
Jessica de Boer et al.

May, P.J., and Tiitinen, H. (2010). “Mismatch negativity (MMN), the deviance-
elicited auditory deflection, explained,” Psychophysiology, 47, 66-122. 

Mill, R., Coath, M., Wennekers, T., and Denham, S.L. (2011). “A neuro-
computational model of stimulus-specific adaptation to oddball and Markov 
sequences,” PLoS Comput. Biol., 7, e1002117. 

Murray, S.O., and Wojciulik, E. (2004). “Attention increases neural selectivity in the 
human lateral occipital complex,” Nat. Neurosci., 7, 70-74. 

Polley, D.B., Steinberg, E.E., and Merzenich, M.M. (2006). “Perceptual learning 
directs auditory cortical map reorganization through top-down influences,” J. 
Neurosci., 26, 4970-4982. 

Scharf, B., Quigley, S., Aoki, C., Peachey, N., and Reeves, A. (1987). “Focused 
auditory attention and frequency selectivity,” Percept. Psychophys., 42, 215-
223. 

Taaseh, N., Yaron, A., and Nelken, I. (2011). “Stimulus-specific adaptation and 
deviance detection in the rat auditory cortex,” PLoS One, 6, e23369.  

Ulanovsky, N., Las, L., and Nelken I. (2003). “Processing of low-probability sounds 
by cortical neurons,” Nat. Neurosci., 6, 391-398. 

Wehr, M., and Zador, A.M. (2005). “Synaptic mechanisms of forward suppression 
in rat auditory cortex,” Neuron, 47, 437-445. 

Woldorff, M.G., Gallen, C.C., Hampson, S.A., Hillyard, S.A., Pantev, C., and Sobel, 
D. (1993). “Modulation of early sensory processing in human auditory cortex 
during auditory selective attention,” Proc. Natl. Acad. Sci. USA, 90, 8722-8726. 

100

The severity of developmental hearing loss does not 
determine the magnitude of synapse dysfunction 
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The loss of auditory experience can disrupt synapse function, particularly 
when it occurs during development. However, the extent of hearing loss can 
vary from mild to profound, and the duration of hearing loss can vary from 
days to years. Here, we asked whether the dysfunction of central auditory 
synapses scales with the severity of hearing loss. The manipulations range 
from mild sound attenuation to complete deafferentation at the time of 
hearing onset. Synapse function is measured in central auditory structures 
from the cochlear nucleus to cortex. The core finding is that even a ~25 dB 
attenuation in sensation level produces a quantitatively similar change to 
synaptic currents and membrane properties, as compared to deafferentation. 
Therefore, profound changes to central processing may occur even when 
developmental hearing loss is mild, provided it occurs when sound is first 
transduced. 

INTRODUCTION 
Many functional properties of central auditory neurons are use-dependent. They can 
be altered by passive exposure to sound, as well as active experiences such as 
learning. Central auditory plasticity is particularly evident throughout development 
during which it supports normal maturation of auditory processing (Sanes and Bao, 
2009; Sanes and Woolley, 2011). However, this sensitivity to auditory experience 
can also introduce a risk: when sound-evoked activity is reduced due to the loss of 
hearing, both synaptic and membrane properties can assume a dysfunctional state 
(for a recent review, see Sanes, 2013). Much of primary evidence in support of this 
theory emerges from experiments in which the cochlea is damaged or removed. For 
example, our work on bilateral hearing loss has examined the synaptic consequences 
in the superior olive, inferior colliculus, and auditory cortex (e.g., Kotak and Sanes, 
1997; Vale and Sanes, 2000; Vale and Sanes, 2002; Vale et al., 2003; Kotak et al., 
2005). Therefore, the magnitude of functional changes in the auditory circuits during 
less severe forms of hearing impairment such as during middle ear damage has not 
been thoroughly explored.  

In this review, we explore the issue of hearing loss severity by comparing cellular 
measures obtained following different experimental manipulations to the auditory 
periphery. For developmental hearing loss, these studies suggest that mild hearing 
loss can produce changes to cellular properties that are similar to those observed 
following cochlear damage. These results suggest that auditory deprivation during a 
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sensitive time window at hearing onset (postnatal day 11 in gerbil) leads to 
functional deficits in the brain independent of the severity of peripheral dysfunction. 
Further, they imply that behavioural delays reported for transient hearing loss in 
humans could be attributable to central nervous system alterations. 

NORMAL DEVELOPMENT OF AUDITORY SYNAPSE FUNCTION 
The functional properties of synapses have been measured as a function of age in 
several species. The measurements are commonly made from slice of tissue through 
a central auditory structure that is maintained in a warm, oxygenated saline solution 
for several hours. The synaptic responses are obtained with whole-cell current- or 
voltage clamp recordings, which allow one to make direct measurements of synaptic 
potentials or currents, respectively. Both evoked and spontaneous synaptic events 
can be quantified, with the most common parameters being amplitude and kinetics.  

