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Preface 

Any scientist sitting down to write a book that has any 
claim to a completeness – and a story does sound like 

it should be complete – has to issue an apology. It is in our 
nature to be cautious and even-handed, to weigh the evidence, 
highlight gaps and tentatively suggest a conclusion. But a story 
is different from a scientific report and for all the episodes that 
I include, I know that there will be a thousand important tales 
that could have been left behind.

A couple of years ago a friend, a writer and journalist 
from Portugal, gave me a book by a professor of European 
Literature, Winfried Sebald. I am not quite sure how she 
knew that I would be gripped by his writing, but the lan-
guid journey he described with a slight air of melancholy is 
a rich mix of history, revelation and storytelling that I would 
love to emulate. In The Rings of Saturn, Sebald wanders the 
by-roads of East Anglia, the countryside around the university 
where he worked, picking up the stories that flash through 
the landscape. A literary scholar would likely label it as psy-
chogeography and maybe the story of the brain through its 
cells is exactly this – a stroll through recollections, my own 
and others.
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The story of brain cells is tightly interwoven with the per-
sonalities of the people who described them. This isn’t the way 
that science cultures evolve or how the history of science might 
be talked about these days, but brain cells have personalities 
and individual stories that change with each observer. And 
the observers’ stories make the tale come to life. There are 
collisions: Fridtjof Nansen, the young Arctic adventurer with 
a passion for microscopy and a hungry intellect, meets Istvan 
Apáthy, the studious Hungarian who took twelve painstaking 
years to publish his studies. There are tales of scientists who 
die too young: Enrico Sereni, impatient to make new discov-
eries and reach his goals, with an acute sense of how little 
time he had; Otto Deiters, struggling for money and sick 
with typhus, who came so close to a brain cell theory years 
before others would claim its discovery; Walter Pitts, home-
less at fifteen, the mathematician at the heart of the artificial 
intelligence revolution, who abandoned his work at the end of 
his twenties to read and drink heavily for his last ten years. 
And between these lives, two world wars that shook up the 
paths and expectations of young scientists and pushed them 
towards a new science, neuroscience: Francis Crick, Warren 
McCulloch, Edgar Adrian.

Stories matter. The neuroscience pioneers who found them-
selves on the wrong side of a narrative also found that their 
reputations suffered and their voices were silenced: Apáthy, 
Joseph von Gerlach and Camillo Golgi, who discovered the 
technical approach that heralded modern neuroscience. And 
the storytellers who were neither pioneers nor original thinkers, 
but who told a gripping tale, coined a phrase or drew a com-
pelling picture: Lewellys Barker in Baltimore and Heinrich 
Waldeyer in Berlin had an enormous if unrecognised impact 
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on the world. They gave us the word ‘neuron’ and that single, 
unmistakeable picture of a brain cell that we all recognise.

Places matter. So many stories converge around the damp 
basement laboratories of a Cambridge University emerging 
into the twentieth century and, more potently, the marine 
biology research labs, the Stazione Zoologica Anton Dohrn, in 
Naples. When I visit this place, at some point in the future, 
as I feel I have to, will I sense the ghosts of Richard Gregory, 
JZ Young, Sereni, Nansen, Apáthy? I can feel the sun on my 
face as I bob on the gentle waves of the Bay of Naples, casting 
my net for copepods. This dream of where I could get to, the 
stories woven by scientists before me and the stories that I will 
be able to tell, all keep me going back to the mysteriously 
beautiful brain cell.

People in this story

• Lord Edgar Adrian (1889–1977), British 
electrophysiologist (Nobel laureate)

• Istvan Apáthy (1863–1922), Hungarian zoologist and 
histologist

• Richard Avedon (1923–2004), American fashion and 
portrait photographer

• Lewellys F. Barker (1867–1943), American doctor and 
neuroanatomist

• Vladimir Betz (1834–1894), Ukrainian anatomist

• Valentino Braitenberg (1926–2011), German psychiatrist 
and cyberneticist

• Korbinian Brodmann (1868–1918), German neurologist
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• Eduardo Caianiello (1921–1993), Italian theoretical 
physicist

• Pedro Ramón y Cajal (1854–1950), Spanish 
neurohistologist, medical doctor, pathologist. Brother of 
Santiago Ramón y Cajal

• Santiago Ramón y Cajal (1852–1934), Spanish 
neuroanatomist and founder of modern neuroscience 
(Nobel laureate)

• Francis Crick (1916–2004) British biophysicist and 
neuroscientist (Nobel laureate)

• Otto Deiters (1834–1863), German neuroanatomist

• René Descartes (1596–1650), French philosopher

• John Dolland (1706–1761), British lens maker who 
patented the achromatic lens that had been invented by 
a barrister, Chester Moore Hall

• August Forel (1848–1931), French psychiatrist, 
neuroanatomist and zoologist

• Rosalind Franklin (1920–1958), British biophysicist

• Sigmund Freud (1856–1939), Austrian neuroanatomist, 
founder of psychoanalysis

• Theodor Fritsch (1858–1927), Prussian neurophysiologist

• Camillo Golgi (1843–1926), Italian neuroanatomist and 
inventor of a staining technique (Nobel laureate)

• Richard Gregory (1923–2010), British psychologist

• Rainer ‘Ray’ Guillery (1929–2017), British 
neuroanatomist

9781788162968_The Story of the Brain - 5th proofs.indd   49781788162968_The Story of the Brain - 5th proofs.indd   4 21/02/2023   09:59:1421/02/2023   09:59:14



5

• Charles Judson Herrick (1868–1960), founding editor of 
the Journal of Comparative Neurology and author of The 
Brain of the Tiger Salamander

• Wilhelm His (1832–1904), German embryologist

• Eduard Hitzig (1838–1907), Prussian neurophysiologist

• Alan Lloyd Hodgkin (1914–1998), British physiologist 
(Nobel laureate)

