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these mechanisms could explain behavioural differences 
between species. From there we might come to a better 
understanding of how humans and animals think. 

If science can identify the blueprint behind the 
organisation of the brain, then we may be able to understand 
the very basis of thought. In turn, could this lead to an 
explanation of mental disorders and other brain diseases? 

Like so many problems in biology, headway 
can be made by asking a simple question: where 
did it all come from in the first place? What 
is the evolutionary origin of the brain?

Looking at neurons in different animals

The great 19th Century Spanish anatomist Ramón 
y Cajal exploited improvements in microscopes and 
chemical stains to discover that it was possible to see, 
in thin slices of brain tissue, individual neurons. Rather 
than being round cells like those in many other tissues, 
Cajal observed that neurons had a tree-like branched 
appearance and that each branch was covered with 
dozens of little bumps, the synapses. He soon found 
that all vertebrates have brains made of neurons. 

The human brain is the most complex biological 
entity known. It is built from 100 billion 
nerve cells (neurons), every one of them 
connected to perhaps 1000 others. The 

network of the human brain contains around 10 million 
billion of these connections – called synapses – and each 
one is a “computer” processing and storing information. 

So we can think of the brain as we do the Internet 
– an enormous network of computers – and it may 
surprise you to know that one human brain has a million 
times more connections than the entire World Wide 
Web. It’s this enormous computational power that 
generates the vast repertoire of behaviours we deploy 
every day. Consider, for example, the extraordinary 
feats your brain is achieving as you read this article.

While we humans exhibit a set of behaviours that 
is very similar among all humans, we also share many 
similarities with other animals, and not just with our 
close evolutionary cousins, the primates. This tells 
us that there must be some common denominator in 
the biological makeup of all animals that underpins 
their behaviours. If we can discover these common 
denominators we might find that subtle variations in 

Seth Grant: “There 
may be more to 
the evolution of 
behaviour than just 
numbers of neurons.”

From little things, big things grow
Understanding the evolution of the brain is on a par with  
the quest to comprehend the organisation of the cosmos,  
writes Dr Seth Grant (BSc ’80 MBBS ’84)
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Neurons were also found in invertebrates such as 
insects, worms and snails. It may be a surprise to beach 
loving Australians that even the simple jellyfish has 
a network of neurons, which it employs to control its 
rhythmic contractions and thereby swim. Since jellyfish 
and other invertebrates with simple nervous systems are 
found in the fossil record from more than a billion years 
ago, it is thought that these animals were the first to evolve 
a brain. In other words, the origin of the brain is in ancient 
invertebrate animals.

It is also widely assumed that invertebrate neurons 
are more or less the same as the ones that are found in 
vertebrates and all other animals, including humans. The 
idea that neurons are fundamental building blocks from 
which all brains are built is simple and appealing: animals 
with more neurons are smarter than animals with fewer 
neurons, right? 

Vertebrates have a wider overall repertoire of 
behaviours with many more specialised forms of behaviour 
than invertebrates. Take learning and memory for 
example; flies, slugs and worms learn in simple ways – 
sensitisation or habituation to particular stimuli – but 
mammals show many more forms of learning such as 
fear, spatial and verbal learning. Can this be explained by 
simply having more neurons? 

It’s not just the total size of the brain, but also the size 
of different parts of the brain that has received attention 
from scientists wishing to explain the differences in 
behaviour between species. Take the human and primate 
brain for example: the frontal regions are proportionately 
larger in humans than in chimpanzees. Because this is 
where some “higher mental functions” are performed it 
seems obvious that humans have more neurons in this part 
of the brain and that explains why we are better at these 
sorts of behaviours. 

While there is a general relationship between the 
number of neurons and the range of behaviours or animal’s 
ability, there are exceptions that complicate the picture. 
Bird brains have a quite different anatomy to mammals. 
Despite their relatively small brains, parrots and other 
birds have been shown to have some mental abilities 
comparable to a five-year-old human or a chimpanzee. 
There may be more to the evolution of behaviour than just 
numbers of neurons. 

While counting neurons has been around for a century, 
it is only in the past 10-15 years that the world of molecular 
biology has opened up in brain science. Through 
molecular biology we are beginning to get an entirely 
new view into the origins of the brain and the differences 
between species. 

The complex molecular world inside  
the synapse

In 1989 as a postdoctoral fellow at Columbia University 
in New York, I collaborated with Dr Eric Kandel – 
later awarded the Nobel Prize in 2000 – who was then 
working on the functions of synapses in marine snails. 
Using electrophysiology, which measures the electrical 
functions of neurons and synapses, he found that synapses 
showed plasticity or changes in their strength when the 

snail learned. My goal was to take new genetic methods, 
learned while I was a postdoctoral fellow at Cold Spring 
Harbor laboratory, to try to find the molecules at the 
synapse that controlled plasticity and learning. I was more 
interested in the complex brain of mammals especially 
since we had new ways to study them.