Both central excitatory and inhibitory synapses are functional well before the onset 
of hearing. In rodents, evoked synaptic responses can be observed in tissue obtained 
at birth, whereas sound transduction by the cochlea is first observed over one week 
later (Sanes and Walsh, 1997; Fitzgerald and Sanes, 2001). In fact, spontaneous 
action potentials are also observed in the auditory central nervous system (CNS) 
before sound first activates the cochlea. These action potentials may be evoked by 
hair cell activity (Jones et al., 2007; Tritsch et al., 2007; Johnson et al., 2011), and 
by mechanisms that are intrinsic to the CNS (Kotak et al., 2007b; Tritsch et al., 
2010; Kotak et al., 2012). In either case, there is a great deal of spontaneous synaptic 
transmission in the auditory CNS prior to the onset of sound-evoked responses. 

The amplitude and decay time of synaptic potentials mature rapidly beginning at 
about the time of ear canal opening in rodents (about 9-12 days postnatal, depending 
on the species). Figure 1 illustrates the developmental time course for excitatory and 
inhibitory postsynaptic potentials (EPSPs and IPSPs) recorded in the mouse auditory 
cortex (Oswald and Reyes, 2008; 2011). The measurements of amplitudes and decay 
times demonstrate that maturation continues after the onset of hearing and an adult-
like state is reached within a few weeks. Many of the observed functional changes 
are highly significant, suggesting that mature auditory processing depends on 
sufficient development of synapse function.  

Recordings obtained in auditory brainstem nuclei are generally consistent with this 
rate of development. Within about two weeks of hearing onset, EPSPs and IPSPs 
recorded in the lateral and medial superior olivary nuclei display adult-like kinetics 
(Sanes, 1993; Kandler and Friauf, 1995; Scott et al., 2005; Magnusson et al., 2005; 
Chirila et al., 2007). Furthermore, these findings are consistent with observations 
from many other auditory brainstem nuclei (Chuhma and Ohmori, 1998; 
Taschenberger and von Gersdorff, 2000; Brenowitz and Trussell, 2001; 
Balakrishnan et al., 2003; Nakamura and Takahashi, 2007; Gao and Lu, 2008; 
Sanchez et al., 2010). Although exceptions to this pattern of development are 
seldom observed, IPSC decay time in cortical pyramidal neurons displays a 
relatively prolonged maturation, only reaching an adult value at about 3 postnatal 
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months (Takesian et al., 2012). A late maturation of synaptic inhibition is consistent 
with the prolonged transition of GABAA receptor subunit expression in human 
cortex (Pinto et al., 2010). 

Fig. 1: Excitatory and inhibitory synaptic potential amplitudes and decay 
times measured from in vitro whole-cell recordings in mouse auditory 
cortex. Synaptic potentials are in response to stimulation of a single 
presynaptic neuron. In each graph, mature responses appear to emerge over 
about 14 days. There is a developmental decrease in (A) EPSP amplitude, 
(B) EPSP decay time, (C) IPSP amplitude, and (D) IPSP decay time. 
Asterisks indicate a statistically significant change. Adapted from Oswald 
and Reyes (2008; 2011). 

The wealth of data obtained from recordings in brain slices is consistent with the 
few in vivo whole-cell studies that have been conducted on anesthetized animals. As 
shown in Fig. 2A, the decay times for EPSCs and IPSCs are relatively stable after 
about 25 days postnatal. Similarly, measures of sound-evoked plasticity mature at 
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sensitive time window at hearing onset (postnatal day 11 in gerbil) leads to 
functional deficits in the brain independent of the severity of peripheral dysfunction. 
Further, they imply that behavioural delays reported for transient hearing loss in 
humans could be attributable to central nervous system alterations. 

NORMAL DEVELOPMENT OF AUDITORY SYNAPSE FUNCTION 
The functional properties of synapses have been measured as a function of age in 
several species. The measurements are commonly made from slice of tissue through 
a central auditory structure that is maintained in a warm, oxygenated saline solution 
for several hours. The synaptic responses are obtained with whole-cell current- or 
voltage clamp recordings, which allow one to make direct measurements of synaptic 
potentials or currents, respectively. Both evoked and spontaneous synaptic events 
can be quantified, with the most common parameters being amplitude and kinetics.  

