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Abstract Travelling waves of activity in neural circuits have been proposed as a mechanism underlying
a variety of neurological disorders, including epileptic
seizures, migraine auras and brain injury. The highly
influential Wilson-Cowan cortical model describes the
dynamics of a network of excitatory and inhibitory
neurons. The Wilson-Cowan equations predict travelling waves of activity in rate-based models that have
sufficiently reduced levels of lateral inhibition. Travelling waves of excitation may play a role in functional changes in the auditory cortex after hearing loss.
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We propose that down-regulation of lateral inhibition
may be induced in deafferented cortex via homeostatic plasticity mechanisms. We use the Wilson-Cowan
equations to construct a spiking model of the primary
auditory cortex that includes a novel, mathematically
formalized description of homeostatic plasticity. In our
model, the homeostatic mechanisms respond to hearing
loss by reducing inhibition and increasing excitation,
producing conditions under which travelling waves of
excitation can emerge. However, our model predicts
that the presence of spontaneous activity prevents the
development of long-range travelling waves of excitation. Rather, our simulations show short-duration
excitatory waves that cancel each other out. We also
describe changes in spontaneous firing, synchrony and
tuning after simulated hearing loss. With the exception of shifts in characteristic frequency, changes after
hearing loss were qualitatively the same as empirical
findings. Finally, we discuss possible applications to
tinnitus, the perception of sound without an external
stimulus.
Keywords Primary auditory cortex ·
Peripheral hearing loss · Travelling wave ·
Homeostatic plasticity · Spiking neural model

1 Introduction
Travelling waves of neuronal activity have been implicated in various various pathological conditions including brain injury (for a review, see Charles and
Brennan 2009), migraine aura (Milner 1958) and epilepsy (Houweling et al. 2005). Potential mechanisms include transient hypoxia-induced changes in ion
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balances (Takano et al. 2007) and long-term changes in
the balance of excitation and inhibition. It has been proposed that such adaptations and the ensuing travelling
waves may be a general feature of the brain’s response
to deafferentation (Houweling et al. 2005). In this paper
we use a computational model of auditory cortex to
explore the conditions under which travelling waves
occur after sensory deafferentation, and the possibility
that travelling waves may underlie some aspects of
hearing loss including tinnitus.
The Wilson-Cowan equations (Wilson and Cowan
1972, 1973) describe the dynamics of a network
of interconnected excitatory and inhibitory neurons.
These equations predict the emergence of travelling
waves of neural activity in the network when lateral
inhibitory connections are sufficiently reduced. Travelling waves of activity have been implicated in cortical pathologies that involve deafferentation, such
as epileptic seizures (Houweling et al. 2005). Cortical deafferentation also occurs with hearing loss and
affects neural activity in the primary auditory cortex
(Noreña and Eggermont 2003). However, no evidence
of travelling waves has been found in the primary
auditory cortex in animals with induced sensorineural
hearing loss. We have developed a spiking model of
the primary auditory cortex (A1), with excitatory and
inhibitory neural units, in order to investigate the conditions required to induce travelling waves of neural
activity after deafferentation. We propose a novel,
well specified computational formalism for modeling
homeostatic plasticity (HSP) within our detailed spiking cortical model as a mechanism to induce synaptic
weight changes after deafferentation. The model allows
us to shed light on the potential for travelling waves
and other abnormal neural activity in A1 after sensorineural hearing loss.
Sensorineural hearing loss induced by aging
and/or noise exposure is characterized by hair cell
loss and some auditory nerve (AN) fiber damage
(Bhattacharyya and Dayal 1989; Liberman 1987). The
resulting distorted cochleotopic representation of the
sound environment can cause profound changes in
auditory brainstem (Brozoski et al. 2002; Kaltenbach
et al. 2004), midbrain (Salvi et al. 2000; Wang et al.
2002) and cortex. At the level of primary auditory
cortex, pyramidal neurons in the impaired region show
increased neural synchrony and enhanced spontaneous
activity within 2 hours after noise trauma (Noreña
and Eggermont 2003). These cortical abnormalities
persist in the weeks following noise exposure (Seki
and Eggermont 2002, 2003). Moreover, after moderate
to substantial cochlear damage, the tonotopic map is
reorganized so that the neurons in the impaired region
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are re-tuned to respond maximally to frequencies near
the edge of the hearing loss spectrum (Robertson and
Irvine 1989; Rajan et al. 1993; Dietrich et al. 2001;
Noreña et al. 2003). The mechanisms and timescale of
the reorganization may depend on the severity of the
peripheral damage (Noreña et al. 2003). An intriguing
possibility is that the altered responsiveness of the
cortex may set up the optimal conditions for travelling
waves, which might in turn contribute to phenomena
such as map reorganization and/or the phantom
percept of tinnitus. We investigated whether travelling
waves can propagate from regions representing edge
frequencies of hearing loss into the deafferented
region.
The underlying mechanisms for hearing loss-induced
abnormal activities in A1 are still under investigation.
An overall degradation of inhibition, possibly accompanied by the unmasking of excitatory synapses, may contribute to the observed cortical changes (Rajan 1998,
2001; Calford 2002; Noreña and Eggermont 2003).
More recently, the compensatory effects of the reduced
afferent drive in both auditory midbrain and A1 were
discovered in animal experiments. In particular, the
intrinsic excitability of the pyramidal neurons in the
deafferented region of A1 is shown to be enhanced
(Kotak et al. 2005). Moreover, the excitatory synapses
targeted on the deafferented neurons are strengthened
(Vale et al. 2002; Muly et al. 2004; Kotak et al. 2005)
while the inhibitory synapses are weakened (Suneja
et al. 1998a, b; Vale et al. 2002; Kotak et al. 2005).
These synaptic regulations are consistent with homeostatic plasticity, previously observed in the hippocampus (Turrigiano et al. 1998) and the visual cortex (Desai
et al. 2002).
We make the assumption that homeostatic mechanisms are at work in A1 after hearing loss and implement them in our model to scale both excitatory and
inhibitory synapses on deafferented neurons. Homeostatic plasticity can ensure that, over a long timescale,
the average neural firing rate can be maintained within
a proper range, despite chronic changes in driving
forces. Interestingly, the effects of homeostasis become
detectable 1.5 hours after inducing persistent changes
in neural activity and get stronger over a time-course
of several days (Gina Turrigiano, personal communication). This timescale is similar to the temporal development of many of the cortical changes after noise trauma
(Noreña and Eggermont 2003; Seki and Eggermont
2002, 2003). We propose that homeostatic mechanisms
at work in the primary auditory cortex are at least
partially responsible for abnormal activity that develops after hearing loss. Furthermore, by reducing lateral inhibitory weights and increasing lateral excitatory
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weights, HSP is expected to produce conditions that
increase the potential for travelling waves.
Recent theoretical models of hearing loss in the
auditory brainstem (Schaette and Kempter 2006) and
A1 (Dominguez et al. 2006) provide insights into
the possible contributions of HSP to tinnitus, but
have not included a sufficient level of biological detail to implement realistic temporal dynamics in neural circuits so as to be able to investigate travelling
waves.
Using a comprehensive description of HSP, we can
make predictions about conditions required for travelling waves of neural activity. We look at changes
in sound-driven and spontaneous activity, along with
tuning properties in the auditory cortex, in the hours
after hearing loss to determine if our model can reproduce findings in animal models of sensorineural
hearing loss. We then investigate the potential for travelling waves. We assume that, during this period of
time, changes in cortical activity are dominated by altered thalamic input rates and homeostatic mechanisms
within the auditory cortex responding to the altered
input. Compared to the previous work by Dominguez
et al. (2006), this A1 model is able to better capture
the altered cortical activity and changes in neural tuning. Changes in neural activity and tuning sharpness
are qualitatively similar to empirical findings. We do
not see meaningful shifts in characteristic frequencies
after simulated hearing loss. Homeostatic plasticity
in our model (and perhaps in vivo) may not be a
sufficient mechanism for tonotopic reorganization. Furthermore, we do not include peripheral or subcortical
changes that would contribute to these shifts. Rather,
we focus on alterations in cortical connections and
activity.
Surprisingly, our simulations show that travelling
waves of excitation with large temporal extent do
not manifest as predicted in a spiking model with
spontaneous firing. The waves of excitation are prevented from traversing the network by refractory
periods produced by spontaneous firing. In the biologically unlikely scenario where there is no spontaneous firing, travelling waves emerge as predicted.
While the effect of decreased inhibition is to increase
the likelihood of travelling waves, this is offset by
the HSP-induced increase in spontaneous firing. However, our model demonstrates that shorter-duration
spontaneous travelling waves of excitation become
more frequent and span large portions of the hearing loss region. This prediction may be important in
explaining the lack of empirical evidence for travelling waves of activity in A1 after sensorineural hearing loss.
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2 Spiking A1 model
In this section, the development of our spiking A1
model is presented in detail. In particular, we first
describe the network architecture. Then, the model
neuron and the input to the A1 model are illustrated.
Finally, a novel formulation for the computational principles underlying HSP in different types of synapses is
presented.
2.1 Network model
The network is designed based on several key features of A1 observed in animal experiments and neuroimaging studies in humans. First, when stimulated with
pure-tone stimuli with varying sound pressure levels
(SPL), many A1 pyramidal neurons exhibit a V/Ushaped tuning curve with a single best frequency or
characteristic frequency (CF) (Phillips and Irvine 1981;
Schreiner et al. 2000; Turner et al. 2005). The CF is
usually defined as the frequency with the lowest response threshold. Second, in normal hearing animals
and humans, the CFs of the pyramidal neurons show
a roughly one-dimensional gradient along the lateromedial axis, and they display a logarithmic relation to
the corresponding cortical locations. This property is
known as the tonotopic organization of A1 or simply
referred to as the tonotopic map (Merzenich et al.
1975; Cheung et al. 2001; Ottaviani et al. 1997). Third,
the interneuron population in A1 provides inhibitory
inputs that are thought to sharpen the receptive fields
of the pyramidal neurons (Chen and Jen 2000; Foeller
et al. 2001), a mechanism also observed in subcortical
auditory structures such as IC (Gerken 1996; Lu and
Jen 2001). Finally, the excitatory connections between
pyramidal neurons in the direction of the lateral-medial
axis are generally short-range, while lateral connections
between pyramidal neurons and inhibitory interneurons span a broader region (Douglas and Martin 1998).
For a more comprehensive description of A1 anatomy
and functional organization, see Read et al. (2002) and
references therein.
With the above observations in mind, we construct
the A1 model by modifying the well-known WilsonCowan cortical model (Wilson and Cowan 1972, 1973).
A schematic diagram of the network structure is given
in Fig. 1. Our A1 model is driven by a set of model
neurons representing the afferent inputs from the auditory thalamus. In the cortical layer, pyramidal neurons are uniformly distributed along the latero-medial
axis connecting the posterior ectosylvian suclus and
anterior ectosylvian suclus. There are 201 pyramidal
neurons and 67 interneurons, which is consistent with

