
T he ‘Evolution, development and inten-
tional control of imitation’ (EDICI) project

is investigating imitation, a fundamental
aspect of human behaviour, as part of the
wide-ranging NEST PATHFINDER initiative
on ‘What it means to be human’.
The specific objectives of the project are
to answer the following questions: 
1) What are the evolutionary origins of the
potential to imitate? 
2) What types of experience enhance the
potential for imitation? 
3) How does intentional control of imita-
tion change in the course of human devel-
opment? 
4) Do the neuro-cognitive mechanisms
that distinguish self from others play a
key role in intentional control of human
imitative performance? and 
5) Is intentional control of imitative per-
formance uniquely human?
EDICI is a highly interdisciplinary project.
It combines methods and insights from
the fields of ethology, evolutionary biol-
ogy, neuro-physiology, neuro-psychol-
ogy, and comparative, developmental and
experimental psychology. The partnership
includes leading international experts in
these areas, from academic research groups
in Austria, the United Kingdom, Germany
and Hungary.
The project is highly original in terms of
both its theoretical and methodological

Our capacity for imitation

underpins the learning of

language, technical skills,

socialisation, and culture.

The dominant North American

model says imitation is innate

– present at birth rather than

established by conditioning

or learning. The EDICI pro-

ject is testing an alternative

European model that incor-

porates evolutionary, devel-

opmental and cultural inputs

to imitation. It may reveal new

ways to help people with

impaired imitative ability, and

will assist in the design of

training programmes.

approaches. It is the first study on imita-
tion to compare humans, not only with
other primates, but also with birds and
dogs. It is also the first to coordinate inves-
tigation of non-human animals, children,
healthy adults and neurological patients,
and the first to make use of techniques
from ethology and evolutionary biology,
as well as from psychology and neuro-
physiology.

Challenging the American model

Europe is the home of evolutionary theory,
ethology and genetic epistemology, and
was the site of the earliest scientific
research on imitation. Despite this his-
torical engagement, however, under-
standing of imitation in humans is cur-
rently dominated by a North American
model, which claims that imitation is an
innate ability. The EDICI project builds on
Europe’s historical strengths in the field
to test a distinctively European model of
imitation, using world-class European
facilities and expertise. The key features
of this European model are that it incor-
porates the significance of evolutionary,
developmental and cultural factors into
our understanding of imitation.
The latest and most precise behavioural
and imaging techniques are being used
to test samples of non-human animals,

Learning by imitation

EDICI
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The potential for imitation has evolved in a wide range of species. W H A T I T M E A N S  T O  B E  H U M A N



Imitation is a key par of growing up.

Break-throughs 
with wide applications

The project partners expect to make major
breakthroughs in understanding the evo-
lutionary, developmental, cognitive and
neurological bases of imitation. In keep-
ing with the often wide-ranging conse-
quences of basic science, they also

believe that their inte-
grative approach will
have a broader impact
on model-building in
evolutionary psych-
ology and cognitive
neuroscience.
In contrast with the
North American con-
ception, the European
model of imitation
developed by this pro-
ject emphasises the

role of experience in the development of
imitation. For this reason, the work will
contribute to the design of social and tech-
nological skills training programmes, and
to new ways to help children and adults
with impairments in imitative ability.

infants, healthy adults and neurological
patients. Marmosets, social birds and
domesticated dogs have been selected
as the non-human subjects of the study
because they are each related to humans
in a different way.
Alongside many other techniques, func-
tional magnetic resonance imaging is
being used with healthy adults to investi-
gate the types of experi-
ence that enhance imi-
tative potential, and
to identify the way in
which localised activ-
ity within the brain is
related to imitation
and activities that do
not involve imitation.
One key target of the
work with humans is to
measure the strength
of an individual’s poten-
tial to imitate, and their capacity to regu-
late the expression of this potential in
overt imitative performance. These are
examples of aspects of imitation which
could reveal that imitation is more subtle
and complex than just an innate ability.
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The FAR project: From associations to
rules in the development of concepts,

is studying how humans and other species
learn concepts, as part of the NEST initiative
on ‘What it means to be human’. The project
brings together five teams of researchers
from the United Kingdom, France, the Nether-
lands and Greece. It is harnessing expertise
in animal cognition and evolutionary theory,
infant and child development, adult concept
learning, neuro-imaging, social psychology,
neural network modelling, and statistical
modelling.
The partners are looking specifically at the
transition from associative cognition (based
on similarities) to rule-based cognition, in
the context of learning concepts – the pri-
mary cognitive means by which we organ-
ise things in the world. Any species lacking
this ability would quickly become extinct. In
humans, however, rule-based cognition
reaches a level of complexity that makes
our language, logic and other unique cog-
nitive powers possible.

Six objectives

The first objective of the project is to develop
a computational model of rule-based con-
cept learning, both within individuals and
throughout the course of evolution. Neural
network computer simulations are being

What makes humans different

from other animals? Obvious

differences include our ability

for complex communication

using language and our use of

logic and mathematics for

reasoning. Researchers would

add our ability to identify

abstract relationships that go

beyond clearly perceived

similarities. These aspects of

human cognition are thought

to be based on rules, so the

FAR project is examining 

the origin and mechanism 

of rule-based systems. The

results may be used in

education, medicine and

artificial intelligence.

used to explore alternative evolutionary
scenarios.
A second goal is to establish statistical
rules to enable rigorous discrimination
between rule-based and similarity-based
classification behaviours. This approach
is designed to overcome problems experi-
enced with traditional methods based on
simply talking to participants. These
exclude non-verbal factors and rely on
questionable assumptions about the accu-
racy of participants’ reports.
Next, the partners are trying to establish
the conditions under which human adults
show rule-based or similarity-based con-
cept learning. There are competing theo-
ries in this area, and the work of FAR will
help to identify the most valid approach.
Objective four looks at the emergence of
rule-based as opposed to similarity-based
concept learning during evolution, by analy-
sis of different species. This will establish
whether differences between previous
results in humans and birds are due to
mammal/bird or human/non-human dif-
ferences. It will also reveal whether
human/non-human differences are due to
human use of language.
The fifth objective is examining the emer-
gence of rule-based learning in humans as
they make the transition from infancy to
adulthood. Studies of infants and children

Rules for humanity

FAR
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Neural imaging will be used to investigate rule-based cognitive reasoning in humans.W H A T I T M E A N S  T O  B E  H U M A N



Computational models developed by the project should explain the differences in cognitive mechanisms.

pressures cause the emergence of different
cognitive systems.
From a more practical point of view, the
project should determine the best way to
present visual, auditory and linguistic infor-
mation to ensure that people store and

retain this information.
This may have important
educational implications
– after all, understand-
ing how best to present
and organise material
to optimise learning is
of crucial relevance to
society as a whole. 
Understanding the neural
basis of concept learn-
ing may also suggest

better medical and remedial strategies
for treating semantic disorders. And in tech-
nology, understanding when rule or asso-
ciation use is optimal, from a human per-
spective, may improve the design of robotic
and artificial intelligence applications
intended to mimic human functions.

are being used to clarify and extend recent
results in this area.
Finally, the partners want to use modern
techniques such as neuro-imaging to learn
about the neural basis of rule-based concept
learning in humans. They want to know
what is actually going
on in the brain.

Hopes 
and aspirations

The FAR project is basic
science, but the part-
ners have some specific
hopes for the theoret-
ical and practical ben-
efits it may bring. They
expect to clarify whether rule-governed
cognition is indeed uniquely human,
as is commonly believed. They also hope
to identify the conditions under which
human adults rely on rules to learn con-
cepts. And the computational models they
develop should reveal plausible mech-
anisms for how changing environmental
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T he Neurocom project is part of the
NEST-PATHFINDER initiative ‘What it

means to be human’. Its focus is language
and communication, two eminently human
abilities with roots in both early child devel-
opment and the evolutionary origins of our
species. In Neurocom, experts from a wide
range of fields have joined forces: linguists,
psychologists, ethologists, neuroscien-
tists, and cognitive scientists. Their aim is
to distinguish, within human communica-
tion channels, major human-specific com-
ponents and the neural circuitry that
supports them in the cortex of the human
brain.
Aware of the progress made in linguistics
and cognitive science, thanks to the inte-
gration of developmental data and inter-
species comparisons at the behavioural
level, the project partners predict a further
great leap forward once the neural level is
woven into the picture. Today, advances
in neuro-imaging are providing powerful
tools for visualising the brain as it per-
forms complex functions such as learning,
or making sense of someone’s utterances
or actions. The Neurocom partners are
eager to exploit these tools and to begin
integrating all that is known about lan-
guage and communication, as it relates to

Language and communication

are essential human faculties,

but what are their uniquely

human components? To high-

light these elements while

exploring the functional archi-

tecture of the human brain,

the Neurocom project will

combine behavioural testing

with cutting-edge neuro-imag-

ing. The project’s originality

lies in the integration of the

biological and cognitive levels

in a developmental and evolu-

tionary perspective. Its impact

may extend to many fields, from

human medicine to robotics.

the emergence of the human species and
to individual human development.

Comparing and integrating

To tackle the developmental and evolution-
ary aspects of human language and com-
munication, the Neurocom consortium
compares human adults with babies, and
humans with non-human primates (maca-
ques). Teams pursue the following specific
objectives: to map the neural substrates of
three communication channels (speech,
calls, and gestures); to find the neural sub-
strate of speaker invariance; to study under-
standing of intention in humans and babies,
and investigate monkeys’ interpretation of
actions; to study communicative referen-
tial cues (gaze shift and pointing), their
substrate, and their role in learning new
words; to investigate the neural processing
of hierarchical structures in syntax and the
neural substrate involved in learning an
artificial grammar.
The work combines behavioural testing with
neuro-imaging. Many experiments involve
mapping and monitoring brain regions that
become activated and – possibly – show
adaptation in subjects placed in a learning
context (with or without communicative

What is human in human
communication?