Both central excitatory and inhibitory synapses are functional well before the onset 
of hearing. In rodents, evoked synaptic responses can be observed in tissue obtained 
at birth, whereas sound transduction by the cochlea is first observed over one week 
later (Sanes and Walsh, 1997; Fitzgerald and Sanes, 2001). In fact, spontaneous 
action potentials are also observed in the auditory central nervous system (CNS) 
before sound first activates the cochlea. These action potentials may be evoked by 
hair cell activity (Jones et al., 2007; Tritsch et al., 2007; Johnson et al., 2011), and 
by mechanisms that are intrinsic to the CNS (Kotak et al., 2007b; Tritsch et al., 
2010; Kotak et al., 2012). In either case, there is a great deal of spontaneous synaptic 
transmission in the auditory CNS prior to the onset of sound-evoked responses. 

The amplitude and decay time of synaptic potentials mature rapidly beginning at 
about the time of ear canal opening in rodents (about 9-12 days postnatal, depending 
on the species). Figure 1 illustrates the developmental time course for excitatory and 
inhibitory postsynaptic potentials (EPSPs and IPSPs) recorded in the mouse auditory 
cortex (Oswald and Reyes, 2008; 2011). The measurements of amplitudes and decay 
times demonstrate that maturation continues after the onset of hearing and an adult-
like state is reached within a few weeks. Many of the observed functional changes 
are highly significant, suggesting that mature auditory processing depends on 
sufficient development of synapse function.  

Recordings obtained in auditory brainstem nuclei are generally consistent with this 
rate of development. Within about two weeks of hearing onset, EPSPs and IPSPs 
recorded in the lateral and medial superior olivary nuclei display adult-like kinetics 
(Sanes, 1993; Kandler and Friauf, 1995; Scott et al., 2005; Magnusson et al., 2005; 
Chirila et al., 2007). Furthermore, these findings are consistent with observations 
from many other auditory brainstem nuclei (Chuhma and Ohmori, 1998; 
Taschenberger and von Gersdorff, 2000; Brenowitz and Trussell, 2001; 
Balakrishnan et al., 2003; Nakamura and Takahashi, 2007; Gao and Lu, 2008; 
Sanchez et al., 2010). Although exceptions to this pattern of development are 
seldom observed, IPSC decay time in cortical pyramidal neurons displays a 
relatively prolonged maturation, only reaching an adult value at about 3 postnatal 
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months (Takesian et al., 2012). A late maturation of synaptic inhibition is consistent 
with the prolonged transition of GABAA receptor subunit expression in human 
cortex (Pinto et al., 2010). 

Fig. 1: Excitatory and inhibitory synaptic potential amplitudes and decay 
times measured from in vitro whole-cell recordings in mouse auditory 
cortex. Synaptic potentials are in response to stimulation of a single 
presynaptic neuron. In each graph, mature responses appear to emerge over 
about 14 days. There is a developmental decrease in (A) EPSP amplitude, 
(B) EPSP decay time, (C) IPSP amplitude, and (D) IPSP decay time. 
Asterisks indicate a statistically significant change. Adapted from Oswald 
and Reyes (2008; 2011). 

The wealth of data obtained from recordings in brain slices is consistent with the 
few in vivo whole-cell studies that have been conducted on anesthetized animals. As 
shown in Fig. 2A, the decay times for EPSCs and IPSCs are relatively stable after 
about 25 days postnatal. Similarly, measures of sound-evoked plasticity mature at 
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about the same rate. In animals younger than P21, sound stimulation leads to an 
increase in both EPSC and IPSC conductance (Fig. 2B), but this form of plasticity is 
absent after P25 (Dorrn et al., 2010). 

The mechanistic bases for changes in the amplitude of a synaptic response are 
manifold. For example, the number of neurotransmitter receptors at the synapse, the 
conductance of single receptor-coupled channels, the amount of transmitter released, 
and the distribution of ions across the membrane, can each determine the response 
amplitude. Furthermore, the specific molecular composition of a receptor will 
establish its mean open time when bound by neurotransmitter, and this will 
determine the decay time for a synaptic event. Therefore, measurement of synaptic 
amplitude and kinetics are a logical first step in determining the molecular and 
genetic basis for the effects associated with hearing loss.  

Fig. 2: Synaptic current decay times and sound-induced plasticity measured 
with in vivo whole-cell recordings from the rat auditory cortex. Mature 
responses are observed by postnatal day 25-30. (A) The decay times of 
sound-evoked EPSCs and IPSC decline after P20. (B) An increase in sound-
evoked EPSC or IPSC conductance occurs following 3-5 min of sound 
stimulation, but this phenomenon fails to occur after P25. Adapted from 
Dorrn et al., (2010). 

