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Abstract. The adult human brain has around 1011 neurons and 1015

connections between these neurons, thus forming an incredibly complex
network. In this article, we first describe two complementary approaches
to modelling brain function, namely simplifying and realistic models. We
then demonstrate, by way of two examples, the utility of building simpli-
fying neural models. In the first example, we consider the development of
neuronal positioning. In the second example, we investigate the stability
of a cortical network under control and perturbed conditions.

Keywords: simplifying neural models, retinal mosaics, cortical compen-
sation, anterior cingulate.

1 Background

This article introduces, by way of examples, the utility of theoretical modelling
in understanding aspects of neural circuitry. Perhaps one of the best examples
of theoretical modelling aiding our understanding in neuroscience is the seminal
work of Hodgkin and Huxley concerning the ionic basis of the action potential
(reviewed by Hodgkin, 1958). Since their work over fifty years ago, many re-
searchers have built upon this framework, developing more complex models to
account for new experimental findings. This work is an example of a “realistic”
model such that the computational model tries to account for all known rele-
vant details of a particular system (Sejnowski et al., 1988). The model is then
evaluated by comparing model output with experimental results.

One crucial issue with this kind of modelling is deciding just how much known
experimental detail to include in a model. As we now have a lot of information
about the details of individual neurons, should we include all those details when
we model a neuron? The answer may, perhaps, be yes if our model investigates
the behaviour of just one neuron. However, if, for example, we wish to study
the collective dynamics of a large population of neurons, modelling each neuron
in detail may not be possible, as the system may become too large to be care-
fully studied: for example, the model may require the specification of too many
parameters, or require prohibitively long computation resources. Furthermore,
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it may be the case that for a particular study, certain details, although known,
may be irrelevant for the model in question.

For example, the Hodgkin-Huxley equations capture the detailed time evolu-
tion of an action potential by modelling ion channels and voltage-dependent con-
ductances. However, if the detailed shape of an action potential is not important,
but rather we are interested in the timing of the action potential, then a simpler
integrate and fire neuron may be sufficient for our purposes. In this case, we can
refer to the integrate and fire neuron as a “simplifying model” (Sejnowski et al.,
1988). It clearly does not attempt to model all the details underlying action
potentials, but can be used as the basis for building larger models to study
e.g. network dynamics. This distinction between realistic models and simplify-
ing models is obviously not unique to neuroscience modelling. For example, in
ecology, the corresponding terms are “mechanistic” versus “phenomenological”
models (Nathan and Muller-Landau, 2000). Mechanistic models attempt to sim-
ulate mechanisms underlying key behaviours, whereas phenomenological models
are more concerned with replicating the behaviours, irrespective of the actual
mechanisms that may generate those behaviours.

A valid criticism against simplifying models is often that they are “biolog-
ically implausible” and, hence, do not tell us how the brain solves the task.
That often is indeed the case. However, the model may still tell us interesting
things about other aspects of the problem. For instance, the back-propagation
learning algorithm was used to train a multiple layer perceptron to investigate
how children might learn to pronounce words (Sejnowski and Rosenberg, 1987).
Specifically, the network was trained to associate letters within a word to the
corresponding phonetic representation. This is a difficult task to achieve (at least
in English) since the context of the letter is important: consider the pronuncia-
tion of the letter i within the words bite and bit. The back-propagation learning
algorithm was used to adapt the connection strengths within the network to
learn this association. This learning algorithm is so-named because of the way
that during learning, error signals “back-propagate” from the output layer back
to the input layer. This back-propagation of error is unlikely to occur in neural
systems, and hence this learning algorithm is validly regarded as biologically
implausible. However, if one regards this learning algorithm as simply a way
of training a network, we can still explore the properties of the network, and
compare them with human performance. For example, during training there is
a stage-like progression of behaviour, seen in young children, where an early
babbling-phase can be distinguished from the later, more-refined, performance.
Analysis of the structure of the internal representation formed by the networks
suggests that the network autonomously learns to distinguish vowels from con-
sonants (Sejnowski and Rosenberg, 1987). Therefore, even though the learning
rule may be biologically implausible, the model as a whole gives useful insights
into how the brain may acquire the ability to pronounce words.

In this article, we review two recent applications of simplifying models to
two different problems in neuroscience. The first model investigates an aspect of
structural formation of neural circuitry, illustrating how modelling can help us
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study early developmental events. The second application considers how models
can help us understand functional aspects of adult circuitry.

