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ABSTRACT

The vasculature and neurons of the inner ear receive
adrenergic innervation from the cervical sympathetic
chain, and adrenergic receptors may be expressed by
cells of the organ of Corti and stria vascularis, despite
a lack of direct sympathetic innervation. To assess the
functional role of adrenergic signaling in the auditory
periphery, we studied mice with targeted deletion of
the gene for dopamine β-hydroxylase (DBH), which
catalyzes the conversion of dopamine to noradrena-
line; thus, these mutant mice have no measurable
adrenaline or noradrenaline. Dbh−/− mice were more
susceptible to spontaneous middle-ear infection than
their control littermates, consistent with a role for
sympathetics in systemic and/or local immune
response. At 6–8 weeks of age, cochlear thresholds
and suprathreshold responses assessed by auditory
brainstem responses and distortion product otoacous-
tic emissions, as well as light-microscopic morphology,
were indistinguishable from controls, if ears with
conductive hearing loss were eliminated. Dbh−/− mice
were no more susceptible to acoustic injury than
controls, despite prior reports that sympathectomy
reduces noise damage. Dbh−/− mice showed enhance-
ment of shock-evoked olivocochlear suppression of
cochlear responses, which may arise from the loss of

adrenergic inputs to olivocochlear neurons in the
brainstem. However, adrenergic modulation of olivo-
cochlear efferents does not mediate the protective
effect of contralateral cochlear destruction on ipsi-
lateral response to acoustic overexposure.
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INTRODUCTION

The mammalian auditory periphery receives a rich
adrenergic innervation from the sympathetic nervous
system, specifically from the stellate and superior
cervical ganglia. The mucosa of the middle ear and
Eustachian tube receive a network of adrenergic fibers
with fine varicosities in close proximity to small-caliber
blood vessels (Nagaraj and Linthicum 1998; Uddman
et al. 1983). In the inner ear, sympathetic projections
include at least two components (Hozawa et al. 1989;
Hozawa and Kimura 1990; Spoendlin 1981; Spoendlin
and Lichtensteiger 1967): (1) a vessel-associated
component, arising from the stellate ganglion bilat-
erally, and forming a dense plexus around the major
arterial supply and (2) a vessel-independent compo-
nent, arising from the superior cervical ganglion
ipsilaterally, and giving rise to numerous terminals in
regions of the osseous spiral lamina where axons and
cell bodies of the cochlear nerve fibers are found
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(Borg et al. 1974; Densert and Flock 1974; Spoendlin
and Lichtensteiger 1966).

Physiological experiments have reported changes
in cochlear function upon stimulation or removal of
the sympathetic chain, but effects tend to be small
and/or inconsistent. Stimulation, or removal, of the
stellate ganglion can decrease, or increase (respec-
tively), cochlear blood flow bilaterally (Laurikainen et
al. 1997; Laurikainen et al. 1993; Ren et al. 1993a),
consistent with a role for the cochlear sympathetics in
regulating vascular smooth muscle tone, as in other
organ systems. Removal of the superior cervical
ganglion has no effect on cochlear blood flow
(Laurikainen et al. 1997), but several labs have shown
that this type of sympathectomy renders the ear
less vulnerable to acoustic injury (Borg 1982;
Hildesheimer et al. 2002; Horner et al. 2001). Para-
doxically, others have shown that electrical stimula-
tion of the superior cervical ganglion also decreases
noise-induced threshold shift (Wada et al. 1999).
Shocking the sympathetic chain can also change the
amplitude (Pickles 1979) or latency (Lee and Møller
1985) of cochlear neural potentials.

Although hearing researchers have manipulated
the cervical sympathetic chain to study sympathetic
modulation of inner ear function, adrenergic signal-
ing in the auditory periphery may arise from other
pathways. Firstly, recent immunostaining and/or RT-
PCR evidence suggests that adrenergic receptors are
expressed by hair cells, the stria vascularis, and the
spiral ligament (Fauser et al. 2004; Schimanski et al.
2001), despite the fact that projections from the
sympathetic ganglia do not reach these structures
(Densert 1974; Hozawa et al. 1989; Shibamori et al.
1994; Spoendlin and Lichtensteiger 1966). Pharmaco-
logical evidence for adrenergic modulation of K+

secretion in the stria via β1 receptors has further
strengthened the idea that circulating, or locally
synthesized, catecholamines may also be important
in cochlear function and dysfunction (Schimanski et
al. 2001). Secondly, in addition to direct inner ear
effects via adrenergic projections from the peripheral
sympathetic chain to the cochlea, central adrenergic
projections from the locus coeruleus to the olivoco-
chlear (OC) efferent system (Mulders and Robertson
2005a, b; Woods and Azeredo 1999) may also
modulate cochlear function, or responses to stress,
indirectly by modulating the strength of this sound-
evoked feedback pathway. Indeed, the peculiar phe-
nomenon whereby destruction of the contralateral
cochlea protects the ipsilateral ear from subsequent
acoustic overstimulation (Rajan and Johnstone 1989)
could arise from “stress”-induced activation of the
olivocochlear reflex via its central adrenergic inputs.