SOUND ATTENTUATION VERSUS DEAFFERENTATION 
Since synaptic responses display a well-characterized maturation in the rodent 
central auditory system, it is possible to study whether hearing loss induces an 
impairment. More importantly, it permits for the quantitative comparison of 
different forms of hearing loss. Conductive hearing loss (CHL), such as that which 
may occur during bouts of otitis media with effusion, leads to sound attenuation and 
a smaller neural response to a given SPL. Depending on its severity (e.g., ear canal 
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atresia vs otosclerosis), the magnitude of sound attenuation can range from 10-50 
dB. However, CHL is not associated with a direct injury to the cochlea, and the 
innervation density should not be altered. In contrast, sensorineural hearing loss 
(SNHL) involves a direct injury to the cochlea, and would include both a smaller 
neural response to a given SPL, as well as deafferentation of the CNS.  

Fig. 3: Effect of hearing loss is correlated with severity in the chick cochlear 
nucleus. (A) Action potentials are initiated in a small region of membrane 
containing a high density of voltage-gated sodium channels, called the axon 
initial segment (AIS). The AIS became more extended along the axon 
following hearing loss, and the effect size was correlated with the severity 
of the manipulation. The SNHL-induced alteration of AIS length emerges 
over about 7 days. (B) The magnitude of AIS expansion is correlated with 
the severity of hearing loss. The first 3 conditions represent CHL (amount of 
attenuation shown in parentheses), and the final manipulation represents 
SNHL. (TM, tympanic membrane; MEB, middle ear bone). All animals 
were reared in the same acoustic environment. Adapted from Kuba et al. 
(2010). 

There is evidence that hearing-loss-induced changes to cellular properties are 
correlated with the severity of deprivation. In the chick cochlear nucleus, 
developmental hearing loss causes a redistribution of sodium channels on the axon 
initial segment (AIS), a region of membrane responsible for action potential 
initiation. This effect begins to emerge after 1 day of hearing loss, and requires 
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about the same rate. In animals younger than P21, sound stimulation leads to an 
increase in both EPSC and IPSC conductance (Fig. 2B), but this form of plasticity is 
absent after P25 (Dorrn et al., 2010). 

The mechanistic bases for changes in the amplitude of a synaptic response are 
manifold. For example, the number of neurotransmitter receptors at the synapse, the 
conductance of single receptor-coupled channels, the amount of transmitter released, 
and the distribution of ions across the membrane, can each determine the response 
amplitude. Furthermore, the specific molecular composition of a receptor will 
establish its mean open time when bound by neurotransmitter, and this will 
determine the decay time for a synaptic event. Therefore, measurement of synaptic 
amplitude and kinetics are a logical first step in determining the molecular and 
genetic basis for the effects associated with hearing loss.  

Fig. 2: Synaptic current decay times and sound-induced plasticity measured 
with in vivo whole-cell recordings from the rat auditory cortex. Mature 
responses are observed by postnatal day 25-30. (A) The decay times of 
sound-evoked EPSCs and IPSC decline after P20. (B) An increase in sound-
evoked EPSC or IPSC conductance occurs following 3-5 min of sound 
stimulation, but this phenomenon fails to occur after P25. Adapted from 
Dorrn et al., (2010). 

SOUND ATTENTUATION VERSUS DEAFFERENTATION 
Since synaptic responses display a well-characterized maturation in the rodent 
central auditory system, it is possible to study whether hearing loss induces an 
impairment. More importantly, it permits for the quantitative comparison of 
different forms of hearing loss. Conductive hearing loss (CHL), such as that which 
may occur during bouts of otitis media with effusion, leads to sound attenuation and 
a smaller neural response to a given SPL. Depending on its severity (e.g., ear canal 
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atresia vs otosclerosis), the magnitude of sound attenuation can range from 10-50 
dB. However, CHL is not associated with a direct injury to the cochlea, and the 
innervation density should not be altered. In contrast, sensorineural hearing loss 
(SNHL) involves a direct injury to the cochlea, and would include both a smaller 
neural response to a given SPL, as well as deafferentation of the CNS.  

Fig. 3: Effect of hearing loss is correlated with severity in the chick cochlear 
nucleus. (A) Action potentials are initiated in a small region of membrane 
containing a high density of voltage-gated sodium channels, called the axon 
initial segment (AIS). The AIS became more extended along the axon 
following hearing loss, and the effect size was correlated with the severity 
of the manipulation. The SNHL-induced alteration of AIS length emerges 
over about 7 days. (B) The magnitude of AIS expansion is correlated with 
the severity of hearing loss. The first 3 conditions represent CHL (amount of 
attenuation shown in parentheses), and the final manipulation represents 
SNHL. (TM, tympanic membrane; MEB, middle ear bone). All animals 
were reared in the same acoustic environment. Adapted from Kuba et al. 
(2010). 

