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Auditory localization is essential for orientation in
the auditory space. It enhances auditory discrimination
by exploiting the spatial separation of the sound
sources. In normal hearing listeners (NHLs), localiz-
ation performance depends on the interaural time
differences (ITD), interaural level differences (ILDs),
and monaural cues (pinna shaping the sound spec-
trum). ILDs work best at high frequencies and ITDs
at low frequencies (<1500 Hz); nonetheless, ITDs can
be also resolved in the envelope signal at higher fre-
quencies (Bernstein, 2001). Localization ability
requires an exquisite sensitivity to ITD, which is in
the order of 10 μs (one-hundredth part of the duration
of an action potential!). To allow such performance,
the binaural information has to be extracted by an
exquisite neuronal circuitry, for which a complex
network of precisely interconnected neurons is
required. Is this exquisite sensitivity preserved in conge-
nital deafness? The question gained clinical interest
since bilateral implantation of profoundly deaf subjects
has became possible. Binaural implantations improved
performance in speech recognition and sound source
location, yet ITD sensitivity remained deficient (e.g.
van Hoesel and Tyler, 2003; Litovsky et al., 2004;
Nopp et al., 2004; Schleich et al., 2004; van Hoesel,
2004; for a review see Brown and Balkany, 2007).
Extraction of ITD information takes place in the

olivary complex (for a review see Grothe et al.,
2010)2 Receiving binaural excitatory as well as inhibi-
tory inputs, the MSO3 acts as an ITD detector with
high temporal precision. To transfer the extracted
ITD information into behavior, all structures up to
the auditory cortex are required (Neff, 1977; Jenkins
and Merzenich, 1984; Heffner and Heffner, 1990;

Malhotra et al., 2004; Smith et al., 2004; Kusmierek
et al., 2007; Nodal et al., 2010; for human data see
Clarke et al., 2002; Adriani et al., 2003). Does this
complex circuitry require auditory experience to
become functional?

Binaural performance in CI subjects
In binaurally implanted subjects, localization perform-
ance predominantly relies on ILD cues. Their ability to
differentiate ILDs is within the range of NHLs (1–2 dB
SPL; Laback et al., 2004), while ITDs is 10–100 times
worse. Consequently, bilaterally implanted children
rarely use ITD cues for sound localization (Salloum
et al., 2010), leading to localization deficits.

Two reasons for the ITD deficit might be the
reduced temporal information available for the CI
subjects due to poor place pitch matching across inter-
aural electrode pairs, and the lack of synchronization
between the two processors (Aronoff et al., 2010).
The ability to lateralize ITDs and ILDs in bilaterally
implanted subjects depends on onset of deafness:
when electrical pulse trains of 300 ms duration and
100 pps were directly fed to pitch-matched electrodes
bypassing the clinical processors, prelingually deaf
subjects did not show ITD sensitivity and were not
able to lateralize (Litovsky et al., 2010). In contrast,
lateralization was possible when ILDs cues were
used. Performance was better in patients with late
onset of deafness. Thus, auditory experience must
have an impact on the ability to detect ITDs.
Additionally, the duration of experience with electrical
stimulation plays an important role. Most of the
studies investigating binaurality have been performed
on postlingual subjects with heterogeneous auditory
history, which leads to a variability of results. There
was no improvement of localization performanceCorrespondence to: Jochen Tillein.4 Email: tillein@uni-frankfurt.de
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between 5 and 15 months post-activation in some
studies (e.g. Grantham et al., 2007), while other
reported substantial improvements in ITD sensitivity
over space of time of 6 months or more (Poon et al.,
2009).
A more distinct perspective about the impact of

deprivation and binaural experience on the outcome
of electrically stimulated deaf subjects can be obtained
by animal experiments that allow a controlled manipu-
lation of the auditory input and a defined sex and age
distribution. The lack of auditory experience can be
studied by artificially eliminating acoustic input at
very early stage during neonatal development using
cochlear ablation or ototoxic deafening. Effects of
auditory deprivation on the brain can be directly
investigated using congenitally deaf strains, e.g. conge-
nitally deaf (white) cats (CDCs). CDCs reproduce the
cochlear status of prelingually-deaf human subjects
very well. In CDCs, the organ of Corti degenerates
before the onset of hearing (West and Harrison,
1973; Heid et al., 1998) while ganglion cells in the
basal part of the cochlea are only slightly affected.
As in humans, ganglion cells can thus be electrically
stimulated even in aged animals. In contrast, artificial
deafening by means of ototoxic drugs (aminoglyco-
sides) leads to a rapid degeneration of ganglion cells
in the cochlea (Leake and Hradek, 1988; Shepherd
and Hardie, 2001). Cochlear ablation destroys the
auditory nerve directly.
In animal models, absence of acoustic experience

can be directly compared with animals that have had
normal binaural experience. Results may provide
answers to the questions of how much the binaural
processing is affected by deafness.

