found in
superior paraolivary nucleus, ventral nucleus of the
trapezoid body, and lateral nucleus of the trapezoid
body (24, 29, and 26%), which comprise the medial

olivocochlear (MOC) feedback system. All declines
occurred by middle age (15 months old). No age-
related changes were found in the remaining regions of
cochlear nucleus or in the inferior colliculus. Con-
tralateral suppression of distortion-product otoacoustic
emission amplitudes of age-matched littermates also
declined by middle age, suggesting a correlation
between Kv3.1 expression and MOC function. In search
of more direct evidence for such a correlation, Kv3.1b
knockout mice were examined. Knockouts show poor
MOC function as compared to +/+ and +/_ genotypes.
Thus, Kv3.1b expression declines in MOC neurons by
middle age, and these changes appear to correlate with
functional declines in efferent activity in both middle-
aged CBA mice and Kv3.1b knockout mice.

Keywords: voltage-gated K+ channels, medial oli-
vocochlear system, auditory processing, presbycusis,
aging, otoacoustic emissions

INTRODUCTION

The Kv3.1 potassium channel is a member of the Shaw
family of voltage-gated potassium channels known for
its high activation threshold (õ_10 mV) and rapid
activation and deactivation kinetics (Kanemasa et al.
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1995). The Kcnc1 gene yields two Kv3.1 subtypes
(a and b) through alternate splicing (Luneau et al.
1991), but Kv3.1b has been shown to predominate in
the adult rodent brain (Perney et al. 1992; Gan and
Kaczmarek 1998). Kv3.1b function and expression
have been studied extensively in the rodent auditory
brainstem, but research has concentrated on regions
like the medial nucleus of the trapezoid body (MNTB)
and the bushy cell region of the anteroventral co-
chlear nucleus (AVCNa) where neurons are capable
of firing at very rapid rates. Studies suggest that Kv3.1b
channel protein is critical for the rapid repolarization
of the action potential required for such activity (Brew
and Forsythe 1995; Wang et al. 1998b; Brew and
Forsythe 2005). Moreover, mice with hearing impair-
ment exhibit a decline in Kv3.1 expression in the
MNTB (von Hehn et al. 2004).

However, the Kv3.1b channel protein is not con-
fined to the aforementioned areas and is, in fact,
widely distributed throughout the rodent auditory
brainstem (Perney et al. 1992; Weiser et al. 1994;
Perney and Kaczmarek 1997; Grigg et al. 2000), indi-
cating its possible involvement in other aspects of
auditory processing. For example, the superior oli-
vary complex (SOC) is heavily reactive for anti-Kv3.1b
antibody, and expression is not confined solely to
regions with neurons capable of high firing rates.
Moreover, Kv3.1b is expressed in many of the perioli-
vary nuclei, including those giving rise to the medial
olivocochlear efferent system (MOC).

The MOC is thought to be important for enhancing
signal processing in background noise, and because
aging mice and humans have difficulty with this task
(Willott 1991; Frisina and Frisina 1997; Snell and
Frisina 2000; Snell et al. 2002), age-related changes in
this region are of particular interest. The purpose of
this study was threefold. The first aim was to deter-
mine whether Kv3.1b levels were altered with age in
the mouse auditory brainstem and whether expression
changes were unique to regions with neurons capable
of high discharge rates. To accomplish this, relative
optical density (ROD) of anti-Kv3.1b immunostaining
was examined at cellular and regional levels in the
cochlear nucleus (CN), SOC, and inferior colliculus
(IC) of CBA/CaJ mice from 3 to 34 months old (mo).
The second aim was to compare age-related changes
in Kv3.1b expression with multiple measures of audi-
tory function to determine whether there was any cor-
relation between channel expression and behavior.
Auditory brainstem responses (ABRs) were obtained
to assess threshold auditory sensitivity at different
ages. Distortion-product otoacoustic emissions
(DPOAEs) were used to assess outer hair cell (OHC)
function, and contralateral suppression (CS) of
DPOAE amplitude was used as a measure of MOC
reflex strength. Finally, the extent to which changes in

Kv3.1b expression and measures of auditory function
occur independently was evaluated. After identifying
similarities in the age-related decline in Kv3.1b
expression and MOC function, tests were performed
on Kv1.3b null-mutant (knockout) mice to determine
the extent to which Kv3.1b channel expression
contributes to MOC reflex function.

MATERIALS AND METHODS

All procedures described below were approved by
University of Rochester_s animal care and use commit-
tee and comply with all federal and state regulations. All
mice were raised from birth in a separate facility within
the University of Rochester Vivarium with ambient
noise levels G50 dB sound pressure level (SPL).

Subjects

Group 1. Cohorts of five CBA/CaJ mice (n = 20, mix of
females and males) from four age groups (3 – 4, 15,
24 – 26, and 29 – 34 mo) were processed for Kv3.1b
immunocytochemistry. Auditory brainstem response
thresholds were obtained within 1 month of death
using the protocol described in a subsequent section.