2 Structural Development of Neuronal Positioning

The human central nervous system is an incredibly complex structure: billions
of neurons connect to each other to form complex networks. A key challenge in
neuroscience is to understand how such complex networks are generated during
development. There are too many neurons and connections for the network to be
genetically encoded in the form of “wiring diagrams” that specify which neurons
connect to which other neurons. Instead, the nervous system is likely to take
advantage of principles of self-organisation to create such circuitry.

One key step in the generation of neural circuitry is for neurons to be appro-
priately positioned within their target tissue. Once neurons have been generated,
they need typically to migrate to their destination layer and move to a partic-
ular location, respecting the position of neighbouring neurons. This process is
most strikingly observed in the retina (the light-sensing neural structure at the
back of the eye). Figure 1 shows an example of the position of all neurons of a
particular class within a rectangular field of view. From this figure it is evident
that there is some spatial ordering within this population of neurons: cells are
not too close to each other, nor are they too far apart from each other. This
semi-regular structure is called a “retinal mosaic” due to the way that the cell
bodies (and their surrounding dendritic trees, not shown here) “tile” the surface
of the retina. This neuronal arrangement serves to ensure that there are cells
located throughout the retinal layer (rather than leaving “holes” in the surface),
and may help the subsequent wiring of neurons within different retinal layers.

Many developmental mechanisms have been implicated in the formation of
retinal mosaics, reviewed by Cook and Chalupa (2000). These vary from rela-
tively early events of neuronal differentiation through to lateral interactions me-
diated by dendritic interactions. In addition to many experimental approaches
to understanding the formation of retinal mosaics, there has been considerable
interest in using theoretical modelling approaches to investigate developmental
constraints in mosaic formation. To quantitatively compare real and simulated
mosaics, here we use the simplest, and most popular, measure of spatial arrange-
ment, the regularity index (RI) (Wässle and Riemann, 1978). The RI is simply
the mean of the nearest-neighbour distances divided by the standard deviation
of those distances (Figure 1). Informally, the higher the RI, the more regular the
spatial distribution of neurons; values less than two typically indicate a random
arrangement of neurons.

2.1 The dmin Model

The basic concept underlying the dmin model is that each neuron has a circular
exclusion zone surrounding the cell body, which prevents neighbouring cells from
coming too close to it. We take a phenomenological approaching by assuming
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Fig. 1. Example retinal mosaic and quantification of its spatial organisation. Left: po-
sitioning of rat cholinergic amacrine cells (data from Lucia Galli-Resta). Cells drawn
assuming 10 μm diameter; scale-bar (bottom left): 50 μm. Right: distribution of
nearest-neighbour distances of the neurons on the left. The regularity index of this
population, 4.2, indicates a mildly regular arrangement of neurons.

that biological mechanisms (which we do not explicitly model) can somehow
enforce the exclusion zone. To model a retinal mosaic, we create a region A of
the same size as the real mosaic being modelled. Initially this region is empty;
neurons are added to A using a serial algorithm, positioning neurons one by one
into the array until the number of neurons in the model region A matches the
real mosaic. To position a neuron into A we follow the following steps:

1. Generate a trial neuron position and exclusion zone (x, y, d). The position
of the neuron (x, y) is determined by uniform sampling of A. The effective
diameter of the exclusion zone, dmin is drawn from a truncated Normal
distribution with fixed mean and standard deviation (μ, σ). The Normal
distribution is truncated at some lower bound dlow so that d cannot be
smaller than e.g. the typical cell body diameter.

2. Find the distance of the trial neuron to all other neurons that have previously
been accepted into A. The smallest of those distances is labelled d.

3. If d < dmin, the trial neuron is too close to an existing neuron. The trial
neuron is thus rejected. Otherwise, if d ≥ dmin, the trial neuron is accepted.

To model a given retinal mosaic, the only parameters required by this model
are the mean and standard deviation of the exclusion zone. These parameters
can be determined by trial and error, or by systematic searching over a range of
suitable values. Furthermore, the model can also be used to generate randomly
distributed neurons within a layer, subject only to the constraint that their
cell bodies do not overlap, by setting the mean and s.d. of the dmin model to
match the mean and s.d. of observed cell body diameters. Figure 2 compares
a real mosaic against two dmin simulations: one where the exclusion zone has
been selected to generate patterns similar to those observed, and one where the
exclusion zone simply reflects non-overlap of cell bodies. Although in this case
the regularity index of the simulated mosaic (6.3) is higher than the regularity
index of the retinal mosaic (4.7), as will be discussed later, multiple simulations
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Fig. 2. Comparison of a retinal mosaic with two dmin simulations. Left: positions of
off-centre beta retinal ganglion cells from cat; data taken from (Wässle et al., 1981).
Cell bodies drawn to size, assuming 15 μm diameter. Regularity index: 4.7. Middle:
matching dmin simulation (μ = 130 μm; σ = 25 μm). Regularity index: 6.3. Right:
dmin simulation with exclusion zone set to only reflect non-overlap of cell bodies (μ =
15 μm; σ = 0.01 μm). Regularity index: 2.4. (Each sample field 1090 × 750 μm).

generate a range of RIs similar to the observed value. By contrast, when the
exclusion zone merely prevents overlap of cell bodies (Figure 2 right), the pattern
is typically quite disorganised, and both visually and quantitatively distinct from
the retinal mosaic: many areas of the sample field are devoid of neurons.

