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Chapter Three  
The Production of New Knowledge 

Anthony Campbell, Cardiff University, UK12 

3.1. What is Knowledge? 
Our civilisation depends on the continuous generation of new knowledge. 
This is essential for the growth and maintenance of our culture, our econo-
my, and the health of both ourselves and the planet we guard. In particular, 
for several centuries, new knowledge generated by science, engineering and 
mathematics has provided the engine that drives our economy, led to ad-
vances in medicine and an understanding of the ecology of our planet, and is 
even essential for the evolution of the arts. Where, for example, would writ-
ers be without the ability to reproduce their work in large quantities? Where 
would artists be without the development of chemistry for paints, so that 
they do not bleach and age? And where would composers or musical per-
formers be without the ability to construct instruments? Indeed, where would 
we all be without the silicon chip revolution? Yet, what exactly we mean by 
“new knowledge” is not at all obvious. So what do I mean by “knowledge”? 

Soon after I arrived in Cardiff, during a somewhat heated but amicable 
debate about knowledge, a medical colleague said to me “a fact is a fact is a 
fact.” But, I argued, without putting facts into some sort of context, isolated 
facts are meaningless. Thus, I believe there are three core principles that 
underpin new knowledge: 

1. Focus on an object or an idea.  
2. Understanding how the object or idea relates to other objects and 

ideas. 
3. Storage of this information in the brain, for communication to 

others, and for future use by yourself or others. 

Let’s look at the shrimp in Figure 3.1.13 When I held it in my hand it was 
reddish orange. So why is this shrimp red? This question can be interpreted 
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by different people in all sorts of ways. A biochemist like me might ask, 
what is the chemical pathway that generates the red colour? An evolutionary 
biologist might ask, what is the selective advantage of the red colour? A lay 
person might ask if it has been cooked, or if it has been painted red?! In fact, 
using my three principles outlined above, it becomes clear that the shrimp is 
not red at all. This is because we have not asked the key question: where 
does it normally live? A further clue is that when I held the shrimp, it squirt-
ed blue luminescence from its mouth. The shrimp was actually caught some 
800 metres below the surface of the sea. This is the biggest ecosystem on our 
planet, over half the Earth’s surface being more than 1,000 metres deep. 
Apart from a small amount of light that has reached that depth from the am-
bient daylight above, there the only light is bioluminescence – the emission 
of visible light by living organisms. I have been lucky enough to study this 
wonderful phenomenon for over 40 years. Quite surprisingly, as we shall 
see, studies of this apparently obscure phenomenon have led to major tech-
nologies and discoveries in biology and clinical medicine, creating billion-
dollar markets. So the question arises – what is the colour of the shrimp in its 
native environment? When you shine blue light on what we see as red in 
normal daylight, the object is black. So the shrimp produces Nature’s deep 
sea black pigment. As there is no red light where it lives, evolution has re-
sulted in the shrimp having no red-sensitive red pigments in its eyes. How-
ever, unfortunately for the shrimp, there is a group of fish known as dragon 
fish, which have two red-emitting light organs below their eyes, in addition 
to blue emitters further back. These fish can see red light, so they have an 
“invisible torch” enabling them to find what then become red shrimp for 
them to devour (Campbell and Herring, 1987). 

 

                                                                                                                             
13 Permission to publish the figures is granted by the owner of the copyright, The Welston 
Press Ltd. The pictures of people came from Wikipedia which allows free publication of any 
of its images. 
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Figure 3.1. A Red Shrimp – Systellaspis debilis 

3.2. Ten Rules to Gain New Knowledge 
Thus, we can list ten rules that are needed to gain new knowledge: 

1. Inspiration, leading to an idea and key questions. 
2. Logical thinking, giving us an experimental pathway, leading to a 

key experiment. 
3. Lateral thinking – the ability to think “outside the box”, leading to a 

genuine original idea for discovery. 
4. Invention – the ability to design a novel technology to answer the 

key question. 
5. Taking risks – not by walking into the road with your eyes shut, but 

rather being prepared to travel intellectually into a domain where no 
one has travelled before, not knowing for sure what you will find, if 
anything at all! 

6. Having an open mind, with a positive approach. Discoveries are al-
ways made on the basis of positive questions and hypotheses. 

7. Perseverance – never giving up once you have established in your 
own mind that you are on the right track. 

8. Hard work – the pathway to new knowledge is inevitably full of in-
tellectual and physical challenges. 

9. Money – facilities required for new experiments cost money, some-
times millions of pounds, yet with ingenuity, major discoveries and 
inventions have been made in the past with few resources. 

10. CURIOSITY – this is the most important driving force of all, and 
the starting point for generating new knowledge. 
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One of the great joys of being a human being is our insatiable curiosity, and 
the drive for new knowledge that results from this. The science of biology 
really began in earnest in Uppsala in Sweden with the founder of taxonomy 
– Carl Linnaeus (1707-1778) (Figure 3.2). He invented the binomial system 
for classifying all organisms – animals and plants, and later microbes, by 
giving them two names, representing the group, the genus, to which they 
could be shown to belong, and a name that was individual for each species. 
Vital as this idea was to the development of biology, was this really a scien-
tific concept? Charles Darwin (1809-1882) (Figure 3.2) developed into one 
of the finest naturalists ever. His ability to observe with all his senses – sight, 
sound, smell, taste and touch – were critical to him providing the evidence to 
support his BIG idea of evolution by Natural Selection. Yet Darwin teaches 
us that new knowledge about the natural world is divided into two camps – 
Natural History and Natural Science. Both are vital for generating new 
knowledge. Natural History is the love of Nature, and its description in fo-
cussed terms. This is the legacy of Linnaeus. Natural Science, on the other 
hand, is about mechanism – how the Universe works, from the Big Bang to 
how a microbe can become resistant to antibiotics. This leads to hypotheses 
which can be tested by experiment, principles such as Natural Selection, and 
laws, often capable of being formulated mathematically. 1 and 1 makes 2 is 
arithmetic. But 1 and 1 makes 3 is mathematics (NB think binary!). 

   
Carl Linnaeus 1707-78 Erasmus Darwin 1731-1802 Charles Darwin 1809-82 

(by Alexander Roslin, 1775) (by Joseph Wright, 1792-93) (by John Collier, 1881/83) 
 

Figure 3.2. Natural History versus Natural Science: Carl Linnaeus, Erasmus  
Darwin and Charles Darwin 

Thus evolution is a process – Natural History – first described scientifically 
by Erasmus Darwin (1731-1802) (Figure 3.2) in his seminal medical text 
Zoonomia, an attempt to classify disease on Linnaean type principles, and 



 

 47 

later in his incredible poem “The Temple of Nature” (Darwin, 1803). The 
Natural Science of evolution – the mechanism – was first put forward in 
clear, scientific terms, with evidence, by Erasmus’ grandson, Charles Dar-
win, and Alfred Russel Wallace (1823-1913). Although others, including 
Richard Hutton, William Blythe, William Charles Wells and Patrick Mat-
thew, had written ideas pre-empting the term Natural Selection, it was Dar-
win, and Wallace, who highlighted the scientific evidence for it. So the key 
to the importance of Charles Darwin’s work was evidence, evidence, evi-
dence, presented in a most positive way, based on: 

1. Species do not remain constant – they evolve. 
2. Variation within and between species. 
3. Struggle for existence. 
4. Small change by small change. 
5. Natural selection. 
6. Sexual selection. 

So let me examine my ten rules for new knowledge, and see how they can 
work in practice. I hope you will forgive me using examples from my own 
work, as well as others, as I am most familiar with this. 

3.3. The Ten Rules in Action 

3.3.1. Inspiration 
One of the central questions in biology is, what switches a cell on and off? 
For example, what causes a nerve to fire, a muscle to contract, a heart to 
beat, an egg to fertilise, an insulin cell to secrete, or a neutrophil to release 
toxic chemicals that cause pain and damage to a rheumatoid joint? These 
processes are triggered by electrical and chemical stimuli acting on the outer 
membrane of the cell. These generate signals inside the cell resulting in the 
cellular event. Following the experiments of Sydney Ringer (1835-1910) at 
the end of the 19th century (Ringer, 1883, Ringer, 1886, Ringer, 1890), and 
those of Lewis Heilbrunn (1892-1959) in the 1930s and 1940s, it was pro-
posed (Campbell, 1983, Campbell, 1986) that small changes in calcium 
(Ca2+) inside cells were the cause of several cellular events, for example 
muscle contraction and egg fertilisation. So the key question by the 1960s 
was: Does Ca2+ act as a universal signal inside cells to trigger a wide range 
of cellular events? If so, why has evolution chosen Ca2+ and not, for exam-
ple, Zn2+, as such a universal signal? This question inspired many scientists 
to try to answer this question. 
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3.3.2. Logical Thinking 
The logical way for a biochemist to attack this key question was to grind up 
tissues, and extract components responsible for the cellular event, and then 
try to see if Ca2+ would activate these components in vitro. A further search 
was also on for the proteins that might be responsible for regulating Ca2+ in 
and out of the cell. Thus, Setsuro Ebashi (1922-2006) was able to extract a 
complex from skeletal muscle containing three proteins, now called troponin 
C, I and T (Ebashi and Ebashi, 1962, Ebashi, 1963, Ebashi, 1972). He 
showed that troponin C could bind Ca2+, and when it did, it caused the pro-
tein complex made of actin and myosin to contract. Ca2+ goes on and off 
proteins such as troponin C very fast, in milliseconds. This is essential if we 
are able to contract, and then relax, a muscle very fast. Zn2+ would be no 
good. It might cause a fast contraction, but would come off proteins very 
slowly, so an arm would remain in a contracted state for many seconds or 
minutes until the Zn2+ had come off the troponin C. Ebashi was also able to 
isolate a vesicular component from muscle which took up Ca2+ in the pres-
ence of ATP, and could also release Ca2+ very fast, under the right conditions 
(Ebashi, 1958, Ebashi, 1960, Ebashi, 1961). This turned out to be a special 
version of the endoplasmic reticulum, now called the sarcoplasmic reticu-
lum. This all seemed fine, but still many scientists remained sceptical about 
Ca2+ as a universal signal inside cells. The solution to this required “thinking 
outside the box” is the design of a key experiment. 