Group 2 (Kv3.1 knockouts). Hearing sensitivity and
MOC function were tested in young (6 – 11 weeks old)
Kcnc1 wild-type (+/+, n = 8), heterozygous (+/_, n = 8),
and homozygous knockout (_/_; n = 5) mice by obtain-
ing ABR thresholds, DPOAEs, and CS of DPOAEs.
These mice were of a mixed genetic background
(129/Sv – C57Bl/6 – ICR, 25:25:50) and were kindly
provided by Dr. Rolf Joho (Southwestern Medical
Center, University of Texas). In addition, a wild-type
and a null-mutant mouse from this group were
processed for Kv3.1b immunocytochemistry. Alter-
nate sections were double-labeled with antibodies
against Kv3.1b and choline acetyltransferase (ChAT).

Immunocytochemistry

Mice were taken during the daytime portion of the
light/dark cycle and deeply anesthetized with 0.05 to
0.1 ml (depending on weight) of a 60-mg/ml sodium
pentobarbital solution, intracardially exsanguinated
for 10 min with phosphate-buffered saline (PBS)
containing 0.1% heparin and 0.5% sodium nitrate,
and perfused for 25 min with buffered 4% paraformal-
dehyde (pH 7.4). The ears were examined postmortem
for blockage or infection and the bodies examined for
gross abnormalities such as tumors or organ enlarge-
ments; none were found. The brains were removed,
postfixed in 4% paraformaldehyde overnight, and
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cryoprotected using successive solutions of 10 and 30%
sucrose in PBS. Thirty-micrometer-thick sections were
cut on a cryostat at _18-C and stored in cryoprotectant
at 0-C until just before the immunocytochemical
reactions. To minimize experimental variability, brains
were perfused, cryoprotected, and cut within the
shortest possible time, and all brain sections in each
subject group were immunoreacted together in divid-
ed dishes. Every fourth section of each brain was
reacted with a 1:200 dilution of anti-Kv3.1b channel
protein isolated from rabbit (Alomone Labs, Jerusa-
lem, Israel). An anti-rabbit peroxidase kit (Vector,
Burlingame, CA, USA) was used to complete the
reaction, and the reaction product was intensified with
nickel sulfate yielding a dark purple end-product. In
addition, one Kcnc1 wild type (+/+) and one Kcnc1
knockout (_/_) were taken after the DPOAE portion
of this study and treated in an identical manner to
determine the specificity of the Kv3.1b antibody used.
The Kcnc1 +/+ sections showed an identical staining
pattern to the CBA mouse, whereas the knockout
sections exhibited no staining, thereby verifying the
specificity of the Kv3.1 antibody. Alternate sections
obtained from these mice were further reacted using a
1:250 dilution of anti-ChAT antibody (Chemicon,
Temecula, CA, USA). An anti-goat peroxidase kit
(Vector) was used to complete the reaction, yielding
a brown end-product.

Imaging and density determinations

Photomicrographs were captured at 24 bits per pixel
resolution (8 bpp x 3 colors) using a Spot Insight
Color digital camera (Diagnostic Instruments, Ster-
ling Heights, MI, USA) attached to a Nikon (Tokyo,
Japan) Eclipse E400 microscope. Care was taken to
ensure that each image was captured using identical
exposure parameters and all images of a particular
region were captured on the same day to minimize
illumination variability. Images were saved as TIFF
files. Because all brains were processed together, no
normalization was required within each group. ROD
was determined from the digital images automatically
using Image Pro Plus 4 (Media Cybernetics, Silver
Springs, MD, USA) by measuring the amount of light
transmitted per pixel and applying the optical density
formula:

OD ¼ � log10

h
sample intensity� blackð Þ

= incident� blackð Þ
i

The incident level (intensity = 255) for this exper-
iment was calibrated by acquiring an image of a
cover-slipped slide with no tissue. The black level
(intensity = 0) was calibrated by acquiring an image
with the light source blocked. Sample intensity values

were normalized to yield ROD values from 0 (incident)
to 1 (black).

Relative optical density was determined in various
regions of the CN, SOC, and IC by capturing all avail-
able images for each region as previously described.
Each region of interest was manually outlined in
Image Pro, and the mean ROD for each region was
determined. This measurement is referred to as the
regional ROD, and is a measure of both cellular and
neuropil Kv3.1b immunostaining. In this study, only
nuclei that showed an age-related statistically signif-
icant change in regional ROD were analyzed further.
In these areas, each reactive cell was manually out-
lined to calculate its ROD and somatic area. Mean
density (Kv3.1b+ cells/mm2) was also determined. If
an area showed a decline in regional ROD (cells +
neuropil) but the cellular ROD remained the same
across age, it was assumed that the changes were
neuropil-related. To detect subtle changes, it was
critical to optimize the light levels for each nucleus
examined. Thus, cross-nuclear comparisons of ROD
were not possible. Statistical analyses were performed
with GraphPad Prism\ 4.03 (GraphPad Software, San
Diego, CA, USA) and SPSS\ v.13 (SPSS, Chicago, IL,
USA).

It should be noted that the anti-Kv3.1b antibody
used in this study does not distinguish between phos-
phorylated and nonphosphorylated states of the
channel protein. Moreover, the thickness of the sec-
tions (30 mm) and the technique used in this study
made it impossible to resolve age-related changes in
Kv3.1b distribution at the level of the cell membrane.