282

Fig. 1 The schematic structure of the spiking A1 model. The
numbered triangles represent pyramidal neurons. The associated digit denotes the spatial coordinate of the given neuron.
Inhibitory interneurons and thalamic neurons are represented by
open circles and regular octagons, respectively. Arrowed lines
are excitatory synapses, while lines ending with full black circles
denote inhibitory synapses. Hearing loss is illustrated by using
dashed lines for afferent synapses to show the reduction in inputs

the finding that typically around 75% of cortical cells
are glutamatergic neurons while the rest are inhibitory
neurons (Jones 1995). The number of neurons and
connections in our computational model is a subset of
what one would find in the auditory cortex, however,
it was necessary to make the simulations computationally viable while maintaining the validity of the model
and results. We associate each pyramidal neuron with
a one-dimensional coordinate xi such that xi = i, i =
1, 2, 3, ..., 201. Note that in contrast to many existing
spiking models for auditory midbrain (e.g., Bruce et al.
2003) and A1 (e.g., Dominguez et al. 2006), inhibitory
interneurons are separately incorporated in the present
model. To facilitate the initialization of the synaptic
weight matrices, we organize the interneurons on a
straight line parallel to the latero-medial axis. It is
assumed that the interneurons are equally spaced with a
distance three times larger than that between two pyramidal neurons, as shown in Fig. 1. Therefore, the spatial
coordinates for the interneurons y j are given by y j =
3( j − 1) + 2, j = 1, 2, 3, ..., 67. There are 201 neurons in
the auditory thalamus layer. Their spatial coordinates
are denoted by zk , where zk = k, k = 1, 2, 3, ..., 201.
The CFs of thalamic neurons range from 20 Hz to 20
kHz and correspond to the approximately logarithmic
dependence between CF and position on the basilar
membrane (Greenwood 1990).
The synapses in the A1 model are initialized under
simulated normal hearing conditions, where a pyramidal neuron has the same characteristic frequency as
a thalamic neuron when they share the same spatial
coordinate. We then simulate hearing loss and a subsequent period of adaptation of the network response
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to acoustic inputs, during which time the synaptic
weights are modified by a set of HSP rules (derived in
Section 2.4). The resultant changes in synaptic efficacy
can potentially cause shifts in the CFs of pyramidal
neurons, i.e., cortical reorganization, while the CFs of
thalamic neurons remain fixed.
Based on experimental data (Miller et al. 2001), we
require that for normal hearing, a pyramidal neuron
is driven by thalamic neurons whose CFs lie in the
range of ±1/3 octaves of the pyramidal neuron’s characteristic frequency, through excitatory thalamocortical
synapses. When simulating synaptic modifications by
HSP in hearing loss scenarios, we assume that pyramidal neurons continue to receive afferent inputs solely
from those thalamocortical synapses, i.e., we do not
consider any unmasked thalamocortical synapses in this
model. In this way, we can investigate the contribution
of HSP to the observed cortical changes separately
(see more in Discussion). The synaptic strength of the
afferent connection from the kth thalamic neuron to
the ith pyramidal neuron, denoted by Wa (i, k), is determined by the following Gaussian function1 :

⎧
2
⎨0.3 · exp − |zk − xi | ,
Wa (i, k) =
3.684
⎩
0,

|zk − xi | ≤ 9
|zk − xi | > 9
(1)

Pyramidal neurons are also depolarized through lateral
excitatory synapses. These connections are assumed
to span a range of ±1/6 octaves with the efficacy of
the synapse from the lth pyramidal neuron to the ith
one WE,E (i, l) also falling off as a Gaussian function of
distance:


⎧
|xi − xl |2
⎪
⎪
,
0.21 · exp −
⎪
⎪
6.72
⎪
⎪
⎨
|xi − xl | ≤ 5 and xi = xl
WE,E (i, l) =
(2)
⎪
⎪
⎪
0,
⎪
⎪
⎪
⎩
|xi − xl | > 5 or xi = xl
where l = 1, 2, 3, .., 201. From the above equation, it
can be seen that we do not assume direct self-excitation
in our model.
The interneurons in the A1 layer are driven by the
output spikes of pyramidal neurons and then feed inhibition back to sharpen frequency tuning. The synaptic
weight of the lateral connection from the ith pyramidal
1 The peak values and variances of the Gaussian functions defined

in this subsection are chosen so that a tonal stimulus would only
excite a small portion of the pyramidal neurons. See the model
response to a 723-Hz pure tone in Fig. 8 for an example.
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neuron to the jth interneuron, denoted by WI,E ( j, i), is
expressed as
⎧

2
⎪
⎨0.11 · exp − |xi − y j| ,
WI,E ( j, i) =
41.5
⎪
⎩0,

|xi − y j| ≤ 20
|xi − y j| > 20
(3)

The efficacy of the feedback inhibitory synapse from
the jth interneuron to the ith pyramidal neuron
WE,I (i, j) is determined by
⎧

2
⎪
⎨0.4 · exp − |xi − y j| ,
WE,I (i, j) =
41.5
⎪
⎩0,

|xi − y j| ≤ 20
|xi − y j| > 20
(4)