There is evidence that hearing-loss-induced changes to cellular properties are 
correlated with the severity of deprivation. In the chick cochlear nucleus, 
developmental hearing loss causes a redistribution of sodium channels on the axon 
initial segment (AIS), a region of membrane responsible for action potential 
initiation. This effect begins to emerge after 1 day of hearing loss, and requires 
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about 7 days to reach an asymptotic level (Fig. 3A). Furthermore, the magnitude of 
this change is correlated with the type of experimentally-induced hearing loss (Kuba 
et al., 2010). As shown in Fig. 3B, there is only a modest change in AIS length in 
response to a mild CHL (puncture of the tympanic membrane) which induces 
approximately 20 dB of attenuation, as measured with auditory brainstem response 
(ABR). However, moderate CHL (middle-ear bone immobilization or removal; ~50 
dB of attenuation) leads to a highly significant increase in AIS length. Finally, 
SNHL (cochlea removal) induces the largest effect. These results indicate that CHL 
can elicit significant changes to the CNS cellular function, but that the effects due to 
SNHL are quantitatively larger. 

Fig. 4: A comparison of the impact of 3 forms of developmental hearing loss 
on auditory cortex inhibition. Bilateral cochlear removal, middle ear bone 
removal, or earplug insertion were induced at postnatal day 10-11, and 
spontaneous IPSCs were subsequently recorded from auditory cortex 
pyramidal neurons. IPSC amplitude declined to an equivalent degree in each 
form of hearing loss, as compared to age-matched control recordings (MEB, 
middle ear bone). Asterisks indicate a statistically significant change. 
Adapted from Kotak et al. (2008), Takesian et al. (2012), and Mowery et al. 
(2013). 

Although no single study provides a similar comparison of hearing loss severity as it 
relates to synaptic function, we have performed identical measures of cortical 
inhibitory currents following 3 different forms of developmental deprivation (Kotak 
et al., 2008; Takesian et al., 2012; Mowery et al., 2013). Figure 4 shows the mean 
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amplitude of spontaneous IPSCs recorded in gerbil auditory cortex from control 
animals, in comparison to animals reared with SNHL (i.e., bilateral cochlea 
removal), moderate CHL (i.e, bilateral malleus removal), or mild CHL (i.e., bilateral 
earplugs). Each form of hearing loss induces a nearly identical decrease in IPSC 
amplitude. Furthermore, when CHL is induced in adult animals, it does not lead to a 
decrease in IPSC amplitude. The relative impact of developmental moderate CHL or 
SNHL on transmitter release has also been examined for both excitatory and 
inhibitory synapses in auditory cortex (Xu et al., 2007; Takesian et al., 2010). 
Again, there was little difference between bilateral CHL versus bilateral SNHL. 
Following either manipulation there was significantly greater synaptic depression in 
response to multiple stimuli. For excitatory synapses, the SNHL elicited effect was 
slightly larger than that observed with CHL (Xu et al., 2007). Therefore, cortical 
synaptic function can be as sensitive to sound attenuation as it is to complete 
deafferentation. 

Although very different manipulations can result in similar outcome measures, there 
are cases in which the SNHL elicits significantly larger effects. For example, SNHL 
leads to a greater reduction in spike frequency adaptation in response to trains of 
injected current pulses, as compared to CHL (Xu et al., 2007). Finally, hearing loss 
can disrupt long-term synaptic plasticity (Kotak et al., 2007a), a neuronal 
mechanism thought to be involved in learning. For example, inhibitory synapses in 
auditory cortex display long-term potentiation following trains of afferent 
stimulation, and this synaptic plasticity is diminished by hearing loss (Xu et al., 
2010). Furthermore, the reduction of plasticity is greater for SNHL than it is for 
CHL (Fig. 5). These cortical studies suggest that deafferentation can have a greater 
influence on the development of cellular properties, as compared to manipulations 
that result in sound attenuation. 