• Andrew Huxley (1917–2012), British physiologist and 
inventor (Nobel laureate)

• Tatsuji Inouye (1881–1976), Japanese ophthalmologist

• John Black ‘JB’ Johnston (1868–1939), American 
comparative neuroanatomist

• Immanuel Kant (1724–1804), German philosopher

• Cesare Lombroso (1835–1909), Italian physician and 
founder of criminology

• Keith Lucas (1879–1916), British electrophysiologist

• François Magendie (1783–1855), French physiologist

• Warren McCulloch (1898–1969), American philosopher, 
physiologist, neuroscientist and pioneer of cybernetics

• Egas Moniz (1874–1955), Portuguese neurosurgeon and 
pioneer of the lobotomy (Nobel laureate)

• Fridtjof Nansen (1861–1930), Norwegian neuroanatomist, 
polar explorer and champion of refugees (Nobel Peace 
Prize)

• Wilder Penfield (1891–1976), American-Canadian 
neurosurgeon

• Walter Pitts (1923–1969), American mathematician
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• Jan Purkyně (1787–1869), Czech anatomist and 
physiologist

• Pío del Río-Hortega (1882–1945), Spanish 
neuroanatomist, pioneer of glial cell biology

• Arnold Bernard Scheibel (1923–2017), American 
neuroanatomist and physiologist

• Madge E. ‘Mila’ Scheibel (died 1976), psychotherapist 
and neuroanatomist

• Enrico Sereni (1900–1931), Italian neurophysiologist

• Charles Scott Sherrington (1857–1952), British 
physiologist (Nobel laureate)

• W. Stendell (dates unknown), zoologist who provided 
first description of the mormyrid fish 1914

• Rudolf Virchow (1821–1902), German anatomist, 
pathologist and politician

• Heinrich Wilhelm Gottfried von Waldeyer-Hartz 
(1836–1921), German anatomist

• Leonard Worcester Williams (1875–1912), American 
comparative anatomist and physician. Died in an 
accident in a lift at Harvard. His insightful work on the 
squid was forgotten, misquoted and discovered anew by 
JZ Young in the 1930s

• William Hyde Wollaston (1766–1828), British chemist 
and inventor

• John Zachary ‘JZ’ Young FRS (1907–1997), British 
zoologist

• Adolf Ziegler (1820–1899), Swiss clinician and 
anatomical model maker working with Wilhelm His.
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My first cell

If thought has shape,  
what does it look like?

My first brain cell was bright fluorescent yellow – made 
so by a dye, Lucifer yellow, that I had injected into its 

fleshy centre using a vanishingly small glass tube. I had been 
randomly probing brain fragments, carefully dissected into 
dishes and placed under a microscope, with a glass rod pulled 
into a fine point in a miniature forge. Suddenly, after what 
seemed like months of attempts, the sharp glass needle hit the 
invisible centre of a brain cell, penetrated its thin membrane 
– without for once tearing a gaping hole – and the dye, con-
tained and bright, flowed outwards into the taut sphere that 
is the cell’s body and then into its elaborate, tree-like arms.

I watched it fill rapidly with colour. First the thick branches, 
which then split, and divided again into twisting tendrils until 
the smallest and most delicate twigs glowed. I flicked my 
wrist on a metal dial to pull the glass needle away from the 
cell and stared through the two eyepieces of the microscope 
down to the square millimetre of brain, twenty centimetres 
below and separated from my eyes by twenty or more stages 
of optically engineered glass.

Near darkness. The room faintly illuminated by the 
reflected intense blue light emanating from an ultraviolet bulb 
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caged in its metal housing. There was a humming from the 
electronics to my right, the faint smell of mechanical oil from 
the dials, shutters and switches on my microscope. The cell 
was symmetrical, beautiful, perfect.

What can we read from a natural form? If you look at a 
tree in all its variety of shapes and sizes, we can sense how its 
upward growth tells the tale of a struggle for light and space. 
We know what it is trying to achieve from the determination 
of its shoots to seek out a patch of sun. And later in its life, 
when fully grown, we also see the story of the battles it has 
fought. A tree on an exposed coastline, shaved flat on top and 
hugging the contours of a cliff, tells of past storms and the 
prevailing wind. You don’t need to have witnessed these gales 
to know the direction that they invariably came from or guess 
at how strong they are – the branches have long since bent 
away from their force and tell their story.

What about the structure of a brain cell? Like the tree, 
you only have to ask the question: that’s an interesting shape, 
why did it grow like that? The difference is that instead of 
sunlight, the brain cell is reaching for something different: 
perhaps this is information – its own version of sunlight – or 
maybe nourishment in the form of chemicals seeping through 
the gaps between cells. The quality of that shape, the nuance 
of its form, have meanings we can only guess at. And to a 
large extent, your guess is just as good as mine.

There are different kinds of brain cells, just as there are 
different species of trees in a forest. Even though each brain 
cell is unique, each species of brain cell has its own favoured 
connections, characteristic shape and its unique job. Above 
all, they are individual pieces of an architectural puzzle on a 
monumental scale whose stories woven together make up the 
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story of the brain. The cells in this book are ten (and a half) 
landmarks in this story.

I want to encourage you to see the brain through its brain 
cells using only this small group of siblings out of a cast of 
thousands. In doing so, you walk the footsteps of early sci-
entists who used the brain cell as the lens through which to 
see the workings of the mind. You also walk the path still 
trodden by contemporary scientists: by me and my friends, 
students and colleagues, as we peer into a microscopic world. 
The questions for me are still the same as with my first brain 
cell with its glowing, yellow, gently curving branches. What is 
it in the quality of information it carries that makes it grow 
this way? What is the meaning of this beautiful, elegant form?

