
The process of hearing involves a complex chain of events, from the 
perception of vibrations by the ear, to the interpretation of electrical 

signals deep within the brain. Understanding the molecular and cellular 
development of different components of the auditory system may lead to 
new treatments for debilitating hearing disorders. Dr Jason Tait Sanchez, 
of Northwestern University in Evanston, Illinois, is addressing these issues 
by studying the development of hearing organs in young chickens, which 

provide a remarkably good model of our own auditory system.
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Many forms of hearing 
impairment result not from 
physical abnormalities, but from 
errors in the transmission of 
sound within the brain
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The process of hearing involves a complex chain of events, from the 
perception of vibrations by the ear, to the interpretation of electrical 
signals deep within the brain. Understanding the molecular and cellular 
development of different components of the auditory system may lead to 
new treatments for debilitating hearing disorders. Dr Jason Tait Sanchez, 
of Northwestern University in Evanston, Illinois, is addressing these issues 
by studying the development of hearing organs in young chickens, which 
provide a remarkably good model of our own auditory system.

A sound approach to the 
study of hearing 
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to neuron in the form of ‘action potentials’: 
sudden and rapid changes in electrical activity 
at the surface of a neuron, which spread 
to adjacent neurons. How and when these 
action potentials are generated depends 
upon the particular anatomical and molecular 
features of each neuron, from those of the 
inner ear where sound is perceived, to those 
of the brainstem where sound is encoded, to 
eventually the brain where it is interpreted.

ALL IN THE TIMING
In many cases, auditory processing deficits are 
thought to result from errors in the timing of 
action potentials within the brainstem. Work 
in the ‘CAPLAB’ – Northwestern’s Central 

Hearing impairment can be 
psychologically and socially 
devastating, yet in many cases is 
poorly understood or may even 
go unrecognised. This is partly 

because many forms of hearing impairment, 
including difficulties understanding spoken 
language, or in locating the source of a 
sound in a noisy environment, result not from 
physical or functional abnormalities in the 
structure or function of the ear, but from errors 
in the transmission of sound signals within 
the brain. This ‘auditory processing deficit’ 
is remarkably common, perhaps affecting as 
many as ten percent of school children in the 
US.

Our brains are composed of literally billions 
of nerve cells (neurons), many of which 
are occupied with processing the sensory 
information received by our eyes, ears and 
other sense organs. Signals pass from neuron 

Auditory Physiology Laboratory – led by Dr 
Jason Tait Sanchez, focuses on how neurons 
have evolved to generate extremely fast and 
precisely-timed action potentials in response 
to sound, and how their design is regulated 
during normal development. It is only through 
understanding how hearing is accomplished 
successfully, that we will be able to identify 
errors in the system resulting in hearing 
impairment, and, ultimately, find ways to treat 
them.

The key weapon in Dr Sanchez’s repertoire 
is the humble chicken. The hearing systems 
of birds (including chickens) and mammals 
(including us) share comparable components 
at many levels. For instance, the mammalian 
‘anteroventral cochlear nucleus’ – a part 
of the brainstem connected by auditory 
nerve cells to the inner ear – has a direct 
analogue in the chicken known as the ‘nucleus 
magnocellularis.’ Whilst neuroscientists, for 
obvious reasons, cannot study the brains 
of developing humans, chickens therefore 
provide an ideal model system. In fact, the 
hearing of chickens is more similar to humans 
than that of many other mammals such as rats 
and mice, which hear mainly high frequencies. 
Chickens can hear both high and low 

Figure 1. Schematic representation of the
tonotopic organization of mature NM (dorsal view).
Modified from Rubel and Parks, 1975; Fukui and
Ohmori, 2004.
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Figure 1: Schematic representation of the tonotopic 
organisation of mature NM (dorsal view). Modified from 
Rubel and Parks, 1975; Fukui and Ohmori, 2004

Figure 2: (top) Anatomical difference as a function of tonotopic region of mature NM neurons. (bottom) Functional 
difference related to tonotopic region of mature NM neurons. Modified from Wang et al., 2017.
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Can you briefly describe the pathway 
that sound takes, from the outer ear to 
a cognitive perception of the sound in 
the brain?
Soundwaves travel down the ear canal 
of the outer ear and are converted into 
mechanical energy by structures within the 
middle ear. The mechanical conversion of 
soundwaves helps offset the resistance 
of the fluid filled inner ear, where sensory 
receptors – known as hair cells – convert 
the dispersion of fluid energy into electrical 
potentials. The electrical potential from 
hair cells permits the release of a chemical 
(neurotransmitter) that binds to receptors 
located on adjacent nerve fibres. Here, the 
all-important, ultrafast and extremely well-
timed action potential is generated and 
sent to numerous downstream auditory 
structures (five to be exact) until ultimately 
reaching the auditory cortex portion of 
the brain, where the electrical activity is 
encoded as the cognitive perception of 
sound.

