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Rationale for studying the CNS
Hearing loss during early life may lead to per­
manent deficits in auditory perceptual skills, 
and difficulties in the acquisition of speech and 
language [1–7]. Although these effects are par­
ticularly severe following long periods of audi­
tory deprivation, even the temporary elevation 
of thresholds can disrupt auditory processing 
[8–10]. Transient bouts of hearing loss due to ear 
canal blockade, infections or trauma are com­
mon during childhood, a time when the nerv­
ous system is still developing and is particularly 
vulnerable to the disruption of acoustic expe­
rience. It is possible that deficits may persist 
owing to alterations of synapses and circuits 
within the central auditory system even when 
peripheral hearing is restored. Thus, to better 
understand the cellular basis of these deficits, 
it is important to examine how developmen­
tal hearing loss modifies central synapses and 
circuits. 

The proper establishment of central audi­
tory connections is specified initially by genetic 
mechanisms. By contrast, later maturation 
depends upon spontaneous and acoustically 
driven activity. It is during this later period of 
development that hearing loss can affect neu­
ral properties. Perturbations of sensory experi­
ence have long been known to alter excitatory 
synapses; this principle extends to synaptic 
inhibition. In the CNS, activation of inhibi­
tory neurons leads to the release of glycine or 
GABA, which generally open chloride chan­
nels. An influx of chloride ions causes the mem­
brane potential of the postsynaptic neuron to 

hyperpolarize, making it less excitable. The dis­
charge rates of postsynaptic cells thus depend 
upon the net integration between such inhibi­
tion and excitatory activity. Perturbations in 
inhibitory neural circuits may lead to excito­
toxicity, epilepsy and psychiatric disorders, such 
as schizophrenia and autism [11]. Inhibition may 
also play a fundamental role in all aspects of 
central auditory processing. Therefore, it is 
imperative to understand how specific features 
of inhibitory neurons and synapses are altered 
by hearing loss, and how these changes impact 
the neural circuits that encode acoustic cues. 
In this review, we describe the alterations to 
inhibitory synapses throughout the central 
auditory pathway that attend moderate to pro­
found hearing loss in animal models. We then 
propose how these alterations could be linked 
to behavioral deficits, and how this may direct 
us to novel therapeutic approaches.

Deficits associated with developmental 
sensorineural hearing loss & conductive 
hearing loss
There are many forms of hearing loss with dif­
ferent causes and degrees of severity, but they 
are generally categorized into either sensori­
neural hearing loss (SNHL) or conductive 
hearing loss (CHL). SNHL results from a dis­
order of the inner ear, the auditory nerve, or 
the central auditory nervous system, and can 
range from mild to profound elevation of hear­
ing thresholds. Severe to profound SNHL is 
observed in six out of 1000 children [12,13]. This 
may be congenital or caused by environmental 
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factors, including viral infection, noise-induced 
trauma or ototoxic drugs, such as certain anti­
biotics [14]. Most forms of SNHL are irrevers­
ible, and are treated either with hearing aids or 
cochlear prostheses [14]. The capacity of coch­
lear prostheses to restore auditory function 
depends on the age of implantation. Children 
who are implanted between 1 to 2 years of age 
display significantly better speech perception 
and language development as compared with 
those children implanted between the ages of 
2 and 3 years [15,16]. Since the majority of chil­
dren receive implants between 2 and 6 years of 
age [17], this may result in a significant period 
during which the central auditory nervous 
system is deprived of activity. 

Conductive hearing loss results in poor trans­
mission of sound waves through the outer or mid­
dle ear, leading to elevated thresholds. One form 
of CHL, otitis media, is due to the inflammation 
of the middle ear and is the most frequently diag­
nosed disease in infants and children [18]. Otitis 
media generally leads to a 20–28 dB elevation of 
hearing thresholds, and severe cases can increase 
thresholds up to 50 dB [19–21]. By one estimate, 
20% of children may experience unilateral 
or bilateral otitis media for more than half of 
their first three years of life [13]. Although nor­
mal hearing thresholds are usually restored by 
treating the infection, children who experience 
chronic or recurring ear infections may be at 
risk of developing with perceptual speech and 
language disabilities [1,2,7,22–25]. However, the 
long-term impact of otitis media is a contro­
versial issue [7]. Despite the important clini­
cal relevance of understanding the synaptic 
changes associated with developmental CHL, 
this has been examined in only a few studies. 
Therefore, this review is focused on SNHL, but 
will discuss the similarities between these two 
forms of hearing loss.

Both SNHL and CHL can result in deficits in 
the development of speech and language acquisi­
tion [1,25,26–31]. Deficiencies in auditory processing 
may also have implications for certain aspects of 
learning [32]. These complex deficits in language 
and learning may result, in part, from abnormal 
processing of basic auditory cues [33]. The goals 
of the basic research described below are to first 
understand how the CNS is altered following 
hearing and then determine how these cellular 
changes can explain deficits in auditory process­
ing. Towards this end, we will focus on changes 
that occur at inhibitory synapses, and ask how 
these changes could impact sound localization 
and frequency discrimination. 

Hearing loss affects sound localization: 
role of altered inhibitory connections 

Role of experience in sound localization
The ability of most animals to locate the source 
of sound in space depends upon the comparison 
of acoustic cues at the two ears. This ability 
can be compromised by hearing loss, as dem­
onstrated in humans with unilateral CHL due 
to a closed ear canal (i.e., atresia). Following 
surgery to correct the atresia, the ability of sub­
jects to locate sounds in the free field remains 
impaired [9]. Sound localization is not only 
crucial for determining the source of a sound, 
but for segregating sounds in a multiple sound 
environment. For example, sound localization 
may be important for detecting the voice of a 
speaker in a crowded, noisy room. This is some­
times referred to as the ‘cocktail party effect’. 
Children aged between 6 and 12 who were 
diagnosed with recurrent otitis media prior 
to 5 years of age were tested with a laboratory 
version of this cocktail party effect, and their 
performance was significantly worse than con­
trol children, although it can return to normal 
over the course of two years [8,34]. 