 
There is a passage written by one of the early brain pioneers, 
Santiago Ramón y Cajal (1852–1934), that almost invariably 
moves me to tears. I use the quote in lectures to students quite 
often. It illustrates a landmark moment in the science of the 
brain and also a moment of personal revelation. It’s the beau-
tifully articulated instant in time when everything changes; 
for the brain, for Cajal himself. But as important as it is as a 
moment for science and for an unlikely scientific genius from 
a dusty and impoverished mountainside village, I still can’t 
work out why it makes me cry and it has become a private 
joke with myself – a test. I make the point of reading it aloud 
whenever I can to a class. However hard I try, I hear the crack 
in my voice, a hoarseness in my throat and I have to turn away 
from the audience to read from the projector screen, hiding 
the emotion as best I can. I don’t think anyone has noticed 
yet. And however often I test myself, the result is the same.

The passage marks a moment of revelation that is a turning 
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point for science – the start of one man’s remarkable crusade to 
understand the brain through its brain cells but also a launch 
pad for a thousand more careers. Cajal was not the first person 
to look at the microscopic form of the brain, but his ability to 
empathise with what he saw and the imagination he brought 
to its understanding stood out among his peers.

The year that the passage was written was 1887. Santiago 
Ramón y Cajal was the director of the Anatomical Museum in 
Zaragoza, a veteran soldier of the Cuban campaign and a doctor 
who had just lived through a terrifying cholera epidemic with 
his young family in Valencia. His career had been tortuous: 
a failed high school education, an apprenticeship to a barber, 
then to a shoemaker, back to high school and finally a half-
hearted journey through medical school, spending his time 
writing fiction and verse, reading philosophy and building 
up his physique through weights and obsessive exercise. After 
military service and a near-fatal illness, he had claimed his 
doctor’s licence and finally established himself with a wife and 
children, gained a position in a medical school, and discovered 
a passion for microscopes.

When cholera followed Cajal from Valencia to the city of 
Zaragoza, he threw himself into the unfolding public health 
crisis, devising a new and rapid way of detecting its patho gen 
in human samples. In gratitude, the city gave a gift of a 
modern, gleaming microscope that allowed him to indulge 
his obsession. With his new instrument, Cajal set up a small 
laboratory at home where he could both conduct research and 
perfect his skills with microscopy by systematically studying 
the tissues in the body.

He had left the investigation of the brain until last, 
knowing that its impenetrable complex tangle made any 
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sensible decoding of its structure almost impossible. However, 
as he started to explore neural tissue, even the smallest insight 
into this uncharted realm delighted him. Isolated from the 
resources and libraries in the mainstream science powerhouses 
of Germany and France, he had to scrape together money for 
subscriptions to journals and tried every technique that they 
described using the tools and chemical reagents at hand.

A pivotal turning point in his life came with a chance trip 
to the capital of Spain. With his status in the academic world 
secured, Cajal was invited to sit on an interview panel for can-
didate anatomy teachers in Madrid. He took the opportunity 
to visit colleagues in what can best be described as an informal 
biology ‘salon’ – a hobbyist’s laboratory that, like Cajal’s own 
laboratory in Zaragoza, had been squeezed into a house in 
Calle de la Gorguera,i a few steps from the Plaza de Santa 
Ana. This was an era in Spain when the idea of conducting 
research that could be written about or published in journals 
was a seemingly impossible dream to Cajal. Exploration of this 
kind was certainly not part of the Spanish anatomist’s day job. 
In the salon, ideas could be discussed and experiments con-
ducted away from the formal corridors of the medical school. 
The excitement was infectious.

It was in this clubhouse atmosphere that Cajal met Luis 
Simarro, a neurologist who had only recently returned from 
Paris and who was fired up with enthusiasm for the new 
research he had seen. Better still, he had brought back some 
of the material that he had encountered in his travels. Simarro 
invited Cajal back to his own home, and his private micro-
scope, to show him some of the treasures that he had gathered. 
Among the samples, brightly coloured, glued with gum to 
slides, cut into thin or thick slices, one blackened lump of 
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brain stood out. It was prepared using a technique invented 
in Pavia by Camillo Golgi. Simarro even had a rare copy of 
some of the drawings its inventor had made and recipes for 
the technique published in a memoir just one year before.

What Cajal saw next in Simarro’s back-room laboratory 
changed his life. He could not sleep that night and early the 
next morning he was knocking again on Simarro’s front door 
to beg another look at a lump of brain chemically treated with 
what became known as the Golgi stain.

Against a clear background stood black threadlets, 
some slender and smooth, some thick and thorny, in 
a pattern punctuated by small dense spots, stellate or 
fusiform. All was sharp as a sketch with Chinese ink 
on transparent Japan-paper. And to think that that was 
the same tissue which when stained with carmine or 
logwood left the eye in a tangled thicket where sight 
may stare and grope ever fruitlessly, baffled in its effort 
to unravel confusion and lost for ever in a twilit doubt. 
Here on the contrary, all was clear and plain as a dia-
gram. A look was enough. Dumbfounded, I could not 
take my eye from the microscope.1

The words sound fresh to my ears and the experience of 
being dumbfounded, the jaw dropping, the blink to look 
again  . . . that is the moment when you realise that here is 
something new, never seen before or seen by only a few.

My jaw dropped when I saw my first brain cell, emerging 
from the dark. It looked like rivers of molten metal being 
poured into a mould. That time I was frozen in awe, while 
other times I’ve jumped up and punched the air or paced the 
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room trying to contain myself before looking again to make 
sure. These moments make up the best parts of science. Years 
of failed experiments can be forgotten in a moment. So Cajal’s 
words reach into that part of me that makes me want to go 
back again and again to the raw excitement of discovery.

