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The olivocochlear efferent system is both cholinergic and GABAergic and innervates sensory cells and sensory neurons of the inner ear.
Cholinergic effects on cochlear sensory cells are well characterized, both in vivo and in vitro; however, the robust GABAergic innervation
is poorly understood. To explore the functional roles of GABA in the inner ear, we characterized the cochlear phenotype of seven mouse
lines with targeted deletion of a GABAA receptor subunit (�1, �2, �5, �6, �2, �3, or �). Four of the lines (�1, �2, �6, and �) were normal:
there was no cochlear histopathology, and cochlear responses suggested normal function of hair cells, afferent fibers, and efferent
feedback. The other three lines (�5, �2, and �3) showed threshold elevations indicative of outer hair cell dysfunction. �5 and �2 lines also
showed decreased effects of efferent bundle activation, associated with decreased density of efferent terminals on outer hair cells:
although the onset of this degeneration was later in �5 (�6 weeks) than �2 (�6 weeks), both lines shows normal efferent development
(up to 3 weeks). Two lines (�2 and �3) showed signs of neuropathy, either decreased density of afferent innervation (�3) or decreased
neural responses without concomitant attenuation of hair cell responses (�2). One of the lines (�2) showed a clear sexual dimorphism in
cochlear phenotype. Results suggest that the GABAergic component of the olivocochlear system contributes to the long-term mainte-
nance of hair cells and neurons in the inner ear.
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Introduction
The mammalian cochlea is innervated by a feedback efferent
pathway, the olivocochlear (OC) bundle, consisting of two sub-
systems (supplemental Fig. S1, available at www.jneurosci.org as
supplemental material): a medial component projecting to elec-
tromotile outer hair cells (OHCs) and a lateral component inner-
vating auditory-nerve dendrites, close to their synapses with in-
ner hair cells (IHCs) (Warr and Guinan, 1979). OHC efferents,
when activated, raise cochlear thresholds by decreasing OHC
contributions to cochlear mechanical amplification (Guinan,
1996). This fast feedback inhibition is a cholinergic effect, medi-
ated by �9/�10 acetylcholine (ACh) receptors (Vetter et al.,
1999). The efferent projections to afferent dendrites can elicit
either slow excitation or inhibition of the cochlear nerve, suggest-
ing two functional subgroups (Groff and Liberman, 2003). How-

ever, the transmitter(s) and receptor(s) involved in these lateral
OC effects are not clear.

Both medial and lateral efferents contain GABA (Fex and Alts-
chuler, 1986; Eybalin, 1993), and cholinergic and GABAergic
markers colocalize in most efferent terminals (Maison et al.,
2003a). Immunostaining for GABAA receptors has been reported
on cochlear nerve somata, OHCs, and in the region of synaptic
contact between lateral OC terminals and cochlear nerve affer-
ents (Plinkert et al., 1989, 1993; Yamamoto et al., 2002). Reverse
transcription (RT)-PCR and in situ hybridization suggest co-
chlear expression of most GABAA receptor subunits (Drescher et
al., 1993; Kempf et al., 1994, 1995).

Despite evidence for a robust GABAergic network, there is
little agreement as to its functional role. Some in vitro studies
report that GABA elicits OHC hyperpolarization and changes in
motility (Gitter and Zenner, 1992; Batta et al., 2004), whereas
others report no effects (Dulon et al., 1990; Evans et al., 1996). In
frog lateral line, GABA suppresses spontaneous afferent dis-
charge (Mroz and Sewell, 1989); however, in guinea pig, GABA
has no effect on spontaneous activity (Arnold et al., 1998). Co-
chlear perfusion of GABA antagonists blocked slow amplitude
fluctuations of an otoacoustic emission (Kirk and Johnstone,
1993); however, these fluctuations persisted after complete neu-
ral blockade (Kujawa et al., 1995).

The present study probes the functional role of cochlear
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GABAergic transmission by assessing (1) cochlear function, (2)
effects of efferent activation, (3) vulnerability to acoustic injury,
(4) cochlear histopathology, and (5) cochlear innervation in
seven mouse lines, each with a different GABAA receptor subunit
targeted for deletion: �1, �2, �5, �6, �2, �3, or �. GABAA recep-
tors are ligand-gated chloride channels consisting of a pentam-
eric assembly of subunits. To date, 19 subunit-encoding genes
have been cloned, including �1–�6, �1–�3, �1–�3, and � (Whit-
ing, 1999). Most receptors in vivo combine two � and two �
subunits with either a � or � subunit (Vicini and Ortinski, 2004).

Our data show dramatic auditory effects in three mutant lines
(�5, �2, and �3), and thereby provide unequivocal evidence for
in vivo functional role(s) of the GABAergic innervation of the
cochlea. The nonauditory phenotypes of GABAA mutants are
subtle, suggesting compensation by subunit substitution and/or
plasticity in other elements of the neuronal circuitry underlying
the high-level behaviors assayed (e.g., spatial learning, locomotor
activity, etc.). In contrast, the dramatic cochlear phenotypes may
reflect the comparative simplicity of inner ear circuitry.

Materials and Methods
Experimental procedures. Seven knock-out mouse lines, each lacking one
of the GABAA receptor subunits, were studied for the present report.
Most lines are healthy, fertile, and display only subtle behavioral pheno-
types [�1 (Sur et al., 2001); �2 (Boehm et al., 2004); �5 (Collinson et al.,
2002); �6 (Jones et al., 1997); �2 (Sur et al., 2001); � (Mihalek et al.,
1999)]. Only the �3 knock-outs have an overt phenotype: 90% die within
24 h of birth; those that survive are runts at weaning, hyperactive, and
show poor motor coordination and poor performance on learning and
memory (Homanics et al., 1997; DeLorey et al., 1998; Vicini and Ortin-
ski, 2004). Experimental design for this line was severely constrained by
the rarity and fragility of the animals.

Techniques used for the creation of each mutant line, the genotyping,
and the characterization of nonauditory phenotypes are described in
previous publications: �1 (Vicini et al., 2001), �2 (Boehm et al., 2004),
�5 (Collinson et al., 2002), �6 (Jones et al., 1997), �2 (Sur et al., 2001), �3
(Homanics et al., 1997), and � (Mihalek et al., 1999). All mutant lines
represent hybrids of 129 strains (stem cell donor) and C57BL/6 (mater-
nal strain). Because both “parental” strains can show early-onset age-
related cochlear degeneration (Jimenez et al., 1999; Q. Y. Zheng et al.,
1999), all testing was performed with age-matched wild-type littermates
(generated from heterozygous matings) as controls. For six of the lines,
breeding pairs of heterozygous animals were shipped from the laborato-
ries of origin to the Massachusetts Eye and Ear Infirmary, where on-site
breeding produced wild-type littermates and homozygous and heterozy-

gous nulls for the present study of cochlear function and histopathology.
For the GABAA �6 mutant line, only homozygous mutants were avail-
able; thus, no precisely appropriate wild-type animals were available. For
all mutant lines, cochlear function was tested first at 6 – 8 weeks of age. In
some lines, animals at older ages (�24 weeks) were also tested. All elec-
trophysiological experiments were conducted in a temperature-
controlled soundproof chamber maintained at �32°C. The care and use
of the animals reported in this study was approved by the Institutional
Animal Care and Use Committee of the Massachusetts Eye and Ear In-
firmary. Numbers of animals of each strain/genotype subjected to the
various functional and histological tests are listed in Table 1.