SHORT- VERSUS LONG-TERM HEARING LOSS 
Although developmental hearing loss has been shown to influence many neural 
properties, most of these results are obtained following a short survival time. These 
data demonstrate that the effects can appear within hours to days, but they do not 
address whether the changes are permanent. Our studies of the impact of hearing 
loss on synaptic inhibition in auditory cortex suggest that cellular deficits can persist 
into adulthood. Figure 6 plots the mean amplitudes of spontaneous IPSC recorded 
from auditory cortex neurons following developmental CHL, as a function of 
survival time. CHL causes a significant reduction in IPSC amplitude, and this effect 
is present at both short and long survival times (Takesian et al., 2012). The long 
duration inhibitory currents that are observed after SNHL resemble IPSCs that are 
recorded in neurons from pre-hearing animals, suggesting that normal acoustic 
experience is essential for maturational progress of GABAA receptor subunit 
function to occur (Kotak et al., 2008). Specifically, the agonists of GABAA receptor 
subunits α1 and β2/3 did not produce effects on IPSC kinetics, and this lack of an 
effect resembled that observed in neurons from pre-hearing animals.  
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about 7 days to reach an asymptotic level (Fig. 3A). Furthermore, the magnitude of 
this change is correlated with the type of experimentally-induced hearing loss (Kuba 
et al., 2010). As shown in Fig. 3B, there is only a modest change in AIS length in 
response to a mild CHL (puncture of the tympanic membrane) which induces 
approximately 20 dB of attenuation, as measured with auditory brainstem response 
(ABR). However, moderate CHL (middle-ear bone immobilization or removal; ~50 
dB of attenuation) leads to a highly significant increase in AIS length. Finally, 
SNHL (cochlea removal) induces the largest effect. These results indicate that CHL 
can elicit significant changes to the CNS cellular function, but that the effects due to 
SNHL are quantitatively larger. 

Fig. 4: A comparison of the impact of 3 forms of developmental hearing loss 
on auditory cortex inhibition. Bilateral cochlear removal, middle ear bone 
removal, or earplug insertion were induced at postnatal day 10-11, and 
spontaneous IPSCs were subsequently recorded from auditory cortex 
pyramidal neurons. IPSC amplitude declined to an equivalent degree in each 
form of hearing loss, as compared to age-matched control recordings (MEB, 
middle ear bone). Asterisks indicate a statistically significant change. 
Adapted from Kotak et al. (2008), Takesian et al. (2012), and Mowery et al. 
(2013). 

Although no single study provides a similar comparison of hearing loss severity as it 
relates to synaptic function, we have performed identical measures of cortical 
inhibitory currents following 3 different forms of developmental deprivation (Kotak 
et al., 2008; Takesian et al., 2012; Mowery et al., 2013). Figure 4 shows the mean 
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amplitude of spontaneous IPSCs recorded in gerbil auditory cortex from control 
animals, in comparison to animals reared with SNHL (i.e., bilateral cochlea 
removal), moderate CHL (i.e, bilateral malleus removal), or mild CHL (i.e., bilateral 
earplugs). Each form of hearing loss induces a nearly identical decrease in IPSC 
amplitude. Furthermore, when CHL is induced in adult animals, it does not lead to a 
decrease in IPSC amplitude. The relative impact of developmental moderate CHL or 
SNHL on transmitter release has also been examined for both excitatory and 
inhibitory synapses in auditory cortex (Xu et al., 2007; Takesian et al., 2010). 
Again, there was little difference between bilateral CHL versus bilateral SNHL. 
Following either manipulation there was significantly greater synaptic depression in 
response to multiple stimuli. For excitatory synapses, the SNHL elicited effect was 
slightly larger than that observed with CHL (Xu et al., 2007). Therefore, cortical 
synaptic function can be as sensitive to sound attenuation as it is to complete 
deafferentation. 

Although very different manipulations can result in similar outcome measures, there 
are cases in which the SNHL elicits significantly larger effects. For example, SNHL 
leads to a greater reduction in spike frequency adaptation in response to trains of 
injected current pulses, as compared to CHL (Xu et al., 2007). Finally, hearing loss 
can disrupt long-term synaptic plasticity (Kotak et al., 2007a), a neuronal 
mechanism thought to be involved in learning. For example, inhibitory synapses in 
auditory cortex display long-term potentiation following trains of afferent 
stimulation, and this synaptic plasticity is diminished by hearing loss (Xu et al., 
2010). Furthermore, the reduction of plasticity is greater for SNHL than it is for 
CHL (Fig. 5). These cortical studies suggest that deafferentation can have a greater 
influence on the development of cellular properties, as compared to manipulations 
that result in sound attenuation. 