3.3.3. Lateral Thinking 
The key idea was to realise that Ca2+ is not the energy source for events such 
as muscle contraction or cell division. Rather Ca2+ is a switch. It causes the 
cell to cross the Rubicon (Campbell, 1994), so that a cell event can occur. 
This leads to a further question. When studying populations of cells, is the 
cell event digital or analogue? In other words, when you change the strength 
of your grip using your arm muscle, which contains thousands of individual 
muscle cells, is each cell changing the strength of its contraction, or is the 
arm muscle recruiting more muscle cells (Figure 3.3)? It turns out that the 
latter is the case. Thus a human muscle cell, a heart cell, and a nerve are 
digital systems. They either fire or remain at rest. Similar questions can be 
asked of tissues such as the liver or pancreas. When the amount of glucose 
released by the liver between meals to give the brain what it needs, is each 
cell gradually releasing more glucose, or are more and more cells firing? 
This is the basis of my Rubicon hypothesis (Campbell, 1994). It turns out the 
intracellular Ca2+ is usually a digital mechanism, whereas intracellular sig-
nals such as cyclic AMP are analogue. In the heart, for example, a rise in 
free Ca2+ inside each heart cell triggers it to contract. Removal of the Ca2+ 
causes it to relax. This sequence is repeated every second some billion times 
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during a lifetime. But, when you run the heart beats faster and stronger to 
supply your leg muscles with the extra oxygen they need. Adrenaline causes 
a rise in cyclic AMP in the heart muscle cells, and this results in bigger and 
bigger Ca2+ signals inside the cell. The bigger the Ca2+ signal, the stronger 
the contraction. This is thus an analogue mechanism. 

 
Figure 3.3. The Rubicon Question: At 50% of the Maximum Response of a Popula-
tion, Have All the Cells Been Activated by 50%, or Have only Half of the Cells Been 
Switched On? 

So to test the Rubicon principle (Figure 3.3), it is necessary to invent a way 
of monitoring events in individual cells. In particular, the key experiment for 
me in the 1960s was to measure the free Ca2+ inside live cells, and to show it 
went up prior to the event. If this rise was stopped then the cell should not 
fire. This had to be done while the outer membrane of the cell remained in-
tact, as the gradient of Ca2+ maintained by the cell was essential for Ca2+ to 
do its job. The conventional “grind and find” approach of the biochemist 
would not work. So an invention was required. 

3.3.4. Invention 
Although the first description of a change in free Ca2+ in a live cell was car-
ried out as long ago as 1928 (Pollack, 1928), it was not until the 1960s that 
methods based on light-absorbing or -emitting indicators, or micro-
electrodes, were developed (Ashley and Campbell, 1979, Campbell, 1983). 
The first real breakthrough was to use a protein, aequorin, extracted from the 
luminous jellyfish Aequorea, which flashed when exposed to Ca2+ (Camp-
bell, 1988). This protein was discovered by Osamu Shimomura, Nobel Lau-
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reate of 2009, who was trying to discover how the jellyfish made its flash 
(Shimomura, Johnson and Saiga, 1962, Shimomura, Johnson and Saiga, 
1963). At the same time he found a “green protein”, later called the green 
fluorescent protein by Jim Morin (Morin and Hastings, 1971), which, quite 
unexpectedly, itself has transformed cell biology. Since aequorin was not 
available to me in the UK at the time, I found a relative of Aequorea, called 
Obelia (Figure 3.4), which grows profusely on seaweed at Plymouth, and 
around the Welsh coast. I showed it had a similar protein, with the right bio-
chemistry to measure Ca2+ inside cells (Campbell, 1974). Further inventions 
were required to get this protein into small cells, such as erythrocytes 
(Campbell and Dormer, 1975, Campbell and Dormer, 1977) and human neu-
trophils (Hallett and Campbell, 1982). The latter was achieved, first using 
cell fusion, and then using the DNA coding for these bioluminescent pro-
teins (Campbell et al., 1988). A further breakthrough in the late 1970s was 
the invention by Roger Tsien, Nobel Laureate with Osamu Shimomura and 
Martin Chalfie in 2009, of a family of fluorescent Ca2+ indicators, followed 
by genetically engineered probes based on GFP (Grynkiewicz, Poenie and 
Tsien, 1985, Tsien, 2003, Giepmans et al., 2006). 

 
Figure 3.4. Bioluminescence in Europe 

To many people, developing these inventions was a huge risk. Yet the scien-
tists who have taken these risks have had a major impact on biomedical sci-
ence. Thousands of scientists around the world now regard measuring free 
Ca2+ inside cells as routine. 
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3.3.5. Taking risks 
The big risk of embarking on something no one has done before is the possi-
bility of failure. It might not work at all! Also, in the case of bioluminescent 
and fluorescent indicators, where were the instruments necessary to detect, 
quantify and image the light? Furthermore, when I decided I needed to study 
bioluminescence in more detail, taking me to marine labs, and research ships 
such as RRS Discovery, to collect wondrous deep sea luminous creatures, 
my colleagues in Cardiff and elsewhere were a little sceptical to say the 
least. Surely, I had been brought from Cambridge to carry out medical re-
search. What had these creatures to do with finding out the molecular basis 
of disease, or in developing new diagnostic tests? Anyway I had no track 
record, no publications, and no funding in this field! Believing in peer re-
view, I asked a few clever people what they thought of the idea. My boss 
Professor Nick Hales (1935-2005) and the Professor of Medicine, Robert 
Mahler (1924-2006), a great nephew of the composer Gustav Mahler (1860-
1911), both encouraged me to go ahead. With our electronic engineer, Mal-
colm Ryall, I built a photon counting device, and soon had publications, 
including Nature, to get me grant support. The great surprise was that this 
risk in following my curiosity, led to a key to understanding the molecular 
basis of damage in the rheumatoid joint (Campbell and Morgan, 1985, Hal-
lett and Campbell, 1982), and the mechanism of demyelination in multiple 
sclerosis (Scolding et al., 1989). Furthermore, it led to an invention, which 
has had a huge impact in clinical diagnosis. 

Further risks I have taken over the past 40 years have been to investigate 
bioluminescence more deeply, to find out how luminous animals actually 
produced their light. In the late 1980s the DNA revolution was well under 
way. It was then I decided to isolate the DNA that coded for the Ca2+ -
activated photoprotein aequorin (Campbell et al., 1988), and get it into bac-
terial cells and cells in tissue culture. This led, with collaborators in Edin-
burgh, Tony Trewavas and Marc Knight, to the first measurements and im-
ages of free Ca2+ changes in a live plant (Knight et al., 1991, Campbell, 
Trewavas and Knight, 1996). Wind generates Ca2+ signals inside the plant 
cells, which switch on defence genes. This is why trees and bushes on the 
cliff tops of Wales are bent. They are not mechanically bent. Rather the cells 
on one side grow at a different rate to the other. Furthermore, I realised that 
by engineering address labels on to the N- and C- termini of bioluminescent 
proteins, these could be targeted to specific parts within a live cell (Sala-
Newby et al., 2000) – the endoplasmic reticulum (Kendall, Dormer and 
Campbell, 1992), the nucleus (Badminton, Campbell and Rembold, 1996), 
the plasma membrane (George et al., 1998, Martin et al., 1998) (Figure 3.5), 
and other organelles, including the mitochondria, peroxisomes and nucleo-
lus. This enabled free Ca2+ to be measured in these sub-cellular compart-
ments. But perhaps my biggest risk was in 2000, when I decided to focus on 
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the problem of lactose intolerance (Campbell and Matthews, 2005b). It was 
then I realised that this explained one of the most common ailments seen by 
doctors, irritable bowel syndrome (IBS), and the illness that afflicted Charles 
Darwin for 50 years (Campbell and Matthews, 2005a). Some 10 years later, 
we have a new hypothesis based on the production of metabolic toxins by 
gut bacteria that not only explains the gut and systemic symptoms of lactose 
intolerance and IBS, but also provides a new mechanism vital in diabetes, 
some cancers, heart palpitations, and brain illnesses such as multiple sclero-
sis and Parkinson’s and Alzheimer’s disease (Campbell et al., 2010). It has 
also led to the discovery that these “toxins” are a new family of external 
signals that generate Ca2+ signals in bacteria (Campbell et al., 2007a, Camp-
bell et al., 2007b, Naseem et al., 2007, Naseem et al., 2008, Naseem et al., 
2009), and affect ion channels in eukaryotic cells. So it was not such a mad 
idea after all! As we shall see, it also led to an invention now used in several 
hundred million clinical tests per year worldwide! 

