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Development of the Human Auditory System

Sound Transduction

Soumya lyengar

Abstract | Sound is one of the first stimuli from the external environment
to reach and be perceived by the human foetus as early as the fifth month
in utero [approximately 25-26 gestation weeks (GW)]. Thus, auditory input
may sculpt developing auditory pathways as well as those important for
perceiving speech sounds even prior to birth. Detailed anatomical stud-
ies on postmortem human brains and a battery of functional studies such
as the auditory brainstem response (ABR), magnetoencephalography
(MEG) and fMRI (functional magnetic resonance imaging) have revealed
that the cochlea and auditory brainstem are well-developed by the third
trimester and adult-like in terms of structure by 6 postnatal months, fol-
lowed by functional maturation. However, earlier studies have found that
neurofilament proteins which form the cytoskeleton of axons and act as
a marker for maturity in the nervous system (in terms of axonal conduc-
tion) are present only in Layer | of the human auditory cortex from 22 GW
to 3 postnatal years. These studies have further demonstrated that the
neural circuits in all other layers of the auditory cortex have a protracted
period of maturation (between 1-12 postnatal years) in terms of neurofila-
ment expression, suggesting a gradual increase in the ability to process
sounds. Contrary to these neuroanatomical findings, other studies have
shown that third trimester foetuses respond to complex auditory stimuli
(including speech sounds) and the auditory cortex is activated by sound
as early as 33 GW. In the present review, | have discussed structural and
functional data relating to the maturation of the human auditory cortex. In
addition to these studies, | have discussed recent results showing that
axons in the human auditory cortex may mature before birth, which can be
better correlated with the fairly well-developed auditory processing capa-
bilities of the third trimester human foetus.

level sound is perceived as painful. The external

and the Auditory Pathways
Sound consist of oscillations of air pressure that
vary rapidly with time, often thousands of times
per second. It is characterized by frequency or the
number of oscillations per second (measured in
hertz) perceived as pitch and intensity or ampli-
tude (measured in decibels), perceived as loudness.
The range of sound frequencies that the human
ear can perceive is 20 Hz—20,000 Hz. Additionally,
the human ear responds to sound levels from 0 dB
(the threshold of hearing) to 120-140 dB, at which

ear or pinna focuses sound into the internal audi-
tory meatus (auditory canal). Sound then strikes
the ear drum or tympanum and sets it into vibra-
tions. These vibrations are amplified by a series
of small bones or ossicles, the malleus, incus and
stapes (which resemble a hammer, anvil and stir-
rup, respectively) and are present in the middle ear
cavity. The ossicles collectively amplify sound trav-
elling to the inner ear by approximately 20-fold.
The foot plate of the third bone in the chain, the
stapes, covers the oval window of the cochlea
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which is present in the internal ear. The cochlea
consists of a spiral tube coiled two and a half
times around a bony core called the modiolus. It is
divided into three fluid-filled compartments (the
scala vestibuli, scala media and scala tympani) by
the Reissner’s membrane and basilar membrane.
Whereas the scala media contains endolymph, the
scala vestibuli and tympani contain perilymph.
The scala media contains the organ of Corti which
is made up of rows of inner and outer hair cells
specialized for perceiving sound. The tips of the
hair or stereocilia present on the apical surface
of hair cells are embedded in the tectorial mem-
brane which is attached to the modiolus. When
the vibrations of the tympanic membrane are
transmitted to the fluid in the cochlea, the tecto-
rial membrane also begins to vibrate, forcing the
stereocilia of the inner hair cells (IHC) to bend.
These movements of the stereocilia are converted
into electrical signals and are transmitted to the
cochlear nerve fibers which synapse at the base of
the IHC. Both attributes of sound (frequency and
intensity) are encoded at the level of the cochlea
itself. The cochlea is organized tonotopically such
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that high frequencies stimulate the base of the
cochlea and low frequencies stimulate the apex
whereas the number of IHCs which are stimulated
by a sound determines its perceived loudness. The
cochlear nerve (also tonotopically organized)
relays sound to the medullary cochlear nuclei. The
cochlear nuclei process neural information on
timing, onset, duration and periodicity,' (Fig. 1).
The cochlear nuclei in turn project to the supe-
rior olivary nuclei in medulla (which is important
for sound localization) and nuclei of the lateral
lemniscus in the pons wherein sound is processed
further. These nuclei project to the inferior collic-
ulus in the midbrain which integrates visual and
auditory stimuli.' The inferior colliculus projects
to the medial geniculate nucleus of the thalamus.
Different subdivisions of the medial geniculate
nucleus project to primary and non-primary audi-
tory cortical areas located in the superior tempo-
ral gyrus of the temporal lobe. Not only does the
auditory cortex analyze and perceive complex
sounds including speech, it is also important for
localizing and identifying sounds. The superior
temporal gyrus sends projections to other cortical
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I inner ear

middle ear

Figure 1: Sound (red arrow) forces the ear drum into vibrations which are conveyed to the ossicles in the
middle ear cavity. These vibrations are further conveyed to the cochlea in the inner ear which transduces

sound into electrical signals conveyed to the central auditory system through the auditory nerve.
Source: http://www.positscience.com/brain-resources/image-gallery/auditory-images
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Figure 2: Sound is transduced into electrical impulses which are conveyed to the cochlear nuclei in the
brainstem via the auditory nerve (8th cranial nerve). After being processed in the cochlear nuclei, sound is
then conveyed to the inferior colliculus which then relays this information to the medial geniculate nucleus

(MGN). The MGN sends projections to the temporal lobe wherein the auditory cortex is located for analysing

and perceiving complex sounds such as speech and for sound localization.
Source: http://www.positscience.com/brain-resources/image-gallery/auditory-images

areas as well as the hippocampus and is also con-
nected to the limbic system which is important for
emotions’ (Fig. 2).

2 Development of the Auditory
Brainstem

The formation of the cochlea, cochlear nerve,
brainstem nuclei and pathways as well as the cor-
tical plate begins during the embryonic period
of human development [1-13 gestation weeks
(GW)].? The epidermis on either side of the
embryonic head thickens to form a structure

called the otic placode which then develops into
a hollow sphere or vesicle. Further differentia-
tion of this vesicle leads to the development of
the cochlea and the vestibular system (including
the utricle, saccule and semicircular canals).*®
The primitive cochlea forms a tubular structure
or the cochlear duct which begins to lengthen,
finally coiling to form two and half turns around
the modiolus. The organ of Corti appears in the
cochlear duct at 9 GW as a ridge of cells which
have microvilli on their surface. These microvilli
are replaced by stereocilia during the next three
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weeks of development.®” The organ of Corti and
the tectorial membrane form simultaneously
between 9—-13 GW. The tectorial membrane which
is attached to the modiolus covers the organ of
Corti and the tips of the stereocilia of the hair cells
are embedded within it. A layer of cartilage is laid
down around the cochlea by 11-12 GW. A group
of cells which separates from the otic vesicle dif-
ferentiates into the statoacoustic ganglion or the
spiral ganglion.® The peripheral processes of cells
of the spiral ganglion synapse on the hair cells of
the organ of Corti (9 GW) whereas the central
processes of these cells synapse on the cochlear
nuclei of the brainstem (5-6 GW), forming the
cochlear nerve. All nuclei (cochlear nuclei, lateral
and medial superior olive and inferior colliculus)
and auditory pathways of the brainstem can be
identified by 7-8 GW? and the medial geniculate
nucleus of the thalamus also begins to develop by
8 GW.0

During the second trimester (14—26 GW), the
cochlea and cochlear nerve mature and neuronal
growth, axonal maturation and development of
the efferent system takes place. The fluid-filled
spaces of the cochlea, the scala tympani and scala
vestibuli can be clearly discerned. The inner hair
cells of the organ of Corti also develop further
and myelination begins by 22 GW in the cochlea.
Groups of oligodendrocytes accumulate around
fibers of the cochlear nerve and begin to myelinate
it by 24 GW. Cells of all brainstem nuclei begin
to mature further and produce dendrites which
begin to arborize by 24-25 GW.