To test this hypothesis, and to revisit the functional
role of the cochlear sympathetics in particular, and of

adrenergic signaling in the auditory periphery more
generally, we studied mice with targeted deletion of
the gene for dopamine β-hydroxylase (DBH), the
enzyme in the catecholamine biosynthetic pathway
that converts dopamine to norepinephrine (Thomas
et al. 1995). These mutant mice do not survive
gestation without dihydroxyphenylserine in the mater-
nal drinking water, a precursor that can be converted
to noradrenaline in the absence of DBH. However,
after birth, the Dbh−/− mice are viable, without special
dietary supplements, despite complete absence of
noradrenaline and adrenaline. We found the Dbh−/−

mice to be significantly more vulnerable to middle-ear
infection than littermate controls. However, once ears
with middle-ear disease were removed from consid-
eration, we found no evidence for cochlear dysfunc-
tion, no evidence for altered vulnerability to acoustic
overstimulation and clear evidence that the protective
effects of contralateral cochlear destruction do not
require adrenergic signaling.

MATERIALS AND METHODS

Mutant mouse line and general procedures

Mice in this study were 6–8-week-old hybrids of 129/
SvCPJ and C57BL/6J strains. The deletion of the gene
for DBH is described elsewhere (Thomas et al. 1995).
Most Dbh−/− mice die in utero, unless a catecholamine
precursor is supplied in the maternal drinking water
(Thomas et al. 1995). After birth, Dbh−/− mice are
viable, despite the complete absence of measurable
epinephrine or norepinephrine, with no other overt
phenotype than ptosis (Thomas et al. 1998). These
mutants have altered metabolism, thermoregulation,
cardiovascular tone, maternal behavior and deficits in
motor function, learning and memory (Thomas and
Palmiter 1997a, b, c). Heterozygous mice (Dbh+/−)
have normal catecholamine levels (Thomas et al.
1998) and thus were used as controls. The animal
care committee of the Infirmary approved the care
and use of the animals. For terminal procedures, mice
were anesthetized with urethane (1.2 g/kg i.p.); for
survival procedures, mice were anesthetized with
pentobarbital (71.2 mg/kg i.p.). All physiological
measurements were conducted in a temperature-
controlled soundproof chamber maintained at
∼32°C.

Middle-ear motion: laser-doppler vibrometry

After anesthetization, the cartilaginous external ear
canal was removed to expose the pars tensa and pars
flaccida of the tympanic membrane. Ossicular motion,
i.e., umbo velocity, in response to pure tones swept
from 1 to 50 kHz was measured using a laser-Doppler
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vibrometer. A small (20–50 μm diameter) reflective
bead was placed on the umbo. An open-backed
coupler attached to an earphone (Beyerdynamic DT-
48) by an 8 cm long gum-rubber tube was sealed over
the ear-canal opening, and the beam of a Polytec laser
vibrometer was focused on the bead. The output of
the vibrometer was averaged synchronously during
repetitive acoustic stimulation with broad-band (0.5 to
50 kHz) chirps (n=500–2,000). The amplitude of the
chirps was between 80 to 100 dB SPL. After motion
measurement, a probe-tube coupled to a one-fourth
inch condenser microphone was placed in the
coupler to measure the ear-canal sound pressure. An
independently determined probe-tube transfer func-
tion was used to convert the measured microphone
voltage to sound pressure, and the umbo-velocity
transfer function was computed as the ratio of the
measured velocity and ear-canal pressure (Rosowski et
al. 2003).

Cochlear responses: ABRs and DPOAEs

For measurement of auditory brainstem responses
(ABRs) and distortion product otoacoustic emissions
(DPOAEs), a small slit was made in the ear canal to
allow microscopic evaluation of the condition of the
tympanic membrane. Acoustic stimuli were delivered
using a custom acoustic assembly consisting of two
electrostatic earphones (EC-1, Tucker Davis Technol-
ogies) to generate primary tones and a Knowles
miniature microphone (EK-3103) to record ear-canal
sound pressure. Stimuli were generated digitally
(National Instruments, digital I-O board 6052E). Ear-
canal sound pressure and electrode voltage were
amplified and digitally sampled at 20 µs for analysis
of response amplitudes (National Instruments, digital
I-O board 6052E).

For ABRs, needle electrodes were inserted at vertex
and pinna, with a ground electrode near the tail.
Stimuli were 5-ms tone pips (0.5-ms rise-fall with a cos2

onset, delivered at 35/s). The response was amplified
(10,000×), filtered (100 Hz–3 kHz), digitized and
averaged in a LabVIEW-driven data-acquisition system.
Sound level was raised in 5 dB steps from 10 dB below
threshold up to 80 dB SPL. At each sound level, 1,024
responses were averaged (with stimulus polarity
alternated), using an “artifact reject” whereby
response waveforms were discarded when peak-to-
peak amplitude exceeded 15 V. Upon visual inspec-
tion of stacked waveforms, “threshold” was defined as
the lowest SPL level at which any wave could be
detected, usually corresponding to the level step just
below that at which the peak-to-peak response ampli-
tude rose significantly above the noise floor
(∼0.25 μV). For amplitude-vs.-level functions, the
wave 1 peak was identified by visual inspection at

each sound level and the peak-to-peak amplitude
computed.

For measurement of DPOAEs at 2f1–f2 the primary-
tone frequency ratio, (f2/f1), was 1.2 and f2 level was
10 dB below f1 level. For each f2/f1 primary pair, levels
were swept in 5 dB steps from 20 dB SPL to 80 dB SPL
(for f2). At each level, both waveform and spectral
averaging were used to increase the signal to noise
ratio of the recorded ear-canal sound pressure, and
the amplitude of the DPOAE at 2f1–f2 was extracted
from the averaged spectra, along with the noise floor
at nearby points in the spectrum. Iso-response curves
were interpolated from plots of DPOAE amplitude-vs.-
sound level. “Threshold’ was defined as the f1 level
required to produce a DPOAE at 0 dB SPL.