Auditory brainstem response audiometry

Auditory brainstem response audiograms were ob-
tained with a TDT System 3 auditory evoked potential
workstation running BioSigRP* software (Tucker-
Davis Technologies, Alachua, FL, USA) on a Dell per-
sonal computer. Mice were lightly anesthetized with
ketamine/xylazine (120 and 10 mg/kg) and placed on
a 10-cm-high platform inside a small (length, width,
and height = 57� 41� 36 cm), electrically shielded
soundproofed booth (IAC) lined with 4.5-cm-thick
echo-attenuating acoustic foam (Sonex\; Illbruck
Acoustic, Minneapolis, MN, USA). The mouse was
arranged in a prone position facing a broad-band
electrostatic loudspeaker system (TDT ES1 and ED1
speaker driver) located 10 cm from the head, and was
kept warm during the procedure with a circulating-
water heating pad. Miniature subdermal needle elec-
trodes (Nicolet Biomedical, Madison, WI, USA) were
inserted at the vertex (reference), over the bulla
(active), and just above the hind limb (ground).
Auditory brainstem response waveforms were recorded
(total gain 5,020�, 3 – 1,000 Hz) with a TDT RA4LI low-
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impedance digital headstage and RA4PA Medusa
preamp controlled by a RA16 digital signal processor.
Calibrated tone bursts (5 ms in duration, 0.5 ms rise –
fall time, phase alternating 90-) were synthesized with
SigGenRP* software on a TDT RP2.1 real-time proces-
sor and presented at a rate of 10/s at frequencies of 3, 6,
12, 16, 24, 32, and 48 kHz. Auditory brainstem response
waveforms were averaged in response to 300 tone bursts
(150� 2 blocks) at each tested frequency/amplitude
combination. At each frequency, the amplitude of the
signal was automatically attenuated (TDT PA5) in 5-dB
steps between samples from 90 dB SPL (dB re 20 mPa)
until the wave IV – V complex of the ABR waveforms was
no longer distinguishable by eye from background. By
convention, threshold was established as the response at
5 dB above this final level.

Distortion-product otoacoustic emissions
in Kv3.1b knockout mice

Distortion-product otoacoustic emissions were ob-
tained on the mice in group 2 (Kcnc1 +/+, +/_, and
_/_) following ABR audiometry as described previ-
ously (Jacobson et al. 2003; Guimaraes et al. 2004).
Briefly, under anesthesia (ketamine/xylazine, 120
and 10 mg/kg, respectively) a combination micro-
phone/speaker system was placed in the test ear, and
an identical speaker was inserted into the contralateral
ear. Acoustic stimuli were delivered and DPOAE
waveforms were recorded using BioSig-RP* software
and TDT System III hardware (Tucker-Davis Technol-
ogies). The digitally synthesized stimulus (200 kHz
sample rate) consisted of two primary pure-tone fre-
quencies (f1 and f2) differing by a factor of 1.25, at 65
and 55 dB SPL, respectively. A fast Fourier transform
was performed on the resultant waveform recorded
from the insert microphone, and the spectral mag-
nitude of the two primaries, the 2 f1 – f2 distortion

product, and the noise floor were determined. The
procedure was repeated for f1 frequencies ranging
from 5.6 to 44.8 kHz.

Mice were tested using two different conditions al-
ternated three to four times in a random order. In
the first condition, the stimulus was administered
monotically under quiet conditions to obtain the
DPOAE. In the second, a 55-dB SPL wideband noise
was simultaneously applied to the contralateral ear to
measure contralateral suppression of the DPOAE
(CSDPOAE). The 55-dB level was chosen so as to be
below the middle ear muscle reflex in mice, a variety
of other mammals, and humans (Puel and Rebillard
1990; Williams and Brown 1995; Liberman et al.
1996; Sun and Kim 1999; Buki et al. 2000; Kujawa and
Liberman 2001). The noise floors under both con-
ditions were statistically evaluated for each of the
three genotypes independently across all frequencies
to assure a lack of interaural crosstalk.

The magnitude of the CS-DPOAE was calculated for
each f1 frequency as the amplitude of the DP in con-
tralateral noise minus the amplitude in quiet. One-way
ANOVA was performed on the CS-DPOAEs across the
three genotypes, and if the main effect (genotype) was
statistically significant (pG 0.05), a Bonferroni-corrected
multiple-comparison post hoc test was performed. In
addition, a two-way ANOVA for genotype mean CS-
DPOAE by stimulus frequency was calculated.

RESULTS

Auditory brainstem response threshold
audiograms in CBA mice

Auditory brainstem response thresholds were evalu-
ated for the group 1 (CBA) mice in each age group
prior to their being killed for immunocytochemistry.
A two-way ANOVA showed a significant effect of fre-
quency (p G 0.0001) and age (p G 0.0001) but no signif-
icant interaction between the two factors (p = 0.57).
The results (Fig. 1) indicated that Bmiddle-aged^
(15 mo) CBA mice had thresholds statistically equal to
Byoung^ (3 – 4 mo) mice at all frequencies. In contrast,
Bold^ (24 – 29 mo) mice had significantly (p G 0.01)
elevated thresholds (20 – 30 dB) at all tested frequen-
cies except 3 kHz. BVery old^ mice (31 – 34 mo) suf-
fered from severe hearing loss (960 dB; p G 0.001)
across all frequencies. This pattern of progressive, Bflat^
hearing loss (i.e., loss across the entire hearing range) is
characteristic of aged CBA mice (Willott 1991).

Kv3.1b expression with age

For clarity, brainstem regions examined in this study
were divided into three groups based upon the pattern
of anti-Kv3.1b immunostaining.