Auditory brainstem responses. Mice were anesthetized with xylazine (20
mg/kg, i.p.) and ketamine (100 mg/kg, i.p.). Needle electrodes were in-
serted at vertex and pinna, with a ground near the tail. Auditory brain-
stem responses (ABRs) were evoked with 5 ms tone pips (0.5 ms rise-fall,
cos 2 onset, at 35/s; acoustic system is described below). The response was
amplified (10,000�), filtered (100 Hz to 3 kHz), and averaged with an
analog-to-digital board in a LabVIEW (National Instruments, Austin,
TX)-driven data-acquisition system. Sound level was raised in 5 dB steps
from 10 dB below threshold to 80 dB sound pressure level (SPL). At each
level, 1024 responses were averaged (with stimulus polarity alternated),
using an “artifact reject” whereby response waveforms were discarded
when peak-to-peak amplitude exceeded 15 �V. During visual inspection
of stacked waveforms, “threshold” was defined as the lowest SPL level at
which any wave could be detected, usually the level step just below that at
which the response amplitude exceeded the noise floor (�0.25 �V). For
amplitude versus level functions, wave I peak was identified by visual
inspection at each sound level, and the peak-to-peak amplitude was
computed.

Distortion product otoacoustic emissions. Mice were anesthetized as for
ABR measures. Distortion product otoacoustic emissions (DPOAEs) at
2f1 � f2 were recorded with a custom acoustic assembly consisting of two
electrostatic drivers (TDT EC-1; Tucker-Davis Technologies, Alachua,
FL) to generate primary tones ( f1 and f2 with f2/f1 � 1.2 and f2 level 10
dB � f1 level) and a Knowles (Itasca, IL) miniature microphone
(EK3103) to record ear-canal sound pressure. Stimuli were generated
digitally, whereas resultant ear-canal sound pressure was amplified and
digitally sampled at 4 �s (16 bit data acquisition DAQ boards, NI 6052E;
National Instruments). Fast Fourier transforms were computed and av-
eraged over five consecutive waveform traces, and 2f1 � f2 DPOAE am-
plitude and surrounding noise floor were extracted, a procedure requir-
ing �4 s of data acquisition and processing time. Iso-responses were
interpolated from plots of amplitude versus sound level, performed in 5
dB steps of f1 level. Threshold is defined as the f1 level required to produce
a DPOAE with amplitude of 0 dB SPL.

Medial olivocochlear assay. Mice were anesthetized with urethane (1.20

Table 1. Numbers of mice examined from each genotype, from each line, for each of the physiological and histological analyses performed in the present study

�1 �2 �5 �6 �2 �3 �

6 weeks 6 weeks 1.5 weeks 3 weeks 6 weeks 24 weeks 6 weeks 1.5 weeks 3 weeks 6 weeks 24 weeks 6 weeks 24 weeks 6 weeks

Thresholds (ABR) �/� 4 �/� 10 �/� 15 �/� 12 �/� 17 �/� 13 �/� 8 �/� 13
�/� 7 �/� 8 �/� 8 �/� 10 �/� 7 �/�22 �/� 22 �/� 11 �/� 11

�/� 17
Thresholds (DPOAE) �/� 9 �/� 17 �/� 29 �/� 23 �/� 33 �/� 23 �/� 16 �/� 26

�/� 13 �/� 16 �/� 35 �/� 20 �/� 14 �/� 48 �/� 29 �/� 22 �/� 22
�/� 17

Efferent function �/� 12 �/� 4 �/� 11 �/� 6 �/� 8
�/� 10 �/� 6 �/� 9 �/� 17 �/� 5

Cochlear vulnerability �/� 5 �/� 6
�/� 6 �/� 9

Cochlear pathology �/� 2 �/� 2 �/� 2 ** �/� 4 �/� 2 �/� 2 �/� 2
�/� 2 �/� 2 �/� 2 �/� 3 �/� 2 �/� 5 �/� 2 �/� 3 �/� 2 �/� 2

Cochlear innervation �/� 2 �/� 1 �/� 1 �/� 1 ** �/� 1 �/� 2 �/� 1
�/� 2 �/� 2 �/� 1 �/� 3 �/� 2 �/� 2 �/� 3 �/� 2

**, Data from genetically identical � 2 or � 5 �/� ears were used. All animals examined for histopathology were also tested by ABR and DPOAE. Results of ABR and DPOAE tests are shown in Figures 1 and 2 and supplemental Figure S1
(available at www.jneurosci.org as supplemental material). Results of the assay for efferent function are shown in Figure 3 and supplemental Figure S2 (available at www.jneurosci.org as supplemental material), for cochlear vulnerability
in Figure 4, for cochlear histopathology in Figures 5 and 6, and for cochlear innervation in Figures 7–9.
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g/kg, i.p.). A posterior craniotomy and partial cerebellar aspiration were
performed to expose the floor of the IVth ventricle. To stimulate the OC
bundle, shocks (monophasic pulses, 150 �s duration, 200/s) were ap-
plied through fine silver wires (0.4 mm spacing) placed along the mid-
line, spanning the OC decussation. Shock threshold for facial twitches
was determined, muscle paralysis was induced with �-D-tubocurarine
(1.25 mg/kg, i.p.), and the animal was connected to a respirator via a
tracheal cannula. Shock levels were raised to 6 dB above twitch threshold.
During the OC suppression assay, f2 level was set to produce a DPOAE
10 –15 dB � noise floor. To measure OC effects, repeated measures of
baseline DPOAE amplitude were first obtained (n � 12), followed by a
series of 17 contiguous periods in which DPOAE amplitudes were mea-
sured with simultaneous shocks to the OC bundle and 30 additional
periods during which DPOAE measures continued after the termination
of the shock train. The magnitude of the efferent effect is defined as the
suppression of DPOAE amplitude, i.e., the decibel difference between the
mean of the first three during-shock points and the mean of the 12
pre-shock measures. In data from normal ears, the magnitude of shock-
evoked efferent effects diminishes as cochlear thresholds increase (Gui-
nan and Gifford, 1988). Thus, when wild-type animals in the present
study showed lower cochlear thresholds than their littermate mutants,
we adjusted (reduced) the efferent effect magnitudes measured in wild
types according to a linear regression between threshold and efferent
effect size obtained for a large database of 108 wild-type (control) mice
from 17 mutant strains (Maison and Liberman, 2006).