How is it possible to determine what a 
chicken can hear?
There are several objective and subjective 
methods used to determine the hearing 
specificity (i.e., frequency range) and 
sensitivity (i.e., lowest level of perceived 
sound) of many vertebrates. Such studies 
– spanning nearly a half century – have 
determined what a chicken can hear. As 
one might expect, the method and age 
of the animal varies across studies but in 
large part includes (1) electrophysiology 
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frequency sounds, and it is lower frequency 
sounds in particular which are crucial to speech 
recognition and sound localisation in humans.

DOWN IN THE BRAINSTEM
A fundamental feature of auditory neurons 
that enables them to send well-timed signals 
to the brain is their temporal and spatial 
specialisation into different types, each of 
them essential to the proper functioning 
of the whole hearing system. Firstly, during 
early development of the chicken nucleus 
magnocellularis, Dr Sanchez and others 
have shown that neurons at different 
developmental times show different 
characteristics, with the early-developing 
neurons producing action potentials in 
response to low frequency sounds, and later-
developing ones, to higher frequencies (see 
Figure 3).

But, the complexity doesn’t stop there. The 
nucleus magnocellularis can be broken down 
spatially into different parts, responding to 
different frequency sounds – a phenomenon 
termed ‘tonotopy.’ Scientists have divided the 
nucleus magnocellularis into ‘caudolateral’ 
(towards the lower frequency edge of the 
structure) and ‘rostromedial’ sections (toward 
the higher frequency edge of the structure) 
(Figure 1). Dr Sanchez and his collaborator, 
Dr Yuan Wang have recently shown that the 
neurons of the caudolateral part – which 
respond to low frequency sounds – are more 
excitable, smaller and extensively branched, 
while those of the rostromedial part are less 
excitable, larger and simpler in structure (see 
Figure 2). Furthermore, even the caudolateral 
nucleus magnocellularis itself can be divided 
into two parts, each with neurons of a distinct, 
characteristic structure and role.

Tracing the connections to and from these 
neurons has indicated that the different types 
receive different frequency signals from the 
ear, respond to different levels of stimulation, 
express unique ion channel patterns and 
release different chemical responses, causing 
action potentials with different strengths 
and frequencies. These hitherto unrealised 
levels of specialisation within the brainstem, 
particularly with regard to processing low 
frequency sound signals, may be crucial 
for auditory perception and scene analysis, 
including speech recognition. 

IT’S ABOUT ACTION
Action potentials are generated through the 
movement of charged ions, namely sodium 
and potassium ions, through channels 
in a neuron’s boundary membrane, with 

different channels opening in response to 
different levels of stimulation in the form of 
ion concentration. Dr Sanchez’s research has 
characterized differences in the activity of 
the genes encoding these channels, which 
in turn predict the precise auditory input to 
which each neuron is ‘tuned.’ Using computer-
modelling, his team have helped explain how 
specialised channels are defined, and how 
synergistic interactions between channels 
dedicated to sodium or potassium ions enable 
action potentials to occur in quick succession, 
contributing to more rapid and precise 
responses to complex auditory signals.

Perhaps the final frontier in achieving a full 
understanding of how sounds are perceived 
by the brain is to understand how the crucial 
differences in neurons are generated during 

Figure 3: (left) Anatomical change as a function 
of NM neuronal development, unpublished data 
from Wang. (right) Functional change with NM 
neuronal development. Modified from Hong et al., 
2016. E=embryonic age. Chickens hatch in 21 days. 
Synaptogenesis occurs ~E10, onset of hearing ~E15, 
near mature hearing properties ~E19.

development. Generating a tonotopic axis 
of specialised auditory neurons requires 
orchestrated and sophisticated biological 
regulation to set up a precise gradient 
of the regulatory molecules, known as 
‘neurotrophins,’ which control the growth and 
functional development of neurons.

Dr Sanchez’s current work, funded by 
the US National Institutes of Health, will 
explore in more detail how ion channel 
characteristics are controlled by interacting 
molecular receptors known as AMPA-
receptors and NMDA-receptors in the 
brainstem. He will explore the role of these 

mailto:J.holaska@usciences.edu
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RESEARCH OBJECTIVES
Dr Sanchez’s lab explores the 
developmental mechanisms responsible 
for the precise encoding of sound in the 
auditory brainstem. Through an in-depth 
understanding of auditory development, 
his aim is to provide pharmacological 
targets that improve auditory 
pathophysiologies.
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Detail

alter ion channel properties is not always 
as ‘specific’ or ‘sensitive’ as one would 
like, resulting in off target effects on other 
ion channels. Therefore, control of ion 
channel function can be investigated using 
computational modelling. For example, 
we recently showed that removal of a very 
specific type of potassium channel in our 
model neuron regulated low frequency 
action potential firing and it also revealed 
the real-time and dynamic interaction 
between other ion channels that we could 
not profile experimentally with drugs.

What kinds of treatments for hearing 
impairment might emerge from this 
research?
The ultimate goal is not only to provide 
valuable insight on normal ion 
channel function but to elucidate 
and pharmacologically target ion 
channels thought to be responsible 
for channelopathies; diseases caused 
by dysfunction of ion channels or 
the proteins and genes that regulate 
them. The most commonly accepted in 
the auditory system is tinnitus, (the hearing 
of sound when no external sound is 
present). Tinnitus is a symptom due to 
numerous underlying etiologies, like 
noise-induced hearing loss, ageing 
and medication. Although the exact 
mechanisms remain elusive, aberrant 
excitability via specific ion channel 
dysfunction is thought to be a key 
contributor.