By 26 GW (end of the second trimester), neu-
rofilament proteins are expressed at adult levels in
the brainstem, cochlear nerve and brainstem cen-
tral pathways.!" This subfamily of phosphorylated
proteins consists of NF-L (low molecular weight),
NF-M (medium molecular weight) and NF-H
(high molecular weight)'*" intermediate fila-
ments which form the axonal cytoskeleton. Inter-
estingly, NF-L is present in the developing brain
prior to the expression of NF-M and NF-H in
rats'® and humans.'”'® The accumulation of NF-M
and NF-H in axons leads to an increase in their
diameter, which along with an increase in myeli-
nation is concomitant with an increase in their
conduction velocity;''*% cf.).! The expression of
neurofilament proteins can therefore be used as a
marker of maturity of neural circuitry during the
development of the nervous system.

During the transition to the perinatal period
(27 GW-29 GW), myelination begins in the coch-
lear nerve and in brainstem pathways including
the trapezoid body, lateral lemniscus, brainstem
commissures and pathways connecting the inferior

colliculus to the MGN."?»* The perinatal period
itself (third trimester to 6th postnatal month) is
characterized by the maturation of neurons and
axonal pathways in the brainstem. The cochlea
attains maturity a few weeks before birth** and
so does the olivocochlear system. Adult-like lev-
els of myelination are achieved in the cochlear
nerve and brainstem auditory pathways by 6-12
postnatal months and may underlie the decrease
in latency observed in the auditory brainstem
response (ABR) peaks between pre- and postna-
tal months (see below,).>~*¢ The development of
the Po-Na complex (middle latency response) may
result from the myelination of axons from the infe-
rior colliculus to the MGN which becomes well-
defined by 33 GW.?*** By 6 postnatal months,
the brainstem is already adult-like, in terms of
structure.

3 Structural Development

of the Human Auditory Cortex
The forebrain is very primitive at 4 GW and the
cerebral hemispheres consist of a thin shell of neu-
rons surrounding the comparatively large lateral
ventricular spaces in each hemisphere. By 8 GW,
the wall of the cortex begins to thicken as the
progenitor cells of the ventricular zone multiply
and migrate, forming the cortex.”” The marginal
zone (future Layer I) appears next and contains
the processes of the cells which form the ventricu-
lar zone. A specialized subset of cells called the
Cajal-Retzius (CR) cells also begins to appear in
the marginal layer at this time.*** These cells are
important for attracting migrating neuroblasts
into the underlying cortical plate which gives rise
to other layers of the cortex by secreting the che-
moattractant protein reelin.***! The formation of
the marginal zone is followed by the appearance
of the intermediate zone which lies between the
ventricular and marginal zones. The next layer to
emerge is the subventricular zone which forms
between the ventricular and intermediate layers
and also consists of progenitor cells. The cortical
plate and subplate are the next to form between
the marginal zone and the intermediate zone.
Layers II-VI of the presumptive cortex arise from
the cortical plate whereas the subplate and the
intermediate zone transform into the subcortical
white matter. The subplate layer is also known to
act as a ‘waiting compartment’ wherein subcorti-
cal axons (including thalamic afferents) initially
terminate before entering and arborizing within
different layers of the cortex.*?

Krmpoti¢-Nemani¢ and colleagues performed
a series of studies on the development of the
auditory cortex in post-mortem fetal brains*®*-4
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using a combination of histological techniques
(Nissl and Golgi staining), enzyme histochem-
istry and electron microscopy. They demon-
strated that different layers of the developing
cortex (marginal zone, cortical plate, intermedi-
ate zone, subventricular and ventricular zones)
were present in the incipient auditory cortex at
11-12 GW.* Differentiating neurons with devel-
oping dendritic arborisations could be seen in
the three outermost layers, namely the marginal
zone, cortical plate and intermediate zone at this
stage. The subplate layer which lies below the
cortical plate had differentiated from the outer
part of the intermediate zone at 12-13.5 GW.
Krmpoti¢-Nemanic et al. (1980, 1983)** were
the first to use enzyme histochemistry for ace-
tylcholine esterase (AChE) to demonstrate that
cholinergic afferents reach the human auditory
cortex. They found that AChE-positive fibres
from the region of the ventral posterior thalamus
and basal telencephalon grew towards the incipi-
ent auditory cortex as early as 10.5 GW. These
fibers entered the marginal zone and subplate
layer of the auditory cortex by 20-24 GW and
the cortical plate, which is composed of columns
of neurons, between 22-28 GW.***¢ Since synap-
togenesis occurs in all layers of the cortical plate
(future auditory cortex'’) during this period,
their results suggested that thalamic afferents
from the medial geniculate nucleus innervated
the auditory cortex by ~25 GW. Further, Moore
and Guan (2001') demonstrated that a plexus
of neurofilament-positive axons were present
in the marginal layer [also demonstrated by* at
25 GW], whereas the underlying cortical plate
was completely devoid of immunostaining for
the neurofilaments. Since the cortical plate did
not appear to contain any neurofilament-positive
axons, Moore and Linthicum (2007°) suggested
that the axons in the marginal layer presumably
extend from the brainstem reticular formation
into the auditory cortex.

During the transition to the perinatal period
(27 GW=-29 GW), the temporal lobe could be
discerned as a distinct part of the cortex. Cortical
arousal measured by cortical evoked potentials
which could be detected at this time probably
resulted from the axonal plexus in the marginal
layer.?»* In the perinatal period which follows
(third trimester to 6th postnatal month), neurons
and axonal pathways began to mature in Layer I
of the cortex and influence the differentiation of
neurons in underlying cortical areas. The cortex
continued to enlarge and differentiate further
during this period. By 37 GW, there was a clear
separation between the medial Heschl’s gyrus

Development of the Human Auditory System

(also called the transverse temporal gyrus) which
contained the primary auditory cortex and the
more lateral part of the superior temporal gyrus
wherein the secondary or non-primary auditory
cortical areas were located.'” The auditory cortex
and the afferent axons from the medial geniculate
nucleus matured between 6 months and one year
(the transition to childhood). Whereas Layer I
of the auditory cortex decreased in thickness,
Layers II-VI increased in size. Moore and Lin-
thicum (2007°) demonstrated that there was an
increase in neurofilament-positive axons in Lay-
ers IV=VI during this period. From 2 to 5 years
(early childhood), thalamic axons within the
auditory cortex continued to mature and their
density reached adult levels in Layers IV-VIL."
Cortical neurons increased in size and there was
an increase in their dendritic arbors.*~' Myelina-
tion began in the auditory cortex by 3 postnatal
months®” and was completed by 6 years of age,"!
whereas MGN afferents to the cortex achieved
myelination by 4-5 years.”* Moore and Guan
(2001"7) further demonstrated that neurofila-
ment expression reaches adult levels by 12 years
and that this maturation included axons from the
MGN as well as intrinsic cortical axons (Moore
and Linthicum, 20073).