Medial olivocochlear assay

A posterior craniotomy and partial cerebellar aspira-
tion were performed to expose the floor of the IVth
ventricle. To stimulate the olivocochlear bundle,
shocks (monophasic pulses, 150 μs duration, 200/s)
were applied through fine silver wires (0.4 mm
spacing) placed along the midline, spanning the
olivocochlear decussation. Shock threshold for facial
twitches was determined, muscle paralysis induced
with α-D-tubocurarine (1.25 mg/kg i.p.), and the
animal connected to a respirator via a tracheal
cannula. Shock levels were raised to 6 dB above twitch
threshold. During the olivocochlear suppression assay,
f2 level was set to produce a DPOAE 10–15 dB above
the noise floor. To measure olivocochlear effects,
repeated measures of baseline DPOAE amplitude
were first obtained (n=54), followed by a series of 70
contiguous periods in which DPOAE amplitudes were
measured with simultaneous shocks to the olivoco-
chlear bundle and additional periods during which
DPOAE measures continued after the termination of
the shock train. During paralysis, heart rate was
monitored, and urethane boosters were administered
every hour at 25% of the initial dose (0.3 g/kg i.p.)

Acoustic overexposure

For studies of permanent acoustic injury, animals were
exposed to free-field sound, while awake and unre-
strained, in a small reverberant chamber for 2 h to an
8–16 kHz octave band noise presented at 100 dB SPL.
The exposure stimulus was generated by a custom
white-noise source, filtered (Brickwall Filter with a
60 dB/octave slope), amplified (Crown power ampli-
fier), and delivered (JBL compression driver) through
an exponential horn fitted securely to a hole in the
top of a reverberant box. Sound exposure levels were
measured at four positions within each cage using a
0.25″ Bruel and Kjaer condenser microphone: sound
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pressure varied by less than 0.5 dB across these
measurement positions.

To study protective effects of contralateral cochlear
destruction on temporary threshold shifts, groups of
Dbh−/− and controls were anesthetized and exposed,
via a closed acoustic system inserted in the ear canal,
to an 11-kHz tone at 102 dB SPL for 1 min. DPOAE
thresholds were measured before and immediately
following acoustic overexposure. Twenty-four hours
before the exposure, some animals from each geno-
type underwent contralateral cochlear destruction
under general anesthesia (pentobarbital, 71.2 mg/kg
i.p.) by removing the tympanic membrane and ossicles
and destroying the cochlea by penetrating the cochlear
capsule with a right-angle microprobe.

Cochlear processing and immunostaining

To study cochlear histopathology in Dbh−/−, mutants
and controls were perfused intracardially with 2.5%
glutaraldehyde and 1.5% paraformaldehyde in phos-
phate buffer. Cochleas were decalcified in EDTA,
osmicated and dehydrated in ethanols and propylene
oxide, embedded in araldite resins, and sectioned at
40 μm on a Historange with a carbide steel knife.
Sections were mounted on slides and coverslipped.

To study the normal adrenergic innervation of the
inner ear, mice were fixed by intravascular perfusion
of 4% paraformaldehyde with 0.1% glutaraldehyde in
PBS. Cochleas were decalcified, dissected into half-
turns and then incubated in 5% normal horse serum
with 2% Triton X-100 in PBS for 1 h. This was
followed by overnight incubation in primary anti-
body(s): (1) rabbit anti-DBH from Abcam at 1:200,
and/or (2) sheep anti-tyrosine hydroxylase (TH)
from Calbiochem at 1:2,000, and/or (3) chicken
anti-heavy neurofilament from Chemicon at
1:10,000, followed by appropriate secondary antibod-
ies for 90 min: (1) biotinylated donkey anti-rabbit
from Jackson ImmunoResearch Laboratories followed
by streptavidin-coupled Alexafluor 568 from Molec-
ular Probes; and/or (2 and 3) Alexafluor-488 chicken
anti-goat from Molecular Probes or Alexafluor-488
coupled goat anti-chicken, all at 1:1,000.

RESULTS

DBH immunostaining and the adrenergic
innervation of the normal inner ear

The adrenergic innervation of the inner ear has been
studied by either histochemistry (i.e., Falck–Hillarp),
or by immunohistochemistry for DBH and/or TH, in
several mammalian species including cat (Spoendlin
and Lichtensteiger 1966), rabbit (Densert 1974),
guinea pig (Hozawa et al. 1989), rat (Shibamori et

al. 1994) and monkey (Hozawa and Kimura 1990).
Here, we used immunostaining to verify that the same
general patterns are seen in the mouse. Specifically,
we observed co-localization of anti-TH and anti-DBH
immunostaining in a diffuse plexus of thin, varicose,
presumably unmyelinated fibers distributed through-
out the modiolus, the spiral ganglion and the osseous
spiral lamina (Fig. 1A, B, C). Consistent with prior
reports (Darrow et al. 2006; Hozawa et al. 1989;
Hozawa and Kimura 1990), DBH-positive fibers in
mouse were never seen within the organ of Corti. In
other species, it has been demonstrated that virtually
all these thin adrenergic fibers originate from the
ipsilateral superior cervical ganglion (Densert 1974;
Shibamori et al. 1994).