Generating a tonotopic axis of 
specialised auditory neurons requires 
orchestrated and sophisticated 
biological regulation

recordings (from individual cells to scalp 
recordings of electrical activity in response 
to sound) or (2) behavioural paradigms 
(animals trained to a task in response to 
sounds varying in the frequency and intensity 
domain) in both embryos and hatchlings, 
respectively. Despite differences across 
studies, an accurate profile of chicken hearing 
has emerged that is generally accepted 
among the hearing scientific community that 
study avian hearing. 

Why is the timing of action potentials so 
crucial to accurate hearing?
In the auditory system, timing is everything. 
The ability of an auditory neuron to accurately 
fire an action potential to a specific time 
point of a stimulus is an effective way to 
encode temporal patterns of sound. This 
phenomenon is known as ‘phase-locking’. It is 
best described by the consistent relationship 
of well-timed action potential firing at a given 
phase of a periodic stimulus like a sound 
wave. Aberrant action potential firing and 
the subsequent breakdown in the ability to 
correctly and accurately encode temporal 
elements of sound is thought to contribute to 
numerous auditory problems.

How can computer models help in your 
research?
Occasionally, experimental attempts at 
addressing highly-specific mechanisms of 
action potential properties is limited by 
the pharmacological method(s) available 
to scientists. That is, the specificity and 
sensitivity of available drugs that block or 

molecules during development, and their 
potential implications for normal hearing 
and impairments, using physiological and 
biochemical assays and even state-of-the art 
genetic manipulation techniques. Ultimately, 
his work may identify molecular targets 

for genetic, pharmacological, or stem cell 
therapies to treat auditory processing deficits, 
transforming the lives of many affected by 
these debilitating but little-understood 
disorders.

mailto:J.holaska@usciences.edu
mailto:Jason.sanchez@northwestern.edu
http://caplab.northwestern.edu/
https://med.fsu.edu/index.cfm?page=wangyuanlab.home
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It is well established that the
chicken is a valuable research tool
to study basic biological questions

in numerous health-related areas,
including immunology and infectious
diseases1,2. 

Recent applications of gene editing in
chickens also suggests an innovative
era is on the horizon for developmen-
tal and sensory neurobiology as well3,4.
With respect to hearing development,
mammals and birds share comparable
auditory functions at the cellular,
synaptic, and neural circuit level5,6 and
both species encode sound similarly
across the frequency axis, a process
known as tonotopic tuning7,8. 

Tonotopy is the spatial arrangement of
where sounds of different frequencies
are processed. Tonotopy originates
along the peripheral sensory epithe-
lium and is preserved throughout the
entire auditory system. Tonotopy in the
central auditory pathway is arranged
not only by the specific locations of
neurons and their inputs, but by differ-
ences in their structural and functional
properties along the tonotopic axis9,10.
Exemplars of this are found in the
mammalian anteroventral cochlear
nucleus and the chicken cochlear
nucleus magnocellularis (NM), which
are analogous, first-order auditory
brainstem structures. In this article, I
will provide recent insight into how
tonotopic properties are established in

the chicken auditory brainstem by
using novel and innovated genetic
research methods. 

Development of tonotopic
properties
Despite more than a half-century of
work on the development of tono-
topic properties in the peripheral
auditory system (i.e., the cochlea),
little is known about its establishment
in the central auditory system11. This
fundamental lack of knowledge is
noteworthy, and several questions
warrant discussion. 

First, do tonotopic properties emerge
from indiscriminate connections, or
are there precise projections early in
development? If precision exists early
on, does refinement improve with
maturation? Anatomical evidence
argues that the topography of con-
nections between the periphery and
central pathway develops with consid-
erable precision, well before hearing
onset, and with substantial refinement
thereafter12-18. 

Second, what role, if any, does sponta-
neous neuronal activity – as opposed
to sound-driven activity – have on the
development or maintenance of tono-
topic properties? Physiological studies
show that early in development, func-
tional mapping along the tonotopic
axis supports precise tuning indepen-
dent of sound-driven activity 19-23. 

Finally, what are the molecular and cel-
lular signals responsible for establish-
ing and maintaining distinct neuronal
phenotypes along the tonotopic axis
in the central pathway? The answer to
this final question remains elusive,
making it a significant and timely prob-
lem in developmental and sensory
neurobiology in general3.

Potential genes-of-interest
One thing is clear, however; both
presynaptic axons and postsynaptic
target neurons express genes – like
neurotrophins – that may be respon-
sible for establishing tonotopic 
properties in the central pathway.
Neurotrophins, along with their cog-
nate receptors, are growth factor pro-
teins that support numerous aspects
of normal nervous system develop-
ment24-27, and irregular neurotrophin
signalling is implicated in pathophysi-
ological conditions in both the periph-
eral and central nervous systems28-30.
This makes them a critical factor that
promotes normal and abnormal 
biologically relevant properties31.

