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IMPACT OF RADIOACTIVITY 
ON THE LIFE SCIENCES 

ENGELBERT BRODA 

Since no-one could do justice to the subject of my talk in one short paper, 
I have asked our hosts to allow me to limit myself to a discussion of 
trac er methods. Thus radiation biology, which has its basis in radiation 
chemistry, must be left out although the first work in this field was done 
by Pierre Curie hirnself, using his own body as a test object. Aspects 
of this, however, have been treated brilliantly by Dr. Latarjet in the 
previous paper in these Proceedings. 

We shall, then, hear not hing further about the action of radiation on 
living cells, while we remain aware of the enormous importance of such 
research both as a field of academic endeavour and as the foundation of 
practical work in radiation therapy, in radiation sterilization, in mutation 
research and breeding, or in radiation protection - also known by the 
ugly name of health physics. Nor shall we deal with the utilization of 
nuclear radiations in the measurement of physical parameters of living 
systems, or their control. 

We shall concentrate, then, on the application of radioactive tracer 
methods to living systems. The tracer method was invented in 1913 by 
Hevesy and Paneth and therefore it was not mentioned by Marie Curie in 
her Nobel lecture in chemistry in 1911. Hevesy and Paneth were almost 
20 years younger than Marie Curie and they never failed to acknowledge 
their indebtedness to her. In his autobiography, Hevesy mentioned a 
vial with an actinium preparation given to hirn by Marie Curie as one of 
his most treasured pos sessions and said sadly that the increasing dis
coloration of the glass reminded hirn of the increasing distance from the 
time of his meetings with Marie Curie [1]. Of course, the scope of the 
tracer method has been widened enormously by the discovery of artificial 
radioactivity by Irene Curie and Joliot in 1934. 

To avoid complications in the discussion of tracer work, we shall 
neglect both radiation chemical effects and isotope effects. In practice 
it is always possible in tracer methods in chemistry or biology to keep 
activity so low that the effects of radiation on the system are not notice
able. The radiation serves then only to indicate the position of the radio
active atoms. In fact, in the early days the tracer method was known as 
the method of radioactive indicators. As far as isotope effects are con
c erned, they are important only with light atoms, and even then only in 
exceptional c ircumstances. Though the isotope effects may be exploited 
to get information about reaction mec hanisms and fine work is being done 
i n that respec t, these effects are avoided or neglected in ordinary tracer 
work and we shall not mention them any further. Thus for our purpose 
we shall assurne chemical equality of the isotopes of the elements. 

Hevesy, the son of a highly cultured Hungarian-Jewish family, had 
spent some time in Manc hester [1]. There, Hutherford had pointed out 
to hirn the radium D in his basement, unfortunately mixed with an enor
mous excess of inactive lead, and had spoken the famous words: "My boy, 
if you are worth your salt, you try to separate radium D from all that 
lead." Hevesy duly failed in separating the radionuclide from the isotopic 
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lead. At that time this was not a foregone conclusion. But then the idea 
came to hirn to turn failure into victory . The inseparability of the isotopes 
could be used to label inactive elements indestructively by addition of radio
active isotopes, and to render them in this way accessible to sensitive 
detection by measurement of radiation. When Hevesy moved to the Institute 
for Radium Research of the Austrian (then: Imperial) Academy of Sciences 
in Vienna, he made friends with Paneth to whom similar ideas had occurred, 
and so the two chemists demonstrated the value of their new method jOintly, 
first to determine the very small solubility of lead chromate and sulphide 
in water [2). 

A further step of far-reaching importance was taken subsequently by 
Hevesy alone. The tracer method in the form just described is extremely 
useful, but it does not supply data which on principle cannot be obtained 
otherwise . Nothing prevents us from imagining analytical methods, not 
based on radioactivity, that are equally sensitive and convenient. How
ever, the tracer method in its second form supplies data not obtainable in 
any different way and therefore opens up entirely new vistas to science. 
The two forms of the tracer method have been called 'analytical' and 'kinetic' , 
respectively [3). 