So far, all the dmin model shows us is that some local-acting mechanism is
sufficient for generating patterns similar to those observed experimentally. It
therefore does not constrain the underlying biological mechanism that may gen-
erate such a local exclusion zone (Galli-Resta et al., 1997). This is a limitation of
this simplifying model, and we must rely on either experimental results or more
detailed theoretical models to inform us. (In this case, both experimental and
theoretical evidence suggest the exclusion zone could be the product of lateral
migration mediated by dendritic interactions (Eglen et al., 2000).) However, we
can now use this dmin model to allow us to ask other questions, outlined next.

2.2 Bivariate Patterning of Retinal Mosaics

Figure 2 shows a sample of off-centre beta retinal ganglion cells (RGCs); these
cells respond to the offset of light stimulation. By contrast, there is a comple-
mentary group of neurons, the on-centre beta RGCs that respond to the onset of
light stimulation. The cell bodies of these neurons occupy the same layer of the
retina, generating a bivariate mosaic pattern, as shown in Figure 3, left (data
from Wässle et al., 1981). A striking feature of this pattern is that neighbour-
ing neurons are usually of the opposite type, which has led to the question of
whether there are interactions between the two cell types during development
that generate such a pattern (Eglen and Willshaw, 2002).

To address this question, the dmin model can be extended to generate bivariate
patterns. The null hypothesis of the model is that there are no functional inter-
actions between neurons of opposite type. In this case, we generate N1 type 1
neurons (here the on-centre neurons), and N2 type 2 neurons (off-centre). When
positioning a neuron in the array, e.g. a type 1 neuron, the type 2 exclusion
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Fig. 3. Bivariate dmin simulation. Left: bivariate pattern of on- and off-centre beta
retinal ganglion cells (on-centre coloured green and off-centre coloured red). Sample
field as in Figure 2. Middle: typical output from bivariate simulation. Parameters used:
(μ1 = 116 μm, σ1 = 20 μm, μ2 = 130 μm, σ2 = 25 μm, d12 = 9 μm). Right: quantitative
comparison of the regularity index of the retinal mosaic (horizontal red lines) with each
of 99 simulations (black dots; dotted black line indicates median). In each case, the
regularity index of the real mosaic is within the range generated by the simulations.

zone is ignored, and the trial neuron is rejected if it falls within the exclusion
zone of an existing type 1 neuron. Each exclusion zone is again described by
a Normal distribution with given (μ, σ). However, even under the assumption
that there are no functional interactions, cell bodies of two neurons of opposite
type still cannot overlap, and so a trial neuron is also rejected if the distance
to the nearest neuron of opposite type is less than some small value, d12, which
typically is around 9–15 μm, matching cell body diameter.

Typical results from this bivariate dmin simulation are shown in Figure 3.
The regularity index of either solely the on-centre cells, the off-centre cells, or
both types of cells fall within the range observed from 99 runs of the simulation,
leading us to accept the null hypothesis that there are no functional interactions
between neurons of opposite type, contrary to results from earlier modelling work
(Eglen and Willshaw, 2002). A fuller treatment of this problem, using a more
general style of model for simulating point patterns (the pairwise interaction
point process model) is given elsewhere (Eglen et al., 2005).

3 Investigating Compensation in Cortical Networks

In our second example, we consider a higher level problem: inferring the pu-
tative activity dynamics from connectivity maps that describe effective con-
nections between a network of cortical areas performing a cognitive task
(Kronhaus and Willshaw, 2006). Again, we take the approach of using a sim-
plified model that allows us to investigate subsequent ideas. In this case, we
study the stability of network performance in the presence of global and local
perturbations, as well as compensation in altered networks.