Animal studies suggest that the effects of 
hearing loss on binaural percepts may be due, 
in part, to altered responses of central neurons 
that encode sound location. Animals localize 
sounds along the azimuth by computing the 
difference in intensity (interaural level differ­
ence [ILD]) or arrival time (interaural time 
difference [ITD]) of a sound between the two 
ears. Experimental studies demonstrate that 
CHL can disrupt the maturation of ILD and 
ITD coding [35–38]. For example, monaural 
CHL in barn owls results in changes of ILD 
coding in midbrain neurons. When one ear is 
first plugged, the sound level required to acti­
vate afferents from that ear is much greater than 
normal, distorting the ILD values. However, 
if the earplugs are kept in place during devel­
opment, the inputs from each ear are adjusted 
such that ILD coding properties are reasonably 
normal in adulthood [38]. This ability of the 
CNS to adapt to early hearing experience is also 
evidenced by shifts in ITD and ILD tuning in 
owls chronically implanted with a filter in one 
ear to distort the interaural timing and inten­
sity level of sounds [39–41]. However, when nor­
mal hearing is restored, these adjusted ILD and 
ITD responses are no longer accurate for sound 
localization. Thus, understanding the physio­
logical adjustments that occur during develop­
ment at the level of synapses and circuits may 
be a prerequisite for clinical intervention. 



www.futuremedicine.com 333future science group

Hearing loss disrupts synaptic inhibition Review

Examining synaptic inhibition in  
brain slices 
To evaluate the impact of hearing loss on syn­
aptic inhibition, many of the studies presented 
in the following sections have used brain slice 
preparations. In these experiments, the brain is 
rapidly removed from an anesthetized animal. 
Slices are then cut and placed in a chamber 
with oxygenated artificial cerebral spinal fluid to 
keep the tissue alive. Intracellular recordings are 
then obtained from single cells in specific audi­
tory regions, such as the lateral superior olive, 
the inferior colliculus and the auditory cortex 
(Figure  1). Using this method, the inhibitory 
inputs can be selectively assessed electrophysi­
ologically and pharmacologically. Inhibitory 
neurons are stimulated with extracellular elec­
trodes and the resulting inhibitory postsynap­
tic potentials (IPSPs) or currents (IPSCs) are 
recorded. To isolate inhibition, excitatory trans­
mission is generally blocked with glutamate 
receptor antagonists. In some of the anatomical 
experiments described, single inhibitory neurons 
were filled with horseradish peroxidase to exam­
ine the morphology of these projections. Many 
of the studies presented in this review have used 
gerbils because their auditory system matures 
at a rapid pace [42,43] and their audiogram is 
similar to that of humans, especially within the 
low‑frequency domain.  

Role of inhibition in sound  
localization circuits
In mammals, azimuthal sound location is first 
processed in two auditory brainstem nuclei, the 
lateral superior olivary (LSO) nucleus and the 
medial superior olivary (MSO) nucleus. In each 
of these nuclei, an inhibitory projection from the 
medial nucleus of the trapezoid body (MNTB) 
plays a critical role in the computation (Figure 2A). 

Lateral superior olivary neurons compute the 
position of a high-frequency sound based on the 
difference in sound levels at the two ears owing to 
attenuation of sound by the head [44]. The LSO 
receives a glycinergic inhibitory projection from 
the MNTB and an excitatory projection from 
the cochlear nucleus (CN) [44]. When the sound 
source is located ipsilateral to a LSO, the ipsi­
lateral excitatory pathway from the CN is maxi­
mally activated, while the contralateral inhibitory 
pathway is minimally activated owing to sound 
attenuation. In this case, the LSO neuron dis­
charge rate is maximal. When the sound source 
is contralateral to a LSO, the inhibitory pathway 
is maximally activated and the LSO neuron dis­
charge rate is low. ILD coding is quite dynamic 
during development, owing to natural modifica­
tions of the inhibitory pathway after the onset of 
hearing [42,45]. This implies that the proper matu­
ration of inhibition is essential for ILD coding 
and could be disrupted by early hearing loss. 

LSO

MNTB

Lateral superior olive

ACx

MG

Auditory cortex

IC

LL

Inferior colliculus

Figure 1. Experimental model to examine synaptic inhibition in the auditory system. 
Schematic of a gerbil head representing the areas from which brain slices are generated (arrows).  
(A) Slice preparation showing the location of the LSO and MNTB. MNTB inhibitory projections (red) 
can be directly activated with an electrode while whole-cell recordings are obtained from an 
individual LSO neuron. (B) Slice preparation showing the location of the IC. Inhibitory afferents (red) 
arising from the LL can be directly activated while recordings are obtained from individual IC cells. 
(C) Thalamocortical slice preparation showing one half of the brain containing the MG and its 
excitatory projection (green) to the ACx. Intracortical inhibitory afferents (red) can be activated by a 
stimulating electrode while recordings are obtained from pyramidal cells.  
ACx: Auditory cortex; IC: Inferior colliculus; LL: Lateral lemniscus; LSO: Lateral superior olivary 
nucleus; MG: Medial geniculate nucleus; MNTB: Medial nucleus of the trapezoid body.
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For ITD processing, the MSO computes the 
microsecond difference in the arrival times of 
a low-frequency sound at the two ears. In this 
circuit, MSO cells receive bilateral excitatory 

projections from the CN and act as coincident 
detectors, firing maximally when the excitatory 
inputs arrive simultaneously. MNTB inhibi­
tory afferents also project to the MSO, and are 