The essence of the second form is that labelled material can be dis
tinguished from unlabelled material of the same chemical kind. Conse
quently the moveme nt of atoms, molecules or even bigger units within 
a system of constant composition (equilibrium, metastable or steady 
state) may be followed by radiation measurement. (Alternatively, stable 
isotopes may be used, but the principle is the same, and stable isotopes 
are probably .out of bounds in this Symposium. ) In this form of the tracer 
method, the specific activity - activity per unit amount of substance - is 
determined as a function of space and time, while in the first form the 
specific activity is and remains constant all over the system. 

In his pioneer experiments, Hevesy measured the velocity of ex
change between lead atoms in aqueous solution and lead atoms in a metal 
foil. Incidentally, this velocity turned out to be so large that so- called 
local solubility elements had to be invoked by Hevesy to account Tor it [4). 

A long time ago, Clerk Maxwell had discussed the self-diffusion of 
gases, but in his time the practical realization of an experiment to demon
strate the process appeared like a dream. Nor does it appear obvious in 
hindsight that the necessary distinctions between individual particles of 
the same kind could succeed. Let us remember that modern physics 
denies individuality to electrons. Now, using a succession of more and 
more sensitive and elegant methods, some destructive and some non
destructive , Hevesy and his colleagues measured the self-diffusion in 
solids and liquids. They thus introduced a method - not only for self
diffusion, but for diffusion in general - that keeps hundre ds of eminent 
physico-chemists busy all over the world [1). 

The test for exchange ,of atoms between molecules may be considered 
a variant of the second form of the tracer method. Hevesy demonstrated 
soon - muc h to the joy of Svante Arrhenius, who had suggested electrolytic 
dissociation many years ago, and to whom he communicated the result - the 
exchange of lead between lead nitrate and lead chloride in solution, while 
lead salt and lead tetraphenyl, as expected, did not exchange their lead [1). 
We shall r eturn to the question of exchange, so important in the life 
sciences. 
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First, however , we shall direct our attention to the enormous use
fulness of radioactivity in biochemical analysis. The radioanalytical 
methods have been classified into several groups [3,5,6]. Group 1 in
volves the assay of naturally radioactive substances by radiation measure
ment; Marie Curie used it in the discovery of polonium. In group 2 
(indicator methods) a substance that is initially under the control of the 
analyst is labelled to a known extent and then determined through its 
activ ity; this is the Hevesy and Paneth principle. In group 3, radio-

• reagent methods, a non-radioactive substance is reacted stoichiometrically 
with a labelled reagent and the activity of the product is measured. In 
g roup 4, activation analysis, activity is induced by irradiation at the time 
of analysis only. In group 5, no activity appears at all, but the absorption 
of nuclear radiations by nuclides within the sample is measured . Groups 4 
and 5 were also invented by Hevesy . The further groups are of less im
portance in the present context. However, the groups mentioned, along 
with other analytical methods, may gain further power by combination 
with the famous isotope dilution principle. Thi.s aga in is due to Hevesy 
and was first a pplied to the trace analysis of lead in rocks in 1932. 

The radioanalytical methods are the subject matter of many mono
g raphs, many thousands of articles, and - recently - of a specialized 
journal. In modified form, they serve not only the analytical laboratory, 
but also the industrial, agricultural and hydrological testing stations and 
even the factory itself [6, 7]. However, here we are concerned with appli
cations to the life sc iences [8]. 