Acoustic overexposure. Animals were exposed, awake and unrestrained,
within cages suspended inside a small reverberant sound-exposure box
(Liberman and Gao, 1995). The exposure stimulus was generated by a
custom-made white-noise source, filtered (Brickwall Filter with a 60 dB/
octave slope), amplified [Crown (Elkhart, IN) power amplifier], and
delivered [JBL (Northridge, CA) compression driver] through an expo-
nential horn fitted to the top of a reverberant box. Sound pressure was

calibrated daily by positioning the one-quarter-inch condenser micro-
phone at the approximate position of the animal’s head. Acoustic trauma
consisted of a 2 h exposure to an 8 –16 kHz band noise presented at 89 dB
SPL.

Cochlear processing and immunostaining. After a terminal experiment,
matched sets of wild-type and mutant mice were perfused intracardially
for histological assessment via either plastic sections of osmium-stained
cochleae or organ of Corti whole mounts immunostained for neurofila-
ment (NF) and/or vesicular acetylcholine transporter (VAT) to label the
afferent and efferent innervation. For plastic-embedded, sectioned ma-
terial, intravascular fixative was 2.5% glutaraldehyde and 1.5% parafor-
maldehyde in phosphate buffer. Cochleae were decalcified in EDTA,
osmicated and dehydrated in ethanols and propylene oxide, embedded
in Araldite resins, and sectioned at 40 �m on a Historange with a carbide
steel knife. Sections were mounted on slides and coverslipped. For co-
chlear whole mounts, intravascular fixation was with 4% paraformalde-
hyde plus 0.1% glutaraldehyde in PBS. Cochleas were decalcified, dis-
sected into half-turns, and then incubated in 5% normal horse serum
with 0.03% Triton X-100 in PBS for 1 h. This was followed by incubation
in primary antibody(s) [mouse anti-200 kDa-NF from MP Biomedicals
(Irvine, CA) at 1:50,000 and/or rabbit anti-VAT from Sigma (St. Louis,
MO) at 1:1000] for �19 h, followed by secondary antibody (biotinylated
donkey anti-mouse (Jackson ImmunoResearch, West Grove, PA) and/or
Alexa Fluor-488 chicken anti-rabbit (Invitrogen, Carlsbad, CA)] for 90
min. In early experiments with anti-NF staining, an avidin– biotin–HRP
complex linkage (ABC kit; Vector Laboratories, Burlingame, CA) and
DAB/H2O2 chromogen reaction, with a silver enhancement step, were
used. In later experiments, double-stained material, streptavidin-
coupled Alexa Fluor-568 was bound to the biotinylated donkey anti-
mouse secondary antibody.

To immunolocalize the GABAA receptors in cochlear tissue, cochleas
from wild-type and mutant animals were harvested after intravascular

perfusion with 4% paraformaldehyde plus
0.1% glutaraldehyde in PBS, postfixed from 2 to
18 h, rinsed, and decalcified in EDTA. After
cryoprotection and infiltration of OCT, frozen
sections were cut at 14 �m and mounted on
slides. The following primary antibodies were
used in experiments to localize the GABAA re-
ceptors: �1 (rabbit) and �2/3 (mouse) from
Upstate Biotechnologies (Charlottesville, VA);
and �5 (rabbit), �2 (rabbit), and �3 (rabbit) from
Novus Biologicals (Littleton, CO). The best re-
sults were obtained in material in which the bio-
tinylated secondary antibody was followed by
streptavidin-coupled Alexa Fluor-568.

Immunostaining analysis of cochlear innerva-
tion. The single-stained material (anti-
neurofilament antibody) with DAB reaction
product was wet mounted in Vectashield (Vec-
tor Laboratories) and placed on glass slides for
examination in the light microscope via No-
marski optics with a 100� oil-immersion lens.
In selected regions, focal z-series (0.5 �m step
size) were obtained using MetaMorph software
(Molecular Devices, Sunnyvale, CA) controlling a
stepping motor on the fine focus. In double-
staining experiments (anti-neurofilament and
anti-VAT), tissue was mounted in Vectashield,
coverslipped, and examined in a Leica (Nuss-
loch, Germany) confocal microscope. In se-
lected regions, focal z-series were obtained us-
ing 0.25 �m step size. For both kinds of image
stacks, image projections in alternate planes
were computed using Amira three-dimensional
visualization software (Zuse Institute Berlin,
Berlin, Germany). Amira was also used to com-
pute the volume of immunostained OC termi-
nals from the image stacks.

Figure 1. Three GABAA mutant lines, �5, �2, and �3, showed cochlear dysfunction when measured at 6 weeks; in both �5
and �2 lines, threshold shifts in ABR (A–C) and DPOAE (D–F ) were even greater at 24 weeks. Group mean � SEM thresholds for
homozygous nulls (open symbols) are compared in each panel with wild-type littermates (filled symbols). Other aspects of
symbology are explained in the keys. Upward arrowheads associated with DPOAE threshold more than �60 dB indicate that, at
these high frequencies, thresholds have reached stimulus levels producing passive distortion in the acoustic system and thus
represent underestimates of true cochlear dysfunction.

Maison et al. • Cochlear Phenotypes of GABAA Receptor Subunit Knock-Outs J. Neurosci., October 4, 2006 • 26(40):10315–10326 • 10317



Analysis of brainstem sections. Wild-type and
homozygous null mice from the �5 and �2
lines, aged 15–18 weeks, were perfused with 4%
paraformaldehyde, and brainstems were ex-
tracted, postfixed overnight, cryoprotected in
sucrose, and sectioned on a freezing microtome
at 40 �m in the transverse plane. Serial sections
spanning the olivary complex were treated his-
tochemically to stain for acetylcholinesterase,
which reveals the cell bodies of the olivoco-
chlear neurons, using techniques described pre-
viously (Osen and Roth, 1969).

Histopathologic analysis of cochlear sections.
All structures of the cochlear duct were ana-
lyzed in the entire set of serial plastic sections
through each cochlea, and their conditions
were noted in a spreadsheet according to a
semiquantitative rating scale described previ-
ously (Wang et al., 2002). The condition of each
structure as a function of cochlear frequency
was then determined by (1) estimating the loca-
tion of each section through the cochlear duct
(in micrometers from the basal end) using av-
erage values extracted from true three-
dimensional reconstructions of cochlear spirals
from similarly embedded mouse cochleas
(Wang et al., 2002) and (2) converting cochlear
location to frequency according to a recently
derived map for the mouse (Muller et al., 2005).
The numbers of cochleas examined for each
genotype and each mutant line are shown in
Table 1.

Results
Cochlear thresholds
Assessment of baseline cochlear function was based on ABRs and
DPOAEs. ABRs are averaged bioelectric potentials representing
synchronous neural activity generated at several levels of the as-
cending auditory pathway. Cochlear nerve fibers contribute to
the earliest wave, namely wave 1 (Melcher et al., 1996). DPOAEs
arise as electrical distortions in electromechanical transduction,
within the inner ear, that are reverse transduced into mechanical
signals, amplified by OHCs, and then propagated back to the ear
canal in which they can be measured in the sound pressure wave-
form (Lukashkin et al., 2002). Normal DPOAEs can be generated
in the absence of inner hair cells or cochlear afferents (Liberman
et al., 1997), whereas normal ABRs require normal function in all
structures of the auditory periphery. Thus, measuring both ABRs
and DPOAEs allows differential diagnosis in the sense that dis-
parities can suggest the presence of auditory neuropathies (i.e.,
ABR shifts � DPOAE shifts).