But there was more to this than just an excitement at a 
new tool or a glimpse of what next month’s project might be 
at home in his own back-room lab. What Cajal witnessed in 
the house on Calle del Arco de Santa Mariaii was an answer, 
or rather the roadmap to an answer of the riddle of the brain 
itself. This was the dramatic and sudden unveiling of its 
architecture – a diagram that was yet without meaning, but 
for the first time, a richly filled canvas with structure and 
signposts. Cajal knew that the brain and its secrets were there 
for the taking. He returned home to Zaragoza and set off on 
a journey of discovery that changed his life and established 
the foundation of a science of the brain.

 
Brain cells are beautiful. They are compelling and varied in 
the same way that trees have a sinuous and emotional beauty. 
Trees have a form that speaks of their fight against gravity and 
wind to stretch into the light and grow. Brain cells have an 
identical, purposeful form but their nature and their variety 
have a purpose that we don’t fully understand. The brain cell 
is the stuff from which the brain’s function is built. Its shape 
is nothing less than the physical manifestation of a fragment 
of thought.

This was the realisation that stopped Cajal in his tracks. 
There, sitting at Luis Simarro’s microscope, what sprang out 
of the blackened, dehydrated brain, drenched in silver and 
osmium, was a glimpse of the hidden language of all that 
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we think and feel. He had imagined this moment before, in 
Zaragoza, as he had experimented and dissected, teased with 
forceps, dipped and stained tissue through one solution after 
another. But he never dreamed it would be like this: so clear, 
so sharply etched. Here was a pattern, a structure, wonderful 
and mysterious and pregnant with meaning waiting to be 
uncovered. All he needed to do was to look.
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Cell 1

Purkinje’s cell and  
the method of silhouettes

The completely flat Purkinje cell seen face on. Turned ninety degrees, it 
almost disappears from view. Its arcing and branching dendrites extend 
from a cell body up towards the surface of the brain. Its axon stretches down, 
extending out of the drawing, with, in this case, a single short branch close 
to the cell body. When Jan Purkyně first saw these brain cells, only the 
large round cell body and the thick trunk at the base of the dendritic tree 
were visible using the techniques available to him at the time.
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The long journey from student to scientist is a peculiar rite 
of passage. It is a research apprenticeship that involves 

the production of a doctoral thesis – a body of work based 
on personal research. It sounds imposing and academic, and 
although libraries and journals are a part of the process, the 
hidden side of the thesis is the accumulation of strategies for 
coping with boredom and repetitive tasks, finding excitement 
and reward in the most obscure achievements. It is also a 
personal odyssey. Most people who undertake it experience an 
intensity of loneliness, frustration and indignation that far out-
weighs the unexpected moments of pleasure and excitement. 
My loneliest moments were spent in the dark with brain cells.

I spent four years sitting in front of a pool of projected light. 
Tracing the form of brain cells that I had photographed using a 
camera and a microscope. Piecing together their form. Joining 
dots to make coherent branches until the whole emerged. I 
did this for hundreds of brain cells, experiencing an unsettling 
disembodiment – just me, the pool of light and a radio, tuned 
at the time to news reports of the first Gulf War.

The laws of optics dictated that I would spend a large 
chunk of my life assembling pictures of whole cells by looking 
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at a series of photographic negatives of the same picture, 
each with only a little piece of the scene in sharp focus. This 
is one of the unavoidable consequences of looking into the 
microscopic world. As the precision of lenses and their ability 
to resolve the finest details increases, their ability to capture 
anything above or below a very narrow vertical depth – any-
thing ‘out of focus’ – disappears into a blur. Reconstructing the 
scene under the microscope with depth requires images being 
captured in multiple optical slices to build up a composite of 
the hidden world in sharp relief. If a brain cell stretches up 
and down through three dimensions, then tens or hundreds 
of images are needed to capture all its details.

These laws of optics have proved to be extremely useful. 
Sharply focused optical slices allow the three dimensions of 
the microscopic world to be reconstructed. This approach 
was first exploited in the late 1880s when a Swiss physician, 
Adolf Ziegler (1820–1899), teamed up with an embryologist, 
Wilhelm His (1832–1904). Together they transferred drawings 
of the outlines of series of slices through developing frogs, 
chickens and humans onto thin wax sheets. The wax sheets 
were then trimmed to match the traced outlines and layered 
on top of each other in the same alignment as the tiny slices 
from which they had been copied. Assembled in the correct 
order and with their rough edges smoothed into a seamless 
surface, the fully three-dimensional embryo emerged hundreds 
of times enlarged. These were giant embryos that could be held 
in two hands and passed between investigators and Ziegler’s 
models proliferated throughout anatomy teaching labs the 
world over. They can still be found on dusty shelves in anatomy 
classrooms – rarely used today and a largely unrecognised and 
uncelebrated landmark of scientific discovery.
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The wax slabs of His and Ziegler anticipated the tech-
niques used today by a hundred years. In place of slices of 
wax, optical slices are taken and fed into digital three-dimen-
sional reconstructions of anything from microscope images 
to magnetic resonance imaging scans. The three-dimensional 
voxels making up the ‘volume’ or ‘stack’ are the currency of 
biomedical imaging. Vast tera-bytes of storage are given over 
to reconstructing fractions of a millimetre of brain.

Back in the darkness, my cell drawings were still a few 
years away from being replaced by these digital innovations. 
I could use only old-fashioned celluloid film to capture the 
fragmented views of cells. The brain cells I was interested 
in were mercifully flat but even then, I dreaded depth. Any 
deviation from flatness meant a multiplication in the number 
of images I would be scanning by eye to make each drawing. 
Each of my photographic negatives captured thin slices with a 
fragment of a brain cell – the rest was a blur. I would slide a 
negative into position and its projected image would fall onto 
a piece of A4 paper. Scanning the image, sharp black edges 
indicated the brightest and sharpest form. I would trace these 
in pen and ignore the rest: perhaps only a single short line, 
a branch or a minute twig given by a single negative before 
moving to the next negative and the next focal plane.