4 Electrophysiological Correlates
of the Development of the
Auditory System

Responses of the 8th nerve and different compo-
nents of the auditory brainstem (cochlear nuclei,
inferior colliculus and MGN) to sound can be
recorded from the scalp are of short latency
(<10 ms) and are collectively called the auditory
brainstem response or ABR (reviewed in).”>
Typical ABRs consist of a series of 7 waves which
represent compound action potentials of different
parts of auditory brainstem circuitry in response
to sound. Wave I and II represent the response of
the distal and proximal parts of the cochlear nerve,
respectively, as this nerve exits the internal ear and
enters the brainstem to terminate on cochlear
neurons in the medulla and pons. Wave I1I arises
from second-order neurons in the cochlear nuclei
whose axons terminate in the inferior colliculus.
The cochlear nuclei also project to the superior
olivary complex (important for sound localiza-
tion and for detecting sound intensity) which fur-
ther projects to the inferior colliculus. Wave IV is
thought to arise from axonal connections between
these latter nuclei (that is, superior olives and infe-
rior colliculi). Auditory evoked potentials in the
axons of the inferior colliculus neurons are thought
to contribute to Wave V, whereas projections of
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the neurons forming the medial geniculate nuclei
of the thalamus to the cortex may contribute to
Wave VI and VII. A number of studies**”*? have
demonstrated that the ABR can be demonstrated
in 28-29 conceptional age (CA) premature infants
and waves [, IIl and V become clearly detectable at
35 CA. Since auditory input is first perceived
by the cochlea, cochlear maturity would influence
ABR in all other ABR generators, that is, the coch-
lear nuclei, superior olivary complex, inferior col-
liculus and medial geniculate nucleus. Although
the cochlea is almost adult-like by approximately
26-27 GW, it attains complete maturity a few
months after birth.>* Ponton et al (1992%) have
demonstrated that the latency difference between
waves | and V (which represents the brainstem
conduction time) mature to adult levels by 1.5-2
years after birth.

Another set of auditory evoked responses
which mature alongside the ABR responses are the
middle latency responses (MLR, 10-50 ms®**?),
consisting of five waves (NO, PO, Na, Pa and Nb).
The Po-Na waves represent auditory transmission
in the neural circuitry connecting the inferior
colliculus and medial geniculate nucleus.
Whereas the Po waves are barely discernable at
25-27 GW, they become well-defined by 33 GW
and develop further by birth.?*** Further, the Na
peak achieves adult levels (18 ms) by the 3rd post-
natal month.®!

The third set of auditory evoked responses
are referred to as long latency auditory evoked
responses (LLAEPs) or auditory late responses
(ALPs) which occur 50-300 ms after stimulus onset
originate mainly from the auditory cortex.®>® In
adults, LLAEPs consist of four waves, P1 (a small
positive peak, 50 ms post-stimulus onset) followed
by a well-defined negative peak N1 (90-150 ms
post-stimulus onset) and P2, a broad positive peak
which occurs 175-200 ms after the onset of the
auditory stimulus.®*% Since the LLAEPs are gen-
erated by the auditory cortex, they are also called
cortical auditory evoked potentials (CAEPs) and
are thought to be correlates of perception.®>® The
CAEPs can be categorized as discriminative or
obligatory.t*%

Discriminative or endogenous CAEPs include
MMN (mismatch negativity) and P300.¢ When a
certain set of similar stimuli (acoustic, phonetic
or contextual) are being presented and a devi-
ant stimulus is introduced randomly, the audi-
tory cortex responds to this odd-ball stimulus
with a larger event-related response (ERP), called
MMN. MMN indicates pre-attentive processes
at work in the brain, since these suggest that the
individual is paying attention to and detecting a

change in a uniform set of stimuli. Since event-
related responses in infants are largely positive (as
opposed to those in adults), MMN is referred to
as MMR (mismatch response) in infants to dif-
ferentiate them from MMN seen in adults. MMR
is first observed in the fronto-central part of the
cortex at birth and in the temporal region by 1-2
postnatal months, becoming clearly discernable
by 3 postnatal months.® Interestingly, Draganova
et al. (2005, 2007°7%%) have used magnetoencepha-
lography to demonstrate MMR in 28 GW fetuses.
Trainor et al. (2003%°) have demonstrated that the
transition from positive to adult-like negative cor-
tical evoked potentials takes place at 6 postnatal
months.

The second type of CAEPs includes obligatory
or exogenous evoked potentials (OEPs). Since the
OEPs depend solely on external auditory stimuli
and the integrity of the central auditory pathways,
they are less affected by factors such as attention
and memory. They can therefore be recorded reli-
ably to assess auditory cortical function at differ-
ent age groups including infants and children.® In
adults, OEPs consist of two main positive peaks
(P1 and P2) and one main negative peak (N1°)
interspersed between them. A smaller negative
peak N2 follows P2. Whereas N1 reflects the activ-
ity of at least four neural generators, P2 is thought
to represent activity in the primary auditory
cortex.”

Results from different studies®*>’*”! have
shown that obligatory evoked potentials can be
recorded from the cortex in 24 week preterm
babies. At 24 GW, OEPs consist of a large nega-
tive wave with a latency of 200 ms and a positive
wave with a peak latency of 600 ms. By 30 GW,
the latency of the positive wave decreases to
300 ms and it increases in amplitude. Only the
positive wave (peak latency 250 ms) remains at
birth (40 GW), which is present until 5 postna-
tal months. At this time, a new negative wave
appears (peak latency 400 ms) and the posi-
tive wave increases to 400 ms. Further, there is a
decrease in the latencies of the three main waves
P2, N2 and P37°7 such that by 5 yrs, the OEPs
consist of a positive wave (peak latency 100 ms)
followed by negative wave (peak latency 200 ms)
and a positive wave (peak latency 350 ms’"*).
In adulthood, the OEP complex consists of four
waves, P1-N1-P2-N2 (with latencies of 50, 100,
150 and 200 ms, respectively), which is first
seen between 14-16 years. Whereas P1 becomes
adult-like early during development, N1 attains
adult levels by 9 yrs.”* Additionally, both P2 and
N2 mature early, both achieving adult-like values
by 2-3 years.”*”
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5 Correlation between Anatomical

and Electrophysiological Changes

During Development of the

Human Auditory System
In one of the most extensive reviews to date on
structure-function correlates of the development
of the human auditory system, Eggermont and
Moore (2012%) have divided audition into dis-
crimination and perception. Whereas discrimi-
nation refers to the ‘ability to recognize different
auditory stimuli} perception represents the ‘link-
ing of a stimulus to its meaning or significance.”
These authors suggest that whereas the physical
attributes of sound are analysed by the brainstem,
the reticular activating system (RAS) and tha-
lamic inputs to Layer I which occurs during fetal
development mediates attention to sound (cf.?).
Further, they suggest that discrimination of sound
begins before birth (GW) and continues during
the first few postnatal months.

Eggermont et al. (1996*) have shown that the
cochlea and cochlear nerve are mature by 3 post-
natal months, followed by the maturation of the
brainstem (in terms of neural circuitry) by 1.5
years, including the projection from the inferior
colliculus to the medial geniculate nucleus (MGN).
Eggermont and Moore (2012%°) have identified the
neurofilament-positive fibers described by Moore
and Guan (2001", reviewed in’®) which innervate
Layer I as RAS fibers. Further, they have attrib-
uted the early auditory discriminatory capabilities
of the human fetus to the RAS pathway since the
MGN and thalamocortical fibers as well as neu-
ral circuitry within the auditory cortex does not
mature until adulthood (20 years, cf.).

According to Eggermont and Moore (2012%),
the cochlea is important for spectrally analysing
sound which is followed by a more detailed analysis
of various parameters of sound by the brainstem.
The cochlea develops first, followed by the gradual
maturation of other auditory components of the
brainstem (the cochlear nuclei, inferior colliculi,
olivary complex and medial geniculate nucleus
of the thalamus). The presence of biphasic ABR
waves in the brainstem during the third trimester
represents an increased neural activity in the audi-
tory neural circuits which can be correlated with
an increase in myelination in these pathways. The
last component of the auditory brainstem (pro-
jections of the inferior colliculus to the MGN)
matures by 3 postnatal months and can be cor-
related with the maturation of the Po-Na complex
of ABR.