In comparison to the pyramidal neurons, the inhibitory
interneurons receive lateral excitatory inputs from a
wider range of pyramidal neurons, spanning about
±3/4 octaves. Moreover, as shown in (4), feedback
inhibition from an interneuron imposes mutual competition between those pyramidal neurons that drive the
interneuron to form a lateral inhibitory network.
We also include lateral inhibitory synapses among
interneurons. Their synaptic weights are given by
⎧


|y j − ym |2
⎪
⎪
⎪
0.048 · exp −
,
⎪
⎪
220
⎪
⎪
⎪
⎨|y − y | ≤ 9 andy = y
j
m
j
m
WI,I ( j, m) =
⎪
⎪
⎪
0,
⎪
⎪
⎪
⎪
⎪
⎩|y − y | > 9 or y = y
j

m

j

(5)

m

where m = 1, 2, 3, ..., 67. We set the lateral inhibition
between interneurons to be small in order to avoid
broadening the tuning curves of the pyramidal neurons.
And again, there is no self-inhibition. It is worthwhile
to point out that as in the previous modeling work
(Dominguez et al. 2006), we do not incorporate either
corticofugal projections from A1 onto the auditory
thalamus or the feed-forward inhibition from thalamic neurons to pyramidal cells via cortical interneurons. Corticothalamic feedback projections may play
a role in enhancing tuning curves, but they have not
been characterized sufficiently to be included in our
model. Feed-forward inhibition may likely be an important mechanism for improving temporal precision
of auditory responses. Furthermore, co-tuned inhibition may sharpen tuning curves of cortical neurons

while convergence of thalamocortical inputs may be the
main contributor to the shape of these tuning curves
as has been proposed by Wehr and Zador (2003).
However, homeostatic plasticity may alter both the
thalamocortical and intracortical connections described
above, affecting tuning in A1. Therefore, our model’s
architecture can provide insights into potential effects
of a homeostatic plasticity mechanism on activity
in A1.
To reduce network edge effects, appropriate weight
adjustments of the synapses targeted on cortical neurons near/at the edge of the A1 layer are performed
to match the total excitation/inhibition for neurons in
the middle sections. As neurons at or near the array
edge can be considered to be missing lateral inputs from
one side (tonotopically), this is adjusted for by increasing their existing excitatory and inhibitory connection
weights until their total excitation and inhibition are
equal to that of a neuron with all of its inputs (as in
Bruce et al. 2003). As the start of the hearing loss region
is modeled at a sufficient distance from the end of the
array of neural units, this compensatory measure will
not have an impact on the findings discussed in this
paper.
2.2 Model neuron
In this work, both pyramidal neurons and interneurons are modeled as leaky integrate-and-fire neurons
(e.g., Gerstner and Kistler 2002). Specifically, when
the membrane potential of a cortical neuron reaches
a certain threshold, the neuron fires a spike and enters an absolute refractory period of 2 milliseconds
(ms). During that period, the membrane potential is
fixed at the resting potential and allowed to vary again
thereafter. Note that we do not include the relative
refractory period in the neuron model for simplicity.
The sub-threshold behaviors of the pyramidal neurons
and interneurons are governed by
τ

dVE (t)
= − VE (t) + WE,E · iE (t)
dt
− WE,I · iI (t) + Wa · ia (t),

(6)

and
τ

dVI (t)
= −VI (t) + WI,E · iE (t) − WI,I · iI (t),
dt

(7)

respectively. The connection weight matrices Wa , WE,E ,
WI,E , WE,I and WI,I have been defined in the last
subsection. VE (t) is a column vector of length 201
containing the membrane potentials of the pyramidal

284

J Comput Neurosci (2011) 30:279–299

neurons. VI (t) denotes a column vector representing the membrane potentials of the interneurons. τ
(=2.75 ms) is the membrane time constant. ia (t) and
iE (t) are column vectors of length 201 describing the
afferent and lateral excitatory synaptic currents from
the thalamic neurons and pyramidal neurons, respectively. iI (t) is the column vector of length 67 describing
the inhibitory synaptic currents from the interneurons
at time t. Each synaptic current is obtained by convolving the corresponding spike train with a unitary
postsynaptic current waveform
i(t) =

 a
10τ

2

· exp(−at/τ ) · t,

(8)

which is commonly referred to as the alpha function
(see Dayan and Abbott 2005). Excitatory synaptic currents are generated using an alpha function with a = 10,
while inhibitory synaptic currents are calculated with
a = 0.5.
2.3 Model input
We simulate three different input scenarios: one in
which the model is stimulated by a simplified acoustic
environment, one in which the model is situated in a
quiet background, and a simulated pure tone input,
which we use to demonstrate changes in network dynamics after hearing loss. For the first scenario, the
input consists of the response of the subcortical auditory pathway to sound stimuli, while in the second
scenario, the input consists of the afferent spontaneous activity from the auditory midbrain. A real-life
acoustically rich environment is a constantly changing
mixture of sounds of all frequencies. We approximate
this situation using a simplified acoustic environment
where the power spectrum of the sound stimuli over
the range 20 Hz to 20 kHz is flat and there is no
correlation between different frequency components.
Accordingly, the spike trains generated by thalamic
neurons in response to acoustic inputs are modeled as
mutually independent Poisson processes. The sounddriven mean rates of the thalamic neurons’ spike trains
across the tonotopic map are set to be 150 spikes
per second in the case of normal hearing. This input
rate is high enough to be delineated from the silent
condition and for sufficiently separable simulation results for the three hearing loss conditions we describe
below. Furthermore, because the model has a lower
density of neurons than real A1 due to computational
limitations, having a higher input rate approximates the
case of having a larger number of inputs with lower
discharge rates. Using input rates that are this high

does not qualitatively affect our results, but does lead
to mean firing rate in the pyramidal neurons that are
higher than what would be found in electrophysiological recordings. Using a uniform input rate for the
simplified acoustic environment does not capture the
various driving rates that would result from a dynamic
acoustically rich-environment, however it does make
the simulation of hearing loss curves and effects of
the homeostatic mechanism clearer. A benefit of the
mutually independent thalamocortical inputs is that it
allows us to isolate the effect of hearing loss on cortical
synchrony. However, in future work, it will be worthwhile to simulate more dynamic and complex acoustic
environments in order to determine how inputs with a
more natural spectro-temporal structure affect network
activity.
After cochlear damage, it has been observed experimentally that the auditory brainstem response threshold increases and the auditory nerve output decreases
(Salvi et al. 1980). Thus, we model the effects of peripheral hearing loss by reducing the sound-driven average rates of the spike trains of thalamic neurons at
the impaired frequencies. We simulate a large normal
hearing region, a transition region, and a large impaired
region to facilitate the analysis and presentation of our
results. Auditory peripheral damage mainly affects the
processing of high-frequency components of the sound
stimuli, because the hair cells tuned to those frequencies are especially vulnerable to noise trauma as well as
age-related degeneration. Therefore, we constrain the
mean spike rate decrease to the output spike trains of
thalamic neurons with relatively high CFs. We define
the hearing loss severity as the ratio of the maximum
rate reduction to the normal sound-driven thalamic
spike rate (=150 spikes/s). In this study, we consider
three different hearing loss levels, specifically, 40%,
60% and 80%. Due to the existence of inputs from
horizontal fibers and other cortico-cortical synapses, an
80% loss in driving spikes to A1 neurons is less likely
to occur in standard animal models of noise-induced
hearing impairment. However, we include the simulation results for 80% hearing loss in order to better
illustrate the effects of HSP on synaptic weights and
cortical activity across a broad range of deafferentation
levels. Furthermore, the 80% hearing loss case allows
us to more strongly demonstrate our findings related to
travelling waves of excitation in the presence of spontaneous firing. For all three hearing-loss scenarios, hearing loss starts at 2.5 kHz, and its severity increases as a
linear function of the spatial coordinates of the thalamic
neurons until it reaches the maximum at 5 kHz. For the
frequency range from 5 kHz to 20 kHz, the amount of
hearing loss is the same as that at 5 kHz. As an example,
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250

tions. The induced thalamic response resulting from a
pure tone, ypt (i, k) centered at neural unit zk , and with
peak amplitude A, is modeled as an increase in spike
rate falling off spatially as a Gaussian:

⎧
2
⎨ A · exp − |zk − xi | , |z − x | ≤ 9
k
i
ypt (k) =
(9)
12.5
⎩
0,
|zk − xi | > 9

Mean spike rate (spikes/s)

200

150

100

The model operation is simulated using a 4th -order
Runge-Kutta algorithm with a fixed time-step of 0.1
milliseconds.