In four of the mutant lines, �1, �2, �6, and �, when tested at 6
weeks of age, there were no signs of cochlear threshold elevation
(supplemental Fig. S2, available at www.jneurosci.org as supple-
mental material): mean thresholds for nulls and wild types were
similar by both ABR and DPOAE tests. Although only homozy-
gous nulls were available for the �6 line, thresholds are very sim-
ilar to those in the other wild-type strains.

In the other three mutant lines, �5, �2, and �3, there was
significant cochlear dysfunction (Fig. 1). At 6 weeks of age, the
most severely affected mutants were those lacking the �3 subunit.
Mean ABR thresholds in �3 nulls were elevated compared with
wild types by 20 – 45 dB across test frequencies, with peak loss
occurring at 22.6 kHz: Figure 1A shows absolute thresholds, and
Figure 2A shows threshold differences between wild type and

mutants.a This threshold elevation, corresponding to more than
two orders of magnitude of stimulus amplitude, was highly sig-
nificant (two-way ANOVA, F(1,22) � 19.982; p � 0.001). Suprath-
reshold ABR amplitudes in �3 nulls were significantly reduced in
amplitude, by at least 50% at all frequencies and sound levels
(data not shown). DPOAE thresholds were also significantly ele-
vated across all test frequencies in �3 nulls (Figs. 1D, 2C) (two-
way ANOVA, F(1,31) � 50.193; p � 0.001). In the middle of the
cochlea (16 kHz), ABR shifts were similar in magnitude to the
DPOAE shifts (Fig. 2E), suggesting that dysfunction in OHCs, or
other processes involved in their role as cochlear amplifier, may
account for the phenotype. Animals heterozygous for the �3 de-
letion showed no threshold elevation (Fig. 1A).

At 6 weeks, �5 nulls and �2 nulls showed similar patterns of
threshold elevation (Figs. 1B,C, 2A): ABR data from both lines
showed threshold shifts increasing from �5 to 20 –30 dB with
increasing tone frequency. Amplitudes of ABR suprathreshold
responses (wave 1) were 25–50% lower in mutants compared
with wild types, even at the highest stimulus levels (data not
shown). DPOAE data also showed increasing threshold shifts
from low to high frequencies (Fig. 2C). For both lines, these
genotypic differences were highly significant by two-way
ANOVA for both ABRs and DPOAEs: for �5 ABRs, F(1,31) �
9.674, p � 0.004; for �5 DPOAEs, F(1,62) � 29.449, p � 0.001; for
�2 ABRs, F(1,37) � 40.311, p � 0.001; and for �2 DPOAEs,

aIn interpreting ABR or DPOAE measures, the dynamic ranges of the tests must be considered. For ABR measure,
wild-type thresholds in all lines at the highest test frequency were close to 80 dB SPL, the highest sound pressure
levels routinely presented. Thus, it would be impossible to register a significant shift at this frequency, and measured
ABR shifts are underestimates at 45 kHz. The same holds for the DPOAE test, for the lowest test frequency presented
(5.6 kHz). The DPOAE test has the additional limitation that the acoustic system begins to distort at input levels �60
dB SPL for 32 and 45 kHz. In summary, the most reliable frequency for quantitatively comparing ABR and DPOAE
shifts is 16 kHz.

Figure 2. Mean cochlear thresholds in the three GABAA mutant lines with cochlear phenotype (data from Fig. 1) are replotted
as threshold shifts by subtracting values obtained in knock-outs from mean values in wild types. A and B show ABR data for 6 and
24 weeks, respectively; C and D show DPOAE data for 6 and 24 weeks, respectively. In E, comparison of ABR shifts and DPOAE shifts
in these three lines suggests that the ongoing degeneration in �2 and �5 lines is a type of neuropathy, i.e., ABR shifts �� DPOAE
shifts. Data in E are shown only for the 16 kHz test frequency: each bar height in this panel is computed by subtracting the ABR shift
(A, B) from the DPOAE shift (C, D) for the same mutant at the same group age. The bar labeled NIHL (noise-induced hearing loss)
represents the difference between the mean ABR and DPOAE shifts at 16 kHz measured in a large group of CBA/CaJ mice after a
noise exposure causing permanent cochlear damage that targets the OHCs (Wang et al., 2002) (S. G. Kujawa and M. C. Liberman,
unpublished data).
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F(1,73) � 66.273, p � 0.001. As seen in �3 mutants, the magnitude
of DPOAE shifts and ABR shifts were comparable (Fig. 2E), again
suggesting that the threshold shift arises at, or before, the stage of
OHC transduction and amplification.

When retested at 24 weeks, both �5 and �2 null mice showed
increased cochlear dysfunction compared with wild-type litter-
mates: mean ABR threshold shifts in �5 and �2 nulls peaked at 45

dB for test frequencies in the middle of the
cochlea (Figs. 1B,C, 2A,B). Furthermore,
a sexual dimorphism was revealed in the
�2 line, with males showing significantly
more threshold shift than females (Figs.
1C, 2B). The sex differences were statisti-
cally significant at 24 weeks (two-way
ANOVA, F(1,8) � 7.103; p � 0.029) but not
at 6 weeks. Although the gender differences
appear greater at low than high frequencies,
the 80 dB limit on test tone sound level may
reduce the measurable elevations at high fre-
quencies in the males. Sex differences were
not significant for any of the other lines at
any age tested.

ABR shifts were significantly larger
than the DPOAE shifts for both the �5
and �2 nulls at the 24 week test age (Fig.
2 E). This disparity suggests that much of
the progressive dysfunction is attribut-
able to changes in the cochlear afferents
or the inner hair cells that drive them,

consistent with the robust GABAergic innervation of the inner
hair cell area in the mouse (Maison et al., 2003a).

Efferent function
Activation of the efferent fibers terminating on OHCs elevates
cochlear thresholds by decreasing OHC contributions to co-
chlear amplification (Guinan, 1996). This efferent effect is dom-
inated by effects of ACh released by efferent terminals acting on
the �9/�10 complex of nicotinic ACh receptors on OHCs (Vetter
et al., 1999). Given published reports of GABAergic effects on
length and stiffness of isolated OHCs (Plinkert et al., 1993; Batta
et al., 2004) and given the reported colocalization of GABAergic
and cholinergic markers in efferent terminals on OHCs (Maison
et al., 2003a), we wondered whether loss of GABAA receptor sub-
units might affect the magnitude or time course of efferent-
mediated cochlear suppression.