As mentioned above, Eggermont and Moore
(2012%) suggest that the only input to the audi-
tory cortex at term and during the months

Development of the Human Auditory System

immediately following birth consists of the RAS
which consists of thin, slowly conducting neu-
rofilament-positive axons in Layer I (cf.””). Since
Cajal-Retzius (CR) cells are also present in Layer I
during this period,*®* they suggest that the axons
of the RAS which terminate in Layer I as well as
the axons of CR neurons are the only components
of cortical auditory neural circuitry capable of
generating neural activity. Since P2 and MMR as
well as wave V of ABR are present at birth and
mature soon thereafter, they can be attributed
to Layer I of the auditory cortex. By 6 postnatal
months, the CR neurons disappear and thalamic
axons from the MGN enters Layer I of the audi-
tory cortex, which also coincides with the MMR
(positive) changing to MMN (negative) which is
characteristic of adulthood. Between 6 postnatal
months and 1 year of development, Layer I of the
auditory cortex decreased in thickness and Lay-
ers II-VI increased in size. Moore and Linthicum
(2007%) demonstrated that there was an increase
in neurofilament-positive axons in Layers IV-VI
during this period. Other studies’’” have demon-
strated that this period coincides with the emer-
gence of long latency cortical evoked responses
(MMN or mismatch negativity and the N2
wave, see below) takes place at this time. Moore
and Linthicum (2007) have also attributed the
response of ~6 month old infants to phonemes of
their native languages, discrimination of speech
sounds’” and the decrease in their ability to
discriminate between phonemes of a non-native
language®*®' to the neural circuitry within Layers
LIV,Vand VL.

According to Eggermont and Moore (2012%),
the perception of auditory stimuli (speech) which
begins from 6 postnatal months onwards and
continues into the teenage years depends on the
maturation of neural circuits connecting the tha-
lamus and the auditory cortex. Moore and Guan
(2001) have shown that axons in the proximal
part of the MGN-auditory cortex circuit begin to
express neurofilaments soon after birth and these
axons become myelinated between 4 postnatal
months and 4 years after birth. Moore and Guan
(2001) had demonstrated that neurofilament
expression in the axon terminals of MGN neurons
in the infragranular layers of the auditory cortex
extends over the period from 6 postnatal months
to 5-6 years. The formation of synapses between
thalamic axons and Layer IV of the auditory cor-
tex coincide with the maturation of the Pa-Nb/
complex of ABR by age 5. The P1 wave which
represents perception also matures by 5-6 years
and may be generated by Layer III or IV of the
cortex which receive input from the MGN. The
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maturation of the Pa (peak 25-30 msec®') and P1
waves”878 to adult levels coincides with the com-
pletion of myelination in the MGN afferents to
the cortex by 4-5 years™>* and the auditory cortex
by 6 years of age.*!

Moore and Guan’s (2001'7) study reveals that
neurofilament expression reaches adult levels
in the auditory cortex by 12 postnatal years and
there is maturation of intrinsic cortical axons.*"”
The delayed period of maturation of the auditory
cortex can be correlated with the appearance of
the N1 wave in 9 year-olds.** The generator of
this wave is thought to be Layers II and III of the
auditory cortex, which are important for intracor-
tical processing. The input to these layers matures
between 6-12 years, which correlates well with
increased perceptual abilities in late childhood,
such as the discrimination of speech in a noisy
background® and the discrimination of masked
and degraded speech,®* cf.>).

6 Does the Neural Circuitry

of the Human Auditory Cortex

Actually Develop Over

a Protracted Duration?
In contrast to Moore and Guan’s (2001") findings,
Ulfig and Chan (2002°°) used immunohistochem-
istry to demonstrate that neurofilament expres-
sion can be seen in the intermediate zone and
subplate of the temporal lobe at 25 GW in the
human fetus. Further, Pujol et al. (2006°?) have
demonstrated that myelination in the human
auditory cortex begins at 3 postnatal months.
These findings are at odds with Moore and Guan’s
(2001") finding showing that neurofilament pos-
itivity increases by the end of the first postnatal
year, since myelination is known to be concurrent
with or following the increase in neurofilament
expression. Further, Kostovi¢ et al. (2002%) and
Judas et al. (2005%”) have used a combination of
magnetic resonance imaging and histology on the
human fetal brain to demonstrate that in general,
thalamocortical axons innervate the subplate by
23 GW and the cortical plate by 32 GW in humans
and callosal and cortico-cortical pathways appear
between 33 and 35 GW (reviewed in®”® and®).
A recent paper®® has used RT-PCR to show that
mRNA for both heavy and medium chain neu-
rofilaments are expressed in the human superior
temporal gyrus as early as 15 GW onwards. They
have also used immunohistochemistry to dem-
onstrate that a plexus of neurofilament-positive
fibers is present in the deepest layers of the cor-
tical plate (presumptive Layers V and VI) in
fetuses at 25 GW (Fig. 3). Interestingly, some of

the neurofilament-positive fibers also extended
into Layer I, where they may form synapses. Since
varicosities could be seen along the length of
axons forming the plexus in the infragranular lay-
ers at 25 GW, it is possible that synaptic contacts
were present within Layers V and VI at this stage
of development. Pundir et al. (2011*) have fur-
ther demonstrated that neurofilament-positive
axons extend into Layer IV and the overlying
Layer III between 32 and 40 GW, in an inside-
out manner. In contrast to Moore and Guan’s
(2001") findings which demonstrate that axons
within the human auditory cortex become adult-
like (in terms of neurofilament expression) by 12
postnatal years, Pundir et al. (2011*) have shown
that there is a very intricate and dense plexus of
neurofilament-positive axons through all layers
of the auditory cortex by 9 postnatal months.
Since neurofilament expression is a hallmark of
axonal maturity, these results suggest that neural
circuitry within the human auditory cortex may
be more mature than earlier thought. However,
in the absence of tract-tracing studies, the iden-
tity of the neurofilament-positive axons in the
developing auditory cortex is still not known. It
is possible that these axons are cortical afferents
from the reticular activating system, as suggested
by Moore and Linthicum (2007'7) and Eggermont
and Moore (2012%). It is also possible that these
axons may be thalamocortical and originate from
the medial geniculate nucleus and/or within the
cortex (cortico-cortical) at birth and during early
postnatal development (9 months). If indeed these
axons emerge from the MGN, the time-line for
development of subcortical connections with the
human auditory cortex would be similar to that
of the visual cortex wherein tract-tracing tracing
studies have revealed that axons from the lateral
geniculate nucleus enter the subplate by ~22 GW
and begin to arborize soon after. Further, corti-
co-cortical connections between different areas
of the primary and non-primary visual areas are
established in the human fetus by ~37 GW, prior
to birth.'0%!0!

What are the implications of a neurofilament-
positive network of axons being present in differ-
ent layers of the developing auditory cortex before
6 postnatal months as suggested -earlier?>'”>
Earlier studies have used ultrasound, electroen-
cephalography and recorded auditory evoked
fields, respectively, to show that human fetuses
can respond to various complex vibroacoustic
stimuli as early as 26 GW'* and human speech
sounds at ~37 GW.!%1 It is therefore not surpris-
ing that neonates preferentially process speech
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Figure 3: (Left) Very fine fibers and axon terminals as well as a small number of axons oriented towards
the pial surface can be seen in the deeper part of Layer | just below the dense band of fibers (arrowheads).
Large varicosities are also seen along some of the fibers. Layer Il consists of densely packed cells, some of
which are labelled for SMI-31. (Layer IV-V) SMI-31-positive axons (arrowheads) are also present at the junc-
tion of Layers IV and V, interspersed between cells. (Layer VI) A very dense plexus of vertical and horizontal
SMI-31 immunoreactive fibers is present in presumptive Layer VI of HG. Scale bar = 20 um.

sounds, especially to those spoken in their native
languages.'®'"" Draganova et al. (2005; 2007°%7)
have used magnetoencephalography (MEG) to
demonstrate that fetuses respond to differences in
the frequency of sounds at 28 GW. Further, Jardri
et al. (2008'"?) have used functional magnetic res-
onance imaging to demonstrate that sound can
activate the primary auditory cortex as early as
28-34 GW. Many of these results as well as oth-
ers [such as the activation of the primary auditory
cortex at 3 postnatal months,'” the generation of
long latency potentials?>?**#70114-116 and MMN
in infants'”"'* have been attributed to the axonal
connections between the RAS and Layer I of the
auditory cortex. However, recent results*® dem-
onstrating that neurofilament-positive axons
arborize extensively throughout the auditory cor-
tex suggest that the entire thickness of the cortex
from Layer [ to Layer VI may be activated by sound
as early as 32 GW, whatever may be the source of
these axons.