   
Plasma 

 membrane 
Nucleus Endoplasmic reticulum 

    
Cytosol The ER Spider’s Web,  

with thanks to Dr Rachel Errington 

Figure 3.5. Targeting Genetically Engineered Bioluminescent Proteins to Parts of 
the Cell 
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3.3.6. Having an Open Mind, with a Positive Approach 
Once you have identified a problem, there are two reasons for doing experi-
ments. First, you need data to form a hypothesis that explains the phenome-
non you are studying. Secondly, you need to test this hypothesis. In the 
1950s a distinguished philosopher, Karl Popper (1902-1994) argued that, 
since you could never prove absolutely a scientific hypothesis, you could 
only disprove it. He wrote this argument in his books, the first of which was 
The logic of scientific discovery (Popper, 1959). For example, if you propose 
“all swans are white”, the way to test this is to use Popper’s falsifiability 
principle, and look for a black swan. But this argument is totally flawed on 
two counts. First, this is not a scientific hypothesis, since is does not involve 
mechanism. It is a description − Natural History. Secondly, I know of no 
major discovery in science that has been made using Popper’s negative ap-
proach (Campbell, 1994). Watson and Crick, when looking at a model of the 
double helix were not interested in designing experiments to falsify it. Ra-
ther, they were too excited working out how many bases were needed for a 
genetic code for the 20 amino acids that make up all proteins. And the helix 
resulted in a clear hypothesis about how one strand could copy itself. But 
what about the other strand, in the opposite direction? The problem now is 
that Popper’s negative approach has infiltrated the education system, where 
it has spread like a cancer. School pupils are now taught in Britain that they 
have to design null hypotheses to test their ideas. This is a disaster, bearing 
no relation to how new knowledge in science is generated. It must be eradi-
cated as soon as possible. Frankly, Popper’s ideas are for the dustbin! 

Discoveries and inventions have always been, and always will be, made 
on the basis of a positive approach to testing hypotheses, the Baconian mod-
el. Yet we must always retain an open mind, and be ready to accept that our 
hypothesis is wrong. This is why Darwin took so long to complete On the 
Origin of Species (Darwin, 1859). He was not sure he had all the evidence 
right. 

3.3.7. Perseverance 
The story of Robert the Bruce of Scotland watching a spider trying to climb 
up its web to the ceiling, taught me when I was a boy that “if at first you do 
not succeed try, try, and try again”. If you have a good idea, and you believe 
it will work, never give up. One night at the Marine Biological Association 
at Plymouth, when I was first trying to extract the Ca2+-activated biolumi-
nescent protein, obelin, from Obelia, I was getting pretty desperate. After 
two days’ hard work there just was not enough light. The idea of using this 
for the first time to measure free Ca2+ in a human cell was just a dream! So I 
decided to try one more experiment, by extracting the protein at a range of 
pHs from acid pH 4 to alkaline pH 10. The extraction buffer I made consist-
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ed of Tris and EDTA, the latter to bind any Ca2+ that might be left from sea 
water, and thus prevent the obelin losing its bioluminescence during the ex-
traction procedure. I placed the extract in front of a photomultiplier connect-
ed to a storage oscilloscope. I then added Ca2+, enough to saturate the 
EDTA, and watched for a signal on the oscilloscope screen. Hopeless, there 
was just a tiny blip at pH 4, 5, 6, and 7. Then at pH 8 the blip got a bit big-
ger, and even bigger at pH 9. Then, at pH 10, eureka, the screen was com-
pletely white, showing a massive light emission!! I had found a way of get-
ting a huge amount of light from my Obelia extract. It was 9.30 at night. 
There was no one else about, just me dancing around punching the air with 
success at last. It was going to work! But, why had the alkaline pH worked, 
and not the others, I asked myself? I used initially pH 7 or below? It was 
then I realised I had made a stupid error! EDTA is a tetra-basic acid. In other 
words it has 4 acid groups (–COOH), all of which have to be ionised to –
COO-, so that one molecule of EDTA can bind one ion of Ca2+. But at pH 7, 
only two of the COOH groups are ionised. So when you add Ca2+, it causes 
the other two to ionise, releasing 2 H+ for every Ca2+ bound. I had so much 
EDTA there that when I added the Ca2+ at pH 7, there was not enough Tris to 
buffer the H+ released. So the pH of the whole mixture dropped to less than 
4, killing the obelin luminous protein, without producing any light. At pH 
10, most of the H+ released by the EDTA reacted with the excess OH-, and 
the pH only dropped to about 6.5, all right for the light emission to occur 
from the obelin (Campbell, 1974). 

3.3.8. Hard Work 
The Eagle pub, in the centre of Cambridge, is famous for many things, but 
particularly because it was there Crick, Watson and other pioneers of molec-
ular biology met to discus science over a pint of beer. People often have a 
vision of scientists, apparently lazily relaxing with a cup of tea or coffee. Yet 
any scientist knows that doing good science, though inspiring, is very hard 
work, often involving late nights in the lab. It also requires active discussion, 
and arguments, with colleagues, to get the precise details of an experiment 
right, and the correct interpretation of results. In fact, if you work on biolu-
minescence you need to work both in the dark and at night, as many lumi-
nous animals have a circadian rhythm, only switching on fully after dusk 
(Campbell, 1988, Campbell, 1990). The pathway to new knowledge is full of 
intellectual and physical challenges. 

3.3.9. Money 
Nowadays it appears that huge facilities are required for new experiments. 
These cost money, sometime millions of pounds. They include building labs 
that conform to health and safety regulations, expensive microscopes and im-
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aging systems, MRI and PET imaging cameras, and so on. Yet in the past, 
with ingenuity, major discoveries and inventions have been made using 
homemade equipment. A famous example comes from Sweden. Magnus Mar-
tin af Pontin and Jöns Jacob Berzelius (Figure 3.6) in Stockholm used their 
kitchen as a lab, and made the crucial discovery that some metals can form an 
amalgam with mercury. Humphry Davy (Figure 3.6), with few resources at the 
Royal Institution in London, was able to use this discovery, with a battery he 
had made, to electrolyse molten caustic potash and isolate for the first time 
potassium (Davy, 1808a, Davy, 1808b). This led him to discover the alkali 
metals and alkaline earths, including calcium. It was the founding of modern 
chemistry, as this was the test for his hypothesis that “salts” were made of two 
components, one positively charged, the other negative. So Davy predicted a 
positive outcome from his hypothesis: put electrodes into a solution of the salt 
and this will separate the two components. Typically, his first experiment did 
not work. All he did was to electrolyse water. But Davy did not give up. He 
decided to make a crucible, in order to melt solid potash, with mercury at one 
electrode to trap the postulated potassium metal. The potassium was trapped 
by the mercury as an amalgam. Distilling off the mercury left the potassium, 
which caught fire in the air. He was so excited that he ran around the room, 
spilling acid from the battery all over himself. 

   
   

Jöns Jacob Berzelius  
1779-1848 

Humphry Davy  
1778-1829 

Magnus Martin af Pontin  
1781-1858 

(by Olof Johan Södermark 1843) (by Henry Howard, 1803) (by Maria Röhl, 1842) 

Figure 3.6.Pioneers in Chemistry 

I have been lucky enough to receive grants from the MRC, BBSRC, NERC, 
Wellcome Trust, Arthritis and Rheumatism Council, The British Diabetic 
Association, and recently the Waterloo foundation, to fund my research over 
the past 40 years. Yes, some of the equipment was expensive. My biolumi-
nescent imaging camera, made by the British firm Photek, cost over £50,000. 
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Yet when I started there were no suitable photon detectors available. So, 
with the electronic engineer in the department, we made one. It turned out to 
be the most sensitive one in the world at the time, the key to getting things to 
work. Interestingly, my degree from Cambridge was in Natural Sciences, 
involving chemistry, physics, mathematics and biochemistry during the first 
2 years, specialising in biochemistry for my third year. This meant that I had 
been taught the equation that won Einstein the Nobel Prize, E = hυ, crucial 
also for calculating the energy required for bioluminescence. As a result, I 
was able to choose the correct photomultiplier, from an array of choices. 
Others did not. 

3.3.10. Curiosity 
But all of these nine rules would be of no use at all without curiosity, and the 
ability to focus our minds on a key question. Once I had discovered the 
beautiful luminous jellyfish Obelia (Figure 3.4), I became very curious about 
bioluminescence as a whole. Where could you find bioluminescent organ-
isms? What was the energy source for the light? What were the chemical 
reactions involved? How many of them were there in Nature? And, how do 
these creatures produce Nature’s rainbow of colours, from violet (400 nm) to 
deep red (700 nm). 

All bioluminescence is chemiluminescence – the emission of light as a re-
sult of a chemical reaction (Campbell, 1988). It is a remarkable phenome-
non. Being found in single-celled organisms, such as bacteria, dinoflagel-
lates, and radiolarians, fungi, and animals from at least 16 phyla, including 
jellyfish, sea pansies, squid, shrimp, and fish. In 1667, Robert Boyle (1626-
1691) (Figure 3.7) used his air pump to show that luminous wood and meat, 
now known to be caused by a fungus and bacteria respectively, required air 
to produce the light. This was the first demonstration that all biolumines-
cence needs oxygen. In 1887, the French physiologist Raphael Dubois 
(1849-1929; Figure 3.7) extracted a heat-stable and a heat-labile substance 
from the luminous piddock, Pholas dactylus (Dunstan et al., 2000; see also 
Figure 3.4), which when added together in a test tube produced light. He 
called these components – luciférine (now without the e) and lucifèrase 
(Figure 3.7), generic terms that have stuck ever since. But the puzzle for the 
young biochemist Bill McElroy (Figure 3.7), working at Johns Hopkins in 
the USA, was, when you stamp on a firefly, why does the light go out? This 
may seem obvious to most people, as you have killed the creature! But to a 
biochemist this was a real problem, because the chemicals were mixed, and 
yet there was little or no light! In the 1940s the importance of ATP had only 
recently been realised. McElroy argued that this must be the energy source. 
He had some in his freezer, which he had extracted from rabbit muscle and 
frog eggs. He added back this ATP to the firefly extract. Eureka, he got lots 
of yellow light! This experiment, and similar ones with other biological sys-
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tems, was to lead to one of the great myths in biochemistry, that ATP has an 
energy-rich bond. It does not!! Yet this myth is still perpetuated in many 
textbooks, and even a Harvard web site. 