Naturally radioactive substances, notably potassium, may be 
determined within living systems by their radiations (group 1), and indeed 
t here exists a somewhat amusing routine method for lean meat in pork 
based on the radiation from its potassium. The first application of the 
analytical indicator method (group 2) to biology was made by Hevesy in 
1923. The movement of lead within a bean plant was followed with labelled 
lead. This was pioneer work - the first tracer work in biology, and also 
the first of a long series of investigations that earned Hevesy his Nobel 
Prize in 1944. The possibility of following the movement of mineral 
elements, for instance phosphorus, within soils and plants is now es
sential in agricultural science. In animal ecology, individuals tagged 
with radioelements - e. g. cockroaches or moles - are located in three 
dimensions and followed; Spinks has even constructed equipment which 
registers the underground path of wireworms automatically. Activation 
analysis (group 4) is being used on a wide scale to determine trace ele
ments, some of which, like zinc and cobalt, are essential for life. Iso
tope dilution has been introduced by Ussing [9] to the analysis of organic 
body constituents, notably components of macromolecules (amino acids). 
In more sophisticated procedures, Udenfriend and his colleagues have 
c ombined radioreagent methods (group 3) with isotope dilution and have 
in this way succeeded in determining microgram amounts of each of a large 
number of different amino acids at the same time [10]. (Hevesy himself 
used isotope dilution also to estimate the 'body spaces' or 'dilution volumes' 
in the vertebrate organisms, e. g. the plasma space or the extracellular 
space [1,11], and other authors have used it in ecological studies to 
measure natural populations, especially of insects [6]. ) 

So far we have referred merely to the analysis of living systems at 
a given instant. However, living systems are essentially metabolie 
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systems and radiotracers are eminently suitable for fo11owing the produc
tion or consumption of ce11 or body constituents. Thus equipment exists 
that measures automatica11y the specific activity of the carbon dioxide 
respired by an ~xperimental animal after introduction of a given 

radiocarbon-tagged metabolic substrate, and therefore the utilization of this 
substrate [12]. It may be noted that he re radioactivity is used to dis
tinguish carbon from different sources, in accordance with the second 
form of the tracer method. 

These are experiments on gross metabolism. Other experiments 
serve the elucidation of detailed mechanism.s of metabolism, and often 
involve minute quantities of living matter. In our laboratory in Vienna 
we have investigated the energy metabolism of various kinds of animal 
ce11s in culture and determined the final products of the utilization of the 
substrate radioglucose in fermentation and respiration, i. e. lactic acid 
and carbon dioxide; they are formed in 'quantities of the order of tenths 
of mi11igrams [13]. Moreover, we have measured the intermediate pro
ducts of the citric acid (Krebs) cycle, like ketogluta1'ic and oxaloacetic 
acid, in the stationary state; they were present only in microg1'am quanti
ties [14]. Probably they could not have been detected at a11 under the 
conditions except radiochemica11y, but certainly the source of the carbon 
in these metabolites could not have been identified by any other method. 
Moreover, we have worked, in co11aboration with some young radiobio
chemists from Poland, on the autonomous production of particular soluble 
proteins by ce11s of a given kind in culture. By a combination of radio
chemistry with electrophoresis and immunochemist-ry, the synthesis of 
individual proteins in less than microgram quantities could be proved or 
disproved [15, 16]. In a11 this work sensitive gas counting equipment 
for radiocarbon has been used [17, 18]. 

In many cases, the existence or non-existence of a given process 
has been revealed by tracer methods. As a. classi,cal example, the ex
periment by Hershey and Chase might be mentioned who showed in 1952 
that on1y the nucleic acid part (labe11ed on the phosphorus) but not the 
protein part (labelled on the sulphur) of a bacterial virus (bacte1'iophage) 
ente1's the bacte1'ial ce11 when this is infected [19]. This 1'esult put our 
ideas on the mechanism of viral infection and of virus propagation on a 
new and solid basis. Moreover, the ideas on the pre-eminent 1'ole of 
nucleic acids in he1'edity that had to be assigned to them as a consequence 
of the famous results of Avery and his colleagues on bacterial transfor
mation factors in 1944 have been shown to be far more widely - and 
probably universa11y - applicable. Again these results wou1d not have 
been availab1e without the application of radioactivity. 