Basic auditory pathway is established at birth
Neural connections used for binaural processing in
human auditory brainstem are already present in
human neonates, but are immature at birth (Jiang
and Tierney, 19965 ). Efferent projections of the
cochlear nucleus (CN) in animals show adult-like pro-
jection pattern already 1 week prior to onset of hearing
(Kandler and Friauf, 1993). Likewise, connections
from the CI, nuclei of the superior olivary complexes,
and the lateral lemnisci to the inferior colliculus are
already present at birth (Friauf and Kandler, 1990).
Tonotopic organization of the CN is present even
before the onset of synaptic activity (Koundakjian
et al., 2007; Kandler et al., 2009). The assembly of
brainstem circuitry is thus controlled intrinsically. A
well organized afferent projection into the CN was
found in cats 5 days before birth, but all projections
to the subdivisions of the CN were significantly
broader than in adults (Leake et al., 2002). The
Giant synapses of the calyx of Held within the
medial nucleus of the trapezoid body (MNTB)

exhibit mature anatomical and physiological proper-
ties already before onset of hearing without requiring
spontaneous auditory nerve activity (Kandler et al.,
2009; Kandler and Friauf, 1993). The MNTB is a
major inhibitory source of MSO and is also involved
in ITD processing.
Likewise, synaptic inputs to the LSO 6and MSO are

developed and tonotopically organized before the
onset of hearing, suggesting that the basic tonotopic
organization is achieved intrinsically by guiding mol-
ecules (Kandler and Friauf, 1993; Sanes and Takacs,
1993; Leake et al., 2002). Extended synapse modifi-
cations under early auditory experience leads to a shar-
pening of tonotopic maps e.g. by elimination of
GABAergic and glyciniergic connections, which has
been described in detail for the MNTB-LSO system
(Kandler and Gillespie, 2005). 7

Effects of deprivation I. Brainstem
Spiral ganglion cell degeneration in the cochlea after
deafness has been reported in many studies but audi-
tory deprivation also leads to atrophic structural
changes in neurons (shrinkage of cell bodies) and
synaptic endings along the auditory pathway. Type I
axons of spiral ganglion cells (SGC) project to and ter-
minate in the endbulb of Held on spherical cells of the
AVCN. 8In adult CDC these structures show an imma-
ture status (Larsen and Kirchhoff, 1992 9).
Neurons in the AVCN preserve temporal pattern

of the waveform coming from the auditory nerve very
precisely (Kiang et al., 1973), which is essential for
the encoding of cues for sound localization at binaural
centers that occur later on (Casseday and Covey, 1987).
Ascending projections to the subnuclei of the CN in
neonatally deafened cats keep their tonotopic pattern
but the areas are disproportionately wider compared
to hearing controls (Leake et al. (2006), for similar cor-
tical changes in CDCs, see Kral et al., 2006). In the CN
of CDCs atrophic cell somata were found (West and
Harrison, 1973; Saada et al., 1996). Also, structures
of the endbulb of Held showed reduced branching,
hypertrophy of postsynaptic densities, and changes in
synaptic vesicle density (Ryugo et al., 1997 10; Baker
et al., 2010). Keeping the exact timing of nerve fibers
Endbulbs of Held are the initial step within the
timing pathway for sound localization. A significant
athrophy of neurons in the CN was also described in
neonatally deafened cats (Lustig et al., 1994; Hardie
and Shepherd, 1999). Smaller cells in the VCN 11and
MNTB were found in sound deprived CBA/J mice
compared to controlmice (Webster andWebster, 1977).
In the MSO of hearing animals, a developmental