The whole process of photography, developing negatives, 
mounting film strips in the enlarger and meticulous drawing 
seemed to me to have a reassuring sense of objectivity. By 
contrast, early microscopists drew what they saw as they looked 
down the single eyepiece of their microscope, sketching with 
one hand while adjusting the focus with the other. Working 
their way up and down the vertical planes they would mentally 
piece together in a freehand drawing what I was doing by my 
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careful tracing. I was being more mechanical, more objective. 
My bet to myself was that if I was to repeat the process I had 
come up with, using the same set of negative images of the 
same cell, I could draw an identical picture again and again.

But that is not the way it worked out. Several times I 
found that I had unintentionally reconstructed the same 
brain cell twice. The same multiple negatives, the same 
pool of light, but two drawings that were subtly different. 
In the shifting of the paper, the flick of the pen, the guesses 
that bridged two sharp dots separated by a blur, in the 
incremental flow of the thickening branches and the finest 
of spines, something subjective crept into my method. 
Imagination was an essential ingredient to the way I was 
working. Which was the ‘right’ drawing? With practice, my 
drawings became more compelling, and more true to life. I 
realised they exhibited not just a modicum of artistic licence 
but also an artistic style.

What is artistic style when you are essentially tracing an 
outline? Something seeps into the way your hand moves after 
you have drawn brain cells again and again. Something about 
the energy of the way in which they have grown transfers into 
the drawings to give them life. I can tell immediately if a 
drawing is second-hand, penned by a professional illustrator 
copying from another source. There is something lifeless in 
the execution and the intention of the lines. The intuitive 
sympathy with the form is gone. To draw is to know. And 
for this reason, drawing became central to the development 
of brain cell theory. There is art at the heart of this science.

 
The first drawings of a bona fide brain cell were made in 
1832. The cells that were depicted were a partial picture – a 
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shadowy hint of what the brain contained – but important 
enough to bear their discoverer’s name to this day.

Born in 1787, Jan Purkyně (Purkinje) was a Czech biologist 
working at the sharp edge of technology with a revolutionary 
new microscope. It incorporated an optical breakthrough, 
seized on by Peter Dolland, the son of John Dolland, a 
Huguenot refugee and former silk weaver in Spitalfields in 
London, who set up a glass factory in 1750. Together, father 
and son patented ingenious fusions of glass that could remove 
the rainbows that frustratingly blurred the edges of stars and 
planets viewed through telescopes and at the outlines of forms 
under the microscope. The sandwiches of glass compensated 
for the different angles of diffraction of different colours of 
light extinguishing the rainbowed fringes produced by more 
conventional instruments. The Dollands made increasingly 
sophisticated ‘corrected’ achromatic and apochromatic lenses 
that could now be incorporated into microscopes. In Breslau, 
Jan Purkyně, Professor of Physiology and Pathology, was one 
of the few scientists with enough financial backing to instal 
this revolutionary innovation in his laboratory in 1832. Armed 
with this new tool, he immediately set about describing what 
he saw in thin, hand-cut slices of preserved brain.

What was to become Purkyně’s cell was glimpsed in its 
partial state, almost as a shadow, in a chunk of material from 
the cerebellum; the ‘little brain’ that sits below and to the 
back of the cerebral cortex. The surface of the cerebellum is 
like thick ribbon that has been folded repeatedly to make a 
compressed sandwich of undulating peaks and troughs, called 
‘folia’. If you were to cut across the ribbon, you would see 
that the folia are divided into clear layers. To Purkyně’s eyes, 
the outermost layer was greyish, the inner layer was yellow, 
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and where they met a string of fig-like ‘corpuscles’ seemed to 
extend short, stubby arms up towards the surface of the brain. 
His drawings of these corpuscles, which would later become 
known as the Purkinje cells, are now acknowledged as the 
first representation of brain cells.

Jan Purkyně’s interpretation of what he had drawn was 
heavily influenced by the knowledge of cells in other organic 
forms of the natural world. The concept of cells – or more 
broadly the idea that plants and animals were built of cells 
of different shapes and sizes – was well established for all 
biological structures. Purkyně was confident in his description 
of this new entity within the brain that it was clearly a cell 
body with a distinct nucleus. However, there was only a single 
line of these ‘corpuscles’ that traced the boundary between 
yellow and grey layers undulating under the surface of the 
cerebellum. Where were the other cells of the brain? His 
theory was that the Purkinje cells were a collecting point for 
a mesh of convergent energy within the cerebellum, harvesting 
forces from a swirling sea of fibres all around.

But Purkinje cells were, in fact, not alone in the cerebellum 
and the full beauty of what lay at the end of the stubby arms, 
stretching upwards to the surface of the undulating ribbon 
of cerebellum, eluded him. Fifty years later, when Camillo 
Golgi of Pavia and then Santiago Ramón y Cajal of Madrid 
were able to ink the complete outline of the cell, the stubby 
arms that Purkyně had drawn proved to be only the trunks 
of what emerged as elaborate, intricately branching trees. The 
layer of corpuscles described by Purkyně were the anchor for 
wafer-thin filigrees of miniature branching fronds that were 
completely flat, arranged in parallel wafers and stacked upon 
each other in a delicate lattice sandwich.
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However, as Golgi and Cajal completed their respective 
versions of the Purkinje cell, the seeds were sown for an 
extraordinary and notorious episode in the story of the brain. 
The drawings themselves became central to one of the most 
public and polarised scientific disagreements in the history 
of neuroscience.

On one side of the disagreement sat Camillo Golgi: the 
inventor of the eponymous revolutionary stain, which he called 
the ‘black reaction’ and which others nicknamed the method 
of silhouettes. It is a chemical process, with far-reaching sig-
nificance for neuroscience, which unlocked the workings of 
brain cells in the late 1800s. On the other side was Cajal – an 
instinctive and dedicated convert to the method of silhouettes 
who understood how Golgi’s technique had revealed some-
thing astonishing, which Golgi himself denied: that brains 
are built from cells.