FIG. 1. ABR audiograms for CBA mice used in the Kv3.1b
immunocytochemistry portion of this study. Each curve represents
mean ABR wave V thresholds obtained with 5-ms pure-tone stimuli
(1 ms rise/fall time) presented at the indicated stimulus frequencies.
A gradual Bflat^ increase in threshold is seen across frequencies with
increasing age, but overall, the thresholds remain relatively low until
very old age.
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FIG. 2. Photomicrographs of Kv3.1b+ cells and neuropil in the CBA mouse. A Cross-section of brainstem at the level of the DCN and VCN.
DCN has heavily stained neuropil but no immunoreactive cells. VCN has numerous Kv+ cells and immunopositive neuropil. Scale bar = 75 mm.
B Immunopositive neurons in the VCN. Scale bar = 50 mm. C Very lightly immunoreactive octopus cells of the VCN. Scale bar = 25 mm. D
Heavily reactive globular bushy cells and neuropil of the AVCNa. Scale bar = 50 mm. E Cross-section of the brainstem at the level of the SOC.
The LSO is large and easy to distinguish by its intensely immunoreactive neuropil but lack of any immunopositive cells. In contrast, the MSO is
small and indistinct. Scale bar = 200 mm. F Strongly Kv+ principal cells and neuropil of the MNTB. Scale bar = 50 mm. G Darkly stained cells of
the LNTB intercalated between highly myelinated nonreactive fibers of the ventral acoustic stria. Scale bar = 25 mm. H Kv+ cells of the ICc. Scale
bar = 25 mm. I Large immunoreactive cells of the SPN. Neuropil is only lightly stained. Scale bar = 25 mm. J Kv+ VNTB cells intercalated between
fibers of the acoustic stria. Scale bar = 25 mm.

R

FIG. 3. Kv3.1b expression as a function of age. A SPN regional ROD. Significant decline occurs by 15 months. B SPN cell area. No decline with age
is seen. C SPN cellular ROD. Significant decline occurs by 15 months. D VNTB cell area. Decline occurs only in oldest mice. E VNTB cellular ROD.
A significant decline occurs by 15 months. F LNTB cell area. A gradual decline with age is seen and only reaches significance in the oldest mice. G
LNTB cellular ROD. Significant decline occurs by 15 months. Error bars are standard errors of the mean. Asterisks indicate significant difference
(pG0.05) from 3– 4 mo. ROD = relative optical density.
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Regions showing age-related declines in cellular

Kv3.1b expression

Superior paraolivary nucleus. In the mouse, the superior
paraolivary nucleus (SPN) is located dorsal to the very
small medial superior olive (MSO), and medial to the
much larger lateral superior olive (LSO; Fig. 2E). Both
cell bodies and neuropil were Kv+. One-way ANOVA
showed that the mean regional ROD in the SPN
declined significantly with age (p = 0.0048; F = 6.37;

total df = 19), and post hoc tests revealed that the
significant decline (22%; pG 0.05) occurred between 3
and 15 mo, and thereafter remained stable into very
old age (Fig. 3A). Kv+ cells in young mice had large
spherical cell bodies (Fig. 2I) with mean areas of
242 mm2, and showed no significant area change with
age (Fig. 3B). Notably, mean cellular ROD (Fig. 3C)
did decline with age (24%; p = 0.011; F = 5.28; total
df = 18), with the greatest significant decline in expres-
sion (19%) occurring between the 3 and 15 mo mice.

FIG. 4. Brainstem regions that show decline in regional, but not cellular, expression of Kv3.1b with age. A AVCNa regional ROD. Significant
decline occurs by 15 months. B AVCNa cellular ROD. No decline with age is seen. C AVCNa cell area. No decline is seen. D AVCNa cell
density (cells/mm2). No decline in cell density with age is found. E – H Kv3.1b immunoreactivity in the lateral, central, and medial MNTB. E
MNTB regional ROD. Significant decline is found by 15 mo in all regions (shading indicates age groups, as in A). F MNTB cell area. Cell size
declines with age, but the decline occurs at different rates in the three regions. Laterally and centrally, significant decline occurs by 15 mo.
Medially, cell size remains the same until 31 mo. Kv+ cell size also declines along the lateral-to-medial tonotopic gradient, with the lateral and
central regions significantly different from the medial region. G MNTB cellular ROD declines with age significantly between 3 and 15 mo in all
regions. H MNTB cell density (cells/mm2). A gradual age-related decline in density was found in the medial region that was significant between
3 and 15 mo, whereas the there was no decline in density until 31 mo in the lateral and central regions. There was also a significant gradient of
increasing density from lateral to medial. I LSO regional ROD. A significant decline is seen by 15 months. No cellular staining was present. Error
bars are standard errors of the mean. Horizontal lines above bars in E – H indicate age groups or regions in MNTB with no significant differences;
asterisks indicate significant differences (pG0.05). ROD = relative optical density.
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Ventral nucleus of the trapezoid body. The ventral nucleus
of the trapezoid body (VNTB) is a periolivary nucleus
ventral to the MSO and SPN whose cells are tightly
embedded among the highly myelinated fibers of the
ventral acoustic stria (trapezoid body) traversing the
inferior surface of the brainstem (Fig. 2E). Due to the
presence of the trapezoid body fibers, the VNTB has
no clear boundary or visible neuropil, and thus, no
regional ROD values were obtained. VNTB Kv+ cells
(Fig. 2J) had a mean somatic area of 160 mm2 in young
mice and showed a small but significant decline in size
(4%; p = 0.007; F = 5.94; total df = 18) only in very old
mice (Fig. 3D). Cellular ROD declined 29% (p = 0.006;
F = 6.34; total df = 17) with age, with the statistically
significant decline occurring between 3 and 15 mo
(27%; pG 0.01; Fig. 3E).