N E U ROCOM
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Not all aspects of communication are unique to humans.W H A T I T M E A N S  T O  B E  H U M A N



New neuro-imaging techniques can develop understanding of brain function when carrying out complex tasks.

knowledge available about cortical function
in this non-human primate.
The knowledge gained within Neurocom
will have a major impact on our under-

standing of neuronal
changes in brain dis-
eases, which represent
35% of the disease bur-
den in Europe. In addi-
tion, the project is likely
to pave the way towards
using fMRI in monkeys
to explore the interac-
tions of potential drugs
with the neural sub-
strates of cognitive abil-
ities. In the field of fMRI,

Neurocom will yield technological improve-
ments contributing to the further devel-
opment of this technique as a diagnostic
tool.
Other fields also stand to benefit from
the results of this project. One of them is
education, thanks to the project’s focus on
development and learning. And Neurocom’s
impact is likely to extend still further, to
engineering fields such as speech recogni-
tion, image understanding, and robotics. 

referential cues) or exposed to speech, calls,
gestures, or videotaped action sequences.
The neuro-imaging techniques used for
this approach include functional magnetic
imaging (fMRI, per-
formed on all categor-
ies of subjects), near-
infrared spectroscopy
(on babies), and single-
neuron recording (on
monkeys).

Impact and
prospects

Neurocom will yield,
for the first time, an
informed view of which major components
of language are truly unique to humans. It
will generate new knowledge on the func-
tional architecture of the human cortex,
and in some cases it will shed light on
neuronal operations performed in cortical
regions that ‘light up’ in imaging experi-
ments. By highlighting the relationship
between the human cortex and that of
the macaque, the work will make it pos-
sible to integrate into human studies all the
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Our advanced ability to think, to express
emotions and to influence the behav-

iour of those around us is part of what
makes the human mind unique. These
higher cognitive functions have evolved
through major changes in the structure,
functional complexity and size of the brain
at different points along the evolutionary
tree that links us to monkeys and apes.
Identifying the molecular basis for these
changes is key to understanding which
cognitive abilities, and their corresponding
genes, are unique to humans.
The NEST PKB140404 project, part of the
PATHFINDER initiative to investigate ‘What
it means to be human’, will use an inte-
grated approach, bridging cognitive neuro-
science and molecular evolution, to probe
the differences between the brains of
humans and their closest relatives, the
apes. The consortium’s multidisciplinary
research teams, combining skills in molecu-
lar and evolutionary biology, bioinfor-
matics, clinical psychiatry and neuro-
science, aim to reconstruct the history
of the evolutionary changes that led to
the emergence of the human mind as it is
today. In a three-pronged approach, each
team will look for turning points in the
development of the human mind by

Studying the evolutionary

pathways that have led to the

emergence of the human mind

provides a fascinating insight

into the history of what has

made – and what makes us –

unique in the animal world.

A NEST project aims to pin-

point the molecular basis

and evolutionary origins of

our cognitive abilities, by

comparing humans and apes.

Through an ambitious attempt

to progressively introduce

human cognition genes into

transgenic mice, the consor-

tium plans to explore the

‘birth’ of the human mind.

studying different stages in the molecular
process.

Pinpointing molecular change

The Swiss group will search for recently
evolved genes that have arisen through
retroposition – a type of gene duplica-
tion – and that are associated with cogni-
tive abilities. A burst of retroposition
started around the time when the group
comprising humans, apes and Old World
monkeys branched off on the evolutionary
tree. Some of the new genes created by
this evolutionary process enabled new
neurological functions and resulted,
through positive selection, in the devel-
opment of higher cognitive abilities.

The German group will use advanced
micro-array technology to scan genes
shared by humans and apes to look for
those expressed differently in each
species’ brain. As some differences in
expression can lead to changes in gene
function, the project’s challenge is to iden-
tify which of these differences are asso-
ciated with changes in cognitive ability
and whether they could be responsible
for the human brain’s uniqueness.

Exploring the origins 
of the human mind

Common parts of our evolutionary pathway means we can learn much 
about our cognitive abilities from studying apes. W H A T I T M E A N S  T O  B E  H U M A N
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Identifying dysfunctional genes which cause brain diseases will help develop treatments.

and set us apart from other species. An
important step in validating the project’s
findings will be confirming the function
of the candidate human cognition genes
identified by the three complementary
approaches. To do this, the consortium

will carry out in vivo
studies using trans-
genic mice carrying the
human gene and com-
pare their resulting
phenotypes with mice
carrying an equivalent
gene from the ape
genome.
In the long term, they
hope to show that replac-
ing a sufficiently large
number of mouse genes

with their human counterparts will lead to
altered behaviour in the mice and provide
further insights into genetically regulated
human cognitive faculties.
This ambitious reconstruction of the evo-
lutionary history of human cognitive abil-
ities will set the standards for new work in
the area. The consortium will explore new
horizons in cognitive science and should
make an important contribution to solving
the enigma of human nature.

A third approach, by the British group,
will identify which genes dysfunction in
human diseases like schizophrenia, by
comparing post-mortem brain samples
taken from schizophrenia patients with
those from a healthy control group, 
and with those from
the corresponding
region of the ape
brain. Schizophrenia
is characterised by a
reduced ability to
understand and manipu-
late the mental repre-
sentations of others.
As this and other cog-
nitive abilities affected
by the disease are less
developed or not pres-
ent in apes, it is likely that the human
genes associated with schizophrenia play
a pivotal role in human cognition. 

Setting us apart

This project has the potential to unravel
several of the mysteries surrounding the
birth of the human mind, by revealing and
dating some of the genetic changes that
have contributed to our shared heritage
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T he question of what makes us human
has occupied the minds of philosophers

and scientists across the centuries. Recent
advances in genome sequencing have made
the debate even more pertinent, as we now
know that the quantitative genetic differ-
ences between us and many other mam-
malian, particularly primate, species, are
extremely small. The SEDSU project aims to
provide one answer by demonstrating that
what characterises humans is their advanced
ability to engage in sign use.
By studying the relationship between five
distinct cognitive domains and their roles
in the development of sign use and lan-
guage, the project team will show how sign
use changes, both with the evolutionary
development of species and within the life-
stage development of individuals. The five
domains – perception and categorisation;
iconicity and pictures; spatial conceptual-
isation and metaphor; imitation and mimesis;
and inter-subjectivity and conventions – are
each characterised by a developmental
profile linked to a distinct semiotic process,
such as the use of pictorial representations
or gesturing. Using an interdisciplinary
approach and a specially developed set of
analytical tools, the team hopes to demon-
strate that the transition from one devel-
opmental stage to another can be explained
by the acquisition of a cognitive ability to

An advanced ability to use and

interpret signs is one of the

characteristic features of human

beings, setting us apart from

the rest of the animal world.

Through the SEDSU project,

European specialists in human

and primate cognition will

study how sign use changes

with the evolutionary devel-

opment of species and within

individual development. A

better understanding of the

different factors underlying

sign acquisition in humans will

have important implications

for social and educational

policies.

use more advanced forms of signs, and to
differentiate between the sign itself – such
as a word or an abstract symbol – and what
it represents.

Multi-dimensional intelligence

The human brain and its mental faculties
have been influenced throughout their
evolution by a wide range of selection pres-
sures including physiological, cultural and
environmental factors. Non-human primates,
though very close to humans in genetic
terms, have experienced differing selec-
tion pressures through evolution and this
is reflected in their varying capacities to
use signs. The SEDSU project brings together
three major primate laboratories along with
three laboratories with expertise in the
study of the origins of higher cognitive
processes in humans.
Cognitive and developmental psychologists
will work alongside primatologists, lin-
guists, anthropologists, philosophers and
semioticians in a comparative analysis of
sign use in humans, in monkeys and in
apes. The influence of cross-cultural selec-
tion pressures in humans will be studied
through comparative studies of the five
cognitive domains within human popula-
tions in Namibia, Amazonia, Thailand and
India. In this way the project hopes to

Signing up to be human
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Recognition and understanding of signs has evolved differently in different primate species.W H A T I T M E A N S  T O  B E  H U M A N



A key characteristic in humans is the ability both to separate the meaning of a sign from its identifiable form.

policies concerning child-rearing and
educational practices, particularly at the
pre-school level, in both developing and
more developed countries. The project also

has implications for the
more clinical aspects of
social and educational
policy, and will inform
the debate on the need
for special educational
provision for children
with autism or impaired
hearing.
Ultimately, the SEDSU
project team hopes that
its findings, based on
sound empirical stud-
ies, will contribute to a
re-evaluation of the cur-
rent theoretical basis
of semiotics and pro-

vide the foundations for a new coherent
theory of semiotic development. Whilst
the project does not explicitly target the
evolution of language, it should also
inform this area of debate because of the
necessary continuum between sign use
and evolved language.

explore human universality and cultural
variation.
Whilst our species carries with it the his-
tory of its evolution, each person’s mind is
the unique creation of
a process of individual
development result-
ing from interactions
between genetic, envi-
ronmental and socio-
cultural factors. To cap-
ture the influence of
these factors in the
development of sign
use in humans, the
SEDSU team will study
groups of children at
different stages of
development, as well
as those affected by
autism and deafness
who may use and acquire sign use in
different ways.

Towards a new theory of semiotics

By comparing the development of sign
use under different social and cultural
settings, the SEDSU project has the poten-
tial to make important contributions to
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Finding your way home, remembering
where you left the car keys or directing

someone to the nearest hospital are exam-
ples of highly complex cognitive tasks based
on spatial memory and orientation. Without
these functions, navigating through daily
life would be impossible. Our ability to
construct spatial representations of the
outside world, and to store them in our
memory is likely to underlie many other
higher cognitive functions in humans, such
as decision-making and planning.
Many other animals possess the ability to
navigate around their environment, but
there are certain higher-order features of the
human system, such as the ability to com-
municate spatial information verbally, which
are uniquely human. The Wayfinding project
will contribute to the NEST PATHFINDER
initiative to investigate ‘What it means to be
human’, by exploring the particularities of the
cognitive organisation of spatial memory
and orientation in humans from an evolu-
tionary perspective. This European consor-
tium, bringing together six laboratories
working in psychology, physiology, biology,
neuroscience, anthropology and artificial
intelligence, aims to map differences in spa-
tial ability, both between humans and other
species, and within human populations.

Spatial orientation and memory

are key functions that help us

to operate in a complex world.

A European research consor-

tium will retrace the evolu-

tionary history of these

cognitive skills and show

how individuals adapt their

navigational strategies to cir-

cumstance. A more in-depth

understanding of how humans

make sense of space will pro-

vide invaluable information

for environmental planning

and design, and lead to

improved solutions for people

with impaired spatial abilities.