The Role of Simplifying Models in Neuroscience 39

3.1 Cortical Interactions Implicated in the Delayed Match to
Sample Task

Positron emission tomography (PET) was used to image brain activation during
performance of a recognition task, the Delayed Match to Sample (DMTS) task.
In this task, subjects were asked to identify a stimulus that was presented earlier
in the experiment (Haxby et al., 1995). Here, two conditions were considered.
In the first condition, perceptual matching, there were no distracting stimuli
between the two presentations of the stimulus to be identified, and just one
second delay between the two stimuli. In the second condition, long-delay, four
distracting stimuli appeared over an interval of 21 seconds. The stimuli used
in this study were pictures of male and female faces. The imaging data under
the two conditions were analysed, generating activity maps for each condition.
Structural equation models were then applied to estimate (effective) connectivity
between key brain regions thought to be involved in these tasks (McIntosh et al.,
1996). The path coefficients estimated by McIntosh et al. (1996) were used to
guide the generation of the networks studied here (Figure 4, Table 1).

Fig. 4. Human perceptual matching (left) and long-delay (right) networks inferred from
PET imaging data. Areas in each hemisphere are identified using the index described in
Table 1, which can be used to identify the corresponding Brodmann area. The areas are
arranged topographically, respecting their order within the brain. The colour and width
of arrows indicates the value and type (excitatory/inhibitory) of connection: thick red
(+0.65), thin red ( +0.35), thin blue ( −0.35) and thick blue (−0.65). Connectivity
data derived from McIntosh et al. (1996).

3.2 Modelling Cortical Dynamics

We assume that N brain regions are being modelled. (For the McIntosh data,
N = 22, eleven of the same brain regions from each hemisphere.) Each brain
region i is summarised simply by a real value ai denoting the overall activity
of that area; the vector a(t) represents the activity of all brain regions at given
time t. Cortical interactions (for each of the two conditions: perceptual match-
ing and long-delay) were encoded into an N × N connectivity matrix W, with
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Table 1. Brodmann Areas used in this study. Left and Right hemisphere (LH/RH)
index denote the region number assigned to this area in the model.

Lobe Brodmann Area Region LH index RH index
Frontal BA46 Middle frontal 1 12

BA10 Inferior frontal 2 13
BA47 Ventral inferior frontal 3 14

Temporal BA21 Middle temporal gyrus 4 15
BA37 Inferior temporal gyrus 5 16

Visual BA18v Fusiform 6 17
BA19d Cuneus 7 18

BA17/18 Cuneus 8 19
Limbic GH Hippocampus 9 20

BA24 Anterior cingulate gyrus 10 21
BA23 Posterior cingulate gyrus 11 22

positive/negative values denoting excitatory/inhibitory connections, respec-
tively. Given a pattern of activity at time t, the activity at time t + 1 is given
by:

a(t + 1) = f(Wa(t)) (1)

where f(x) =
1

1 + exp(−k(x − θ))
(2)

The sigmoidal function f(·) is applied elementwise to a to ensure that the activity
of each unit stays bounded within [0,1] (typically k=10, θ=0.5.) Given an initial
pattern of activity at time 0 (described in the results below), network activity
was typically updated for 100 iterations by which time the network dynamics
usually converged to a stable pattern.

3.3 Characteristic Behaviour

The basic network behaviour was examined by initialising the network with a
small amount of activity, and seeing how the activity propagated. In particu-
lar, one brain region (i) was selected to be initially active, whilst the remaining
brain regions were silent. Figure 5 shows typical results of the spread and sta-
bilisation of brain activity. Brain activity was normally initialised in BA18 (left
hemisphere; i=6); this area was chosen as it is part of the visual cortex, and so
likely to be activated by visual stimulation. For the perceptual matching net-
work, transient visual activity led to sustained activity in several left hemisphere
regions; some activity propagated transiently to the right hemisphere, but this
did not persist. By contrast, activation of only BA18 did not lead to persistent
activity in the long-delay network (data not shown). Instead, to generate persis-
tent activity, initial input was needed in both BA18 and another area, such as
BA37 (Figure 5 right). Visual comparison of the activity patterns in the percep-
tual matching and long-delay networks shows that although persistent activity
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Fig. 5. Characteristic activation in the perceptual matching (left) and long-delay
(right) networks. Each graph shows the activity of one brain region for 100 time steps.
The legend above each graph denotes the brain region being plotted and its hemi-
sphere (L/R). X within a graph (e.g. L BA18v on left) denotes the activation of this
area was set to 1 at time 0; remaining areas were set to 0. This figure adapted from
(Kronhaus and Willshaw, 2006), with permission from Oxford University Press.

is generated by both networks, in the long-delay network more activity persists
in the right hemisphere. This result could not be predicted by visual comparison
of the two networks in Figure 4.