50

0
0.1

2.4 Homeostatic plasticity
1
Characteristic frequency (kHz)

10

Fig. 2 Mean firing rates of the pyramidal neurons after 80%
hearing loss (mean spike rate vs. characteristic frequency). Solid
line: hearing loss curve; dotted line: the A1 model without HSP;
dashed line: the A1 model with HSP. Note that in this figure
and the following Figs. 4 and 6, the values on the x-axis denote
the characteristic frequencies that the pyramidal neurons are
tuned to under the condition of normal hearing. In other words,
they indeed represent the spatial coordinates of the pyramidal
neurons

Fig. 2 shows the mean firing rate curve for the 80%
hearing loss case, which has a maximum rate reduction of 120 spikes/s. Qualitatively similar hearing loss
curves illustrated by the auditory brainstem response
(ABR) shift have been induced in cats (Noreña and
Eggermont 2003) via excessive noise exposure. More
recent audiogram data from humans with noiseinduced hearing loss also exhibit similar hearing loss
curves (Konig et al. 2006).
When the A1 model is situated in a quiet background, the driving force is the afferent spontaneous
activity again modeled as mutually independent Possion spike trains. But in this case, we assume that the
mean spike rate is 5 spikes/s across the whole frequency
range, regardless of the hearing loss level. This setting
is mainly motivated by in vivo experiments showing
that most neurons in the auditory midbrain have similar
spontaneous rates and their spontaneous activities remain largely unchanged after cochlear damage (Wang
et al. 1996).
We test the A1 model initialized in the last subsection under two different input scenarios described
above: the simplified acoustic environment and the
silent condition. For both input scenarios, we simulate
the condition of normal hearing in order to estimate
mean firing rates of pyramidal neurons in the normal
model. We use the pure-tone input condition to test for
travelling waves of activity in the hearing loss condi-

Homeostatic plasticity (HSP) is triggered in response
to the deviation of neural activity from a prefixed
target rate (rtarget ) and its compensatory effects can
bring the average firing rate back to normal (Burrone
and Murthy 2003). As shown in animal experiments
(Turrigiano et al. 1998; Kilman et al. 2002), HSP operates in a multiplicative fashion, i.e., all synaptic weights
are enhanced or suppressed by the same scaling factor.
In this way, HSP can stabilize neural activity without
distorting the original synaptic distribution. Moreover,
it has been observed that HSP regulates the synaptic
efficacy slowly but accumulatively (Turrigiano et al.
1998; Desai et al. 2002). van Rossum et al. (2000) proposed a framework for implementing the homeostatic
regulation of excitatory synapses targeted on spiking
neurons that captures the key features of HSP mentioned above. Based on recent experimental studies on
HSP, we extend the modeling work by van Rossum
et al. to formulate a set of computational principles of
HSP for synapses of different types in our A1 model.
Deafferentation can lead to the scaling-up of the
synaptic efficacy of the thalamocortical synapses
(Kotak et al. 2005) and the lateral excitatory synapses
(Turrigiano et al. 1998; Rutherford et al. 1998;
Kotak et al. 2005), while hyperactivity of the pyramidal neurons could lead to multiplicative depression
(Turrigiano et al. 1998; Leslie et al. 2001). As such,
similar to the realization of HSP for excitatory synapses
developed by van Rossum et al. (2000), we use the
following equations to update the matrices Wa and
WE,E :
τHSP

dWa (i, k)
= rtarget − ri (t) · Wa (i, k),
dt

(10)

dWE,E (i, l)
= rtarget − ri (t) · WE,E (i, l),
dt

(11)

and
τHSP
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where i = 1, 2, 3, ..., 201, k = 1, 2, 3, ..., 201 and l =
1, 2, 3, ...201. The time constant τHSP is set to be 104
s (approximately 2.8 hours). The mechanism underlying the time constant of homeostatic plasticity is not
clear, so we assume all cortical neurons have the same
HSP time constant. The instantaneous firing rate of the
ith pyramidal neuron ri (t), where i = 1, 2, 3, ..., 201, is
defined as (van Rossum et al. 2000)
τr

dri (t)
= −ri (t) +
dt

δ(t − tn,i )

(12)

n

where τr is set to be 1s, tn,i is the time point of the nth
spike generated by the ith neuron, and δ(x) denotes
the Dirac delta function. It can be seen from the above
equation that ri (t) increases whenever the neuron fires
a spike, and it decreases exponentially between spikes.
The value of rtarget is selected in order to represent the
mean firing rate of pyramidal neurons in response to
acoustic stimuli under the condition of normal hearing.
In our simplified acoustic environment, pyramidal neurons in the cortical layer have mean firing rates around
90 spikes/s, therefore, we use this value for rtarget . We
used a target rate that is higher than the normal spontaneous firing rate of the A1 model in a completely quiet
background (=2.5 spikes/s) because humans are generally exposed to acoustic environments that may induce
a higher average rate of cortical firing. Furthermore,
sensorineural hearing loss has been shown to induce
a persistent increase in spontaneous firing of cortical
neurons (Seki and Eggermont 2003). This may be partly
due to a homeostatic set point for pyramidal neurons in
the primary auditory cortex that is above the normal
spontaneous firing rate. The purpose of a target firing
rate and a homeostatic drive towards it could be to
optimize information processing of relevant auditory
stimuli (see Parra and Pearlmutter (2007) for a discussion of the optimality of gain adaptation mechanisms).
Compared with the excitatory synapses targeted on
pyramidal neurons, our proposed mechanism for HSP
adjusts the feedback inhibitory synapses in an opposite direction, consistent with empirical findings by
Turrigiano and colleagues (Rutherford et al. 1997;
Kilman et al. 2002; Kotak et al. 2005). In other words,
hyperactivity of pyramidal neurons would enhance inhibitory neurotransmission while deafferentation induced by hearing loss would reduce the efficacy of the
inhibitory synapses. Therefore, building on Eqs. (10)
and (11), we develop the following equation to modify
the entries in WE,I :
τHSP

dWE,I (i, j)
= − rtarget − ri (t) · WE,I (i, j),
dt

(13)

where j = 1, 2, 3, ..., 67. The homeostatic regulation of
the matrix WI,E is a bit more complex. Experiments
show that activity blockade does not influence the
lateral connections from pyramidal neurons onto interneurons (Turrigiano et al. 1998; Rutherford et al.
1998), while hyperactivity does increase their efficacy
(Rutherford et al. 1998). A hyperactivity threshold
for regulating pyramidal projections onto interneurons
takes these findings into account and prevents the HSP
mechanism from acting on the connections unless the
threshold is exceeded. Thus, we formulate the updating
equation for WI,E as follows
τHSP

dWI,E ( j, i)
=
dt

− rtarget − ri (t) · u(− rtarget − ri (t) − h) · WI,E ( j, i),
(14)
where u(x) is the unit-step function, that is, u(x) = 1
if x ≥ 0; otherwise, u(x) = 0. h is the prefixed threshold for gating the hyperactivity, which is set to be 10
spikes/s. To our knowledge, there is no evidence on
the homeostatic regulation for lateral inhibitory connections between interneurons. As such, we simply fix
them during computer simulations.
For our model we have set τHSP so that HSP acts
on a timescale of hours, consistent with some empirical
findings (Gina Turrigiano, personal communication).
However, homeostatic plasticity in the adult visual system of a goldfish with an intact CNS was found to
operate on a timescale of 90 minutes (Riegle and Meyer
2007). HSP mechanisms acting on a shorter timescale
than what is implemented in our model may be feasible
but require further investigation.
At this point, the specification of the spiking A1
model with homeostatic plasticity is complete and the
operations of the homeostatic mechanisms and model
behavior after hearing loss are simulated.