LSO

LSO

MNTB

Cochlea Cochlea
MSO

MSO

MNTB

Cochlea Cochlea

ITD

ILD

t

SNHL

ControlControl

SNHL

Figure 2. Hearing loss affects development of medial nucleus of the trapezoid body 
inhibitory afferents to brainstem nuclei. (A) (Top) Simplified schematic of a gerbil receiving two 
important sound cues for localization, ILD and ITD. (Bottom) Slice preparations showing the neural 
circuits that process these cues. ILD coding in the LSO nucleus is represented by the integration of 
excitatory drive from sound at the ipsilateral ear and MNTB inhibitory input driven by sound at the 
contralateral ear. ITD coding in the MSO nucleus is represented by the coincidental timing of excitatory 
drive from the two ears. MNTB inhibitory inputs to the MSO are involved in fine-tuning the ITD 
sensitivity of MSO neurons. (B) Hearing loss prevents the developmental refinement of inhibitory 
projections to the LSO and MSO. (Left) In the control LSO, inhibitory arborizations are spatially 
restricted along the frequency axis. The branching pattern of a single MNTB axon is shown within the 
LSO. Following contralateral SNHL, these arbors are significantly expanded, suggesting perturbed 
specificity [53]. (Right) In the control MSO, inhibitory projections are restricted to the soma. A schematic 
is shown of a single MSO neuron receiving MNTB inhibitory input with the red circles representing 
terminal boutons. Following contralateral SNHL, the inhibitory synapses remain distributed across the 
somatodendritic axis, and do not become localized to the soma [56]. 
ILD: Interaural level difference; ITD: Interaural time difference; LSO: Lateral superior olivary;  
MSO: Medial superior olivary; SNHL: Sensorineural hearing loss.
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involved in the ITD computation [46–48]. The 
MNTB inhibitory projections to both MSO 
and LSO are modified during normal devel­
opment, and early hearing loss profoundly 
impacts this maturation, as discussed below.

Development of MNTB projections to LSO 
is perturbed by hearing loss 
To understand the influence of early hearing loss 
on inhibitory structure and function, it is essential 
to first study the development under normal cir­
cumstances. In the LSO, single MNTB terminal 
arborizations become physically restricted during 
postnatal development [49,50]. Furthermore, the 
number of MNTB afferents that innervate each 
LSO neuron declines two-fold during the first 
three postnatal weeks, and the remaining inhibi­
tory afferents become much stronger [50,51]. The 
idea that inhibitory synapses are refined along the 
LSO axis during postnatal development is sup­
ported by the observation that glycine receptor 
expression is modified over the same ages [45]. 
Thus, it is evident that inhibitory terminals are 
quite dynamic during development, and this leads 
to a high degree of inhibitory synapse specificity 
within the LSO that is necessary for ILD coding. 

Is this normal developmental pruning of the 
MNTB afferents in the LSO affected by hear­
ing loss? In the gerbil and other small rodents, 
airborne sound can first elicit a response from 
the cochlea at approximately postnatal day (P) 
12 [43,52]. Therefore, the influence of experience 
was assessed in gerbils by ablating one cochlea 
at P7, and thus functionally deafferenting one 
MNTB. Pups with this unilateral SNHL were 
raised for approximately 1 week after hearing 
onset and compared with controls that had 
developed with normal auditory experience 
during this time. Following unilateral SNHL, 
MNTB arborizations failed to attain the normal 
level of specificity within the LSO. As shown in 
Figure 2B, the arbors were more spread out, similar 
to those in younger animals [53]. Consistent with 
this finding, bilateral SNHL prevented the dis­
tribution of glycine receptors from attaining the 
adult pattern [54]. Together, these studies suggest 
that the refinement of inhibitory MNTB arbors 
within LSO is delayed or prevented by SNHL. 
If similar changes were to accompany moderate 
forms of SNHL, this could compromise the abil­
ity of LSO neurons to encode the range of ILD 
cues essential for sound localization. LSO neu­
rons would not integrate afferents that carry the 
same frequency information, because contral­
ateral inhibition fails to target a specific region 
along the LSO tonotopic axis. 

Development of MNTB projections to 
MSO is perturbed by hearing loss
The postnatal development of MNTB projec­
tions to the MSO is also dramatically affected 
by hearing loss. Single MNTB arborizations 
undergo developmental refinement across the 
tonotopic axis of MSO, analogous to that which 
occurs in the LSO. Furthermore, the refinement 
of inhibitory arbors occurs at individual MSO 
cells. Inhibitory terminals are gradually elimi­
nated from the dendrites, becoming confined 
to the cell body [55]. Changes in the distribution 
patterns of glycine-containing boutons and gly­
cine receptor clusters on MSO neurons confirm 
that both pre- and post-synaptic elements of these 
inhibitory synapses are eliminated [56]. 

The effect of SNHL was assessed by ablating 
one cochlea before hearing onset. As illustrated 
in Figure 2B, SNHL animals displayed inhibitory 
terminals distributed on the dendrites, simi­
lar to neonates. Furthermore, this immature 
inhibitory innervation pattern persisted into 
adulthood [56]. Rearing developing animals in 
omnidirectional white noise, which reduces ITD 
cues, also disrupted the refinement of inhibitory 
projections to the cell body [55,56]. Furthermore, 
single MNTB axonal arbors in these noise-
reared animals displayed a significant increase in 
spread across the MSO tonotopic axis [55]. Since 
ITD coding is impaired in these animals [57], it is 
possible that the unrefined inhibitory synaptic 
contacts are responsible. Specifically, deficient 
inhibitory somatic innervation after SNHL or 
noise rearing may diminish the role of these 
inputs in the integration of ipsilateral and con­
tralateral excitation. This may affect the range 
of MSO responses to physiological ITDs [46,47]. 
As in the LSO, the lack of specificity of inhibi­
tion along the tonotopic axis of the MSO after 
hearing loss may disrupt integration of inputs 
carying the same frequency information. 