Taking a perspective

How we perceive and remember the loca-
tions of objects is multi-faceted and depends
on circumstances. In their most advanced,
abstract form, our spatial representations
help us to create mental images of what
other eyes might see from a different
perspective. But it is likely that the human
cognitive system has also preserved the
evolutionary history of spatial abilities
and may at times rely on much simpler
navigational mechanisms.
The Wayfinding project will explore these
different mechanisms and attempt to map
their evolutionary hierarchy and neural basis,
using a combination of experimental cog-
nitive tests and neuro-imaging techniques
in rats, monkeys and humans. Once their
place in the hierarchy is confirmed, the
project will concentrate on those mech-
anisms considered uniquely human, such as
perspective taking.
Intriguing evidence suggests that humans
can shift from one navigational strategy
to another according to requirements.
Comparing the ways healthy volunteers
handle spatial tasks with those suffering
from visual or selective neurological impair-
ments will provide researchers with a

Understanding human
navigation

Human understanding of spatial location sets us apart from other species.

W AYF I N DI NG
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Neural imaging will help develop understanding of human spatial awareness.

A better understanding of how the human
navigational system works has important
social and practical implications, too.
Elementary educational programmes will
be one area to benefit from a greater insight
into the development of children’s visual

and spatial abilities.
Likewise, the project
outcomes should help to
find solutions for those
confronted with prob-
lems in spatial orienta-
tion – the elderly, the visu-
ally impaired, and patients
suffering from brain dam-
age or Alzheimer’s dis-
ease – tocope better with
everyday life. 

Future technical applications will include
artificial navigation systems and virtual
reality tools calibrated to take into account
variations in human performance. On a
broader scale, the consortium hopes that the
project will also yield invaluable knowledge
for city planners, architects and designers,
making it easier for us to find our way
through space, whether in the corridors of
a new building or in the virtual labyrinth of
a computer interface.

fascinating insight into which parts of the
brain process the different navigational
mechanisms, and whether an impairment
affecting one mechanism triggers a shift
to an alternative strategy. The use of func-
tional neuro-imaging techniques will help
to pinpoint the neural
circuitry activated by
verbal and visual inputs
during the different
tasks.
To complete their over-
view of how spatial
memory and orienta-
tion have evolved in
humans, the consortium
members will study the
influence of gender, age
and culture on performance in certain
spatially related tasks.

Towards design for navigation

This project will make a significant scientific
contribution to the quest to understand
how different elements of the human cog-
nitive system are organised and function
together.
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A better understand-
ing of how the human
navigational system
works has enormous
social and practical
implications.
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A naesthesia is a subtle and imperfect
science, with the level of anaesthesia

needing to be very carefully controlled to
avoid awareness and pain while minimis-
ing the risk of complications. The Braccia
project is exploring ways in which the brain’s
electrical activity, especially delta and
gamma brain waves, and their interactions
with heart and breathing activity, vary with
the depth of anaesthesia. This work looking
into the complexities of human physiology
is part of the NEST PATHFINDER initiative on
‘Tackling complexity in science’.
The project will use measurements on
humans and rats to explore the causal rela-
tionships between oscillations in the brain,
heart and respiratory system. It asks the
fundamental question: ‘Which oscillations
are the drivers of others and which are being
driven by others?’
The first step is to develop a methodology
to test for causal relationships between
interacting complex systems. Human sub-
jects will be monitored while awake and
under anaesthesia. The results will then be
used to develop systems that can model
the oscillatory behaviour of human, and
more generally mammalian, physiology.

The Braccia project is study-

ing the complex interactions

between electrical activity in

the brain, and oscillations in

heart and breathing activity

during anaesthesia. The find-

ings may reveal new ways to

monitor the depth of anaes-

thesia. The research could be

of much wider relevance,

however, because coupled

oscillatory systems are all

around us, in the natural world

and in modern technology.

Investigating anaesthesia

could therefore also help us

to understand and control

many other complex systems.

From the specific to the general

The need for a better understanding of
anaesthesia is driven by the enormous
medical and societal importance of this
technique, without which most modern
complex surgical procedures would be
impossible. The physiology of anaesthesia
is not well understood, however, and the
mechanisms causing loss of consciousness
remain mysterious. Complications due to
inadequate control of anaesthesia range
from a patient experiencing pain and some
unwanted level of awareness, to rare
extreme reactions that can lead to brain
damage or even death. The most common
problem is some awareness during surgery,
which affects approximately 1 in every
900 patients. This is particularly undesir-
able in those procedures in which a patient
is unable to indicate that they have become
aware and can feel pain, as can happen
when a muscle relaxant is used, for example
during Caesarean section.
Greater understanding of how the body is
behaving during anaesthesia, and how
consciousness and the sensation of pain
can be better monitored, would clearly be
of enormous benefit in improving general
practice in the operating theatre.

Understanding anaesthesia
could help us all

B RACCIA
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Levels of anaesthetic need to be carefully calculated for each patient.

Significant possibilities

The most immediate aim of the Braccia
project is to develop the methods and the
understanding needed to create a new and
improved kind of anaesthetic monitor. If the
results of the project are as useful as the
partners hope, the next step will be to

prepare the ground for a
large-scale study that
would refine and test
such a monitoring sys-
tem. The Braccia project
may be the first step
towards building a sim-
ple but highly effective
anaesthesia control sys-
tem that will be found in

every operating theatre, and used to provide
precise management of anaesthesia in a
way that is completely impossible today.
Even if that dream is not fulfilled, however,
the project will greatly enhance our knowl-
edge about what is going on in the body
during surgery, and our understanding of the
many interactions within complex systems
in general. 

Complex oscillating systems are found
everywhere, however. They are involved
in many other aspects of physiology, but
also occur in industrial and engineering
settings, within the operation of computer
software, and in the many chemical and
physical interactions of the natural envir-
onment. Insights gained by studying the
complexities of anaes-
thesia could be relevant
to such varied fields as
software development,
aeronautical engineer-
ing and environmental
management.
The project is a collab-
oration between physi-
cists, electrical engin-
eers, information theorists, medical
scientists and clinicians. This wide multi-
disciplinarity reflects the fact that, although
directly focused on anaesthesia, it is explor-
ing aspects of complex science that are
important in a huge range of situations.

The Braccia project
will greatly enhance
our knowledge about
what is going on in the
body during surgery.

B RACCIA
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Complexity science is revealing the func-
tion and behaviour of complex networks

in the real world, including information-tech-
nology networks, power grids and transport
networks. However, the benefits of this
deeper understanding are only slowly being
felt by policy-makers, with those working
with financial markets slightly ahead.
The CAVES project aims to provide a link
between complexity science and social
policy. Land use is being modelled to deter-
mine how it might change, for instance,
in response to policy initiatives such as
revision of the EU’s common agricultural
policy (CAP). The project forms part of the
NEST PATHFINDER initiative on ‘Tackling
complexity in science’. In line with this,
CAVES is a highly interdisciplinary project
that: a) helps answer important scientific
questions involving complexity, and b)
encourages the transfer of knowledge and
techniques to new areas of application.

Modelling land use

The analysis of land use using complexity
science differs from traditional analytical
methods, because no central organising
principle is assumed. The behaviour of
a complex network instead emerges
through the interaction of individual quasi-

It can be hard to predict how

social policy will affect land-use

patterns and social networks.

This is because uncertainty

arises from the complexity

inherent in such systems.

Complexity science facilitates

the modelling of complex real-

world networks involving human

activity and environmental

change. These models can help

us understand how change in

the past has impacted on land

use and human populations.

Generalised models may have

wide application in formulat-

ing policy under conditions of

uncertainty.

autonomous software programs called
agents. The agents in land-use networks
typically represent stakeholders such as
farmers and industrial decision-makers.
A complex network changes in response to
internal stress or external shock. A large
external shock, for instance, causes an
episode of volatility. In a resilient network,
land use will remain largely unchanged as
a consequence of this, although dramatic
changes in land use may occur in less
resilient networks.
The CAVES project incorporates three case
studies, involving complex networks of
differing resilience. The scientific aim is
to identify reasons why some complex net-
works are more resilient. Models are being
constructed retrospectively for each case
study, using datasets of land use over
time to determine the impact of previous
episodes of stress and shock. The models
are then run forwards in time, so that past
evidence provides the basis for exploring
possible impacts of future shocks.

Case studies

Two of the case studies are from Europe,
while the third from South Africa demon-
strates the relevance of the methodology

Complexity science in 
the service of social policy

C AVE S
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Complex models can help develop social policy which affects land use.

Aiding policy development

The CAVES project aims to demonstrate
how models of complexity can help to for-
mulate social policy. The two European
case studies, for instance, are being used
to inform discussions on CAP reform. The
models obtained from all the case studies

are being analysed for
common features, to
produce clusters of
generalised models
that can be applied to
all complex networks
involving land use.
Both coarse and fine-
grained models are
being constructed to
investigate the process

of scaling up. Models should be sensitive
to scale, but be amenable to forming parts
of larger models. This will be important
when constructing global models, such as
those for land use and climate change.
The identification of networks susceptible
to change will enable social policy to be
refined in order to reduce the impact of
future shocks.

beyond Europe. A dataset from the
Grampian region in Scotland shows that
land tenure and social structures have
not changed greatly, despite a series of
external shocks that include entry to the
EU, changes in agricultural subsidies
and epidemics of livestock disease. This
resilience arises through the social struc-
ture of family farms,
flexible land use, and
other factors.
A case study from the
Oder River Valley in
Poland, on the other
hand, reveals a high
rate of change in land
use since the end of the
Second World War. This
shock arose from polit-
ical events and a large-scale shift in popu-
lation. Water-management systems went
into decline and agricultural diversity was
reduced, with crops becoming more vul-
nerable to flooding. The prospective part of
this study will address how farmers in the
region might respond to fresh challenges
posed by EU membership. The third case
study, from the Limpopo Province in South
Africa, encompasses the large-scale land-
use and demographic changes that occurred
after the fall of the apartheid regime.
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Models are run for-
wards in time, so that
past evidence pro-
vides the basis for
predicting the impact
of future shocks.
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P hysicists have a complete understanding
of atoms, but that does not mean that

we understand everything that atoms can
do. Atoms come together to form molecules,
molecules form cells, cells form people, and
people form a society. Yet we are far from
understanding how societies work. Each
step up the ladder sees a huge increase in
complexity. There have been many attempts
to model complex systems in terms of their
component parts but with only partial
success.
It is commonly believed that such failings
are due to a lack of knowledge about the
components and how they interact. If we
knew more about chemical reactions or
human behaviour we might do better. But
according to the proposers of the NEST
CO3 project, these approaches fail not
because of insufficient information but
because the models do not take proper
account of the discrete nature of the com-
ponents. Conventional modelling tools use
differential equations which treat the prop-
erties of the system (such as the econ-
omy) as smooth and continuous, like a
fluid, rather than a collection of freely
acting individuals. The proposers will use
a new type of model, the ‘AB’ model, which
recognises this difference.