3 Results
In this section, we investigate the performance of
the model through computer simulations. Specifically,
the model is first trained under different hearing
loss scenarios for a sufficiently long time period so
that the sound-driven firing activity of the pyramidal
neurons can reach equilibrium under the control of
HSP. For all three hearing loss scenarios, we observe
that homeostatic plasticity is able to compensate for
the deafferentation and maintain the mean sounddriven neural firing rate of the pyramidal neurons in
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a small region around the pre-fixed target value rtarget
(=90 spikes/s). Figure 2 shows comparative curves representing the average firing rates of the pyramidal neurons with and without HSP in the case of 80% hearing
loss. It can be seen that with HSP, the average firing
rate curve is relatively flat around 90 spikes/s, while the
average firing rate curve generated by the A1 model
without HSP exhibits a negative slope similar to the
hearing loss curve. In Fig. 3, we plot the connection
weights of synapses targeting on two pyramidal neurons, one in the normal hearing region and the other in
the mid-section of the most substantially deafferentated
region. With HSP, the shape of the weight distribution
for synapses targeted on the impaired neuron is not
changed. This is because the afferent and lateral excitatory connections are strengthened in a multiplicative fashion, and the feedback inhibitory synapses are
weakened by the same factor. The excitatory connections on the interneurons are not affected by our HSP

mechanism, as explained above. More importantly, the
weight envelopes in Fig. 3 describing the peak synaptic
weight for neurons across the tonotopic axis, show that
the amount of synaptic adjustment induced by HSP is
a function of the hearing loss level; a sufficient level
of hearing loss in our model should therefore lead to
conditions that are favourable to travelling waves. The
more severe the hearing loss, the greater compensatory
effects and the higher the excitability of the pyramidal
neurons would be, which is consistent with experimental results on homeostatic plasticity (Turrigiano et al.
1998; Rutherford et al. 1998; Kilman et al. 2002). This
also holds for inhibitory connection weights, which are
reduced in proportion to the level of deafferentation.
Because our HSP mechanism scales synapses multiplicatively, the ratio of afferent to lateral excitation
remains fairly constant. On the other hand, the ratio of
lateral inhibition to lateral excitation on pyramidal cells
drops as the level of hearing loss increases; this may
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Fig. 3 Connection weight distribution comparison after HSP.
Dashed lines show example weight distributions for synapses targeted on the 50th pyramidal neuron (CF=0.37 kHz) and a pyramidal neuron in the deepest hearing loss region for each hearing
loss level. Solid curves represent peak synaptic efficacy in weight
distributions for each neuron (shown only for synapses projecting
onto excitatory neurons). Black curve: Unimpaired neurons with
synapses unaffected by HSP (initial weights are all at this level
except for weights at edges). Green curve: synapses targeted on

the 150th pyramidal neuron (CF=5.76 kHz) after 80% hearing
loss; Blue curve: synapses targeted on the 160th pyramidal neuron
(CF=7.34 kHz) after 60% hearing loss; Red curve: synapses
targeted on the 170th pyramidal neuron (CF=9.41 kHz) after
40% hearing loss. sub-figure Wa : weight comparison for thalamocortical afferent synapses; sub-figure WE,E : weight comparison
for lateral excitatory synapses; sub-figure WI,E : weight comparison for synapses projecting onto interneurons; sub-figure WE,I :
weight comparison for feedback inhibitory synapses
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have implications for the development of travelling
waves, as will be discussed later.
The inputs to the model are independent and do
not take into account potential HSP-induced changes
in lateral inhibitory connections in lower auditory structures such as the inferior colliculus (Gerken 1996). This
allows us to consider changes in the auditory cortex
independent of confounding factors in the inputs. However, we acknowledge that future versions of the model
should address potential changes at subcortical levels to
determine their effect on our simulations.
Next, we fix the synaptic weights and expose the
model to afferent spontaneous activity or transient
tonal stimuli. We present the obtained model responses
in the following subsections. The first two sections are
meant to validate the model by comparing its simulations to empirical findings. In the following section, we
evaluate the robustness of our model with respect to
two key validating results. Finally, we outline simulations related to our novel prediction on the existence of
travelling waves of excitation in A1.
3.1 Spontaneous activity and synchrony

Mean Spike Rate (spikes/s)

In Fig. 4, we plot the mean firing rates of the pyramidal
neurons in the A1 layer in response to the afferent
spontaneous activity from the auditory thalamus. The
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Fig. 4 Top panel: mean firing rates of the pyramidal neurons
in response to spontaneous activity in the auditory thalamus
(spike rate vs. characteristic frequency). Dashed curve: mean
spike rate of the spontaneous input; Upper curve: model response
after 80% hearing loss and HSP; Middle curve: model response
after 60% hearing loss and HSP; Bottom curve: model response after 40% hearing loss and HSP. Bottom panel: inputoutput curves following HSP for different levels of hearing loss

results presented here are calculated on the basis of a
simulated 30-second recording. As we can see from the
figure, for all three hearing loss scenarios, the impaired
region of the A1 model shows a significant increase
in its spontaneous activity, which is qualitatively consistent with empirical findings in animals with noiseinduced hearing loss (Popelar et al. 1994; Komiya and
Eggermont 2000; Seki and Eggermont 2003). Furthermore, the input-output plot in the figure shows that
when a deafferented neuron is driven by tonal stimuli
of different intensities, the neuron consistently has a
greater level of excitability than an unimpaired neuron
for a given input spike rate. Spontaneous activity in
the impaired region for 60% hearing loss is around
two to three times higher than that for 40% hearing
loss. Increase in spontaneous firing rate in the case
of 80% hearing loss is even more significant (around
five times higher than that of 40%). This is due to
the fact that more substantial hearing loss results in
greater enhancement in the excitability of pyramidal
neurons, as observed in the previous section. In animal
experiments, the enhanced spontaneous activity in the
impaired cortical region is no higher than double the
normal value (Komiya and Eggermont 2000; Seki and
Eggermont 2003). Our results showing a much higher
increase in spontaneous firing rate in the case of 80%
hearing loss can be attributed to the substantially reduced afferent driving forces, which is less likely to
be observed in standard animal models, as mentioned
earlier. However, this qualitatively valid result allows
us to gain more insight into why long-range travelling
waves of activity may not develop in the impaired A1,
regardless of the level of hearing loss.
Changes in spontaneous firing rates (SFR) induced
by acoustic trauma have been studied in the auditory
nerve fibers (where a drop in SFR is observed), dorsal
cochlear nucleus (where an increase in SFR is observed), the inferior colliculus (where a drop in SFR
is observed) and the A1 (where an increase in SFR is
observed) (Basta et al. 2004; Eggermont and Roberts
2004). However, spontaneous firing rates in the auditory thalamus have not been sufficiently characterized.
We modeled hearing loss in our thalamocortical inputs
as an overall decrease in average firing rate based on
firing rate changes in the inferior colliculus.
To investigate synchronous firing in the spontaneous activity of the A1 model, we compute the crosscorrelation of the spike trains generated by different
pyramidal neurons, using the following equation (Seki
and Eggermont 2003; Noreña and Eggermont 2003):
pi,l (d) =