rearrangement of the projection takes place (Kapfer
et al., 2002) which depends on acoustic experience.
In CDCs, a significant reduction of cell size and synap-
tic numbers in the MSO was observed (Schwartz and
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Higa, 1982). Changes in the MSO occur before
changes of SGC12 populations were detectable on
the light microscopic level. In the inferior colliculus
of neonatally deafened cats, a significant reduction
in synaptic density was described (Hardie et al.,
1998) but functionally the cochletopic organization
developed nearly normal (Snyder et al., 1990).
Corresponding to these results, the afferent pro-
jection pattern to the central nucleus of the IC
was not affected by deprivation in CDCs (Heid
et al., 1997) and in ferrets after bilateral cochlear abla-
tion (Moore, 1990). However, long duration of deaf-
ness in neonatally deafened cats leads to loss in
response sensitivity and spatial selectivity in the IC,
while the cochleotopy was less affected (Vollmer
et al., 2007).
In congenitally deaf mice (dn/dn; Bock et al., 1982)

the central auditory pathways are well developed and
electrically evoked field potentials can be recorded in
the IC. Interestingly, these potentials exhibit larger
amplitudes compared to normal mice. More recent
work demonstrates substantial differences in glyciner-
gic transmission (decrease of synaptic strength) in the
MNTB and a lack of a tonotopic gradient of action

potential delays and whole-cell membrane currents in
the AVCN of congenitally deaf dn/dn mice (Leao
et al., 2006).

Effects of deprivation II. Cortex
In the primary auditory cortex (Field A1) a rudimen-
tary cochleotopy was demonstrated in CDCs
(Hartmann et al., 1997; Shepherd et al., 1997). In neo-
natally deafened cats, tonotopy in A1 deteriorates in
the course of long-term deafness (Raggio and
Schreiner, 1999; Fallon et al., 2009), possibly as a con-
sequence of the pronounced degeneration of the spiral
ganglion cells.

A significant decrease in synaptic activity in the
primary auditory cortex of CDCs occurred (Kral
et al., 2000), which was most pronounced in infragra-
nular cortical layers. These normally provide an effer-
ent drive to subcortical structures. Cortical local field
potentials had lower cortical thresholds, unaffected
amplitudes, and current source analyses demonstrated
down-regulated inhibition (Kral et al., 2005).
Postnatal cortical development was significantly dis-
turbed by deafness (Kral et al., 2005).

Figure 1 Effect of congenitally deafness on contralaterality of primary auditory cortex A1. (A) Scheme shows a dorsal view onto
a cats head and brain. The black filled circle marks the bulla contralateral to the recorded hemisphere. A small square at the right
hemisphere indicates the primary auditory cortex A1 from which local field potentials (LFPs) were recorded. In hearing control
animals contralateral stimulation (left) leads to stronger cortical responses (right) compared to ipsilateral stimulation indicated
by the different widths of the arrows. In contrast, in congenitally deaf animals these difference disappears (right panel in A)
marked by arrows with the samewidth. Quantitative analysis is shown in (C). (B) A comparison of the mean maximum amplitude
of LFPs elicited by contralateral stimulation between hearing animals and CDCs shows no significant difference (two-tailed
Wilcoxon–Mann–Whitney test P= 0.90). (C) The contralaterality index: the amplitude of LFPs elicited by contralateral stimulation
devided by the sum of the amplitudes of contra- and ipsilateral evoked LFPs. The significant lower CIn for the CDCs (two tailed
t-test, P= 0.0038) indicates a reduction of contralaterality with deafness (data from Kral et al., 2009).
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Cortical responses further demonstrated less spatio-
temporal fine structure due to increased synchrony in
cortical responses (Kral et al., 2009). Interestingly, a
significant decrease of contralateral dominance was
observed in field A1 of congenitally deaf animals
(Fig. 1). Concomitantly, smaller aural differences in
morphology of the local field potentials (LFPs) were
observed, indicating a decrease in ear-specific cortical
processing (Kral et al., 2009).
In hearing animals, electrophysiological data

(Campbell et al., 2006; Kelly and Judge, 1994;
Phillips et al., 1988) as well as optical imaging
studies (Mrsic-Flogel et al., 2006) suggest that nearly
all cortical neurons receive input from both ears with
differential sensitivity to the contralateral and ipsilat-
eral ear, allowing ear-specific cortical processing.
This ear-specific cortical processing is thus lost in
CDCs (Kral et al., 2009).
Based on the recent models of cortical space rep-

resentation (Stecker et al., 2005), these results indicate
that in congenital deafness space representation might
be collapsed to midline locations.