The idea that neurotrophin signalling
is important for the tonotopic estab-
lishment in the auditory system is sup-
ported by the following observations
from the chicken NM. 

First, the retraction of neuronal 
dendrites takes places along a spatial
gradient that matches the tonotopic

Jason Tait Sanchez, Assistant Professor at Northwestern University provides insight
into why the genetically modified chicken is a sound approach to the study of hearing.
We discover how tonotopic properties are established in the chicken auditory
brainstem by using novel and innovated genetic research methods

The genetically modified chicken: 
A sound approach to the study of hearing
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axis 32. Mid- to high-frequency NM
neurons lose their dendrites while
low-frequency neurons maintain them. 

Second, the expression pattern of a
very specific neurotrophin receptor
(known as TrkB) is spatially and 
temporally dynamic; TrkB is present at
embryonic (E) day 7, significantly
reduced by E15 and absent at hatch
(E21), but only in mid- to high-fre-
quency regions33. 

Third, this expression pattern parallels a
developmental period when functional
properties are also differentially estab-
lished along the tonotopic axis34-37 and
coincides with hearing maturation38. 

Finally, genetically modified mainte-
nance of TrkB receptors in mid- to
high-frequency NM prevents dendrite
retraction and promotes aberrant
neuronal excitability39, properties that
more closely resemble their low-fre-
quency neuronal counterparts10,40.
The dynamic expression pattern of
TrkB receptors regulates the develop-
ment of distinct tonotopic properties
found in NM and strongly supports
the hypothesis that neurotrophin sig-
nalling establishes different neuronal
phenotypes along the tonotopic axis
in the central auditory pathway. 

Why the chicken?
The chicken is an ideal model system
over other mammalian research tools
because they have tonotopic proper-
ties more commonly shared with
humans. Chickens, like humans, utilise
both low- and high-frequency sounds
to perform behaviourally relevant
auditory tasks, such as sound localisa-
tion and signal discrimination41,42. This
is unlike most mammalian research
models, such as mice and rats, which
rely primarily on ultrasonic hearing. 

With respect to the development of
hearing acuity, chickens (like humans)
are also precocious animals. The
chicken’s auditory system is near func-
tional maturity at hatch, and the onset
and refinement of hearing occur
during embryonic stages38. This is
unlike other low-frequency hearing

mammalian research models (e.g.,
gerbil, guinea pig), whose hearing
emerges ~10-16 days postnatal43 and
are susceptible to extrinsic factors
that influence development. 

Finally, the spatial and temporal
expression of limited neurotrophin 
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Figure 1. In ovo electroporation in the chicken auditory brainstem

(A) Schematic of electroporation in the hindbrain of a Hamburger Hamilton (HH) stage 12 chicken
embryo. The injection pipette is filled with plasmid DNA and fast green dye for visualisation of
the injected hindbrain (rhombomeres 5/6 [R5/R6]). In this study, a plasmid that coexpressed the
gene-of-interest and the yellow fluorescent protein (YFP) reporter was used. Electroporated
embryos are further incubated until the desired developmental stage is reached. (B) Embryonic
(E) day 4 chicken showing the site of YFP expression relative to the left eye (arrow, E) and left
otocyst (arrow, O). The dashed white line represents the dorsal brain and brainstem border. Scale
bar = 480 μm. (C & C1). Brainstem slice (300 μm thick) from an E12 chicken under differential
interference contrast (DIC, C) and fluorescent (YFP, C1) illumination. Dashed white lines represent
the borders of nucleus magnocellularis (NM) and nucleus laminaris (NL). Note, the brainstem slice
shows only one side of the tissue. White arrowheads represent midline cleft of the brainstem slice.
White arrows show YFP expressing regions of NM and NL. V = ventral, M = medial. Scale bar = 240
μm. (D & D1). High magnification (80X water immersion objective) of an E18 chicken brainstem
slice containing NM. The classic adendritic cell bodies37 are clearly visible under DIC illumination
(upward arrow, D). With fluorescent illumination for the same slice, a transfected NM neuron
identified by YFP fluorescence is clearly visible (upward arrow, D1). Asterisks = YFP expressing NM
neurons just below the focal plane. Scale bar = 30 μm. Figure from Lu et al., 201748.
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factors in the chicken NM33,44 provides
a novel opportunity to evaluate highly-
specific neurotrophin signalling and its
role in establishing neuronal topology.
This is unlike the mammalian auditory
system, which expresses many more
neurotrophin factors across numerous
developmental periods45, ultimately
confounding the study of neurotrophin
signalling in regulating tonotopic 
development in these species. 

“Our research aims at addressing
these issues by providing a
comprehensive understanding of
neurotrophin signalling and its role in
establishing neuronal phenotypes
along the tonotopic axis in the
developing auditory brainstem, a
biologically relevant structure which
is essential for sound processing.”