Lateral nucleus of the trapezoid body. The lateral nucleus
of the trapezoid body (LNTB) is a periolivary nucleus
ventral and lateral to the LSO that, like the VNTB, is
embedded in the ventral acoustic stria (Fig. 2E). As with
the VNTB, no regional ROD values were obtained.
LNTB cells (Fig. 2G) had a mean area of 173 mm2 in
young mice, and showed a significant age-related
decline in size (15%; p = 0.047; F = 3.34; total df = 18)
that reached significance (pG 0.01) only in the oldest
mice (Fig. 3F). Cellular ROD declined 26% (p = 0.002;
F = 8.22; total df = 18) between 3 and 15 mo, after which
it remained stable into old age (Fig. 3G).

Regions showing age-related declines in neuropil, but not

somatic, Kv3.1b expression

Anterior division of AVCN. The AVCNa was distin-
guished from other regions of the CN by its
numerous, highly reactive, spherical and globular
bushy cells (Fig. 2D). Both cell bodies and neuropil
were Kv+ in AVCNa. The regional ROD showed the
largest age-related decline in expression of any
region of interest in this study (35%; p = 0.008;
F = 5.89; total df = 17), and this decline occurred
between 3 and 15 mo (Fig. 4A). By contrast, cellular
ROD showed no change with age (Fig. 4B), and
therefore, the decline in regional ROD was attribut-
able to expression changes in the neuropil. To assure
that the decline in regional ROD was not caused by a
decline in the size or number of Kv+ cells, changes in
cell area and density (cells/mm2) with age were deter-
mined. Overall, neither cell area (mean = 185 mm2)
nor density (mean = 1,762 cells/mm2) changed signif-
icantly with age in AVCNa (Fig. 4C, D).

Medial nucleus of the trapezoid body. The MNTB is the
most medially located nucleus of the SOC (Fig. 2E) and
was easily identified by the highly reactive Kv+ neuropil
and numerous darkly stained principal cells (Fig. 2F).
Because it has been reported that Kv3.1b expression
varies tonotopically in the mouse MNTB (von Hehn
et al. 2004), we divided the MNTB into three equal

FIG. 5. Auditory brainstem regions that show no statistically significant declines in Kv3.1b expression with age. A Dorsal cochlear nucleus. B
Ventral cochlear nucleus outside of AVCNa. C Octopus cell region of VCN. D Medial superior olive. E Central nucleus of the IC. F Dorsal
division of the IC. Error bars are standard errors of the mean. ROD = relative optical density.
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analysis areas roughly corresponding to the low-
(lateral), mid- (central), and high-frequency (medial)
regions of the nucleus to examine Kv3.1b expression in
each subdivision separately as a function of age.

A two-way ANOVA showed a highly significant over-
all effect of age on Kv3.1 regional ROD (p G 0.0001;
F = 16.08; df = 3; Fig. 4E). There was no significant
regional difference in ROD expression (p = 0.79;
F = 0.23; df = 2), nor was there any age/region inter-
action (p = 0.99; F = 0.12; df = 6). Scheffe post hoc
analysis showed that the age-related decline in region-
al ROD occurred between the 3 – 4 mo and 15 mo
mice, and that the magnitude of the decline was the
same in all three regions of the MNTB. At 15 mo, the
lateral (low-frequency) region of MNTB showed a 27%
decline in regional ROD (pG 0.001), the central (mid-
frequency) region showed a 24% decline (pG 0.01), and
the medial (high-frequency) region showed a 23%
decline (pG 0.01), relative to that at 3 mo. After 15 mo,

the regional ROD of all three regions remained
statistically unchanged into very old age.

While we did not confirm a tonotopic expression
pattern for Kv3.1b regional ROD, we did find a signif-
icant mediolateral gradient in the size of Kv+ principal
cells (Fig. 4F; two-way ANOVA, p = 0.0004; F = 36.92;
df = 2). At 3 mo, the largest cells were found in the
lateral MNTB (mean area = 206.5 T 20.57 (SD) mm2),
followed by the central region (180.9 T 19.41 mm2)
and medial region (132.3 T 19.69 mm2). Post hoc tests
revealed significant differences between the medial
and lateral region (p G 0.001) and between the medial
and central region (p G 0.001), but not between the
lateral and central region (p = 0.19). In the lateral re-
gion, the Kv+ cell area declined significantly with age
between 3 and 15 mo (p = 0.05). At 15 mo (Fig. 4F),
the decline is 13% (pG 0.05); at 24 mo, it is 21%
(p G 0.01); and at 31 mo, it is 23% (p G 0.01). In the
central region, cell area declined more slowly with

FIG. 6. Comparison of auditory function in Kv3.1b
_
/
_

(knockouts), +/+, and +/
_

mice at 6 to 11 weeks of age. A ABR threshold audiograms
show no differences among genotypes. B DPOAE amplitudes are well above the noise floor (NF, bottom traces) for each group at all f1
frequencies tested. No differences in amplitude were found among the three genotypes. C Comparison of CS-DPOAE between

_
/
_

and +/+
genotypes. The knockout mice have no measurable CS and are significantly different from wild-type mice at many frequencies above, and at all
frequencies below, 16 kHz. D Box plots (median, interquartile ranges, and total range) summarizing CS-DPOAEs of the three genotypes. There
was a statistically significant difference between the knockout mice compared to both +/

_
and +/+ mice.
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age. The decline was significant between 3 and 15 mo
(p = 0.05), but thereafter remained the same and
statistically indistinguishable from the lateral region.
By contrast, Kv+ cell area in the medial region
showed no significant age-related decline until 31 mo
(p = 0.05).