Synaptic mechanisms of altered MNTB 
inhibitory projections
What synaptic mechanisms underlie the refine­
ment of MNTB neurons during development? 
In an independent set of experiments, it was 
discovered that MNTB synapses display an 
activity-dependent form of long-term depression 
(LTD) that could support synapse elimination. 
Low-frequency stimulation of MNTB affer­
ents produces a profound LTD of the evoked 
inhibitory synaptic potentials or currents. This 
inhibitory LTD is age-dependent; it is promi­
nent during the period of synapse elimination 
and declines during the third postnatal week [58]. 
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The discovery that early synapses in the 
MNTB–LSO circuit release GABA led to the 
hypothesis that GABA is necessary for the induc­
tion of inhibitory LTD. Classically, inhibitory 
transmission within the LSO was thought to 
be exclusively glycinergic [59–62]. However, by a 
combination of electrophysiological and electron 
microscopic immunocytochemical assays, it was 
revealed that inhibitory synapses from the MNTB 
primarily release GABA during the first postnatal 
week, but gradually switch to glycine by the third 
week [63,64]. In an elegant study, Nabekura and 
coinvestigators demonstrated colocalization and 
corelease of GABA and glycine from individual 
inhibitory terminals [65]. The early release of 
GABA appears to be important for inhibitory 
LTD. Repetitive focal application of GABA to 
individual LSO neurons resulted in depression 
of inhibitory potentials, while similar glycine 
applications did not produce any depression 
[66]. GABA binding to the G-protein-coupled 
GABA

B
 receptor was found to mediate this 

LTD [66,67]. These results led to the hypothesis 
that the activity-dependent refinement of inhibi­
tory terminals is supported by a LTD mechanism. 
Inhibitory synaptic LTD actually declines with 
age, while LTP becomes more prominent [58,68]. If 
the developmental pruning of MNTB arbors does 
depend on LTD, then it is possible that SNHL 
perturbs LTD itself. While this has not been 
tested, hearing loss was found to disrupt long-
term excitatory synaptic plasticity in the auditory 
cortex [69]. 

Other examples of  
experience-dependent changes in 
inhibitory projections
Several studies on the auditory pathway and other 
sensory modalities support activity-dependent 
refinement of inhibitory innervation. For exam­
ple, inhibitory afferents form a striping pattern in 
the rat auditory midbrain, resembling the ocular 
dominance columns produced by thalamic affer­
ents in the visual cortex. These ‘stripes’ emerge 
from a diffuse projection pattern during the first 
two postnatal weeks; the segregation of inhibi­
tory stripes is prevented by unilateral or bilateral 
SNHL [70,71]. Moreover, inhibitory interneurons 
in the auditory, somatosensory and visual cortices 
show changes in innervation patterns following 
developmental sensory deprivation. In contrast to 
the effects on MNTB inhibitory afferents, dep­
rivation may result in decreased projections and 
synapses of cortical inhibitory interneurons. For 
example, in the somatosensory cortex, symmetri­
cal, presumably inhibitory, synapses are reduced 

by 52% following neonatal sensory deprivation 
induced by whisker trimming from birth [72]. 
Similarly, following monocular deprivation dur­
ing a critical developmental period, the innerva­
tion of cortical inhibitory interneurons to the 
soma of excitatory pyramidal cells was reduced 
by 36% in the deprived visual cortex as compared 
with the nondeprived [73]. In the auditory cortex, 
SNHL induced by bilateral cochlear ablation 
before hearing onset leads to a significant reduc­
tion in the number of inhibitory terminals identi­
fied by glutamic acid decarboxylase (GAD

65/67
) 

immunoreactivity [74]. Thus, several independent 
and compelling lines of evidence have demon­
strated the significance of sensory experience on 
the establishment of inhibitory projections.

Hearing loss affects frequency 
discrimination: role of diminished 
inhibitory gain 

Role of experience on  
frequency discrimination 
Difficulties with speech and language acquisi­
tion after developmental hearing loss have been 
associated with an impaired ability to perceive 
frequency differences between sounds. For 
example, children with mild to moderate SNHL 
showed poor performance on a frequency dis­
crimination task compared with control chil­
dren for both high and low frequencies [75]. This 
result is consistent with reports of impaired fre­
quency discrimination in children with a history 
of otitis media [76], as well as adults with mild or 
moderate hearing loss [77]. 

Animal studies demonstrate that these behavio­
ral effects of hearing loss on frequency discrimina­
tion may be due to changes in frequency tuning 
of individual cells within the central auditory sys­
tem. Auditory regions such as the LSO, inferior 
collicus (IC), auditory thalamus and auditory cor­
tex are tonotopically organized, such that the cells 
are tuned to specific characteristic frequencies 
(CFs) and are spatially mapped along an axis from 
high to low CFs. Hearing loss can broaden tuning 
curves of single cells, shift CFs and lead to global 
changes in tonotopy. For example, frequency tun­
ing curves of IC neurons become broader follow­
ing noise- and drug-induced hearing loss [78–82] 
and in mice with congenital SNHL [83]. Partial 
hair cell damage within regions of the cochlea 
also leads to a reorganization of the cortical 
tonotopy [81,84–88]. Together, these studies show 
that central correlates of frequency discrimina­
tion are disrupted by hearing loss. Once again, 
changes in synaptic inhibition may offer a cellular 
explanation for some of these changes. 
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Role of inhibition in frequency tuning
Although outweighed by excitatory synapses 
in number, inhibitory synapses can pro­
foundly inf luence the activity of networks 
because of their distinct anatomical and func­
tional properties [89–92]. Manipulations that 
strengthen or weaken inhibition are known 
to change frequency receptive fields of audi­
tory cortical neurons. Activation of inhibitory 
circuits leads to the sharpening of excitatory 
receptive fields, while inactivation broadens 
receptive fields [93–98]. This principal applies 
generally to most regions of the central audi­
tory pathway. For example, direct pharmaco­
logical manipulations have demonstrated that 
GABAergic inhibition refines frequency tuning 
in the IC [99]. 

In the cortex, as in the brainstem, inhibi­
tion may act to narrow tuning by suppressing 
responses to stimuli that are spectrally far from 
the CF [100,101]. Single neurons in the auditory 
cortex receive information from a broad range 
of the audible spectrum, evidenced by recent 
in  vivo experiments showing subthreshold 
responses that extend well beyond the classi­
cal spiking receptive fields [100–106]. Enhancing 
inhibition by cortical application of the GABA

A
 

receptor agonist, muscimol, fully suppresses 
long-latency responses, which are thought to be 
elicited by intracortical horizontal pathways [102]. 
In addition, it has been proposed that inhibitory 
cells, themselves, have broader spiking tuning 
curves than excitatory cells, resulting in rela­
tively stronger inhibitory responses to stimuli far 
from the CF [105–109], although this issue remains 
unresolved [101,103,110,111]. 