A sound approach
Electroporation is a method that intro-
duces genes into biologically relevant
organisms like the chicken embryo. In
ovo electroporation is a formidable
tool to study neuron-specific develop-
ment in the auditory brainstem3,46. It
permits the over-expression or knock-
down of specific genes-of-interest 
(like neurotrophin factors) in order to
analyse in vivo gene function39,47. We
and others have recently introduced
genetic methods to obtain focal,
stable and temporally regulated trans-
gene expression of neurotrophins at
multiple stages of chicken embryo
development3,39,48 (Fig. 1). It is advan-
tageous over mammalian model 
systems for several reasons. First and
foremost, because electroporation is
performed in ovo, it permits gene
expression in a normally developing
biological system. 

Second, genes are focally injected,
allowing spatial control of expression in
highly specific brain regions49. Third,

genes are temporally regulated by drug
applications, enabling expression at
precise developmental time periods39,48.

Finally, genes are only expressed by a
subset of neurons, allowing non-
transfected neurons to serve as inter-
nal controls. This provides a rigorous
and quantitative comparison of the
neuron-autonomous effects of gene
expression. The in ovo electroporation
technique – together with either 
biochemical, pharmacological, and or
in vivo functional assays – provides a
genetic approach to study auditory
neuron development associated with
tonotopic differences in neuronal
structure and function, as well as asso-
ciated pathophysiological phenomena.

Indeed, a better understanding of
normal auditory circuit assembly –
along with unique structural and func-
tional properties associated with 
tonotopic gradients – will provide a 
significant foundation for developing
stem cell-based therapies for auditory-
related disorders. However, stem cell-
derived auditory neurons will only
prove useful – therapeutically – if they
are able to re-create neuronal proper-
ties that are characteristic of normal
circuit maturation50. A careful charac-
terisation of neurotrophin signalling,
the underlying molecular mechanism
by which it operates, the role it plays in
establishing normal neuronal proper-
ties, and the functional consequence
of altering this biological process is
necessary and appropriate. 

Our research aims at addressing these
issues by providing a comprehensive
understanding of neurotrophin sig-
nalling and its role in establishing neu-
ronal phenotypes along the tonotopic
axis in the developing auditory brain-
stem, a biologically relevant structure
which is essential for sound processing.
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Ever since Rita Levi-Montalcini,
Stanley Cohen, and Viktor Ham-
burger discovered the first neu-

rotrophin over a half-century ago,1,2

scientists have continuously worked
on characterising this class of pro-
teins, its receptors, and its signalling
pathways. What has been revealed is
that the complexity of neurotrophin
actions are immense; not only do neu-
rotrophins determine the fate of brain
cells, known as neurons, they also reg-
ulate proliferation, survival, differenti-
ation, migration and neuronal death3.
Neurotrophins behave differently
depending on their location in the
nervous system, developmental time
period, and species of animal,4 acting
on a multitude of key biological path-
ways and functions.5

Three primary neurotrophins and
their corresponding receptors are
known today. They are nerve growth
factor (NGF) and its receptor, tyrosine
receptor kinase A (TrkA), brain-derived
neurotrophic factor (BDNF) and its
receptor, tyrosine receptor kinase B
(TrkB), and neurotrophin-3 (NT-3) and
its receptor, tyrosine receptor kinase
C (TrkC).6–12 However, due to the lack
of available pharmacological tools, as
well as discovery order, the literature
on the actions of NT-3/TrkC signalling
is less when compared to the other
neurotrophins. 

The literature that does exist, however,
tells a complex story regarding the
function of NT-3/TrkC signalling.

Research shows that TrkC induces cell
death without NT-3 activation,4,13

implicating alternate signalling path-
way that involves TrkC but not NT-3.
Complicating matters more is the fact
that TrkC also has multiple isoforms
with each behaving differently.14

Despite these obstacles, recent
research strongly suggests that NT-
3/TrkC pathway deserves to be stud-
ied not only because of its biological,
but also clinical significance,15,16 espe-
cially in terms of neurological diseases
and the advent of pluripotent stem
cells.17–20 In this research profile, we
briefly describe areas of established
research in the brain, as well as high-
lighting mechanisms of NT-3/TrkC 
signalling in the auditory system – an
area of interest for our laboratory.

The hippocampus
In the hippocampus, where neuronal
plasticity is heavily dependent on neu-

rogenesis and differentiation to inte-
grate into neural networks,21 the NT-
3/TrkC signalling pathway plays an
active role in maintaining network
architecture. Learning and memory
are reliant on this; animals that lack
NT-3/TrkC signalling have deficits in
memory tasks.22 It was recently dis-
covered that NT-3/TrkC also facilitates
synaptogenesis by interacting with a
molecule known as PTPσ.23–27 This was
a novel discovery because the classi-
cal model argues that Trk receptors
interact only with neurotrophins. At
the cellular level, the story becomes
more complex. Injecting NT-3 into hip-
pocampus neurons permits signals to
travel backwards from the axon to the
cell body.28 This phenomenon, called
retrograde axonal transport, indicates
a continued targeted effect in the cell
body of neurons, a site where multiple
survival-promoting effects are initi-
ated. Not only does the NT-3/TrkC
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pathway promote axonal transport,
but it also regulates the location of the
axon initial segment, altering neu-
ronal excitability and action potential
dynamics.29