t

xi (t)xl (t − d) − Ni Nl /N
,
(Ni · Nl )0.5

(15)
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In Fig. 6, we study the variations of the crosscorrelation peaks as a function of the original characteristic frequencies of the pyramidal neurons. The peak
value associated with each CF is determined by the
maximum of the cross-correlation between the pyramidal neuron tuned to that CF under the condition of
normal hearing (say, the ith neuron) and the other one
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where xi (t) and xl (t) represent the spike trains of the ith
and the lth pyramidal neurons, respectively, d denotes
the time lag spanning the range from −50ms to 50ms,
Ni and Nl are the total number of spikes in xi (t) and
xl (t), respectively, and N is the number of bins (bin
size=2ms). In Fig. 5, we plot the cross-correlation as
a function of the time lag d for two pairs of pyramidal neurons, one pair in the normal hearing region
and the other pair in the impaired region. The neural
synchrony between deafferentated excitatory neurons
is significantly increased, compared with two normal
neurons with the same spatial distance. Specifically,
as shown in the figure, the peak value of the crosscorrelation curve increases from approximately 0.1 to
0.17, 0.23, and 0.24 for 40%, 60% and 80% hearing
loss levels, respectively. Although qualitatively similar, cross-correlation values obtained from simulations
were an order of magnitude higher than those found
in the literature (Seki and Eggermont 2002, 2003). This
can be explained by the fact that our model of the
auditory cortex contains significantly fewer neurons
and connections (both lateral and afferent) than would
be found in actual cortex. We developed a proof of
concept model (not shown) with a variable number of
inputs and outputs to demonstrate the effect of network connection complexity on peak cross-correlation
values. As the number of input or output units in the
network increased, the cross-correlation between any
two output neurons decreased. Due to the computational complexity of a much larger network, we could
not address this issue by scaling up our network.
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Fig. 5 Cross-correlation of
the spontaneous activity of
pyramidal neurons. The
sub-figures in the first column
present synchrony between
the 51st pyramidal neuron
(CF=380 Hz) and the 56th
pyramidal neuron
(CF=450 Hz), both of which
are within the unimpaired
region. The sub-figures in the
second column show
cross-correlation of firing
activities between the 151st
pyramidal neuron
(CF=5.9 kHz) and the 156th
pyramidal neuron
(CF=6.6 kHz), both of which
are within the impaired
region. Results for different
hearing loss levels are
arranged in rows. The 1st row:
40% hearing loss; the 2nd
row: 60% hearing loss; the 3rd
row: 80% hearing loss
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with spatial coordinate i + 6. From the figure, we can
observe a clear elevation of the synchrony starting from
the beginning of the hearing loss region at 2.5 kHz.
Figure 6 shows that for higher levels of simulated hearing loss (60% and 80%), the greatest increase in synchrony occurs near the hearing-loss edge, where there is
a stronger tendency for edge frequencies to drive these
neurons. However, peak cross-correlation values are
elevated across the hearing loss region. Thus, our model
predicts that elevated synchrony in the hearing loss
region may result from HSP-induced increased lateral
excitation and decreased lateral inhibition; these are
the same conditions that would be expected to produce
travelling waves of activity.
3.2 Tuning properties after hearing loss
Since we are adjusting connection weights, it is important to look at potential changes in tuning. We do this
by simulating a 50-ms input tone, varying its amplitude
and center frequency, and observing the response of a
neural unit in the hearing loss region. In Table 1, we
look at potential changes in characteristic frequency
and tuning sharpness for a unit with a normal CF of
5.2 kHz. We represent tuning sharpness using Q-values
(Q20 in this case), which is analogous to what would
be done for frequency-response-area plots obtained
from electrophysiological recordings. Since our inputs
are spikes at a certain rate rather than a sound level,
Q20 is calculated by dividing the unit’s CF by its bandwidth at an input rate 20 spikes/s above the minimum
threshold. The minimum threshold is the lowest input
tone rate required to elicit firing in the neuron; the
center frequency of this tone is the unit’s characteristic
frequency. To determine the relevant bandwidth, the
input tone’s level is set to 20 spikes/s above the minimum threshold, and the lowest- and highest-frequency
input tones that can elicit firing are determined.
Tuning sharpness is reduced as the level of hearing
loss increases; this is true for neural units throughout
the hearing loss region. At 60% and 80% hearing loss,
Table 1 Tuning properties of a neuron in the hearing loss region

the Q20 value is substantially lower than in the normal
scenario. Our model only shows small shifts in CF; they
ranged from 0.05 octaves to 0.2 octaves in the neural
units we looked at. In Table 1, we see a shift away from
the hearing loss edge. Units closer to, or within, the
sloping region of the hearing loss curve are more likely
to exhibit CF-shifts to lower frequencies. On the other
hand, units deeper in the hearing loss region could show
CF-shifts towards higher or lower frequencies. This
may be a result of the symmetry in our initial network
connection weights. Namely, as the hearing loss curve is
flat in these areas, the relative homeostatic adjustments
may be stronger on one side of these units. The magnitude of weight adjustment could vary depending on the
spontaneous inputs generated (using mutually independent Poisson processes) during homeostatic plasticity in
our model. Furthermore, there may be an influence of
the network edge at higher frequencies.
While our homeostatic mechanism does not lead to
significant tonotopic reorganization, it does have a substantial effect on tuning. Figure 7 compares changes in
tuning for different levels of hearing loss in our model
with tuning observed in a noise trauma experiment.
To produce the rate-frequency-intensity contours we
simulated 50-ms tones at frequencies from 1 kHz to
16 kHz and at levels from 10 to 65 spikes/s. We ran
5 simulations for each scenario and combined the responses. Noreña et al. (2003) presented each 15-ms
tone pip 5 times at frequencies ranging from 625 Hz
to 20 kHz. Our simulations show a broadening of the
tuning curve with increased hearing loss. Furthermore,
the CF becomes difficult to distinguish at 60% and
80% hearing loss levels. As in Table 1, it is evident
that tuning becomes very broad for the higher levels
of hearing loss in our model. We do not see threshold
increases with hearing loss, and for this neural unit,
a decrease in threshold is evident after 40% hearing
loss. This may be due to too much compensation from
our homeostatic mechanism and the lack of a realistic
peripheral input model. The multi-unit activity (Noreña
et al. 2003) after tonal trauma shows a variety of possible effects including a threshold decrease (see iii versus
vii in Fig. 7(E)).

Hearing loss level

Q20

Characteristic
frequency (kHz)

3.3 Sensitivity analysis

No hearing loss
40% loss
60% loss
80% loss

2.87
2.40
0.448
0.427

5.20
5.76
5.48*
5.48*

A sensitivity analysis demonstrates the impact of modifying key model parameters on two of our results:
peak cross-correlation between two neural units and
the spontaneous firing rate of a neural unit in the
hearing loss region. Specifically, we look at the peak
cross-correlation, in the region of simulated hearing
loss, between neurons with characteristic frequencies

This neural unit has a CF of 5.2 kHz when there is no hearing
loss. At 60% and 80% hearing loss, there was no single frequency
with the lowest threshold, so the one which evoked the strongest
response is said to be the CF
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Fig. 7 Rate-frequency-intensity contours from our model and
cat primary auditory cortex. The top portion of the figure shows
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and after (bottom half) a 120 dB pure-tone trauma (Fig. 4 from
Noreña et al. 2003)
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Table 2 Sensitivity analysis
Parameter (*0.5:*2)

Peak cross-correlation

Spontaneous
firing rate

Driving input rate
Wa initial
W E,E initial
W I,E initial
W E,I initial

−0.7%:+22%
+67%:−37%
−39%:+74%
+12%:+4.3%
−6.8%:+3.1%

+34%:−27%
+52%:−14%
+36%:−32%
+5.3%:+3.9%
−15%:22%

For each parameter, the value on the left and right side of the
colon represents the change in the output metric after halving or
doubling that parameter, respectively. The parameters we look
at are: the driving rate in the simplified acoustic environment,
the afferent connection weights, the connection weights between
excitatory neurons, excitatory to inhibitory connection weights,
and inhibitory to excitatory connection weights, respectively

5.2 kHz and 5.9 kHz (spatial distance of 6 neural units)
and the spontaneous firing rate of the neural unit with
a CF of 5.2 kHz. Table 2 lists changes in the output
metrics when each parameter is halved or doubled. To
reduce the number of required simulations, we choose
one hearing loss condition (80% hearing loss) and modify the parameters for that scenario.
Increases in peak cross-correlation or spontaneous
firing that result from changing parameters are acceptable since we expect these values to be elevated after
hearing loss. The 37% and 39% decreases in peak crosscorrelation that occur after doubling the initial afferent
synaptic weights or halving the initial lateral excitatory