In the osseous spiral lamina, these sympathetic
fibers run among the more numerous myelinated
peripheral axons of the cochlear nerve fibers: the
cochlear sensory axons immunostain for high molec-
ular weight neurofilament; the sympathetics do not
(Fig. 1A). Many of these sympathetic fibers end
blindly at the peripheral edge of the osseous spiral
lamina, in the region of the habenula perforata,
where the cochlear sensory fibers lose their myelin
sheaths (open arrows in Fig. 1C). Ultrastructural
studies in other mammals have shown intimate
contact between sympathetic terminals and cochlear
nerve dendrites in this region (Densert and Flock
1974). Other sympathetics appear to spiral along the
vessels of the tympanic lip (e.g., filled arrow in
Fig 1C). The photomicrographs in Figure 1 are from
the middle of the cochlea: the density of this
adrenergic innervation appeared roughly constant
from apex to base along the cochlear spiral.

Middle-ear infection and conductive hearing loss
in Dbh−/− mice

Signs of active or resolved middle-ear infection are
often visible by microscopic inspection of the tym-
panic membrane (TM): redness is a sign of acute, or
early-stage, infection, and opacity is a sign of prior, or
chronic, infection (Rosowski et al. 2003). As shown in
Figure 2B, 26/64 (41%) of Dbh−/− mice showed a
cloudy TM (grey bars in histograms) during prepara-
tion for DPOAE/ABR recordings vs. only 4/56 (7%)
of control animals (Fig. 2A), suggesting a roughly 6-
fold increase in susceptibility to middle-ear infection
in the absence of adrenergic signaling.

Given that DPOAEs are created within the cochlea
by sound delivered through the middle ear, and then
propagated back through the ossicles to the ear canal,
DPOAE thresholds are more sensitive to middle-ear
disease than ABR thresholds (Qin et al. 2010): for
DPOAEs, the sounds have to traverse the middle ear
twice. As shown in Figure 2, B, the distribution of
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DPOAE thresholds in the present study was bimodal,
and, indeed, all the ears with obvious middle-ear
infection, i.e., cloudy TM, were in the high-threshold
group (G60 dB at 16 kHz). The DPOAE thresholds,
and signs of middle-ear disease, were often asym-
metrical: some animals had excellent thresholds (and
a clear TM) in one ear, yet poor thresholds (and a
cloudy TM) in the other.

To test the idea that the ears with clear TM and
greatly elevated DPOAE threshold (Fig. 2A, B) also had
middle-ear disease, we selected a group (four animals,
eight ears) with a range of DPOAE thresholds for direct
measurement of ossicular motion and histological
analysis of middle-ear pathology. Middle-ear motion
measurements were successful in six ears (one animal
died during testing). As shown in Figure 2C, ossicular
motion was indeed greatly reduced in two out of three
ears with high-threshold DPOAEs, whereas motion was
normal in three out of three animals with DPOAE
thresholds in the low-threshold peak. The histological
correlations were even more compelling. All five ears
with normal DPOAE thresholds had a clean middle ear
and a normal round-window membrane (e.g., Fig. 3A).
In contrast, all three ears with high DPOAE thresholds
had significant cellular or fibrous debris in the middle
ear, especially in the round-window niche, and a
significant thickening of the round-window membrane
(Fig. 3B, C).

Based on these observations, we assume that all the
animals in the high-threshold DPOAE peak, regard-
less of genotype, had acute or chronic middle-ear
infections at the time of testing. By this definition, the
frequency of middle-ear disease was 52% in Dbh−/−

ears (33/64: Fig. 2B) vs. 16% in controls (9/56:
Fig. 2A). Therefore, to study possible cochlear phe-
notypes, we removed these high-threshold ears from
further consideration.

Cochlear responses and morphology in Dbh−/−

mice

With putative middle-ear pathology eliminated,
absence of adrenergic signaling has little impact
on cochlear thresholds or suprathreshold responses,
as measured by either ABRs or DPOAEs (Fig. 4).
Indeed, ABR thresholds (Fig. 4A), Wave 1 ampli-
tudes (Fig. 4C) and latencies (Fig. 4E) were statisti-
cally indistinguishable from controls at all test
frequencies. DPOAE thresholds (Fig. 4B) and
amplitude-vs.-level functions (Fig. 4D) were identi-
cal to controls at the higher frequencies. At the
lower test frequencies (f2=8.0 or 11.3 kHz) a small
(10 dB) but highly significant (pG0.001 by unpaired
Student’s t test) threshold elevation was observed in
Dbh−/− mice. This elevation, present in DPOAEs
and absent in ABRs, likely reflects conductive
dysfunction (Qin et al. 2010), perhaps from
decreased middle-ear compliance due to modest
fluid accumulation or negative pressure developing
in the middle-ear space.

Cochlear morphology in Dbh−/− mice was assessed
by light-microscopic evaluation of plastic sections of
aldehyde-fixed and osmium post-fixed cochleas
(Fig. 5). No systematic abnormalities were seen in

FIG. 1. Immunostaining for DBH and/or TH reveals the profuse
adrenergic innervation of the inner ear in a normal mouse. A Cross-
section through the upper basal turn shows DBH-positive fibers (red)
in the spiral ganglion cell (SGC) region and in the osseous spiral
lamina (OSL), but not in the organ of Corti (OC). Double-
immunostaining shows that the small, unmyelinated DBH-positive
fibers (e.g., arrow) do not co-localize with the high molecular weight
neurofilaments (NF) seen in the large myelinated cochlear nerve
fibers (green). B cross-section through the upper basal turn shows co-
localization of DBH (red) and TH (green) in all thin varicose fibers in
the OSL. TH and DBH immunostaining often alternate in adjacent
regions of the same fiber (arrow). C surface view of the upper basal
turn shows the profuse sympathetic innervation (green) in the OSL,
with many fibers ending blindly near the habenula (open arrows) or
spiraling at the tympanic lip (filled arrow). For clarity, nuclear
staining with TOPRO3 (red) has been erased in the OSL region.