The cerebellum and
Purkinje cells
In the cerebellum, the unique and
large dendritic architecture of Purk-
inje cells shed an interesting light onto
NT-3/TrkC signalling. With the genetic
deletion of TrkC, elaborate dendritic
arborisation of Purkinje cells is mini-
mal; however, the fact that dendritic
structure is not entirely eliminated
suggests that NT-3/TrkC signalling
plays another role in dendritic main-
tenance. Removal of endogenous NT-
3 alleviated the reduction of dendritic
arborisation, indicating that the NT-
3/TrkC pathway controls the neigh-
bouring neuron’s dendrite structure in
order to maintain a particular density
of dendritic architecture within this
specific brain region.30–32

The auditory system
Several lines of research suggest that
the auditory system is dependent on
neurotrophin signalling for its proper
function and the field of auditory
neural science can yield a wealth of
knowledge if delved further. Still, the
study of NT-3/TrkC signalling in the
auditory system can also be a com-
plex endeavour, in part due to the
topological gradients of TrkB and TrkC
that coexist in same brain regions. For
example, the chicken auditory system
shows an interesting developmental
pattern that is reliant on both Trk
receptors.8 However, a global genetic
deletion of either protein can be fatal
to the animal, and therefore, methods

like the one reviewed in our previous
research profile – e.g., focal gene
manipulation via in ovo electropora-
tion – must be used to further eluci-
date its functions (please see Open
Access Government, January 2019
issue, pages 130-33). 

In terms of auditory functions, NT-
3/TrkC does several crucial things. It
plays a role in regulating action poten-
tial properties of auditory neurons in
the peripheral pathway;33 our labora-
tory has discovered that this happens
in the central system as well. Here,
neurotrophin signalling regulates
action potential kinetics by maintain-
ing a balance between different types
of potassium channels.34 We suggest
that this function is critical in estab-
lishing normal tonotopic gradients, a
biological process required for the
neural encoding of different sound
frequencies. Similarly, NT-3/TrkC sig-
nalling modifies potassium conduc-
tance of inner hair cells in guinea pigs,
depressing responses and permitting
repetitive action potential firing.35 It
also increases calcium currents in the
chicken inner ear, promoting more
efficient synaptic transmission36 and
in mice, it is involved in synaptic main-
tenance and neuronal migration of
the auditory nerve.6

With respect to hearing, correct levels
of NT-3/TrkC signalling is required to
maintain inner ear health. For exam-
ple, NT-3 induces synapse regenera-
tion in the inner ear and can repair
synapses after acoustic trauma in
mice.15 Similarly, overexpressing NT-3
protects inner ear synapses by pro-
moting its repair after noise-induced
synaptopathy in guinea pigs.37 Con-

versely, excessive levels of NT-3 in the
inner ear can also disrupt the synaptic
network of the same species and
therefore, negatively affect hearing
properties.38 This suggests that the
inner ear requires just the right
amount of NT-3 in order for TrkC sig-
nalling to be effective in maintaining
normal hearing health.

What does this all mean? Few things
can be assumed from studies in both
normal and abnormal NT-3/TrkC sig-
nalling. One conclusion is that due to
its ubiquitous presence, a careful
study of NT-3/TrkC temporal and spa-
tial expression is necessary before
embarking on clinical applications.
Nevertheless, research studies in the
brain and auditory system suggest
that targeting the NT-3/TrkC pathway
shows promise as a non-invasive and
effective method to treat neurological
and auditory ailments. 
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Jason Tait Sanchez1,2,3

1The Roxelyn and Richard Pepper
Department of Communication Sci-
ences and Disorders, 2Neurobiology
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Our thoughts, memories,
movements and sensory
experiences are the result of

electrical activity generated in the
brain. Billions of cells make up the
brain. These cells, called neurons,
communicate with each other by
sending electrical signals known as
action potentials. Action potential
properties are controlled in part by
specialised membrane proteins called
ion channels, of which there are
numerous types. Ion channel expres-
sion is incredibly complex, and varies
throughout the brain, so neurons are
often classified by their functional
phenotype, i.e., the pattern of their
action potential firing. In this research
profile, we briefly consider action
potential firing patterns and the 
functions they serve in both normal
and diseased states. We then focus on
specialised firing patterns of auditory
neurons and their role in hearing. 

Diversity of action potential
firing patterns
Since the brain is responsible for
encoding all sensations and planned
body movements, a vast diversity of
firing patterns exists. Neurons spe-
cialised for hearing act differently
than neurons for vision, but even
within one sensory modality, variety in
firing patterns are ubiquitous1. Ion
channels being composed of various
multiple subunits is one reason for
such diversity. 

For example, the potassium ion chan-
nel has more than 100 subunits2. This
is multiplied by the fact that ion chan-
nels can be regulated by molecules
like glutamate3, dopamine4, nitrous
oxide5, cyclic AMP6, and neural growth
factors called neurotrophins7, [See
Open Access Government January
2019 and April 2019]. While this article
will focus on firing patterns in the
auditory system, firing patterns in the
motor system also play a critical role
in biologically relevant functions. 