The tremendous sensitivity of the tracer method in metabolic research 
is also apparent in work in our laboratory on the respiration of bacterial 
spores [20]. Spores are very inert. Though on general grounds they are 
expected t6 show metabolism, including energy metabolism, the rate of 
metabolism is so small that experimental errors easily overwhelm the 
results. Therefore, we have produced radioactive spores by cultivation 
of Bacillus cereus in a medium containing radiocarbon, and subsequent 
sporulation. Then the measurement of radioactive carbon dioxide evolved, 
again carried out with the gas counter, gave values for the respiration 
rates under various conditions. These rates are indeed very small. Q, 
the measure of respiration rate in manometry (microlitres CÜ2 per hour 
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and milligram of dry matter) may in standard conditions (suspension in 
water at 30°C) be of the order of 10-3 to 10-2 , hundreds of times less 
than for the vegetative forms of the same micro-organism. This means 
that at constant rate (a purely fictive assumption) the spores would lose 
half their mass by respiration within a few hun dred years only. Inci
dentally, in the presence of external substrates endogenous and exogenous 
respiration may be (and have been) distinguished radiochemically. 

In painstaking investigations even most complicated metabolie path
ways have been elucidated step by step by a number of research groups 
who have succeeded in combining radiochemical and enzymological 
techniques with those of organic chemistry. May I recall the general 
principle. A presumed precursor in labelled :form is introduced into the 
living system in question, or into an enzymologically active preparation 
from such a system. After a suitable time of incubation the compound 
concerned is isolated and tested for activity . . A positive result points to 
utilization of atoms of the precursor for the biosynthesis of the compound. 
However, information is also needed about the positions of the labelled 
atoms within the moleeule of the compound synthesized. 'Chemical 
scissors' have been used to cut the compound to pieces in an unambiguous 
way by controlled degradation so that the fragments, in the ideal case 
each containing one potentially radioactive atom only, can be tested 
separately for radioactivity [21,22]. 

The two classical examples of this procedure refer to the biosyntheses 
of the steroids and of the porphyrins [8,21]. The former investigation was 
carried out by the groups of Bloch, Cornforth and Popjak, the latter by 
those of Neuberger, Popjak and Shemin. In t h e case of the steroids the 
truly sensational result emerged that all carbon atoms are derived from 
those of one and only one precursor, namely acetic acid. In the diagram 
the carbon atoms stemming from the methyl group of the acetic acid are 
called m, those stemming from the carboxyl group are called c. It appears 
that 15 atoms come from the methyl and only 12 from the carboxyl group; 
apparently three of the latter carbon atoms are lost on the way. Every 
single chemical step in the whole sequence from acetic acid to cholesterol 
is now known. 

m 
"'- m c/" ./~\... ./m 
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Analogous experiments ha:ve shown that the porphyrins, which include 
haem and chlorophyll, are built up from two specific precursors, namely 
acetic acid and glycine. Here again all chemical steps are now known. 
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In asense, the widely known work of Calvin on the reductive carbon 
cycle in photosynthesis should also be mentioned among the investigations 
designed to clear up metabolie pathways [23]. This was apparently t he fi r s t 
application of the pul se-labelling technique, now c ommonly u sed in mol e 
cular biology. In Calvin's workthe accent has, however, not been on 
the biosynthesis of particular body constituents essential for life, but on 
the general provision of carbon compounds both as metabolie substrates 
and as building blocks for the cell o Similar tracer work has been done 
on other bioenergetic re action sequences, notably on glycolysis and on the 
citric acid cycle [8]. In either case, previous notions - due to Emb de n, 
Meyerhof and Parnas, on the one hand, and to Szent-György and Kreb s , 
on the other hand - have been splendidly confirmed. (However, in t he 
c ase of the citric acid cycle the brilliant insight of Ogston [24] was r e 
quired to remove a most important apparent paradox in connection with 
the asymmetry of citric acid that had been brought to light by isot opic 
methods.) Only for oxidative phosphorylation, whic h was discove red be
fore the Second World War in Engelhard's laboratory and provides the 
raison d'etre for the citric acid cycle, the mechanism is, in spite of 
many attacks by tracer methods with radiophosphorus, not yet fully known . 