The important role of inhibition in fre­
quency tuning implies that these connec­
tions may be involved following hearing loss. 
Pharmacological blockade of inhibition in 
the IC produces effects that closely resemble 
those induced by hearing loss. Both lead to an 
expansion of the tuning curve, particularly at 
higher intensities [80]. The idea that inhibition 
is compromised following hearing loss is fur­
ther supported by studies showing that neurons 
become significantly more excitable in the IC 
[80,112–114] and cortex [115–118]. For example, one 
study evaluated response thresholds of neu­
rons within the auditory cortex of deaf adult 
cats with cochlear implants. Thresholds were 
determined by the minimum electrical cur­
rent required to evoke spikes. A group of cats 
deafened at birth was compared with a group 
acutely deafened hours before the recording. 
The cats with long-term deafness showed lower 

response thresholds than the acutely deafened 
controls. Moreover, the cortical area activated 
by this threshold current was expanded in the 
long-term group, reflecting a disruption of 
tonotopy [119]. In another form of hearing loss 
induced by partial cochlear damage, the effi­
cacy of surround inhibition was diminished, 
resulting in broadening of excitatory receptive 
fields [87,120]. These studies lead to the hypoth­
esis that weakened inhibition may contribute 
to the compromised frequency discrimination 
following hearing loss. The following sections 
will review data from brain slice preparations 
showing that at every relay station examined, 
inhibitory transmission is downregulated fol­
lowing hearing loss. Interestingly, the mecha­
nisms by which inhibitory gain is regulated 
at these synapses appear to be diverse, and 
include both pre- and post-synaptic sites.

Hearing loss decreases inhibitory gain in 
the CN and MNTB
In the MNTB of congenitally deaf mice, 
glycinergic miniature inhibitory currents are 
reduced [121]. These results are consistent with 
a downregulation of glycinergic inhibition in 
the CN of animals deafened as adults either 
by unilateral cochlear ablation or by neomycin 
application. In these studies, deafness reduced 
glycine receptor binding [122] and the number 
of glycinergic presynaptic terminals [123,124]. In 
a similar set of studies, both SNHL induced 
by cochlear ablation and CHL induced by 
middle ear ossicle removal, led to a compara­
ble decrease in glycine release and increase in 
glycine uptake in the CN [125,126]. In addition 
to hearing loss-induced changes in excitatory 
transmission [127] and intrinsic properties [128], 
such reduced glycinergic inhibition within 
the CN and MNTB may underlie the altered 
tonotopy [129].

Hearing loss decreases inhibitory gain in 
the LSO 
As discussed above, MNTB projections failed 
to attain a normal level of anatomical specifi­
city to the LSO in gerbils with SNHL induced 
before hearing onset. In addition, the amplitude 
of MNTB-evoked IPSPs declines significantly 
(Figure 3) [130]. This is consistent with decreased 
glycinergic terminals in the LSO after adult 
animals were deafened with neomycin [124]. 
Thus, in conjunction with the disorganized 
projection pattern, synaptic inhibition becomes 
weaker following hearing loss, and this could 
affect the tonotopy of the LSO. 
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Hearing loss decreases inhibitory gain in 
the IC

The IC is an obligatory relay in the ascending 
pathway that receives glycinergic and GABAergic 
inhibitory projections from several brainstem 
nuclei [131]. In a transverse brain slice preparation, 
much of the ascending inhibitory pathway can be 
activated with a stimulating electrode placed just 
ventral to the IC. Using this preparation, it was 
found that bilateral SNHL induced before hear­
ing onset led to a significant reduction in the size 
of evoked IPSCs (Figure 3) [132]. Moreover, SNHL 
led to a change in short-term synaptic plastic­
ity (i.e., the dynamic change in strength that is 
observed during repeated stimulation [133,134]). 
To assess short-term plasticity of IPSCs, paired 
stimulus pulses were delivered to the inhibitory 
pathway, and the interval between pulses was 
varied. In control neurons, the IPSCs exhibited 
paired-pulse facilitation at most intervals, with the 
second response being 30 to 70% greater than 
the first. This facilitation was nearly eliminated in 
SNHL animals (Figure 4A) [132,135]. Thus, hearing 
loss decreases the strength of synaptic inhibition in 
the IC, and this effect may become more profound 
during prolonged periods of stimulation.

Hearing loss decreases inhibitory gain in 
the auditory cortex

To determine whether hearing loss reduces 
inhibitory synapse strength in the cortex, inhib­
itory input to cortical pyramidal neurons was 
recorded in a brain slice preparation that pre­
serves the projection from the auditory thalamus, 
the medial geniculate nucleus [136,137]. IPSPs and 
IPSCs were evoked by intracortical stimulation. 
Consistent with findings in the brainstem, the 
strength of inhibition decreased in animals with 
bilateral SNHL induced before hearing onset. 
Spontaneous IPSCs, minimum-evoked IPSCs 
and maximum-evoked IPSPs were all signifi­
cantly reduced in SNHL animals (Figure 3) [137,138]. 
Moreover, the prolonged IPSCs recorded in 
SNHL animals at P18–21 resembled those from 
animals aged before hearing onset (P8–11), sug­
gesting an arrest in the maturation of these syn­
apses [138]. Finally, SNHL had an effect on corti­
cal short-term plasticity similar to that observed 
in the IC. IPSCs recorded in control pyramidal 
neurons generally displayed paired-pulse facilita­
tion, but this was significantly reduced in neurons 
from both SNHL and CHL animals (Figure 4B) 

[139]. Thus, decreased inhibitory synapse strength 
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accumulates as one ascends the auditory path­
way, suggesting a larger net effect than would be 
evident in any one region alone.