Mathematical models have

long been used to simulate

complex biological, social and

economic systems. The CO3

project argues that such models

fail to take account of rare

events that can grow to change

the behaviour of the system as

a whole. The project team will

apply a new type of model to

understand the development

of private enterprise in Poland,

the spread of technological

innovation, the location of

high-tech businesses and the

development of auto-immune

disease. The results could

change the way we think about

social, health and economic

problems.

Rare events drive change

A key outcome is that random fluctuations,
or ‘noise’, can, in some cases, grow to
change the collective behaviour of the
whole system. The proposers argue that
such rare events are, in fact, the main
motor driving changes in collective behav-
iour. It is a rather abstract concept, and
the CO3 team intend to put it to practical
use in a number of socio-economic and
biological applications.
For example, a group led by the University
of Warsaw will create an AB model of the
macro-level economic, cultural, and polit-
ical mechanisms relevant for social and
economic change. They will test it on the
changes in Poland since 1989 from a cen-
tral to a market economy, where private
businesses have become more clustered
than they were before, with prosperous
areas alongside areas of economic decay.
The University of Paris 2 will lead another
study looking at how and where businesses
start up and grow. Industry has tradition-
ally located in places favourable for natural
resources and transport links. But many
had predicted that the ‘new’ industries
based on intellectual capital, such as
biotechnology, software and media, would

The importance 
of rare events

CO3
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Complex models may help develop understanding of auto-immune diseases.

Current models are not satisfactory and
the CO3 work may help to understand the
emergence of auto-immune diseases such
as diabetes and multiple sclerosis.
The Bar Ilan researchers will also underpin
all these studies by developing tools to
handle more realistic biological and socio-
economic models which will then be used
by the other groups.

The partners expect that
the methods developed
in CO3, part of a wider
NEST PATHFINDER ini-
tiative on complexity in
science, will lead to a
better understanding
of how the behaviour
of complex systems
emerges from the cumu-
lative effect of numer-
ous individual agents.

In the longer term, they hope that their
findings will be applied by many other
workers in economics, social sciences and
biology and will have a very practical
impact on economic planning, health and
capital investment.

not be so constrained and would be
distributed more evenly – location should
matter less in the connected age. This has
not happened, and the partners will apply
the AB model to understand why the new
industries have concentrated in places such
as San Francisco, San Diego, New York and
London. They hope to discover what lessons
we can learn about supporting start-ups.

Auto-immune
disease

A third study, led by the
two Italian partners,
will examine the con-
ditions under which
technological innov-
ation can spread through
a large region, and why
innovation will tend to
cluster in certain areas. This model will be
tested on the pharmaceutical sector.
A completely different application will be
led by Bar Ilan University. They will use the
AB model to study the development of 
B lymphocytes, a type of white blood cell
important in the body’s immune system.
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A key outcome is that
random fluctuations
can, in some cases,
grow to change the
collective behaviour
of the whole system.
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T he prime function of financial markets is
to bear risk, enabling the transfer of

resources from suppliers of liquidity to
entrepreneurs and risk-takers. In order to do
that efficiently, they must ensure a proper
return on capital, coupled with market sta-
bility so that long-term planning may pro-
ceed with confidence and resources can
be allocated efficiently. But the operation of
markets is often accompanied by periods
of instability and excessive volatility, includ-
ing speculative ‘bubbles’ and crashes.
Complex Markets, part of the NEST
PATHFINDER initiative on ‘tackling com-
plexity in science’, aims to explore an alter-
native to the classical theory of rational
behaviour of a single agent. The alterna-
tive proposes a large number of hetero-
geneous agents within markets – each of
which can employ rational behaviour –
but the interaction between these agents
allows collective effects to arise. In this
way, the financial market behaves as a
complex system. Within such a heteroge-
neous system, traders can either base
their investment decisions on the market
fundamentals (dividends, earnings, inter-
est rates) or go by patterns and trends in
recent prices. Irregular switching between
these two strategies can occur, resulting
in irregular price fluctuations.

Research in the area of het-

erogeneous agents and inter-

action in the modelling of

financial markets has made

rapid progress since the 1990s.

Advances in theoretical tools

and computational capacity to

analyse and simulate large

systems have given new insight

into market behaviour. The

Complex Markets project brings

together an interdisciplinary

team to explore these develop-

ments in depth. A more com-

prehensive understanding of

market behaviour will enable

more effective management

and produce greater stability.

Unravelling the strands

Complex Markets brings together leading
researchers in numerical simulation, experi-
mental economics, mathematical analysis,
finance, econometrics and psychology. It
will build in high-level contact with the
financial industry and the Bundesbank,
the Bank of England and the European
Central Bank, and specialist advisers in
the US.
The team plans to collect and analyse data
on behaviour in specific markets, including
markets for wholesale fish, fruit and vege-
tables and internet auctions. Complex
Markets will also study the structure of
foreign-exchange markets and stock mar-
kets, evaluating the extent and effects of
behaviourial networks. The prices in mar-
kets where traders interact and trade within
a small group of other traders, rather than
take the apparently best deals on their
screens, appear to be much more volatile
than in markets with an electronically
organised order book. These studies should
form the basis for understanding the
processes that lead to bubbles and crashes.
The basic data will also enable the project
team to derive the general principles of
the evolutionary approach to the behaviour

Financial trading 
is a complex business

COM PLE X MARKETS

Access to information is critical to well-functioning financial markets.TAC K L I N G  CO M P L E X I T Y  I N  S C I E N C E
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The project will develop greater understanding of market behaviour.

ability of the unknown elements of their
environment for decision-making. Uncer-
tainty acknowledges that in many cases
they cannot rely on this probability, because
of the possibility of ‘one-off’ events of

which they have no
experience, and there-
fore no basis for a risk-
based analysis based
on a known probability.
Complex Markets will
use its varied expertise
to take uncertainty into
account in studies of
how individuals react in
a complex environment
which is only partially
understood, and there-
fore its effect on indi-

vidual financial decision-making and on
the collective market outcome.
Stock markets, exchange, commodity and
derivative markets all share the same prop-
erties, so the Complex Markets project
should reveal whether these human multi-
agent systems work according to common
principles in the same way as physical and
biological systems.

of financial markets, ranging from simple
models of a rational agent forecasting on
the basis of unknown parameters, to com-
plex models with interacting traders with
co-evolving strategies. Estimation of such
complex systems is
still very new, but evi-
dence suggests that
such an evolutionary
system could account
for the volatility we
see in markets. It will
also show whether
international trade and
long-term capital move-
ments are distorted by
short-term speculation
– an important outcome
for policy-makers

Risk and uncertainty

Complex Markets will use psychological
and economic insights to develop a deeper
understanding of decision-making in com-
plex environments exploiting the concepts
of risk and uncertainty. Risk refers to indi-
viduals being able to evaluate the prob-
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The project will use
mathematical, psycho-
logical and economic
insights to develop
an understanding of
the observed charac-
teristics of financial
markets.
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W hy did stem-cell research suddenly
become such an issue in the 2004

US presidential election? What is fuelling
the simmering controversy about genetic-
ally modified foods? How are the research
choices of scientists influenced by what
appears to be fashionable at the time? In
short, why do scientific research topics like
these suddenly erupt from the labs and
saturate the media? 
The partners in the CREEN (Critical events
in evolving networks) project call these
phenomena ‘scientific avalanches’. Just as
an avalanche of snow can be forecast by
careful modelling and study of environ-
mental conditions, it may one day be pos-
sible to predict under what circumstances
scientific avalanches will happen. And
could we even trigger an avalanche in a
constructive and desirable direction?
Such questions can only be answered by
a truly interdisciplinary effort from many
branches of the natural and social sci-
ences. This project, part of a wider NEST
PATHFINDER initiative on complexity in
science, will draw on many strands of
research on how information spreads within
social networks. Scientists, like journal-
ists, are individuals, but the collective
behaviour of science or the media can be
unpredictable, related in a complex way
to the actions of individuals within them.

Research breakthroughs, con-

troversies and fashions in

science can emerge unex-

pectedly, sometimes with

unwelcome political and eco-

nomic effects. What triggers

these so-called ‘scientific ava-

lanches’? An interdisciplinary

team from five countries will

apply insights from physics,

mathematics and the social

sciences to the complex social

networks of science and the

media. Why do such critical

events occur and can their

probability be estimated? The

results will be of interest not

only to scientists and jour-

nalists but also to science

policy-makers.