 
 

Figure 3.7. How Bioluminescence Makes its Light 

Bioluminescence is “cold light”. All the energy from the chemical reaction 
goes into making a photon, instead of heat. Einstein’s equation, E = hυ, tells 
us that the energy you need is 50-100 kcal/mole, or 200-400 joules/mole, to 
generate a red or a blue photon. ATP produces less than 10 kcal/mole. There 
is not enough energy in ATP to generate a visible photon. In fact, all biolu-
minescence is “burning without fire” (Figure 3.7). It is the oxidation reaction 
that has enough energy (ΔH) to generate an excited electron, which can de-
cay, emitting a visible photon. ATP drives the reactions of life because live 
cells maintain the ATP to ADP + phosphate reaction well on the side of 
ATP. Thus, ATP has the potential energy to drive other reactions. 

I was lucky enough to be invited on three research cruises on RRS Dis-
covery, which had special nets that could be opened and closed at specific 
depths to catch deep sea marine creatures. 1,000 metres below the surface of 
the sea we find the biggest ecosystem on our planet, covering over half the 
Earth’s surface, as mentioned. There, bioluminescence is the major commu-
nication system, being used to attract prey, scare predators, act as a camou-
flage, and even to attract a mate. At night, when the nets came up, we often 
turned off the lights on the deck. We saw then a truly amazing site. The nets 

Bill McElroy and Marlene DeLuca 

Raphaël Dubois (1849-1929) 

Robert Boyle (1629-1691) 
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were dripping with blue light. My work on these incredible animals led to 
the discovery that coelenterazine (Figure 3.8), the cause of the light in the 
luminous jellyfish Aequorea and Obelia, is the most common chemistry 
causing bioluminescence in the sea, being found in at least 8 phyla (Camp-
bell and Herring, 1990, Thomson, Herring and Campbell, 1995a, Thomson, 
Herring and Campbell, 1997), including many luminous and non-luminous 
species (Figure 3.8). An important discovery was that the jellyfish do not 
appear to make coelenterazine themselves, but rather get via the food chain. 
We discovered that the red shrimp (Figure 3.1 above) are able to make coe-
lenterazine de novo (Thomson, Herring and Campbell, 1995b). 

 

Figure 3.8. Coelenterazine – the Most Common Chemistry for Bioluminescence in 
the Sea 

It turned out that bioluminescent organisms have evolved three ways of pro-
ducing different colours: 

1. The oxidation product of each luciferin, like a particular dye, has a 
different electronically excited state. So each produces a different 
colour. Coelenterazine oxidation produces violet to blue light, 
whereas firefly luciferin oxidation produces green, yellows or red 
light. 

2. The luciferase produces a solvent cage that determines the electronic 
energy level, and structure, of the excited state of the oxyluciferin, 
and thus the colour of the light emitted. When we cloned the lucifer-
ase from the British glow-worm, Lampyris noctiluca, we found that 
it was 80% identical in sequence to that from the US firefly Photinus 
pyralis (Sala Newby, Thompson and Campbell, 1996). Just a few 
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amino acids change the solvent cage, and thus the glow-worm emits 
green light instead of the firefly’s yellow light. 

3. The green fluorescence protein, discovered originally by Shimomura 
in his curiosity quest for how the jellyfish Aequorea emits light, 
changes the colour the jellyfish emits from blue, the normal colour 
of coelenterazine bioluminescence, to green. GFP acts as an energy 
transfer acceptor from the product of the coelenterazine oxidation 
reaction – coelenteramide. 

I then realised that it was possible to genetically engineer three types of 
Rainbow protein, based on what Nature had taught me, and that it was possi-
ble to detect various chemical reactions in live cells by monitoring both a 
change in light intensity and colour (Sala Newby and Campbell, 1992, Waud 
et al., 1996, Baubet et al., 2000, Waud et al., 2001). 

3.3.11. Four Golden Rules 
Having discussed the 10 rules for new knowledge, I would like to hone these 
down to 4 golden rules: 

1. Curiosity. 
2. Asking the key question. 
3. Designing the key experiment. 
4. Always being positive. 

These surely are timeless, and give us a real vision for the future of new 
knowledge from the next generation. 

3.3.12. Obstacles to New Knowledge 
I have tried above to be very positive about what I believe are the keys to 
new knowledge. Yet there are, and probably always have been, many obsta-
cles for original thinkers. These include: 

1. Lack of money and resources. 
2. Bureaucracy, leading to endless meetings and paperwork. 
3. Lack of inspiration in the way we are told to teach science at Uni-

versity and in schools. The curriculum tends to suppress curiosity! 
4. Peer review, which all too often will not take risks on original re-

search. 

The past history of science identifies many discoveries have been made by 
people with personal money. Charles Darwin was able to work for 40 years 
in his own house, because he inherited money from his grandfather and fa-
ther, and his wife, Emma, was a Wedgwood, and inherited some of that for-
tune. More recently, Peter Mitchell (1920-1991) was able to test his chemi-
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osmotic hypothesis about how mitochondria make ATP, because he had 
money to set up his own laboratory in Cornwall. Mitchell was awarded the 
Nobel Prize in 1978 for this work. It is doubtful whether Darwin or Mitchell 
would have got grant support from Research Councils today when they first 
started. In contrast, the famous LMB lab in Cambridge has led to at least 8 
Nobel prizes, and yet has been funded virtually entirely by public funds. 
This success is because they set up their own peer review system, often 
“over a cup of tea or coffee”. The current peer review system has clearly 
broken down. It is hopelessly over-stretched. Top scientists do not have the 
time to spend looking at hundreds of applications. The result is grants and 
papers submitted for publication are all too often reviewed by intellectually 
lightweight people, who belong to clubs and cliques. Furthermore they are 
able to get away with comments based on prejudice because the system is 
secret. There can be no case for this in the 21st century. Surely, if you have a 
criticism to make, if you cannot make it face to face then you should not be 
making it! 

3.4. Communicating Science to Others – the DISI 
Model and the Darwin Way 
The life-blood of science is experiment followed by debate, as a result of 
communicating your results to others. It is therefore essential that we publish 
novel findings and inventions in the international literature. This enables us 
to assess, through peer review and the reaction of other scientists, what one 
has really achieved. But I have always believed that it is also vital to com-
municate what we have found out or invented to a wider public, and in par-
ticular to use this to inspire the next generation of scientists and engineers. 

I often ask students: How would you tell your grandmother what your 
PhD thesis is about? If you cannot explain this in one or two sentences, then 
you have not found out anything! So this is not simply about making your 
science simple, and understandable, by non-scientists. It enables you your-
self to think critically about what has been achieved, and what impact your 
work has had. Science has become so specialised that we often find it diffi-
cult to communicate to each other. 

In 1994, I founded the Darwin Centre for Biology and Medicine (Can-
olfan Bywydeg a Meddagaeth Darwin – www.darwincentre.com), as a vehi-
cle to excite young people about science, to arouse their curiosity, and ex-
pose them to cutting edge science. In 1999, the Darwin Centre moved to 
Pembrokeshire, a beautiful area in West Wales, with surprising links to 
Darwin – two families who are descendants of officers on the Beagle live 
there, for example. My dream was to develop a philosophy that would give 
young, budding scientists the intellectual armoury to discover new 



 

 61 

knowledge, and then to decide how important this was. It has led to what I 
like to call “The Darwin Way”. 

A further aim was to explain to the public why we do what we do in uni-
versities and research institutes. Why, for example, has someone like me 
studied animals and bacteria that make light for over 40 years, all done in a 
Medical School and now a School of Pharmacy? Eight of the scientists who 
taught me at Cambridge in the 1960s were Nobel Laureates, either at the 
time or have won it since. But it was not the facts they taught me that were 
important, but rather a way of thinking about scientific questions. What was 
the big problem? What was the key question? What was the key experiment 
to answer this? Thus, for example, Caesar Milstein (1927-2002), who super-
vised us in practical classes about proteins, and who won the Nobel Prize in 
1984 for monoclonal antibodies, argued that the key question in immunology 
was – does each B lymphocyte only produce one antibody molecule – the 
clonal hypothesis? Or is each cell capable of making several different anti-
body molecules? The key experiment therefore was to make enough anti-
body from one lymphocyte, and try to sequence it. Milstein had worked on 
protein sequencing at MRC’s Laboratory for Molecular Biology on the out-
skirts of Cambridge with double Nobel Laureate (in 1958 and 1980) Fred 
Sanger (born 1918). So, if he could sequence the product then it had to be 
“one antibody one cell”. However, if each cell could make lots of different 
antibodies, then the sequence data would be a mess. This was the drive to 
make a clone from one B-lymphocyte, leading to the technology for making 
monoclonal antibodies. Such clever people also installed in me the question: 
What have you found out? This led me to the model I use when teaching 
students, and in the Darwin Centre, as well as when I try to assess the impact 
of my own research. I call it the DISI model: 