To assay efferent effects, DPOAE magnitudes were measured
repeatedly, before, during, and after a 70 s train of shocks to the
efferent bundle. In the example in Figure 3C, DPOAEs evoked
with f2 at 16 kHz were initially reduced by �7 dB after the shock
train was turned on. As the shock train continued, the suppres-
sion declined toward a steady state, which was maintained
throughout the shock epoch, and the DPOAE returned to pre-
shock baseline after the shocks were turned off. To assess the
strength of efferent effects along the cochlear spiral, the test tones
used to evoke the DPOAEs were varied from 5.6 to 45.2 kHz in
half-octave steps. For wild-type animals from all five lines stud-
ied, the average suppression strength was greatest for test tones in
the middle of that range (11–22 kHz) (Fig. 3A,B) (supplemental
Fig. 3, available at www.jneurosci.org as supplemental material),
in which DPOAEs are typically suppressed by 8 –10 dB. This pat-
tern has been seen in all mouse strains investigated (Vetter et al.
1999; Maison et al., 2002, 2003b) and reflects the corresponding
apex-to-base gradient in density of efferent terminals on OHCs
(Maison et al., 2003a).

The magnitude of efferent effects was assessed in five mutant
lines at 6 weeks of age. Efferent effects were normal in magnitude
in four of the receptor-null lines, including all three of the
normal-threshold lines, i.e., �1, �2, and � (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material), and
one line with modest threshold elevation at 6 weeks, i.e., �5 (Fig.

Figure 3. OHC efferent function is diminished in GABAA �2 mutants and unaffected in �5 [and 3 other lines tested (supple-
mental Fig. S3, available at www.jneurosci.org as supplemental material). Efferent function was assessed by measuring DPOAE
suppression caused by efferent-bundle shocks, normalized as described in Materials and Methods. A, B, Group mean � SEM data
for suppression magnitude for each of the six test frequencies in the mutant indicated. Numbers of animals tested in each
genotype from each strain are in Table 1. C shows typical data from one run of this assay: DPOAE amplitude was measured 12 times
during a �70 s period, after which the shock train was turned on. The magnitude of the efferent effect is defined in Materials and
Methods.

Figure 4. Exposure to high-level noise designed to cause severe, but reversible, threshold
shifts does not reveal any differences in cochlear vulnerability attributable to loss of either the
�5 or �2 subunits. Group mean � SEM threshold shifts are shown for ABR and DPOAE mea-
sured 12 h after exposure to a 8 –16 kHz noise band at 89 dB SPL for 2 h. Threshold shift is
defined as the difference between preexposure and postexposure values for the same groups of
animals. Group sizes can be extracted from the row labeled “Cochlear vulnerability” in Table 1.
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3A). In contrast, efferent suppression was
significantly reduced for �2 mutants, the
other line with threshold elevation (Fig.
3B). This efferent-effect reduction was
present at test frequencies at which effer-
ent effects are normally largest: by two-
way ANOVA restricted to 11–32 kHz, the
�2 group yields F(1,16) � 8.180 and p �
0.011.

Vulnerability to temporary
acoustic injury
There is evidence that the cochlear efferent
system can protect the ear from acoustic
injury (Rajan, 1988, 1995; Kujawa and
Liberman, 1997; Zheng et al., 1997a,b;
Maison and Liberman, 2000; Maison et al.,
2002), and one component of acute acous-
tic damage to the inner ear is a glutamate
excitotoxicity in the terminals of cochlear
afferents (Puel et al., 1998). There is also
evidence, in cerebellar granule cells, that
GABAA receptor antagonists protect cells
from excitotoxicity (Babot et al., 2005).
Thus, we tested whether the loss of GABAA

receptor subunits altered the vulnerability
of the ear to acute acoustic injury.

Age-matched wild-type and knock-out
animals from the �5 and �2 lines were ex-
posed for 2 h to a noise band (8 –16 kHz) at
89 dB SPL. After a 12 h recovery period,
noise-induced threshold shift were mea-
sured via ABRs (Fig. 4A,C) and DPOAEs
(Fig. 4B,D). As is typical for this exposure
in mice (Yoshida et al., 2000), threshold
shifts were maximal near 16 –22 kHz for
both genotypes. Mean values of threshold
shift were not significantly different be-
tween mutant and wild-type mice, for ei-
ther gene deletion, when examined over
the whole range of test frequencies: by
two-way ANOVA, the �5 group ABR
yielded F(1,9) � 0.030 and p � 0.05,
whereas DPOAE yielded F(1,4) � 2.682 and
p � 0.05; the �2 group ABR yielded F(1,12)

� 2.075 and p � 0.05, whereas DPOAE
yielded F(1,14) � 0.764 and p � 0.05.

At high frequencies, there is a tendency
toward less threshold shift in the mutant
line. Indeed, for some of the comparisons,
genotypic differences (barely) achieve sta-
tistical significance if attention is restricted
to the three highest test frequencies, e.g.,
for the �2 ABR data, two-way ANOVA re-
stricted to 22– 45 kHz yields F(1,12) � 5.477
and p � 0.037. These differences must be
viewed cautiously because the preexpo-
sure thresholds in the mutants are higher
than wild type and because high preexpo-
sure thresholds restrict the magnitude of the shift that can be
measured by either ABR or DPOAE tests.

A week after exposure, mean threshold shifts ranged from
�0 –10 dB in both wild types and mutants, in both lines (data not

shown), demonstrating the almost complete reversibility of the
damage after this exposure. No significant differences were ob-
served between wild types and mutants in the recovery from
acoustic overexposure.

Figure 5. At 6 –10 weeks, GABAA mutants show minimal cochlear histopathology at the light microscopic level; at �24
weeks, all three strains with threshold elevation show a similar pattern of basal-turn histopathology. Representative cases are
illustrated here. Total numbers of cochleas evaluated can be extracted from Table 1. Details of techniques for relating cochlear
positions in the sections to cochlear frequency are described in Materials and Methods.

Figure 6. Photomicrographs illustrating the cochlear histopathology seen in the GABAA mutant strains with cochlear threshold
elevations. The six cases illustrated here show the 30 kHz location from each of the same six cases for which the quantitative
analyses are shown in Figure 5. Filled arrows in B–D point to the spiral ligament in which there is degeneration of type IV
fibrocytes. The open arrow in D points to a small region of fibrocyte loss in the limbus near the osseous spiral lamina. The numbers
above each panel give the age at which each animal was killed. Scale bar in C applies to all images.
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Cochlear histopathology
At the light microscopic level, all structures of the cochlear duct
were examined in serial plastic-embedded sections through the
inner ear.

At 6 weeks, cochleas of mutants from the four lines without
functional phenotype (�1, �2, �6, and �) were indistinguishable
from wild-type littermates (data not shown; numbers of ears
evaluated are shown in Table 1). At 6 –10 weeks, cochleas from �5
and �2 lines showed minimal hair cell loss outside of the extreme
cochlear base (Figs. 5A,C, 6A,C) and no other histopathology
besides loss of type IV fibrocytes in the spiral ligament of the basal
turn (Figs. 5C, 6C). No animals from the rare �3 line were killed
at 6 weeks.