Deprivation effect on ITD processing in A1
The deprivation-dependent morphological and
functional changes within auditory pathway
described above give rise to the question whether
decoding of binaural signals is possible in congenital
deafness.
ITD processing was investigated in field A1 using

recordings of unit activity (action potentials; Tillein
et al., 2010). Short pulse trains (5 ms) containing
three biphasic pulses (200 μs/phase, wide bipolar
stimulation, 500 Hz) were used to study onset ITDs.
Onset ITD is an important cue for orientation in
space and also initiate head and pinna orientation
reflexes. ITD sensitivity was studied in a range
0–600 μs, well exceeding the ITD range of the cat
(given by the size of the head; ±400 μs; Yin and
Chan, 1990). Comparison between CDCs and
control animals revealed that even in congenitally
deafness residual sensitivity to ITD exists (Tillein
et al., 2010). On the other hand, deafness had a
devastating consequence for cortical representation
of ITD: the number of ITD sensitive cells was
reduced to less than half (Fig. 2), and those that
responded differentially to ITD had a reduced firing
rate, increased ‘noise’, reduced intensity dependence,
and reduced modulation depth, demonstrating a pro-
found disturbance in sensitivity to ITD (Tillein et al.,
2010). Examples of ITD functions and their level
dependency for hearing controls and CDCs are
shown in Fig. 3.
These data demonstrate that congenital deafness

leads to a profound deficit in ITD sensitivity, although

a subcortical ITD extraction is rudimentarily pre-
served (cf. Hancock et al., 2010).

Auditory maturation requires experience
The above studies on binaural processing in CDCs
show that lack of auditory experience keeps the audi-
tory cortex functionally immature. Additionally,
earlier findings also indicate an early developmental
status related to congenital deafness (reviewed in
Kral et al., 2006). These functional deficits are not
restricted to the auditory cortex but can also be
found on other levels of the auditory pathway.
Auditory deficits are the consequence of the absence
of use of these structures. Deafness is compensated
by crossmodal cortical reorganization which is highly
specific and was not found in A1 (Kral et al., 2003)
but in many other auditory cortical fields (Lomber
et al., 2010). Crossmodal plasticity thus destroys the
functional unity of the auditory cortex by differential
recruitment of individual ‘auditory’ areas for different
functions, leading to deficits in mutual cooperation
between these cortical areas (Kral and Eggermont,
2007 13). That is most likely one reason for the critical
dependence of outcome on age at implantation, as

Figure 2 A comparison of the number of ITD sensitive
responses elicited 6 dB above electrically evoked brainstem
response between hearing controls (HCs) and congenitally
deaf cats (CDCs) expressed as mean % of ITD sensitive
positions per probe. In hearing controls nearly 64% of all
recorded positions (n= 320, 23 probes) in A1 had ITD
sensitive responses with neurons belonging to one of the ITD
classes shown in Fig. 3. In contrast, CDCs showed a
significant lower number of positions with ITD sensitive
responses (27%, n = 304, 19 probes)
(Wilcoxon–Mann–Whitney test, P= 0.0001). ITD Responses
defined as flat class (Fig. 3) were excluded from the statistics
since they do not fulfill the criteria of ITD sensitivity.
Responses were classified as being ITD sensitive if the
modulation depth of ITD functions (Fig. 3B) were >50%.
Responses which could not be classified to either of the
groups but follow the ITD sensitivity criteria were included
(see Tillein et al., 2010).
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auditory use of these areas requires their mutual inter-
action (Kral and Eggermont, 2007).
Speech tests on cochlear-implanted prelingually

deafened children have demonstrated that perform-
ance significantly increase when children receive their
CI before the age of five (e.g. Fryauf-Bertschy et al.,
1997; Waltzman and Cohen, 199814 ), the results being
even better if implantation is before the age of two
(Svirsky et al., 2004). This is caused by an early sensi-
tive period for cortical plasticity when auditory matu-
ration can be achieved by experience, as described in
congenitally deaf cats (reviewed in Kral et al., 2006)
and in electroencephalographic recordings of
cochlear-implanted children (Sharma et al., 2005). It
is likely that a similar sensitive period exists for
binaural hearing (cf. Beggs and Foreman, 1980;
Knudsen et al., 1984).15 However, even in early binaural
implantation it remains to be determined whether

unsynchronized binaural implants can provide consist-
ent binaural cues to allow maturation of binaural
hearing.
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