MAISON ET AL.: Adrenergic Signaling and Cochlear Function 453



any structure of the inner ear, including hair cells and
spiral ganglion cells, stria vascularis, spiral ligament,
and all supporting structures of the cochlear duct. For
each case evaluated, serial sections through the entire
cochlea were examined. Special attention was paid to
the basal turn hair cells and to the type-IV fibrocytes
in the spiral ligament, which in the mouse ear are the
most vulnerable elements to acoustic injury (Wang et
al. 2002) or age-related degenerative changes
(Hequembourg and Liberman 2001).

Olivocochlear effects in Dbh−/− mice

Medial olivocochlear fibers project to outer hair cells
and form the effector arm of a negative feedback
pathway (for review, see Guinan 1996). When acti-
vated by sound or electrical stimulation, cochlear

efferent neurons decrease the normal contribution
of outer hair cells to cochlear mechanical amplifica-
tion, and, as a consequence, DPOAE amplitudes are
suppressed. This suppression provides a sensitive
measure of olivocochlear function. Noting that olivo-
cochlear efferent neurons are the target of noradre-
nergic inputs (Mulders and Robertson 2005a, b;
Woods and Azeredo 1999), we investigated whether
the lack of adrenergic signaling affects olivocochlear
efferent function.

DPOAE amplitudes evoked by low-level tones were
measured before, during and after delivering a 70-sec
shock train to the olivocochlear bundle at the floor of
the IVth ventricle. Figure 6A shows average runs
measured at f2=22.6 kHz. Qualitatively, olivocochlear
effects were normal in Dbh−/− mice: (1) at shock-train
onset, DPOAE amplitudes were suppressed (Fig. 6A,

FIG. 2. Dbh−/− mice are more susceptible to middle-ear infections
and conductive hearing loss than their heterozygous counterparts. In
both Dbh+/− (A) and Dbh−/− mice (B), the distribution of DPOAE
thresholds (for f2=16 kHz) was bimodal, and all ears with a cloudy
tympanic membrane (TM; n=4 and n=26, respectively) fell in the
high-threshold peak. For each genotype, the number of ears with
low vs. high thresholds (re 60 dB SPL) is given. C Umbo-velocity

measurements were made in a selected group of Dbh+/+ and Dbh+/−

mice with various DPOAE thresholds but normal-appearing TMs:
the reduced ossicular motion in the high-threshold cases suggests
that the threshold shift is of conductive origin. Umbo velocity is
shown here at 11 kHz, the frequency near 2f1–f2 when the f2
frequency is 16 kHz, as for panels A and B. Photomicrographs of
one low- and one high-threshold ear (arrows) appear in Figure 3.

FIG. 3. When mice show high DPOAE thresholds, despite a
normal-appearing TM, histological analysis shows cellular debris
and/or fibrous tissue in the round-window niche. A Normal round-
window niche from an ear with excellent DPOAE thresholds (27 dB
SPL at 16 kHz). B and C Pathological appearance of the round-

window niche in two cases with elevated DPOAE thresholds (64 and
75 dB SPL, respectively, at 16 kHz). All three ears were from a
selected group of Dbh+/+ and Dbh+/− mice. The tissue orientation in
panel C is different: the round-window niche communicates with the
rest of the middle ear in another section.
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“during shocks” window); (2) this suppression was
maximal for tones at 16–22 kHz reflecting the
innervation density of olivocochlear terminals along
the cochlear spiral in mouse (Maison et al. 2003a); 3)
suppression decayed during the 70-s shock train as is
observed in auditory nerve response (Wiederhold and
Kiang 1970); and (4) a slow enhancement of DPOAEs
(Maison et al. 2007) was usually visible after termi-
nation of the shock train (Fig. 6A, “post-shocks”
window). Quantitatively, there was an increase in
the mean magnitude of efferent-mediated cochlear
suppression (Fig. 6B), which was significant (p=
0.003 by two-way ANOVA). The small changes in
magnitude of post-shock enhancements were not
statistically significant.

Resistance to acoustic injury in Dbh−/− mice

Prior studies have shown that surgical sympathectomy
can decrease noise-induced threshold shift, both
temporary (Hildesheimer et al. 1991; Horner et al.
2001) and permanent (Borg 1982; Hildesheimer et al.
2002), possibly by eliminating a noise-evoked decrease
in cochlear blood flow mediated by sympathetic
innervation of the cochlear vasculature. However,
there is also strong evidence for adrenergic receptors
in the stria vascularis and the spiral ligament
(Schimanski et al. 2001), which are nowhere near
a sympathetic innervation, and therefore putatively
responsive to systemic epinephrine and/or locally
produced norepinephrine. Thus, to assess the

vulnerability of noise-stressed ears in animals with
a complete lack of both neural and humoral
adrenergic signaling, we exposed matched groups
of transgenic mice to a noise band designed to
produce a permanent threshold shift, as measured
1-week post-exposure. As shown in Figure 7, the
noise vulnerability of Dbh−/− mice was virtually
identical to that of littermate controls, whether
measured by ABR or DPOAE metrics.