The above findings indicate that it is very
important to identify the source of the axons
which arborize within the developing human
auditory cortex. The method of choice would

be to inject lipophilic dyes in the MGN and in
the auditory cortex (Heschl’s gyrus and superior
temporal gyrus) of post-mortem brains at differ-
ent gestational ages. Anterograde label (labelled
axon terminals) in the auditory cortex from injec-
tions in the MGN and retrograde label (labelled
somata) in the MGN from injections in the
auditory cortex would suggest that the plexus of
axons in the cortex originates in the thalamus. In
contrast, if cortical injections of lipophilic trac-
ers give rise to retrograde label in the brainstem
reticular formation, these results will suggest that
the axons from the reticular activating system
invade the auditory cortex prior to the establish-
ment of thalamocortical connections from the
MGN. It would also be important to correlate
these findings with those of magnetic resonance
imaging of the post-mortem fetal human brain
(c£.9697).

Received 22 November 2012.
References

1. J.M. Rappaport and C. Provengal (2002). Neuro-otology
for audiologists. In Katz, J. (Ed.). Handbook of Clinical

Journal of the Indian Institute of Science IVOL 92:4 | Oct.—Dec. 2012 | journal.iisc.ernet.in

435



436

Soumya lyengar

10.

11.

12.

13.

14.

15.

16.

17.

Audiology (5th ed.). Lippincott Williams & Wilkins:
Philadelphia, PA.

E.R. Kandel, J. Schwartz and T. Jessell (2000). Principles of
Neuroscience, 4th Edition. McGraw-Hill, New York.

J.K. Moore and EH. Jr. Linthicum (2007). “The human
auditory system: A timeline of development.’ Int. J. Audiol.,
46, pp. 460-478.

G.L. Streeter (1906). ‘On the development of the membra-
nous labyrinth and the acoustic and facial nerves in the
human embryo. Am J Anat, 6, pp. 139-165.

R. O’Rahilly (1963). ‘The early development of the otic
vesicle in staged human embryos.” ] Embryol Exp Morph,
11, pp. 741-755.

G. Bredberg (1968). ‘Cellular pattern and nerve supply in
the human organ of Corti. Acta Otolaryngol Suppl, 236,
pp. 1-135.

M. Lavigne-Rebillard and R. Pujol (1987). ‘Surface aspects
of the developing human organ of Corti. Acta Otolaryngol
Suppl, 436, pp. 43-50.

E.R.A. Cooper (1948). ‘The development of the human
auditory pathway from the cochlear ganglion to the
medial geniculate body’ Acta Anat, 5, pp. 99-122.

E.R.A. Cooper (1950). ‘“The development of the thalamus.
Acta Anat, 9, pp. 201-226.

A. Dekaban (1954). ‘Human thalamus: An anatomical,
developmental, and pathological study. II. Development of
the human thalamic nuclei’ ] Comp Neurol, 100, pp. 63-97.
J.K. Moore, Y.L. Guan and S.R. Shi (1997). ‘Axogenesis in
the human fetal auditory system, demonstrated by neu-
rofilament immunohistochemistry. Anat Embryol (Berl)
195, pp. 15-30.

P.N. Hoffman and R.J. Lasek (1975). ‘The slow compo-
nent of axonal transport. Identification of major struc-
tural polypeptides of the axon and their generality among
mammalian neurons.’ J Cell Biol, 66, pp. 351-366.

S.J. Tapscott, G.S. Bennett and H. Holtzer (1981). ‘Neuro-
nal precursor cells in the chick neural tube express neuro-
filament proteins.’ Nature 292, pp. 836—838.

N. Hirokawa, M.A. Glicksman and M.B. Willard (1984).
‘Organization of mammalian neurofilament polypep-
tides within the neuronal cytoskeleton. J Cell Biol, 98,
pp. 1523-1536.

N. Ulfig, J. Nickel and J. Bohl J (1998). ‘Monoclonal anti-
bodies SMI 311 and SMI 312 as tools to investigate the
maturation of nerve cells and axonal patterns in human
fetal brain.’ Cell Tissue Res, 291, pp. 433—443.

M. Escurat, K. Djabali, M. Gumpel, F. Gros and M.M.
Portier (1990) ‘Differential expression of two neuro-
nal intermediate-filament proteins, peripherin and the
low-molecular-mass neurofilament protein (NF-L),
during the development of the rat’ J Neurosci, 10,
pp. 764-784.

J.K. Moore and Y.L. Guan (2001). ‘Cytoarchitectural and
axonal maturation in human auditory cortex’ JARO, 2,
pp. 297-311.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

R.L. Haynes, N.S. Borenstein, T.M. Desilva, R.D.
Folkerth, L.G. Liu, J.J. Volpe and H.C. Kinney (2005).
‘Axonal development in the cerebral white matter
of the human fetus and infant. J Comp Neurol 484,
pp. 156-167.

J.K. Moore, L.M. Perazzo and A. Braun (1995). ‘Time
course of axonal myelination in the human brainstem
auditory pathway’Hear Res 87, pp. 21-31.

C.W. Ponton, M. Don, J.J. Eggermont, M.D. Waring and
A. Masuda (1996). ‘Maturation of human cortical audi-
tory function: differences between normal-hearing chil-
dren and children with cochlear implants’ Ear Hear,
17(5), pp. 430-437.

R. Martin, R. Door, A. Ziegler, W. Warchol, J. Hahn and
D. Breitig (1999). ‘Neurofilament phosphorylation and
axon diameter in the squid giant fibre system. Neuro-
science 88, pp. 327-336.

W.D. Weitzman and L.J. Graziani (1968). ‘Maturation and
topography of the auditory evoked response of the pre-
maturely born infant. Dev.Psychobiol, 1, pp. 79-89.

A. Starr, R.N. Amlie, W.H. Martin and S. Sanders (1977).
‘Development of auditory function in newborn infants
revealed by auditory brainstem potentials. Pediatrics, 60,
pp. 831-839.

J.J. Eggermont, D.K. Brown, C.W. Ponton and B.P. Kim-
berley (1996). ‘Comparison of distortion product otoa-
coustic emission (DPOAE) and auditory brain stem
response (ABR) traveling wave delay measurements sug-
gests frequency-specific synapse maturation.” Ear ¢ Hear-
ing, 17, pp. 386-394.

A. Salamy and C.M. McKean (1976). ‘Post-natal develop-
ment of human brainstem potentials during the first year
of life’ EEG Clin Neurophysiol, 40, pp. 418—426.

T.J. Fria and W.J. Doyle (1984). ‘Maturation of the audi-
tory brainstem response (ABR): Additional perspectives’
Ear Hear, 5, pp. 361-365.

A. Krumholz, J.K. Felix, P.H. Goldstein and E. McKenzie
(1985). ‘Maturation of the brainstem auditory evoked
potentials in premature infants. EEE Clin Neurophysiol,
62, pp. 124-134.

M.C. Zimmerman, D.E. Morgan and J.R. Dubno (1987).
‘Auditory brain stem evoked response characteristics
in developing infants. Ann Otol Rhinol Laryngol, 96,
pp. 291-299.