3.4 Model prediction: spontaneous travelling waves
It is well known that travelling waves will appear in
the rate-based Wilson-Cowan cortical model (Wilson
and Cowan 1972, 1973; Wilson 1999) if the lateral
inhibitory connections are weakened and excitatory
connections are strengthened sufficiently (Wilson 1999;
Wilson et al. 2001). Accordingly, we hypothesized that
pyramidal neurons in our spiking A1 model (inspired
by the Wilson-Cowan equations), might also generate
travelling waves in the impaired region. Given that the
amount of synaptic weight regulation is proportional
to the hearing loss level, we predicted that travelling
waves would be more likely for substantial hearing loss.
To test our hypothesis, we conducted the following
simulations. The A1 models trained by HSP under
different hearing loss scenarios are stimulated simultaneously by two pure tones with a duration of 15ms
and input level of 50 spikes/s. We do not scale these
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Fig. 8 Model responses to
pure tones with no
background spontaneous
activity. For 40% hearing loss
(top), the frequencies of the
input pure tones are 723 Hz
and 7.2 kHz. For 60%
(middle) and 80% (bottom)
hearing loss, the tonal stimuli
have center frequencies of
723 Hz and 4.27 kHz. The
bars beside the figures
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weights, respectively, are still an order of magnitude
lower than the increase in synchrony seen for 80%
hearing loss (see Fig. 6). The same argument holds for
the 27% and 32% reduction in spontaneous firing when
the driving input rate during the homeostatic compensation is doubled or the initial connection weights
between excitatory neurons are doubled, respectively
(see top panel in Fig. 4).
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Fig. 9 The figure shows the
lack of travelling waves when
spontaneous firing is included
in the input. The plot was
created as follows: 100 trials
of the 80% hearing loss
scenario with input tones as
described in Fig. 8 but with
spontaneous firing included
were averaged, 100 trials with
only spontaneous firing were
averaged, and finally, the
latter average was subtracted
from the former average
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tonal stimuli, quantitatively described by the instantaneous firing rates of the pyramidal neurons, were
calculated using Eq. (12) with τr set to be 5ms. In the
case of 60% and 80% hearing loss, pure tones at 723
Hz and 4.27 kHz are used, while for 40% hearing loss,
pure tones at 723 Hz and 7.2 kHz are applied. For
the 40% hearing loss scenario, the second tone was
applied deeper in the impaired region to highlight that
for this level of hearing loss, our model will not show
tone-induced travelling waves. This is the case even
though there is no spontaneous firing and the tone is
applied in the region where lateral inhibitory connections are weakest. However, even at this level, spontaneous short-duration waves (shown in Fig. 10) occur.
Thus, we establish that in our model, deafferentation
above 40% is necessary to produce travelling waves
of excitation when no spontaneous firing is present.
In Fig. 3 we observe that the ratio of peak lateral
inhibition on a pyramidal cell to peak lateral excitation
drops to approximately 1 only at 60% hearing loss.
This may be a necessary condition for the development of travelling waves when spontaneous firing is not
present.
In Fig. 8, we plot the model responses in intensity maps of firing rates across spatial coordinates of
the pyramidal neurons and time, in order to illustrate
the propagation of the travelling waves in the case
of no background spontaneous activity. After 60%
and 80% hearing loss, a brief pure tone applied in
the sloping region of the hearing loss curve caused
sequential firing of the pyramidal neurons previously
tuned to frequencies higher than the stimulus. In other
words, a travelling wave appears; more importantly,
with the travelling wave, all of the pyramidal neurons
in the region of maximum hearing loss now become
responsive to an edge frequency of the hearing loss
spectrum (=4.27 kHz), which indicates the potential for
cortical reorganization. This phenomenon can again be
explained by the fact that HSP degrades inhibition and
strengthens lateral excitation more for severe hearing
loss. In contrast, after 40% hearing loss, even a tonal
stimulus located within the most deafferentated region
does not lead to propagating neural firing. Instead,
compared with the model response to the 723-Hz pure
tone in the normal hearing range, more neurons in the
impaired region are excited by the input at 7.2 kHz.
This phenomenon indicates the broadening of the tuning curves of the pyramidal neurons after hearing loss,
which is consistent with experimental findings (Calford
et al. 1993; Seki and Eggermont 2002; Noreña and
Eggermont 2003).
As our model is based on a modified Wilson-Cowan
cortical model, and travelling waves are clearly ob-
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served in this model for low levels of inhibition, it is
expected that with a sufficient reduction in inhibition
and increase in excitation, neural activity may propagate into neighboring neurons. Although we found
that tonal stimulation in the deafferented region did
produce long-range travelling waves with 60% and 80%
hearing loss (Fig. 8), interestingly, this did not hold true
when the model was also driven by inputs exhibiting
spontaneous firing (5 spikes/s) (Fig. 9). This constitutes
an unexpected finding by our model, as we are able
to show that the types of long-range travelling waves
predicted in a rate-based Wilson-Cowan cortical network will not necessarily occur in a spiking model with
spontaneous firing inputs. Although we use a spontaneous input rate of 5 spikes/s, our simulations show
that long-range travelling waves can be eliminated with
spontaneous input rates as low as 1.5 spikes/s. It is
also evident that even though travelling waves do not
propagate across the hearing loss region, deafferented
neurons do have less selective tuning.
A raster plot (Fig. 10) of activity during the silent
condition, where the continuous driving rate is low,
shows spontaneous waves of excitation with low temporal extent. We argue that with hearing loss, the rate
of occurrence of waves of excitation increases, but
their temporal extent is relatively unchanged because
of interference from other waves of excitation. This
lead to the hypothesis that while long-range travelling waves of excitation could be induced after hearing loss, interference by spontaneously evoked waves
of excitation would severely limit their temporal extent. This could explain the lack of empirical evidence
for long-range travelling waves of excitation in auditory cortex in spite of the presence of an increase in
synchrony.