Cellular ROD (Fig. 4G) was not significantly dif-
ferent across the three regions (p = 0.345; F = 1.09;
df = 2) but did show a decline with age (p = 0.001;
F = 6.49; df = 3). Similar to the pattern seen for
regional ROD (Fig. 4E), the significant decline with
age occurred between 3 and 15 mo, after which the
cell ROD remained the same.

Mean density (Fig. 4H) in the lateral and central
regions showed no significant change with age until
31 mo (p G 0.05). Cell density in the medial region
showed significant age-related declines between 3
and 15 mo. However, there was a gradient in cell
density, with the medial region being significantly
higher than the lateral region (p = 0.0001) and
central region (p = 0.006), and this gradient was
particularly strong in the 31-mo mice (p = 0.05).

In summary, these data indicate that the drop in
regional ROD with age (Fig. 4E) in the MNTB was
caused primarily by a decline in Kv3.1b expression in
the neuropil, and not in the cells. Gradients for cell
size and density are complementary, with size in-
creasing, and density decreasing, along the medio-
lateral (i.e., tonotopic) axis.

Lateral superior olive. The LSO had heavily Kv+ neuro-
pil, but no Kv+ cells (Fig. 2E). The regional ROD
therefore was an indication of neuropil staining alone,
and it declined significantly by 15 mo (23%; p = 0.038;
F = 3.59; total df = 18), after which it remained statis-
tically the same into old age (Fig. 4I).

Regions with no age-related changes in Kv3.1b expression

Cochlear nucleus. The dorsal CN (DCN; Fig. 2A) was
distinguished from other regions of the CN by the
presence of very darkly stained neuropil, but a lack of
Kv+ cells, similar to LSO (Fig. 2A). Leaving aside the
aforementioned AVCNa and the octopus cell region
of the posteroventral CN (CNoct), the remainder of
ventral CN (VCN) possessed many darkly stained cells
and moderately stained neuropil (Fig. 2A, B). By
contrast, the CNoct was only very lightly stained, and
it was difficult to tell whether the staining was local-
ized to the octopus cells themselves or to Kv+ endings
on their somata (Fig. 2C). There were no age-related
declines in the regional ROD of the DCN (Fig. 5A),
VCN (Fig. 5B), or CNoct (Fig. 5C).

Medial superior olive. The MSO in mice is extremely
small and not easily distinguishable. The neuropil in
the vicinity was darkly immunoreactive, but there were
no Kv+ cells (Fig. 2E). There was no decline in re-
gional ROD in the MSO with age (Fig. 5D).

Inferior colliculus. The dorsal division of IC (ICd) was
distinguished from the central nucleus (ICc) by darkly
stained neuropil and a lack of Kv+ cells. ICc in contrast
had numerous lightly stained cells and moderately
stained neuropil (Fig. 2H). There were no age-related
declines in regional ROD in the ICc (Fig. 5E) or
ICd (Fig. 5F).

Functional assessment of Kv3.1b
null-mutant mice

The immunocytochemical results show a clear age-
related decline in Kv3.1b expression in brainstem
regions giving rise to the MOC. To evaluate the func-
tional consequences of such declines, we obtained
ABR audiograms (to assess overall peripheral/brain-
stem auditory sensitivity), DPOAEs (to measure the
strength of the OHC-dependent Bcochlear am-
plifier^), and CS-DPOAEs (to assess the strength of
the MOC reflex) in young Kcnc1 +/+, +/_, and _/_

mice.
We found no significant differences in ABR thresh-

olds among the three genotypes across frequency
(Fig. 6A). Thus, the absence of the Kv3.1b channel
protein did not alter overall cochlear or brainstem
threshold sensitivity in young mice. DPOAE ampli-
tudes (Fig. 6B) were well above the mean noise floor
(curves labeled BNF^). There was no significant dif-
ference in DPOAE amplitude among the three geno-
types, indicating that the absence of Kv3.1b channel
protein did not alter OHC function.

FIG. 7. Illustration showing connections between the MOC nuclei
where age-related declines in somatic Kv3.1b expression (stippled)
were found and nuclei where Kv3.1+ neuropil declined (hatched).
The figure does not show all connections but is meant to
demonstrate how decline in neuropil expression in the LSO, MNTB,
and AVCNa may at least partially result from declines in expression
within MOC neurons projecting to them.
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Mean CS at each test frequency for Kv3.1b +/+ and
+/_ genotypes is shown in Figure 6C. Because CS is
calculated by subtracting the DP in quiet from that in
contralateral noise, larger CS magnitudes are repre-
sented by more negative values. Wild-type (+/+) mice
showed significant CS of DPOAE, whereas knockouts
(_/_) did not, and a two-way ANOVA showed a sta-
tistically significant difference in CS in the _/_ mice in
the low- to mid-frequency region of the audiogram (5 –
15 kHz). Statistical analysis of mean CS among the
three genotypes (Fig. 6D) showed significantly less
suppression in _/_ mice as compared to both +/_

(pG 0.01) and +/+ (pG 0.001) genotypes, indicating a
possible decline in MOC function in Kv3.1b knockout
mice.