Frequently the mechanisms of individual steps have also yielded to 
tracer work. A beautiful example is the work of Berg [25], stimulate d 
by ideas of Lipmann [26], on the a ctivation of acetic acid. This substance 
enters the biosynthesis of steroids or of porphyrins as weIl as other 
pathways not as such but as its energy- rich thioester with coenzyme A, 
as so - called 'activated acetic acid' (Ac. CoA). A c tivation requires the 
intervention of the energy -rich substance adeno sin triphosphate, ATP. 
Now Berg has shown through study of exchange reactions with radiophos
phorus on separated fractions that the r e a c tion consists of two steps: 

Ac + ATP~Ac . AMP + pp 
Ac. AMP + CoA~Ac. CoA + AMP 

where Ac is acetic ac id , AMP is adenosin monophosphate (adenylic acid), 
pp is pyrophosphate, a n d Ac. AMP is an energy -rich mix ed anhydride of 
acetic acid with AMP. This, then, is the mechanism by which the energy 
that becomes available in the hydrolysis (pyrophosphate split) of A T P is 
exploited to make acetic acid reactive. 

Generally tracer research on metabolie pathway s has led to the con
clusion that in the organisms all chemical reaction sequences, whether 
they contribute to the anabolism and catabolism of body constituents or 
to energy metabolism, are highly specific and that the pathways are 
sharply prescribed. Substances that cannot enter one of these pathways 
in one particular place, i. e. for whose utilization no specific enzymes 
are available, remain inert and are excluded. Again this is a result that 
had been suspected before, but could be proved only through the appli
cation of radiotracers . Certainly this ree:ult differs greatly from what 
the man in the street thinks about the workings of our body . 

The investigation of metabolie pathways - in the widest sense - has 
practical uses and the diagnostic check on their operation is one of the 
principles of nuclear medicine. In particular, more and more diseases 
are explained through inborn errors of metabolism. Now the lack or 
malfunction of enzymes may be revealed radiobiochemically and in 
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favourable cases countermeasures may then be taken by the use of drugs 
or by prescription of a diet. Further, the knowledge of pathways is most 
important in agricultural science. On a different level, such knowledge 
leads to possibilities for the commercial biosynthesis of labelled com
pounds, and in some countries sales of radiobiochemieals now amount to 
many. millions of dollars annually. 

Usually the tracer work on metabolie pathways, when done in vivo, 
is carried out in an essentially steady state in respect to the chemical 
composition of the organism. This steady state is desirable as it cor.
responds most closely to the natural condition. Now in work on metabolie 

pathways we ask the qualitative question of which kinds of transformations 
of body constituents occur. However, in a different, more quantitative 
approach the question of the velocities of the reactions in the steady state , 
i. e . of reaction kinetics , is posed. This question then leads into a new 
area and the answer contributes to the solution of the perennial problem: 
What is Life? 

Instead of trying to answer our question in a deductive way, let me 
fi r st refer to two most important results of tracer work. The two results 
and other, similar, results are illustrations of the general princ iple that 
the steady states within organisms are maintained by opposing react ions 
which are so adjusted that they do not lead to equilibria . Indeed, equilib 
rium is death. 

The first system to be mentioned is that of the soluble proteins in 
circulation . Serum albumin would be a simple example of a well-defined 
circulating protein; it serves several purposes and the body must be 
interested in the maintenance of its concentration. Albumin, like all 
proteins, is constructed from a number of different kinds of amino a c ids. 
They are put together in adefinite sequence within the moleeule and water 
is released in the process. The constituent amino acids also circulate in 
the body fluids. The position of the chemical equilibrium 

Protein + H20 ~Amino acids 

is approximately known and lies far on the side of hydrolysis, i. e. the 
free energy of hydrolysis is strongly negative. Therefore, in equilibrium 
one would expect an excess of free amino acids over albumin within body 
fluids, e. g. the blood serum. This is not foun d. 