The discovery of the black reaction by Golgi was a product 
of trial and error – an experimentation by candlelight with 
chemicals borrowed from the photographic darkroom. It 
would indelibly stamp Golgi’s name on the most revolutionary 
technique ever seen in neuroscience but ironically leave his 
intellectual legacy in tatters.2

Golgi was born in Brescia in 1843 and followed in his 
father’s footsteps to study medicine at the University of Pavia, 
where he became a pathologist. Here he worked as assistant to 
Cesare Lombroso (1835–1909), the controversial physician who 
believed that a whole range of human traits (including, noto-
riously, criminal behaviour) could not only be inherited but 
also be tracked by physical characteristics. Lombroso convinced 
Golgi that the material basis of mental disorders could be 
understood at the level of the microscope.
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Despite promising first steps in the pathology laboratory, 
financial pressures forced Golgi to abandon Pavia and take a 
position as a physician and surgeon in Abbiategrasso on the 
outskirts of Milan. This relegated his research to an impro-
vised laboratory, experimenting with just a few instruments, 
isolated from scientist colleagues and working through the 
night in a converted kitchen.

However, within a year, his first brief reports showed stun-
ning new images. Golgi had taken potassium bichromate 
and mixed it with silver nitrate, emulating the recipe of the 
newly invented photographic developer solution, and applied 
it to the brain. Perhaps Golgi had hoped to develop a picture 
of mental processes, perhaps even an image of the outside 
world frozen on the brain’s surface. Instead, what gradually 
condensed in preserved brain pieces were the black twigs 
and spindrels of cells. In the right conditions, an entire cell 
from the brain would emerge as an intact, coherent whole; 
branching, twisting, intricate and beautiful. Within three 
years his discoveries landed him a permanent job in Pavia 
and four years later, in 1879, he became Professor of Histology 
(the study of microscopic structure), publishing his own atlas of 
the microscopic structure of the brain, packed with beautiful 
hand-drawn plates, in 1885.

The truly miraculous fluke that made Golgi’s black reac-
tion into a transformative discovery was its random nature. In 
a sea of grey, a treated piece of brain might be filled with criss-
crossing spindrels, or standing alone, a single perfect brain 
cell seemingly completely and definitively stained while others 
remain invisible. Suddenly the tangled mess – the landscape 
that Cajal had described as a territory for futile exploration 
– disappeared.
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Of all the cells of the brain that can suddenly emerge from 
a Golgi stain, the Purkinje cell is undoubtedly one of the most 
startling. It is distinctive, instantly recognisable, arranged with 
its neighbours in an orderly row and organised in a way that 
can only speak to a precise function in information processing. 
Most of all, its ‘cell-ness’ cannot seemingly be denied. And 
by chance, the Purkinje cell is seen at its best in a slice that 
cuts at right angles across the crushed ribbon of folia that 
make up the cerebellum. Where Purkyně had seen a line of 
fig-shaped corpuscles with stubby arms stretching upwards, 
both Camillo Golgi and Santiago Ramón y Cajal saw an 
elaborate and highly branching tree with multiple fronds – a 
undeniably sensuous form. The tree that branched upwards 
and outwards, cut off at the trunk in Purkyně’s view, but now 
magnificently revealed, came to be called the ‘dendritic tree’, 
each individual branch a ‘dendrite’.

Golgi and Cajal, armed with the same tools, set off to draw 
the same cells. And at this moment Cajal made a transform-
ative imaginative leap. As he looked at the dendritic tree he 
realised that the form of the brain cell dictated nothing less 
than a one-way channel for the flow of information. Much the 
same as Purkyně, he saw that the dendrites of Purkinje cells 
must be collecting something. With the power of the black 
reaction suddenly revealing dendrites throughout the brain 
in different cells, he reasoned that what they were collecting 
was information itself. If information was traced out in the 
converging branches of dendrites it followed that it was flowing 
like a stream to the origin of the tree – the cell body. What 
next? Emerging from the opposite side of the cell body to the 
dendritic tree, in nearly every brain cell he looked at, and in 
none more clearly than in the Purkinje cell, a single, stouter 
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and smoother cellular root emerged. This was the output, later 
to be named the axon, through which the collected informa-
tion from dendrites could be sent onwards to other cells.

This transfer of information from dendrites to cell body to 
axon became Cajal’s law of dynamic polarisation – a theory 
of information flow in the brain that proved robust, complete 
and accurate. It transformed a static microscopic architecture 
of brain cells into a dynamic picture of rivers and tributaries 
of thought in the brain. It was a compelling vision. But Golgi, 
on whose invention Cajal had relied, disagreed.

The disagreement flared into the most public of scientific 
arguments in Stockholm in December 1906, when the Nobel 
Prize in Physiology or Medicine was given to both Santiago 
Ramón y Cajal and Camillo Golgi in the Nobel Foundation’s 
first-ever joint award. The rules of the Nobel Foundation 
demanded that both men attend Stockholm in person and 
this gave the opportunity for special seminars in the days after 
the awards ceremony presided over by the King of Sweden. 
Cajal spoke first and delivered a beautifully illustrated lecture 
describing almost twenty years of painstaking reconstruction 
of the nervous system through its brain cells. He paid fulsome 
tribute to the discovery of the black reaction by Golgi, whom 
he had met for the first time just a few days earlier.

On the following evening, sitting in the audience to listen 
to Camillo Golgi, Cajal had expected the same recognition 
and the same effusive acknowledgement of the other scientific 
pioneers of what became known as a neuron doctrine, some 
of whom were sitting in the audience with Cajal.i What he 
heard shocked him to his core and left him trembling with 
impatience as he realised he had no way to correct a cata-
logue of errors and mistruths that flowed from a show of 
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intolerable self-importance. Golgi systematically ignored the 
work of his rival scientists and focused instead on purely his 
own discoveries.