Synaptic mechanisms of diminished 
inhibitory gain
What synaptic mechanisms underlie the smaller 
and slower inhibitory currents that result from 
hearing loss? Beyond the structural alterations 
discussed above, there is evidence to suggest that 
changes occur at both pre- and post-synaptic 
loci. First, a depolarization in the IPSC reversal 
potential (E

IPSC
) may contribute to decreased 

amplitudes. In the LSO, an 8 mV depolarizing 
shift of E

IPSC
 was observed in animals with uni­

lateral SNHL induced before hearing onset [130]. 
A similar phenomenon was observed in IC neu­
rons using perforated patch recordings, which 
do not disrupt the intracellular chloride concen­
tration. In the IC, E

IPSC
 depolarizes by 24 mV 

following bilateral SNHL (Figure 5A) [132]. Since 
E

IPSC
 is determined by the intracellular chloride 

concentration [140], it is possible that chloride 
transport is improperly regulated after SNHL. 
In most adult neurons, low intracellular chloride 
is maintained by a K–Cl cotransporter (KCC2) 
that extrudes chloride [141–144]. To assess whether 
chloride transport was altered after hearing loss, 
the effects of three agents that reduce chloride 
transport were evaluated. All three manipula­
tions depolarized E

IPSC
 in control neurons, but 

did not have an effect on SNHL neurons. Since 
KCC2 is expressed at normal levels in SNHL 
neurons, it appears that the decline in inhibitory 
synaptic gain is partly due to diminished KCC2 
function [145]. 

A second hearing-loss-induced change occurs 
to the postsynaptic inhibitory receptor. Both the 
strength and kinetics of inhibitory postsynap­
tic currents have been shown to depend on the 
number of postsynaptic GABA

A
 receptors and 

the specific array of subunits [146–154]. The pro­
longed IPSCs in the cortex suggest a change in 
the type of GABA

A
 receptor, which is composed 

of several subunits. Two subunits, the a1 and 
b2/3, are associated with faster IPSC kinetics 
when they are upregulated during development. 
To determine if the function of these subunits 
was altered by SNHL, the sensitivities of a 
specific a1 subunit agonist, zolpidem, and a 
specific b2/3 subunit agonist, loreclezole, were 
tested. In controls, each agonist enhanced the 
duration of spontaneous IPSCs. However, this 
effect was absent in SNHL neurons (Figure 5B, 
a1 function). Changes in the functional expres­
sion of the b2/3 subunit is supported by an 

immunocytochemical study showing that the 
proportion of b2/3 subunits at the postsynap­
tic membrane declined significantly in neurons 
from SNHL animals [74]. Furthermore, as in the 
SNHL animals, IPSCs from animals aged before 
hearing onset did not show sensitivity to the spe­
cific GABA

A
 receptor agonists. This is consistent 

with studies in other systems showing profound 
changes in developmental expression of specific 
subunits [155] that correlate with the develop­
mental modification in IPSC kinetics [156–161]. 
Together, these studies strongly imply that the 
decreased and prolonged inhibition after SNHL is 
partly due to an arrest in the normal development 
of GABA

A
 receptor subunit expression. 

Finally, there may be various factors underlying 
the SNHL-induced change in inhibitory short-
term plasticity. Paired-pulse responses are gener­
ally associated with dynamic changes to presy­
naptic transmitter release [133,134]. The decrease 
in paired-pulse facilitation may be associated 
with an increase in release probability. There 
are clear indications that hearing loss increases 
release probability at cortical inhibitory terminals. 
In SNHL animals, the frequency of spontane­
ous IPSCs recorded in cortical pyramidal cells 
was over twice the rate recorded in controls [138]. 
Further, an EM-immunocytochemical finding 
shows that the key GABA synthesizing enzyme, 
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, is increased by 47% in single inhibi­
tory terminals following SNHL [74]. Additional 
factors that may mediate the SNHL-induced 
change in short-term plasticity include changes 
in postsynaptic GABA

A
 receptor desensitization, 

presynaptic GABA
B
 autoreceptor function, the 

efficiency of GABA re-uptake, or vesicle deple­
tion [133,134,162–165]. However, these issues remain 
to be explored.

Dimished inhibitory gain may underlie 
compromised frequency discrimination 
Given the robust reduction of inhibitory gain 
that occurs throughout the ascending audi­
tory pathway, many auditory percepts are likely 
affected. Frequency discrimination is one such 
percept that is expected to depend on inhibition. 
Synaptic inhibition is recruited by excitatory affer­
ents at the CF of the neuron, and by afferents 
carrying non-CF information. After hearing loss, 
the inhibitory synapses may have less efficacy to 
suppress spiking of normally subthreshold events 
elicited by non-CF afferents. Consistent with this, 
IPSPs are less effective in blocking current-evoked 
action potentials after hearing loss. In control IC 
neurons, IPSPs blocked 97% of current-evoked 
action potentials and the duration of inhibition 
lasted for 81 ms, but in deafened neurons, only 
43% of action potentials were blocked and the 

duration of inhibition was only 27 ms [145]. If 
inhibitory input elicited by CF afferents is also 
weak, then the threshold to activate the neuron 
could also decline. This has been observed in 
deafened cats implanted with cochlear electrodes 
[119]. Understanding the synaptic mechanisms 
that underlie such decreased inhibition may be 
essential for alleviating various perceptual deficits 
that attend hearing loss, including compromised 
frequency discrimination.

Other examples of  
experience-dependent downregulation 
of inhibitory strength
Partial or total loss of activity in the visual and 
somatosensory systems leads to downregulation 
of GABAergic transmission, consistent with 
findings in the auditory system. For example, 
blocking action potentials of cultured neurons 
from the visual cortex by chronic exposure to 
tetrodotoxin leads to a significant decline in 
miniature IPSC amplitudes due to a decrease 
in the average number of open GABA-gated 
channels and their inappropriate clustering 
at the postsynaptic membrane [166]. Similarly, 
weakened connections between fast spiking 
GABAergic interneurons and pyramidal neu­
rons are observed in the visual cortex in animals 
raised with monocular deprivation [167]. In the 
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somatosensory cortex, deprivation by whisker 
trimming during a developmental period leads 
to a downregulation of GABA

A
 receptors [168]. 

Thus, reduced inhibitory gain following depri­
vation is a general principle, and the resulting 
enhanced excitability may have consequences for 
many aspects of sensory processing. 