Now an explanation could be sought in a kinetic inhibition. Hydrolysis 
might proceed but with insufficient speed. However, this explanation is 

u not tenable. When labelled amino acid is injected into the animal, it enters 
the albumin while not more than an equal amount of non-radioactive amino 
acid of the same kind is released from the albumin. The velocity of this 
process obeys first-order kinetics with a half-life that depends on the 
kind of animal but does not exceed a few days. So it is to be concluded 
that, in spite of the position of the equilibrium, the hydrolysis of the 
protein, as fast as it occurs, is compensated by synthesis of albumin 
from amino acid. This is confirmed by similar results obtained by 
Humphrey and McFarlane [8,27] for immunoglobulin in an actively im
munized animal, i. e. in an animal capable of synthesizing such immuno
g lobulin, but not for immunoglobulin in a passively immunized animal, 
i . e. in an animal merely injected with this globulin. 
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Formally, the entry of amino acid into the protein.and the compen
sating process look like a chemical exchange between bound amino acid 
and free amino acid. However, on chemical grounds such a process, 
which would involve break;;tge of two strong covalent bonds, can be ruled 
out and in fact in vitro no such uptake of radiocarbon from labelled amino 
acid by protein is observed. The real mecbanism is far more complicated 
and involves enzymatic synthesis of protein from energy-rich derivatives 
of amino acids on the ribosomes in certain cells of the liver, and enzymatic 
hydrolysis of protein elsewhere. However, here we are not concerned 
with the mechanism. We only conclude and emphasize that through some 
mechanism, which is obviously delicately balanced, a steady state in 
respect to the concentration of circulating protein and of amino acid is 
maintained which does not correspond to chemical equilibrium, and 
therefore not to maximum entropy. 

We face a somewhat similar problem in connection with active trans
port. Broadly speaking, this is transport _. often of ions - across a 
biogenic membrane against the gradient of the e l ectrochemical potential. 
We owe the finest work on active transport to Ussing in Copenhagen [28) 
who works mostly on the transport of sodiUlll ions ac ross the surviving 
frog skin. Again, as in the case of protein synthesis, the u se of isotopes 
is necessary. Active transport may lead to a decrease in the sum of the 
entropies, or an increase in the sum of the free energies, of the solutions 
separated by the membrane. Nevertheless" there is clearly no need to ' 
assume violation of the Second Law. Presumably the entropy increase 
within the membrane during the operation of the 'ion pump' will over
compensate for the entropy decrease in the solutions. 

The change of concentrations, due to tbe operation of the pump, comes 
to astandstill when passive back-diffusion compensates for active transport. 
In the ca se of the frog skin, this may not happen before the sodium concen
tration on the inside is enormously larger than on the outside, while in 
equilibrium the concentrations of the sodium on both sides would be the 
same. The decisive feature which the actively transporting system has 
in common with the synthesizing system referred to before is the main
tenance of a steady state far from equilibrium. From the point of view 
of elementary physical chemistry, this is the essence of the famous 
dynamic state of body constituents [8,29,30). It is not excluded that one 
day a common root of the various forms of dynamic states will be found. 
Be tbat as it may, Hevesy [11) and Schoenheimer [29) have shown by 
tracer work that dynamic states are very common in living matter. 

True, not all the body constituents are in dynamic states [8). Some 
substances keep away from the to and fro of compensating anabolism and 
catabolism, and reasons for the exemption may be discerned. It would 
appear that in such cases the organisms bad decided to forego the pos si
bility of re-utilization implied in the existence of the dynamic state. 
Thus it has been reported that collagen, globin and egg and milk proteins 
are metabolically inert. More interestingly, the substance in which in
heritable properties are encoded, and for which therefore clearly very 
high stability is desirable , is also exempt: deoxyribonucleic acid, DNA. 

Nevertheless, on the whole we get the impression that the self
maintenance of dynamic states, i. e. of steady states far from equilibrium, 
is a key feature of living matter. Self-maintenance of steady states far 
from equilibrium - here every word counts . Non- living objects may, 
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of course, also be in steady states far from equilibrium, for instance a 
strip of metal in which a temperature gradient is set up by an external 
heat source. But here the steady state is impressed on the object from 
outside and it will disappear after the remov al of the heat source. In 
contrast, a living organism will independently maintain the steady state 
in respect to its constituents as long as it lives. Incidentally, from this 
point of view, as also from others, a virus iE; not a living being though 
every day experience shows it to be an infectious agent. 