As in Section 2, so far, this model can be regarded as a simplifying model;
clearly simplifying the neural activity within each brain region down to a single
number is not biologically plausible. However, we believe that we can use the
characteristic activity patterns (e.g. from Figure 5) as a signature of activity
that we can use as a reference when comparing these networks under different
perturbations to represent various experimental conditions, as shown next.

3.4 Compensation for Localised Dysfunction

In this section we show how our network approach can be applied to investigate
how cortical networks might adapt to either global or local impairment in a
clinical population of interest, namely depressed patients. One key experimental
finding suggests that in depressed patients there is an decrease in cortical ex-
citability throughout the entire brain (Shajahan et al., 1999). We have therefore
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investigated how characteristic network behaviour is shaped by a reduction in
cortical excitation. Surprisingly, characteristic network behaviour is unaffected
by global reduction in all excitatory weight connections (inhibitory connections
were held constant) by at least 20% (Kronhaus, 2004).

Furthermore, we systematically tested the role of each brain region in sus-
taining this characteristic behaviour in the presence of reduced global excita-
tion. Specifically, all output connections from a chosen area were reduced by
10%. Characteristic activity was maintained in each case except for reducing
connectivity from L BA24 (anterior cingulate). In this case, this local pertur-
bation of the anterior cingulate had the dramatic effect of silencing all activ-
ity within around 20 iterations. Since network architecture was constrained by
McIntosh et al. (1996), this prominent role of the anterior cingulate was an unex-
pected, emergent, finding. This novel result from the model echoed findings from
the experimental literature reporting reduced neuronal and glial cell density in
the anterior cingulate of depressed patients (Drevets et al., 1997).

Fig. 6. Compensation in the long-delay network. Left: recovery by mostly visual areas;
Right: compensation by BA37. Arrows indicate the direction in which an area’s out-
going connections were modified by the given percentage. X indicates the areas which
were initially stimulated. This figure adapted from (Kronhaus and Willshaw, 2006),
with permission from Oxford University Press.

How might the brain compensate for such changes in network connectivity?
One possibility is that activity in other areas may increase to compensate for
these changes. To test this idea, we focused on alterations to the long-delay net-
work, i.e. overall reduction of all excitatory connections by 20%, together with
reducing all outgoing connections from L BA24 by a further 10%; in such a
network, activity does not persist. However, it is possible to recover sustained
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activity, as shown in Figure 6, if we increase the outgoing connections from other
areas. In the first case (Figure 6 left), an increase of outgoing connections from
three visually-related areas led to a recovery in activity in both hemispheres.
This activity is far from the characteristic pattern (Figure 5) observed in the
long-delay network, as many areas that were previously active (e.g. both L and
R BA47) were inactive. Further, selective increase of outgoing connections from
just one area that plays a prominent role in generating the characteristic activity
pattern (10% increase to L BA37) produced sustained activity in many areas,
similar to that observed in the default network. Comparing Figure 6 right with
Figure 5 right, activation patterns are broadly similar, although L BA46 and
L BA10 are noticeably different. Thus, our model predicts that network dynamics
in brains where both global and local activity are compromised (e.g. depressed
patients) may be restored by intensifying activity elsewhere in the network.

4 Concluding Remarks

This paper has reviewed two recent examples of how simplified models of brain
structure and function can be useful to investigate problems in neuroscience.
Even though aspects of each model (e.g. the exclusion zone in the dmin model,
and the characterisation of brain activity within a region by a single scalar
value) do not have a direct biological interpretation, we believe that making such
simplifying assumptions in models allows us to use these components within a
bigger framework to test particular hypotheses and predict the outcome under
novel situations. Furthermore, even though both models exclude fine-grained
neurobiological details, they are consistent with the neural underpinnings. Thus,
changes in efficacy (excitation or inhibition) are not simply ascribed to excitatory
or inhibitory neurotransmitters. Instead, we argue that dynamic changes in the
network are more appropriate to emulate behavioural phenomena such as those
observed in clinical conditions such as depression.

In the context of this Volume, it is interesting to speculate on how these neu-
roscience models may inspire the next generation of wireless networks. One key
feature in both our neuroscience models is robustness, in both design and func-
tion. Rather than hard wiring a neural circuit, developmental processes adapt
to the local environment and create networks that are robust to environmen-
tal differences. Moreover, once the network is compromised, different features
of network wiring (e.g. excitatory and inhibitory connections) allow the net-
work to self-adjust, restoring function. These principles allow the nervous sys-
tem to develop and function under a wide range of conditions. We suggest that
such principles may also be of benefit to artificial systems, such as wireless net-
works.
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