Similarities between SNHL & CHL
Studies directly comparing the synaptic effects of 
SNHL and CHL suggest that these two distinct 
forms of hearing loss produce similar changes in 
synaptic transmission [125,169,170]. For example, 
unilateral SNHL and CHL have a similar effect 
on glucose uptake in the contralateral IC [171,172]. 
As compared with most SNHL models, CHL can 
be induced reversibly by ear plugs or atresia. These 
studies suggest that some of the neural effects of 
unilateral CHL are reversed when normal hear­
ing is restored, although this depends on the age 
at which hearing is restored [173,174]. This is con­
sistent with the effects observed after reversible 
unilateral SNHL was induced by tetrodotoxin 
application to the round window. Following a 
brief period of SNHL, there was a reduction of 
cell size within the CN and MNTB, which fully 
recovered within a week [175,176]. Past investiga­
tions to assess the electrophysiological ramifica­
tions of hearing loss using brain slice preparations 
were limited to young animals. However, now 
that it is feasible to examine synaptic transmission 
in brain slices obtained from adult animals [177], it 
will be possible to examine the long-term effects 
of both permanent and transient forms of hear­
ing loss. Understanding the modifications in the 
inhibitory circuits during recovery from SNHL 
or CHL may advance our understanding on the 
role of inhibition in normal hearing.

Similarities between developmental & 
age-related hearing loss

This review discusses the structural and physio­
logical alterations at inhibitory synapses triggered 
by two major forms of hearing loss induced prior 
to the onset of hearing. Many synaptic features 
following hearing loss, such as IPSC kinetics, 
bear a close resemblance to an immature pheno­
type [138]. Therefore, such modifications may be 
largely attributed to the arrest of certain devel­
opmental mechanisms that require sound-driven 
activity. Alternatively, some of the effects observed 
after developmental hearing loss happen too 
quickly to be due to a developmental delay. For 
example, the shift in E

IPSC
 of IC neurons happens 

within one day of the in vivo manipulation [132]. 
It is possible that these robust effects only occur 

during critical developmental periods when the 
mechanisms for plasticity are optimal to respond 
to the sensory environment. In support of this, the 
plasticity of cortical frequency representations in 
response to pure-tone exposure is limited to a few 
days following hearing onset in rats [178]. However, 
it is also clear that the auditory system retains a 
degree of plasticity throughout adulthood, sug­
gesting that the capacity of the inhibitory cir­
cuits to adapt persists [179]. For example, similar 
rapid effects on inhibition are observed following 
acute unilateral ablation in adult animals [180]. 
Therefore, it is possible that studies on early hear­
ing loss reflect some homeostatic changes that are 
independent of developmental mechanisms [181]. 
In support of this, there are parallels between 
developmental and age-related hearing loss. 

The reduction of inhibitory transmission fol­
lowing developmental hearing loss may be simi­
lar to that observed in presbycusis (age-related 
hearing loss). In fact, the first set of reliable 
observations showing that inhibitory properties 
were use-dependent came from studies on very 
old animals. This work demonstrated a down­
regulation of inhibitory synaptic gain in both 
the IC and cortex [182–186]. Moreover, in the CN, 
age-related hearing loss decreased the number 
of glycine-immunoreactive neurons [187]. Such 
diminished glycinergic transmission can have a 
functional consequence on auditory processing in 
aging animals. For example, the cells in the dorsal 
CN display an altered pattern of discharge rates to 
CF tones and changed temporal properties [188].

Some of the mechanisms that underlie this 
downregulation of inhibition may be similar 
to those discussed in this review. For example, 
as in developmental hearing loss, aging may 
lead to an altered subunit composition of the 
inhibitory receptors [189–192]. Consistent with 
developmental SNHL, age-related changes may 
be associated with a downregulation of the a1 
subunit of the GABA

A 
receptor [191]. However, 

there are also differences between developmental 
and age-related hearing loss. For example, aging 
is associated with a decrease in GABA-positive 
neurons and a decrease in GABA content and 
release [182,184,185,193–195]. By contrast, existing 
data support an increase in GABA release after 
developmental SNHL [74,138]. Therefore, the pre­
cise changes that occur may rely on the age at 
hearing loss, as well as the magnitude and dura­
tion of the loss [125,196–197]. Despite these differ­
ences, it remains useful to draw parallels between 
studies of developmental and age-related hear­
ing loss. Between 25 and 40% of the population 
aged 60 years and older is hearing impaired [198]. 
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Furthermore, age-related hearing loss is often 
associated with tinnitus, a condition in which 
patients hear ‘ringing in the ears’ in the absence of 
sound. One possible cause of tinnitus is thought 
to be a decrease in GABAergic inhibition in the 
auditory cortex following hearing loss [199,200]. In 
support of this, drugs that are believed to enhance 
inhibition by increasing GABA release may allevi­
ate tinnitus [201]. Finding common mechanisms 
between different types of hearing loss may lead 
to broad therapeutic solutions for both children 
and adults suffering with hearing-loss-related 
dysfunctions in the nervous system.

Future perspective 
During critical periods of development, the brain 
clearly has the capacity to adjust to changes in 
the sensory environment. The adaptive advantage 
of this is evident: the brain can gear processing 
towards relevant sensory stimuli. However, the 
risk is that the circuits of the brain are vulner­
able to transient periods of abnormal develop­
mental experience and become rewired such 
that the range of sound cues will no longer be 
faithfully encoded. This review has emphasized 
how readjustments in inhibitory synapse gain 
may contribute to such changes in coding prop­
erties. First, we provided evidence that inhibi­
tory circuits and synapses are vulnerable to a 
common developmental sensory perturbation, 
hearing loss. Second, we suggested how altered 
inhibitory synapses may be involved in percep­
tual deficits associated with hearing loss, such 
as sound localization and frequency discrimina­
tion. Of course, reduced synaptic inhibition may 
further affect brain circuits by gating changes in 
excitatory synapses. For example, pharmacologi­
cal blockade of glycinergic inhibition in the LSO 
leads to a profound change in LSO dendrites and 
the excitatory synapses to these cells [63,202]. In the 
visual cortex, inhibition has been advanced as the 
mechanism that regulates the onset and termina­
tion of the critical period [203–205]. Together, these 
studies point to the inhibitory system as a critical 
therapeutic target. Restoring normal inhibitory 
function may alleviate some of the behavioral 
deficits in sensory perception and may even initi­
ate new changes in the brain circuits to readjust 
to the sensory environment. 