By examining behaviour of mice that had gene 
mutations engineered into them we discovered new 
molecular mechanisms of learning and memory. Between 
1989 and 1992 we discovered that synapses had proteins 
within them called tyrosine kinases – essential for synapse 
plasticity and learning. Since then, this genetic approach 
has uncovered over 200 genes involved with learning, far 
more than anyone expected. Many of these genes are also 
important in humans who have learning disability and 
mental disorders.

While it was tremendously exciting to witness the 
uncovering of the molecular basis of behaviour, it was 
slowly becoming apparent that we were seeing many 
more molecules than expected. Not only did the genetics 
reveal over 200 genes involved with plasticity and learning, 
but in the year 2000, while at Edinburgh University, my 
team discovered hundreds of new proteins at the synapse 
using a new method called proteomics. The total number 
of synapse proteins is now around 1500. This makes the 
mammalian synapse the most complex of any cellular 
structure known. 

So the mammalian brain has an astronomically large 
number of synapses with a very high number of proteins 
within them. Evolution seems to have gone to great 
lengths to build brains of great complexity. How and why 
did synapses and the brain evolve to be so complex? 

Finding the origin of the brain

Paradoxically, this vast complexity in the long list of 
mouse synapse proteins gave us a new and simple way 
to ponder the evolutionary origins of the brain. It was 
an exciting prospect: although the synapse had been 
studied in thousands of research papers, almost nothing 
was known about its origins and evolution. Would we 
find that the brain evolved from simple invertebrates, as 
was the standard model? Would we find that invertebrate 
and vertebrate synapses were essentially the same, as 
was thought? 

The first step was to ask which animals have the 
genes that make synapse proteins. This was easy to 
answer because the genome – the full complement of 
genes encoded in DNA – had been decoded for many 
species and we could use a computer to search their DNA 
sequence for the synapse genes. We examined 19 different 
species including humans, primates, rodents, birds, fish, 
insects, worms and even single-celled animals. 

We made unexpected findings. The most surprising 
was that 25 per cent of mammalian synapse proteins were 
also found in animals with no neurons at all; single-celled 
organisms such as yeast, for example. What could these 
proteins be doing in yeast? Can yeast think? At some level 
the answer to this is yes. Yeast cells make decisions in 
response to changes in their environment. For example, 
when the nutrients or acidity in their external environment 

We are 
beginning 
to get an 
entirely new 
view into 
the origins 
of the brain 
and the 
differences 
between 
species



16 SAM  Autumn 09

(What legacy will you leave?)

Faculty of Pharmacy

Bequest Office:MsWendy Marceau, The University of Sydney NSW 2006 T: +61 2 8627 8492 F: +61 2 8627 8819 E: bequests@usyd.edu.au

Professor Michael Murray is researching ways
to revolutionise cancer drug therapy

“

One size does not fit all. That is why Professor Michael Murray’s research in prescription medication treats the individual as well as
the disease. His research identifies why we all metabolise medication differently so that the positive effect of drugs can be maximised
and made safer for each individual. Contact the Bequest Office to find out how you can leave a lasting legacy and support new ways to
improve health care worldwide.

”

Are you interested in hosting a 
motivated intern in 2009?

The International Office is currently 
seeking partners for the new Study 
Abroad Internship program.

International students selected for 
the program have the opportunity 
to complement their academic study 
with a meaningful and professional 
work placement.

Students bring with them: 

A strong academic background
International outlook
Diverse range of skills and 
abilities
Desire to take on challenging 
projects and tasks.

CONTACT DETAILS
International Office  
Ph: +61 2 8627 8327
Fax: +61 2 8627 8390 
Email: internships@io.usyd.edu.au 
www.usyd.edu.au/internationaloffice 

CRICOS provider code: 00026A

www.usyd.edu.au/studyabroad/internships

Thank you!
On 20 February 1979, staffed by University of Sydney 
students and graduates with the support of the Faculty 
of Law, Marrickville Legal Centre opened at Marrickville 
Town Hall. Marrickville Legal Centre provides free legal 
advice and assistance to disadvantaged people of 
the Inner West and surrounding areas. The Centre’s 
catchment area now covers 12 local government 
areas, which include Auburn, Ashfi eld, Bankstown, 
Burwood, Canada Bay, Canterbury, Hurstville, Kogarah, 
Marrickville, Rockdale, Strathfi eld and Sutherland. 
With the assistance of a strong and dedicated base of 
volunteer legal practitioners, the Centre continues to 
assist local residents by providing free legal advice at 
evening advice clinics. Over the past 30 years the Centre 
has made a major contribution to the local community. All 
current and former staff, volunteers and board members, 
should be congratulated for their personal contribution 
to the Centre’s many achievements during this time. 