As he spoke, Golgi slowly and painstakingly dismantled 
the reputation that he had built for himself. It was a speech 
that in the space of a scientific seminar chipped away at his 
life’s work and its legacy. What had initially seemed poor 
scientific etiquette in a failure to give credit where credit 
was due, became a shocking realisation for his audience that 
Golgi did not believe that brain cells existed. The idea that 
Golgi steadfastly promoted that evening was that the brain 
was a vast interconnected web of seamlessly joined fibres. The 
existence of individual cells was an illusion.

Where Cajal saw the microscopic architecture of informa-
tion flowing along dendrites, Golgi saw root-like ‘protoplasmic 
extensions’ that sucked nutrients from the dense network of 
minute blood vessels that filled the brain. For him, the elab-
orate dendritic tree played no part in organising thought. 
Instead, its role was to support the function of the axon, which 
Golgi named the ‘nerve fibre’. And here again Golgi diverged 
from Cajal. Where Cajal saw discrete wires that could each 
be traced back to an individual cell, Golgi described a fused 
mesh of fibres, similar to the hyphal tubes of a fungus. Like 
a fungus, the cellular structure of the brain was one continu- 
ous organic network. No element within this network could 
ever act individually and Cajal’s universal law of dynamic 
polarisation was a sham. As Golgi continued in his speech, 
stunning his audience into mute astonishment and completely 
contradicting Cajal’s theories laid out the previous evening, 
he saw no reason ‘even now to abandon the idea which I have 
always insisted on’.3
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How did two excellent observers and draughtsmen, working 
with the same material and the most advanced optical micro-
scopes of their day, come up with such radically different 
conclusions about the form of the brain? As the audience 
listened, it became increasingly clear that the reasons for the 
disagreement lay in the finest details of the equally beautiful 
drawings that both Cajal and Golgi had made. At first glance, 
these drawings seemed identical.

All those years later, as I sat in front of the pool of light, 
drawing cells, I wondered about the errors that pen and ink 
might introduce and the reliability and reproducibility of 
evidence. I knew that if I tried to draw the same cell twice 
from my sequence of negatives, I would always end up with 
a subtly different image. But I would never draw cells as 
interconnected and even if the gap between them was small, 
its existence was never doubted. In other words, it would be 
impossible to imagine any other solution. And that was due 
to Cajal and his doctrine, telling me that there was such a 
thing as a brain cell.

However, for Golgi and Cajal there were no pre-existing 
doctrines and theories, only hints from other parts of nature: 
cells in other tissues, the hyphae of mushrooms and the vaguely 
sketched form made by Jan Purkyně fifty years before. Where 
Golgi saw dendrites collecting nutrients, Cajal saw dendrites 
gathering information. When Golgi saw nerve fibres close 
to each other, his pen joined the dots. Cajal, with the exact 
same material, did not. He left a critical, defining gap. That 
pause, where the pen momentarily lifted from the paper rather 
than completing a line, separated not only brain cells but 
marked the divergence of the reputation and legacies of the 
two scientists on that December evening in Stockholm. Cajal 
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became an extraordinary, enduring influence on the field of 
neuroscience while Golgi retreated scientifically, leaving his 
name to the structures he discovered but no lasting intellectual 
fame. To me, sitting and drawing my own cells in the dark, 
these minute but fateful discrepancies in the pen touching the 
paper were not conscious decisions but a projection of what I 
imagined was there. When they drew, I know that Golgi and 
Cajal were imagining different things.

What shapes imagination? It is tempting to try to trace 
back the life stories of Golgi and Cajal, both sons of doctors 
and with superficially similar upbringings. Golgi grew up 
in an Alpine village near the Swiss border surrounded by 
steep pine-forested slopes. Cajal was born into the wooded 
hills of Navarra, for centuries an independent kingdom, but 
now a newly incorporated state in Spain. I like to think of 
Golgi as having a well-mannered upbringing in a family that 
was both financially comfortable and respectable. By contrast, 
Cajal forged a rebellious and adventurous childhood and, I 
feel, knew trees from intense personal experience. He ran 
wild through ancient oak woods shooting arrows at sparrows 
and hunting for birds’ nests. He would play truant for hours, 
once for several days and, most importantly, climbed trees. I 
can see him clambering branch by branch, testing the weight 
tentatively with a foot or a hand, embracing the trunk, until 
craning to look and reaching a hand up to lift the magpie’s 
nest, trying to catch a glimpse of the young hatchlings.

If all this disturbs that sense of the scientific and sounds 
too personal, too absurd, Cajal would be the first to agree that 
the subjective, the personality, explicitly shapes observation. 
My own anxiety at the small imaginative steps and traces 
of artistic style that crept into my drawings were not some 
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kind of failing or cheating. On the contrary, the subjective 
sympathy with the object – an artistic resonance with what 
made sense – was a necessary way of expressing knowledge and 
understanding. Feeling the way along a tree as you climb is 
an understanding of how its form makes sense. This was the 
difference, in my imagination, that separated Cajal and Golgi 
making one reputation and condemning the other. As Cajal 
wrote much later, however hard you may try to be objective 
all there is ultimately is you, the author.

 
So what do Purkinje cells do and what is the function of the 
folded sheet that houses them – the cerebellum? In many ways, 
it is one of the simplest brain regions to explore, divided into 
layers with Purkinje cells sandwiched in the middle, and yet, 
ironically, is still one of the most mysterious.

Damage the cerebellum and a constellation of problems 
arise – most notably the unsteadiness on your feet, a tremor 
that gets worse as you try to pick something up and maybe 
even a drunken-sounding slur in your speech. The cerebellum 
is both a learning machine and an instantaneous error detector 
and when it is broken its importance in helping you move 
becomes painfully clear. Modern imaging techniques show 
that the cerebellum loves novelty or surprise and many years 
of studies have shown that it learns from mistakes. Disable 
your cerebellum and you will never be able to learn to play 
the piano.