Action potential firing patterns
in the motor system
Motor patterns are ubiquitous, from
the rhythmic beating of the heart to
the flapping of a bird’s wings. Such
movements are possible because of
the action potential firing patterns of
neurons and muscle cells. This pat-

terned activity can be thought of as
oscillations8. Oscillation patterns are
also seen in spontaneous neuronal
activity, a good example being 
Parkinson’s disease. Parkinson’s is
characterised by uncontrollable and
spontaneous movement tremors.
Recordings of Parkinson’s tremors in
monkeys found oscillations at 3-19
cycles per second (Hz). 

Remarkably, this oscillating firing pat-
tern is also observed at the individual
neuronal level in Parkinsons9, which is
critical to its diagonosis and treat-
ment. However, patterned activity in
Parkinson’s may be the exception that
proves the rule: Patterned activity is
usually beneficial – if not necessary –
for normal development and brain
activity. This is especially true in devel-
oping sensory systems like vision and
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hearing. With vision, patterned activity
is needed for eye specific segrega-
tion10. Auditory development is also
dependent on patterned activity. 

Action potential firing patterns in
the developing auditory system
An exemplar of auditory development
includes research in animal models
like mammals and birds. Mice are
born deaf, but their auditory path-
ways are wired to function when the
onset of hearing begins. This brings
up an intriguing question; how does
auditory neural circuitry develop with-
out sensory stimulation? The answer
is spontaneous, patterned activity. 

For example, supporting cells release
ATP to activate hair cells in the cochlea,
which leads to bursts of firing activity
in auditory spiral ganglion neurons11,
12. This pattern of spontaneous activity,
transmitted to the central auditory
structures, changes across develop-
ment. Firing patterns are random at

first, gradually change to rhythmic
bursts, and then show periods of
higher frequency firing, corresponding
to before, during and after the onset
of hearing, respectively13. Once the
auditory system is functionally
mature, firing patterns are crucial to
encoding different aspects of sound
like frequency, intensity and temporal
information found in complex signals
like speech. Diverse firing patterns 
are observed in every region of the
auditory pathway. 

For example, in the cochlear nucleus
– a lower auditory brainstem structure
in both mammals and birds– as many
as six different firing patterns have
been well documented and studied
with respect to different auditory
functions1, 14, 15. Cochlear nucleus 
neurons receive input from one ear,
but their target output neurons are
located on both sides of the brain-
stem. These outputs are responsible
for our ability to hear sound from

both sides of the head on the order of
tens of microseconds; a remarkable
biological feat responsible for sound
localisation and discriminating complex
sounds in background noise16. 

Thus, cochlear nucleus neurons are
critical for encoding frequency, ampli-
tude and timing aspects of sound. In
part, this is due to the firing pattern of
action potentials at the onset of a
stimulus (onset responders, Fig. 1A),
throughout the stimulus (sustained
responders, Fig. 1B), or rapid brief
periods during the stimulus (burst
responders, Fig 1C). Neurons with 
different firing patterns send outputs
to many different auditory regions,
critical in processing the numerous
features of complex sounds. 

One example come from the chicken
nucleus magnocellularis – an analo-
gous auditory structure to the mam-
malian cochlear nucleus. We recently
reported the firing pattern from a
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Figure 1. Action potential firing patterns in the chicken auditory brain
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newly discovered region responsible
for processing different frequency 
elements of sound. These neurons,
referred to as NMc, are in stark 
contrast with other regions where
neurons fire a single, precisely timed,
onset action potential to stimulation
(Fig. 1A). NMc neurons fire multiple
bursts of action potentials to slow and
gradual stimulation and are hypothe-
sised to respond to ultra-low sound
frequencies as low as 2Hz (Fig. 1C) 17,
18. This unique firing pattern suggests
a novel biological function related to
the processing of sound that differs
from the typical pattern of firing
responsible for binaural hearing. 

Although burst firing in mammalian
sensory systems is not uncommon 19-
24, it was previously unobserved in the
chicken auditory brainstem. This new
pattern of firing suggests optimisation
for an aspect of sound processing 
not well understood. Nonetheless, it
argues for conserved functions across
vertebrates for similar sensory encod-
ing of the surrounding environment. 
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When you find yourself strug-
gling to hear in a noisy
restaurant, chances are you

aren’t alone. Difficulty understanding
speech-in-noise (SIN) is one of the
most common hearing-related com-
plaints1. This problem is not unique to
individuals with clinically defined hear-
ing loss; estimates suggest that as
many as 26 million people complain of
hearing difficulties in noisy situations
despite having clinically “normal” hear-
ing2. Even with renewed attention to
this problem in the fields of audiology
and hearing science, its etiology, and
thus, diagnosis and treatment in
humans remains elusive. 

In this research profile we: 1) explore
potential mechanisms underlying this
phenomenon, 2) consider barriers to
validating and identifying this problem,
and 3) discuss our lab’s novel approach
to this problem.