J.J. Rotteveel, E.J. Colon, L.H. Notermans, G.B.A. Stoelinga
and Y.M. Visco (1985). ‘The central auditory conduction
at term date and three months after birth. I. Composite
group averages of brainstem ABR, middle latency (MLR)
and auditory cortical responses (ACR).” Scand. Audiol, 14,
pp. 179-186.

J.J. Rotteveel, D.F. Stegeman, R. de Graaf, E.J. Colon and
Y.M. Visco (1987). ‘The maturation of the central auditory
conduction in preterm infants until three months post
term. III. The middle latency auditory evoked response
(MLR). Hear. Res, 27, pp. 245-256.

Journal of the Indian Institute of Science |VOL 92:4 | Oct.—Dec. 2012 | journal.iisc.ernet.in



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

J.J. Eggermont and A. Salamy (1988). ‘Maturational time
course for the ABR in preterm and full term infants. Hear
Res, 33, pp. 35-47.

H. Hafner, H. Pratt, Z. Joachims, M. Feinsod and S. Blazer
(1991). ‘Development of auditory brainstem evoked
potentials in newborn infants: A three-channel Lissajous’s
trajectory study’ Hear Res, 51, pp. 33—47.

H. Hafner, H. Pratt, S. Blazer and P. Sujov (1993). ‘Criti-
cal ages in brainstem development revealed by neonatal
3-channel Lissajous’ trajectory of auditory brainstem
evoked potentials.” Hear Res, 66, pp. 157—168.

Z.D. Jiang, M.S. Zheng, D.K. Sun and X.Y. Liu (1991).
‘Brainstem auditory evoked responses from birth to adult-
hood: Normative data of latency and interval’ Hear. Res,
54, pp. 67-74.

J.W. Pasman, J.J. Rotteveel, R. de Graaf, B. Maassen and
S.L.H. Notermans (1991). ‘Detectability of auditory
response components in preterm infants’ Early Human
Dey, 26, pp. 129-141.

C.W. Ponton, J.J. Eggermont, S.G. Coupland and R.
Winkelaar (1993). ‘The relation between head size and
auditory brain stem response (ABR) interpeak latency
maturation. JASA, 94, pp. 2149-2158.

R. O’Rahilly and E. Gardner (1971). ‘The timing and
sequence of events in the development of the human
nervous system during the embryonic period proper’
Z Anat Entwickl-Gesch, 134, pp. 1-12.

J. Krmpoti¢-Nemani¢, I. Kostovi¢, Z. Vidi¢, D. Nemanic¢
and L. Kostovi¢-Knezevi¢ (1987). ‘Development of Cajal-
Retzius cells in the human auditory cortex. Acta Otolaryn-
gol, 103, pp. 477-480.

G. Meyer and T. Gonzélez-Herndndez (1993). ‘Devel-
opmental changes in layer I of the human neocor-
tex during prenatal life: A Dil-tracing, AChE and
NADPH-d histochemistry study.” J. Comp. Neurol, 338,
pp. 317-336.

G. Meyer and A. M. Goffinet (1998). ‘Prenatal develop-
ment of reelin-immunoreactive neurons in the human
neocortex. J. Comp. Neurol, 397, pp. 29-41.

N. Zecevig, A. Milosevi¢, P. Rakic and M. Marin-Padilla
(1999). ‘Early development and composition of the human
primordial plexiform layer: An immunohistochemical
study. J. Comp. Neurol, 412, pp. 241-254.

O.B. Evans and J.B. Hutchins (2006). ‘Development of the
Nervous Systen. In: Fundamental Neuroscience for Basic
and Clinical Applications, D.E. Haines (ed.), Chapter 5,
pp. 70-88.

J. Krmpoti¢-Nemanié, 1. Kostovié, D. Nemani¢ and
Z. Kelovi¢ (1979). ‘The laminar organization of the pro-
spective auditory cortex in the human fetus (11-13.5 weeks
of gestation). Acta Otolaryngol., 87(3—4), pp. 241-246.

J. Krmpoti¢-Nemani¢, I. Kostovié, Z. Kelovi¢ and
D. Nemani¢ (1980). ‘Development of acetylcholinesterase
(AChE) staining in human fetal auditory cortex. Acta
Otolaryngol, 89(3—4), pp. 388-392.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Development of the Human Auditory System

J. Krmpoti¢-Nemanic, 1. Kostovi¢, Z. Kelovi¢, D. Nemani¢
and L. Mrzljak (1983). ‘Development of the human fetal
auditory cortex: growth of afferent fibres) Acta Anat
(Basel ), 116, pp. 69-73.

J. Krmpoti¢-Nemani¢, 1. Kostovi¢, N. Bogdanovic,
A. Fuci¢ and M.Judas (1988). ‘Cytoarchitectonic param-
eters of developmental capacity of the human associative
auditory cortex during postnatal life. > Acta Otolaryngol,
105(5-6), pp. 463-466.

P.R. Huttenlocher and A.S. Dabholkar (1997). Regional
differences in synaptogenesis in human cerebral cortex.
J Comp Neurol, 387(2), pp. 167-178.

A.S. Pundir, L.S. Hameed, P.C. Dikshit, P. Kumar, S.
Mohan, B. Radotra, S.K. Shankar, A. Mahadevan and S.
Iyengar (2011). ‘Expression of medium and heavy chain
neurofilaments in the developing human auditory cortex’.
Brain Struct Funct, 217(2), pp. 303-321.

J.L.R. Conel (1955). ‘The post-natal development of the
human cerebral cortex’: Vol. 5. The cortex of the fifteen-
month infant. Cambridge, MA: Harvard University Press.
J.L.R. Conel (1959). ‘The post-natal development of the
human cerebral cortex Vol. 6. The cortex of the twenty-
four month infant. Cambridge, MA: Harvard University
Press.

J.L.R. Conel (1963). ‘“The post-natal development of the
human cerebral cortex’: Vol. 7. The cortex of the four-year
child. Cambridge, MA: Harvard University Press.

J. Pujol, C. Soriano-Mas, H. Ortiz, N. Sebastidn-Gallés,
JM. Losilla and J. Deus (2006). ‘Myelination of
language-related areas in the developing brain. Neurol,
66, pp. 339-343.

PL. Yakolev and A.R. Lecours (1967). ‘The myeloge-
netic cycles of regional maturation of the brain’ In A
Minkowski (Ed.), Regional development of the brain in
early life (pp. 3-70). Oxford: Blackwell.

H.C. Kinney, B.A. Brody, A.S. Kloman and EH. Gilles
(1988). ‘Sequence of central nervous system myelination
in human infancy. II. Patterns of myelination in autopsied
infants.’ J. Neuropath. Exp. Neurol., 47, pp. 217-234.

J.J. Eggermont and J.K. Moore (2012). ‘Morphological
and Functional Development of the Auditory Nervous
System. L.A. Werner et al. (eds.), Human Auditory Devel-
opment, Springer Handbook of Auditory Research 42,
pp. 61-105.

J. Walker (2008). ‘The maturation of cortical auditory
evoked potentials in children with normal hearing and
hearing impairment. Thesis submitted to in partial ful-
fillment of the requirements for the Degree of Master of
Audiology in the Department of Communication Disor-
ders, University of Canterbury.

C.W. Ponton, J.J. Eggermont, S.G. Coupland and
R. Winkelaar (1992). ‘Frequency-specific maturation
of the eighth nerve and brain-stem auditory pathway:
Evidence from derived auditory brain-stem responses
(ABRs). JASA, 91, pp. 1576-1586.

Journal of the Indian Institute of Science IVOL 92:4 | Oct.—Dec. 2012 | journal.iisc.ernet.in

437



438

Soumya lyengar

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

R.E. Burkard and C. Secor (2002). In Katz, J. (Ed.). Hand-
book of Clinical Audiology (5th ed.). Lippincott Williams
& Wilkins: Philadelphia, PA.