1. Discovery – what have you found out? 
2. Invention – what have you invented as a result of finding it out? 
3. Scholarship – what analysis have you carried out that gives us a 

greater understanding of your field? 
4. Impact – what impact has your discovery, invention and scholarship 

had on: 
a. The advancement of science 
b. Medicine and health care 
c. The economy 
d. Culture 
e. Education 
f. Public understanding and appreciation of science 

So, over 40 years, work on either bioluminescence or fluorescence has led to 
the discovery that changes in free Ca2+ inside cells are indeed a universal 
signal in animal, plant and microbial cells. It led us to discover a key mecha-
nism causing release of toxic oxygen species and degradative enzymes in the 
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rheumatoid joint (Hallett and Campbell, 1982). The complement system in 
blood was always thought to kill cells, but I found a mechanism that showed 
this was not true, it was able to activate a defence process, enabling the cell 
to remove the potentially lethal complexes. This was triggered by a rise in 
intracellular Ca2+ (Campbell and Morgan, 1985). More recently, with my 
wife and collaborator of 30 years, Stephanie Matthews, we have revealed a 
new mechanism by which gut bacteria can cause symptoms around the body 
(Campbell et al., 2010), and which we propose is a new mechanism to ex-
plain the diabetic epidemic, as well as rheumatoid arthritis, some cancers, 
and brain disorders, such as multiple sclerosis, Parkinson’s and Alzheimer’s. 
Once again the Rubicon principle (Campbell, 1994) and the key experiments 
measuring free Ca2+ inside live bacteria and eukaryotic cells have been cru-
cial in developing and testing this hypothesis. It has led to the “gold stand-
ard” for diagnosing lactose sensitivity and irritable bowel syndrome (IBS), 
based on a genetic test for a polymorphism closely associated with low lac-
tase in the small intestine, together with analysis of breath hydrogen and 
methane, with a complete record of gut and systemic symptoms after an oral 
lactose challenge (Waud et al., 2008). 

But, just as we saw with Milstein, I believe that inventions arising from 
curiosity-driven research should be exploited for human good. I realised that 
the chemiluminometer we had built for measuring bioluminescence could 
detect as little as 10-21 mol of obelin. A flash was better than a glow (Camp-
bell, 1988). By concentrating as many photons into as short a space of time 
as possible, the signal to noise was optimised. My boss, Nick Hales, was one 
of the pioneers of immunoassay. This is a technique that exploits the fact 
that antibodies bind substances very specifically and at very low concentra-
tion. By quantifying this binding, a substance in blood or urine can be meas-
ured. These include hormones, drugs, vitamins, bacteria, viruses, and cancer 
proteins. It is now a market of many tens of billions of dollars worldwide. 
Nick Hales showed that labelling antibodies with radioactive labels such as 
125I was the most sensitive way of using this technique in clinical samples. 
But 125I was very dangerous to use. Many labs around the world were not 
allowed to use it, since technicians would get their thyroids heavily labelled, 
with dire consequences. Furthermore, the reagents were not stable. The 125I 
decayed, and in doing so damaged the proteins to which it was attached. We 
urgently needed a replacement. I suggested using chemiluminescence. And 
to many other people’s surprise, it worked! So I was advised to patent it. The 
principle was then published in Nature (Simpson et al., 1979). But the first 
label I suggested, luminol, could only be detected down to about 10-15 to 10-

16 mol, well short of the sensitivity of detecting 125I at 10-18 mol! So I went 
looking for a flasher. 

In 1978, after presenting my early work on obelin at a Biochemical Socie-
ty meeting in Sussex, I was lucky enough to pass the door of well-known 
chemiluminescence expert, Frank McCapra. I decided to take a risk and 
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knock on his door. Three hours later, after an inspiring discussion, he had 
given me a sample of a compound, an acridinium ester (Figure 3.9), he had 
made as a model substance for the jellyfish flash. The next day back in Car-
diff I tested it. Using my chemiluminometer, we got a sensitivity of 10-19 
mol, better than 125I. We had to modify it to attach it to an antibody. But still 
there was a problem with the chemistry. When starting in the usual buffer, 
the compound gave a glow instead of the desired flash. Realising a key part 
of the chemistry was a competition between OH- and HO2

-, I suggested start-
ing in acid, and blasting it with alkaline peroxide (Figure 3.9). Eureka, it 
worked (Weeks et al., 1983)! This simple chemical change turned out to be 
worth nearly £20 million in income to Cardiff. The technology was licensed 
to two US companies in billion-dollar markets. It is now used in several 
hundred million clinical tests per year. It is the world leader. The best test for 
AIDS uses our label. Of course, the ultimate success required a team in Car-
diff, and in Sussex, and the development of it commercially by a big compa-
ny. The technology was awarded a Queen’s Anniversary Prize in 1998, and 
was selected by the Eureka project for Universities UK in 2006, as one of the 
top 100 discoveries and inventions from UK Universities in the past 50 
years. In 2010, a report on the economic impact of basic research for the 
Russell group of UK Universities selected only one from Wales, my work on 
bioluminescence. And yet, it all started because I was given the freedom to 
follow my curiosity about how a jellyfish made its flash, and was able to 
make an apparatus sensitive enough to follow it! Politicians and Vice Chan-
cellors need to ask themselves whether such freedom is still available in our 
Universities and Research Institutes! 

 
Figure 3.9. A Chemiluminescent Label for Immunoassay and DNA Technology 
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A further important issue is the biological system you chose to investigate a 
big problem and to test mechanistic hypotheses. Far too much work is now 
focussed on using tissue culture. Many Nobel prizes have been based on the 
use of model systems, particularly invertebrates. 1963 Nobel Laureates Alan 
Lloyd Hodgkin and Andrew Huxley used the giant nerve fibres and muscles 
of the squid and crab to establish the ionic basis of how nerves fire, and how 
muscle contracts. Paul Nurse and Tim Hunt won the Nobel Prize in 2001 
with Leland H. Hartwell for discovering two protein families, essential for 
the cell division cycle, and thus vital in understanding cancer. Paul Nurse 
used yeast genetics and Tim Hunt sea urchin eggs. Thomas H Morgan 
(1866-1945) pioneered genetics by studying mutants of the fly Drosophila. 
Charles Darwin used an array of animals and plants − barnacles, finches, 
coral, insectivorous and climbing plants, orchids and earthworms − to devel-
op the evidence for his BIG idea of evolution by Natural Selection. Sidney 
Brenner and John Sulston (Nobel Laureates 2002 with H. Robert Horvitz) 
developed the nematode worm Caenorhabditis elegans as a model system, 
and for the first genomic DNA sequence. I myself have recently been devel-
oping the water flea Daphnia (Campbell, Wann and Matthews, 2004) (Fig-
ure 3.10) I found it in my pond. It has a heart less than 0.2 mm long, yet it 
responds to many substances that regulate the heart and other muscles in the 
human body. I am using it to test our bacteria metabolic toxin hypothesis 
(Campbell et al, 2010). 

 
Figure 3.10. Daphnia as a Model System 

3.5. A Vision for the Future – Key Questions 

3.5.1. Evolution – Origins 
One of the key questions in evolution is – what is the origin of an enzyme? 
Take all the chemicals from your body and put them in a pot. Nothing will 
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happen until a catalyst is added. All biological reactions require a catalyst. 
These are proteins – enzymes. 

Charles Darwin wrote in Chapter VI of On the Origin of Species – “Diffi-
culties on Theory” – that the luminous insects provided a problem analogous 
to the organs of electric fishes. He could not see how small change by small 
change could lead to a new phenomenon (Campbell, 2003b). Half an eye is 
better than none, but a reaction that produces insufficient light to be visible 
has no apparent selective advantage. So I have been developing albumin, the 
major protein in blood, as a model for one of the key problems in evolution – 
what is the origin of an enzyme. Protein sequences have given us arrays of 
protein families, arranged with their sequences aligned and flowing back to 
the original protein in the family concerned. But, no one discusses where 
does this “original protein” come from? Attempts to convert one protein into 
another have failed. A kinase is still a kinase, and a dehydrogenase remains 
thus, even though it may be possible to tinker with its biochemical proper-
ties. Aequorin is triggered to flash by Ca2+. Its protein sequence is some 25% 
similar to a universal Ca2+ binding protein-calmodulin. However, this cannot 
be the origin of its bioluminescence, as the sequence similarity is only in the 
Ca2+ binding sites. As Fred Hoyle once argued, the evolution of proteins by 
random mutations is like “a tornado sweeping through a junk-yard to con-
struct a jumbo jet” (Hoyle, 1981). Yet I have recently shown, with my stu-
dents, that albumin can act as a coelenterazine luciferase, using just two or 
three key amino acids in the binding site (Vassel et al., 2012). So the key to 
the origin of an enzyme is the solvent cage which entraps the substrate 
(Watkins and Campbell, 1993). This creates the electrochemical environ-
ment to allow a particular chemical reaction to proceed, thereby reducing the 
activation energy required. I have no grants to pursue this curiosity question. 
So I am funding it now myself. 

Further evolutionary questions that remain to be answered are: 
1. Why has Nature chosen ATP to drive synthetic reactions and ion 

pumps, like Ca2+? Why not GTP, CTP, TTP or other nucleotides? 
2. Why has evolution chosen a particular handedness of molecules – 

right-handed sugars in polysaccharides and left-handed amino acids 
in proteins? Is there a mirror image of life out there in space? 

3. Why are there only 20 amino acids in most proteins? 
4. What is the origin of the genetic code? 
5. What is a species, and how does a new species really appear? 