SHORT- VERSUS LONG-TERM HEARING LOSS 
Although developmental hearing loss has been shown to influence many neural 
properties, most of these results are obtained following a short survival time. These 
data demonstrate that the effects can appear within hours to days, but they do not 
address whether the changes are permanent. Our studies of the impact of hearing 
loss on synaptic inhibition in auditory cortex suggest that cellular deficits can persist 
into adulthood. Figure 6 plots the mean amplitudes of spontaneous IPSC recorded 
from auditory cortex neurons following developmental CHL, as a function of 
survival time. CHL causes a significant reduction in IPSC amplitude, and this effect 
is present at both short and long survival times (Takesian et al., 2012). The long 
duration inhibitory currents that are observed after SNHL resemble IPSCs that are 
recorded in neurons from pre-hearing animals, suggesting that normal acoustic 
experience is essential for maturational progress of GABAA receptor subunit 
function to occur (Kotak et al., 2008). Specifically, the agonists of GABAA receptor 
subunits α1 and β2/3 did not produce effects on IPSC kinetics, and this lack of an 
effect resembled that observed in neurons from pre-hearing animals.  
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Fig. 5: The impact of hearing loss on inhibitory synaptic long-term 
potentiation recorded in the gerbil auditory cortex. Evoked IPSCs were 
recorded from pyramidal neurons for 10 minutes, followed by a series of 
stimulus trains that were designed to emulate the temporal discharge pattern 
of auditory cortex neurons in vivo. Following this treatment, the amplitude of 
evoked IPSCs was potentiated by 155%, as compared to the pre-treatment 
value (Control). The magnitude of this potentiation was much smaller for 
animals with developmental hearing loss. However, SNHL resulted in a 
greater effect, as compared to CHL. Adapted from Xu et al. (2010). 

One mechanistic explanation for this effect is that adult GABAA receptor subunits 
are not properly trafficked to the synaptic membrane (Sarro et al., 2008). Since CHL 
also causes IPSC decay times to remain longer, both at short and long survival 
times, the functional expression of GABAA receptors may remain compromised for 
the duration of hearing loss. In this regard, it is interesting to note that inhibitory 
maturation can be induced with pharmacological manipulations that boost 
GABAergic transmission, such that normal IPSC amplitudes and kinetics are 
observed in animals that remain deafened (Kotak et al., 2013).  

Although impairment of cellular function can persist during ongoing hearing loss, 
many cellular properties are normal after long survival times. Recordings obtained 
from adult cortical inhibitory interneurons following developmental CHL indicate 
that passive membrane properties are similar to those displayed by age-matched 
controls (Takesian et al., 2012). A similar outcome has been observed following 
bilateral hearing loss in developing rats. Membrane excitability is altered at short-
term survival intervals, but neurons no longer differ from controls at 1 month 
postnatal (Rao et al., 2010). Interestingly, serotonin suppresses pyramidal cell 
discharge, but only at longer survival times. These findings suggest that perceptual 
deficits that are observed in adulthood are likely due to only a subset of the cellular 
alterations that have been described following a short survival time. 
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Fig. 6: Following developmental CHL at postnatal day 10, inhibitory 
synaptic currents remain depressed through adulthood. Spontaneous IPSCs 
were recorded in auditory cortex pyramidal neurons after 7-12 days of 
hearing loss (short-term), or 80-100 days of hearing loss (long-term). At both 
survival times, CHL resulted in smaller IPSCs, as compare to age-matched 
controls (MEB, middle ear bone). Asterisks indicate a statistically significant 
change. Adapted from Takesian et al. (2012). 

SUMMARY 
At the qualitative level, it is clear that the consequences of hearing loss on synaptic 
properties are similar for animals with experimentally induced moderate CHL or 
SNHL. However, there is not yet sufficient information on synaptic function 
following mild forms of developmental hearing loss to determine whether its 
consequences are comparable. Since mild unilateral hearing loss does induce 
significant changes to CNS coding properties, the likelihood is that mild hearing loss 
does induce substantive cellular changes. Certainly, our preliminary findings 
(bilateral earplugs, Fig. 4) are in accord with this conclusion. At the quantitative 
level, the effects of hearing loss are likely to be of larger magnitude when there is a 
loss of hair cells and/or spiral ganglion neurons. This is apparent in some (e.g., 
Fig. 5), but not all, of our measures from auditory cortex. Taken together, these 
findings suggest that profound changes to central processing may occur even when 
developmental hearing loss is moderate (CHL) and raises the question whether 
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Fig. 5: The impact of hearing loss on inhibitory synaptic long-term 
potentiation recorded in the gerbil auditory cortex. Evoked IPSCs were 
recorded from pyramidal neurons for 10 minutes, followed by a series of 
stimulus trains that were designed to emulate the temporal discharge pattern 
of auditory cortex neurons in vivo. Following this treatment, the amplitude of 
evoked IPSCs was potentiated by 155%, as compared to the pre-treatment 
value (Control). The magnitude of this potentiation was much smaller for 
animals with developmental hearing loss. However, SNHL resulted in a 
greater effect, as compared to CHL. Adapted from Xu et al. (2010). 