D.L. McPherson and B. Ballachanda (2000). ‘Middle and
long latency auditory evoked potentials’ In Roeser, R.J.,
Valente, M., & Hosford-Dunn, H. (Eds.). Audiology Diag-
nosis. Thieme Medical Publishers, Inc: New York.

1. Hashimoto, Y. Ishiyama, T. Yoshimoto and S. Nemoto
(1981). ‘Brain-stem auditory-evoked potentials recorded
directly from human brain-stem and thalamus. Brain,
104, pp. 841-859.

N. Kraus, D.I. Smith, N.L Reed, L.K. Stein and C. Cartee
(1985). ‘Auditory middle latency responses in children:
Effects of age and diagnostic category. Electroencephal.
Clin. Neurophysiol, 62, pp. 343—-351.

C.W. Ponton and M. Don (2003). ‘Cortical auditory
evoked potentials recorded from cochlear implant users:
methods and applications. In H.E. Cullington (Ed.),
Cochlear Implants: Objective Measures (pp. 187-230).
London: Whurr Publishers Ltd.

A. Sharma and M.E. Dorman (2006). ‘Central auditory
development in children with cochlear implants: clinical
implications. Adv Otorhinolaryngol, 64, pp. 66—88.

S.C. Purdy, A.S. Kelly and P.R. Thorne (2001). ‘Auditory
evoked potentials as measures of plasticity in humans’
Audiol Neurootol, 6(4), pp. 211-215.

J.L. Wunderlich and B.K. Cone-Wesson (2006). ‘Matura-
tion of CAEP in infants and children: A review. Hear. Res,
212(1-2), pp. 212-223.

G. Dehaene-Lambertz and T. Gliga (2004). ‘Common neu-
ral basis for phoneme processing in infants and adults. J.
Cog. Neurosci, 16, pp. 1375-1387.

R. Draganova, H. Eswaran, P. Murphy, M. Huotilainen, C.
Lowery and H. Preissl (2005). ‘Sound frequency change
detection in fetuses and newborns, a magnetoencephalo-
graphic study. Neuroimage, 28, pp. 354-361.

R. Draganova, H. Eswaran, P. Murphy, C. Lowery and H.
Preissl (2007). ‘Serial magnetoencephalographic study
of fetal and newborn auditory discriminative evoked
responses. Early Hum Dev, 83, pp. 199-207.

L.Trainor, M. McFadden, L. Hodgson, L. Darragh, J. Barlow,
L. Matsos and R.Sonnadara (2003). ‘Changes in auditory
cortex and the development of mismatch negativity between
2 and 6 months of age.’ Int ] Psychophysiol, 51(1), pp. 5-15.
A.B. Barnet, E.S. Ohlrich, I.P. Weiss and B. Shanks (1975).
‘Auditory evoked potentials during sleep in normal chil-
dren from ten days to three years of age. Electroencephal.
Clin. Neurophysiol, 39, pp. 29-41.

E.S. Ohlrich, A.B. Barnet, I.P. Weiss and B.L. Shanks
(1978). ‘Auditory evoked potential development in early
childhood: A longitudinal study. Electroencephalography
and Clin. Neurophysiol, 44, pp. 411-423.

J.J. Eggermont, (1988). ‘On the rate of maturation of sen-
sory evoked potentials. Electroencephal. Clin. Neurophysiol,
70, pp. 293-305.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

E.W. Pang and M.]. Taylor (2000). “Tracking the develop-
ment of the N1 from age 3 to adulthood: An examination
of speech and non-speech stimuli’ Clin. Neurophysiol,
111, pp. 388-397.

C.W. Ponton, J.J. Eggermont, B. Kwong and M. Don
(2000a). ‘Maturation of human central auditory system
activity: Evidence from multi-channel evoked potentials’
Clin. Neurophys, 111, pp. 220-236.

C.W. Ponton, J.P. Vasama, K. Tremblay, D. Khosla, B.
Kwong and M. Don (2001). Plasticity in the adult human
central auditory system: evidence from late-onset pro-
found unilateral deafness. Hear Res, 154(1-2):32—44.

A. Kral and J.J. Eggermont (2007). ‘What’s to lose and
what’s to learn: Development under auditory deprivation,
cochlear implants and limits of cortical plasticity. Brain
Res Rev, 56, pp. 259-269.

M. Cheour, PH.T. Lepinen and N. Kraus (2000). ‘Mis-
match negativity (MMN) as a tool for investigating audi-
tory discrimination and sensory memory in infants and
children’ Clin Neurophysiol, 11, pp. 4-16.

R.E. Eilers, W. Gavin and W.R. Wilson (1979). ‘Linguistic
experience and phonemic perception in infancy: A cross-
linguistic study. Child Devel, 50, pp. 14-18.

PK. Kuhl, K.A. Williams, F. Lacerda, K.N. Stevens and
B. Lindblom (1992). ‘Linguistic experience alters pho-
netic perception in infants 6 months of age. Science, 255,
606-608.

J.E. Werker and R.S. Tees (1984). ‘Cross language speech
perception: Evidence for perceptual organization during
the first year of life. Infant Behav. Dev, 7, pp. 49-63.

L. Polka and J.E. Werker (1994). ‘Developmental changes
in perception of non-native vowel contrasts. ] Exp Psychol
Hum Percept Perform, 20, pp. 421-435.

N. Kraus, T. McGee, A. Micco, A. Sharma, T. Carrell, T.
etal. (1993a). ‘Mismatch negativity in school-age children
to speech stimuli that are just perceptibly different. EEG
Clin Neurophysiol, 88, 123—130.

A. Sharma, N. Kraus, T.J. McGee and T.G. Nicol (1997).
‘Developmental changes in P1 and N1 central auditory
responses elicited by consonant vowel syllables.” Electroen-
cephal. Clin. Neurophys, 104, pp. 540-545.

C.W. Ponton, M. Don, ].J. Eggermont, M.D. Waring, B.
Kwong and A. Masuda (1996). ‘Auditory system plasticity
in children after long periods of complete deafness’
Neuroreport, 8(1), pp. 61-65.

N. Kraus, T. McGee, T. Carrell, A. Sharma, A. Micco et al.
(1993b). ‘Speech-evoked cortical potentials in children. J
Am Acad Audiol, 4, pp. 238-248.

C.W. Ponton, M. Don, ].J. Eggermont, M.D. Waring, B.
Kwong, J. Cunningham and P. Trautwein (2000b). ‘Matu-
ration of the mismatch negativity: Effects of profound
deafness and cochlear implant use’ Audiol. and Neuro-
Otology, 5, pp. 167-185.

L.L. Elliott (1979). ‘Performance of children aged 9—17 years

on a test of speech intelligibility in noise using sentence

Journal of the Indian Institute of Science |VOL 92:4 | Oct.—Dec. 2012 | journal.iisc.ernet.in



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

material with controlled word predictability’JASA, 66,
pp. 651-653.

B.M. Siegenthaler (1969). ‘Maturation of auditory abili-
ties in children. Int Audiol, 8, 59-71.

A. Palva and K. Jokinen (1975). ‘Undistorted and filtered
speech audiometry in children with normal hearing. Acta
Otolaryngol, 80, pp. 383—-388.

L. Marshall, J.E. Brandt, L.E. Marston and K. Ruder (1979).
‘Changes in the number and types of errors on repetition
of acoustically distorted sentences as a function of age in
normal children. JAMA, 4, pp. 218-225.

A.C. Neuman and I. Hochberg (1983). ‘Children’s
perception of speech in reverberation. JASA, 73, pp.
2145-2149.

B.A. Schneider, S.E. Trehub, B.A. Morrongiello and
L.A. Thorpe (1989). ‘Developmental changes in masked
thresholds. JASA, 86, pp. 1733-1742.