Darwin never really addressed this last question. He reminded us on several 
occasions also that he never addressed the question of the origin of life. He 
found this too difficult! On the Origin of Species is really about the devel-
opment of a species, rather than the true origin of a species. But we now 
know that a mouse cannot mate with an elephant, not because of size, but 
because the DNA just will not mix. And yet orchids form fertile hybrids, and 
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even the Galapagos finches can breed with each other to produce fertile off-
spring. We need a new concept to understand the pathway of Rubicons that 
ultimately leads to the appearance of a new species. 

3.5.2. Small Change by Small Change 
The time scale of natural events often bears little relation to the time within 
which we are able to carry out experiments in the laboratory. The chemistry 
involved in maturing a bottle of good red wine, which can take anything 
from 5 to 20 years, has something to tell us. Charles Darwin worked out how 
coral reefs form. Just a 1% increase in reef degradation compared with depo-
sition, as a result of sea changes induced by climate change, will lead to 
complete loss of a reef. Similarly, it can take months or years for a rampant 
cancer tragically to kill someone. Just a 1% increase in cell division versus 
cell death will lead to a large cancer within months. There are currently no 
methods to detect these 1% effects directly. I have shown recently that the 
Ca2+ signals, detected by aequorin in the bacterium E. coli, cause changes in 
gene expression and just a 10% decrease in generation time. Such a differ-
ence between competing bacteria in the gut would result in 20,000 more of 
the bacteria growing slightly faster within 24 hours (Figure 3:11) (Campbell 
et al., 2007a, Campbell et al., 2007b). 

So new methods, and systems, are required to investigate these Darwinian 
mechanisms. Such methods will be essential if we are to understand the in-
teractions of biodiversity that determine the survival or loss of an ecosystem. 
These are: 

1. Diversity of species 
2. Diversity of genetics 
3. Diversity of habitats 
4. Molecular biodiversity 

The first three are well known to ecologists. But the fourth needs to be ad-
dressed more vigorously, and not just through DNA (Campbell, 2003a). 
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Figure 3.11. The 10% Effect 

3.5.3. Medicine 
Many of the diseases that afflict us still remain unsolved, in spite of huge 
efforts and money being put into investigating them. Perhaps the solution to 
cancer, Alzheimer’s disease, Parkinson’s, multiple sclerosis, rheumatoid 
arthritis is just around the corner. But the four golden rules need to be ap-
plied. What is a cancer cell? The DNA revolution has led to a huge expan-
sion in genetic research. Large sums of money and human effort are being 
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poured into scanning along the human genome for “risk” genes. These give 
you a risk of diseases such as Alzheimer’s or diabetes. But there is no evi-
dence that they are causative. In contrast, mutations in the haemoglobin gene 
cause cycle cell anaemia. This is a classic inherited genetic disease, the mu-
tation in the DNA being causative. So where is the evidence that “risk” 
genes, of which we all carry several, are causative? Charles Darwin teaches 
us the key question we should be asking is “what is the selective advantage 
of these genes”. This needs lateral thinking to design key experiments to 
answer this. Much of medicine is still descriptive: Natural History. The key 
to understanding how to manage an individual patient is mechanism – the 
Natural Science that explains all the symptoms and development of the ill-
ness. And what about money? 

3.5.4. Money and Resources 
I never expected to make money out of science. My scientific drive has been 
to use my academic freedom, with responsibility, to follow my curiosity, 
without thought of financial gain. Yet I do believe in encouraging entrepre-
neurship. The only way to get a good invention to be used by millions of 
people is to develop it through the commercial sector. Several hundred thou-
sand people a day are now benefiting from the chemiluminescence invention 
that I, with colleagues in Cardiff, developed, and that evolved from a lumi-
nous jellyfish. It all started with curiosity. But its eventual success was criti-
cally dependent on a realisation of its potential in multi-billion dollar mar-
kets. Now I am lucky enough to be supported by the Welsh School of Phar-
macy, in Cardiff University, with enthusiastic and critical colleagues, and an 
interaction with bright under-graduates and post-graduates. 

For me money is a vehicle to help achieve one’s dreams. I have had a lab 
in my house since I was 11 years old. Now I have been able to realise my 
dream of having my own Science Centre, the Welston Court Science Centre, 
since I used my share of the patent income to set this up in Pembrokeshire, 
and start the Darwin Centre there. We have school events in our grounds 
every year, combining Natural History with cutting edge science, including 
of course the “wow” factor of glow-worms and light emitting demonstra-
tions! Students and colleagues also come to study the bioluminescent ani-
mals available in Pembrokeshire, not found in the sea around Cardiff. Also, 
with my wife Stephanie Matthews, we set up two spin outs – AK Rainbow 
Ltd, as a vehicle to realise the potential of Rainbow and Canary ProteinsTM, 
for drug discovery, and monitoring environmental toxins, including agents of 
terrorism; and The Welston Press Ltd (www.welstonpress.com), to com-
municate novel ideas through booklets and books, such as our recipe book 
for people sensitive to lactose (Campbell and Matthews, 2005b), to generate 
new ideas about how we teach and communicate science, and new technolo-
gy, to a wide audience via the Internet. 
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New knowledge can still be generated, and disseminated, by brilliant in-
dividuals. But teams and consortia are also needed in the 21st century. The 
Hadron collider project at CERN is a beautiful example of the need for large 
groups of scientists required to attack a key question with a key experiment, 
needing incredibly expensive resources. 

The prizes initiated by Alfred Nobel (Figure 3.12) inspire young and old 
alike. But they can only be won by a few people. I am therefore reminded of 
how lesser mortals like myself can still contribute in a major way to new 
knowledge. The late mathematician and philosopher, Bertrand Russell 
(1872-1970) (Figure 3.12), labelled now through the Internet as one of the 
world’s great thinkers of the past, wrote (Russell, 1919, p. 41): 

In art nothing worth doing can be done without genius; in science even a very 
moderate capacity can contribute to a supreme achievement. 

Thank goodness for that!! 

   
Alfred Nobel 1833-1896 Pablo Picasso 1881-1973 Bertrand Russell 1872-1970 
(by Gösta Florman, no date) (anonymous, 1962) (anonymous) 

Figure 3.12. Individuals or Teams? 

For me, a lifetime in science has been a wonderful voyage of discovery, 
invention and scholarship. It has introduced me to the most amazing phe-
nomenon – bioluminescence, enabling me to merge my passion for Nature – 
Natural History – with an insatiable curiosity about how Nature works – 
Natural Science. And there is still so much I am curious about, even in the 
kitchen. I aim now to bring in my third intellectual passion, music. So final-
ly, as a link between new knowledge in science and innovation in Music and 
the Arts, we should take note of the philosophy of Pablo Picasso (1881-
1973) (Figure 3.12), when he said: “I do not seek, I find”. 

As Charles Darwin taught us, wherever we are, our senses of sight, smell, 
hearing, taste and touch must be alert and fully communicating with our 
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brains, if we are to find what we do not realise we are looking for. Curiosity 
inspires. Discovery reveals. 

3.6. Comments by Wilhelm Engström14 
Is it possible to maximise scientific success?15 When the superficial layers 
enclosing this key issue have been peeled off, one key truth remains, namely 
that when it comes to genuine scientific brilliance the only thing that really 
matters is the scholarly brain. It is important to emphasise this truism, be-
cause it is one of the great challenges for scientists of our era to make clear 
that scientific progress depends on the scholar, and not on the politician, the 
administrator or the fundraiser (real or bogus). The latter groups can facili-
tate the delivery of science, or at least refrain from putting obstacles in the 
scientist’s way, but they cannot replace the brainwork. In this short note I 
will highlight what I believe are some prerequisites for the “production of 
knowledge” and also identify some of the more gruesome threats that sci-
ence of today is facing. 

3.6.1. Tradition 
Some of the new countries have targeted science as the next promising area 
for investment. China, India, Brazil and some of the oil-producing countries 
in the Middle East are pouring money into new academic ventures. Dozens 
of new universities have been established and resources quadrupled. But 
even if these novel establishments are drenched in unlimited amounts of 
running money, they need to seek inspiration from successful exemplars to 
have any chance of excelling in science. So the question arises, is it possible 
to replicate an environment in which the best and the brightest truly will 
achieve their best? 

Today, when everybody in the academic world is crying out for more 
money, the sober voices that prefer to focus on organisational and social 
hindrances tend to be overwhelmed in the public debate. Life, however, has 
taught me to be a strong believer in tradition. On the ranking lists of academ-
ic establishments worldwide, England’s two oldest universities − Oxford and 
Cambridge − have consistently won top positions irrespective of what pa-
rameters are measured in the surveys conducted. This, however, is also true 
for some of the oldest and most prestigious of the US universities, but since 
                               
14 E-mail: wilhelm.engstrom@bvf.slu.se. 
15 In the course of preparing this manuscript I have had the privilege of arguing its contents 
with two of the sharpest brains I have come across throughout my scientific career – Professor 
Pankaj Vadgama FRCPath, pillar of London academic life and the former president of the 
Royal Upsala Academy of Sciences, Professor Bertil Albrektson, Honorary Doctor of Divini-
ty, University of Edinburgh. Their comments and criticisms have been much appreciated. 



 

 71 

their premier examples, Harvard and Princeton, were modelled on British 
universities, it becomes even more interesting to examine if there are Ox-
bridge-type peculiarities that may account for their stunning success. 