Adrenergic signaling can excite the olivoco-
chlear neurons via inputs from the locus coeru-
leus to olivocochlear cells in the brainstem (Wang
and Robertson 1997; Mulders and Robertson
2005a), and sound-evoked activation of the olivo-
cochlear pathway can protect the ear from acous-
tic injury (Maison et al. 2002). These observations
suggested that adrenergic excitation of the olivo-
cochlear pathway might be involved in the phe-
nomenon whereby destruction or silencing of the
contralateral ear prior to ipsilateral overexposure
significantly reduces noise-induced threshold shift
(Rajan and Johnstone 1989; Robertson and Anderson
1994), but only if the olivocochlear bundle is intact. To
test this idea, we first reproduced, in control mice, the
protective effects of contralateral cochlear destruction
(Fig. 8A), previously reported in guinea pigs (Rajan and
Johnstone 1989; Robertson and Anderson 1994).
Second, we showed that the protective effect was at least
as robust in our Dbh−/− mice, completely lacking all
adrenergic signaling (Fig. 8B). Note, as well, that the
magnitude of temporary threshold shift induced by

FIG. 4. If ears with demonstrable or putative middle-ear disease are
ignored (see Fig. 1), lack of DBH produces only subtle changes in
cochlear thresholds (A, B) suprathreshold responses (C,D), or neural
latencies (E). A, B Mean thresholds (±SEM) for 6–8 weeks Dbh−/− and
Dbh+/− ears by ABRs or DPOAEs. ABR thresholds are statistically
indistinguishable between the genotypes; DPOAE threshold differ-
ences are significant at 8 and 11.3 kHz (pG0.001 by t test). C, D

Mean amplitude-vs.-level functions from the same ears in A and B, as
seen via ABRs (Wave 1) or DPOAEs, evoked by tones (ABR) or with
f2 (DPOAEs) at 16 kHz. E Mean latencies (±SEM) for Wave 1 of the
ABR evoked at 16 kHz. For all these panels, group sizes for DPOAEs
(Dbh−/− n=84; Dbh+/− n=46) are larger than those for ABR (Dbh−/−

n=19; Dbh+/− n=37), because DPOAEs were usually recorded from
both ears, whereas ABRs were recorded from only one side.
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the pure-tone exposure (in the absence of contrala-
teral cochlear destruction) is also unchanged in the
Dbh−/− mice.

DISCUSSION

Immune function in Dbh−/− mice
and the prevalence of middle ear infection

The increased prevalence of middle-ear infections in
Dbh−/− mice (Figs. 2 and 3) may arise from systemic
compromise to the immune system. The sympathetic
system is a primary pathway for neural regulation of
immune function (Hori et al. 1995; Molina 2005).

Primary and secondary immune structures, such as
the bone marrow, thymus, spleen, lymph nodes and
mucosal tissues, receive a sympathetic innervation
(Nance and Sanders 2007). Sympathetic neurons
can modulate the expression of cytokines and anti-
bodies by immuno-competent cells (Bellinger et al.
2008; Nance and Sanders 2007), and chemical or
surgical sympathectomy can depress the systemic
immunological response to infection (Straub et al.
2005; Templeton et al. 2008). Indeed, the Dbh−/− mice
studied here have increased susceptibility to infection,
T-cell-mediated immunity impairment (Alaniz et al.
1999) along with increased apoptosis of hepatic
natural killer cells (Li et al. 2004).

In addition to attenuation of the systemic immune
responses, loss of DBH may lead to deficiencies in the
local mucosal immune response. The mucosal epi-
thelium of both middle ear and Eustachian tube
receive a rich network of adrenergic fibers (Nagaraj
and Linthicum 1998; Uddman et al. 1983; Wang et al.
1994), whose normal immunological functions could
be disrupted in the Dbh−/− mice. Another contribu-
ting factor may be the loss of adrenergic modulation
of Eustachian tube function, as α-adrenergic receptor
agonists can improve Eustachian tubal patency
(Svane-Knudsen et al. 1986), and failure to properly
aerate the middle-ear space is thought to be impor-
tant in the genesis of some middle-ear infections.

Effects of poor middle-ear aeration include neg-
ative middle-ear pressure and fluid accumulation, and
either the pressure or middle-ear fluid may have
caused the slight elevation of cochlear thresholds seen

FIG. 5. All structures of the cochlear duct are histologically normal
in Dbh−/−mice, as seen in this light micrograph of osmium-stained
plastic sections through the upper basal turn.

FIG. 6. Efferent-mediated suppression of cochlear responses is
enhanced in Dbh−/− mice. To assay efferent effects, DPOAE
amplitudes evoked by low-level tones were measured before,
during and after delivering a 70-s shock train to the olivoco-
chlear bundle at the floor of the IVth ventricle. A Amplitude of
DPOAE is plotted as deviation from the mean value seen
before the shock-train onset: i.e., the difference in dB between

the measured DPOAE (in dB SPL) and the mean amplitude (in
dB SPL) of the pre-shocks DPOAE. Data are means of all runs
from Dbh+/− (n=5) and Dbh−/−(n=3) for f2 at 22.6 kHz. B Mean
suppressive (during shocks) and enhancing (post-shocks) effects
of efferent stimulation as a function of stimulus frequency. Time
periods for measurement of these effects are indicated by the
brackets in A.
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in the Dbh−/− mice with no externally visible signs of
middle ear infection (Fig. 4B). The observation that
DPOAE thresholds were more affected than ABR
thresholds (Fig. 4A vs. B) is consistent with presence
of a conductive hearing loss, since the OAE response
amplitude is attenuated twice, by an acoustic round
trip through the middle ear (Qin et al. 2010). The
frequency trend of the hearing loss is also consistent,
since the replacement of middle-ear air by fluid and/
or the slightly negative middle-ear pressures often
associated with a non-patent Eustachian tube, will
affect transmission of low frequencies more than high
frequencies (Ravicz et al. 2004; Gan et al. 2006). A
possible role of sympathetic innervation in the control
of bone remodeling in the bulla (Sherman and Chole
2001) must also be considered in the etiology of the
conductive hearing loss in the Dbh−/− mice. Regard-
less of the precise etiology, the present results add
strong support to the idea that adrenergic signaling is
important in the maintenance of a healthy middle
ear.