I would like to digress he re and mention Schrödinger ' s famous and 
charming essay on Life, published in 1945 [31]. Hirnself influenced by 
the physicist Delbrück, Schrödinger has directed the attention of many 
a physicist to biology, and biology in turn owes a great deal to these 
physicists. He saw the essence of life in the capacity of organisms to 
devour negative entropy . In doing so, they are ruled majestically by 
immovable genetic material, not yet identified as DNA in 1945. 

Schrödinger ' s idea may perhaps be traced to aremark of his much
admired fellow - countryman Boltzmann, who wrote in 1886 [32]: "Der 
allgemeine Lebenskampf der Lebewesen ist daher nicht ein Kampf um die 
Grundstoffe - auch nicht um Energie, welche in Form von Wärme, leider 
unverwandelbar, in jedem Körper reichlich vorhanden ist, sondern ein 
Kampf um die Entropie (more exactly: Negentropie. E. B.), welche durch 
den Übergang der Energie von der heissen Sonne zur kalten Erde disponibel 
wird . Diesen Übergang möglichst auszunützen, breiten die Pflanzen die 
unermesslichen Flächen ihrer Blätter aus unel zwingen elie Sonnenenergie 
in noch unerforschter Weise, ehe sie auf das Temperaturniveau der Erd
oberfläche herabsinkt, chemische Synthesen auszuführen, von denen man 
in unseren Laboratorien noch keine Ahnung hat. " 

Yet at the time of the publication of Schröelinger's book it was not 
clear why a resting organism - while not doing external work - proeluces 
entropy, and therefore requires negentropy . Nowaelays we see the reason 
in the existence of the dynamic states, i. e . in the ceaselessly compensating 
catabolism anel anabolism anel in active transport. These reac tions have finite 
speeels and this alone is sufficient reason why they cannot proceeel re
versib,ly, so that inevitably entropy is generateeI. 

The existence of elynamic states hael been suggested occasionally 
before . However, we owe it to the momentous discoveries of the two 
Curie couples, the older anel the younger, that such ideas can now be 
subjected to clear scientific tests. The existence of dynamic states can 
now be proved or disproved and the relevant k inetic constants can be 
measured . 

Probably because the conception of dynamic states has, in an imprecise 
way, been with thinking mankind for a long time, we are usually not 
conscious of the tremendous effort which it must have cost Nature during 
evolution to establish the control mechanisms needed to maintain the dy
namic states. Only in the last years, large ly through the work at the 
Institut Pasteur of Jacob, Lwoff and Monod a n d on the other hand through 
the work of Umbarger and Pardee on feedback inhibition have we got the 
first glimpses of the complexities involved in the regulation of meta
bolism. Presumably the mechanisms for the compensation of anabolism 
and catabolism and for active transport have evolved only gradually by 
trial and error during the ages . Early organisms not so well equipped 
in this respect must have been overtaken in the struggle for life and have 
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disappeared from the face of the earth. Incidentally, evolution is, I am 
sorry to say, not explicitly referred to in Schrödinger' s book though it 
is implicit in the discussion of the mechanism of mutation . 

This Symposium is meant to be devoted to the perspectives in our 
fields and so some guesses about future developments in the application 
of radioactivity to the life sciences ought to be ventured. Obviously the 
lines of work which we have mentioned before, albeit all too sketchily, 
will be continued and will yield further interesting results. The distri
bution of mineral an9 organic substances over organisms will be further 
analysed, more metabolic pathways will be elucidated, a deeper under
standing of reaction mechanisms will be obtained, and the kinetics and 
dynamic states of cells and multicellular organisms will be further ex
plored. New technical means will serve our purposes. Reactors and 
accelerators will supply radioactive substances of higher activity, more 
powerful detecting equipment, often based on semicondu cto rs, will be 
applied, and computers will enable us to understand complicated systems 
where many processes overlap. However, we may ask whether we can 
anticipate the invasion of en.tirely new fields. 