Both Oxford and Cambridge have remarkable track records, but both also 
display opposing strengths. Of 54 serving prime ministers (counting from Sir 
Robert Walpole, 1676-1745, through to David Cameron) 41 went to Ox-
bridge, three went to other universities and 10 attended no university (Loft-
house, 2010). Of these, 27 went to Oxford (I also take the liberty to include 
William Pulteney, the 1st Earl of Bath, in spite of the fact that he only served 
two days in office) and 14 to Cambridge. On the other hand, if Nobel Prizes 
are taken as an indicator of scientific prowess, Cambridge (including the 
MRC laboratory for molecular biology which is strictly speaking not a for-
mal part of the University) has produced 25 and Oxford 10 Nobel laureates. 

Adherence to tradition in these great universities is evident as soon as one 
enters any of its colleges or institutions; every hallway is filled with the por-
traits of successful alumni. But what really makes these universities so ex-
ceptional is their ability to integrate their great history into razor-sharp ambi-
tion guided by a clear vision for the future. After having observed an Oxford 
college facade, the teenage son of the American 1958 Nobel laureate George 
Beadle, who spent a sabbatical year in Oxford in1957, summarised it rather 
well: “Mummy, these ruins are inhabited” (Beadle, 1961).  

One of the great virtues of Oxbridge is its tutorial system. Through this 
one-on-one teaching system, undergraduates are trained to construct texts 
and presentations, laying down sustained arguments, all pulled together at 
speed with limited knowledge. By mastering this approach, such students 
and budding scientists are well suited to take on considerably more complex 
issues. It is also true in this context that scientists are considered to possess 
thorough first-hand knowledge of only some subjects; it is regarded as a 
matter of noblesse oblige not to express an opinion on subjects of which one 
is not a master. However the speed at which scientific revelations are being 
made has made it obvious that we have begun to acquire sufficient material 
to weld together the sum-total of all that is known into a single unity. As the 
1933 Nobel laureate Erwin Schrödinger concluded in his brilliant little book 
What is Life (Schrödinger, 1945), it has become next to impossible for a 
single mind to fully command more than a small specialised portion of this 
unity. Schrödinger (1945, Preface) offered an apology for his own attempt:  

I can see no other escape from this dilemma (lest our true aim be lost for ev-
er) than that some of us should venture to embark on a synthesis of facts and 
theories, albeit with second-hand and incomplete knowledge of some of them 
– and at the risk of making fools of ourselves. 

However, a tutorial system cannot alone uncover and enhance brilliance. It 
requires a very special type of intermediary – the “Don”. The Oxbridge 
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teacher and Fellow of a college – normally referred to as the don – probably 
holds the key to Oxbridge superiority. Their role, which also conforms to the 
general aim of the university, has been eloquently summarised by Lord An-
nan in his bestselling book The Dons. In a few sentences Lord Annan un-
locks the secrets of academic success (Annan, 1999, pp. 16-17): 

It is these places, with Oxford and Cambridge, that are the guardians of intel-
lectual life […] They cannot teach the qualities that people need in politics 
and business. Nor can they teach culture and wisdom more than any theolo-
gian teaches holiness, or philosophers goodness or sociologists a blueprint for 
the future. They exist to cultivate the intellect. Everything else is secondary. 
Equality of opportunity to come to the university is secondary. The matters 
that concern both dons and administrators are secondary. The needs to mix 
classes, nationalities and races together are secondary. The agonies and gaie-
ties of student life are secondary. So are the rules, customs, pay and promo-
tion of the academic staff and their debates on changing the curricula or pro-
curing facilities for research. Even the awakening of a sense of beauty or the 
life-giving shock of new experience or the pursuit of goodness itself – all the-
se are secondary to the cultivation, training and exercise of the intellect. Uni-
versities should hold up for admiration the academic life. The most precious 
gift they have to offer is to live and work among books or in laboratories and 
to enable the young to see those rare scholars who have put on one side the 
world of material success both in and outside the university, in order to study 
with single-minded devotion some topic because that above all seems im-
portant to them. A university is dead if the dons cannot in some way com-
municate to the students the struggle – and the disappointments as well as the 
triumphs of that struggle – to produce out of the chaos of human experience 
some grain of order won by the intellect. That is the end to which all the ar-
rangements of the university should be directed. 

3.6.2. A Stimulating Environment 
Traditions are important, but how should an establishment that cannot lean 
against a great track record dating back to the 13th century ever pick up the 
gauntlet? This is perhaps one of the greatest challenges that face universities 
of today. Various means have been tried to maximise scientific output. The 
changing socioeconomic panorama, however, affects universities as well as 
the rest of society. Firstly, there is an increasing societal demand for scholars 
to account for research grants and to demonstrate that their data has practical 
application, or at least useful value. Secondly, market mechanisms have 
come into operation to distribute funding resources. Taken together, the ex-
pansion of scientific work, the demand for accountability and market mech-
anisms have resulted in a fundamental change in paradigm for universities 
and their scholars. Universities have responded by tightening financial con-
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trol so as to solidify the foundations. A huge expansion of university bureau-
cracy now hampers the scientists’ lives (cf. below). 

This growth of the bureaucratic hydra is an international phenomenon. 
This does not, however, preclude the survival of first-class scientific envi-
ronments. Moreover, it is possible to identify certain obvious characteristics 
of excellent scientific surroundings. The first prerequisite is spelt t-i-m-e. 
What all scholars need is time to focus on their research. More and more of 
today’s working hours are spent on trifling matters that have little or no bear-
ing on the research project per se. In my experience, the best thing a univer-
sity leader, or head of department, can do is to minimise the time spent on 
fruitless discussions on matters of no importance for their scientific projects, 
and which may be beyond their control anyway. When I go back to my alma 
mater – the Department of Zoology in Oxford – I am at a loss to understand 
how its young researchers can concentrate on their projects for any length of 
time when our young scientists are so often interrupted or distracted by use-
less meetings, hopeless discussions, usually on administrative matters, or 
attending to their Facebook or Twitter sites. What the aspiring scientist 
needs more than anything else is time to concentrate, and to think in depth. 

Secondly, a prosperous scientific environment needs inspired communi-
cation between scholars. My father spent a sabbatical year at the MRC la-
boratory in Cambridge in 1960, and he always praised the intense, and some-
times even abusive, confrontations between Francis Crick on the one hand 
and Max Perutz, John Kendrew and Fred Sanger (all Nobel laureates) on the 
other, during the morning coffee breaks. These confrontations were purely 
scientific, and lacked any trace of lightweight chitchat. My father described 
the Departmental coffee room as the best dramatic theatre in the Anglo-
Saxon world. But what else could be expected from the man who was de-
scribed by his fellow Nobel laureate James Watson in the opening sentence 
of The Double Helix with the famous words: “I have never seen Francis 
Crick in a modest mood” (Watson, 1968, p. 9). 

I had the same experience when I arrived in Oxford as a young post-doc 
in 1982. The coffee lounge below the famous portrait of Sir Alastair Hardy 
and Edmund B. Ford was transformed every morning into a melting pot of 
mad ideas often inspired by some article in the latest issue of Nature or Sci-
ence. One could not help being carried away by radiant enthusiasts such as 
Chris Graham, Paul Harvey, Richard Gardner (all Fellows of the Royal So-
ciety) and not least the incomparable Rosa Beddington, who sadly died in 
the blossoming period of her life and career. More than once, these coffee 
break discussions led one to change some experimental approach or other, 
and I still feel extremely grateful to the colleagues there who gave so much 
inspiration, and who showed by their own memorable example that good 
science was so much more fun that mediocre science. 

One final point. Oxbridge being based on a collegiate system has always 
exercised the habit of academic cross-fertilisation; in College you very rarely 
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speak to colleagues representing the same or similar subject area as yourself. 
When I was first affiliated with what became my second home in life – 
Christ Church in Oxford – our Dean, the magnetic Eric Heaton, explained to 
me that there were three things we should never talk about during College 
meals. We should not talk about our work, we should not talk politics and 
we should not talk about women. So I asked him what we should talk about, 
then. He explained, with the utmost patience, that the night before everyone 
had been thrilled by the discovery of a Cantabrian scholar how the letter “o” 
was wrongly inserted into the word fetus (foetus) in the Middle Ages. The 
scholar in question had found the original manuscript which was copied by 
hand by a monk who (perhaps deliberately) inserted an extra letter thereby 
changing spelling habits for more than 600 years. Dean Heaton ended his 
introduction with a bon mot, I have always tried to live by: “You should 
always speak your mind – just make sure you are not common”. 

3.6.3. Our Antagonists 
Universities in general, and scholars in particular, have always had natural 
enemies. Those external enemies have always been more easily identifiable. 
Thus, religious leaders, of a particular ilk, have gone to great lengths to op-
press universities who have spoken uncomfortable truths. A rather grotesque 
but profane example was seen in China in the 1960s when the Cultural 
Revolution set academic structures back to the Stone Age. On a lesser, but 
still devastating, scale a Swedish Minister of Education in the 1990s decided 
to take out his personal Machiavellian revenge on the universities by cuts so 
drastic that only when hundreds of university professors demanded his res-
ignation, order could be restored. This country has also experienced another 
example of how politicians manage to make decisions that go horribly 
wrong. In the early 1990s when belief in the invisible hand of the market 
was at a high, the state transferred the stock of government property to a 
newly formed public company (Akademiska Hus AB) with a demand for an 
annual return on the capital. Suddenly, we in the universities had to pay rent, 
even for obsolete offices and laboratories that had been given away for free. 
Because of the monopolistic nature of the so-called market, we were forced 
to pay rents that often exceeded those that commercial outlets paid in the 
most attractive inner city areas. In reality, we have since been in the hands of 
a company that exercises nothing but pure profiteering. By creative 
bookkeeping their fat cats have been able to collect considerable bonuses for 
themselves, leaving most university departments and laboratories to bleed. 
Similar schemes have been developed abroad, but international comparisons 
show the Swedish example to be particularly vicious. 