Normal cochlear function does not require
adrenergic signaling

Anatomical studies have documented a profuse sym-
pathetic innervation from the stellate ganglion of the
major vessels providing the cochlea’s blood supply,
i.e., the vertebral, basilar, anterior cerebellar, and
labyrinthine arteries (Spoendlin and Lichtensteiger
1966), as well as a substantial population of adrener-
gic fibers from the superior cervical ganglion projec-
ting to regions of the inner ear where the peripheral
axons and cell bodies of the cochlear nerve are found
(Hozawa et al. 1989; Shibamori et al. 1994; Spoendlin
and Lichtensteiger 1967 and Fig. 1). In addition,
adrenergic effects on trans-epithelial ion transport by
the stria vascularis (Schimanski et al. 2001), a tissue
with no direct sympathetic innervation, also suggest a
role for humoral adrenaline on cochlea function.
Despite this extensive evidence for adrenergic signal-

ing in the cochlea, we found no abnormalities in the
thresholds or suprathreshold responses of the Dbh−/−

ears by either DPOAE or ABR metrics, once ears with
middle-ear infections were removed from consider-
ation (Fig. 4).

Physiological studies have documented reductions
in cochlear blood flow with electrical stimulation of
the stellate ganglion (Laurikainen et al. 1993; Ren et
al. 1993a) as well as increases in blood flow after its
transection (Laurikainen et al. 1997). The ABR and
DPOAE metrics should be sensitive indicators of
cochlear blood flow: DPOAE and ABR amplitudes
have been shown to decrease within 15 and 30 s,
respectively, of compression of the internal auditory
artery (Telischi et al. 1999). ABR and DPOAE should
also be sensitive indicators of changes in the endo-
lymphatic potential (Rubsamen et al. 1995), which is
intimately dependent on the K+ transport activity of
the stria. Animal studies suggest that neural thresh-
olds rise 1 dB for every mV decrease in the EP (Sewell
1984). The ABR and DPOAE data in Figure 4 strongly
suggest that both cochlear blood flow and the
endolymphatic potential are normal in the Dbh−/−

mice, despite the complete and chronic lack of
adrenergic signaling.

Physiological studies have also documented
changes in the amplitude (Pickles 1979) or latency
(Lee and Møller 1985) of cochlear neural responses
during electrical stimulation of the superior cervical
ganglion, without changes in hair cell potentials (i.e.,
cochlear microphonic: Pickles 1979), consistent with a
post-synaptic effect of the “free” endings of sympa-
thetic fibers on cochlear neurons in the region of the
habenula perforata (Fig. 1). In contrast, we saw no
evidence for chronic effects on the excitability of the
auditory nerve in Dbh−/− mice (Fig. 4). The sensitivity
of ABR amplitudes as a measure of neural excitability
has been demonstrated in mice lacking CGRP, a
neurotransmitter in the lateral olivocochlear efferents
projecting post-synaptically to cochlear neurons: we
showed that a decrease in ABR amplitudes of as little

FIG. 7. Noise vulnerability is similar in
Dbh−/− vs. Dbh+/− mice. A, B Mean
permanent threshold shifts (±SEM)
measured by ABRs (A) or DPOAEs (B)
1 week after exposure to an 8–16 kHz
noise band (gray bars) at 100 dB SPL for
2 h. There were 12 Dbh+/− and 6 Dbh−/−

ears in the DPOAE measurement groups
and half that many for the ABRs.
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as 20% was statistically significant, with no change in
DPOAE responses (Maison et al. 2003b). In reconcil-
ing these superficially conflicting results, it is impor-
tant to note (1) that the sympathetic innervation
remains intact in the Dbh−/− mice (Jin et al. 2004),
and (2) that cochlear sympathetic fibers may release a
number of other neurotransmitters besides noradre-
naline (Sanchez-Garzon et al. 1990). Thus, effects
reported to arise from electrical stimulation of
the sympathetic ganglia may be mediated by non-
adrenergic signaling pathways in the fibers they give
rise to.