Potential mechanisms
Cochlear synaptopathy – a term used
to describe synapse damage and loss
between inner hair cells of the cochlea
and auditory nerve fibers – has been
demonstrated to occur after noise
exposure in animal models3,4,5. This
form of hearing impairment is termed
“hidden” hearing loss because tradi-
tional tests of hearing integrity are 
not sensitive enough to detect this
synaptic disruption. Some theorize
that synaptopathy could explain SIN
deficits in humans, given that it occurs
after auditory insult and is a deficit
“hidden” from traditional hearing tests. 

However, the presence of synaptopa-
thy following noise insult is not ubiqui-
tous, even in animal models6. Results
in humans are further complicated by
the fact that synaptic damage cannot
be directly verified because of the inva-
sive nature of doing so. Many studies,
using proxy measures of synaptopa-
thy, have failed to find systematic evi-
dence of this pathology in humans7,8.
This could be due to the inability to
directly measure the phenomenon, the
lack of experimental control in expos-
ing humans to environmental insults,
or the true absence of synaptopathy in
humans. Based on existing evidence,
synaptopathy is likely not the sole
explanation for SIN deficits in humans.

Hearing loss in frequency regions not
typically evaluated with traditional
hearing tests has also been suggested
as a reason for SIN difficulty. Though
the range of human hearing extends
up to 20,000 Hz, traditional hearing
tests evaluate frequency sensitivity
only to 8,000 Hz. Testing higher fre-
quencies is time-consuming and there
are equipment limitations in present-
ing high frequency stimuli. Both of
these factors have resulted in a signif-
icant portion of the human hearing
range left unevaluated. 

This dilemma is important because the
cochlea of the inner ear is frequency-
tuned (i.e., tonotopic); specific regions
are most sensitive to high frequency
sounds, while other regions are most
sensitive to low frequency sounds. The
region sensitive to higher frequencies

is also believed to be most susceptible
to environmental insult, making the
relationship between high frequency
hearing loss above 8,000 Hz and SIN
difficulties conceivable. More research
in this area is needed to better under-
stand this potential relationship.

Limitations to validation
and identification 
A major barrier to identifying SIN 
difficulties in humans is the shortage
of diagnostic tests that are sensitive
enough to evaluate the integrity of
specific anatomical locations within
the complex auditory pathway. This
prevents us from obtaining a clear 
picture of functional and structural
changes that occur with age or envi-
ronmental insult. The traditional test of
hearing is the behavioural audiogram.
Though it is the current gold standard
for assessing auditory function, it is a
gross measure of hearing. 

While the health of some anatomical
sites of the auditory pathway can be
reliably assessed through existing 
diagnostic tools (e.g., integrity of outer
hair cells is thought to be captured by
measures of otoacoustic emissions),
others, such as inner hair cells, cochlear
synapses, and more central structures
cannot be assessed and interpreted in
a straightforward manner in humans. 

For example, Wave I of the auditory
brainstem response (ABR) is thought to
reflect the integrity of the synaptic 
connection between inner hair cells
and auditory nerve fibers. However,
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studies investigating the use of Wave I
as a biomarker for functional SIN
deficits have yielded mixed results in
humans9,10,11.

The clinical use of diagnostic measures
beyond the audiogram is another
problem in characterising SIN deficits
in humans. Fewer than 15% of audiol-
ogists report routinely assessing SIN
performance in their patients2. Even
when used clinically, existing SIN tests
are highly variable and may not assess
the same constructs. 

For example, some SIN tests use
speech babble as background noise,
whereas others use steady-state noise;
some use an adaptive procedure that
changes based on performance,
whereas others use a fixed procedure.
Thus, some SIN procedures may not
accurately reflect real-world listening
situations, and their variability limits
cross-study comparisons of patient
performance. This limits reliable 
identification of SIN problems and
their relationship to other measures of
hearing.

Future progress
Ultimately, the largest barrier to iden-
tifying the etiology of SIN deficits lies in
the complexity of the human experi-
ence. Over the course of a lifetime, a
person is exposed to an amalgamation
of environmental insults, each of which
interact with the person’s genetic
makeup. Mechanisms underlying
problems with SIN are multifaceted in
nature and are likely more complex in
humans than other animals. 

“Sound conditioning” and “toughen-
ing”, for example, are ideas that previ-
ous noise exposure leads to reduced
susceptibility of the auditory system
to noise12,13. Individuals who have a
history of noise exposure may then be
less vulnerable to future auditory
insults. Sound conditioning has been

proposed as one explanation for the
mixed evidence of SIN etiology and
difficulties in humans. 

The research conducted in the Sanchez
Laboratory at Northwestern University
takes a unique approach to examining
SIN deficits in humans. Specifically, we
compare individuals with self-reported
SIN deficits to those with no reported
SIN issues on an extensive battery of
auditory diagnostic tests. In this way,
we do not rely solely on objective mea-
sures of SIN ability, which are highly
variable and may not reflect real-world
experiences. 

From our extensive test battery and
large pool of participants, we hope to
identify clinically viable measures that
validate patient complaints and are
sensitive to the underlying mecha-
nisms behind SIN deficits. Given the
number of individuals who experi-
ence SIN-related problems, there is a
tremendous need to improve their
communication abilities. Treatment
options, however, cannot fully be
explored until we understand the 
etiology of this issue and can reliably
validate and identify it in humans.
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