ChAT/Kv3.1b double-labeling in the MOC

Because ChAT is known to be expressed in cells com-
prising the rodent MOC system (Vetter et al. 1991),
sections from one wild-type mouse were double-
labeled with ChAT and Kv3.1b antibodies. In the
VNTB and LNTB, all cells positive for Kv3.1b were
also immunoreactive for ChAT. In the VNTB, the
ChAT staining was dark in all Kv3.1b+ cells, whereas
in the LNTB, the ChAT intensity varied from light to
dark. The SPN was difficult to visualize with this tech-
nique because of the heavy neuropil immunoreactiv-
ity. It is evident that many of the Kv3.1b-positive cells
are also ChAT-positive, but it is not possible to deter-
mine if they all are. A future study using fluorescently
labeled antibodies will clarify this greatly.

DISCUSSION

Age-related decline in Kv3.1b expression
in the mouse MOC

Examination of the auditory brainstem revealed a
number of age-related changes in expression of
Kv3.1b channel protein. Most intriguing were somatic
declines in Kv3.1b expression in SPN, VNTB, and
LNTB. These nuclei are unique in that they contain
populations of neurons giving rise to the MOC
efferent system, which provides negative feedback to
OHCs of the cochlea (Liberman and Brown 1986;
Campbell and Henson 1988; Maison et al. 2003). In
the mouse, MOC arises specifically from SPN and the
ventral periolivary nuclei (LNTB and VNTB) (Brown
1993). In our study, SPN, VNTB, and LNTB neurons
were strongly Kv3.1b+ and showed significant declines
in expression between young (3 – 4 mo) and middle
age (15 mo), after which expression remained stable
into very old age. In contrast, there was no change in
somatic labeling in LSO, IC, or the remaining regions
of CN, indicating that the decline in the MOC-related

nuclei was not part of a global decline in somatic in
Kv3.1b expression.

However, these results by themselves do not resolve
whether Kv+ neurons in SPN, VNTB, and LNTB are
actually MOC efferents. In particular, the mouse SPN
is large, and it projects to areas other than the cochlea,
including MNTB (Helfert et al. 1989) and IC (Frisina
et al. 1998). Similarly, VNTB projects to ipsilateral and
contralateral VCN, LSO, and LNTB (Schwartz 1992),
and LNTB projects to CN (Schwartz 1992), MSO, and
LSO (Kuwabara and Zook 1992). Work by others
(Vetter et al. 1991) has shown that rodent MOC neurons
are immunoreactive for ChAT. In our study, the Kv+
cells of the VNTB, LNTB, and SPN also colabeled with
antibodies to ChAT, indicating that they are most
likely MOC neurons.

Decline in MOC function with age
in CBA/CaJ mice

Previous published studies by our group examined
the ABR thresholds, DPOAE, and CS-DPOAE magni-
tudes across age in colony mates of the CBA mice
used in the present report (Jacobson et al. 2003;
Varghese et al. 2005). CBA/CaJ mice of three age
groups (2 to 4 mo, n = 21; 14 to 16 mo, n = 13; 24 to
31 mo, n = 22) were examined. ABR thresholds for
these mice remained low into old age, comparable to
the cohort of CBA mice used in the current study.
DPOAE amplitudes were high in young and middle-
aged CBA mice, indicating a healthy OHC system,
and only showed significant declines in the oldest age
group. The integrity of the OHC system in middle-
aged CBA mice is further supported by the lack of
any loss in inner or OHCs in the region of the basilar
membrane representing 1 – 70 kHz up to 18 mo
(Spongr et al. 1997).

In contrast, the CS-DPOAE values showed a differ-
ent pattern of age-related deficit. By 15 mo, the
strength of CS began to decline, and there was almost
no CS by 24 mo. Therefore, there is a significant
decline in the strength of MOC reflex suppression by
middle age, a pattern similar to that in humans (Kim
et al. 2002). The decline in CS precedes any signif-
icant change in ABR thresholds and DPOAE magni-
tudes, but correlates nicely with declines in Kv3.1b
expression in the MOC of middle-aged mice.

Lack of CS of DPOAEs in Kv3.1 knockout mice

Although it is tempting to conclude that decline in
Kv3.1b expression and MOC function are related, it is
also possible that both declines occur independently,
or that some other factor drives both declines in
parallel. The availability of the Kv3.1 knockout mouse
provided a direct way to examine whether the lack of
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Kv3.1 channel protein results in MOC functional de-
cline. Young Kcnc1 null-mutant mice were compared
to homo- and heterozygous mice of the same age
using ABR thresholds, DPOAE amplitudes, and
CSDPOAEs. Both ABR thresholds and DPOAE ampli-
tudes were similar among the three groups (Fig. 6A,
B), implying that Kv3.1b is not critical for overall
cochlear sensitivity or for OHC function. In contrast,
CS was almost completely absent in knockout mice,
especially for low frequencies (Fig. 6C). It should be
noted that the magnitude of CS in wild-type mice is
small, less than 2 dB in the low-frequency range and
less than 1 dB on average across the spectrum. There-
fore, while suppression is nearly eliminated in knock-
out mice, it remains unclear whether this loss is
functionally significant.