If you are a legal practitioner and you are interested in being 
part of the Centre’s volunteer program, please contact Lisa 
Woodgate on 02 9559 2899 or email Lisa_woodgate@clc.net.au
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Could it be that “big” molecularly complex vertebrate 
synapses were needed for big brains to evolve? After all, 
the brains of vertebrates are much bigger than invertebrate 
brains. As a step toward answering this question we 
examined many types of neurons in many different regions 
of the mammalian brain to see which proteins were in them 
and a very clear and simple picture emerged: the ancient 
proteins from the protosynapse were generally found in 
all different types of neurons in the mammalian brain and 
the recently evolved synapse proteins and in particular 
the ones that arose in vertebrates were found in some 
but not all neurons. Thus it was the vertebrate-evolved 
proteins that made the specialised nerve cell types and 
brain regions of vertebrates. Therefore the evolution of the 
synapse is a template for the evolution of the diversity and 
specialisation of the many types of nerve cells that make 
large and complex brains of mammals. This brings us full 
circle to link our molecular studies to the century of studies 
documenting the many types of neurons.

Our studies show that the evolution of the brain is not 
only about numbers of neurons. It is about numbers of 
molecules at synapses and how they are organised. The 
vast numbers of synapses in the human brain are built 
around a core set of protosynapse proteins, which fi rst 
evolved in unicellular animals, and new proteins were 
added to this protosynapse core when invertebrates – and 
later vertebrates – evolved. These were the molecular 
building blocks for constructing the many different types 
of neurons and synapses found in the mammalian brain. 

Synapse evolution, human behaviour 
and mental illness
While it may seem academic and of no practical use to be 
investigating the origins and evolution of the brain, the 
results of this study have opened new and exciting ways to 
understand the causes and treatments of mental illness and 
brain disease. Brain diseases impact more on health services 
in western countries than any other diseases and are very 
poorly treated using existing pharmaceuticals. The great 
challenge is to not only fi nd new drugs and their molecular 
targets in the synapse, but to understand the very nature of 
the behavioural disorders that arise in these diseases.

We noticed that many diseases, including Alzheimer’s, 
Parkinson’s disease, schizophrenia and depression, are 
caused by vertebrate-evolved synapse genes. This tells 
us that although evolution has produced beautifully 
organised and complex synapses for humans to use in their 
behavioural repertoire, it comes with a price: when those 
proteins are defective we end up with mental illness. Our 
future research will try to uncover how disease related 
proteins are used in synapses, why they have evolved, 
and how we can treat these diseases. Putting this together 
with evolutionary studies might lead us to understand the 
origin of thought processes and our similarities with other 
animals. SAM

Seth Grant is Professor of Molecular Neurobiology and based 
at the Wellcome Trust Sanger Institute in Cambridge, England. 
He also holds Professorial appointments at the Edinburgh and 
Cambridge Universities.  

changes, yeast cells detect the change and respond by 
altering their growth or behaviour. The proteins used by 
yeast to make decisions in response to their environment 
were some of the same proteins found in human synapses. 

These observations lead us to a startling conclusion: 
the evolutionary origin of the brain lies not in jellyfi sh 
or other invertebrates, but in an ancestral set of proteins 
that unicellular animals use. I call this the “synapse fi rst” 
model of brain evolution and the ancestral set of proteins 
the “protosynapse”.

The next step in unravelling the story was to look 
carefully at all the different species and see how many 
synapse proteins they had. Contrary to the assumption 
that invertebrates and vertebrates have neurons that are 
the same, we found that vertebrate synapses had twice 
as many of the specialised synapse proteins than did 
invertebrates. And the number of invertebrate synapse 
proteins was twice as many as the ancient protosynapse 
proteins found in unicellular animals. Thus it became 
apparent that after the protosynapse proteins fi rst evolved 
in unicellular animals, and when invertebrate animals 
arose, there was a step-wise expansion in the number 
of synapse proteins and another expansion again when 
vertebrates later evolved. 

Not only did we fi nd that the molecular origins of the 
brain were much older than expected, but we also found 
that vertebrates and invertebrates were very different in 
their synapses. This points to the concept that the synapse 
is the centrepiece around which the origins and evolution 
of the brain is organised.

From simple origins to big complex brains
While this synapse evolution model gave us a new view 
of the origins of the brain it did not, at fi rst glance, explain 
why humans and other vertebrates have enormous brains 
with many neuron types. There was however, a very 
provocative clue: the big set of vertebrate synapse proteins 
evolved millions of years before any of the animals with 
large brains, such as dinosaurs and mammals, evolved. We 
know this because we can use ‘molecular clock’ data from 
the DNA sequences of the species living today to estimate 
when the vertebrate synapse genes arose. 

The synapse 
is the 
centrepiece 
around 
which the 
origins and 
evolution of 
the brain is 
organised
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The evolution of 
vertebrate synapses 
from their ancestral 
protosynapse in 
unicellular animals is 
shown. The synapse 
cartoons show the 
synapse proteins in 
colour: the yellow 
triangles are the 
ancient proteins that 
evolved little since 
unicellular organisms 
and the blue circles 
are the synapse 
proteins that have 
evolved the most. 
Major expansions 
in number and 
complexity of 
synapses separates 
unicellular, 
invertebrates and 
vertebrates.
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