At �24 weeks, �5, �2, and �3 nulls all showed virtually com-
plete loss of inner and outer hair cells throughout the basal 15%
of the cochlear spiral (Fig. 5B,D,F), i.e., from �40 to 90 kHz
according to the cochlear frequency map for mouse (Muller et al.,
2005). Although this spiral gradient of damage does not mirror
the apex-to-base gradient of GABAergic innervation density
(Maison et al., 2003a), the hair cells of the extreme base are par-
ticularly vulnerable to a range of cochlear manipulations (Wang
et al., 2002), and there are previous reports suggesting that long-
term effects of cochlear de-efferentation in the adult include hair
cell loss in the basal turn (X. Y. Zheng et al., 1999).

In addition, there was partial loss of
spiral ganglion cells but only in cochlear
regions in which inner hair cells were de-
stroyed. There was also widespread loss of
type IV fibrocytes, seen in all ears and
spreading farther apically than at the 6
week survival (Figs. 5B,D,F, 6B,D,F). In
the �2 line only, there was also widespread
loss of a small population of fibrocytes in
the spiral limbus, always positioned near
where the limbus meets the osseous spiral
lamina (Figs. 5D, 6D). This characteristic
pattern of limbic degeneration was seen in
all �2 ears examined at �24 week survival.
As can be seen in Figure 6, these fibrocyte
losses, although clear-cut, represent only a
small fraction of the cells in the spiral liga-
ment and spiral limbus, which otherwise
appear quite normal in the mutant lines.
No changes in the stria vascularis were ev-
ident in this light microscopic evaluation.

Abnormalities in afferent and
efferent innervation
Immunostaining of cochlear whole
mounts revealed abnormalities in both the
afferent and efferent innervation of the co-
chlea in the mutant lines. Anti-NF immu-
nostaining reveals all of the unmyelinated
fibers within the organ of Corti. Although
it stains both afferent and efferent fiber
populations, the characteristic spatial or-
ganization of these two fiber classes allows
for them to be differentiated, at least in
broad outline. In some ears, anti-
neurofilament was combined with immu-
nostaining for VAT, which, in mouse,
stains all efferent terminals under the
OHCs and in the inner spiral bundle, from
which contacts with cochlear nerve fibers

and inner hair cells arise (Maison et al., 2003a). In others, VAT
staining was combined with staining for glutamic acid decarbox-
ylase (GAD), to assess the extent of colocalization of cholinergic
and GABAergic markers in the efferent terminals.

The efferent innervation of OHCs was dramatically and selec-
tively reduced in all three mutant lines with threshold shift, al-
though the age of onset of the reduction differed among the three.
Loss of afferent fibers was seen only in the �3 mutants.

At 6 weeks, the �2 null ears already showed loss of efferent
terminals: confocal images (Fig. 7D–F) of anti-VAT (green)-
stained sensory cells shows reduced density of efferent terminals
under OHCs in all cochlear regions compared with place-
matched images from wild-type ears (Fig. 7A–C). The partial
OHC de-efferentation is also seen in the reduced number of
tunnel-crossing NF-stained (red) axons headed for the OHC re-
gion (Fig. 7E, arrow). This partial de-efferentation is consistent
with the reduction in shock-evoked efferent effects in the �2 null
ears tested at the same age (Fig. 3B).

At 6 weeks, the efferent innervation density in the �5 nulls was
normal: compare VAT staining of efferent terminals in Figure 7,
H and B. This is consistent with the normal magnitudes of shock-
evoked efferent effects seen in these mutants when tested at the same
age (Fig. 3A). Double staining for VAT and GAD in these ears shows

Figure 7. Immunostaining for a cholinergic marker (VAT) and a GABAergic marker (GAD) reveals loss of OHC efferent terminals
in the �2 null at 6 weeks (D–F ) but not the �5 null (G–I ) compared with age-matched controls (A–C). A–F show projections
from confocal z-stacks through cochlear whole mounts double stained for VAT (green) and NF-200 (red). Only merged images are
shown. In x and y, the images span the organ of Corti from the OHCs to the inner spiral bundle (ISB). In z, the stack spans the region
in which efferent terminals are found. Three cochlear regions are shown: 8 kHz (A, D), 16 kHz (B, E), and 32 kHz (C, F ). G–I, Double
staining for VAT (green, H ) and GAD (red, G) shows normal efferent innervation in the 16 kHz region of an �5 null ear and the
normal pattern of colocalization of GABAergic and cholinergic markers. Scale bar in D applies to all panels.
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that the normal colocalization of GABAergic
and cholinergic markers presynaptically has
not been disturbed by the loss of the �5 re-
ceptor in these mutants (Fig. 7G–I).

To determine whether the reduced in-
nervation in �2 mutants represents a fail-
ure of development or a postdevelopmen-
tal degeneration, we examined ears at 10
and 21 d. As shown in Figure 8, efferent
terminals develop normally in both �5 and
�2 mutants: innervation of the first row
first appears at approximately postnatal
day 10 (P10) (Fig. 8C,E) and is fully devel-
oped by P21 (Fig. 8D,F). By 24 weeks, de-
generation of OHC efferent terminals was
also seen in �5 mutants: VAT-positive ter-
minals were reduced to a degree compara-
ble with that seen in the �2 mutants at 6
weeks (data not shown).

In �3 mutants at 24 weeks (Fig. 9),
anti-NF staining also revealed a decrease in
OHC efferent innervation. Low-power
views (Fig. 9A,D) show reduced number
of tunnel-crossing efferent axons in the �3
mutant compared with the same cochlear
region of the age-matched wild type. The
high-power views (Fig. 9B,C vs E,F), ac-
quired as a z-stack, also reveal a decrease in
the afferent innervation of inner hair cells.
To view these cochlear nerve afferent ter-
minals, we crop the z-series over the inner
spiral bundle (dashed rectangle in B and E)
and rotate to view as an x–z projection (C
and F). In this “side” view, afferent termi-
nals are seen as thin stalks rising from the
region of the inner spiral bundle and end-
ing as terminal swellings (e.g., open arrow-
head in C). Comparison of the stacks sug-
gests a significant loss of afferent terminals
in the null ear; similar findings were made
in the only other �3 null ear immuno-
stained for innervation analysis. Analysis
of similar anti-NF-stained image stacks
from �2 and �5 null and wild-type ears
failed to reveal any significant loss of afferent terminals in these
other two lines (data not shown).

The loss of efferent innervation seen in the three receptor
mutants could reflect degeneration of the peripheral terminals
arising from either loss of GABA signaling with OHCs or from
loss of the neuron itself attributable to loss of somatic signaling
from its GABAergic inputs. To distinguish these possibilities, we
stained brainstems for acetylcholinesterase (AChE), which, in the
vicinity of the olivary complex, labels only olivocochlear neurons
(Campbell and Henson, 1988; Brown, 1993): Figure 10 shows a
normal complement of AChE-positive olivocochlear neurons in
the �2 mutant at 4 months, well beyond the age at which the
cochlear efferent terminals have disappeared.