It is possible that central neural circuits may be 
restored simply by stimulation of the peripheral 
afferents. For example, in congenitally deaf or 
neonatally deafened cats, electrical stimulation 
with cochlear implants restored the ultrastruc­
ture of auditory nerve synapses [206] and cell size 
[207] within the CN. Moreover, some studies have 

shown that electrical stimulation partially restores 
functional properties, such as temporal resolution 
and response latency [208–210]. However, electrical 
stimulation can also lead to a degradation of neu­
ral function. For example, chronic stimulation at 
one location within the cochlea may lead to a less 
precise cochleotopic map [211]. This degradation 
may be prevented by alternately stimulating two 
adjacent intracochlear channels, suggesting that 
the effects of cochlear implants depend upon 
the timing and location of the electrical stimuli 
[212]. Consistent with this, it has been recently 
shown that chronic stimulation with environ­
mentally derived electrical stimuli can partially 
restore the cochleotopic map in auditory cortex 
[213]. Given that both spatial cochleotopy and 
temporal properties can be partially restored by 
chronic electrical stimulation, it may be possible 
to restore the disrupted spatiotemporal patterns of 
cortical activity observed after deafness, although 
this has not yet been tested [214]. Despite these 
compelling studies that some aspects of neuro­
nal structure and function can be restored with 
stimulation by cochlear implants, less is known 
about how inhibition is affected. One recent study 
suggests that inhibitory synapses are restored by 
cochlear prostheses. In adult rats with unilateral 
SNHL, chronic electrical stimulation reversed the 
decrease in inhibition within the IC, evidenced 
by a recovery of normal GAD67 mRNA and 
protein levels and glycinergic receptor (GlyRa1)  
expression [215]. It is not clear whether this out­
come would occur following developmental 
hearing loss. In future studies, it will be impor­
tant to determine whether a similar restoration 
of inhibitory synaptic transmission by electrical 
stimulation occurs after developmental SNHL or 
CHL, and if this restoration occurs throughout 
the auditory system.  

The cellular mechanisms discussed in this 
review may offer clues to the design of pharmaco­
logical strategies for ameliorating the effects of 
early hearing loss. For example, one fundamen­
tal change that leads to ineffective inhibitory 
synaptic transmission is the loss of a chloride 
battery [145]. Therefore, it would be reasonable 
to search for agents that selectively increase the 
function of KCC2. A second set of changes that 
leads to weak inhibition with slow kinetics is the 
loss of GABA

A
 receptor trafficking and a failure 

to express the adult subunit isoforms [74,138]. Since 
benzodiazepine-like drugs, such as zolpidem, are 
commonly used as prescription medications, 
drugs of this sort might also be examined as a 
means of restoring inhibitory function [216]. This 
strategy has been used to improve the sensitivity 
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of visual cortex neurons in aging primates and 
auditory processing in an animal model of pres­
bycusis [217,218]. Other candidates raising inhibi­
tory strength currently prescribed to humans 
include selective GABA reuptake inhibitors, 
such as tiagabine [219] and the GABA

B
 receptor 

agonist, baclofen [220]. 
By understanding how manipulations of the 

inhibitory system shape both inhibitory and exci­
tatory synapses, we will gain insight into the con­
ditions that make the circuits of the brain most 
labile to sensory experience. For children and 
adults with hearing loss, this may translate into 
novel therapeutic treatments designed to make 
the circuits of the brain receptive to change after 

restoration of peripheral hearing. It is possible that 
pharmacological intervention to scale up inhibi­
tory gain may be one means to restore deficits 
associated with hearing loss. 
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Executive summary

Rationale for studying the CNS
n	Hearing loss during development may lead to deficits that persist even after restoration of peripheral function. 
n	Using brain slice preparations, it is possible to examine effects of hearing loss on central synapse function. 
n	This review is focused on central inhibitory synapses, which play a fundamental role in all aspects of auditory processing and are 

profoundly altered by hearing loss.

Hearing loss affects sound localization: role of altered inhibitory connections 
n	In humans and animals, the ability to localize sounds can be compromised after hearing loss. 
n	The inhibitory projections from the medial nucleus of the trapezoid body (MNTB) to two brainstem nuclei (lateral superior olivary and 

medial superior olivary nuclei) that encode sound location undergo anatomical refinement during development. This refinement may 
depend on synaptic long-term depression.

n	Following hearing loss, inhibitory MNTB projections do not become properly refined, which may impact sound localization.

Hearing loss affects frequency discrimination: role of diminished inhibitory gain 
n	Deficits in frequency discrimination can result from hearing loss. Broadened frequency tuning of single cells within regions of the 

auditory system may explain these perceptual deficits. 
n	Inhibition sharpens frequency tuning in auditory regions, including the inferior colliculus and the auditory cortex. 
n	Following hearing loss, inhibitory gain decreases profoundly in many regions of the ascending central auditory system, which may 

underlie deficits in frequency discrimination.
n	Such weakening in inhibitory strength may depend on various synaptic mechanisms, including changes in the inhibitory reversal 

potential, subunit composition of postsynaptic GABA
A 
receptors, and presynaptic release properties. 

Similarities between sensorineural hearing loss & conductive hearing loss
n	Sensorineural hearing loss and conductive hearing loss may produce similar synaptic effects. However, little is known about how 

conductive hearing loss alters inhibitory synapses. 

Similarities between developmental & age-related hearing loss
n	Developmental and age-related hearing loss exhibit some similar cellular characteristics, including a decrease of inhibitory gain. 

Future perspective
n	Cochlear implants may restore some aspects of neuronal structure and function. It is essential to determine whether inhibitory gain can 

also be restored. 
n	Pharmacological agents that boost the gain of inhibitory synapses are interesting candidates to restore some deficits associated with 

hearing loss.
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