Linking social science and physics

The proposers, from five countries, are
theoretical and statistical physicists, spe-
cialists in socio-physics, computer scientists,
mathematicians, information and com-
munication scientists and sociologists.
Prof. Janusz Holyst, from the Warsaw Uni-
versity of Technology, is coordinating the
project. His group will apply the principles
of statistical physics to social networks.
For example, thermodynamics predicts
how liquids boil or freeze – can we learn
something about sudden social changes
from such analogies? Another approach
will look at what happens when a network
of scientists interacts with a network of
journalists, which in turn interacts with a
network of newspaper readers or TV viewers.
The second topic, led by the University of
Liège, will deal with how scientists and
other people organise themselves into
formal and informal networks and how
individual decisions can affect collective
behaviour. Researchers will look at how
ideas spread through the scientific com-
munity, leading to an avalanche when top-
ics suddenly become fashionable.
The project will create natural links between
physics and social-science methodology.
One of these links points to a group led by
the Royal Netherlands Academy that will

Scientific avalanches

CR E E N

When science makes headlines scientists themselves may be unprepared 
for the controversy.TAC K L I N G  CO M P L E X I T Y  I N  S C I E N C E
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The different interactions between science and society make up a complex relationship.

it to the results from the other groups in
CREEN.
The proposers freely admit that what they
are trying to achieve is well ahead of the
state of the art but the risk of failure is
offset, they say, by the promise of major
advances leading to social and economic
benefits. When the project is complete in
three years time, the proposers hope not
only to have gained a deeper understand-
ing of how science and society interact, but
also to be able to help policy-makers antici-

pate where avalanches
are likely to happen and
to deal with them effect-
ively. They even specu-
late that their findings
may have applications
in other multidiscip-
linary studies such as
river flooding, protec-
tion of species in food
webs and trade-network

crashes. They will disseminate their find-
ings to policy-makers, journalists and
other experts through meetings, brochures
and a website.

look at the influence of ‘media hype’, and
seek ways to model and measure ava-
lanches, applying their methods to such
real-life controversies as BSE, foot-and-
mouth disease, genetically modified foods
and stem-cell research.

Influence of ‘bloggers’

Meanwhile, the University of Wolverhampton
will lead a study into how the world-wide
web is being used as medium for scien-
tific debate. They will
analyse the content of
on-line newspapers,
personal web pages
and especially ‘blogs’,
to track how the web
has influenced recent
avalanches and also to
spot new avalanches
as they take place.
Finally, a group led by
the University of Karlsruhe, will develop
methods of visualising complex informa-
tion, based on the results of a previous
EU-funded project (COSIN),and applying
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T he Dysonet project is looking at a range
of complex social networks. Its inter-

disciplinary team aims to develop techniques
for specific problems, like the dynamics of
crowd behaviour, which can then be tested
in other more general systems. There are
many unanswered questions about the struc-
ture of networks and about flows through
them (e.g. of information). Ultimately the
methods will be made available to researchers
in all fields of study through the internet.
Dysonet is part of the NEST PATHFINDER
initiative on ‘Tackling complexity in science’.

Real data analysis

Dysonet participants will first (with per-
mission) collect real-world data from social
networks in Sweden, covering networks of
people who share the same household, work
at the same workplace, live in the same
building, attend the same hospitals, or are
part of networks of sexual partners. It will
also collect financial data for study of the
dynamics of different types of portfolios
traded in financial markets.
Most of the individuals in social networks
(nodes) have a small number of connec-
tions, but a few have a very large number.
Network models will be developed by

In recent years it has become

clear that common principles

underlie the behaviour of

many systems in the real

world, which are composed of

units connected into complex

networks. Such networks occur

in nature, physics and in many

aspects of human social behav-

iour. DYSONET is applying

mathematical principles to

understand the dynamics of

social networks. Study of real

examples will improve under-

standing of how to optimise

real-world networks, for ex-

ample in limiting the spread

of epidemics.

Dysonet to allow study of robustness
(the number of nodes which must be
removed before connectivity of a network
is destroyed) and the capability for net-
work flow (the features of the optimal
flow path, using the least time, energy or
cost). To do this, the team will make use of
large-scale computer simulations and grid
computing, and develop new analytical,
numerical and simulation techniques. The
information gained will be used to identify
designs of network models showing the
best robustness and flow. The network
analysis will then be applied to the real-
world data, and should make large
advances in understanding complex human
systems.

Practical applications

Dysonet addresses five areas of collective
human behaviour. The first will look at the
spread of information and rumours across
networks which, enhanced by mobile com-
munications, can escalate out of control.
Knowledge of this phenomenon will prevent
further rumours like the one in Hungary in
June 2003, which caused nationwide panic
about a nuclear explosion. Understanding
the relay of information through a crowd in

Understanding the dynamics
of human behaviour
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Human behaviour depends on a range of networks with different networks coming
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Crowd behaviour may contribute to deteriorating situations such as traffic jams.

als are immunised randomly, but if the
most-connected individuals are targeted,
immunisation is much more effective. How-
ever these key individuals are very hard to
identify. Dysonet studies will improve the
efficiency of such targeting.
In finance, collective behaviour is shown
by adaptation to market changes, and
in extreme cases to response to unex-

pected events, leading
to changes in stock
prices and even public
hysteria. Such responses
depend on the structures
underlying information
flow. Better understand-
ing of the behaviour of
this information flow
would inform market
regulatory policies. To
be able to do so, Dysonet

is investigating the structure of portfolios
from leading and emerging financial mar-
kets. Later, the findings and methods will
be applied to a commodity market, to exam-
ine common features of the two systems,
so that the methods can then be applied to
other types of networks.

panic will help develop more efficient evacu-
ation methods, for example from football
crowds, earthquakes or terrorist attacks.
The behaviour of networks can contribute
to organised search strategies, e.g. for miss-
ing persons. In a random search, a new
direction and distance are selected by the
searcher every time the target is not found;
better understanding of this behaviour
will help to design
more effective collec-
tive search methods.
Traffic flow is an example
of crowd behaviour
where enhancing flow
is important. If a large
number of drivers are
heading in the same
direction, their choice
of route will be influ-
enced by the same infor-
mation, from their observations and traffic
reports. Collective behaviour emerges,
making the bottlenecks worse. This study
will contribute to more effective distribu-
tion such as of food and medical aid.
An area where the aim is to minimise flow,
is that of epidemics. The epidemic spread
of disease is almost inevitable if individu-

AT A GLANCE

Official title
Human behaviour through dynamics of
complex social networks: an interdisciplinary
approach

Coordinator
Greece: Aristotle University of Thessaloniki 

Partners
• Germany: Justus-Liebig-Universitaet

Giessen 
• Israel: Bar-Ilan University
• Italy: Instituto Nazionale 

per la Fisica della Materia 
• Portugal: Universidade de Aveiro
• Sweden: Stockholm University
• USA: Boston University 

Further information
Prof. Panos Argyrakis
University of Thessaloniki 
GR-54124 Thessaloniki
Fax: +30 2310 998 042
E-mail: panos@physics.auth.gr 

Duration
36 months

Project Cost
€1 578 798

EU Funding
€1 420 000

Project reference
Contract No 012911 (NEST)

Web: http://www.cordis.lu/nest

The analysis will make
major advances in
understanding com-
plex human networks
involving spread, for
example of informa-
tion or disease.
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C omplexity and self-organisation are
critical to many biological systems, yet

many questions about how complexity
emerges from simpler starting states remain
unanswered. Current computer simulations
of complex systems in biology take many
hours to achieve a rather poor copy of what
Nature manages perfectly in a split second.
The EMBIO project, part of the NEST-
PATHFINDER initiative on ‘Tackling com-
plexity in science’, aims to provide new
tools and approaches to help answer some
of these questions. By focusing on one
of the major challenges in modern biology
– protein folding – they hope to identify the
fundamental principles governing the emer-
gence of complexity in self-organising
biomolecular systems. 
The interdisciplinary research consortium,
comprising eight European laboratories
with expertise in mathematics, statistical
physics, chemistry, information theory,
biology and computing, will develop highly
innovative mathematical and computa-
tional approaches to characterise the
dynamics of self-organisation and apply
these to protein structure. 
Because of its focus on protein folding,
EMBIO will have a particular impact in
molecular and structural biology, but its

Complexity has a key role to

play in biology yet is still

poorly understood. A European

project, EMBIO, aims to pro-

vide the research community

with new methodologies based

on innovative mathematics and

software to help make sense of

the dynamics of self-organi-

sation. By focusing on the

emergence of complexity in

protein folding, the project

team will be addressing one

of the major problems in

modern biology, and their

results will have important

implications for drug discovery.

innovative approach to analysing com-
plexity will be relevant to many other sys-
tems that give rise to self-organisation.

From chaos to calm

Protein folding is a striking example of
emergent complex behaviour and, being
well defined, it is an ideal system in which
to study complexity. Most proteins spontan-
eously and reproducibly fold from an arbi-
trary chain of amino acids to a specific 3D
structure adapted to their biological function.
But although data exists on the chemical
compositions and structures of thousands
of proteins, it is still not possible to predict
accurately or to explain how and why this
transition to a folded structure takes place,
partly because it is a non-linear, dynamic
process influenced by many factors.
As the protein’s final 3D structure is consid-
ered the most thermodynamically stable
one, scientists currently use a ‘folding fun-
nel’ model to explain the dynamics of the
transition. Initially, the chaotic motions of
the atoms have high levels of free energy
and occupy large areas of potential folding
space. As the protein molecule folds and its
free energy decreases, the available space
is reduced to the point where the molecule

Emerging complexity 
in protein folding 
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Improved understanding of protein folding is vital to the pharmaceutical industry.

understanding of how proteins fold is
likely to bring strategic benefits and much
needed innovation to drug discovery. Most
new drugs target specific proteins in the
body. In addition, misfolded proteins are
directly implicated in a number of debili-
tating conditions such as Alzheimer’s and
Creutzfeldt-Jakob disease.

The consortium also
expects its work on
complexity estimation
to impact on areas of
study involving compli-
cated chaotic dynamics.
Examples of these are
heart rhythms, where a
better understanding
of their chaotic nature
could lead to new diag-

nostic tools for heart disease, and electro-
magnetic signals, which are generated in
photonic devices used for optical commu-
nication.  
More generally, if EMBIO succeeds in iden-
tifying the generic features which charac-
terise dynamic complexity, their results will
be widely applicable by the scientific com-
munity for the study of complexity in areas
as diverse as social science or forest fires. 

is ‘forced’ into its final structure, corres-
ponding to its minimum energy.
Whilst this model is now generally accepted,
it does not explain many aspects of protein
folding, notably the speed at which it takes
place. The EMBIO consortium will develop
a new computational approach which will
provide a more accurate description of
the dynamics involved,
taking into account
temporal, topological,
statistical and dynamic
properties. Powerful
state-of-the-art com-
puting facilities avail-
able within the con-
sortium will enable
sophisticated ‘all atom’
simulations of folding
and the generation of new data on which
to base novel methods and algorithms.