Although the functional role this channel plays is
not fully understood, Kv3.1 channels have been asso-
ciated with auditory pathways that have high firing
rates and temporal synchrony (Critz et al. 1993;
Grissmer et al. 1994; Kanemasa et al. 1995; Wang
et al. 1998b; Rudy and McBain 2001). Neurophysio-
logical studies to date suggest that MOC neurons do
not have high firing rates, and temporal synchrony in
the MOC has not been investigated. Consequently, it
is possible that Kv3.1 channels in MOC neurons have
neurophysiological properties not solely related to
temporal synchrony or high firing rates.

Decline in Kv3.1b expression in the neuropil
of rapidly firing auditory nuclei

As mentioned, many studies have shown the impor-
tance of Kv3.1b channels in neurons that fire rapidly
and with temporal precision, and it is known that the
lack Kv3.1b can diminish firing fidelity significantly
(Macica et al. 2003). Thus, it was not surprising to
find strong expression of Kv3.1b in MNTB, AVCNa,
and LSO, where cells with high firing rates and a sig-
nificant amount of phase-locking are found (Frisina
et al. 1985; Joris 1996; Joris and Yin 1998; Frisina
2001; Macica et al. 2003). Also, because declines in
temporal processing and sound localization in mice
and humans occur with age (Frisina and Frisina 1997;
Frisina et al. 1997; Giraud et al. 1997; Frisina and
Walton 2001; Frisina 2001; Seidman et al. 2002),
significant age-related decline in Kv3.1b expression
in these regions was not unexpected. Because periph-
eral function (ABR and DPOAE) showed noticeable
changes only in the oldest mice, whereas Kv3.1 ex-
pression declined to its lowest levels in the brainstem
by middle age, it is clear that central changes in Kv3.1b
may precede the peripheral functional impairment.

Of particular interest was the observation that
Kv3.1 decline was not somatic, but instead was con-

fined to neuropil in these nuclei. Recent research
(Weiser et al. 1995; Sekirnjak et al. 1997; Wang et al.
1998a; Devaux et al. 2003; Dodson and Forsythe
2004) has localized Kv3.1b channel proteins within
the somatic membrane, in the axon at the nodes of
Ranvier, and in spine-like axonal structures proximal
to synaptic endings (Wang et al. 1998a). In our study,
we could not observe enough detail to determine
whether the decline in neuropil expression occurred
in proximal axon segments of AVCNa bushy cells and
MNTB principal cells, or in distal segments and/or
presynaptic spines of axons from neurons projecting
into these nuclei from elsewhere. If the decline is
occurring in the proximal axon nodes, then it is
intriguing that similar declines were not also seen in
the soma. It is certainly plausible that in cells capable
of firing at rapid rates, the regulation of Kv3.1b
channel protein might be confined to the axon at sites
of action potential initiation, but not in the cell body.

However, changes in AVCNa neuropil staining
may also be a reflection of declines in Kv3.1b in ter-
minal axonal segments from auditory nerve fibers
(Adamson et al. 2002), contralateral CN, DCN, or
MOC efferents (Cant 1992). Because the CN shows
no age-related decline in somatic expression, the
evidence suggests that the decline in AVCNa neuro-
pil labeling may at least be partially attributed to the
collateral projections to AVCNa from SPN and/or
VNTB MOC efferents, which show a significant de-
cline in Kv3.1b expression by middle-age. Likewise,
the decline found in Kv3.1b neuropil expression in
MNTB may be caused by a decline in AVCNa bushy
cell axons terminating in MNTB. However, this would
also require a change in axonal expression in the ab-
sence of somatic changes because bushy cells did not
show age-related changes in Kv3.1b expression in their
cell bodies. It is possible instead that VNTB projec-
tions are responsible for the decline in MNTB neuro-
pil labeling because VNTB did show declines in
somatic staining with age.

Finally, because LSO has no Kv3.1b-positive cells,
the decline in neuropil here would also result from
age-related changes in projections from other nuclei.
The main projections to LSO originate in AVCN,
MNTB, and VNTB (Schwartz 1992), and consequently,
projections from VNTB may be the more likely source
of Kv3.1b expression changes in LSO. Clearly, further
experiments are needed to resolve these uncertainties.

CONCLUSIONS

Kv3.1b channel protein declined in neuronal cell
bodies of the MOC efferent system (SPN, VNTB, and
LNTB) in the CBA mouse by middle age (15 mo), as
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summarized in Figure 7. Previous work by our group
has shown decline in MOC function in CBA mice
occurring by middle age, and Kv3.1b knockout mice
showed poor MOC function as compared to +/+ and
+/_ genotypes. In addition, expression also declined
at about the same rate in the neuropil of AVCNa,
MNTB, and LSO. This decline is likely traced to distal
axon segments and terminals of neurons projecting
to these nuclei, and the most likely sources of these
projections are the MOC neurons that likewise
showed declines in somatic expression. Our data sug-
gest that Kv3.1b channel protein may be important
for normal MOC efferent function, and that declines
in expression with age may result in functional defi-
cits that precede OHC loss and some of the eventual
cochlear pathologies that characterize age-related
hearing loss—presbycusis—in mammals, including
humans.
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