Adrenergic signaling and vulnerability
to acoustic injury

Numerous investigators have wondered if a functional
role for the cochlea’s sympathetic nervous system
might be revealed by stressing the ear with over-
exposure to sound and looking for an effect of
surgical removal of the superior cervical ganglion on
the resultant threshold elevation (e.g., Bielefeld and
Henderson 2007; Borg 1982; Hildesheimer et al. 2002;
Horner et al. 2001). All such studies finding any effect
concluded that loss of the adrenergic innervation
protected the ear from acoustic injury, i.e., that noise-
induced threshold shifts were smaller after sympa-
thectomy by 10–15 dB (Borg 1982; Giraudet et al.
2002; Hildesheimer et al. 1991; Hildesheimer et al.
2002; Horner et al. 2001). The explanations proposed
for this surprising result were either (1) that vessel-
associated sympathetics normally cause noise- or
stress-induced cochlear vasoconstriction that exacer-
bates the noise-induced damage (e.g., Hildesheimer
et al. 1991), or (2) that the vessel-independent
sympathetics projecting to cochlear nerve fibers
exacerbate the damage by some unknown mechanism
(e.g., Horner et al. 2001). The first interpretation is
clouded by the facts that the superior cervical
ganglion does not give rise to the vessel-associated
cochlear fibers (Densert 1974; Hozawa et al. 1989;

Spoendlin 1981) and that its electrical stimulation
does not change cochlear blood flow (Ren et al.
1993b). Both interpretations are complicated by the
fact that several studies report bilateral changes in
noise vulnerability from unilateral sympathectomy,
despite the strictly unilateral projection from the
superior cervical ganglion (Giraudet et al. 2002;
Horner et al. 2001), which is very difficult to explain.

In the present study, we saw no effect of
adrenergic signaling on the response of the cochlea
to acoustic overstimulation, despite the fact our
noise-exposure paradigm (spectra, levels, and dura-
tions) were similar to those in the other studies:
noise-induced permanent (Fig. 7) and temporary
(Fig. 8) threshold shifts were identical in Dbh−/−

mice and their littermate controls. There are at least
three ways to resolve this apparently paradoxical
result. Firstly, as noted above, the loss of catechol-
amines (in the present study) is not the same as the
loss of sympathetic innervation (in the other studies):
the anti-protective effect seen after sympathectomy
could arise from absence of a neuropeptide co-
localized with noradrenaline in the sympathetic
terminals (Sanchez-Garzon et al. 1990), which could
well be unaffected in the present study. Secondly, the
sympathectomy could have caused a subtle conductive
hearing loss (as seen in Fig. 4B), reducing the
effective sound level and thus the threshold shift.
The relation between exposure level and threshold
shift is highly non-linear such that a threshold shift
decrease of ∼10–15 dB requires only a 2–3 dB
decrease in the effective exposure level (Yoshida et
al. 2000): such a small conductive loss would easily go
undetected. Thirdly, the strength of shock-evoked
olivocochlear effects was enhanced in the Dbh−/−

mice (Fig. 6), and this type of olivocochlear activation
can protect the ear from acoustic injury, as shown in a
transgenic mouse overexpressing the α9 acetylcholine
receptor (Maison et al. 2002), which showed enhance-
ment of shock-evoked olivocochlear effects coupled
with increased resistance to intense noise. Thus, a

FIG. 8. Protective effect of contralateral
cochlear destruction (CCD) on ipsilateral
noise-induced threshold shift is not extin-
guished by removal of adrenergic signaling.
Mean DPOAE threshold shifts (±SEM) were
recorded 5–10 min after exposure to an 11-
kHz pure tone (gray bar) at 102 dB SPL for
1 min in groups ofDbh+/− (A n=11 animals)
and Dbh−/− (B n=5 animals) (circles). In a
second experiment (triangles), groups of
Dbh+/− (A n=5) andDbh−/− (B n=7) animals
underwent a contralateral cochlear destruc-
tion 24 h prior to the trauma-tone exposure.
Protective effects of this surgical manipula-
tion were similar in both genotypes.
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protective effect of enhanced olivocochlear activity
might have masked an anti-protective effect of
removal of the sympathetic function in the Dbh−/−

mice.
A change in shock-evoked olivocochlear effects

in Dbh−/− (Fig. 6B) is consistent with studies showing
(1) noradrenergic terminals (from the locus coeru-
leus) on the cell bodies of medial olivocochlear
neurons (Mulders and Robertson 2005a; Thompson
and Schofield 2000; Woods and Azeredo 1999) and
(2) largely excitatory effects of catecholamines on
olivocochlear cells in slice preparations (Wang and
Robertson 1997). In our olivocochlear assay, the size
of efferent effects, i.e., the change in DPOAE ampli-
tudes, is proportional to the change in discharge rates in
olivocochlear fibers elicited by the shocks. Since there is
both spontaneous and sound-evoked discharge in OC
fibers in the absence of shocks (Liberman 1988), a
reduction in these “baseline” rates, due to loss of
adrenergic signaling, could enhance the efferent effects
observed in our assay when shocking the olivocochlear
bundle. Thus, present results support a role for central
adrenergic signaling in modulating olivocochlear feed-
back to the inner ear.

The notion of central adrenergic modulation of the
olivocochlear pathway suggested that protection of the
ipsilateral ear from acoustic injury by prior destruction
or lignocaine-silencing of the contralateral ear (Rajan
and Johnstone 1989; Robertson and Anderson 1994)
might arise via a stress-related activation of the locus
coeruleus and subsequent transient enhancement of
the sound-evoked olivocochlear feedback pathway.
Prior work has shown that this protection requires the
olivocochlear bundle (Rajan and Johnstone 1989);
present results show definitively that adrenergic signal-
ing is not required for the putative enhancement of
olivocochlear feedback to the ear.

In summary, the present results show that inner ear
function is surprisingly normal in the complete absence
of adrenergic signaling. It is possible that a more
dramatic phenotype would appear if catecholamines
were suddenly removed in adulthood, rather than
eliminated neonatally, as in the present study. Alter-
natively, it is possible that the functional significance of
this homeostatic system is not revealed in the absence of
the appropriate environmental stressors, such as immu-
nological challenges to the inner ear, which are absent
in captivity within an institutional animal care facility.
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