An alternative view

The new methodologies developed by
EMBIO, underpinned by innovative math-
ematical approaches and applications
software, will open the door to an alter-
native view on protein folding. A greater
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The earthquake and tsunami that ravaged
many communities around the Indian

Ocean in December 2004 were typical of
what are called extreme events. They came
as a complete surprise, even though the
area was well known as an earthquake zone
and the underlying geophysical mechan-
isms were well understood. Other extreme
events include floods, storms, droughts
and landslides. Not all such events have
natural causes: stock-market crashes,
bridge collapses, crime waves and terrorist
attacks are of human origin but share many
of the same characteristics. A third group
of events – possible catastrophic effects of
climate change on the economy – have both
natural and human origins.
What they have in common is that they are
not well described by conventional stat-
istical methods. Mathematical models of
geophysical, climatic or socio-economic
systems may have some success in describ-
ing their normal state or gradual changes
but are not able to predict sudden, extreme
events. And, what is more, these events do
seem to be more common than conven-
tional statistical analyses would suggest.

Earthquakes, floods, storms,

riots and stock-market crashes

have one thing in common:

they cannot be successfully

described by conventional

statistical methods. Such

‘extreme events’ are the focus

of E2-C2, a 17-partner NEST

project trying to understand,

and perhaps predict, some of

these unexpected and dam-

aging occurrences. Among

other things, the project will

look at the social and eco-

nomic effects of impending

climate change and even

attempt to forecast crime

waves in major urban centres.

Interconnected hazards

The E2-C2 project, part of a wider NEST
PATHFINDER initiative on complexity in
science, will take a new look at both natural
and socio-economic hazards and the con-
nections between them. The 17 partners
from nine countries will attempt to predict
extreme events and also examine their
consequences.
The first task will be to improve the stat-
istical theories used to model extreme
events. Conventional statistical methods
are very poor at describing events that
happen infrequently, so a team will devise
new methods of analysis and prediction,
and test them against a variety of histor-
ical records.
The second line of research will look at
extreme climatic events in Europe that
arise from the way in which greenhouse-
gas emissions and volcanic eruptions
interact with natural climate variability.
Partners will use atmospheric models to
simulate the effects of global warming on
the North Atlantic and Western Europe,
and historical and geological records from
the Campania region of Italy to investigate
connections between volcanic eruptions
and climatic extremes.

Making sense 
of extreme events

E2-C2

Extreme events can’t be predicted with traditional statistical methods.TAC K L I N G  CO M P L E X I T Y  I N  S C I E N C E
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Better understanding of extreme events will help prepare communities better to deal with them. 

hydrological extremes and landslides. They
will attempt to simulate such events and
develop methods for forecasting them.
The Carpathian Mountains in Romania are
known for their major earthquakes, and
another group will take on the goal of dev-
eloping an earthquake prediction system

for the Vrancea region,
one of the world’s best
natural laboratories for
studying earthquakes
and landslides.
Finally, in perhaps the
most ambitious activity
in the E2-C2 project, a
group will attempt to
create a ‘socio-economic
barometer’ to monitor
conditions in major urban
centres and provide day-
by-day forecasts for
impending crises such

as crime waves, outbreaks of mass vio-
lence and surges in terrorist activity.
All these extreme events share a common
characteristic: the bigger the event the less
likely it is to happen, but the greater the
social and economic costs if it does. It is too
soon to say how successful the E2-C2 pro-
ject will be, but any progress towards under-
standing and anticipating the unexpected
is bound to pay off in the long run.

Can a climatic extreme cause a reversal in
the economic cycle? This is one of several
questions on the relationship between
climate and the economy that will be
addressed by the third research group.
Conventional long-term economic models
are unable to cope with short-lived events
such as the winter
storms of 1999 or even
the summer heat-wave
of 2003. Therefore this
group will aim at devel-
oping novel, fully inte-
grated, dynamic models
of the coupled climate-
economy system.

Emergency
planning

One reason why we
need to understand
extreme events is so that we can prepare
for them in the design of buildings, control
of land use and emergency planning. In
each case, we need to know how often
and how big any events are likely to be.
Another task will be to look for evidence
that extreme events are not random, but
that one event may increase the likelihood
of another. The team will look at records
of strong winds, rogue waves, forest fires,

All these extreme
events share a com-
mon characteristic:
the bigger the event
the less likely it is
to happen, but the
greater the social and
economic costs if it
does.

E2-C2
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F ungal growth, supermarket supply chains
and the clustering of biotech companies

may sound like disparate areas of study.
However, an understanding of each can be
obtained by analysing them as networks.
Biological networks share common features
with other complex networks, in terms of
their overall structure and dynamics. Once
the general principles governing different
kinds of complex networks are understood,
steps can be taken to improve real-world
networks.
The MMCOMNET project has set out to
measure and model complex networks
from different domains, with the goal of
understanding their structure, function and
behaviour. The multidisciplinary consor-
tium forms part of the NEST PATHFINDER
initiative on ‘Tackling complexity in science’.
This aims to encourage the study of com-
plex systems and the transfer of know-
ledge between different disciplines.

Measuring networks

Networks can be studied using macro-
scopic or top-down approaches, or using
bottom-up approaches utilising recent
findings from the science of complexity.
The MMCOMNET project seeks to inte-
grate these approaches, in order to develop
statistical techniques and software tools

Recent advances in the science

of complexity facilitate the

measurement of networks.

Certain classes of complex net-

works seem to share common

structural characteristics, and

more importantly may also

exhibit analogous functional

properties. The quantification

and modelling of networks

enables general rules to be

formulated concerning their

dynamic and functional behav-

iour. The MMCOMNET pro-

ject uses a multidisciplinary

approach to measure and

model biological, socio-

economic and business

datasets, with the aim of

predicting, managing and

designing behaviour in a wide

range of real-world networks.

to analyse complex networks. Methods
for measuring local (individual nodes) and
global behaviour are also being assessed
using existing datasets.
Data from three domains, representing
biological, socio-economic and innovation
networks, are being measured. The specific
examples were chosen for ease of data
collection, and their promise as generic
models. The biological system is a fungal
network: one of the simplest living sys-
tems to show adaptive behaviour. The main
socio-economic system is a supply-chain
network, involving the flow of information,
money and goods from manufacturing,
distribution and retail organisations across
Europe. Datasets on public transport in
Poland and traffic networks in Germany
are also being analysed. The innovation
system involves datasets showing the
clustering of high-tech businesses, as
occurs in California’s Silicon Valley. In
particular, a comprehensive dataset of the
population and businesses in Stockholm
over a 10-year period is being used.

Bottom-up analysis

The three types of system consist of mul-
tiple interconnected layers, comprising
autonomous agents which allocate resources
within the network. Agents distribute

Network news
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Traffic-network modelling provides insight into understanding complex networks. 

Manipulating networks

Model networks can be used to identify
ways of altering the structure or behav-
iour of real-world networks to enhance
desirable properties, such as robustness,
persistence, flexibility, responsiveness
and efficiency. Adjustments in the local
decision-making behaviour of agents, for

example, may be effec-
tive in achieving desir-
able global stability.
The overall aim of the
project is to generate
modelling approaches
and formulate universal
principles to aid in the
management of complex
networks in real-world
situations. The desirable
properties observed in

model networks can potentially be trans-
ferred, for example, to networks involving
computers, information, business and
enterprise, power grids, and railway and
other transport systems. The potential
long-term benefits from this project are
therefore great, and could improve the qual-
ity of life of almost everybody in the EU.

resources on the basis of incomplete or
noisy information. They typically act with-
out a central control mechanism. The char-
acteristic behaviour of networks emerges
through the interactions of agents. Agents
may be cells, people, or companies, in the
case of biological, socio-economic and
business networks, respectively.
The project exploits advances in complexity
science to elucidate
the individual and col-
lective behaviour of
agents. The partici-
pants are developing
models which simulate
the different combina-
tions of agents and
network dynamics that
can account for desir-
able behaviour. Criteria
for choosing between
alternative combinations provide insights
into how agents and networks adapt, and
the trade-offs that occur between differ-
ent network functions. In the case of the
supply-chain model, for example, the con-
ditions that enable networks to retain
their integrity in the face of local disrup-
tions are being investigated.
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principles governing
complex networks are
understood, steps can
be taken to improve
real-world networks.
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S tarling (Sturnus vulgaris) flocks contain
many autonomous individuals. How-

ever, the behaviour of the flock cannot simply
be explained by deducing the behaviour of
individuals. The system is said to be complex,
because its behaviour emerges through the
interaction of individuals or agents that are
following relatively simple rules.

Bird behaviour

The findings of this project will be of
immense interest to those working in
ornithology, animal behaviour and ethol-
ogy. Once airborne, consistent patterns
quickly appear in a group, or murmation, of
starlings. Innovative data recording and
3-D modelling techniques are being deployed
to study the movements of individuals and
the shape of the overall flock. A key technical
challenge has been to identify individual
birds over time, in images recorded from
three directions. There have been many
previous studies on flocking behaviour, but
none with the precise and accurate data
collection or the 3-D modelling capabilities
of this project.
One of the forces driving the evolution of
grouping in animals is predation. Flocking
behaviour in this study will be recorded

The study of biological systems

can provide insights into the

behaviour of complex socio-

economic systems. Flocking in

birds is a complex system that

is amenable to study. Advances

in techniques for visualising

and analysing the movement

of flying birds in 3-D are leading

to a better understanding of

flocking and other animal group

behaviours. The techniques

developed can be applied to

more complex systems that

are harder to observe directly,

including the behaviour that

drives financial markets.

with and without the presence of a ‘predator’
to observe changes in collective behaviour.
In addition to field recordings, experiments
are being conducted in aviaries. Bird behav-
iour changes seasonally, and this is being
correlated with an analysis of hormone levels
and social bonding. This will be a step
towards understanding the endocrine
control of flocking. The project will provide
general insights into migration, navigation
and animal-group movement.