Hidden by these outward signs are the more subtle shifts 
in cognitive and possibly emotional function. And it is these 
disorders of thought that predominate when the cerebellum 
is damaged in the unborn. Here, setbacks during pregnancy 
might result in problems in learning and communication, 
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whereas movement is largely unaffected. In the rare cases 
where someone is born without a cerebellum, the function of 
the brain is apparently normal. The brain can learn to live 
without a cerebellum but cannot do without it when it is there.

Purkinje cells and their remarkably precise alignment in a 
regular geometry lie at the heart of this machine and maybe 
hold a clue to the function of the cerebellum. The stunningly 
regular arrangement and precision of Purkinje cell dendritic 
trees were the obsession of an Austrian scientist who argued that 
the cerebellum is the brain’s stopwatch. Valentino Braitenberg 
(1926–2011) was only nine years old when Cajal died in 1934 
at the age of eighty-two. He grew up speaking both Italian 
and German, completed a medical degree in Rome, but then 
decided to study the brain. In 1954, Braitenberg met Eduardo 
Caianiello (1921–1993), a theoretical physicist from Naples, at 
a seminar by the American mathematician Norbert Wiener, 
a pioneer of robotic control and computer systems. Both men 
were fascinated by Wiener’s ideas and Caianiello persuaded 
the young doctor to help him to establish an institute of 
cybernetics in Naples.

Braitenberg’s self-described approach to neural architecture 
was to think about the texture of the brain.ii Take a step back 
to view the whole population and Purkinje cells have a distinct 
texture of their own. Remember that they are flat and are 
lined up in parallel to the curves of the folded ribbon of the 
cerebellum, sandwiched between layers. Seen from the side, 
in a slice that cuts across the ribbon, this would look like a 
forest of trees rising with hills, falling into valleys, bending 
with the peaks and troughs of the folds. Now, rotate this scene 
by ninety degrees in your imagination and what happens? 
The lavish trees of dendrites disappear and, in their place, are 
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pencil-thin lines, erect profiles of the flat Purkinje cell trees. 
Running through them, at right angles to this picket line of 
Purkinje cell flattened trees, are thousands upon thousands 
of axons bringing in information about body position, vision, 
hearing and movement.

Braitenberg was fascinated by the geometry of this arrange-
ment. He calculated that if you could unfold the folded sheet of 
cerebellum the ribbon would be ten centimetres wide but more 
than a metre long. Running across this metre of ribbon are 
thousands of repeating lines of Purkinje cells feeding millions 
of inputs. The tiny gap between each neighbouring, flattened 
dendritic tree is remarkably similar from cell to cell. This, 
Braitenberg reasoned, gives the cerebellum the properties of 
a neural clock.

His logic was that the distance between two quite distant 
Purkinje cells can be measured by the time it takes for a signal 
to pass along the axons that run through the trees. But this 
also corresponds to a specific number of Purkinje cells. Count 
the number of trees separating Purkinje cells in an array and it 
is a readout of the time for a signal to pass between them. In 
Braitenberg’s hypothesis, reading the position of collisions of 
inputs across the giant grid of Purkinje cells is like watching 
the constellation of intricate timing coincidences in all the 
signals the cerebellum receives. In other words, a Purkinje 
cell array converts time into space.

As what seemed like the perfect validation of this idea, 
in the mid-1960s, one animal was investigated with a cere-
bellum of such enormous size and crystalline precision in the 
arrangement of the Purkinje cell ‘palisades’ that it embodied a 
neural clock.4 At first sight, the entire brain seemed to be pure 
cerebellum. This was the African elephant-nose fish (a member 
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of the mormyrid family) first described scientifically by Walter 
Stendell and dubbed Schnauzenorgane in 1914.5 Living in muddy 
water with limited visibility, these mormyrid fish evolved 
an ability to sense disturbances by using a self-generated, 
weak electric current in the water around them not only to 
feel their way through the gloom, but also to communicate 
with each other and court the opposite sex. The calculations 
required to compute an image of its murky aquatic world from 
electrical fields would require the millisecond comparisons of 
electrical disruption. The enormous size of the Purkinje cell 
arrays seemed perfect for the job. The mormyrid must, it 
seemed, rely on a hugely expanded number of precisely aligned 
Purkinje cells to interpret and interact with its world through 
a matrix of intricate timing calculations.

These first investigations of the mormyrid fish and 
Braitenberg’s clock theories languished in the subsequent 
decades. In some ways, Braitenberg’s thinking now seems 
rather quaint, superseded by techniques and ideas that look 
at brain function in a very different way. It also does not get 
close enough to giving predictable answers to experiments. It 
is more of a general feeling about architecture and form, and 
his sensitivity to the texture of brains is largely forgotten. And 
yet the perspectives of Purkinje, Golgi, Cajal and Braitenberg 
on form and function all speak to that compelling thought 
that, when looking at brain cells, this beauty is more than just 
convenience or accident . . . it must mean something.

Timing seems important for the cerebellum. Being able 
to dance, learn to play the piano or tap out a regular rhythm 
are all dependent on it working correctly. But maybe it is 
alertness to the surprises and mistakes that really lie at the 
heart of its millisecond-clock-hand Purkinje cells. Does this 
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perhaps explain the less obvious part the cerebellum plays 
in our emotions and reasoning, telling us when something 
is not quite right or doesn’t fit? It is down to the cerebellum 
that you are unable to tickle yourself. It knows what you are 
going to do before you do it – there are no surprises here. But 
logically, following this argument, it must also be the organ 
that allows you to be tickled and perhaps that is its purpose. 
The Purkinje cell isn’t reading the world to help us kick a 
football better. It is calibrating our uncertainty and preparing 
us for the unexpected.
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