One mechanistic explanation for this effect is that adult GABAA receptor subunits 
are not properly trafficked to the synaptic membrane (Sarro et al., 2008). Since CHL 
also causes IPSC decay times to remain longer, both at short and long survival 
times, the functional expression of GABAA receptors may remain compromised for 
the duration of hearing loss. In this regard, it is interesting to note that inhibitory 
maturation can be induced with pharmacological manipulations that boost 
GABAergic transmission, such that normal IPSC amplitudes and kinetics are 
observed in animals that remain deafened (Kotak et al., 2013).  

Although impairment of cellular function can persist during ongoing hearing loss, 
many cellular properties are normal after long survival times. Recordings obtained 
from adult cortical inhibitory interneurons following developmental CHL indicate 
that passive membrane properties are similar to those displayed by age-matched 
controls (Takesian et al., 2012). A similar outcome has been observed following 
bilateral hearing loss in developing rats. Membrane excitability is altered at short-
term survival intervals, but neurons no longer differ from controls at 1 month 
postnatal (Rao et al., 2010). Interestingly, serotonin suppresses pyramidal cell 
discharge, but only at longer survival times. These findings suggest that perceptual 
deficits that are observed in adulthood are likely due to only a subset of the cellular 
alterations that have been described following a short survival time. 

CHL
SNHL

Control

Δ
 IP

S
C

 a
m

pl
itu

de
 (%

)

200

100

-10 20 40 60
Time (min)

0

108

The severity of developmental hearing loss does not determine the magnitude of synapse dysfunction 

Fig. 6: Following developmental CHL at postnatal day 10, inhibitory 
synaptic currents remain depressed through adulthood. Spontaneous IPSCs 
were recorded in auditory cortex pyramidal neurons after 7-12 days of 
hearing loss (short-term), or 80-100 days of hearing loss (long-term). At both 
survival times, CHL resulted in smaller IPSCs, as compare to age-matched 
controls (MEB, middle ear bone). Asterisks indicate a statistically significant 
change. Adapted from Takesian et al. (2012). 

SUMMARY 
At the qualitative level, it is clear that the consequences of hearing loss on synaptic 
properties are similar for animals with experimentally induced moderate CHL or 
SNHL. However, there is not yet sufficient information on synaptic function 
following mild forms of developmental hearing loss to determine whether its 
consequences are comparable. Since mild unilateral hearing loss does induce 
significant changes to CNS coding properties, the likelihood is that mild hearing loss 
does induce substantive cellular changes. Certainly, our preliminary findings 
(bilateral earplugs, Fig. 4) are in accord with this conclusion. At the quantitative 
level, the effects of hearing loss are likely to be of larger magnitude when there is a 
loss of hair cells and/or spiral ganglion neurons. This is apparent in some (e.g., 
Fig. 5), but not all, of our measures from auditory cortex. Taken together, these 
findings suggest that profound changes to central processing may occur even when 
developmental hearing loss is moderate (CHL) and raises the question whether 
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transient forms of CHL are equally detrimental to the cellular maturation of central 
auditory circuits.  
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Sound recognition is likely to initiate early in auditory processing and
use stored representations (spectrotemporal templates) to compare against
spectral information from auditory brainstem responses over time. A com-
putational model of sound recognition is developed using neurobiologically
plausible operations. The adaptability and number of templates required
for the computational model to correctly recognize 10 Klatt-synthesized
vowels is determined to be around 1250 templates when trained with random
fundamental frequencies from the male pitch range and randomized variation
of the first three formants of each vowel. To investigate the ability to adapt
to noise and other unheard vowel utterances, test sets with 1000 randomly
generated Klatt vowels in babble at signal-to-noise ratios (SNRs) of 20 dB,
10 dB, 5 dB, 0 dB, and −5 dB are generated. The vowel recognition rates at
each SNR are 99.7%, 99.6%, 97.0%, 77.6%, and 54.0%, respectively. Also,
a test set of four vowel recordings from four speakers is tested with no noise,
giving 100% recognition rate. These data suggest that storage of auditory
representations for speech at the spectrotemporal resolution of the auditory
nerve over a typical range of spoken pitch does not require excessive memory
resources or computing to implement on parallel computer systems.

INTRODUCTION

Most research on sound recognition in computational systems has been on automatic
speech recognition systems. Automatic Speech Recognition (ASR) has primarily used
Hidden Markov Models (HMMs) to model the statistics of the acoustic features in
human speech (Rabiner, 1989). The performance of ASR systems using HMMs is
significantly worse in noisy compared to clean conditions especially in non-stationary
noise such as babble noise. The recognition accuracy for vowel identification of
current automatic speech recognition systems at −5 dB SNR is comparable to human
vowel identification scores at −15 dB SNR (Kalinli et al., 2010; Mi et al., 2013).
This performance gap increases even further if these ASR systems are only trained
with clean data instead of trained with both clean and noisy data (Kalinli et al., 2010;
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