Modelling collective behaviour

The models start with the idea that individ-
ual agents are responsive to the behaviour
of others nearest them. Flocks of starlings
exhibit anti-predator responses, for instance,
which take the form of ‘terror waves’ that are
propagated through the flock. The behaviour
of individuals at the sides and front of the
flock are of particular interest in initiating
changes in collective behaviour.
The statistical methods, software tools and
visualisation techniques developed to study
starlings are all easily transferable to other
domains of study. A range of measure-
ments, for instance, to quantify the popu-
lation level or density of agents necessary
for emergent behaviour, can be applied

How starling flocks can 
help prevent financial panic
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…or a floor of traders?

crash) or favourably (with rapid adaptation
to a changing environment).
One area where general models of com-
plex systems can be applied is to the

problem encountered in
financial systems when
collective frenzy over-
rides the rationality
needed for market effi-
ciency. In strictly model-
ling terms, collective
frenzy shares common
features with the ‘terror
waves’ observed in star-
ling flocks. The models
could suggest ways
for regulators to act

to stabilise markets. A range of other
insights into human herding and collective
decision-making are likely to arise from
advances made in this project.

generally to complex systems. In particu-
lar, the project will use collective animal-
movement models to gain insights into
human behaviour in the social sciences
and economics.

Money matters

At the end of the Star-
flag project, a simula-
tion package will be
delivered, for applica-
tion to complex sys-
tems such as financial
markets. In essence, it
will predict the interac-
tion between individual
opinion and collective group behaviour. In
cases where individual opinion causes a
rapid change in collective opinion, a system
can either change detrimentally (with a
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The project will use
collective animal
movement models to
gain insights into
human behaviour in
the social sciences
and economics.
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It is now well established that many
features of the physical, biological, and

sociological world – like molecular struc-
tures, neural transmission, crowd behav-
iour – are organised in systems or networks.
They exist on an infinite range of levels of
size and complexity, but all are characterised
by the ability of the network to respond
collectively to external conditions or stimuli.
Many different theories have been de-
veloped in parallel to analyse and model
these systems. The current stage of scientific
understanding presents an unrivalled oppor-
tunity to develop a more unified network
theory. This is the intention of Uninet, part
of the NEST PATHFINDER initiative on ‘Tack-
ling complexity in science’.
The consortium includes leading research
workers in five widely differing areas:
genetics, metabolism, neurobiology, ecol-
ogy and economics. Within each area, the
leading group will first review the existing
network theories which attempt to describe
it. Later, each group will study, model and
simulate up to three topics of particular
impact in that area, which should also
yield methodologies useful in some of the
other subjects. Mathematical analysis of
the network theories will be provided by
the coordinating group. Finally the project

The growth of studies of com-

plex systems has revealed

that they exist on many scales,

from the molecular to the

global, and in many different

fields of science. Uninet is

attempting to unify the variety

of network theories which have

been proposed for these var-

ied systems. Applying math-

ematical techniques to analyse

complex networks in five very

different areas, Uninet should

enable re-interpretation of

the original theories in new

applications, so that major

improvements of insight are

expected.

will examine their potential applications in
technology and industry.

A world of networks

Understanding complex networks is a
science in its infancy, as computers have
only recently made it possible to analyse
the huge amounts of data needed. For
example, the explosion of data generated
by genomics still leaves a very long way to
go before its implications are unravelled.
Similarly, analysis of the behaviour of
individual animal species, or of functional
groups like a food web reveals only a frac-
tion of the complexity of the whole ecosys-
tem and its dynamics. And we all live in a
variety of social networks, with different
levels and scales of interaction from indi-
viduals to nations, involving many different
flows, of traffic, of people or of information,
for example.
Uninet’s five areas for study will be linked
by annual workshops throughout the
project. These will give participants the
opportunity to explore aspects of network
modelling, including data, dynamics and
robustness. It will also bring out common
aspects so that models can be reduced in
complexity to the simplest mathematical

A unified approach to
interpret complex networks
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Complex networks exist at all scales of nature.
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Biological systems are robust enough to maintain themselves under outside pressure.

genetic and metabolic networks should
contribute to optimising drug effects.
Studies of enzyme behaviour may offer
enhanced yield in biotechnological pro-
duction. In the area of biological diver-
sity, principles derived from ecosystem
analysis will enable Uninet to advise on

conservation strategies,
especially for problems
linked with loss of diver-
sity through disturbance
of food webs. Neural sys-
tem research in Uninet
will advance under-
standing of impulse
transmission and brain
function. And in the
rather different but com-
parable area of eco-
nomic networks, Uninet

research on world markets and major
auctions (like privatisation) will provide
valuable guidance for policy-makers
concerned with improving the efficiency
of market structures. By completion,
Uninet will have created new and improved
algorithms for solving network-related
problems, with wide-ranging potential
applications. 

abstraction. The work packages to be
undertaken in each of the individual areas
will examine the methods that have been
used to derive networks and their dynam-
ics, which include clustering algorithms
and Bayesian network approaches. Graph-
oriented search algorithms have been
used to understand the
structure of networks,
e.g. triangles in a net-
work topology. Other
methods relate to
dynamic systems the-
ory, e.g. stability of
components, and also
mathematical methods
relating to observable
features like robust-
ness. Biological systems
are often extremely
robust, that is they are self-maintaining
under external pressure.

Uninet’s expected influence

Because of its interdisciplinary approach,
Uninet expects to be able to offer insights
into significant new areas of research. In
pharmaceuticals, for example, analysis of
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els can be reduced in
complexity to the sim-
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T he emerging field of glycomics – the
system-wide study of the function of

sugars in an organism – is revealing that
saccharides play multiple roles in a huge
number of cellular processes. Consequently,
pharmaceutical companies are increasingly
interested in incorporating sugars into mod-
ern therapeutics.
But today only a handful of approved drugs
include any functional saccharide groups.
The industrial synthesis of even some simple
monosaccharide units is complex, and an
oligosaccharide of just five units may involve
more than 50 separate process steps. In
short, the production costs are frequently
just too high.

A natural solution

Living cells, meanwhile, manufacture,
metabolise and manipulate sugars with ease,
thanks to enzymes. Scientists are therefore
keen to harness this enzymic approach as
an alternative to the inefficient and waste-
ful synthetic processes used today.
The EuroBioSyn project has set itself the
challenge to develop a cell-based system
to produce dihydroxyacetone phosphate
(DHAP)-derived monosaccharides for pharma-
ceutical applications. The team will convert

Industrial methods to manu-

facture even simple saccharide

structures are extremely com-

plex and expensive. Living cells,

meanwhile, readily synthesise

saccharides using enzymes. By

blocking unwanted metabolic

pathways and engineering the

regulatory properties of key

enzymes in bacterial cells,

scientists hope to convert

bacteria into highly efficient,

environmentally friendly and

economic saccharide factories

– and proving the possibility of

using bacteria for the economic

manufacture of many other

complex molecules.

the common bacterium E. coli into a ‘DHAP
factory’ capable of efficiently synthesising
these monosaccharides on a commercial
scale.
The idea is to allow an engineered E. coli to
have an initial growth phase, then flip a
switch (through the introduction of a bacter-
ial virus, or phage) that will cause a major
reorganisation of the cell proteome. In the
production phase, the cells are reduced to
two main metabolic pathways which carry out
synthesis and provide energy.

Cutting out the clutter

In nature, cells are not geared to the pro-
duction of high yields of a single product.
Consequently, two highly efficient modules
will be generated by optimising the activity
of the key pathway enzymes and blocking all
other unnecessary metabolism. EuroBioSyn
brings together experts – experimental and
theoretical – in molecular biology, func-
tional genomics, computational biology,
biochemical engineering, and process sys-
tems engineering. Together the team will
be able to analyse carbohydrate metabol-
ism in E. coli, identify target enzymes for
alterations, and optimise the pathway
performance.

A sweeter way 
to make saccharides

E U ROB IOSYN

Developing artificial methods to produce saccharides is a challenging way to replicate nature.
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The project aims to open up new, cost-effective production methods for the pharmaceutical industry.

The taste of success

If the EuroBioSyn project is successful it will
immediately solve the problem of economic
production of DHAP derivatives at a com-
mercial scale. The monosaccharides could be
produced cheaply from glucose in a one-

pot, one-step process,
opening the way for new
and more effective phar-
maceutical products.
However, the proof of
concept with this rela-
tively simple system
could also lead the way
to the development of
further modules in the
system, for example a
module for saccharide
activation and coupling

into more complex oligosaccharide structures.
The revolutionary and environmentally
friendly technology could be adapted for
other complex molecules such as oligopep-
tides and glycoconjugates, providing Europe
considerable competitive advantage in the
sector of fine chemical manufacturing.

Bioinformatics tools from the field of sys-
tems biology, for instance, can identify which
enzymes in side reactions consume inter-
mediates and lower yields. The genes for
many of these non-productive enzymes can
be knocked out, but some of these enzymes
may be required for the initial growth phase.
These need to be elim-
inated during a pro-
teomic switch from the
growth phase to the
production phase.
Studies on the fate of
intermediates of these
pathways will provide
data on the production
dynamics. System analy-
sis will help to produce
a mathematical model
of the dynamics of the
complex reaction sequences to identify, then
optimise, any productivity constraints in the
process. Computational biology can be used
to identify ways to modify the regulatory
properties of key enzymes in these path-
ways to allow for improved yields, whilst
conserving their catalytic functionality.
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The use of antibodies in research is now
routine, used daily in life-science labora-

tories across the globe. Yet despite their
prevalence, antibody production still relies
on a 30-year old technique that is time con-
suming and expensive: each time you want
a new monoclonal antibody you have to start
from scratch. Furthermore, antibodies devel-
oped this way are not suitable for human
therapeutics.
A group of researchers from Germany,
France, Austria and the Czech Republic has
embarked on an ambitious NEST project to
develop a new technology, which could dra-
matically reduce the time and effort required
to produce monoclonal antibodies. The Hyblib
consortium hopes to produce a ‘library’ of
around one million hybridoma cells, each
expressing a different antibody. It would
then be relatively easy for researchers to
screen the library and pick the cells that
selectively bind their chosen antigen.

Stocking the library

The hybridoma library will be produced by
rearranging the genes that code for antibody

European scientists are combin-

ing their expertise in immun-

ology and molecular biology

to develop a new technique

for producing monoclonal anti-

bodies, aiming at a library of

over one million cells each

expressing unique antibodies.