The “enemy within” is more difficult to identify and almost impossible to 
handle. In a mayday call in 1980 by one of Sweden’s few university profes-
sors that decided to take up a political career it was shown that over a twen-
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ty-year period (1959-1979), the number of university administrators at the 
Karolinska Institutet had increased ten times whereas the number of profes-
sors had not even doubled (Biörck, 1980). Moreover, the attitude amongst 
administrators towards the scholars has changed from being subservient to 
obnoxious. Some time ago, I published an essay to highlight the absurd situ-
ation that we as scientists could be bullied by any tin pot small bureaucrat 
with childish demands that managed to create only obstacles to the daily 
running of our work (Engström, 2008). It was hardly surprising that I re-
ceived over one hundred e-mail messages that all supported my notion that 
we ought to drastically cull the administrative force, but not a single person 
sprung to the bureaucrats’ defence. 

Regarding the issue of organisation of the scientific community, it may 
not be as straightforward as it seems. Let us assume that evolution has pro-
duced a very special (scientifically educated) individual whom we can call 
Homo investigans. He or she can be distinguished from Homo vulgaris by 
virtue of creating good and original ideas. In a study carried out in 1966 
(Engström, 1966), top quality science papers were checked for the age of the 
scientists who conducted the experiments. It was found that the curve “idea 
versus age” had a maximum between 20 and 35, and then it declines with 
age. The rate of slowdown however, showed individual variations; a scientist 
with a fast slowdown certainly has to alter course if he or she wishes to re-
main in the field of science. A common solution is to take on an administra-
tive appointment; conveniently, the “administration versus age” curve is 
shown to peak at the age of 50, with a decline thereafter. Finally, there is the 
third option of taking part in academic and other intrigues aimed at accumu-
lating power; even more conveniently the “intrigue versus age” curve nor-
mally peaks five years before retirement. Now fifty years later, the scenario 
has changed. Today the vast majority of science administrators are no longer 
scientists. This has proven to be the easiest way for a person who lacks orig-
inality to gain power (alas, a fundamental biological instinct) by “organis-
ing” and “checking up” on others. Great ambitions coupled with the charac-
teristics of an intellectual pickpocket are the twin, archetypical attitudes of 
the modern non-scientific administrator. Today’s research grants are accom-
panied by huge overheads, and in some cases the overhead even exceeds the 
grant. So it is often felt that administrators exploit the originality of the sci-
entific mind to rake in as much money as possible. This type of administra-
tor, who has crept into all fields of human interrelationships, has been la-
belled Homo arachnoidus, a suitable denomination of an abominable phe-
nomenon (Engström, 1966).  

3.6.4. Commercialisation and Stupidity 
It cannot escape one’s attention that the openness of the scientific communi-
ty has long gone. When I first arrived in Oxford in the early 1980s, the head 
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of the Group, who had just been made FRS at the age of 39, complained 
openly about the publication hysteria. The proper thing to do, he said, was to 
present your results to anyone prepared to listen either at teatime or in the 
college senior common room. There were of course the “Conversaziones” at 
the Royal Society where brilliant minds could comfortably exchange ideas 
and results. Nowadays, it is rare to visit a laboratory without first having to 
sign a confidentiality agreement. The famous openness that was the hallmark 
of the academic world has now long gone, and the top priority for every 
graduate student seems to be to get his or her name on a patent application 
before considering writing up a paper. Even though very few patents will 
make the inventors rich, scientific cannibalism has become an endemic phe-
nomenon, and there is no question that this is harmful to scientific progress. I 
have always found that the sharpest brains, on the whole, are the ones most 
likely to share their results with colleagues, before the agents of greed have 
done their level best by different legal means, to restrict the spread of new 
information. 

But if intellectual insulation on commercial grounds is an irritant, I cannot 
help wondering if by changing the human phenotype, by introducing the 
Internet and mobile phone, we have created a Pandora’s Box which has be-
come a serious threat to scientific excellence. No doubt, computer technolo-
gy has enabled us to perform research that otherwise had been virtually im-
possible, and gene sequencing is one prominent example, analysis of motifs 
in the search for homologies, another. It is the everyday addiction to com-
puter usage, however, that worries me. The modus operandi of the graduate 
student today is to spend long hours in front of the computer screen and 
short intervals at the laboratory bench. Science has become so streamlined 
that new results are thought to be only a few mouse clicks away.  

The overriding question then is: Are we creating a better or a more lim-
ited type of scientist? Is the Internet, quite simply, making us more stupid? 
After years of uncritical praise of the computer, critical voices are at last 
beginning to be heard. While Google’s greedy entrepreneurs state their ob-
jective “to organize the world’s information and make it universally accessi-
ble and useful” (Google, 2011) one of the prime intellectual duellists, Nicho-
las Carr, has argued that Google is, “quite literally, in the business of distrac-
tion” (Carr, 2010a, p. 157). After all, the more links you click on, the more 
money the company makes. 

However in times of great change, questions have always been asked. Pla-
to recalls an anecdote about the Egyptian God Thoth who invented writing 
and presented it to the King of Egypt as “an elixir of memory and wisdom”. 
The king however is scared and rejects the gift with the words (Hackforth, 
1952, p. 99): 

This invention will induce forgetfulness in the souls of those who have 
learned it, because they will not exercise their memories, being able to rely 
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on what is written […] rather than from within their own unaided powers to 
call things to mind. So it is not a remedy for memory, but for reminding, that 
you have discovered. And as for wisdom, you are equipping your pupils with 
only a semblance of it, not with truth. 

But writing was invented, and so was printing by Gutenberg in the 15th cen-
tury. Why then do we fear that the Internet poses a threat to the human 
mind? Two recently published books (Bauerlein, 2007 and Carr, 2010a) 
present a rather scary outlook. The suspicion that Internet addiction alters 
our brain function in a deleterious fashion is gaining ground.  

Nicholas Carr was sounding the alarm in a recent article (Carr, 2010b) 
where he referred to a study from the 1990s where it was shown − as men-
tioned briefly in Chapter Two by Professor Martin Kemp − that London cab 
drivers had a hippocampus area larger than the average citizen. This area 
plays a crucial role in keeping track of where we are and where we go. As 
London cabbies developed mental maps of the capital’s complex road net-
work, their hippocampi expanded. And as a consequence their navigational 
qualities improved. The scientist who conducted this study has recently sug-
gested that the use of GPS may help make everyday life easier, but will re-
sult in a shrinking hippocampus.  

Just like the cabbies we may be fated to experience a dwindling in the size 
and functionality of the part of the hippocampus devoted to representing 
space. As that happens, we’ll begin to lose touch with the physical world that 
surrounds us. And in turn, we’ll become even more dependent on our com-
puters to shepherd us around. In addition to stockpiling mental maps, the hip-
pocampus plays an essential role in creating and storing memories. Some 
studies have found that a shrinking hippocampus is a risk factor for Alz-
heimer’s disease. (Carr, 2010b, p. 12).  

His fears are shared by Veronique Bohbot, Professor of Psychiatry at McGill 
University whose research profile is on the connection between hippocam-
pus size and navigational skills (cf. e.g. Bohbot et al., 2007). She has argued 
that society is geared in many ways toward shrinking the hippocampus and 
that dementia in the next 20 years is going to occur earlier and earlier.  

If loss of navigational skills by switching to GPS is one way of deteriorat-
ing brain function, the effects of direct Internet addiction may have more 
profound effects. Constant access to computers and the massive text messag-
ing on cell phones makes us read more than ever before. But, nota bene, it is 
a quite different form of reading. Maryanne Wolf, Professor of Developmen-
tal Psychology at Tufts University, has expressed worries that texts on the 
Internet put “efficiency” and “immediacy” above everything else (Wolf 
2007). One of her key conclusions is that we are not only what we read. We 
are how we read. Printed paperwork in the form of books or manuscripts 
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makes long and complex works of prose commonplace and requires a deeper 
form of reading. 

The addiction to sound bites and short messages on the computer screen 
has invariably had consequences. The one vital capability a scientist, scholar 
or otherwise intellectual needs is that of being able to concentrate on solving 
a given problem, and to be able to be effective in this, to disconnect from 
external disturbances. How is this possible when we are expected to be con-
stantly on line so that our attention is scattered and our concentration dif-
fused? How many of us do still retain our ability to spend a full day reading 
a book and in making the rich mental connections that appear when we read 
deeply and without distraction? Nicholas Carr (2010b) has expressed the 
concern clearly and eloquently: 

The kind of deep reading that a sequence of printed pages promotes is valua-
ble not just for the knowledge we acquire from the author’s words but for the 
intellectual vibrations those words set off within our own minds. In the quiet 
spaces opened up by the sustained undisrupted reading of a book or by any 
other act of contemplation, for that matter, we make our own associations, 
draw our own inferences and analogies, foster our own ideas. Deep reading 
[…] is indistinguishable from deep thinking. If we lose those quiet spaces 
and fill them up with “content” we will sacrifice something important not on-
ly in ourselves but in our culture. As we are drained of our inner repertory of 
dense cultural inheritance we risk turning into “pancake people” spread wide 
and thin as we connect with that vast network of information accessed by the 
mere touch of the button. 
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