4 Discussion
We have presented a spiking model of primary auditory cortex (A1) and computational rules for the
homeostatic regulation of synapses of different types,
to address the question of whether travelling waves of
neural activity could occur in A1 after hearing loss.
The homeostatic plasticity (HSP) mechanisms were
assumed to be the main driving force behind necessary changes to inhibition and excitation that would
allow for travelling waves according to the WilsonCowan cortical equations. In addition, we postulated
that homeostatic plasticity may be the neural mechanism underlying persistent abnormal neural activity in A1 observed after peripheral hearing loss. We
showed through computer simulations that homeostatic
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plasticity can scale synapses multiplicatively to bring
the mean sound-driven firing rates of the deafferented
cortical neurons back to a pre-specified target rate
(i.e., the average firing rate of pyramidal neurons when
stimulated by the same sound stimulus under the normal hearing condition). The compensatory effects of
HSP lead to increased spontaneous activity and neural
synchrony in impaired cortical regions, as has been
found empirically (Seki and Eggermont 2003). These
neural correlates of hearing loss in the auditory pathway, especially those in A1, are widely considered as
potential substrates of tinnitus, the phantom sensation
of a sound in the absence of any physical sound stimuli
(Muhlnickel et al. 1998; Kaltenbach 2000; Eggermont
2003, 2005). Furthermore, our model shows an expansion of the excitatory response area for neurons in
the hearing loss region. Calford et al. (1993) observed
similar enlarged response areas in some neurons in A1
after tone-induced hearing loss. Unlike that study, we
did not find contraction of any response areas or more
complex changes. The reduced selectivity of the neural
units in our model results from reduced lateral inhibition, which allows weaker thalamocortical inputs as
well as cortico-cortical inputs to depolarize the neural
unit above its threshold. Our simulations did not show
tonotopic reorganization on the scale that has been
described in studies of cochlear lesions (Robertson and
Irvine 1989) and acoustic trauma (Seki and Eggermont
2002). The largest shifts we found were 0.2 octave shifts.
Aside from peripheral and subcortical changes, there
may be other mechanisms that we have not described
in our model, which lead to tonotopic reorganization.
Furthermore, they may operate on timescales that are
greater than those in our analysis (Robertson and
Irvine 1989). We observed shifts ranging from 0.05
to 0.2 octaves, with larger shifts occurring closer to
the hearing-loss edge. These are certainly lower than
shifts described by Robertson and Irvine (1989) (up
to 0.625 octaves) after unilateral cochlear lesions and
those (0.64–0.76 octaves) observed by Noreña et al.
(2003) after pure-tone trauma. Near the edge of hearing
loss, there are intact inputs from the normal hearing
loss region that can shift the CF to lower frequencies.
It should be pointed out that, our model sometimes
showed an increase in CF, while most studies demonstrate a shift toward the frequencies of the lesion or
noise trauma. We suggest that this may be the result
of our network architecture: symmetrical connection
weight distributions and perhaps network edge-effects
at very high frequencies. Furthermore, this may imply
that connections in our model do not span large enough
distances, and so neural units that are not deafferented
cannot sufficiently drive neurons deeper in the hearing
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loss region. Further evidence of this is the fact that
greater shifts in CF occur closer to, and within, the
sloping region of the hearing loss curve.
Hearing loss may also alter the inherent excitability
of pyramidal neurons, which we did not include in our
model. Kotak et al. (2005) found that sensorineural
hearing loss can lead to a slightly depolarized resting
membrane potential in pyramidal neurons of the auditory cortex. This may contribute to a higher spontaneous firing rate in these cortical neurons but does not
necessarily explain an increase in synchrony of firing
between cortical neurons. The elevated synchrony is
better predicted by the strengthening of excitatory
synapses on deafferented neurons (Vale et al. 2002;
Muly et al. 2004; Kotak et al. 2005) and the weakening
of inhibitory synapses onto these neurons (Suneja et al.
1998a, b; Vale et al. 2002; Kotak et al. 2005).
If homeostatic mechanisms enhance lateral excitatory and reduce lateral inhibitory connections, the
Wilson-Cowan cortical model predicts travelling waves
of neural activity. Our model indicates that travelling waves of activity are unlikely to develop in
deafferented A1 when spontaneous activity is present.
Rather, spontaneous, short-duration waves of excitation occur more frequently. The long-range travelling
waves that are predicted by the Wilson-Cowan equations are prevented from spreading by these spontaneous short-duration waves. Specifically, it is the
resultant refractory periods that prevent large-scale
activity propagation in the network. Furthermore, the
increased spontaneous firing that occurs in A1 after hearing loss would counteract network conditions
that favor travelling waves because of the increase
in spontaneous short-duration waves. Perhaps, as in
the interactions of avalanches in models of running
sandpiles (Hwa and Kardar 1992), the interactions of
these spontaneous waves with each other and with any
stimulus-induced wave, impede the observation of a
single dominant travelling wave. However, the refractory period that follows the spontaneous short-duration
waves, produces destructive interference, which differs
from avalanche interaction and seems to be the main
factor behind the lack of long-range travelling waves of
activity.
While Fig. 8 clearly shows broadened tuning curves
after the homeostatic modifications of connection
weights, broadening of the tuning curves is also seen
when spontaneous activity is introduced. Namely, Fig. 9
indicates that in the hearing loss region, neurons are
less selective. Therefore, our model does not require
conditions that allow for long-range travelling waves
in order to demonstrate the broadening of tuning
curves.
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A recent model for epileptogenesis in isolated neocortex has produced results similar to the WilsonCowan equation predictions (Houweling et al. 2005).
Using a network of Hodgkin-Huxley style neurons
with both excitatory and inhibitory interactions, it was
shown that HSP could lead to neural bursting and to
waves travelling at 1.0–3.0 cm/s. A key difference between that model and the one we present here is that we
apply HSP to a model of auditory cortex in which there
was only partial deafferentation; this is more appropriate for hearing loss. In addition, deafferentation was
restricted to the high frequency region of our model.
Because of these differences we were able to show that
only short-duration waves could span sections of the
hearing loss region. As observed waves of excitation
could develop throughout the impaired region, they
may also play a role in cases of tinnitus where the percept is matched to frequencies spanning the hearing loss
region (Eggermont and Roberts 2004). Furthermore,
our simulation results (Fig. 10) imply that the shortduration waves may contribute to two changes in neural
activity linked to tinnitus: increased spontaneous firing
rates in deafferented neurons as well as increased synchrony between them and neurons they are connected
to. Since neurons in the hearing loss region are less
selective and allow for short-duration activity propagation, the spontaneous firing of each afferent will excite
a greater number of cortical neurons, leading to greater
spontaneous firing and synchrony. The similarity of our
results to the results of Houweling et al. (2005) suggests
that HSP may play a role in a range of cortical activity
disorders including epilepsy and tinnitus. This has also
been suggested in recent work by Fröhlich et al. (2008).
Several simpler computational models of the auditory system have addressed the role of HSP and related adaptation mechanisms to tinnitus. Schaette and
Kempter (2006) proposed a single neuron model that
qualitatively reproduces the hyperactivity observed in
dorsal cochlear nucleus after increasing the synaptic
gains of excitatory inputs. However, the choice of ratebased model neurons and lack of lateral connections in
their model limits its ability to address the networklevel changes in the temporal firing patterns such as
neural synchrony. Dominguez et al. (2006) proposed
a simple auditory cortical circuit model using spiking
neurons, in which loss of auditory input was compensated for by enhancing the excitatory synapses and
weakening inhibitory synapses on lateral connections.
This model was able to capture enhanced synchrony
in the deafferented region but was nonetheless limited
in its ability to capture the full range of temporal
dynamics, such as relative timing of excitatory and
inhibitory responses. Our model builds on this work by
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1) incorporating a computationally principled scheme
for implementing HSP rather than manually adjusting
the synaptic strengths, and 2) incorporating separate
layers of excitatory and inhibitory neurons, so that
more realistic temporal dynamics including travelling
waves can be captured.
Finally, Fröhlich et al. (2008) use a computational
network model of the neocortex to shed light on the
development of dysfunctional cortical dynamics after
deafferentation-induced homeostatic scaling of recurrent excitatory connections. This model predicted aberrant periodic bursting in the network if there was a
critical level of deafferentation. We investigate the possibility of travelling waves by providing a more complete description of the changes in network dynamics
through homeostatic plasticity. Namely, we propose
formal computational mechanisms for HSP in both
lateral and afferent connections. This addresses the lack
of regulation of afferent connections and lateral connections onto inhibitory interneurons in the Fröhlich
et al. (2008) model. In addition, while our homeostatic
time constant is supported experimentally (Turrigiano
et al. 1998), its update rate operates on the timescale of
our simulated neural activity. This is not the case in the
Fröhlich et al. (2008) model, where synaptic weights are
updated at each 4-second interval.
One aspect of our model that is anatomically oversimplified is the manner by which we connect the
input thalamic layer to the cortical layer to obtain
relatively realistic tuning curves. It has been shown
empirically that the functional convergence of thalamocortical projections spans about ±1/3 octaves (Miller
et al. 2001), and we set the thalamo-cortical connections to match this functional convergence. However,
it should be noted that auditory thalamic neurons
can project to a much wider cortical region, while
under normal hearing conditions, a large proportion
of the excitatory synapses are functionally masked by
thalamo-cortical input-driven inhibition. This feature is
believed to provide the physiological basis for the rapid
shifts in tuning curves, presumably due to unmasking
of silent synapses, observed shortly after peripheral
damage (Rajan 1998, 2001; Calford 2002; Noreña and
Eggermont 2003). More specifically, it has been
postulated that peripheral damage can reduce the
stimulus-driven inhibition so that previously inhibited responsiveness can be unmasked. Our model developed in this paper has limited capability to fully
account for the possible contributions of rapid unmasking to cortical changes observed shortly after cochlear impairment. Instead, we set up more constrained
thalamo-cortical projections to separately investigate
the potential role of HSP in inducing the cortical
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abnormalities. It is possible that the acute cortical
changes induced by unmasking effects, which might be
weak at the beginning, are stabilized and strengthened
by HSP so that they become detectable 2 hours after
noise trauma (Noreña and Eggermont 2003) and persist
in the following weeks (Seki and Eggermont 2003).
In the current version of our model, we did not
include any Hebbian-like plasticity mechanism, such
as spike timing dependent plasticity (Markram et al.
1997). This is largely because there is insufficient information on the characteristics of the output of the
auditory thalamus. In our simulations with HSP, we assumed that the hearing-impaired model was exposed to
a simplified acoustic environment where all the audible
frequency components are mutually independent and
possess the same average power over a large timescale.
Under this assumption, correlation-based synaptic plasticity would not learn any pattern-specific features from
the incoming acoustic stimuli, while HSP still functions.
In future developments of the model, with the help
of peripheral models such as the one developed by
Zilany and Bruce (2006), we will combine patternspecific learning with HSP.
Finally, the homeostatic response we simulate in
response to hearing loss without including other factors
or mechanisms may also compensate too well. If this is
the case, it may reconcile the fact that in our model,
tonal stimuli sometimes elicit stronger firing rates in
the hearing loss region, even after their input rate is reduced according to the hearing loss level. Furthermore,
this may help to explain why we do not see an elevated
threshold after hearing loss in our model. Inclusion of
a peripheral model that can incorporate cochlear hair
cell impairment (such as that of Zilany and Bruce 2006)
will allow more direct investigation of the effects of
threshold elevation and other changes in peripheral
tuning and excitability.
However, even with the above limitations, our model
was able to produce a novel prediction with respect to
travelling waves of neural activity in the deafferented
A1. Using our comprehensive homeostatic mechanisms
that scale different types of synapses, we were able
to reproduce activity changes that are seen in animal
models of sensorineural hearing loss. These alterations
in spontaneous firing and neural synchrony resulted
from homeostatic decreases of inhibition and increases
of excitation in response to hearing loss. Furthermore,
our model shows the broadening of tuning curves and
some potential for slight tonotopic reorganization after
hearing loss. While the Wilson-Cowan cortical model
predicts long-range travelling waves under such conditions, by incorporating a greater level of biophysical
detail including spiking neuronal dynamics and sponta-
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neous activity, we refine this prediction; it is postulated
that short-duration travelling waves of a more limited
spatial extent could be observed in animal models of
hearing impairment and tinnitus. Our findings on spontaneous short-range waves of excitation provide new
insight into potential mechanisms underlying tonotopic
remapping after deafferentation that will be explored
in future work.
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