Localization of receptor subunits
Localization of GABAA receptor subunits was studied immuno-
histochemically for �5, �2, and �3, the three subunits for which
deletion led to a cochlear phenotype. For all antibodies used, the
null mice for the receptor in question were used as negative con-

trols to ensure the specificity of the resultant label. Only material
from 6 week animals was examined.

For �2 and �3 subunits, there was diffuse immunostaining in
OHCs especially in the apical half of the cochlea (Fig. 11A). Using
an antibody that cross-reacts with both �2 and �3 subunits, we
also saw staining in the inner spiral bundle area beneath the inner
hair cells (Fig. 11B). With an antibody specific for the �3 subunit,
we saw punctate staining ringing the cell bodies of selected spiral
ganglion cells and the axoplasm of selected neuronal processes in
the osseous spiral lamina (Fig. 11C,D). For the �5 subunit, we
were unable to produce any reliable immunostaining in the wild-
type that was absent in the null.

No attempts were made to immunostain cochleas for �1, �2,
or � subunits, which produced no cochlear phenotype when de-
leted. However, the �6 null line was created with a lacZ reporter
gene insert that may be useful in assessing the expression pattern:
when reacted appropriately, cochlear sections from the homozy-
gous null animals showed no signal; cerebellar granule cells from
the same animals served as a positive control.

Figure 8. Immunostaining for VAT (green) and NF (red) in developing mice reveals a normal density of OHC efferent terminals
at P10 and P21 in both �2 and �5 nulls. A–F, x–y projections from confocal z-stacks through cochlear whole mounts from the 16
kHz region: only merged images are shown. In x and y, the images span the organ of Corti from the OHCs to the inner spiral bundle
(ISB). In z, the stack spans the region in which efferent terminals are found. Arrows indicate nascent efferent terminals under
first-row OHCs in the P10 images. G–I, y–z projections of the 21 d images. Arrowheads point to the efferent terminal clusters
under each of the three rows of OHCs. Scale bar in A applies to all panels.
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Discussion
Cochlear GABAergic innervation and receptor
subunit expression
There is a robust GABAergic efferent innervation in developing
and adult cochleas. In mouse and rat, GABAergic efferent termi-
nals appear in the IHC area by P0 and on OHCs by P7 (Whitlon
and Sobkowicz, 1989). In the developing IHC area, these termi-
nals contact both IHCs and afferent terminals. In the adult,
GABAergic innervation of the IHC area extends throughout the
cochlea, whereas the extent of GABAergic OHC innervation var-
ies with species: in guinea pig, it is restricted to the apical half of
the cochlea (Eybalin, 1993), whereas in mouse, it is present from
base to apex, and GABAergic and cholinergic markers colocalize
in efferent terminals in both IHC and OHC areas (Maison et al.,
2003a).

An RT-PCR study reports that the
mouse inner ear, at P14 –P18, contains all
three � subunits, all six � subunits, and the
�2 subunit (not �1 or �3) but does not
contain the � subunit (Drescher et al.,
1993). Studies in rat confirm the presence
of �1–�6, �1–�3, and �1–�3 and the ab-
sence of � in the vestibular portion of the
inner ear (Cheng and Kong, 2003). Immu-
nohistochemical and in situ hybridization
studies confirm the patterns reported here,
i.e., that � and � subunits, including �1,
�2, �5, �2, and �3, are expressed in tissues
targeted by GABAergic efferents, i.e.,
OHCs and spiral ganglion cells, or the neu-
ropil under IHCs (Zheng et al., 2004).

Based on these data, the lack of cochlear
phenotype in the � knock-out may reflect a
lack of cochlear expression. The lack of co-
chlear phenotype for �1, �2, and �6 is
more surprising, because �2 and �6 are
reportedly plentiful in the cochlea (Dre-
scher et al., 1993). Compensatory changes
in other � subunits [e.g., �2 and �3 are
upregulated in �1 knock-outs (Kralic et
al., 2002)] may mask a cochlear pheno-
type. Alternatively, the relevant GABAer-
gic system for the receptors containing
these subunits may not be “engaged” by
our assays. However, our ABR/DPOAE as-
say has detected subtle changes in neuro-
transmission by IHC area efferents, e.g., in
mice lacking calcitonin gene-related pep-
tide, a transmitter colocalized with GABA
and ACh (Maison et al., 2003b).

The cochlear phenotypes seen with loss
of �5, �2, or �3 suggest that these subunits
are important in the mature ear (see be-
low). Given that �3 does not substitute for
�2 and vice versa (Rudolph and Mohler,
2004) and the cochlear subunit distribu-
tion summarized above, it appears that
GABAergic targets in the cochlea express
at least �5�2� and �5�3� receptor com-
plexes. However, the phenotypic differ-
ences between �5 and �2 nulls (i.e., only
�2 null showed sex differences and a neu-
ral component to the progressive thresh-

old shifts) suggest that other receptor combinations also
participate.

Minimal GABAergic effects on signal processing
GABA effects on OHCs and the cochlear amplifier
OHCs display electromotility (Brownell, 1990) that drives a co-
chlear amplification process that mediates threshold sensitivity
(Liberman et al., 2002). GABA application on guinea pig OHCs
can reduce electromotility, hyperpolarize the cells, and alter their
stiffness (Sziklai et al., 1996; Batta et al., 2004). When present,
these effects are (1) blocked by picrotoxin and potentiated by
benzodiazepines (Gitter and Zenner, 1992), consistent with
GABAA receptors, including a � subunit, and (2) restricted to apical
OHCs, consistent with evidence that GABAergic terminals in guinea
pigs are restricted to apical OHCs (Fex and Altschuler, 1986).

Figure 9. Anti-neurofilament immunostaining reveals a reduction in afferent and efferent innervation of hair cells in the
GABAA �3 nulls at 24 weeks. A and D show low-power views from the middle of the cochlea in a wild type and �3 null,
respectively. The image is focused at the level of the tunnel of Corti at which efferent axons (open arrows) cross to OHCs. The inner
spiral bundle (ISB) contains spiraling efferents in the region under IHCs. Scale bar in D applies to A as well. B and E show
high-power (100� objective) z-series projections from selected regions of the same cochlear pieces shown in A and D, respec-
tively. These images constitute the superposition (darkest pixel) of 75 images acquired at 0.5 �m intervals, spanning the focal
depths over which fibers cross from the inner spiral bundle to the OHCs, including both thin OHC afferents (filled arrowhead) and
thicker OHC efferents (open arrowhead). C and F show the x–z projections of the same image stacks shown in B and E, respectively,
first cropped to include only the IHC region (see dashed lines in B and E). This projection reveals immunostained afferent terminals
(e.g., open arrowhead in C) contacting the sides of IHCs. Scale bar in E applies to B, C, and F as well.