Of course, future developments are often not foreseen . Who would 
have ventured to say in 1896 that the discoveries of Becquerel and the 
Curies would one day, not so rar ahead, revolutionize biology? Yet some 
guesses might and should be tried. 

First, there is the field of the phylogenetic evolution of the bioenergetic 
processes [33]. These processes provide energy in a form that can be 
utilized by organisms, namely, in the form of ATP. The energy of the 
ATP becomes available when it is hydrolyzed. It can be converted into 
chemical energy for biosyntheses, into osmotic energy in the operation 
of pumps for active transport, into electrical energy in the nervous 
system and in the specialized organs of electric fishes, into mechanical 
energy in contractile matter, notably in muscles, and occasionally even 
into light energy in luminescent creatures. In our present world the 
processes for the generation of ATP (fermentation, respiration, photo
phosphorylation) are very highly developed in the organisms from the 
a l gae upwards. However, these bioenergetic processes must also have 
evolved gradually through m illiards of years. 

We owe to Oparin in the Soviet Union and to Haldane in Great Britain 
radically new and most fruitful ideas about the origin of life which are 
based on the assumption of an anaerobic start. In these considerations, 
later fo llowed up by other groups, attention has been given mostly to the 
formation of body constituents and their arrangement. Now life involves 
processes and the constituents have to provide, in their interactions, 
the free energy required to keep these processes going. Therefore the 
study of the evolution of the bioenergetic processes themselves will 
throw light on crucial questions of phylogenesis well before the last 
problems of chemical structure have been solved. 

In an approach to these probl ems we are fortunate l y not entirel y 
at t he mercy of specul ation. Not all contemporary organisms are as 
good at extracting energy useful for metabolism from organic substrates 
01' from light as are mammals 01' green plants . More primitive organ
isms have survived to this day, some of them in special surroundings, 
and we must consider them as phylogenetically ancient 01' at least as 
little - changed descendants of ancient forms. I am referring mainly to 
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the bacteria. Here we still find the most diverse bioenergetic processes . 
Though some bacteria respire, others live by fermentation, again others 
oxidize inorganic matter, and some a re capable of a primitive kind of 
photosynthesis. To draw up the right kind of phylogenetic tree of evolu
tionary sequence, we must unearth the similarities and the differences 
between the various organisms. One approach to comparative biochemistry 
involves chemical analysis of proteins and other constituents, but another 
approach is based on the analysis of the processes and that is obviously 
where radioactivity comes in. 

A second area to which isotopes have hardly been applied is the 
chemistry of higher nervous activity. This is c1early an area of extreme 
interest and sooner or later some of the minds now kept busy in molecular 
biology with coding problems will turn to it. And there they will indeed 
be retained for hundreds of years. 

The tremendous SUCC2SS in the coding field would again not have been 
possible without radioactivity. The biosynthesis of the- nuc1eic acids in 
the presence of suitable templates and enzymes is followed with tracer 
methods, and the same applies to the incorporation of amino acids into 

proteins under the orders of messenger RNA. Presumably the molecular 
biologists who will crowd into brain science soon will take with them, in 
their heads and their briefcases, their experience in applied radioactivity. 
Hodgkin and Keynes have, with great profit, studied the movements of 
radiosodium and -potassium to find the working principles of the indi
v idual nerve axon [34). But there is no doubt t h at the most important 
results in neurochemistry will in future be obtained in the study of the 
incorporation of labelled precursors into biomacromolecules as a function 
of brain activity. Only first steps have been taken here. We may hope 
that this technique will help us to understand memory, thinking and con
sciousness . It is not impossible that such research will provide answers 
to questions which have been wrongly put for hundreds of y ears, perhaps 
even to the question of Free Will. 
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