A novel screening technique,

based on cell signalling, should

enable cells that specifically

bind antigen to be selected

and purified. A phenomenon

called somatic hypermutation

could further improve antibody

affinity. If successful, the Hyblib

system would be quick, easy

and far less expensive than

existing techniques, and could

become the standard produc-

tion method of the future.

specificity (the variable antibody genes),
through the targeted action of enzymes
called recombinases. Each rearrangement
of the genes produces an antibody with
different binding specificity, and in total will
generate a population of cells – the library.
The library would contain over one million
cells each expressing a different antibody
with different antigen specificity. It is there-
fore likely that within the library an antibody
can be found with at least low to medium
affinity for almost any target antigen.
However, while you are likely to find cells
expressing an antigen-specific antibody, it
is unlikely that the binding affinity is partic-
ularly high. A second strand in the project will
therefore develop a method to increase the
antibody affinity once a suitable candidate
has been selected from the initial library
screen.
Changes in antibody-antigen binding affin-
ity are caused by mutations in the variable
antibody genes. Research has shown that
certain enzymes are capable of inducing these
mutations in cells in a process called somatic
hyper-mutation. The Hyblib researchers will
therefore insert genes for these enzymes so

Monoclonal antibody
production made quick
and easy

HYB LI B
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In this novel library screening method no
animals are needed. Screening the library
would be a relatively cheap and simple pro-
cedure, especially as each hybridoma cell
displays over 100 000 antibodies on its sur-
face, giving a strong signal for antigen bind-
ing. Furthermore, as the entire library would
be descended from a single cell, background
‘noise’ in the screening process would be

markedly reduced, along
with the number of false
positives.
Although each individual
task in this project
involves standard molecu-
lar biology procedures,
the combined expertise
in this project has the
potential to produce an
entirely new system for
monoclonal antibody
production. It has the

potential to dramatically speed up the gen-
eration of monoclonal antibodies for appli-
cations in basic research, diagnostics and
even human therapeutics.

that once a candidate cell has been selected
from the library, the hyper-mutation genes
can be turned on. From the resulting mixture
of mutated cells, the rare ones expressing
higher-affinity antibodies can be selected.

Screening made simple

This hybridoma library method has many
advantages over the
conventional hybridoma
method for monoclonal
antibody production.
First, it is a library of
human antibodies. This
is a major breakthrough
as attempts so far to
generate human mono-
clonal antibodies (which
are proven to be of thera-
peutic use in patients)
from hybridoma cells
largely failed. At present ‘human’ monoclon-
als can be produced either via a laborious
genetic engineering process to graft parts
of the mouse antibody into the human anti-
body scaffold, or by using patented trans-
genic mouse strains.
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M any new biotechnology businesses
rely on the use of live cells as pro-

duction units for proteins of commercial
value. In such processes, a carrier and deliv-
ery system introduces the gene coding for
the protein, with appropriate regulatory
sequences, into the host cell. Although
widely applied, this method has drawbacks:
it has to be optimised for each carrier and
delivery system, over-production of the pro-
tein may be harmful to the cell, and purifi-
cation may be problematic, particularly if
the end product is intended for therapeutic
use and subject to strict regulatory require-
ments.
A solution may lie in the use of cell-free
systems for transcribing genes and trans-
lating the transcripts into proteins. These
systems tend to have a rather low yield, but
if the reactions are carried out under condi-
tions of continuous flow (immobilisation
of large molecules in a porous material, con-
tinuous supply of reagents and removal of
reaction products), it is possible to achieve
a fairly constant rate of protein synthesis
over a period of up to 100 hours.
The time may be ripe for looking at DNA-
based protein synthesis in a new way: how
about creating combinable artificial or semi-
biotic modules capable of carrying out their

A European consortium aims

to develop self-assembling

particles capable, like the

nuclei of living cells, of sus-

taining gene transcription. This

function would be controllable

by non-biological signals trig-

gering DNA compaction loos-

ening. Implanted into cells or

interfaced with cell-free tran-

scription-translation kits or

synthesis-on-a-chip systems,

the particles, called ‘neonuclei’,

should offer an exciting new

approach to the production of

biomolecules of industrial or

medical interest. 

different steps in a controlled manner? Today
this is just a dream, but pioneers within the
NEST Synthetic Biology PATHFINDER initia-
tive have begun to pave the way. In a project
called Neonuclei, a multidisciplinary consor-
tium aims to create self-assembling tran-
scription-competent DNA-based modules,
to be integrated into semibiotic systems for
producing complex biomolecules.

Neonuclei

The primary goal of the Neonuclei project is
to generate synthetic analogues of cell
nuclei, capable of self-assembly in mixtures
of DNA, macromolecules (or nanoparticles),
and lipids. The resulting ‘neonuclei' will con-
tain a synthetic ‘genome’, and their internal
nano-architecture should be able to sustain
gene transcription in the presence of the
necessary enzymes and transcription fac-
tors. Beginning with simple model systems
and building up to structures of increasing
complexity, partners will focus on nano-
structures formed in DNA-protein-lipid sys-
tems as a result of phase separation. Studies
on real nuclei will guide their efforts.
The neonucleus ‘genome’ will offer an attract-
ive novel feature: controllability of transcrip-
tion by non-biological signals. The strategy

Synthetic analogues 
of cell nuclei

N EON UCLE I

Cell  nuclei are capable of producing proteins.
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The project aims to produce synthetic versions of living cells.

New avenues

If successful, the project should yield novel
cell-free expression systems where the
neonuclei are used with reagent mixtures
of biological origin, lab-on-a-chip type systems
where the neonucleus is integrated with
protein synthesis modules on a microfluidic
device, and implant-modified cells where

synthesis of target pro-
teins can be switched
on and off as desired.
Neonuclei should thus
pave the way for the
development of semi-
biotic systems as a new
area of R&D.
The long-term impact of
this project could be

considerable. Potential applications of
neonuclei include, among others, safer gene
therapy strategies, closed-loop devices for
patient treatment (synthesising complex
biomolecules on demand), and devices or
sensors using unstable – but regenerable –
biomolecules.

for achieving this is based on the observa-
tion that in real nuclei, some genomic regions
are ‘silent’ because the chromatin (i.e. the
DNA-containing material) is too compact to
allow transcription. Hence, in addition to
several genes (or repeats of the same gene)
and appropriate regulatory sequences, the
engineered genome will contain sequences
designed to induce (reversible) DNA com-
paction in response to
physical or chemical
stimuli.
As gene transcription is
only the first step in pro-
tein synthesis, proof of
concept will rely on
interfacing the neonu-
clei with systems that
can translate gene tran-
scripts into proteins. These will include con-
tinuous-flow transcription-translation kits
and prototype ‘synthesis-on-a-chip’ systems.
In addition, the neonuclei will be micro-
injected into living cells.
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It is amazing to think that the powerful elec-
tronics found in computers are actually

based on networks of extremely basic com-
ponents: switches that turn on or off depend-
ing on input variables. It is also amazing to
learn that scientists are now building simi-
lar switches from DNA. By joining together
carefully selected genes and regulatory
sequences, researchers are able to construct
artificial ‘circuits’ which are able to sense
particular conditions or signals within a cell,
and respond accordingly.
An EU-funded project is working to demon-
strate the potential of such rationally
designed gene networks for medical appli-
cations. A number of European scientists
have joined together to design network mod-
ules that can detect and possibly correct
aberrant cellular function in cancer cells.
The researchers have decided to focus their
research on the p53 signalling system. The
p53 system is able to detect damage to the
cell and then tell it either to repair itself or
die. When the system goes wrong, however,
cells do not respond properly to damage
and cancer may occur. Indeed, the p53 path-
way is implicated in almost all tumour types
– in around 50% of tumours the p53 protein
has been altered in some way so that it no
longer functions correctly. The remaining

By carefully linking certain

genes and regulatory sequences,

scientists are able to design

and construct ‘gene networks’

that can sense and respond to

specific conditions or signals in

the cell. A multi-disciplinary

team is working to develop one

such network that will sense

errors in p53 signalling – a

pathway implicated in almost

all cancers – and respond either

by killing the cell or by actually

repairing detected mutations.

The technology could have a

wide range of applications from

gene therapy to diagnostics. 

50% of tumours carry alterations either in
direct regulators of p53 or in pathways that
eventually lead to p53 activation.
The primary objective of the NETSENSOR
project is to build a gene network that will
detect several steps in the p53 pathway,
identify the step that is not working correctly
and then selectively respond, either by killing
the cell or by repairing a mutant gene, if this
is the case. 

Networks of knowledge

The development of this novel system
requires the expertise of a multidisciplinary
team. The project includes leading scien-
tists from three laboratories and one SME
with expertise in systems biology, protein
design, cell biology, cancer therapeutics,
viral delivery of genetic constructs, and DNA
repair mechanisms. 
The first task of the group is to construct
artificial networks that can sense the state
of the p53 pathway in cells, building on
previous work in this field by various part-
ners. Numerous network modules will be
designed and tested both experimentally
(in a variety of p53 aberrant cell lines specif-
ically produced within the project) and by
using computer modelling. By exchanging

Genes join up 
to detect and defend
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Computing power is critical to developing gene networks.

can be manipulated easily and will be cap-
able of storing and delivering a wide range
of different network constructs. They will
also ensure that the virus system can deliver
its load to all cell types, but remain inactive

and not induce cell death
in healthy cells.

Sense of 
achievement

The culmination of the
three-year project will
be the testing of the net-
works to detect and

respond to p53 aberrations in a selection
of tumour cell samples. NETSENSOR will
demonstrate that simple gene networks
can sense errors in complex cell signalling
pathways and react to them. Such systems
could have widespread medical use in diag-
nostics, drug delivery, highly targeted treat-
ments and gene therapy. And from these
simple networks perhaps one day medicine
will have a tool as powerful as our computers
are today.

components from simple networks that
sense a single condition (e.g. high activity of
a protein that triggers p53 degradation) it
should be possible to create more compli-
cated circuits that are able to detect and
respond to a variety of
‘p53 errors’.
Killing a cell is a rela-
tively straightforward
affair, but selectively
repairing damaged DNA
is far more tricky. The
project focuses on a
family of enzymes called
endonucleases which
are able to cut DNA at specific recognition
sites. This cutting opens up genes for repair,
making it possible to replace mutant sections
with corrected sequences. The NETSENSOR
project will combine computational biology
and a process called molecular evolution to
engineer endonucleases that recognise
mutant DNA sequences that are known to
induce cancerous cells.
The viral delivery of gene networks to cells
must also be addressed. NETSENSOR par-
ticipants will work to develop a vector that
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