D.E.H. Hartley, B.A. Wright, S.C. Hogan and D.R. Moore
(2000). ‘Development of auditory masking: Age related
improvements in auditory backward and simultaneous
masking in 6 to 10 year old children. J Speech Lang Hear
Res, 43, pp. 1402-1415.

L.S. Eisenberg, R.V. Shannon, A.S. Martinez, J. Wygonski
and A. Boothroyd (2000). ‘Speech recognition with
reduced spectral cues as function of age’ JASA, 107,
pp. 2704-2710.

N. Ulfig and W.Y. Chan (2002). Axonal patterns in the
prosencephalon of the human developing brain. Neuro-
embryology, 1, pp. 4-16.

1. Kostovic, M. Judas, M. Rados and P. Hrabac (2002).
‘Laminar organization of the human fetal cerebrum
revealed by histochemical markers and magnetic reso-
nance imaging. Cereb Cortex, 12, pp. 536—544.

M. Judas, M. Rados, N. Jovanov-Milosevic, P. Hrabac,
R. Stern-Padovan and I. Kostovic (2005). ‘Structural,
immunocytochemical, and MR imaging properties of
periventricular crossroads of growing cortical pathways
in preterm infants] AJNR Am ] Neuroradiol 26,
pp. 2671-2684.

1. Kostovic and N. Jovanov-Milosevic (2006). “The devel-
opment of cerebral connections during the first 20-45
weeks’ gestation. Semin Fetal Neonatal Med, 11,
pp. 415-422.

1. Kostovic and M. Judas (2010). “The development of the
subplate and thalamocortical connections in the human
foetal brain. Acta Paediatr 99, pp. 1119-1127.

A. Burkhalter, K.L. Bernardo and V. Charles (1993).
‘Development of local circuits in human visual cortex”
] Neurosci 13, pp. 1916-1931.

R.E Hevner (2000). ‘Development of connections in
the human visual system during fetal mid-gestation: a Dil-
tracing study’ ] Neuropathol Exp Neurol, 59, pp. 385-392.
B.S. Kisilevsky, D.W. Muir and J.A. Low (1992). ‘Matura-
tion of human fetal responses to vibroacoustic stimula-
tion. Child Dev, 63, pp. 1497-1508.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Development of the Human Auditory System

J.W. Pasman, ].J. Rotteveel, R. de Graaf, D.F. Stegeman
and Y.M. Visco (1992). ‘The effect of preterm birth
on brainstem, middle latency and cortical auditory
evoked responses (BMC AERs). Early Hum Dev, 31,
pp. 113-129.

M. Holst, H. Eswaran, C. Lowery, P. Murphy, J. Norton
and H. Preissl (2005). ‘Development of auditory evoked
fields in human fetuses and newborns: a longitudinal
MEG study. Clin Neurophysiol, 116, pp.1949-1955.

D. Querleu, X. Renard, C. Boutteville and G. Crepin
(1989). ‘Hearing by the human fetus?” Semin Perinatol,
13, pp. 409-420.

L.J. Groome, D.M. Mooney, S.B. Holland, L.A. Smith, J.L.
Atterbury and R.A. Dykman (1999). ‘Behavioral state
affects heart rate response to low-intensity sound in
human fetuses.” Early Hum Dev, 54, pp. 39-54.

B.S. Kisilevsky, S.M. Hains, K. Lee, X. Xie, H. Huang,
H.H. Ye, K. Zhang and Z. Wang (2003). ‘Effects of
experience on fetal voice recognition. Psychol Sci, 14,
pp. 220-224.

F. Ramus, M.D. Hauser, C. Miller, D. Morris and J. Mehler
(2000). ‘Language discrimination by human newborns
and by cotton-top tamarin monkeys Science, 288,
pp. 349-351.

A.Vouloumanos and J.E. Werker (2007). ‘Listening to lan-
guage at birth: evidence for a bias for speech in neonates.
Dev S¢i,10, pp. 159-164.

J. Mehler, P. Jusczyk, G. Lambertz, N. Halsted, J. Berton-
cini and C. Amiel-Tison (1988). ‘A precursor of language
acquisition in young infants.” Cognition, 29, pp. 143-178.
P.K. Kuhl (2004). ‘Early language acquisition: cracking
the speech code. Nat Rev Neurosci, 5, pp. 831-843.

R. Jardri, D. Pins, V. Houfflin-Debarge, C. Chaffiotte, N.
Rocourt, J-P. Pruvo, M. Steinling, P. Delion and P. Tho-
mas (2008). ‘Fetal cortical activation to sound at 33 weeks
of gestation: A functional MRI study.” Neuroimage 42, pp.
10-18.

G. Dehaene-Lambertz, S. Dehaene and L. Hertz-Pannier
(2002). ‘Functional neuroimaging of speech perception
in infants. Science. 298, pp. 201-205.

N. Sakabe, T. Arayama and T. Suzuki (1969). ‘Human fetal
evoked responses to acoustic stimulation.’ Acta Otolaryn-
gol Suppl, 252, pp. 29-36.

T. Morlet, A. Lapillonne, C. Ferber, R. Duclaux, L. Sann,
G. Putet, B. Salle and L. Collet (1995). ‘Spontaneous
Otoacoustic emissions in preterm neonates: prevalence
and gender effects” Hear Res, 90(1-2), pp. 44-54.

E. Kushnerenko, R. Ceponiene, P. Balan, V. Fellman, M.
Huotilainen and R. Niitinen (2002). ‘Maturation of the
auditory event-related potentials during the 1st year of
life. Neuroreport, 13, pp. 47-51.

M. Cheour, K. Alho, R. Ceponiene, K. Reinikainen,
K. Sainio, M. Pohjavuori, O. Aaltonen and R. Niitinen
(1998).‘Maturation of the mismatch negativity in infants’
Int ] Psychophysiol, 29, pp. 217-226.

Journal of the Indian Institute of Science IVOL 92:4 | Oct.—Dec. 2012 | journal.iisc.ernet.in

439



Soumya lyengar

118. M. Cheour-Luhtanen, K. Alho, T. Kujala, K. Sainio, 120. M. Cheour-Luhtanen, K. Alho, K. Sainio, K. Reinikainen,

K. Reinikainen, M. Renlund, O. Aaltonen, O. Eerola and M. Renlund, O. Aaltonen, O. Eerola and R. Niitinen
R. Néitinen (1995). ‘Mismatch negativity indicates vowel (1997). ‘The mismatch negativity to speech sounds at the
discrimination in newborns. Hear Res, 82, pp. 53-58. age of three months. Dev Neuropsychol, 13, pp. 167-174.

119. M. Cheour-Luhtanen, K. Alho, K. Sainio, T. Rinne,
K. Reinikainen, M. Pohjavuori, M. Renlund, O. Aaltonen,
O. Eerola and R. Néitinen (1996). ‘“The ontogenetically
earliest discriminative response of the human brain’
Psychophysiology 33(4), pp. 478—481.

Soumya Iyengar obtained her PhD degree from
=1 the University of Southern California Los Ange-
"= = les, USA, where she worked on the develop-
(f' ment and organization of the anterior forebrain
pathway which is important for song learning
in songbirds (zebra finches) using neuroanatomical tract
tracing techniques. She then worked as a postdoctoral fel-
low in Prof. Jon Kaas’s lab (Vanderbilt University, Nashville,
USA) on delineating the connections of the representa-
tion of the oral cavity in the somatosensory cortex of new
world monkeys. She joined NBRC in 2003 and is currently
an Associate Professor at NBRC in the Systems Neuro-
science division. Her laboratory works on the role of the
opioid system in adult neurogenesis and behaviour in zebra
finches as well as the development of the human auditory
cortex using neuroanatomical techniques.

440 Journal of the Indian Institute of Science |VOL 92:4| Oct.—Dec. 2012 | journal.iisc.ernet.in