Figure 10. AChE staining shows medial olivocochlear neurons and their proximal dendrites in the superior olivary complex:
even at 4 months of age, there is no obvious loss of olivocochlear neurons in the �2 null mutants. Photomicrographs in B and C are
taken from the ventral regions of the olivary complex (schematic in A), just rostral to the rostral tip of the lateral superior olivary
nuclei, in which the concentration of medial olivocochlear neurons is greatest. Arrows point to AChE-positive cell bodies in each
image.
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Thus, GABA release from OHC efferent terminals in vivo
might elevate cochlear thresholds. Indeed, OHC efferents com-
prise the effector arm of a negative-feedback loop, which reduces
OHC contributions to cochlear amplification and raises cochlear
thresholds, as seen in our assays (Fig. 3). However, this efferent-
mediated suppression disappears in a mouse lacking the �9 nic-
otinic ACh receptor (Vetter et al., 1999), despite the maintenance
of a robust OHC efferent innervation. Given that GABA and ACh
are colocalized in OHC efferents and assuming that GABA is
released from efferent terminals, such negative results are not
consistent with an independent effect of GABA on OHC electro-
motility in vivo.

In humans, benzodiazepines decrease the magnitude of
efferent-mediated suppression of otoacoustic emissions elicited
by contralateral sound (Morand et al., 1998). Although this effect
could arise in the cochlea, an enhancement of GABAergic effects
at this locus should enhance cochlear suppression rather than
reduce it. Furthermore, the central circuitry driving this sound-
evoked reflex likely includes GABAergic inhibitory inputs, whose
actions could be enhanced by benzodiazepines, thus producing
the observed reduction in reflex strength.

Rather than subserving an independent action on OHC mo-
tility, GABA at the OHC/efferent synapse could modulate cho-
linergic effects. Indeed, we found reduction in electrically evoked
efferent suppression in �2 nulls (Fig. 3). However, histological
analysis revealed a reduction in density of OHC efferents. Thus,
our data suggest a GABAergic role in maintenance of the efferent

innervation rather than in the phasic modulation of their periph-
eral effects.

GABA effects on IHCs and sensory neurons
There are few studies of GABAergic effects on IHCs or primary
sensory neurons. One in vitro study on neonatal spiral ganglion
cells reports that GABA elicits inward currents with GABAA phar-
macology (Malgrange et al., 1997), whereas another reports
GABAB-like effects (Lin et al., 2000). In the lateral line, GABA
depresses spontaneous neural discharge, but the pharmacology
and the site of action have not been extensively investigated (Bob-
bin et al., 1985; Mroz and Sewell, 1989). In vivo data for the
mammalian ear are limited to cochlear perfusion in guinea pig in
which GABA decreased glutamate-induced spiking in apical af-
ferents without affecting background spontaneous rates (Felix
and Ehrneberger, 1992).

Unmyelinated efferents innervating cochlear afferents and
IHCs are not activated by shocks at the site used in this study
(Guinan, 1996). However, indirect activation by shocking the
inferior colliculus causes slow changes in cochlear nerve re-
sponse, either excitation or inhibition depending on the locus
stimulated, suggesting that two complementary feedback systems
titrate the excitability of cochlear nerve dendrites (Groff and
Liberman, 2003). A GABAergic subsystem is an obvious candi-
date for the inhibitory pathway; however, present results do not
support this idea. Loss of four of the GABAA receptor subunits
had no effect on cochlear nerve thresholds or evoked neural am-
plitudes. The phenotypes observed in the other three (�5, �2, and
�3) include clear evidence for cochlear nerve abnormalities (loss
of afferent terminals in the �3 and disproportionate elevation of
ABR thresholds in the �2), but the nature of the changes, and
their progression with age, suggest a role for GABA in the main-
tenance of afferent innervation rather than in phasic modulation
of its excitability.

Dramatic GABAergic effects on neuronal maintenance and
sexual dimorphism
In mice and humans, there are gender differences in cochlear
function and dysfunction, e.g., in age-related hearing loss
(Henry, 2002). The gender effect in the �2 cochlear phenotype is
interesting, because GABA has been implicated in sexual differ-
entiation of the brain via estradiol-induced differences in chlo-
ride concentration in target cells, which influence the timing of
the developmental transition from excitatory to inhibitory
GABAergic effects (McCarthy et al., 2002). Both rat and mouse
inner ear express estrogen receptors, especially on type I ganglion
cells (Stenberg et al., 1999), the generators of the neural responses
severely affected in the �2 nulls.

The phenotypes observed in all affected GABAA knock-out
lines suggest OHC dysfunction (DPOAE threshold elevation),
dysfunction of primary sensory neurons (ABR elevation �
DPOAE elevations), and partial de-efferentation of OHCs. In
addition, the �3 line showed partial de-afferentation of IHCs
(Fig. 9), as well as shrinkage of calretinin-positive spiral ganglion
cells (Koo et al., 2002). The observation that threshold elevations
are progressive (in both �5 and �2; �3 not tested) indicate that
the GABAergic innervation of the cochlea is important in main-
tenance of both hair cells and neurons. The mechanisms are un-
clear, but GABAergic transmission in the CNS can decrease glu-
tamatergic activity (Green et al., 2000), and glutamate-induced
excitotoxicity causes acute damage to cochlear nerve terminals
(Puel et al., 1998) and may initiate slow-onset neuronal degener-
ation seen in mice aging after early noise exposure (Kujawa and

Figure 11. Immunostaining patterns in wild-type ears for GABAA �2 and �3 subunits. A,
Outer hair cells stained with an antibody to the GABAA �2 subunit. An OHC from the third row is
shown at the arrow. B, Fibers and terminals in the inner spiral bundle area (white arrow)
immunostained with an antibody to both �2 and �3 subunits. The arrowhead points to the IHC
nucleus. C, Immunolabeling of the perimeter of selected spiral ganglion cells (white arrow) and
selected axons (arrowhead) with an antibody to the GABAA �3 subunit. D, Immunolabeling
outlines selected peripheral axons in the osseous spiral lamina (OSL) using the same anti-�3
antibody as in C. Scale bar in A applies to all images.
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Liberman, 2006). Adult-onset degeneration of cochlear neurons
is also seen with targeted deletion of the �2 nicotinic ACh recep-
tor (Bao et al., 2005).

The observation that the efferent innervation of OHCs devel-
ops normally in �5 and �2 nulls and then degenerates, rapidly in
the �2 (by 6 weeks) and less rapidly in the �5 (by 24 weeks),
demonstrates a key role for GABAergic transmission in long-
term maintenance of efferent synaptic terminals The observation
that somata of OHC efferents in the superior olive are normal in
number and dendritic morphology several months after their
peripheral terminals have disappeared implies that the neuronal
degeneration in the cochlea does not arise from the loss of
GABAergic synaptic transmission between the olivocochlear
neuron and its central circuitry; rather, it arises because of the loss
of GABAergic signaling between the OHC and its efferent
synapse.

In summary, our results suggest minimal short-term influ-
ence of GABAA signaling on cochlear responses to sound but
important long-term influences on health of sensory cells and
their innervation. The progressive nature of the degenerative
changes seen after perturbation of GABAergic signaling suggests
a role for GABA in the etiology of sensorineural hearing loss in
general and age-related hearing loss in particular.
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